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1. INTRODUCTION

Microstructure (MS) fibers [1–4] have been finding
rapidly growing applications in various areas of photo-
nics in the past few years, expanding into a powerful
tool of nonlinear optics, optics of ultrashort pulses, and
optical metrology. Unique properties of these fibers
offer the possibilities of tailoring the dispersion of
guided modes by changing the core–cladding geometry
[4] and achieving a high confinement degree of light
field in the fiber core due to a high refractive-index step
between the core and the cladding in such a fiber [5, 6].
A combination of these properties allows the whole cat-
alog of nonlinear-optical processes to be enhanced.
Supercontinuum generation with unamplified nano-
and subnanojoule femtosecond pulses [7] is one of the
most spectacular manifestations of this enhancement
and one of the most impressive results achieved with
microstructure fibers in recent years. Supercontinuum
generation in microstructure fibers has already resulted
in revolutionary changes in optical metrology [8–10].
Creation of practical compact components and devices
utilizing the ability of microstructure fibers to enhance
nonlinear-optical processes is now on the agenda, sug-
gesting new approaches to frequency conversion of
laser radiation [11, 12], generation of few-cycle light
pulses with controlled parameters [13], high-order opti-
cal harmonic generation [14, 15], as well as the creation

of broadband sources for spectroscopic applications
[16] and systems with a tunable coherence length for
optical coherence tomography [17, 18]. One of the
promising applications of microstructure fibers may
involve the creation of compact optical data storage and
data processing devices operating with ultralow-energy
ultrashort laser pulses and using, in particular, various
modifications of photon echo—the phenomenon
observed in the seminal work by S. Hartmann and his
coworkers [19].

The design of the core and the cladding in micro-
structure fibers is crucial for many functions of such
fibers in optical physics [4] and biomedical applica-
tions [17, 18]. In particular, microstructure fibers with
a photonic-crystal cladding provide new regimes of
waveguiding due to a high reflectivity of the cladding
around the photonic band gap [1] and allow many of the
ideas discussed in connection with photonic crystals to
be realized. With a special design of the core and the
cladding, a microstructure fiber can be made highly
birefringent [20, 21]. In this paper, we will present the
results of our nonlinear-optical experiments performed
with microstructure fibers of two different designs
(Figs. 1a, 1b). Microstructure fibers of the first type are
standard holey fibers, which have a structure of a two-
dimensional photonic crystal with air holes periodi-
cally arranged in glass or fused silica and a single miss-
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Abstract

 

—The modes guided in a ring system of cobweb-microstructure-integrated fibers are shown to have
much in common with electron wave functions in a two-dimensional polyatomic cyclic molecule. A high degree
of light confinement in waveguide modes of such a photonic molecule enhances nonlinear-optical processes,
permitting an octave spectral broadening to be achieved for low-energy femtosecond laser pulses. Supercontin-
uum-generating abilities of photonic-molecule modes of a cobweb microstructure and guided modes of a pho-
tonic-crystal fiber are compared.

č
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ing hole, serving as a fiber core (Fig. 1a). Microstruc-
ture fibers of the second type have a core with the cross
section in the form of a cyclic photonic molecule
(Fig. 1b). Air holes arranged in a two-dimensionally
periodic structure in the cladding of this fiber and a
larger hole at the center of the fiber form a cyclic-mol-
ecule-like structure, consisting of an array of small-
diameter glass channels linked by narrow bridges,
around the central hole (Figs. 1b, 2) [22, 23]. Such a
photonic-molecule (PM) microstructure-integrated
bundle of fibers can guide the light through total inter-
nal reflection, providing a very high light confinement

degree due to the large refractive index step. We will
show that fibers of this type offer new solutions to the
key problem of nonlinear waveguide optics of very
short light pulses, opening the ways to engineer
waveguide dispersion and to change the regimes of
nonlinear-optical interactions by switching between the
photonic-molecule modes of a microstructure fiber.

2. SCALAR DISPERSION THEORY
OF A TWO-DIMENSIONAL CYCLIC

PHOTONIC MOLECULE

The ring system of fibers linked by narrow glass
bridges at the center of our MS fiber (Fig. 1b) is remi-
niscent in its structure of the configuration of atoms
linked by chemical bonds in a cyclic polyatomic mole-
cule consisting of identical atoms (a generic diagram of
such a molecule is shown in Fig. 2). This photonic-mol-
ecule analogy will later prove to be quite rewarding by
providing us with an illustrative and physically clear
model of dispersion properties and mode structure of
the considered rather complicated optical fiber. Physi-
cal and mathematical aspects of the analogy between a
bundle of coupled microstructure-integrated fibers and
a polyatomic molecule should be emphasized. Physi-
cally, the action of a refractive-index step in the cross
section of an MS fiber (the plane of Fig. 2) on a light
field is similar to the influence of a potential distributed
in space on an electron wave function in a molecular
system. Mathematically, this analogy stems from the
similarity of coupled-theory equations for electromag-
netic radiation in an array of coupled fibers [24] to per-
turbation-theory equations for the electron wave func-
tion in a polyatomic molecule. Earlier, an elegant
model of a diatomic PM has been used to describe the
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Fig. 1.

