
Abstract. Microstructure fibers have opened a new phase in
nonlinear optics. Due to their unique properties, fibers of this
type radically enhance all the basic nonlinear-optical phenom-
ena, offering new strategies for frequency conversion, spectral
transformation, and control of ultrashort laser pulses. These
fibers allow supercontinuum radiation to be efficiently gener-
ated using nano- and subnanojoule femtosecond pulses. Here,
we analyze the physical mechanisms behind the enhancement of
nonlinear-optical interactions of ultrashort pulses in micro-
structure and hollow photonic-crystal fibers and discuss appli-
cations of microstructure fibers for highly efficient
supercontinuum generation and frequency conversion of femto-
second laser pulses.

1. Introduction

Optical fibers are changing their structure. Fibers of a new
architecture Ðmicrostructure (MS) fibers Ð are emerging as
a powerful tool supplementing conventional fibers in optical
physics, biomedicine, and photochemistry. Guided modes of
electromagnetic radiation are formed in these fibers as a result
of the interference of waves scattered and reflected from
microinhomogeneities in the refractive index profile. Micro-
structure fibers lead to revolutionary changes in optical
metrology, nonlinear optics, laser physics, and ultrafast
photonics. The impressive progress in several fields of basic
science and applied research that has become possible in the
past few years due to the use of MS fibers has made these
fibers one of the most significant achievements in optical
technologies within the last decade.

The generic idea of microstructure fibers is illustrated in
Fig. 1. In contrast to conventional optical fibers (Fig. 1a),
which consist [1, 2] of a core with the refractive index ncore and
a cladding with the refractive index nclad, MS fibers guide
electromagnetic radiation through a fused silica or glass
microstructure with periodic or aperiodic air holes (Fig. 1b).
Fabrication of such a microstructure typically involves
drawing a preform consisting of an array of capillaries at a
high temperature.
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A defect in this microstructure, formed by one or several
missing air holes (at the center of the structure in Fig. 1b), may
guide the light in a similar way to the core in a standard fiber.
The inequality nclad < ncore ensures total internal reflection in
standard fibers. Guided modes of MS fibers originate from
the interference of reflected and scattered waves. With an
effective refractive index neff defined for a microstructure
fiber cladding, the condition for the existence of guided
modes in the MS-fiber core, formed by a defect in a glass ±
air or fused silica ± air microstructure (Fig. 1b), is written
similarly to the condition of total internal reflection in a
standard fiber, neff < ncore.

Along with conventional waveguiding regimes, supported
by total internal reflection, MS fibers can, under certain
conditions, guide electromagnetic radiation due to the high
reflectivity of the fiber cladding within photonic band gaps.
Such regimes of waveguiding can be implemented in fibers
with a two-dimensionally periodic microstructure cladding (a
two-dimensionalphotoniccrystal) andahollowcore (Fig.1d).

Photonic band gaps arising in the transmission spectrum
of a two-dimensionally periodic cladding in fibers of this type
provide high reflection coefficients for radiation propagating
along the hollow core, radically reducing optical losses, which
are typical of air-guided modes in hollow fibers (Fig. 1c) and
which rapidly grow with a decrease in the core diameter of a
hollow fiber.

Technologically, the possibility of fabricating simple
microstructure fibers was demonstrated back in the early
1970s. One of the first MS fibers fabricated by Bell Labs [3]
had a fused silica cobweb core bounded by a solid fused silica

nclad

ncore

a

nclad

ncore

c

b d

Figure 1.Optical fibers of various architectures: (a) standard optical fiber,

consisting of a core with the refractive index ncore and a cladding with the

refractive index nclad < ncore; (b) microstructure fiber; (c) standard hollow

fiber with a solid cladding, ncore < nclad; and (d) hollow-core fiber with a

photonic-crystal cladding. Dark areas correspond to a material with a

higher refractive index.

Table 1. Catalogue of microstructure fibers: design, technology, properties, and applications.

Fiber type Fiber structure Mechanism of
waveguiding

Applications

Telecommuni-
cations

Metrology Ultrafast
photonics

Nonlinear
optics

Laser physics Biomedicine
and photo-
chemistry

MS ébers
with a fused
silica or glass
solid core
[4, 9]

Total internal
reêection

Acceptable
level of losses
has been
achieved

Octave-span-
ning frequency
combs for fem-
tosecond clock

Pulse compres-
sion, phase mea-
surements, CEO
and GVD con-
trol, solitons

Enhanced
SPM, XPM,
FWM, THG,
SRS, and SC
generation

New éber
lasers

Optical coher-
ence tomogra-
phy

Hollow-core
PCFs
[38, 40]

Photonic band
gaps of the
PCF cladding

Losses have to
be reduced

Transportation
of short pulses

Enhanced
SRS, FWM,
and SPM

Transmission
of laser pulses
for laser
dentistry

MS-integrat-
ed arrays of
waveguide
channels
[33, 123]

Total internal
reêection

Multiplex fre-
quency con-
version

GVD control,
solitons

Pump-deplet-
ing FWM

Highly
efécient fre-
quency con-
version of
femtosecond
pulses

Photochro-
mism initiation

Tapered ébers
[51, 52]

Total internal
reêection

Couplers, mul-
tiplexers, de-
multiplexers

Octave-span-
ning frequency
combs for fem-
tosecond clock

GVD control,
solitons

Enhanced
SPM, FWM,
THG, and SC
generation;
multiple
phase-matched
cascaded
FWM

New éber
lasers

Optical coher-
ence tomogra-
phy

Notation: MS fiber, microstructure fiber; PCF, photonic-crystal fiber; GVD, group-velocity dispersion; CEO, carrier-envelope frequency offset; SPM,

self-phase modulation; XPM, cross-phase modulation; FWM, four-wave mixing; THG, third-harmonic generation; SRS, stimulated Raman

scattering; SC, supercontinuum.

Taper waist
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cladding. It was not, however, until much later that the wealth
of functional capabilities of MS fibers was understood on the
basis of conceptual and technological progress in several
areas of optics and laser physics, including ultrafast photo-
nics and optics of periodic structures, photonic crystals, and
random media.

The modern phase in the optics of microstructure fibers
was opened by the seminal work of Philip Russell and his
group, published in 1996 [4]. This first publication demon-
strated that fused silica fibers with an array of air holes
running along the cladding parallel to the fiber core can
support single-mode waveguiding within a remarkably broad
frequency range.

Intense studies, stimulated by the pioneering work of
Russell's group, have revealed several unique properties of
microstructure fibers and have resulted in the observation of
new physical phenomena in fibers of this type [5 ± 11].
Microstructure fibers offer new solutions for laser physics,
photonics, and optical technologies (see Table 1), as they
combine dispersion tunability and a high degree of light-field
confinement in the fiber core. Dispersion of such fibers is
tailored by changing their core ± cladding geometry [12, 13],
while a strong light-field confinement is due to the high
refractive-index step between the core and the MS cladding
[14, 15]. Controlled dispersion of MS fibers is the key to new
solutions in optical telecommunications and ultrafast photo-
nics. The high degree of light-field confinement, on the other
hand, radically enhances the whole catalogue of nonlinear-
optical processes.

Several classes of MS fibers have been developed to meet
the demands of basic science and applied research (see
Fig. 2a). The cross-section view of a generic-type MS fiber is
shown in the first row of Table 1. An array of air holes in the
MS cladding of the fiber is not necessarily periodic. Guided
modes in such a fiber are supported, similarly to standard
fibers, by total internal reflection from the core ± cladding
interface, with the effective refractive index of the MS
cladding being lower than the refractive index of the core
due to the presence of air holes in the cladding.

The confinement of electromagnetic radiation and the
fraction of laser power guided along the fiber core are
controlled in the case of such an MS fiber by varying the air-
filling fraction of the cladding and the ratio of the core
diameter to the radiation wavelength [15]. Microstructure
fibers of this type enhance a broad class of nonlinear-optical
processes [5], including self-phase modulation (SPM) and
cross-phase modulation (XPM) [15, 16], four-wave mixing
(FWM) [17 ± 21], third-harmonic generation [16, 22], and
stimulated Raman scattering (SRS) [17].

Enhancement of nonlinear-optical interactions and con-
trolled dispersion of guided modes in MS fibers allow
supercontinuum radiation, i.e., white-light emission with a
broad continuous spectrum (Fig. 2b), to be generated [5, 23 ±
26] using low-energy maser pulses, including unamplified
femtosecond pulses. Supercontinuum emission with spectra
spanning over several octaves can often be produced withMS
fibers. Supercontinuum-generatingMS fibers result in revolu-
tionary changes in optical metrology [27 ± 31] and are widely
employed in laser biomedicine [32], spectroscopy [33],
photochemistry [34], and ultrafast optics [35, 36].

Dispersion control of guided modes in microstructure
fibers offers new solutions to the phase-matching problem in
nonlinear optics [17 ± 21], allowing MS fibers to be employed
not only as sources of broadband emission but also as

efficient frequency converters for ultrashort laser pulses.
The size of the waveguiding channel in an MS fiber is the
key parameter controlling the dispersion properties of guided
modes in such structures. Arrays of threadlike submicron
fused silica channels microstructure-integrated in anMS fiber
can, therefore, function as multiplex frequency upconverters,
providing high-efficiency nonlinear-optical spectral transfor-
mation even in the case of nano- and subnanojoule ultrashort
laser pulses [37].

Air holes periodically arranged in the cladding of hollow-
core MS fibers [38 ± 40] support air-guided modes in such
fibers (the second row in Table 1). The key property of two-
dimensionally periodic structures (two-dimensional photonic
crystals) is the existence of photonic band gaps in their
transmission and dispersion. Within these frequency ranges,
the periodic structure becomes highly reflective, as the
electromagnetic field cannot exist in the form of Bloch
waves propagating inside the photonic crystal.

Hollow photonic-crystal fibers (PCFs) offer unique
possibilities for enhanced nonlinear-optical interactions in
the gas phase, as recently demonstrated by experiments on
stimulated Raman scattering [41], four-wave mixing [42], and

a

b

Figure 2. (a) Microstructure fibers in a laser experiment. (b) Super-

continuum generation by unamplified Ti:sapphire-laser pulses in micro-

structure fibers. Experiments were performed at the Laboratory of

Photonics and Nonlinear Spectroscopy, Chair of General Physics and

Wave Processes, Physics Department, M V Lomonosov Moscow State

University. The fibers were fabricated by the group of Professor

Yu N Kondrat'ev (S I Vavilov State Optical Institute).
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self-phase modulation [43]. Hollow PCFs can also be
employed for laser guiding of microparticles and atoms [44],
as well as for the transportation of high-power laser radiation
in laser technologies for material microprocessing and
micromachining [45] and laser biomedicine [46].

Microstructure fibers with coupled waveguide channels in
the form of an array around the central fiber core (the third
row in Table 1) or in the form of a cobweb bounded by a solid
cladding are ideally suited for controlled spectral transforma-
tion of ultrashort pulses and supercontinuum generation [19,
20, 47, 48]. Such fibers also provide deeper insights into
fundamental aspects related to the interaction of laser
radiation with micro- and nanostructured matter, and shed
light on the influence of disorder in the fiber cladding on the
properties of air-guided modes in the core of hollow PCFS
[49].

Tapered fibers are also classified here as microstructure
fibers (the last row in Table 1). Tapered fibers are employed
more and more intensely for nonlinear-optical spectral
transformation of ultrashort laser pulses and supercontin-
uum generation. Enhancement of nonlinear-optical processes
in such fibers was experimentally demonstrated by Stege-
man's group in the early 1990s [50]. Recent experiments [51,
52] have shown that tapered fibers can generate super-
continuum emission with a spectral width of one or two
octaves starting with the nanojoule level of initial energies of
femtosecond laser pulses. Similarly to white-light generation
in MS fibers, supercontinuum emission from tapered fibers is
actively employed in optical metrology [30], spectroscopy
[53], ultrafast optics [54], and laser biomedicine [55].

The taper-waist region of tapered fibers is typically
characterized by a high refractive-index step between the
core (which is usually made of fused silica) and the cladding
(air), providing a high degree of light confinement in the fiber
core. The wavelength corresponding to zero group-velocity
dispersion can be tuned within virtually the entire visible
range by changing the taper-waist diameter. The second point
of zero group-velocity dispersion [51], which exists for
tapered fibers with a sufficiently small taper-waist diameter,
is an interesting new feature, which holds much promise for
enhanced nonlinear optics and the creation of tapered-fiber
lasers [56].

Table 1 briefly summarizes the main recent achievements
in the optics of microstructure fibers. In this review, we will
examine the basic physical mechanisms behind the enhance-
ment of nonlinear-optical processes in microstructure and
hollow photonic-crystal fibers and discuss the results of
experiments demonstrating highly efficient supercontinuum
generation and frequency upconversion of ultrashort pulses
in fibers of these types.

2. Waveguide enhancement of nonlinear-optical
processes in microstructure fibers

In this section, we will explore the ways to achieve the limiting
waveguide enhancement of nonlinear-optical processes in
microstructure and photonic-crystal fibers. The waveguide
enhancement of nonlinear-optical processes will be shown to
be physically limited because of the competition of diffraction
and refractive-index-step radiation confinement. We will
demonstrate that, in the case of the limiting refractive-index
steps for fused silica fibers, the maximum waveguide
enhancement of nonlinear-optical processes is achieved with
submicron fiber core diameters. The maximum waveguide

enhancement of coherent anti-Stokes Raman scattering
(CARS) in a hollow microstructure fiber relative to the
regime of tight focusing will be shown to scale as l2=a2a4

with radiation wavelength l, inner fiber radius a, and
magnitude of radiation losses a.

2.1 Microstructure fibers and a new phase
in nonlinear optics
The advent of microstructure and photonic-crystal fibers [4 ±
11] has opened a new phase in the nonlinear optics of guided
waves. Such fibers provide a strong confinement of electro-
magnetic radiation in the fiber core [14, 15] and offer many
degrees of freedom in dispersion tailoring through variations
in the core ± cladding geometry of the fiber [12, 13]. Due to
their unique properties, microstructure and photonic-crystal
fibers enhance the whole catalogue of nonlinear-optical
processes, making nonlinear optics accessible to unamplified
femtosecond laser pulses and suggesting new solutions for the
frequency conversion and spectral transformation of ultra-
short laser pulses, as well as for the phase and temporal
control of such pulses [7].

The enhancement of a broad class of nonlinear-optical
phenomena, including self-phase modulation [15], four-wave
mixing and parametric processes [17 ± 20], third-harmonic
generation [16, 22], stimulated Raman scattering [17, 18],
and soliton formation [25], leads to an efficient generation of
radiation with a very broad continuous spectrum Ð super-
continuum [23, 24]. Supercontinuum generation in micro-
structure fibers is the backbone of femtosecond systems for
high-precision measurements [27 ± 31]. This phenomenon
also holds much promise for the measurement and control
of the phase of ultrashort pulses [35] and has broad
applications in ultrafast photonics [36], spectroscopy [33],
and biomedical optics [32].

Supercontinuum generation is, on the other hand, a result
of a complicated interplay between many nonlinear-optical
processes, providing deeper insights into the basics of non-
linear optics and leading to spectacular phenomena and new
interesting manifestations of nonlinear-optical interactions.
Physical scenarios of supercontinuum generation in micro-
structure fibers suggest an exciting subject for basic research
in the interdisciplinary area of ultrafast nonlinear optics and
the physics of micro- and nanostructures.

Fibers with a cladding in the form of a two-dimensionally
periodic microstructure (two-dimensional photonic crystal)
and a hollow core, first demonstrated byCregan et al. [38], are
one of the most interesting and promising types of micro-
structure fibers. Photonic band gaps in the transmission
spectrum of a two-dimensional periodic cladding in these
fibers provide high reflection coefficients for electromagnetic
radiation propagating along the hollow core of the fiber,
allowing a specific regime of waveguiding to be implemented
[38 ± 40]. This mechanism of waveguiding is of special interest
for telecommunication applications, opening, at the same
time, ways to enhance nonlinear-optical processes.

Benabid et al. [41] have recently demonstrated a radical
enhancement of stimulated Raman scattering in hollow-core
photonic-crystal fibers. Such fibers can also be employed for
laser manipulation of small-size particles [44]. The structure
of hollow-core photonic-crystal fibers is ideally suited for the
transportation of high-power laser radiation [45], high-order
harmonic generation [58], transmission of ultrashort laser
pulses [59], and fiber-optic delivery of laser radiation in
technological laser systems [45].
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In view of the exciting possibilities offered by micro-
structure and hollow-core photonic-crystal fibers in non-
linear optics, the physical factors determining the limiting
efficiencies of nonlinear-optical processes in such fibers are of
special interest. Understanding these factors would allow a
strategy for optimizing the structure and parameters of MS
and hollow-core photonic-crystal fibers to be developed for
the maximum enhancement of nonlinear-optical processes.

Such analysis is the main task of this review. We will
consider the processes of stimulated Raman scattering (SRS)
and coherent anti-Stokes Raman scattering in hollow-core
photonic-crystal fibers, examine the factors determining the
limiting SRS and CARS efficiencies in such fibers, and find
the optimal fiber lengths for SRS andCARSprocesses, taking
into consideration waveguide losses, as well as group-delay
and phase-mismatch effects.

We will show that microstructure fibers open the way to
achieving the maximum waveguide enhancement of non-
linear-optical processes. Physically, the existence of this
maximum for waveguide enhancement is associated with a
competition between diffraction and radiation confinement
in a waveguide due to the refractive-index step.We will derive
asymptotic expressions providing in several important cases
an adequate qualitative description of the waveguide
enhancement of nonlinear-optical processes and allowing
the optimal fiber core diameters for the maximum enhance-
ment of nonlinear-optical interactions to be estimated with
satisfactory accuracy.

2.2 The physics behind the waveguide enhancement
of nonlinear-optical processes
Optical fibers are a natural way to increase the interaction
length and to reduce the beam diameter of light fields
involved in nonlinear processes [2]. The product Ileff, where I
is the light field intensity in an optical fiber and leff is the
effective interaction length (in a fiber or in the regime of tight
focusing), gives the figure of merit [2] for the efficiency of a
broad class of nonlinear-optical interactions (including
stimulated Raman scattering, as well as self- and cross-phase
modulation) and lowering thresholds for a certain class of
nonlinear-optical effects (e.g., processes involving stimulated
Raman scattering).

The interaction length for tightly focused light beams is
confined to the beam waist length. In the case of a Gaussian
beam, the beam waist length is approximately equal to
l teff � pw2

0=l, where w0 is the waist radius of the focused
beam and l is the radiation wavelength. The maximum
waveguide enhancement of a nonlinear-optical process in a
fiber with the magnitude of losses a (al4 1, l is the fiber
length) with respect to the regime of tightly focused pump
beams is then given by the well-known expression [2]

If l
f
eff

It l
t
eff

� l
pw2

0a
; �1�

where If and It are the radiation intensities calculated for the
fiber and the regime of tight focusing, respectively.

It is simple to see from Eqn (1) that the waveguide
enhancement of nonlinear-optical processes is associated
with the possibility of achieving high radiation intensities for
a given radiation power due to the light-field confinement to a
fiber core with a small radius and large interaction lengths
attainable for nonlinear-optical processes in fibers with low
radiation losses (l feff � 1=a). The waveguide enhancement

factor and the figure of merit quantifying the lowering of the
threshold for nonlinear-optical processes involving stimu-
lated Raman scattering, as can be readily seen from Eqn (1),
grow with a decrease in the fiber core diameter.

This recipe for enhancing nonlinear-optical processes
remains applicable, however, within a finite range of fiber
core diameters. The physical limit is, of course, determined by
diffraction effects. As the fiber core diameter becomes smaller
and smaller, less and less radiation power remains confined to
the fiber core. To quantify the influence of this factor on the
waveguide enhancement of nonlinear-optical processes, we
represent the product of the intensity of electromagnetic
radiation and the effective interaction length in an optical
fiber in the following form:

If l
f
eff �

�l
0

dz
PZ
pa2

exp�ÿaz� ; �2�

where Z is the ratio of the laser power confined to the fiber
core to the total laser power guided by a fiber mode and a is
the radius of the fiber core.

Calculating the integral in Eqn (2) and assuming that
al4 1, as before, we arrive at

x � If l
f
eff

It l
t
eff

� lZ
pa2a

: �3�

Formula (3) allows the distribution of radiation power
between the fiber core and the fiber cladding to be included
in the waveguide enhancement factor for nonlinear-optical
processes in fiber-guided modes. Below, we will employ
Eqn (3) to determine the optimal core radius for nonlinear
fibers providing the maximum enhancement of nonlinear
optical processes and explore the applicability of different
asymptotic expressions for estimating the optimal parameters
of nonlinear fibers.

2.3 The role of diffraction and the physical limit for the
waveguide enhancement of nonlinear-optical processes
To calculate the radiation power confined to the fiber core in
the EH1m waveguide mode, we use the following expression,
known from the theory of optical fibers [1]:

Z � Xcore

Xcore � Xclad
; �4�

Xcore � kn2core
bJ 2

1 �u�
n
a1a3

�
J 2
0 �u� � J 2

1 �u�
�

� a2a4
�
J 2
2 �u� � J1�u� J3�u�

�o
; �5�

Xclad � kn2core
bK 2

1 �W �
u2

W 2

n
a1a5

�
K 2

0 �W � ÿ K 2
1 �W �

�
� a2a6

�
K 2

2 �W � � K1�W �K3�W �
�o
: �6�

Here,

a1� F2 ÿ 1

2
; a2� F2 � 1

2
; a3� F1 ÿ 1

2
; a4� F1 � 1

2
;

a5 � F1 ÿ 1� 2D
2

; a6 � F1 � 1ÿ 2D
2

;

F1 � �uW �
2

V 2

�
b1 � �1ÿ 2D� b2

�
; F2 � V 2

�uW �2�b1 � b2�
;

b1� 1

2u

�
J0�u�
J1�u� ÿ

J2�u�
J1�u�

�
; b2�ÿ 1

2W

�
K0�W �
K1�W � �

K2�W �
K1�W �

�
;
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where D � �n2core ÿ n2clad�=2n2core, ncore is the refractive index of
the fiber core, nclad is the refractive index of the fiber cladding,
u is the eigenvalue of the characteristic equation for the
waveguide mode (also known as the mode parameter in the
fiber core), V � ka�n2core ÿ n2clad�1=2 is the waveguide para-
meter (k � 2p=l, l is the radiation wavelength),
b � �k2n2coreÿ�u=a�2�1=2 is the propagation constant of the
waveguide mode, W � a�b2 ÿ k2n2clad�1=2 is the mode para-
meter in the fiber cladding, Jn�x� are the Bessel functions of
the first kind, and Kn�x� are the modified Bessel functions of
the second kind.

Solid line 1 in Fig. 3a shows the dependence of the factor x
on a calculated with the use of Eqns (3) ± (6). The maximum
values of x are achieved with a certain optimal core radius

aopt. For the factor x represented by curve 1 in Fig. 3,
aopt � 0:26 mm.

To understand the physical factors controlling the
behavior of the waveguide enhancement of nonlinear-optical
processes as a function of the fiber core radius a, we will
examine in greater detail the limiting cases of V4 1 and
V5 1, corresponding to fibers with small and large ratios of
the core radius to the radiation wavelength. Physically, these
two situations differ by the relation between diffraction and
refractive-index-step waveguide confinement effects.

To illustrate this argument, we introduce the character-
istic angular beam width yd, which will serve as a measure of
diffraction and which is given, in the case of a Gaussian
profile of intensity distribution with the widthw0, by the well-
known formula [1]

yd � arctan
l

pncorew0
� l

pncorea
: �7�

Using Eqn (7), we represent the waveguide parameter V as [1]

V � 2yc
yd

; �8�

where

yc � arcsin

�
1ÿ n2clad
n2core

�1=2

�
�
1ÿ n2clad
n2core

�1=2

is the critical angle of grazing incidence.
Thus, the waveguide parameter V can be considered as a

measure of balance between diffraction and waveguide
confinement of a light beam. For fibers with large core radii,
having V4 1, diffraction is negligible and most of the laser
power is confined to the fiber core (see the inset in Fig. 3a). In
the opposite case of fibers with small core radii, havingV5 1,
diffraction becomes significant and a considerable fraction of
radiation power is guided in the fiber cladding (the inset in
Fig. 3a).

For the fundamental mode of a weakly guiding optical
fiber, D5 1, the fraction Z of electromagnetic radiation
power confined to the fiber core in the limiting case of V5 1
can be calculated with the use of the following asymptotic
expression [1]:

Z � 1:261
V 2 � 2

V 4
exp

�
ÿ 4

V 2

�
: �9�

Because of diffraction effects, the factor Z, as can be seen from
Eqn (9), rapidly tends to zero asV! 0 (curve 5 in the inset to
Fig. 3a).

For large V, the fraction of electromagnetic radiation
power confined to the fiber core is given by the following
asymptotic formula [1]:

Z � 1ÿ u2

V 3
: �10�

For V5 3, Eqn (10) is in satisfactory agreement with the
results of calculations performed for the ratio Zwith the use of
Eqns (4) ± (6) (cf. curves 1 and 3 in the inset to Fig. 3a). As the
fiber core radius increases, the ratio Z, in accordance with
Eqn (10), tends to unity since the role of diffraction becomes
negligible as compared with the waveguide confinement of
the laser beam due to the refractive-index step.
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Figure 3. The factor x of the waveguide enhancement of nonlinear-optical

processes as a function of the fiber core radius a (a) for a fiber with the

refractive index of the core ncore � 1:45 and the refractive index of the

cladding nclad � 1 (D � 0:26) and radiation with a wavelength of 1 mm,

(b) for radiation with a wavelength of 1 mm in a weakly guiding

(D � 5� 10ÿ3) fiber. Calculations were performed with the use of (1)

Eqns (3) ± (6), (2) approximate formula (11) with the mode parameter u

determined by solving the relevant characteristic equation, (3) approx-

imate formula (11) with an assumption of u � 2:4, (4) approximate

formula (9) in the regime when V5 1, and (5) approximate formulas

(11) and (15). The inset in Fig. 3a shows the fraction Z of electromagnetic

radiation power confined in the core of a weakly guiding (D � 5� 10ÿ3)
fiber as a function of the fiber core radius a for radiation with the

wavelength 1 mm calculated with the use of (1) Eqns (4) ± (6), (2)

approximate formula (10) with the mode parameter u determined by

solving the relevant characteristic equation, (3) approximate formula (10)

with an assumption of u � 2:4, (4) approximate formula (9) with V5 1,

and (5) approximate formulas (10) and (15).
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2.4 Asymptotic expressions for the factor of waveguide
enhancement of nonlinear-optical processes and numerical
simulations
We now use the approximation of Eqn (10) to estimate the
waveguide enhancement of nonlinear-optical processes.
Substituting Eqn (10) into Eqn (3), we find

x � l
pa2a

�
1ÿ u2

V 3

�
: �11�

The applicability of the estimate given by Eqn (11) requires
additional analysis, since this formula was derived with the
use of asymptotic expressions valid for the regime of V4 1.
Such an approach is intrinsically contradictory as the
existence of the physical limit for the factor x and the optimal
value of the fiber core radius is related to diffraction effects,
which become negligibly small when V4 1 [see Eqn (8)].

The waveguide enhancement factor for nonlinear-optical
processes calculated with the use of Eqn (11) is shown by
curve 2 (asterisks) in Fig. 3a. Comparison of the results of
these calculations using approximate relations with the
predictions of Eqns (4) ± (6) (curve 1 in Fig. 3a) demonstrates
that Eqn (11) provides a rather accurate description of the
factor x for large fiber core radii, i.e., in the case of weak
diffraction. The estimate of the optimal fiber core radius
obtained with the use of Eqn (11) (aopt � 0:24 mm, curve 2 in
Fig. 3a) also agrees well with the optimal value of the fiber
core radius predicted by Eqns (4) ± (6) (aopt � 0:27 mm, curve
1 in Fig. 3a).

The use of Eqns (10) and (11) implies the solution of the
characteristic equation for the mode parameter u for the
relevant waveguide mode. Let us examine now the accuracy
of a simplified estimation procedure that uses Eqn (11) with
limiting values of the waveguidemode parameter correspond-
ing to large V. Setting u � 2:4 for the fundamental guided
mode, differentiating Eqn (11) in a, equating the resulting
expression to zero, and solving the equation thus obtained, we
derive the following simple formula for the optimal value of
the fiber core radius, providing the maximum waveguide
enhancement of nonlinear-optical processes:

aopt �
�
5

2
K
�1=3

l ; K � u2

�2p�3�n2core ÿ n2clad�3=2
: �12�

Setting ncore � 1:45 and nclad � 1, we arrive at the
following estimate for the optimal fiber core radius:
aopt � 0:37l. In view of the approximation u � 2:4, the
accuracy of Eqn (12) is lower than the accuracy of Eqns (10)
and (11). Curve 3 in Fig. 3a shows the dependence of the
factor x on the fiber core radius calculated with the use of
Eqn (11) in the approximation of u � 2:4 for radiation with a
wavelength of 1 mm and the above-specified refractive indices
of the core and the cladding.

Expression (12) can provide only order-of-magnitude
estimates of the optimal fiber core radius and the maximum
enhancement factor for nonlinear-optical processes (curve 3
in Fig. 3a). This approximation systematically overestimates
the factor x since it employs Eqn (11) where the V-dependent
mode parameter u is replaced by its upper-bound value. The
maximum value of the factor x in the dependence represented
by curve 3 in Fig. 3a is achieved with the core radius meeting
Eqn (12), aopt � 0:37 mm. Being correct in its order of
magnitude, this estimate still differs noticeably in its value
from the result obtained with the use of Eqns (3) ± (6).

Themain advantages of the estimate given by Eqn (12) are
associated with its simplicity and the insights it gives into the
influence of fiber parameters on the optimal core radius and
the maximum value of the factor x. The waveguide enhance-
ment factor in this approximation is given by

x � 4p
al
�n2core ÿ n2clad�c�V � ; �13�

where

c�V � � 1

V 2

�
1ÿ u2

V 3

�
: �14�

When the mode parameter u is estimated by its upper-
bound value (u � 2:4 for the fundamentalmode), the function
c�V � depends only on the type of the waveguide mode and
reaches its maximum value with Vopt � �5=2�1=3u2=3. Expres-
sion (13) shows, in particular, that a decrease in the optimal
core radius and, consequently, the increase [in view of Eqn (3)]
in the maximum waveguide enhancement of nonlinear-
optical processes can be achieved by increasing the refrac-
tive-index step (parameter D) between the core and the
cladding of the fiber.

Figure 3b displays the dependences of the factor x on the
fiber core radius a for weakly guiding fibers with
D � 5� 10ÿ3. The maximum value of the factor x for 1-mm
radiation is achieved in this case with a core radius equal to
1.5 mm (curve 1 in Fig. 3b). The factor x under these
conditions is nearly 40 times less than in the case of a fiber
with a limiting refractive-index step for fused silica structures
(D � 0:26, Fig. 3a).

In the case of weakly guiding fibers, approximate formula
(11) also provides a sufficiently accurate estimate of the
optimal fiber core radius and the maximum value of the
factor x (curve 2 in Fig. 3b). Finally, Eqn (11), where themode
parameter u is replaced by its upper-bound value (u � 2:4),
can provide only order-of-magnitude estimates for these
parameters (curve 3 in Fig. 3b). This latter approximation,
however, gives a qualitatively correct prediction for a
decrease in the maximum value of the factor x with a
lowering of the refractive-index step.

The difference of the refractive indices squared,
n2core ÿ n2clad, appearing in Eqn (13), is approximately 50
times higher in the case of the dependences presented in
Fig. 3a than the parameter n2core ÿ n2clad for the dependences
of Fig. 3b. The corresponding ratio of the values of the factor
x, calculated with the use of the exact formulas (3) ± (6), is
approximately 40 (cf. curves 1 in Figs 3a and 3b). In practice,
the highest values of the parameter D can be achieved with
tapered fibers [51, 52] and microstructure fibers with high air-
filling fractions [15, 60]. The fibers of these types, therefore,
open the way to attack the physical limit of the waveguide
enhancement of nonlinear-optical interactions.