 

 Cross-sectional microscope images of microstruc-
ture fibers: (a) a microstructure fiber with a photonic-crystal
cladding, where the air holes are arranged in a spatially peri-
odic way, and (b) a photonic-molecule cobweb-microstruc-
ture-integrated bundle of fibers with a radius of each fiber in
the bundle equal to 2 
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m and the distance between the
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Fig. 2.

 

 A photonic-molecule model for an optical fiber
where the light is guided along a set of 

 

N

 

 cores with the
refractive index 

 

n
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 surrounded by a material with the refrac-
tive index 
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 and linked by narrow bridges with the distance
between the neighboring cores equal to 
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modes of coupled semiconductor [25] and dye-doped
polymer [26] microcavities.

Our photonic-molecule microstructure-integrated
bundle of fibers can guide the light through total inter-
nal reflection, providing a very high light confinement
degree due to the large refractive index step on the
glass–air interface (Fig. 3). Due to this property, MS
fibers of the considered type offer much promise for
enhancing nonlinear-optical interactions and reducing
the lasing threshold in micro- and nanostructured laser
materials.

In our analysis of mode properties of radiation
guided in a PM fiber, we will neglect polarization
effects (the vector theory of dispersion of a two-dimen-
sional cyclic photonic molecule will be published else-
where) and employ a scalar-wave-equation approxima-
tion [24] to consider a set of 

 

N

 

 cyclically coupled iden-
tical channels with the refractive index 

 

n

 

1

 

 surrounded
by a material with the refractive index 

 

n

 

2

 

 (Fig. 2). Since
the strongest mode coupling is achieved for waveguide
modes with equal propagation constants in a photonic-
molecule fiber with identical cores, we will neglect also
the coupling of modes with different propagation con-
stants. The modes of the PM fiber can be then repre-
sented as superpositions of modes of isolated fibers:

(1)

where 

 

r

 

 is the radius vector in the plane of fiber cross
section (the plane of Fig. 2), 

 

R

 

n

 

 are the coordinates of
the center of the 

 

n

 

th fiber in the same plane, and 
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n

 

 and

 

f

 

(

 

r

 

 – 

 

R

 

n

 

) are the amplitude and the transverse distribu-
tion of the field in the guided mode in the 

 

n

 

th fiber.
Since only the neighboring fibers are coupled to each
other in our photonic-molecule bundle, the coupled-
mode equations for the field amplitudes can be written
as [24]

(2)

where 

 

β

 

 is the propagation constant for the relevant
guided mode of an isolated fiber,
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is the coefficient characterizing mode coupling for the
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th and (
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the unperturbed dielectric constant at a given point with
a radius vector 

 

r

 

), and

The propagation constants can now be found from
the characteristic equation corresponding to the set of
equations (2). In the general case of arbitrary 

 

N

 

, these
propagation constants can be calculated with the use of
numerical methods. There are several simple analytical
solutions, however, that provide a useful physical
insight into the dispersion of the photonic-molecule
fiber. In particular, a symmetric field distribution,

(4)

where 

 

A is a constant, is allowed by Eq. (2) for any N.
This symmetric mode of our fiber is similar to a sym-
metric wave function of a polyatomic molecule. The
propagation constant for such a symmetric mode is
given by

(5)

Expression (5) shows that mode coupling in the con-
sidered array of fibers results in a renormalization of
propagation constants.
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Fig. 3. The spatial distribution of light intensity in the fun-
damental photonic-molecule mode excited with helium–
neon laser radiation in a cobweb microstructure fiber shown
in Fig. 1b.
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An antisymmetric solution

(6)

is also allowed by Eq. (2) for even N. This antisymmet-
ric mode also has an obvious analogy in quantum
chemistry. The propagation constant is then renormal-
ized in accordance with

(7)

We identify the fundamental mode of our PM fiber
as the mode with the largest propagation constant. The
highest value of the propagation constant in the case
under consideration is achieved for the symmetric
mode. In terms of the point-group symmetry, this mode
possesses a full rotational symmetry of an idealized PM
fiber with a perfect rotational symmetry (cf. Figs. 1b
and 2). We introduce the mode index l to enumerate
PM-fiber modes, which will be denoted as PMl modes,
starting with l = 1, which corresponds to the fundamen-
tal PM mode.