The analysis performed above shows that the approxima-
tion where the mode parameter in Eqns (11), (13), and (14) is
replaced by its upper-bound value does not always provide a
high accuracy of estimates of the factors Z and x. The
accuracy of Eqns (13) and (14) can sometimes be improved
by using the following asymptotic representation for the
parameter u of the fundamental waveguide mode [1]:

u � 2:405 exp

�
ÿ 1� D

V

�
: �15�
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Formulas (13) and (14), in combination with the asymp-
totic representation of Eqn (15), provide a satisfactory
accuracy in calculations of the power guided in the fiber
core (curve 5 in the inset in Fig. 3a) and the waveguide
enhancement factor x (curve 5 in Fig. 3b), allowing the
optimal values of the fiber core radius and the maximum
values of the factor x to be calculated with reasonable
accuracy. The error in the estimation of the factor Z based
on Eqns (10) and (15) in the intermediate range of V
corresponding to the maximum values of the waveguide
enhancement increases with the growth of the parameter D.
The accuracy of estimates on the optimal value of the fiber
core radius and the maximum value of the factor x lowers
under these conditions.

2.5 Stimulated Raman and coherent anti-Stokes Raman
scattering in guided modes of hollow photonic-crystal
fibers
In this section we will discuss the generic idea of enhancing
SRS- and CARS-type nonlinear-optical processes with the
use of hollow-core microstructure and photonic-crystal
fibers. Hollow fibers are currently widely employed [61] for
the generation of ultrashort pulses using Kerr-nonlinearity-
induced self- and cross-phase modulation [62 ± 64] and
stimulated Raman scattering [65], as well as for high-order
harmonic generation [66 ± 69] and improving the sensitivity of
gas-phase analysis based on four-wave mixing spectroscopy
[70 ± 72].

In hollow fibers, the refractive index of the core, ncore, is
lower than the refractive index of the cladding nclad � ���������

eclad
p

.
Therefore, the propagation constants of guided modes in
hollow fibers,

b �
�
k2core ÿ

�
un
a

�2 �1=2
�
�
k2clad ÿ

�
Wn

a

�2 �1=2
;

have nonzero imaginary parts. The propagation of light in
such fibers is accompanied by radiation losses. Here,
kcore � ncoreo=c, kclad � nclado=c, un is the eigenvalue of the
characteristic equation for the waveguidemode with the set of
mode indices n, and Wn is the transverse wave number of the
fiber cladding mode.

For EHmn modes of a hollow fiber with the inner radius a
and the refractive index of the gas filling the fiber core
ncore � 1, the radiation intensity attenuation coefficient is
given by [73, 74]

a �
�
umn

2p

�2 l2

a3
n2 � 1

�n2 ÿ 1�1=2
; �16�

where n � nclad. Such behavior of the magnitude of optical
losses prevents one from using hollow fibers with very small
inner diameters in nonlinear-optical experiments. Using
Eqn (16), we find that the magnitude of radiation losses for
the fundamental mode of a hollow fiber with a fused silica
cladding and an inner radius of 7 mmmay exceed 6.5 cmÿ1 for
1-mm radiation, which imposes serious limitations on applica-
tions of such fibers.

To qualitatively illustrate the idea of reducing the optical
losses in a hollow fiber with a periodic microstructure
cladding relative to the optical losses in a hollow fiber with a
solid cladding, we will employ the result well known from the
analysis of radiation propagation in a planar waveguide with
a periodic cladding [75]. The decrease in the magnitude of

optical losses in a hollow planar waveguide with a periodic
cladding relative to themagnitude of optical losses in a hollow
planar waveguide with a solid cladding can be quantified by
determining the ratio of the logarithm of the coefficient of
reflection from the periodic structure to the logarithm of the
coefficient of reflection from the walls of a hollow waveguide.

Around the center of the photonic band gap in the
reflection spectrum of the periodic structure in a waveguide
cladding with a sufficiently large number of layers N, the
coefficient of optical losses aPBG in a hollow planar waveguide
with a periodic cladding decreases exponentially relative to
the coefficient of losses ah in a hollow waveguide with a solid
cladding, with the increase in the number of modulation
periods of the refractive index in the waveguide cladding,

aPBG
ah
/ a exp

ÿÿ 2jKjNd
�
;

where K is the coupling coefficient of the forward and
backward waves in the periodic structure of the waveguide
cladding and d is themodulation period of the refractive index
in the waveguide cladding. Thus, hollow waveguides with
periodic cladding allow the optical losses characteristic of
hollow-waveguide modes to be considerably reduced.

Hollow-core photonic-crystal fibers seem to be ideally
suited for highly efficient waveguide SRS and CARS
interactions. Transmission spectra of hollow photonic-crys-
tal fibers may display isolated peaks [38 ± 40], which can be
employed to radically enhance nonlinear-optical interactions
of spectrally isolated optical signals. Stimulated Raman
scattering and coherent anti-Stokes Raman scattering
belong to this class of nonlinear-optical processes. In the
following sections, we will consider the ways to optimize
parameters of hollow photonic-crystal fibers for a maximum
enhancement of SRS and CARS processes.

2.6 Stimulated Raman scattering
2.6.1 The influence of waveguide losses and the optimal fiber
length. To assess the influence of waveguide losses on
stimulated Raman scattering in a hollow-core fiber with a
solid or photonic-crystal cladding having a length l, we
employ the solution to the stationary SRS equation for the
intensity of the Stokes signal, ignoring pump-depletion effects
[2]:

Is�l � � Is�0� exp �gI0leff ÿ asl � ; �17�

where g is the SRS gain; I0 is the initial intensity of the pump;

leff � 1

ap

�
1ÿ exp �ÿapl �

� �18�

is the effective interaction length; and ap and as are the
coefficients of losses at the pump and Stokes frequencies,
respectively.

The intensity of the SRS signal, as can be seen from
Eqns (17) and (18), is determined by the SRS gain, the
intensity of pump radiation, and the coefficients of losses at
the frequencies of pump and Stokes radiation. Hollow-core
microstructure fibers with core diameters on the order of 13 ±
15 mm[38, 40] allowpump radiation intensities on the order of
5� 1010ÿ5� 1012 W cmÿ2 to be achieved with 100-fs pulses
having an energy of 0.01 ± 1 mJ. Figure 4 displays the Stokes
signal intensity as a function of the fiber length and the
coefficients of losses at the frequencies of pump (Fig. 4a) and
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Stokes (Fig. 4b) radiation calculated for the magnitudes of
losses characteristic of photonic-crystal fibers with a core
diameter of 13 ± 15 mm, with the assumption that
gI0 � 0:3 cmÿ1. Such values of the gI0 factor can be achieved
in the case of hollow-core fibers filled with molecular
hydrogen (b2 ���1=3� Sp�qai j=qQ��2 � 4� 10ÿ34 cm4,where
qai j=qQ is the derivative of the electronic polarizability of
molecules in the generalized coordinate Q defining the
nuclear configuration) or nitrogen (b � 1:6� 10ÿ33 cm4) at
atmospheric pressure with the above-specified levels of laser
radiation intensity.

As can be seen from Eqns (17) and (18), the Stokes signal
grows only when gI0 > as. Otherwise, waveguide losses result
in an exponential decay of the Stokes signal. For a small l,
such that apl, asl, gI0l5 1, the Stokes signal grows linearly as
a function of l (Fig. 4). For lengths l substantially exceeding
the attenuation length of pump radiation, apl4 1, waveguide

losses lead to a noticeable attenuation of pump radiation. The
intensity of the Stokes signal exponentially decreases under
these conditions with the growth in l with a characteristic
spatial scale defined by the attenuation length of the Stokes
signal.

Thus, stimulated Raman scattering in a fiber with losses
can be optimized with some fiber length l SRS

opt , providing the
maximum efficiency for the generation of the Stokes
component (Fig. 4). Using Eqns (17) and (18), we derive the
following expression for the optimal fiber length lSRS

opt (with
gI0 > as):

l SRS
opt �

1

ap
ln

gI0
as

: �19�

Substituting this expression for the optimal fiber length
into Eqn (17), we find that the maximum integral SRS gain in
a hollow fiber is given by

G � gI0
ap
ÿ as
ap

�
1� ln

gI0
as

�
: �20�

In the case of gI0 4 as, ap, the second term in Eqn (20) is small
as compared with the first term. Themaximum increase in the
integral SRS gain in a hollow fiber relative to the regime of
tight focusing is then equal to

z � l
pa2ap

: �21�

Comparing Eqns (3) and (21), we find that the upper
bound of the increase in the integral SRS gain predicted by
Eqns (17) ± (20) for stationary SRS coincides with the
estimate of the waveguide enhancement factor of nonlinear-
optical processes given by Eqn (3), which was derived from
general physical considerations. As can be seen from Eqn
(21), even short hollow photonic-crystal and microstructure
fibers can provide a substantial SRS enhancement (see Fig. 4).
A radical lowering of the SRS threshold in hollow micro-
structure fibers was observed earlier by Benabid et al. [41].We
will show in Section 2.7 that such fibers may allow an even
more substantial enhancement of nonlinear signal generation
in the case of coherent anti-Stokes Raman scattering [42].

2.6.2. Group-delay and group-velocity-dispersion effects.
Group-delay effects limit the length of nonlinear-optical
interaction, giving rise to a walk-off of the pump and Stokes
pulses within the characteristic length

lw � t��vÿ1p ÿ vÿ1s

�� ;
where vp and vs are the group velocities of the pump and
Stokes pulses, respectively, and t is the pump pulse duration.
Group-velocity dispersion leads to the spreading of light
pulses within the characteristic length

ld � t2

j b2j
:

In view of these factors, the effective length of pump ±Stokes
pulse interaction should be re-defined as

Leff � min �leff; lw; ld� :
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The influence of the group-velocity mismatch and group-
velocity dispersion can be reduced, with an appropriate
choice of fiber and gas parameters, by using the dispersion
of waveguide modes [76]. Physically, this opportunity can be
understood by comparing the group velocity of a light pulse
propagating in a gas-filled hollow fiber (the solid line in
Fig. 5a),

v pq �
�
qKpq

qo

�ÿ1
; �22�

with the group velocity of a light pulse in the same gas, but in
the absence of a waveguide (the dashed line in Fig. 5a),

v �
�
qk
qo

�ÿ1
� c

n

�
1� o

n

qn
qo

�ÿ1
: �23�

Here, Kpq is the propagation constant corresponding to the
relevant waveguide mode of a hollow fiber with mode indices
p and q, k � no=c, and n is the refractive index of the gas. The
propagation constant of a light pulse in a gas-filled hollow
fiber is related to the free-space wave number k of this pulse in
the same gas by the expression

Kpq � ÿk2 ÿ h2pq
�1=2

;

where the quantity hpq can be found from the characteristic
equation for the waveguide mode of the hollow fiber.

In particular, using the well-known formulas for the
propagation constants of guided modes in hollow fibers [73],

we arrive at the following expression for the group velocity of
a light pulse with a transverse field distribution corresponding
to the EH1m mode of a hollow fiber:

vm � v0
�
1ÿ 1

2

�
umc

aon

�2 �
; �24�

where

v0 � c

n

�
1� o

n

qn
qo

����
ol

�ÿ1
is the group velocity of the light pulse in the gas in the absence
of a hollow fiber.

The group-velocity mismatch in a gas-filled hollow fiber
can be then represented as a sum of two terms,

DKm � DK0 � DKw
m ; �25�

where DK0 and DKw
m are the components of the group-

velocity mismatch due to the gas and waveguide dispersion,
respectively.

The waveguide component of the group-velocity mis-
match, as follows from Eqn (24), is inversely proportional to
the square of the inner radius of a hollow fiber, scaling as

DKw
m / aÿ2 :

Physically, this circumstance implies that larger group-
velocity mismatches can be compensated in hollow fibers
with smaller inner diameters. The dashed lines in Figs 5a and
5b represent the group index and the group-velocity disper-
sion of molecular hydrogen at a pressure of 0.5 atm as
functions of the wavelength. The dotted lines in the same
figures show the wavelength dependences of the group index
and the group-velocity dispersion for the EH11 mode of a
hollow fiber with an inner radius of 68 mm. The resulting
wavelength dependences of the group index and the group-
velocity dispersion, including the waveguide dispersion
component, are shown by the solid lines.

With an appropriate choice of hollow-fiber parameters, as
can be seen from the dependences presented in Figs 5a and 5b,
the waveguide dispersion can reduce the group delay and the
group-velocity dispersion for the pump and Stokes pulses. At
a certain wavelength (560 nm in Fig. 5b), the waveguide
component of group-velocity dispersion exactly compensates
for the material group-velocity dispersion, giving rise to a
point of zero group-velocity dispersion, which is missing from
the dispersion profile of the gas (the dashed line in Fig. 5b).
The wavelength of zero group-velocity dispersion can be
found by a double differentiation of the expression for the
propagation constant of guided modes. This procedure yields
the following approximate formula:

k2 � vÿ20

�
l

2pn

�3�
um
a

�2

; �26�

where k2 is the material component of group-velocity
dispersion.

As can be seen from Eqn (26), the wavelength of zero
group-velocity dispersion can be tuned by changing the inner
radius of the fiber and the type of waveguide mode, as well as
by varying the pressure and the sort of gas filling the fiber
core. The waveguide component of group-velocity dispersion
scales as l3=a2 when the radiation wavelength and the inner
fiber radius are varied.
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Figure 5. (a) The group index ng � c=vg and (b) group-velocity dispersion
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2.7 Coherent anti-Stokes Raman scattering
Coherent anti-Stokes Raman scattering [77 ± 82] is one of the
most convenient, efficient, and practical methods of non-
linear coherent spectroscopy. Waveguide regimes substan-
tially improve the sensitivity and extend the applicability
range of CARS spectroscopy [70, 83 ± 87]. The enhancement
of CARS in gas-filled hollow fibers was experimentally
demonstrated back in the 1970s [70]. These experiments
have opened the nonlinear-optical chapter in the history of
hollow waveguides.

Similarly to SRS, CARS is enhanced in hollow fibers due
to the confinement of electromagnetic radiation to a small-
size fiber core and large interaction lengths. We will show
below that the waveguide enhancement in the case of CARS
in hollow microstructure fibers with a small inner radius may
exceed an analogous enhancement attainable for the SRS
process. We will demonstrate that the waveguide enhance-
ment of CARS in a hollowmicrostructure fiber relative to the
regime of tight focusing scales as l2=a2a4, allowing substan-
tial enhancement factors to be achieved with hollow-core
microstructure fibers having small inner diameters.

We start with the expression for the power of the CARS
signal generated through the three-color process
os � o0 � o1 ÿ o2 [88]:

PCARS�1:755� 10ÿ5
o4

sk0k1k2
c 4k2sk

0 D2
��w �3�eff

��2P0P1P2F2 : �27�

Here, k0, k1, k2, and ks are the wave numbers of light fields
(propagation constants of waveguide modes) with frequen-
cies o0, o1, o2, and os, respectively; P0, P1, and P2 are the
powers of the fields with frequencies o0, o1, and o2,
respectively; w �3�eff is the effective combination of cubic non-
linear-optical susceptibility tensor components correspond-
ing to the chosen set of polarization vectors of pump and
signal fields;D is the frequency degeneracy factor of the four-
wave mixing process defined after Maker and Terhune [89];
and

F2 � 2k 0

pb

�1
0

dR 2pR

�
�����
�x
ÿz

dx 0
exp

��i=2� bDkx 0�
�1� ix 0��k 00 ÿ ik 0x 0�H exp

�
ÿ R2

bH

������
2

�28�

is the phase-matching integral, where Dk�ksÿ�k0�k1ÿk2�,
k 0 �k0 � k1 ÿ k2, k

00 �k0 � k1 � k2, x�2�zÿ f �=b, z�2f =b,
b � nj ojw

2
0=c is the confocal parameter, w0 is the beam waist

radius, and

H � �1� x 0�2
k 00 ÿ ik0x 0

ÿ i
x 0 ÿ x
k 0

: �29�

In the limiting case of tight focusing, when the confocal
parameter b is much less than the length of the nonlinear
medium l, b5 l, no increase in the CARS power can be
achieved by reducing the pump beam waist radius because of
the simultaneous decrease in the interaction length. Mathe-
matically, this well-known result is a consequence of the tight-
focusing limit existing for the phase-matching integral [88]:

F2 � 4p2
exp

�ÿ �k 00=k 0�jDkj b�
�1� k 00=k 0�2 : �30�

In the case of small phase mismatch, Dkl5 p, this limit is
written as

F2 � 4p2

�1� k 00=k 0�2 : �31�

In the opposite limiting case of loosely focused pump
beams, b4 l , the phase-matching integral in the regime of
weak absorption is reduced to [88]

F2 � k 0

k 00
4l 2

b2
sin2�Dkl=2�
�Dkl=2�2 : �32�

In the case of small phase mismatch, Eqn (32) gives

F2 � k 0

k 00
4l 2

b2
: �33�

Assuming that the beam waist radius of focused pump
beams is matched with the inner radius a of the hollow fiber
having length l, we find from Eqns (32) and (33) that the
waveguide CARS enhancement factor scales as l2l 2=a4 (see
also [70, 71, 88]). The mode-overlapping integral should be
generally included to describe the influence of transverse field
profiles in the waveguide modes involved in the CARS
process [83]. The fundamental limitation of waveguide
CARS in hollow fibers, experimentally demonstrated in
[70 ± 72], comes from optical losses, whose magnitude scales
as l2=a3 with a decrease in the fiber inner radius a in the case
of conventional, solid-cladding hollow fibers [62].

The influence of optical losses and phase-mismatch effects
on the CARS process in the loose-focusing regime can be
included through the factor [78]

M / exp
�ÿ �Da� a4� l

� sinh2�Dal=2� � sin2�Dkl=2�
�Dal=2�2 � �Dkl=2�2 l 2 ;

�34�
where Da � �a1 � a2 � a3 ÿ a4�=2; a1, a2, a3, and a4 are the
magnitudes of optical losses at the frequencieso0,o1,o2, and
os, respectively.

It is straightforward to see from Eqn (34) that the
amplitude of the CARS signal in a lossy waveguide reaches
its maximum at some optimal length l CARS

opt (Fig. 6), which is
given by

l CARS
opt � 1

Da
ln

a1 � a2 � a3
a4

: �35�

With a1 � a2 � a3 � a4 � a, Eqn (35) yields

l CARS
opt � ln 3

a
: �36�

Then, setting w0 � 0:73a for the best matching of input
beams with the fiber mode radius [73], we substitute Eqn (36)
for the optimal interaction length into Eqns (33) and (34) to
arrive at the following expression for the waveguide CARS
enhancement factor in the regime of phase matching:

m � 1:3� 10ÿ3
�k 0 � k 00�2

k 0k 00
l2

a2a 4
: �37�

Here, we assume that the refractive index of the gas filling the
fiber core is approximately equal to unity and take into
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consideration that for Dk � 0 and l � l CARS
opt � ln 3=a,

M � �
���
3
p ÿ 1=

���
3
p �2

�3 ln 3�2 � 0:123 :

Plugging optical losses of a solid-cladding hollow fiber
into the CARS enhancement factor by substituting Eqn (16)
into Eqn (37) with un � 2:4 for the limiting eigenvalue of the
EH11 mode, we derive the following expression for the factor
of CARS enhancement in a solid-cladding hollow fiber
relative to the tight-focusing regime in the case of exact
phase matching, Dk � 0:

r � 6:1� 10ÿ2
�k 0 � k 00�2

k 0k 00

�
a

l

�2
n2 ÿ 1

�n2 � 1�2 : �38�

The dependence of the CARS enhancement factor r in a
solid-cladding hollow fiber on the inner fiber radius a is
shown by curve 1 in Fig. 7a. Optical losses, growing with a
decrease in the inner radius of the hollow fiber, limit CARS
enhancement in hollow fibers of this type.

The situation radically changes in the case of a hollow
microstructure fiber. The waveguide enhancement of the
CARS process in such fibers relative to the tight-focusing
regime is given by Eqn (37). Waveguide losses in this case
are still the main physical factors limiting the waveguide
CARS enhancement (Fig. 6). However, the magnitude of
optical losses in hollow microstructure fibers may be
sufficiently low even for fibers with small inner diameters.
The magnitude of optical losses for such fibers, as shown in
[41], may be on the order of 1 ± 3 dB mÿ1 in the case of
fibers with hollow core diameters of about 15 mm. Curves 2
and 3 in Fig. 7a show the CARS enhancement factor m
calculated as a function of the inner radius of a hollow
microstructure fiber for two magnitudes of optical losses,
a � 0:1 and 0.01 cmÿ1.

In the case of small inner radii, hollow microstructure
fibers, as can be readily seen from Eqns (37) and (38) for the
parameters r and m, provide much higher CARS enhance-
ment factors than solid-core hollow fibers. According to
Fig. 2a, the CARS enhancement factor in hollow micro-
structure fibers with the magnitude of optical losses equal to
0.1 and 0.01 cmÿ1 exceeds the CARS enhancement factor in
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0.01 cmÿ1 (3) as functions of the inner radius a of the fiber. Curve 4 shows
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the attenuation coefficient a � 0:01 cmÿ1 as a functionof the inner radiusa
of the fiber.Dotted line 5 represents the efficiency ofCARS in the regime of

tight focusing. The radiation wavelength is 0.5 mm. (b) The optimal length

lCARS
opt for the CARS process (curve 1), parameter y � 0:123�lCARS

opt �2
(curve 2), and the factor M (curve 3) calculated as functions of the phase

mismatch Dk by numerically solving Eqn (39) with a1 � a2 � a3 �
a4 � 0:1 cmÿ1.
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solid-cladding hollow fibers for core radii less than 20 and
45 mm, respectively.

For hollow fibers with small core radii, the waveguide
enhancement factor for the CARS process provided by
microstructure fibers may be several orders of magnitude
higher than the waveguide enhancement factor attainable
with solid-cladding fibers (Fig. 7a). We assume in this
consideration that the core ± cladding geometry in a hollow
microstructure fiber supports at least one air-guided mode
even for small values of the inner radius of the fiber. A
qualitative analysis of the number of air-guided modes
supported by hollow photonic-crystal fibers has been pro-
vided by Cregan et al. [38]. More detailed numerical
simulations of air-guided modes in such fibers have been
performed by Broeng et al. [90].

Comparison of Eqns (21) and (37) shows that the scaling
law of the waveguide CARS enhancement factor as a
function of the magnitude of optical losses, fiber inner
radius, and radiation wavelength differs from the corre-
sponding scaling law of the waveguide SRS enhancement
factor. Physically, this difference stems from differences in
scattering mechanisms involved in SRS and CARS, with
SRS and CARS signals building up in different fashions as
functions of the interaction length and pump field ampli-
tudes [cf. Eqns (17) and (27)]. The difference in waveguide
enhancement factors for SRS and CARS suggests different
strategies for optimizing fibers designed to enhance these
processes. Due to the stronger dependence of the CARS
efficiency on the inner radius of a hollow fiber, the limiting
waveguide enhancement for CARS in hollow microstructure
fibers may noticeably exceed similar factors for SRS (cf.
curves 2 ± 4 in Fig. 7a).

In the case of nonzero phase mismatch, the optimal length
for the CARS process can be found from the transcendental
equation that immediately follows from Eqn (34),

Da sinh
ÿ
DalCARS

opt

�� Dk sin
ÿ
DklCARS

opt

�
� �Da� a4�

h
cos
ÿ
DklCARS

opt

�ÿ cosh
ÿ
DalCARS

opt

�i�0 : �39�

Curve 1 in Fig. 7b shows the optimal length calculated by
numerically solving Eqn (39) as a function of the phase
mismatch Dk. The growth in the phase mismatch Dk, as can
be seen from this dependence, reduces the optimal fiber length
for the CARS process. Curves 2 and 3 of the same figure
represent the parameter 0.123 �lCARS

opt �2, corresponding to the
approximation of Eqn (37), and the factor M calculated by
numerically solving Eqn (39).

Comparison of curves 1 ± 3 in Fig. 7b visualizes the
deviation of the factor M, which includes the influence of
waveguide losses and the phase mismatch, from the approx-
imate dependence given by Eqn (37), which was employed in
our analysis to find the limiting waveguide enhancement
factors for the CARS process in hollow fibers. The results
presented in Fig. 7b show that the approximation of Eqn (37)
works well in the case of perfect phase matching, when the
factor M coincides with 0.123 �lCARS

opt �2. The deviation of the
factorM from 0.123 �lCARS

opt �2 increases with the growth in the
phase mismatch Dk.

Phasemismatch reduces the optimal interaction length for
the CARS process and lowers the maximum waveguide
CARS enhancement attainable with a hollow microstructure
fiber. The power of the CARS signal becomes an oscillating
function of the fiber length under these conditions (Fig. 6a).

The characteristic period of these oscillations is determined
by the coherence length. Oscillations become less pronounced
and then completely flatten out as optical losses build up (see
also [91]). No oscillations are observed when the attenuation
length becomes less than the coherence length (Fig. 6c). An
important option offered by hollow microstructure fibers is
the possibility to compensate for the phase mismatch related
to the gas dispersion with an appropriate choice of waveguide
parameters due to the waveguide dispersion component [61,
76].

2.8 Waveguide enhancement of nonlinear-optical processes
in microstructure fibers: concluding remarks
Analysis performed in this section shows that hollow
microstructure and photonic-crystal fibers allow coherent
anti-Stokes Raman scattering to be substantially enhanced
relative to the regime of tight focusing, as well as relative to
waveguiding regimes in hollow solid-cladding fibers. Based
on the analysis of waveguide losses, as well as phase-
mismatch and group-delay effects, we have determined the
optimal fiber lengths providing maximum waveguide
enhancement for stimulated Raman and coherent anti-
Stokes Raman scattering. Our analysis also reveals the
existence of the physical limit for the waveguide enhance-
ment of nonlinear-optical processes. Physically, this limit
stems from the competition of diffraction and waveguide
confinement of radiation due to the refractive-index step.

Optimal confinement of electromagnetic radiation, allow-
ing maximum enhancement of nonlinear-optical processes, is
achieved in submicron threadlike waveguiding channels with
air cladding. Such waveguide structures with the maximum
refractive-index step have been recently implemented in
microstructure fibers. We have derived approximate asymp-
totic expressions that provide in several important cases an
adequate qualitative understanding of the influence of fiber
parameters on the optimal values of the fiber core radius and
the maximum values of the waveguide enhancement factor
and allow these quantities to be estimated with satisfactory
accuracy.

The maximum CARS enhancement in a hollow micro-
structure fiber relative to the tight-focusing regime was
shown to scale as l2=a2a4 with radiation wavelength l,
inner fiber radius a, and magnitude of radiation losses a.
Due to the rapid growth in CARS efficiency with a decrease
in the inner radius of a hollow fiber, the limiting waveguide
CARS enhancement factor in hollow microstructure fibers
may substantially exceed analogous factors attainable with
solid-cladding hollow fibers, as well as the waveguide
enhancement for stimulated Raman scattering in hollow
microstructure and photonic-crystal fibers. We have shown
that the influence of group-delay effects on CARS and SRS
in hollow fibers can be radically reduced, due to the
dispersion of waveguide modes, with an appropriate choice
of the gas pressure, the inner diameter of a hollow fiber, and
the waveguide modes involved in the nonlinear-optical
process.

Hollow-core microstructure and photonic-crystal fibers
thus suggest themeans for creating highly efficient gas sensors
based on CARS spectroscopy, as well as SRS frequency
converters. Waveguiding regimes supported by hollow-core
photonic-crystal fibers allow the amount of sample gas
required for spectroscopic analysis to be substantially
reduced and provide an opportunity to perform nonlinear-
optical experiments using low-power laser pulses.
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3. Supercontinuum generation
and frequency conversion of femtosecond pulses
in microstructure fibers

In this section, we will consider different strategies of
nonlinear-optical spectral transformation of femtosecond
laser pulses in microstructure fibers. We will show that
phase-matched four-wave mixing in higher-order modes of
microstructure fibers allows high efficiencies of nonlinear-
optical frequency conversion to be achieved for low-energy
femtosecond laser pulses.

Wewill also discuss the results of experiments demonstrat-
ing highly efficient multiplex frequency conversion of unam-
plified subnanojoule femtosecond pulses of Ti:sapphire-laser
radiation in fused silica microstructure fibers. Nonlinear-
optical spectral transformation of femtosecond pulses in an
array of fused silica threadlike channels in these microstruc-
ture fibers results in the generation of isolated anti-Stokes
spectral components within the wavelength range of 400 ±
500 nm. An efficiency of frequency conversion of about 20%
can be achieved with the use of this method for 800-nm pump
pulses with the energy 0.7 nJ and the pulse duration 70 fs.
Applications of microstructure-fiber frequency converters in
femtosecond photochemistry will also be discussed.

3.1 The frequency conversion problem
and microstructure fibers
Frequency conversion of femtosecond laser pulses is one of
the key issues in laser physics and quantum electronics. The
standard solution to this problem is to use nonlinear-optical
crystals [92]. Frequency-conversion capabilities of nonlinear
crystals can be extended in certain cases by periodic poling,
allowing quasi-phase matching of nonlinear optical interac-
tions [93, 94]. The potential of photonic crystals for the
frequency conversion of ultrashort pulses has been recently
demonstrated, and several attractive recipes for the phase
matching of nonlinear-optical processes have been suggested
[95 ± 97]. The main factors limiting the efficiency of frequency
conversion of ultrashort pulses in nonlinear crystals and
periodic structures include group-velocity dispersion and the
limited spectral range of phase matching.

Microstructure [4 ± 13] and tapered [51, 52] fibers possess
several remarkable and unique properties, allowing highly
efficient nonlinear-optical interactions to be implemented
even for low-power ultrashort laser pulses. In particular,
dispersion of such fibers can be tailored by changing their
geometry [13]. A high refractive-index step between the core
and the cladding, attainable with such fibers, provides a high
degree of light confinement in the fiber core [14, 15].
Microstructure and tapered fibers offer much flexibility in
phase-matching third-harmonic generation [16, 98] and four-
wave mixing [17 ± 21], allowing both radiation with a very
broad spectrum (supercontinuum) [23 ± 25] and isolated
spectral components [19 ± 21, 99, 100] to be generated with
high efficiency.

We will demonstrate below that nonlinear-optical inter-
actions in microstructure fibers may result in highly efficient
frequency conversion of unamplified nano- and subnanojoule
femtosecond Ti:sapphire-laser pulses. We will discuss the
results of nonlinear-optical experiments performed with
microstructure fibers integrating waveguiding channels and
having the form of submicron fused silica threads. The
difference in the geometric sizes of these channels gives rise
to differences in their dispersion properties, permitting

femtosecond pulses to be frequency-converted to different
spectral ranges. Experimental studies described below reveal
regimes of nonlinear-optical interactions where nano- and
subnanojoule femtosecond Ti:sapphire-laser pulses generate
isolated anti-Stokes spectral components lying within the
wavelength range from 400 to 500 nm with an efficiency up
to 20%.

3.2 Multiplex frequency conversion of unamplified
femtosecond pulses
3.2.1 Experimental technique. Experiments on frequency
conversion of unamplified femtosecond Ti:sapphire-laser
pulses were performed with a family of fused silica micro-
structure fibers where the cladding consisting of several cycles
of air holes surrounded the central fiber core with a diameter
of a few micrometers (see the inset in Fig. 8). Microstructure
fibers were fabricated of fused silica using the technology
described in detail elsewhere [33, 101]. The minimal core
diameter in the fabricated family of fibers was equal to 1 mm.
The air-filling fraction of the microstructure part of the
cladding in the created fibers, as can be seen from the inset
in Fig. 8, is very high, providing a high refractive-index step
between the core and the cladding in the fiber and strongly
confining the light field to the fiber core.

An array of submicron-size fused silica channels in the
form of threads, bounded by the system of air holes in the
fiber cladding (see the inset in Fig. 8), serve as additional
multiple cores of the fiber, providing a high degree of light
confinement due to the high refractive-index step and
allowing waveguide enhancement factors close to the physi-
cal limit [102], determined by the competition of diffraction
and refractive-index-step waveguiding [103], to be achieved
for nonlinear-optical processes.

Physically, the enhancement of nonlinear-optical pro-
cesses in such an array of submicron fused silica waveguiding
threads is due to the same factors as the enhancement of
nonlinear-optical interactions in tapered fibers. This micro-
structure fiber design integrates several small-core high-
refractive-index-step fused silica waveguide channels into a
bundle. Such a fiber can be made as long as hundreds of
meters [104], thus permitting length limitations, typical of
tapered fibers, to be overcome by means of fiber micro-
structuring. The fact that the microstructure-integrated
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bundle includes submicron fused silica waveguiding threads
with different sizes helps to achieve wavelength tunability in
the frequency conversion of ultrashort pulses.