ΨN r( ) A 1–( )n
f r Rn–( )

n

∑=

BN β 2α .–=

Numerical simulations were performed for a PM
fiber structure that modeled the MS fiber employed in
our experiments and that consisted of seven identical
glass cores with a radius a = 2 µm. The refractive index
of the cladding was set equal to the refractive index of
atmospheric-pressure air (n2 = 1). The distance R
between the neighboring cores was 7.4 µm. To estimate
the coupling coefficient appearing in Eq. (2), we
employed the expression for the coupling coefficient,
α = Cλ, where λ is the wavelength, from the model of
two coupled identical planar waveguides [24]. For
characteristic geometric sizes of our structure, this
model allows the parameter C to be estimated as
0.016 µm–1. Only lowest order modes of isolated fibers
were included in our calculations. The inclusion of
higher order modes will, of course, change dispersion
branches of a PM fiber and make the analysis much
more complicated. The model that includes only funda-
mental modes of each elementary fiber, on the other
hand, allows the general physical features of dispersion
of a PM fiber to be understood without reproducing the
fiber dispersion in all the details.
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Fig. 4. The group index as a function of radiation wavelength for (1) the material of the fiber; (2) a single isolated fiber from the
considered photonic-molecule structure (or an array of identical fibers completely isolated from one another); and (3) PM1, (4) PM2
and PM3, (5) PM4 and PM5, and (6) PM6 and PM7 modes of a seven-core photonic-molecule fiber (N = 7). The radius of a single
elementary fiber in the photonic-molecule fiber structure is 2 µm, the distance between the neighboring fibers in the photonic-mol-
ecule structure is 7.4 µm. The insets show light intensity distributions in (a) PM1, (b) PM2, (c) PM3, (d) PM4, (e) PM5, ( f ) PM6,
and (g) PM7 modes of a seven-core cobweb microstructure fiber.
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Figure 4 displays the group index as a function of
radiation wavelength for the material of the fiber
(curve 1), a single isolated fiber from the considered pho-
tonic-molecule structure (curve 2), and PM1–PM7 modes
of the considered seven-core MS fiber (curves 3–6). The
transverse light intensity distributions corresponding to
these modes are shown in the insets a–g in Fig. 4. The
lowest value of the group index, as can be seen from
the results presented in Fig. 4, is achieved for the PM1
fundamental mode. Higher order PM modes are char-
acterized by lower group velocities, implying that
nonlinear-optical processes should be enhanced for
these modes.

3. EXPERIMENTAL

Microstructure fibers were fabricated with the use of
the technique that now becomes standard [1, 27] and
that involves stacking capillaries into a preform and
then pulling this preform at elevated temperatures.
A preform with a capillary of a larger inner diameter at
the center was used to fabricate MS fibers studied in
this paper, resulting in a special configuration of holes
shown in Fig. 1b.

Femtosecond pulses were produced in our experi-
ments by a laser system [28] consisting of a Ti:sapphire
master oscillator, a multipass amplifier, and an optical
parametric amplifier (OPA) based on a BBO crystal
(Fig. 5). This laser system generated laser pulses with a
wavelength tunable from 1.1 to 1.5 µm. The best per-
formance of the OPA system was achieved at the wave-
length of 1.25 µm, where light pulses with a duration of
approximately 80 fs were produced.

Laser radiation was coupled into an MS fiber sam-
ple placed on a three-coordinate translation stage with
the use of a microobjective. The efficiency of
waveguide mode excitation in the MS fiber was moni-
tored by imaging the light field distribution at the out-
put end of the fiber onto a CCD camera (Fig. 5) and by
measuring the total energy of radiation coming out of
the fiber.

The model of optical properties of photonic-mole-
cule modes in an MS fiber described in Section 2 of this

Femtosecond
laser system
Ti:sapphire

800 nm > 100 fs
1 kHz 0.2 mJ

Optical
parametrical
amplifier

1100–1500 nm
1 kHz 2–20 µJ

Telescope åé

CCD
camera

Spectrometer

F

Supercontinuum

camera

åé

100 fs

CCD

MS fiber

Fig. 5. Frequency-tunable femtosecond laser system based
on an optical parametric amplifier: MO, microobjectives; F,
system of optical filters.