Our method of numerical analysis of guided modes in
microstructure fibers was based on a modification of the
approach proposed by Monro et al. [105 ± 107]. The trans-
verse distribution of the electric field in the cross section of a
microstructure fiber was represented as an expansion in
orthonormalized Hermite ±Gauss polynomials. The two-
dimensional profile of the refractive index squared in the
cross section of the fiber, n2�x; y�, was also represented as an
expansion in Hermite ±Gauss polynomials and a set of
orthogonal periodic functions. Substituting these functional
series into the wave equations reduces the vectorial problem
we start with to an eigenfunction and eigenvalue problem for
the relevant matrix equation. Solving this problem, we can
find the propagation constants b and spatial field and
intensity distributions in waveguide modes.

Figure 8 displays the results of our calculations for the
group-velocity dispersion (GVD) performed with the use of
the above-described approach. Microstructure fibers with
two cycles of air holes around the central fiber core with a
diameter of about 3 mmprovide, as can be seen fromFig. 8, an
anomalous GVD regime for 800-nm Ti:sapphire-laser radia-
tion. The wavelength of this radiation lies close to the zero-
GVD point, which allows dispersion pulse spreading to be
reduced and phase matching to be achieved for parametric
four-wave mixing processes [19, 20] in such a fiber.

The laser system employed in our experiments was based
on an argon-laser-pumped Ti:sapphire laser, which generated
50 ± 80-fs pulses of 790 ± 810-nm radiation with the pulse
energy 0.2 ± 5 nJ. The envelope and the spectrum, as well as
the spectral phase and the chirp for these laser pulses at the
input and at the output of the microstructure fiber were
measured bymeans of spectral phase interferometry for direct
electric-field reconstruction (SPIDER) [108]. The standard
autocorrelation technique was also employed to assess the
duration of laser pulses and the shape of their envelope.
Spectral measurements were carried out with the use of an
Ocean Optics spectrometer.

Radiation generated by the Ti:sapphire laser system was
coupled into the central core or one of the threadlike fused
silica channels (see the inset in Fig. 8) of a microstructure
fiber, which was placed on a three-coordinate translation
stage. To improve the coupling of pump radiation into the
central core of the microstructure fiber, the Ti:sapphire-laser
beam was focused with a standard LOMO-20 objective,
providing a focused beam waist length of 6 ± 8 mm. A
LOMO-40 objective was employed to couple pump radiation
into submicron threadlike fused silica channels. The waist
length of the focused laser beam was equal to 3 ± 4 mm in this
case. The duration of input laser pulses measured with the use
of the SPIDER and standard autocorrelation techniques was
equal to 70 ± 80 fs.

The initial chirp and the spectral phase of the pulse have a
noticeable influence on the efficiency of nonlinear-optical
processes in microstructure fibers [109]. We employed this
effect to set a phase control of anti-Stokes generation by
Ti:sapphire-laser pulses and to achieve maximum efficiencies
of the frequency conversion of ultrashort pulses in a
microstructure fiber. Typical chirp and spectral-phase pro-
files of Ti: sapphire-laser pulses measured with the use of the
SPIDER technique at the input of themicrostructure fiber are
presented in the insets in Figs 9a and 9b.
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Figure 9. (a) The spectrum of radiation at the output of a microstructure

fiber with the length 10 cm and a core diameter of about 3 mm. The input

laser pulse has the central wavelength 800 nm, the energy 0.8 nJ, and the

initial duration about 70 fs. The inset in Fig. 9a shows the envelope and the

chirp of a femtosecond Ti:sapphire-laser pulse at the input of the

microstructure fiber measured with the use of the SPIDER technique.

(b, c) Nonlinear-optical frequency conversion of unamplified 0.7-nJ

Ti:sapphire-laser pulses with the initial duration 70 fs in submicron

channels of a microstructure fiber with the length 2 cm. The output

spectrum features anti-Stokes components centered at (b) 490 and (c)

405 nm. The inset in Fig. 9b displays the spectrum and the spectral phase of

a femtosecond Ti:sapphire-laser pulse at the input of the microstructure

fiber measured with the use of the SPIDER technique.
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3.2.2 Four-wave mixing and multiplex frequency conversion.
Propagation of femtosecond laser pulses through microstruc-
ture fibers was accompanied by nonlinear-optical interac-
tions, giving rise to new frequency components in the
spectrum of radiation coming out of the fiber and super-
continuum generation. Figure 9a displays the spectrum of
broadband emission produced by 70-fs 0.8-nJ pump pulses in
the 3-mm central core of the microstructure fiber with the
structure of cross section shown in the inset in Fig. 8. The
length of the fiber used in this experiment was about 10 cm.
Analysis of dispersion properties of this microstructure fiber
(see Section 3.2.1) shows that supercontinuum is generated in
these experiments in the regime of anomalous dispersion.

The main tendencies in the spectral transformation of
femtosecond pulses and the properties of supercontinuum
emission observed in these experiments generally agree well
with the scenarios of supercontinuum generation due to
soliton fission and parametric four-wave mixing [17, 18, 25].
The createdmicrostructure fibers thus provide high-efficiency
supercontinuum generation for unamplified subnanojoule
femtosecond pulses of Ti:sapphire-laser radiation.

Nonlinear-optical spectral transformation of femtose-
cond Ti:sapphire-laser pulses in submicron fused silica
waveguiding channels of different diameters (see the insets
in Figs 8, 9c) gave rise to new frequency components within a
broad spectral range. In particular, parametric four-wave
mixing 2op � os � oa (where op is the frequency of pump
radiation and os andoa are the frequencies of the Stokes and
anti-Stokes signals, respectively) resulted in the efficient
generation of anti-Stokes components within the wavelength
range of 400 ± 500 nm (Figs 9b, 9c). Phase matching for such
processes in microstructure fibers was analyzed in earlier
works [17 ± 20]. The wavelength range where the efficiency
of nonlinear-optical frequency conversion reaches its max-
imum is determined by the dispersion properties of the
waveguide channel. The size of the channel is thus the key
parameter, controlling the process of nonlinear-optical
frequency conversion.

The frequency tunability of new spectral components
generated by unamplified femtosecond Ti:sapphire-laser
pulses in submicron fused silica channels of different
diameters is illustrated in Figs 9b and 9c. The spectrum of
the output radiation presented in Fig. 9b features an intense
anti-Stokes component centered at 490 nm. This component
carries up to 20% of the output radiation energy. The central
frequency of the anti-Stokes component generated in the
microstructure fiber can be shifted by changing the diameter
of the waveguiding channel.

Figure 9c displays the spectrum of the output radiation
with an intense anti-Stokes component centered at approxi-
mately 405 nm. Generation of this component is accompa-
nied by the build-up of a spectral component with the central
wavelength of about 710 nm. The amplitude of this 710-nm
frequency component in the output radiation spectrum
exceeds the amplitude of the spectral component correspond-
ing to pump radiation. Off the phase-matching condition,
anti-Stokes components are either missing in the output
spectra or produced with an extremely low efficiency.
Femtosecond pump pulses also experienced noticeable
spectral broadening due to self-phase modulation as they
propagated through submicron channels of the microstruc-
ture fiber.

The experiments presented above demonstrate the possi-
bility of creating highly efficient multicolor frequency

converters for ultrashort laser pulses based on microstruc-
ture fibers. These fibers can implement a multiplex frequency
conversion of subnanojoule femtosecond pulses with efficien-
cies exceeding those attainable with nonlinear crystals.

The inset in Fig. 9c shows the cross-section image of a
microstructure fiber generating multiple colors by frequency-
upconverting unamplified Ti:sapphire-laser pulses. The
efficiency of nonlinear-optical frequency conversion in
microstructure fibers is improved relative to nonlinear
crystals due to large interaction lengths, typical of the
waveguide regime, and the possibility of phase-matching an
anti-Stokes signal of a given wavelength with pump radiation
by creating a fiber with a required dispersion profile.

3.3 Frequency conversion of pulses produced by an optical
parametric amplifier and wavelength-tunable
supercontinuum generation
In this section, we will show that phase-matched four-wave
mixing in microstructure fibers of the above-described design
allows high efficiency in anti-Stokes frequency conversion to
be achieved for wavelength-tunable nano- and subnanojoule
femtosecond laser pulses produced by an optical parametric
amplifier (OPA). Ultrashort pulses of OPA radiation can also
be employed to efficiently generate frequency-tunable super-
continuum emission.

The results of experimental studies [20], devoted to the
nonlinear-optical spectral transformation of OPA pulses, are
presented in Figs 10 and 11. In these experiments, 70-fs OPA
laser pulses of 790-nm radiation with an energy of 0.01 ± 3 nJ
were coupled into the central core or one of the submicron
waveguide channels of a microstructure fiber with the
structure of cross section shown in inset 1 in Fig. 10a. Four-
wave mixing processes in such fibers result in the efficient
generation of new spectral components. Analysis of the beam
pattern of the anti-Stokes signal produced in the central core
of the microstructure fiber (the inset in Fig. 10b) reveals a
spatial structure characteristic of a higher-order waveguide
mode.

Theoretical analysis of the dispersion properties of
guided modes supported in the central core of the studied
microstructure fibers (see Section 3.2.1) indicates the
possibility of phase-matching parametric four-wave mixing
2op � os � oa, where op is the frequency of pump radiation
and os, oa are the frequencies of the Stokes and anti-Stokes
signals, respectively. Figure 10a displays the mismatch db of
the propagation constants for such a parametric process in
the fundamental and higher-order waveguide modes (the
structure of modes is shown in the insets in Fig. 10a). Phase
matching can be achieved for the 800-nm pump and the anti-
Stokes signal generated in a higher-order waveguide mode
within the range of wavelengths of 520 ± 530 nm. The
propagation-constant mismatches for such parametric four-
wave mixing involving 800- and 790-nm pump are shown by
curves 1 and 2 in Fig. 10a.

The amplitude of the anti-Stokes signal, as shown by
experiments [20], increases with the growth in the intensity of
the pump pulse (Fig. 10b). The anti-Stokes signal amplitude
starts to exceed the amplitude of the pump component in the
output spectrum for an input pump pulse energy of about
0.5 nJ. As the pump pulse broadens, due to self-phase
modulation, with the increase in the pump intensity, shorter-
wavelength components appear in the spectrum of the pump
pulse (curves 2 ± 4 in Fig. 10b). These components of the
pump are phase-matched with higher frequency anti-Stokes
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wavelengths, leading to the blue shift in the anti-Stokes signal
relative to the wavelength of 520 nm [20]. This effect can be
employed to tune the frequency of the nonlinear signal
generated in a microstructure fiber.

Dispersion of peripheral submicron channels in the
considered microstructure fiber differs from the dispersion
of the central core, allowing the frequency of femtosecond
pulses to be converted to other spectral ranges. Due to the
high refractive-index step between fused silica and the air,
these submicron channels strongly confine guided modes of
electromagnetic radiation, allowing, as shown in Section 2 of
this paper, the physical limit of waveguide enhancement of
nonlinear-optical processes to be attacked.

Figure 11 illustrates how the wavelength of input
radiation influences the spectra of radiation detected at the
output of the microstructure fiber. As can be seen from this
figure, femtosecond pulses of 750-nm radiation coupled into
0.8-mm waveguide channels of the microstructure fiber
efficiently generate an anti-Stokes signal of around 400 nm

(Fig. 11a) in the fundamental guided mode, with the
frequency interval between the anti-Stokes and pump signals
being about 350 THz. For 1.5-nJ pump pulses coupled into
the submicron core of a 2.5-cm-longMS fiber, the ratio of the
anti-Stokes signal amplitude to the amplitude of pump
radiation is approximately equal to 0.5, with allowance for
the frequency dependence of the detector sensitivity.

Peripheral submicron channels allow the efficiency of
supercontinuum generation to be improved relative to the
central fiber core.With the pumpwavelength lp lying far from
the wavelength of zero group-velocity dispersion l0 (around
510 nm for the fundamental mode of 0.8-mm-diameter fused
silica waveguide channels), a noticeable gap between the
pump and the anti-Stokes part of the output spectra was
observed (Fig. 11a).

Emission of anti-Stokes components of around 400 nm
under these conditions agrees well with the soliton-fission and
four-wave mixing scenarios of supercontinuum generation in
microstructure fibers [17, 18]. Tuning the pump wavelength
lp closer to l0, we observe that the self-phase-modulation-
broadened pump and the anti-Stokes signal merge into a
broad continuous spectrum (Figs 11b, 11c), resulting in a
bright white-light emission coming out of the microstructure
fiber.

3.4 Nonlinear-optical spectral transformation of
femtosecond Cr:forsterite-laser pulses
In this section, we will discuss the results of experiments
demonstrating highly efficient generation of frequency-
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Figure 10. (a) Mismatch of the propagation constants db of higher-order

waveguide modes involved in the FWM process 2op � os � oa in a fused

silica microstructure fiber with the core diameter 4.8 mm. The pump

wavelength is 800 nm (curve 1) and 790 nm (curve 2). Inset 1 shows the

cross-sectional view of themicrostructure fiber. Insets 2 and 3 display field

intensity distributions in the fundamental and higher order guided modes.

(b) Spectral transformation of a 70-fs pulse of 790-nm pump radiation in a

microstructure fiber with a 4.8-mm-diameter central core [20]. The

spectrum of the input pulse is shown by curve 1. The input pulse energy

is (2) 0.1 nJ, (3) 0.5 nJ, and (4) 1 nJ. The inset shows the emission pattern at

the output of the fiber.
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Figure 11. Spectra of supercontinuum emission produced [20] by 80-fs

pulses of OPA radiation with the wavelength tuned from 750 to 600 nm in

the 0.8-mm waveguide channel of a microstructure fiber with the cross-

section structure shown in inset 1 in Fig. 8 and the length 2.5 cm.
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tunable radiationwithin thewavelength range of 350 ± 600 nm
through nonlinear-optical frequency conversion of femtose-
cond pulses of a Cr:forsterite laser in an array of submicron
threadlike fused silica waveguiding channels in a microstruc-
ture fiber. Nonlinear-optical spectral transformation of
femtosecond pulses in such waveguide channels may result
in the generation of isolated spectral components with
frequencies exceeding the frequency of the third harmonic.
The interval between the pump frequency and the frequency
of the nonlinear signal under these conditions may exceed
580 THz.

Experiments [100] on the frequency conversion of femto-
second Cr:forsterite-laser pulses were performed with the
fused silica microstructure fibers described in Section 3.2.1
(see the insets in Figs 8, 12a). An array of submicron-size
fused silica waveguide channels in the form of threads serve as
additional multiple cores of microstructure fibers. These
channels have different diameters, which helps to achieve
wavelength tunability in the frequency conversion of ultra-
short pulses (femtosecond pulses of a Cr:forsterite laser in the
experiments described in this section).

The laser system employed in experiments [100] consisted
of a Cr4+: forsterite master oscillator, a stretcher, an optical

isolator, a regenerative amplifier, and a compressor. The
master oscillator, pumped with a fiber Nd:YAG laser,
generated 30 ± 50-fs light pulses with a repetition rate of
120 MHz. Nonlinear-optical experiments were performed
with laser pulses having the central wavelength 1270 nm, the
bandwidth 26 nm, and a mean power of about 180 mW.

Radiation generated by the Cr:forsterite laser system was
coupled into the central core or one of the threadlike fused
silica channels (see the inset in Fig. 8) in a microstructure
fiber. A standard LOMO-20 objective was used to excite
guided modes in the central core of the microstructure fiber.
The waist length of the laser beam focused by this objective
was equal to 6 ± 8 mm. A LOMO-40 objective was employed
to couple radiation into submicron threadlike channels of the
microstructure fiber. The waist length of the focused laser
beam was equal to 3 ± 4 mm in this case. The duration of laser
pulses at the input of microstructure fibers was about 150 fs.
Spectral measurements were performed with an Ocean Optics
spectrometer.

Propagation of femtosecond laser pulses through micro-
structure fibers was accompanied by wave mixing, giving rise
to new frequency components in the spectrum of radiation
coming out of the fiber. Parametric four-wave mixing
2op�os � oa (where op is the frequency of pump radiation
and os and oa are the frequencies of the Stokes and anti-
Stokes signals, respectively) in the central fiber core resulted
in the efficient generation of anti-Stokes radiation of around
530 nm with a spectral bandwidth of about 35 nm (Fig. 12a).
Efficient generation of the third harmonic of pump radiation
was also observed with the amplitude of the third harmonic
comparable to the amplitude of the anti-Stokes signal (see the
inset in Fig. 12b).

Nonlinear-optical spectral transformation of femtose-
cond Cr:forsterite-laser pulses in submicron fused silica
waveguiding channels of different diameters resulted in the
generation of new frequency components within a broad
spectral range (Fig. 12). The possibility of tuning the
frequencies of new spectral components generated by
femtosecond Cr:forsterite-laser pulses in submicron fused
silica channels of different diameters is illustrated in Fig. 12.

An array of microstructure-integrated submicron fused
silica channels implemented in our fibers provides a unique
possibility of converting the frequency of femtosecond Cr:
forsterite-laser pulses to the range of wavelengths shorter
than the wavelength of the third harmonic. Effective cascad-
ing of nonlinear-optical processes in submicron waveguiding
channels leads, as can be seen fromFig. 12b, to the generation
of the frequency component with the central wavelength
around 370 nm and a spectral bandwidth of about 30 nm
(the wavelength of the third harmonic is 420 nm for Cr:
forsterite-laser radiation). This process increases the carrier
frequency of femtosecond pulses by more than 580 THz.

The efficiency of this frequency-conversion process was as
high as several percent, giving rise to 370-nm emission in the
form of blue light easily seen with the naked eye on a white
screen. The developedmicrostructure fiber design thus allows
femtosecond Cr:forsterite-laser pulses to be frequency-con-
verted to the spectral range that is of special interest and
importance for photochemical and photobiological studies,
enhancing the capabilities of femtosecond Cr:forsterite lasers
in femtosecond spectroscopy and time-resolved measure-
ments, as well as extending the applicability area of such
laser systems to the control of ultrafast processes in physics,
chemistry, and biology.
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Figure 12. (a) Generation of anti-Stokes radiation and the third harmonic

in the central core of a microstructure fiber with a diameter of 3 mm. The

inset shows the cross-section image of the microstructure fiber with a

single cycle of air holes around the central waveguiding core. (b)

Generation of a high-frequency spectral component with the wavelength

around 370 nm in a submicron threadlike waveguiding channel of the

microstructure fiber. The fiber length is 7 cm. The energy of laser pulses

coupled into the fiber is about 50 nJ. The inset presents the spectrum of the

third harmonic generated in submicron waveguiding channels of the

microstructure fiber.
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3.5 Frequency conversion of unamplified femtosecond
pulses in microstructure fibers for photochemical
applications
In this section, we will consider one of the applications of
nonlinear-optical frequency converters of ultrashort pulses
based on microstructure fibers. We will show that micro-
structure fibers can frequency-upconvert femtosecond pulses
to the spectral range where laser radiation efficiently initiates
photochemical processes, including photochromism. We will
discuss the results of experiments demonstrating that micro-
structure fibers with a specially designed dispersion profile
convert the frequency of unamplified subnanojoule femtose-
cond Ti:sapphire-laser pulses to the anti-Stokes range,
generating radiation with a wavelength around 400 nm. This
anti-Stokes radiation is then used to initiate a photochromic
reaction in a solid-phase polymer sample containing spir-
opyran molecules.

Photochromism [111 ± 113] is defined as a light-induced
reversible transformation in chemical species between two
relatively stable forms having different absorption spectra.
This phenomenon is often routinely understood as light-
induced change of color, well-known in every-day life
through sunglasses that darken under the action of sunlight
and recover their color in the presence of scattered light.

Applications of photochromism, which has been known
since the 19th century [114], include self-developing photo-
graphy, optical switching and filtering [111, 112], three-
dimensional optical data storage [115, 116], and, recently,
reversible waveguide writing [117, 118], microfabrication of
telecommunication and photonic components [119], and
engineering of photoswitchable biomaterials [120].

Experiments [34] demonstrating the potential of unampli-
fied femtosecond pulses frequency-upconverted in micro-
structure fibers for photochromism initiation were perfor-
med with polymethyl methacrylate (PMMA) samples doped
with spiropyranmolecules (shown in the inset in Fig. 13). The
concentration of spiropyran in a 9� 9� 10 mm3 sample was
1:6� 10ÿ2 mol lÿ1. Spiropyran molecules in the uncolored
form (form A) efficiently absorb radiation with wavelengths
shorter than 410 nm. The photochromic effect, occurring
through C ±O bond cleavage, transforms form-A spiropyran
molecules into a colored, merocyanine-isomer form (form B),
giving rise to a broad absorption band in the visible region.

The laser system employed in experiments [34] was based
on an argon-laser pumped Ti:sapphire laser (Fig. 13), which
generated 80-fs pulses of 800-nm radiation with a pulse
energy of 0.3 nJ. These pulses were coupled into a micro-
structure fiber where the cladding included two cycles of air
holes surrounding the central fiber core with a diameter of
about 3 mm. The cross-section view of the microstructure
fiber used in these experiments is shown in the inset in Fig. 8.
An array of submicron-size fused silica channels in the form
of threads, bounded by a system of air holes in these
microstructure fibers, served for the frequency conversion of
unamplified femtosecond pulses.

The wavelength of the anti-Stokes signal generated in
peripheral submicron waveguide channels under these condi-
tions is determined by the dispersion properties of guided
modes involved in the nonlinear-optical process. The trans-
verse size of a waveguide channel is thus the key parameter,
controlling the color of the anti-Stokes signal. Fused silica
waveguiding channels with different sizes built into the
considered microstructure fibers help to achieve wavelength
tunability in the anti-Stokes frequency conversion of femto-
second pulses.

Figure 14 shows the spectra of radiation coming out of
two different channels in the microstructure fiber, displaying
intense anti-Stokes components. One of these anti-Stokes
signals (the blue line) has a spectrum with the maximum
around 405 nm (Fig. 14a). The spectrum of the second anti-
Stokes signal (the green line) peaks around 490 nm (Fig. 14b).
The blue anti-Stokes line falls within the absorption band of
the uncolored form of spiropyran compounds and can be
used to initiate photochromism in spiropyran/PMMA sam-
ples. The green anti-Stokes line lies within the absorption
band characteristic of form-B spiropyran. This component
can be employed to induce the reverse photochromic
transformation, recovering the uncolored, form-A spiro-
pyran.

Comparison of the spectra of the blue anti-Stokes line at
the input (line 1 in inset 1 in Fig. 14a) and at the output (line 2
in the same inset) of the spiropyran/PMMA sample shows
that this line is ideally suited to transform spiropyran
molecules from form A to form B. The short-wavelength
part of the anti-Stokes signal is almost completely absorbed
by the photochromic material, while the long-wavelength
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Nd:YAG-laser
l � 532 nm
E � 10 mW

Microstructure éber
Filter

Filter

Camera

Ti:S -
oscillator

Spectrometer

N

O

CH3 CH3

NO2

CH3

Figure 13. Laser setup for the frequency upconversion of unamplified femtosecond laser pulses in microstructure fibers adapted to photochromism

initiation. The inset shows the structure formula of a spiropyran molecule.
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part of the spectrum is absorbed less efficiently, indicating
that, with such an emission spectrum, we are still able to avoid
undesirable absorption of radiation by form-B spiropyran,
stimulating the reverse photochromic reaction.

Absorption of the blue anti-Stokes line generated in the
microstructure fiber initiates the photochromic processes in
spiropyran molecules, resulting in the formation of merocya-
nine isomers. This photochromic transformation, leading to
the accumulation of form-B spiropyran, is visualized by
characteristic photoluminescence (PL) within the spectral
range of 600 ± 700 nm excited with 532-nm second-harmonic
radiation from a diode-pumped 10-mW continuous-wave
Nd :YAG laser (see Fig. 13). Radiation of this laser also
stimulates the reverse photochromic transformation, recover-
ing form-A spiropyran in the sample, thus preventing the
gradual pulse-to-pulse accumulation of form-B spiropyran in
the laser-irradiated area.

As the Ti:sapphire laser is switched on (at the moment
t � 0 in inset 2 in Fig. 14a), the blue anti-Stokes line produced
in the microstructure fiber starts to generate form-B spir-
opyran in the photochromic sample, visualized by the growth
in photoluminescence intensity as a function of time.With the

Ti:sapphire laser switched off (at the moment t � 16 s in inset
2 in Fig. 14a), the photoluminescence signal decays, indicat-
ing the recovery of form-A spiropyran in the sample under the
action of 532-nm second-harmonic radiation of the contin-
uous-wave Nd:YAG laser.

The green anti-Stokes line induces the reverse photo-
chromic transformation. The decay of the photolumines-
cence signal in inset 1 in Fig. 14b shows how this emission
line recovers form-A spiropyran in the area of the photo-
chromic sample previously colored by the blue anti-Stokes
line, which is switched off at t � 0. The photoluminescence
excited by the green anti-Stokes line, as shown in inset 2 in
Fig. 14b, can be employed to visualize 3D microstructures
and waveguides written in a photochromic material by
femtosecond Ti:sapphire-laser pulses through two-photon-
absorption-induced photochromism.

Experiments presented here demonstrate that microstruc-
ture fibers radically enhance the capabilities of basic
femtosecond lasers without amplification stages. In the
experiments discussed above, microstructure-integrating
arrays of submicron fused silica waveguide channels have
been employed for efficient anti-Stokes frequency conversion
of unamplified femtosecond Ti:sapphire-laser pulses with an
energy of about 0.3 nJ.

Anti-Stokes radiation generated in microstructure fibers
allows photochromism initiation in solid-phase polymer
samples containing spiropyran molecules. Microstructure
fibers are thus shown to provide high efficiencies of
frequency conversion of unamplified femtosecond pulses to
the spectral range where frequency-converted ultrashort
pulses can be employed to initiate and control photochemical
and photobiological processes.

3.6 Frequency conversion using microstructure fibers:
concluding remarks
Experiments presented in this section demonstrate highly
efficient nonlinear-optical frequency conversion of unampli-
fied femtosecond pulses in fused silica microstructure fibers.
We have designed, fabricated, and tested in nonlinear-optical
experiments microstructure fibers with waveguiding channels
in the form of submicron fused silica threads. The size of a
waveguiding channel is the key parameter for the spectral
transformation of ultrashort laser pulses. This parameter
determines dispersion properties of guided modes, thus
controlling the frequencies of new spectral components
generated as a result of nonlinear-optical frequency conver-
sion of ultrashort laser pulses. The possibility of tuning the
frequencies of such new anti-Stokes spectral components has
been experimentally demonstrated by coupling femtosecond
pulses of Ti:sapphire- and Cr:forsterite-laser radiation into
submicron fused silica waveguiding channels with different
diameters. An efficiency of frequency conversion of about
20% was achieved for 800-nm pump pulses with the energy
0.7 nJ and the pulse duration 70 fs.

Dispersion optimization of guided modes in the central
core of the created microstructure fibers allowed a high
efficiency of supercontinuum generation to be achieved for
unamplified Ti:sapphire-laser pulses. The proposed and
implemented architecture of microstructure-integrated sub-
micron fused silica waveguiding channels is thus shown to
permit efficient multiplex frequency conversion of femtose-
cond Ti:sapphire- and Cr:forsterite-laser pulses to the
spectral range that is of special interest and importance for
photochemical and photobiological applications, suggesting
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Figure 14. Generation of the blue (a) and green (b) anti-Stokes lines in

submicron channels of a 5-cm-long microstructure fiber (cross-section

view of this fiber is shown in the inset in Fig. 8) by 0.3-nJ, 80-fs pulses of

800-nm radiation. Inset 1 in Fig. 14a shows the spectra of the blue anti-

Stokes line at the input (curve 1) and at the output (curve 2) of the

spiropyran/PMMA sample. Inset 2 in Fig. 14a presents the kinetics of the

photoluminescence (PL) signal, visualizing the generation of form-B

spiropyran in the spiropyran/PMMA sample by the blue anti-Stokes line

produced in the microstructure fiber. Inset 1 in Fig. 14b displays the decay

of the photoluminescence signal, indicating the recovery of form-A

spiropyran under the action of the green anti-Stokes line in the area pre-

irradiated with the blue anti-Stokes line, switched off at t � 0. Inset 2 in

Fig. 14b features photoluminescence excited by the green anti-Stokes line,

visualizing micromachining of a photochromic material by femtosecond

Ti:sapphire-laser pulses through two-photon photochromism.
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new solutions for femtosecond spectroscopy and the control
of ultrafast processes in physics, chemistry, and biology.

4. Mode structure
and spectral properties of supercontinuum
emission from microstructure fibers

In this section, we will examine the mode structure and
spectral properties of supercontinuum emission generated
by femtosecond pulses of Ti:sapphire-laser radiation in
microstructure fibers. We will present the results of experi-
mental studies demonstrating that the long-wavelength
(720 ± 900-nm) and visible (400 ± 600-nm) parts of super-
continuum radiation are spatially separated in microstruc-
ture-fiber modes, which can be isolated with an appropriate
spectral filtering. The spatial modes thus isolated in spectrally
sliced supercontinuum emission possess a spatial quality
sufficient for efficient further frequency conversion. The
possibility of achieving a high spectral quality of super-
continuum emission will be also demonstrated. Superconti-
nua produced in microstructure fibers will be shown to offer
new approaches to designing a new generation of optical
parametric amplifiers and broadband radiation sources for
spectroscopic, metrological, and biomedical applications.

4.1 Supercontinuum generation in microstructure fibers
Supercontinuum (SC) generation [121] is a nonlinear-optical
phenomenon involving spectral superbroadening of a light
pulse resulting from the joint action of the whole catalogue of
nonlinear-optical effects, such as self- and cross-phase
modulation, four-wave mixing, and stimulated Raman
scattering, often accompanied by soliton formation and
propagation, as well as modulation instabilities.

As demonstrated recently, supercontinuum generation
can be radically enhanced with the use of microstructure
fibers [4 ± 13]. Due to their remarkable properties, micro-
structure fibers make nonlinear optics accessible even to
unamplified femtosecond pulses. Enhancement of a broad
class of nonlinear-optical phenomena [7], accompanying the
propagation of femtosecond pulses in microstructure fibers,
makes it possible to generate supercontinuum radiation [23 ±
26] starting with nano- and even subnanojoule energies of
laser radiation.

Investigations of supercontinuum generation in micro-
structure fibers have revealed several interesting physical
phenomena related to the nonlinear-optical interactions of
ultrashort light pulses, providing deeper insights into the
scenarios of spectral superbroadening of such pulses in
different regimes of waveguiding in microstructure fibers
[23 ± 26]. The range of applications of supercontinuum
generation in microstructure fibers is rapidly expanding,
leading to revolutionary changes in optical metrology [27 ±
31], opening new horizons in optical coherence tomography
[32], and suggesting new solutions for the creation of compact
and practical sources of broadband emission based on
supercontinuum generation in microstructure fibers [33].

It would be very important, in view of the numerous
spectroscopic, metrological, and tomographic applications of
supercontinua generated in microstructure fibers, not only to
improve the reproducibility and stability of the temporal
characteristics and the spectral content of supercontinuum
emission, but also to ensure a high spatial mode quality of this
emission. Inmany practically important cases, highly efficient
supercontinuum generation in microstructure fibers involves

multimode-phase-matched four-wave mixing. Supercontinua
are also emitted in the multimode regime under these
conditions.

In this section, we discuss a method of spatial filtering and
spectral slicing of supercontinuum radiation generated in a
microstructure fiber with a small core diameter, where
multimode-phase-matched four-wave mixing results in a
preferable generation of new spectral components emitted as
part of the supercontinuum in a certain (possibly high-order)
guided mode. The results of experimental studies presented
below in this section demonstrate the possibility of achieving
a high spectral quality of supercontinua produced in micro-
structure fibers. We will explore the ways to control the
spectrum of supercontinuum emission by matching the
parameters of the pump pulse with the parameters of the
microstructure fiber and by varying the initial chirp of the
pump pulse. Based on these results, we will show that
supercontinua produced in microstructure fibers offer new
approaches to designing a new generation of optical para-
metric amplifiers and broadband radiation sources for
spectroscopic, metrological, and biomedical applications.

4.2 Experimental aspects of supercontinuum generation
Experiments on supercontinuum generation were performed
with a family of microstructure optical fibers where the
cladding consisted of one, two, or more hexagonal cycles of
air holes. A system of smaller auxiliary air holes in the
cladding of such fibers improves the confinement of the light
field to the fiber core (see the insets in Figs 8, 12a).
Experimental studies confirm that the increase in the number
of cycles of air holes around the fiber core reduces the
magnitude of fiber losses. Optical losses have been deter-
mined for the microstructure fibers of the considered type
from the results of measurements [122] performed on 100-m
fiber segments. The magnitude of optical losses was estimated
to be 2 ± 3 dB mÿ1 for fibers with a single hexagonal cycle of
air holes in the cladding and 0.4 ± 0.5 dB mÿ1 for fibers with
two cycles of air holes.