600 650 700 750 800
Wavelength, nm

Transmittance of photonic-molecule fiber (intensity is in logarithmic scale)

Fig. 6. Results of space- and frequency-resolved measurements of optical losses in photonic-molecule modes of a cobweb micro-
structure fiber. The intensity is shown by levels of gray on a logarithmic scale. The spectrally resolved spatial distribution of radia-
tion intensity at the output of the fiber is shown on the left.
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paper does not include guiding losses inherent in such
modes. Such losses is an important factor having a con-
siderable influence on the efficiency of nonlinear-opti-
cal processes in such guided modes and limiting in
many cases the fiber length. To estimate the magnitude
of optical losses, we performed direct space- and fre-
quency-resolved measurements of attenuation of radia-
tion guided in photonic-molecule modes of our MS
fiber. The results of these measurements are presented
in Fig. 6. In view of these results, we employed fiber
samples with a typical length of several centimeters for
our experiments in order to reduce the influence of radi-
ation losses.

4. SUPERCONTINUUM GENERATION
IN MICROSTRUCTURE FIBERS:

PHOTONIC MOLECULES
VERSUS THE PHOTONIC-CRYSTAL GEOMETRY

Varying the focusing geometry and shifting the fiber
end with respect to the light beam coupled into the
fiber, we were able to excite, in fact, all the PMl fiber
modes with l = 1, 2, …, 7. We observed efficient spec-
tral broadening of femtosecond OPA pulses and super-
continuum generation for all these modes. The effi-
ciency of supercontinuum generation in higher order

PM modes was noticeably higher than the efficiency of
white-light generation in the fundamental PM mode.
Figure 7 presents the spectra of supercontinuum emis-
sion produced in PM1 and PM6/PM7 modes in a 4-cm
PM-fiber sample (the spatial distributions of radiation
intensity at the output of the fiber are shown in the
insets in Fig. 7). Comparison of curves 1 and 2 in Fig. 7
shows that the supercontinuum emission generated in
the PM6 and PM7 modes had a noticeably broader
bandwidth than the supercontinuum generated in the
fundamental mode. The spectrum of the supercontin-
uum generated by 80-fs pulses of 1.3-µm OPA radia-
tion in the PM6/PM7 mode of our fiber reached approx-
imately one octave starting with the laser pulse energy
of about 100 nJ.

The efficiency of supercontinuum generation in
photonic-molecule modes of microstructure fibers is
typically lower than the efficiency of supercontinuum
generation in standard single-core photonic-crystal
fibers (cf. Figs. 7 and 8). This is mainly due to the larger
total effective mode area in the case of PM fibers (cf.
Figs. 1a and 1b). However, due to their design, photo-
nic-molecule fibers offer several important options,
which seem to advantageously supplement vast oppor-
tunities provided by photonic-crystal fibers. In particu-
lar, additional dispersion tunability can be achieved in

600 700 800 900 1000
 Wavelength, nm

1

0.1

0.01

1
2

(a) (b)

Signal amplitude, arb. units

Fig. 7. The spectra of supercontinuum generated in the (1) PM1 and (2) PM6/PM7 modes of a photonic-molecule fiber with a length
of 4 cm. OPA radiation pulses with the wavelength of 1.30 µm and the energy of 100 nJ are coupled into the fiber. The initial duration
of light pulses is 80 fs. The radius of a single fiber in the PM fiber structure is 2 µm, and the distance between the neighboring fibers
in the PM structure is 7.4 µm. The insets show white-light images of PM fibers produced with the use of supercontinuum generated
in (a) the PM1 and (b) PM6/PM7 modes of such a fiber by 80-fs 100-nJ pulses of 1.3-µm OPA radiation.
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the case of PM fibers by varying the initial conditions
at the input end of the fiber, resulting in the excitation
of different PM fiber modes. A promising direction for
further studies would be to explore the possibility of
coherent control of nonlinear-optical cross-action pro-
cesses in the fibers of a PM waveguiding structure by
using pulses with different temporal and spatial pro-
files, frequencies, and initial chirps. It would be of
interest also to search for new ways to phase-match
nonlinear-optical interactions in such fibers, as well as
to examine the potential of PM fibers for pulse com-
pression through self- and cross-phase modulation and
supercontinuum generation. The geometry of PM fibers
is also advantageous for evanescent-field sensing and
broadband evanescent-field spectroscopy of gases or
liquids using supercontinuum generation, as well as for
the laser guiding of atoms.

5. CONCLUSION

Thus, we have demonstrated that the modes guided
in a ring system of microstructure-integrated fibers
have much in common with electron wave functions in
a two-dimensional polyatomic cyclic molecule. The
photonic-molecule model provides an illustrative qual-
itative description of dispersion properties and the
mode structure of electromagnetic field in microstruc-
ture fibers of the considered type. A high degree of light
confinement in waveguide modes of such a photonic-
molecule fiber enhances nonlinear-optical processes,
permitting an octave spectral broadening to be achieved
for low-energy femtosecond laser pulses.
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