Spectral broadening and supercontinuum generation in
microstructure fibers were studied in experiments [123] with
the use of femtosecond pulses produced by aTi:sapphire-laser
system. This laser system included a Ti:sapphire master
oscillator and a regenerative amplifier and was capable of
generating 40-fs pulses of 800-nm radiation with an energy of
up to 0.2 mJ per pulse and a repetition rate of 1 kHz. The
energy of laser pulses coupled into the fiber ranged from 0.1
up to 50 nJ. Experiments were performed with fiber samples
with lengths of 4 ± 200 cm. The laser beam was focused onto
the input end of the fiber sample, placed on a three-
dimensional translation stage, with a microobjective. Radia-
tion coming out of the fiber was collimated with an identical
microobjective and was split into two beams. One of these
beams was delivered to a spectrograph, while the other was
used to visualize the transverse intensity distribution in the
emission coming out of the MS fiber by imaging the output
end of the fiber onto a CCD camera.

4.3 Mode structure of supercontinuum radiation
Propagation of femtosecond laser pulses through a micro-
structure fiber was accompanied by a considerable spectral
broadening of these pulses. With only a few nanojoules of Ti:
sapphire-laser radiation coupled into a microstructure fiber
sample with a length of several centimeters, generation of
supercontinuum radiation with the spectral bandwidth
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exceeding an octave was observed. Figure 15 shows typical
spectra of supercontinuum radiation generated by 40-fs
pulses of Ti:sapphire-laser with an energy of 2 nJ (dotted
curve) and 3 nJ (solid curve) in a 1.5-m microstructure fiber
with a single cycle of air holes around the fiber core with the
diameter 3 mm.

Supercontinuum radiation was generally produced in the
multimode regime in our experiments. However, it was
possible to filter isolated spatial modes for different spectral
ranges of supercontinuum emission using a set of color-glass
filters. The insets in Fig. 15 present typical results of such
experiments performed for a supercontinuum generated in a
1.5-m-longmicrostructure fiber with a single cycle of air holes
around the fiber core with the diameter 3 mm. The transverse
intensity distribution of supercontinuum radiation measured
with a filter providing maximum transmission within the
range of 720 ± 900 nm (inset 1 in Fig. 15) has a bell-like
shape, displaying a single maximum on the beam axis. The
visible part of supercontinuum radiation (400 ± 600 nm), on
the other hand, has a doughnut-like spatial mode structure
(inset 2 in Fig. 15) under the same experimental conditions.

With a slight variation in the initial conditions of mode
excitation at the input end of the microstructure fiber, the
doughnut mode of the visible part of supercontinuum
radiation (inset 2 in Fig. 15) was transformed into a more
complicated, two-lobe pattern, shown in inset 3 in Fig. 15.
Both the doughnut-like and the two-lobe modes remained
reproducible and stable and were observed formicrostructure
fibers with lengths ranging from 20 up to 200 cm. Apparently,
because of the poorer spatial overlapping between the pump
beam and the two-lobe mode, the short-wavelength part of
supercontinuum radiation in the case of the two-lobe mode
was much less intense than in the case of the doughnut mode.

Physically, the idea of using microstructure fibers with
small fiber cores for the generation of supercontinuum
radiation that could be spectrally sliced into separated
spatial modes is based on the fact that the difference between
propagation constants for adjacent fiber modes supported by
the fiber at a certain frequency increases with a decrease in the
fiber core radius. Within the framework of the elementary
theory of optical fibers [1], the relation between the difference

of propagation constants Db characterizing two adjacent
guided modes in a fiber and the fiber core radius a is given by

Db � p2c fn
4a2oncore

;

where c is the speed of light, o is the radiation frequency, fn is
a function of the mode index, and ncore is the refractive index
of the fiber core. This elementary relation is very instructive,
however, as it explains in a very simple way why micro-
structure fibers with small core diametersmay generatemode-
separable supercontinuum radiation when FWM processes
are phase-matched only for a certain spatial mode of the
nonlinear signal generated through FWM for each super-
continuum slice (or at least for some of the supercontinuum
slices).

Experimentally observed transformations of the spatial
distribution of supercontinuum radiation (Fig. 15) indicate
changes in multimode phase matching for FWM processes
contributing to spectral superbroadening within different
spectral ranges. Measurements performed on microstructure
fibers with core diameters of 3 mm also show that phase
matching is achieved only for a certain spatial mode of the
emitted signal within each of the studied spectral ranges. This
circumstance allows isolated spatial modes to be separated by
spectrally slicing the supercontinuum emission.

4.4 Nonlinear-optical frequency conversion of spectrally
sliced supercontinuum radiation and cross-correlation
measurements
Frequency convertibility of a spectrally sliced superconti-
nuum is an important criterion of the quality of spatial modes
of supercontinuum radiation. Based on this criterion, we can
also judge whether supercontinuum radiation generated in
microstructure fibers and spectrally sliced with the use of the
above-described technique can be employed in practice for
spectroscopic studies and pump ± supercontinuum probe
measurements.

With these circumstances in mind, we experimentally
assessed the efficiency of nonlinear-optical frequency conver-
sion for spectrally sliced spatial modes of supercontinuum
radiation produced in a microstructure fiber. The sum-
frequency signal was produced in our experiments by mixing
different parts of supercontinuum radiation with the funda-
mental radiation of the above-described Ti:sapphire laser in a
100-mm-thick LBO crystal. Figure 16 presents the results of
these measurements performed with the use of the long-
wavelength part (720 ± 900 nm) of the supercontinuum
radiation (its spectrum is shown by curve 1 in Fig. 16a)
mixed with the fundamental radiation of the Ti: sapphire
laser in the LBO crystal in the noncollinear geometry of sum-
frequency generation (SFG).

A broadband sum-frequency signal was produced within
the spectral range from 370 to 430 nm in the direction
determined by phase-matching conditions (see diagram 1 in
Fig. 16). This geometry of sum-frequency generation allowed
the efficiency of frequency conversion of about 0.1% to be
achieved. We also observed collinear second-harmonic
generation (SHG) using the long-wavelength part of super-
continuum radiation as a pump (see diagram 2 inFig. 16). The
efficiency of this second-harmonic generation under our
experimental conditions was more than an order of magni-
tude lower than the efficiency of noncollinear sum-frequency
generation (the relative efficiencies of SFG and SHG
processes are shown on the left-hand side of Fig. 16).
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Sum-frequency and second-harmonic generation experi-
ments performed with spectrally sliced supercontinuum
radiation also allow the characteristic pulse duration to be
estimated for different parts of the supercontinuum.
Figure 16b presents the results of such cross-correlation
experiments, where the intensity of the sum-frequency signal
was measured as a function of the delay time between the
fundamental radiation pulse of the Ti:sapphire laser and the
broadband emission pulse coming out of the fiber and passing
through a set of optical filters. Cross-correlation traces
measured with the use of this approach were compared with
the results of cross-correlation measurements performed in
the same geometry for low-intensity Ti:sapphire-laser pulses
transmitted through themicrostructure fiber with virtually no
or very weak spectral broadening (the spectrum of this signal
is shown by curve 2 in Fig. 16a).

The cross-correlation trace measured for the broadband
signal of the spectrally sliced supercontinuum (curve 1 in
Fig. 16b) was much broader than the cross-correlation trace
measured for the signal with virtually no or veryweak spectral
broadening (curve 2 in Fig. 16b). This comparison shows that
different spectral components emitted as a part of the super-
continuum are characterized by different delay times. This
effect is associated with the dispersion properties of micro-
structure-fiber-guided modes and can be employed to tempo-
rally and spatially resolve different frequency components in
pump ± supercontinuum probe experiments [124 ± 126].

4.5 Mode structure and spectral properties of
supercontinuum emission from microstructure fibers:
concluding remarks
Thus, based on the investigation of the mode structure and
spectral properties of supercontinuum radiation produced in
microstructure fibers, a method of spatial filtering and
spectral slicing of this supercontinuum radiation was pro-
posed and experimentally implemented. The key physical
effect behind this method of spatial and spectral filtering of
supercontinuum radiation is associated with the increase in
the separation between the propagation constants corre-
sponding to adjacent guided modes with a decrease in the
fiber core diameter.Microstructure fibers provide sufficiently
small core diameters for the realization of this approach.
Supercontinua in such fibers can be generated when multi-
mode-phase-matched four-wave mixing results in a prefer-
able generation of new spectral components emitted as a part
of a supercontinuum in a certain (perhaps, high-order) guided
mode.

The results of experimental studies presented in this
section demonstrate the possibility of separating isolated
spatial modes in supercontinuum radiation produced in
such fibers within different spectral ranges. The proposed
method of spatial mode filtering provides a high spatial
quality of supercontinuum emission, which is sufficient to
allow efficient further frequency conversion of spectrally
sliced supercontinuum radiation. This frequency convertibil-
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ity of supercontinuum spatial modes was demonstrated by
experiments where spectrally sliced supercontinuum radia-
tion was mixed with the fundamental radiation of a
Ti:sapphire laser in a nonlinear crystal to produce the sum-
frequency signal. The above-described method of spatial and
spectral filtering of supercontinuum radiation from micro-
structure fibers opens the way to conveniently and efficiently
employing microstructure-fiber-generated supercontinuum
radiation for spectroscopic applications, time-resolved mea-
surements, optical metrology, and coherence tomography,
offering, at the same time, new solutions for the synthesis of
ultrashort light pulses.

The studies described in this section have also demon-
strated the possibility of achieving a high spectral quality of
supercontinua produced in microstructure fibers. Supercon-
tinuum-generating microstructure fibers thus offer new
approaches to designing a new generation of optical para-
metric amplifiers and broadband radiation sources for
spectroscopic, metrological, and biomedical applications.

5. Nonlinear-optical interactions of laser pulses
in hollow photonic-crystal fibers

In this section, we explore the potential of hollow-core
photonic-crystal fibers for the enhancement of nonlinear-
optical processes. We will discuss the results of experiments
on four-wave mixing of picosecond pulses and self-phase
modulation of femtosecond laser pulses demonstrating a
radical enhancement of nonlinear-optical phenomena in
hollow PCFs relative to the regime of tight focusing and
standard, solid-cladding hollow fibers.

5.1 Four-wave mixing in hollow-core photonic-crystal
fibers
Four-wave mixing is one of the main classes of nonlinear-
optical processes [92]. Interactions of this type are widely used
for frequency conversion, control of ultrashort pulses, and
spectroscopic applications. Waveguide regimes of laser-pulse
propagation allow the efficiency of FWM processes to be
substantially enhanced due to the radical increase in the
length of nonlinear-optical interaction [2]. In particular,
planar waveguides provide an unprecedented sensitivity
level of coherent anti-Stokes Raman scattering, allowing the
detection of the CARS signal from single molecules [85]. The
sensitivity of FWMspectroscopy of gases can be substantially
improved through the use of hollowwaveguides [70 ± 72]. The
magnitude of optical losses in air-guided modes of hollow
fibers rapidly (as aÿ3) increases with a decrease in the inner
radius a of the fiber [73]. The FWM waveguide enhancement
factor in hollow fibers (shown by curve 1 in Fig. 7a) is thus
physically limited, with its limiting value being determined by
the fiber core radius.

Hollow-core fibers with a microstructure or photonic-
crystal (two-dimensionally periodic) cladding [38 ± 40] (see
Fig. 1d) allow the level of optical losses to be radically reduced
with respect to conventional hollow fibers. Air-guided modes
in such fibers are supported due to the high reflectivity of the
periodic structure in the fiber cladding within the spectral
ranges corresponding to photonic band gaps [38, 40]. Hollow
photonic-crystal fibers thus offer a unique opportunity of
implementing highly efficient nonlinear-optical interactions
of air-guided modes with transverse sizes of several micro-
meters (see curves 2 and 3 in Fig. 7a and Section 2). Pioneering
experimental studies into the nonlinear optics of microstruc-

ture fibers, carried out by Philip Russell's group at the
University of Bath [41], have shown that such fibers allow
the threshold of stimulatedRaman scattering to be reduced to
unprecedentedly low levels.

In this section, we will discuss the results of experiments
demonstrating a radical enhancement of FWM in hollow
photonic-crystal fibers. We will show that these fibers can
provide an 800-fold enhancement of the FWM process
3o � 2o� 2oÿ o (where o and 2o are the frequencies of
fundamental radiation and the second harmonic of a
picosecond Nd :YAG laser, respectively) relative to the
regime of tight focusing.

Experiments on four-wave mixing [42] were performed
with hollow-core photonic-crystal fibers having an inner
diameter of about 14 mm and a period of the photonic-
crystal cladding equal to 5 mm (see the insets in Fig. 17).
Transmission spectra of these hollow-core photonic crystal
fibers displayed characteristic well-pronounced peaks
(Fig. 17). The origin of these peaks is associated with the
high reflectivity of a periodically structured fiber cladding
within photonic band gaps, which substantially reduces
radiation losses in guided modes within narrow spectral
ranges. Radiation with wavelengths falling outside the
photonic band gaps of the cladding leaks from the hollow
core. Such leaky radiation modes are characterized by high
losses, giving virtually no contribution to the signal at the
output of the fiber. Since the peaks in the transmission spectra
of hollow-core photonic-crystal fibers are, in fact, maps of
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crystal fibers with different cross-section geometries (shown in the insets).

The period of the structure in the cladding is about 5 mm.
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photonic band gaps of their two-dimensionally periodic
cladding, the spectra of air-guided modes in such fibers can
be tuned by changing the fiber cladding structure.

Hollow-core photonic-crystal fibers employed in FWM
experiments were designed in such a way as to provide
maximum transmission simultaneously for the fundamental
radiation of a Nd :YAG laser, as well as for its second and
third harmonics. The diagram of the FWM process, resulting
in the generation of a signal at the frequency of the third
harmonic, and the transmission spectrum of the fiber are
shown in Fig. 18. The magnitude of optical losses was
estimated to be 0.09 cmÿ1 at the wavelength of 1.06 mm and
0.08 cmÿ1 at the wavelength of 0.532 mm for these fibers. The
length of the fiber was chosen to be 9 cm, slightly less than the
optimal length for the FWM process,

lFWM � ln 3

a
;

where a is the coefficient of optical losses, which is assumed to
be approximately the same for all the frequencies involved in
the FWM process. The expected FWM waveguide enhance-

ment ratio, as can be seen from Fig. 7a, may be as high as
800 ± 1000 under these conditions.

The experimental setup was based on a picosecond laser
system, which generated two-color pump radiation for the
FWMprocess at the wavelengths of 1.06 mm (pump radiation
with the frequency o) and 0.53 mm (pump radiation with the
frequency 2o). The picosecond laser included a passively
mode-locked Nd :YAG master oscillator with a negative-
feedback-controlled cavity Q-factor, a single-pulse selection
unit, and amplifying stages [127]. Passive mode locking in the
master oscillator was implemented with the use of a saturable
absorber film, which was placed in front of the rear cavity
mirror. Negative feedback was introduced by inserting an
electro-optical switch controlled with a fast-response photo-
multiplier inside the cavity. A similar electro-optical switch
was used to select a single pulse from the train of pulses
produced by the master oscillator. The energy of a single
30-ps laser pulse thus selected ranged from 30 to 40 mJ. The
single-pulse selection unit also served as an optical decoupler,
suppressing the parasitic feedback between the amplifying
stages and the master oscillator and preventing radiation
reflected from the optical elements of the amplification
system from influencing the build-up of laser pulse trains in
the master oscillator.

An amplified single pulse of 1.06-mmradiationwas used to
generate the second harmonic in a DKDP crystal (Fig. 19).
The second-harmonic signal was separated from the funda-
mental beam with a dichroic mirror. The optical path lengths
of the fundamental and second-harmonic pulses were
matched with the use of an optical delay line. These beams
were then brought together on a dichroic mirror and were
coupled into a hollow-core photonic-crystal fiber placed on a
three-dimensional translation stage (Fig. 19). The signal at
the frequency of the third harmonic of the fundamental
radiation, 3o, can be produced in a hollow-core photonic-
crystal fiber through both the 3o � 2o� 2oÿ o FWM
process and the direct third-harmonic generation
3o � o� o� o. Experiments performed with only the
fundamental beam used as a pump have shown, however,
that direct third-harmonic generation is much less efficient
than two-color FWM.

Linearly polarized fundamental and second-harmonic
pulses of Nd :YAG-laser radiation coupled into a hollow
photonic-crystal fiber excited the fundamental waveguide
modes. The inset in Fig. 18 shows a typical intensity
distribution of second-harmonic pump radiation at the
output of the fiber. The power of the FWM signal produced
in a hollow photonic-crystal fiber was compared with the
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T

3o2oo

2o

Figure 18. Diagram of the four-wave mixing process 3o � 2o� 2oÿ o
(top) and the transmission spectrum of a hollow-core photonic-crystal

fiber designed to simultaneously transmit the two-color pump (at 1.06 and

0.53 mm) and the FWM signal (bottom). The inset shows the transverse

intensity distribution of second-harmonic pump radiation in the air-

guided mode of the hollow-core photonic-crystal fiber.
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Figure 19. Experimental setup for the investigation of four-wave mixing in a hollow-core photonic-crystal fiber.
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power of the FWM signal generated by tightly focused pump
beams with the same wavelengths and the same energies. The
FWM waveguide enhancement factor under the above-
specified experimental conditions was estimated as approxi-
mately 800. This result qualitatively agrees with our theore-
tical analysis (cf. curves 2 and 5 in Fig. 7a). The FWM
waveguide enhancement factor is limited by the optical losses
of photonic-crystal fibers. We can expect, based on our
calculations, that hollow-core photonic-crystal fibers with
the magnitude of optical losses reduced down to 0.01 cmÿ1

could enhance FWM processes by more than four orders of
magnitude relative to the regime of tightly focused pump
beams (curve 3 in Fig. 7a).

Table 2 compares the waveguide enhancement factor of
the FWM process 3o � 2o� 2oÿ o attainable with a
hollow-core photonic-crystal fiber to the waveguide enhance-
ment achieved for the same FWM process in experiments
with conventional, solid-cladding hollow fibers [128] using
Nd :YAG-laser pulses with the same durations and frequen-
cies. This comparison shows that hollow-core photonic-
crystal fibers allow the FWMwaveguide enhancement factor
to be increased more than 50 times as compared with solid-
cladding hollow fibers. The FWM signal can be reliably
detected under conditions of the above-described experi-
ments with microjoule picosecond pump pulses, i.e., at the
level of pump energies unprecedentedly low for off-resonance
FWM in the gas phase.

5.2 Self-phase modulation of femtosecond pulses in hollow
photonic-crystal fibers
Hollow fibers [73] are intensely used in modern laser systems
to increase the length of nonlinear-optical interactions of
laser pulses and to enhance nonlinear-optical processes [61].
Fibers of this type allow nonlinear-optical spectral transfor-
mations of ultrashort pulses to be implemented without a
laser breakdown of the fiber core. Self-phase modulation in
the gas filling the core of a hollow fiber makes it possible to
produce pulses shorter than 5 fs [62, 63]. Stimulated Raman
scattering of laser pulses in hollow fibers filled with Raman-
active gases results in an efficient generation of multiple
Raman sidebands. In the regime of locked phases, these
Raman sidebands can be employed to synthesize pulses
shorter than 4 fs [65]. Hollow fibers can radically enhance
high-order harmonic generation [67 ± 69] and improve the
sensitivity of gas-phase analysis based on four-wave mixing
spectroscopy [70 ± 72].

The modes of standard hollow fibers with solid dielectric
cladding are leaky (see Section 2), with the magnitude of
optical losses for these modes increasing as l2=a3 with a

decrease in the radius a of the hollow core (l is the radiation
wavelength). There is no way, therefore, to use standard
hollow fibers with very small inner diameters for laser
experiments, which usually operate with hollow fibers with
core diameters ranging from 100 to 500 mm. Such fibers are
multimode, with higher-order modes having a significant
influence on nonlinear-optical processes, as demonstrated
by experiments on four-wave mixing [72, 129].

Optical losses of hollow fibers can be radically reduced if
the fiber cladding has the form of a two-dimensionally
periodic structure Ð photonic crystal. Photonic band gaps
of the photonic-crystal cladding give rise to passbands in the
transmission of a hollow fiber [38, 40]. Because of the finite
bandwidth of photonic band gaps, the width of PCF
passbands is also finite. This circumstance limits the duration
of pulses that can be transmitted through such fibers, often
leading to experimental difficulties in the transmission of
femtosecond pulses.

Experiments [59] show the ways of matching the pass-
bands of hollow PCFs with the parameters of ultrashort
pulses. Below, we present the results of experiments devoted
to the investigation of nonlinear-optical interactions of
femtosecond pulses in hollow PCFs. Hollow PCFs providing
a waveguide regime of nonlinear-optical interactions for
femtosecond pulses of 800-nm radiation have been designed
and fabricated. These experiments demonstrate a substantial
enhancement of self-phase modulation of submicrojoule
femtosecond Ti:sapphire-laser pulses in air-guided modes of
PCFs.

The femtosecond laser system employed in the experi-
ments [130] consisted of a Ti:sapphire master oscillator, a
stretcher, a multipass amplifier, and a pulse compressor. The
Ti: sapphire master oscillator was pumped by 4-W cw second-
harmonic radiation of a diode-laser-pumpedNd:YVO4 Verdi
laser. The master oscillator generated laser pulses with a
duration of 50 ± 100 fs, a typical average output power up to
400 mW, and a pulse repetition rate of 100 MHz. Femtosec-
ond pulses produced by the master oscillator were stretched
up to 800 ps and launched into a multipass Ti: sapphire
amplifier pumped with a nanosecond Nd:YAG laser with
intracavity second-harmonic generation. Amplified 1-kHz
picosecond chirped pulses were re-compressed to a duration
of 100 ± 130 fs in a single-grating pulse compressor. The
energy of compressed laser pulses ranged up to 150 mJ. Self-
phase modulation in hollow PCFs was studied with 100 ±
120-fs pulses with an energy of 0.5 ± 5 mJ.

Experiments [130] were performedwith hollow-core PCFs
having a period of the photonic-crystal cladding of about
5 mm and an inner diameter of approximately 14 mm (see the
inset in Fig. 20a). Transmission spectra of these hollow-core
PCFs displayed characteristic well-pronounced peaks
(Fig. 20). The origin of these peaks is associated with the
high reflectivity of a periodically structured fiber cladding
within photonic band gaps, which substantially reduces
radiation losses in guided modes within narrow spectral
ranges. Radiation with wavelengths lying outside the photo-
nic band gaps of the cladding leaks from the hollow core.
Hollow-core photonic-crystal fibers providing minimum
losses around the wavelength of 800 nm (Fig. 20) were
designed and fabricated to guide femtosecond pulses of a
Ti:sapphire laser. The length of PCFs used in experiments
varied from 3 to 15 cm.

The figure of merit characterizing the waveguide enhance-
ment of SPM in an optical fiber relative to the regime of a

Table 2.Waveguide enhancement of four-wavemixing 3o � 2o� 2oÿ o
of 30-ps pulses in hollow fibers with a solid and photonic-crystal cladding.

Hollow éber a, mm L, cm m Eo,
mJ

E2o,
mJ

solid cladding [128] 100 10 15 10 10

photonic-crystal
cladding [42]

13 9 800 2 2

Notation: a, inner diameter of a hollow fiber; L, fiber length; m,
waveguide FWM enhancement relative to the regime of tight focusing;
Eo, E2o, typical energies of the pump pulses with frequencies o and 2o
generating a reliably detectable FWM signal; o, the frequency of
fundamental Nd: YAG-laser radiation
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tightly focused laser beam scales as l=a2a with radiation
wavelength l, the magnitude of optical losses a, and the
fiber inner radius a. For a standard, solid-cladding hollow
fiber, themagnitude of optical losses is given byEqn (16). Due
to the high reflectivity of a photonic-crystal cladding, hollow
PCFs can substantially reduce optical losses as compared
with conventional, solid-cladding fibers, where themagnitude
of losses scales as l2=a3.

Lower optical losses of PCFs allow a substantial increase
in the figure of merit for self-phase modulation. This increase
becomes especially noticeable in the case of hollow fibers with
small core radii. Hollow PCFs with the core diameter
a � 14 mm and the magnitude of optical losses
a � 0:08 cmÿ1, employed in the experiments described in
this section, increase the figure of merit for the SPM process
by more than an order of magnitude relative to conventional,
solid-cladding hollow fibers. Further increase in the wave-
guide figure of merit for the SPM process can be achieved by
lowering optical losses of PCFs. Bouwmans et al. [131] have
recently demonstrated hollow PCFs with the magnitude of
radiation losses as low as 180 dB/km, suggesting ways for the
further improvement of nonlinear-optical performance of
hollow PCFs (see also Section 2).

Transmission of ultrashort pulses through hollow PCFs
with minimum losses requires matching of the spectrum of
laser pulses with the transmission spectrum of a PCF. The

width of a passband in the transmission spectrum of a hollow
PCF, controlled by the photonic band gap of the cladding,
should be sufficient for the transmission of ultrashort laser
pulses spectrally broadened due to self-phase modulation
without considerable distortions of the pulse envelope.

Self-phase modulation in hollow PCFs was studied with
the use of Ti:sapphire-laser pulses with an energy of 0.5 ± 5 mJ
and the initial duration 100 ± 120 fs. These pulses were
coupled into a hollow PCF with a core diameter of about
14 mm and the typical attenuation length estimated as
approximately 11 cm. In view of radiation losses, the length
of the PCF for SPM experiments was chosen to be 5 ± 9 cm.

The solid line in Fig. 20 shows the spectra of radiation
coming out of an 8-cm PCF. Pulses of 800-nm radiation with
an initial duration of about 100 fs coupled into the fiber had
an energy of 0.9 (Fig. 20a) and 1.2 mJ (Fig. 20b). The spectra
of output pulses are broadened with respect to the input
pulses due to self-phase modulation. Optimal conditions for
the transmission of spectrally broadened pulses through the
PCF are achieved when the spectrum of the pulse is matched
with the relevant passband in the transmission of the PCF.
Figure 20a shows an example of such optimal matching. The
bandwidth of the SPM-broadened pulse presented in Fig. 20b
exceeds the width of the PCF passband, which gives rise to
additional radiation losses.

The bandwidth of the output pulse presented in Fig. 20a is
approximately equal to 35 nm. The shape of the spectrum of
this pulse corresponds to a nonlinear phase shift of about
1:5p. Achieving similar levels of SPMbroadening in standard,
solid-cladding hollow fibers would typically require femtosec-
ond pulses with intensities 40 to 100 times higher than the
intensities of laser pulses employed in PCF experiments.

With an appropriate choice of the parameters of the laser
pulse, the fiber, and the gas filling the fiber core, the SPM-
broadened spectrum, as can be seen from Fig. 20a, can be
matched with the transmission peak of the PCF. In the
experiments described here, the PCF core was filled with
atmospheric air with a typical nonlinear refractive index
n2 � 5� 10ÿ19 cm2 Wÿ1 [132]. With the effective mode area
estimated from the beam pattern at the output of the PCF as
Seff � 70 mm2, the intensity of 0.8-mJ 100-fs laser pulses was
I � 9� 1012 W cmÿ2.

For a PCF with a length of L � 8 cm, the elementary
theory of SPM then predicts a spectral broadening

Dl � 2n2
IlL
tc
� 30 nm ;

which agrees well with experimental results. Hollow PCFs
thus provide a unique opportunity for implementing highly
efficient nonlinear-optical interactions of air-guidedmodes of
electromagnetic radiation with transverse sizes of a few
micrometers in gas media.

5.3 Nonlinear optics of hollow photonic-crystal fibers:
concluding remarks
The radical enhancement of FWM processes in hollow-core
photonic-crystal fibers, demonstrated in this section, suggests
new approaches for the nonlinear optics of high-power
ultrashort laser pulses, high-field physics, and nonlinear
spectroscopy. Hollow-core photonic-crystal fibers allow
waveguide regimes of nonlinear-optical interactions to be
implemented for high-power laser pulses that cannot be
transmitted through standard fibers without irreversibly
damaging these fibers.
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Figure 20. Solid lines show the spectra of laser pulses at the output of

hollow photonic-crystal fibers with a length of 8 cm. The initial duration of

800-nm input pulses is 100 fs. The energy of radiation coupled into the

fiber is 0.9 mJ (a) and 1.2 mJ (b). The dashed lines represent transmission

spectra of photonic-crystal fibers. The inset in Fig. 20a displays a cross-

section image of a photonic-crystal fiber with a period of the structure in

the cladding of about 5 mm.
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Due to their capability of substantially enhancing non-
linear-optical processes and the possibility of tailoring the
dispersion of guided modes by changing the fiber structure,
hollow photonic-crystal fibers is an attractive way to improve
the efficiency of ultrashort-pulse synthesis through multiple
Raman sideband generation, which was demonstrated
recently with the use of solid-cladding hollow fibers [65].
The enhancement of FWM processes in hollow photonic-
crystal fibers also makes it possible to substantially improve
the sensitivity of nonlinear-optical spectroscopy of the gas
phase and to loosen the requirements to the energies of laser
pulses in nonlinear spectroscopy.

Experiments presented in this section also demonstrate a
radical enhancement of self-phase modulation of femtosec-
ond laser pulses in hollow-core photonic-crystal fibers.
Photonic-crystal fibers supporting waveguide regimes of
nonlinear-optical interactions of femtosecond pulses with
the maximum transmission at 800 nm have been designed
and fabricated. Femtosecond pulses can be transmitted and
spectrally broadened in a single-mode regime in such fibers.
This regime of nonlinear-optical interactions reduces to
minimum radiation losses related to the excitation of higher-
order guided modes and can never be implemented with
standard hollow fibers with a solid cladding. Hollow PCFs
thus provide a unique opportunity to implement highly
efficient nonlinear-optical interactions of air-guided modes
of electromagnetic radiation with transverse sizes of a few
micrometers in gas media. Self-phase modulation of sub-
microjoule pulses with an initial duration of about 100 fs
under these conditions can give rise to nonlinear phase shifts
of about 1:5p.

6. Conclusion

We have shown in this review that, due to the strong
confinement of laser radiation in guided modes, microstruc-
ture fibers are ideally suited for enhancing a broad class of
nonlinear-optical interactions, including self- and cross-phase
modulation, four-wave mixing, third-harmonic generation,
and stimulated Raman scattering. Strong confinement of
electromagnetic radiation and dispersion tunability of
guided modes allow low-energy laser pulses, including
unamplified pulses, to be employed for the generation of
supercontinuum Ð radiation with a broad continuous
spectrum. The spectral width of supercontinuum radiation
produced in microstructure fibers can reach several octaves.
Supercontinuum-generating microstructure fibers lead to
revolutionary changes in optical metrology and are widely
employed in laser biomedicine, spectroscopy, photochemis-
try, and ultrafast optics.

Dispersion control of guided modes in microstructure
fibers offers new solutions to the phase-matching problem
in nonlinear optics, allowing these fibers to be employed not
only as sources of broadband emission but also as efficient
frequency converters for ultrashort laser pulses. Arrays of
submicron fused silica waveguide channels built into
microstructure fibers have been shown to allow efficient
generation of frequency-tunable anti-Stokes radiation with
the use of subnanojoule femtosecond Ti:sapphire-laser
pulses. The proposed and implemented architecture of
microstructure fibers permits efficient multiplex frequency
conversion of femtosecond Ti:sapphire- and Cr:forsterite-
laser pulses to the spectral range that is of special interest
for photochemical and photobiological applications, sug-

gesting new solutions for femtosecond spectroscopy and the
control of ultrafast processes in physics, chemistry, and
biology.

The radical enhancement of FWM processes in hollow-
core photonic-crystal fibers, demonstrated in this section,
suggests new approaches for the nonlinear optics of high-
power ultrashort laser pulses, high-field physics, and non-
linear spectroscopy. Photonic-crystal fibers supporting wave-
guide regimes of nonlinear-optical interactions of femtose-
cond pulses with the maximum transmission at 800 nm have
been designed and fabricated. Thus, microstructure-fiber-
based optical components for frequency conversion and
nonlinear-optical spectral transformation of ultrashort
pulses substantially enhance the capabilities of femtosecond
laser systems, extending the applicability area of ultrashort
laser pulses, including unamplified femtosecond pulses, to
new fields of basic research, as well as numerous applications
related to spectroscopy, telecommunication technologies,
coherent and quantum control, ultrafast photonics, and
laser biomedicine.
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