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ABSTRACT Photonic-molecule modes of a cobweb-micro-
structure fiber allow efficient nonlinear optical spectral broad-
ening of nanojoule femtosecond light pulses. Spectral widths
of approximately 200 nm are achieved at the output of a 6-cm
sample of such a fiber for 40-fs Ti:sapphire laser pulses with
an energy of a few nanojoules coupled into photonic-molecule
modes. Higher values of the group index and a lower group-
velocity dispersion, attainable with higher-order photonic-
molecule modes, allow the efficiency of spectral broadening
of femtosecond laser pulses to be increased relative to the
efficiency of spectral broadening in the fundamental photonic-
molecule mode.

PACS 42.65.Wi; 42.81.Qb

1 Introduction

The capability of microstructure (MS) fibers [1-
12] to enhance the whole catalogue of basic nonlinear optical
phenomena has recently resulted in several important break-
throughs in modern science, in fact opening a new chapter in
optical physics and making nonlinear optics accessible to un-
amplified femtosecond pulses. Although the first MS fibers
were created in the early 1970s [13, 14], it was not until re-
cently that the potential of such fibers for nonlinear and ultra-
fast optics, as well as optical metrology and biomedical appli-
cations, has been fully realized. Due to the high degree of light
confinement in the fiber core attainable with MS fibers [15—
17], nonlinear optical effects can now be observed with sub-
nanojoule femtosecond pulses and fiber samples with a length
of several centimeters [16—20]. Supercontinuum generation
using low-energy light pulses [6, 21, 22] is one of the most im-
pressive achievements of nonlinear optics of microstructure
fibers, which has important implications in optical metrol-
ogy [23-26] and optical coherence tomography [27-29] and
which is being studied very intensely in the context of pulse
compression [30], numerous spectroscopic applications [10],
and the analysis of fundamental aspects of nonlinear fiber op-
tics and soliton physics [31]. Microstructure fibers have also
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been shown to result in the enhancement of self- and cross-
phase modulation [15, 16, 19, 32], as well as third-harmonic
generation [18, 19, 32]. The possibilities of using microstruc-
ture fibers and polycapillary arrays for high-order harmonic
generation [4, 33] as well as for guiding, focusing, and com-
pressing ultra-short X-ray pulses [34] are now being explored.
Due to the progress in fiber technologies, this direction of
nonlinear optics is developing in parallel with high-field non-
linear optics, allowing very efficient spectral transformations
of light pulses, opening the ways to control the phase and the
spectrum of short pulses [35], and competing with high-field
physics in the generation of ultra-short pulses and synthesis of
few-cycle field waveforms.

The core—cladding configuration determines many of the
functional abilities of microstructure fibers. In particular, al-
though the effects related to strong light confinement show
up in microstructure fibers with different geometries, the de-
gree of light localization in the fiber core and, hence, the
degree to which nonlinear optical processes are enhanced de-
pend on the air-filling fraction of the cladding [16, 17], which
determines the effective refractive index of the cladding. Mi-
crostructure fibers with a photonic-crystal cladding provide
new regimes of waveguiding due to a high reflectivity of the
cladding around the photonic band gap [4, 36] and allow many
of the ideas discussed in connection with photonic crystals
(see e.g. [37-40]) to be realized. The possibility to design mi-
crostructure fibers with different configurations of the core
and the cladding helps to engineer and tailor the dispersion
of such fibers [2, 6, 10, 20, 41—-45], which is of special value
for nonlinear optics and short-pulse formation and control.
A hole-assisted microstructured fiber, comprising a material
index profile for waveguiding and air holes for modifying
optical properties, has been demonstrated recently [46] to
allow an anomalous dispersion larger than that of conven-
tional fibers to be achieved without introducing large optical
losses. With a special design of the core and the cladding,
a microstructure fiber can be made highly birefringent [47],
as was demonstrated, for example, for a cobweb photonic-
crystal (PC) fiber [48]. This opens the ways, as shown recently
by Apolonski et al. [49], for polarization control of supercon-
tinuum generation.

In this paper, we will present the results of nonlinear opti-
cal experiments performed with MS fibers whose core has the
form of a cyclic photonic molecule (PM) in its cross section
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(Fig. 1a). 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-molecule-like structure, con-
sisting of an array of small-diameter glass channels linked
by narrow bridges, around the central hole (Fig. 1a). This
photonic-molecule microstructure-integrated bundle of fibers
can guide the light through total internal reflection (Fig. 1b),
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 wave-
guide optics of very short light pulses, opening new ways to
engineer waveguide dispersion. We will demonstrate below
that the photonic-molecule analogy provides very useful in-
sights into the properties of dispersion and waveguide modes
in MS fibers with a special design of the fiber core, permit-
ting a better understanding of dispersion-tailoring and field-
distribution aspects and allowing the potentialities of such
fibers in the context of nonlinear optical applications to be
assessed.

2 Photonic-molecule modes of
a cobweb-microstructure fiber

In this section, we will discuss the properties of
waveguide modes of a cobweb MS fiber (Fig. 1a) with a thin
ring-like wall separating the central hole from the rest of the
structure and with a very high refractive-index step between
this ring and the adjacent areas, which is achieved due to
the high air-filling fraction of the microstructure. In contrast
to earlier work (e.g. [4,50]), we are interested in the light
guided along this narrow ring surrounding the hollow core
of this fiber. Thus, instead of air-guided modes, considered
in a very illuminating way by Cregan et al. [4], we consider
the modes of the cladding of a hollow-core MS fiber. This
cladding, as is readily seen from Fig. 1a,b, can be considered
as an array of standard circular bare fiber cores linked by nar-
row bridges. Such a configuration of fiber cores linked by
bridges is reminiscent of the configuration of atoms linked by
chemical bonds in a cyclic polyatomic molecule consisting of
identical atoms (a generic diagram of such a two-dimensional
molecule is shown in Fig. 2), which brings us to an idea of
using a photonic-molecule analogy to understand the opti-
cal properties of such a waveguiding structure (this approach

FIGURE 1 a A cross-sectional image
of a photonic-molecule microstructure-
integrated bundle of fibers with a ra-
dius of each fiber in the bundle equal
to 2 um and the distance between the
neighboring fibers of 7.4 um. b The
spatial distribution of light intensity
in the fundamental photonic-molecule
mode excited with helium-neon laser
radiation in a cobweb-microstructure
fiber shown in a

FIGURE 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; surrounded by
a material with the refractive index n; and linked by narrow bridges with the
distance between the neighboring cores equal to R

was outlined earlier [45,51]). The physics behind the anal-
ogy between a bundle of coupled MS-integrated fibers and
a polyatomic molecule is that the way the distribution of the
refractive index in the plane of Fig. 2, showing the cross sec-
tion of a bundle of coupled fibers, modulates the light field is
similar to the way the distribution of potential in a polyatomic
molecule modifies the electron wave function. Mathemati-
cally, this analogy stems from the similarity of coupled-theory
equations for an array of fibers [52] and perturbation-theory
equations for the electron wave function in a polyatomic
molecule. Earlier, an elegant model of a diatomic photonic
molecule has been used to describe the modes of coupled
semiconductor [53] and dye-doped polymer [54] microcavi-
ties. Below, we will extend this analogy by introducing a two-
dimensional polyatomic photonic molecule. This effort will
later prove to be quite rewarding by providing us with an illus-
trative and physically clear model of dispersion properties and
mode structure of the considered rather complicated optical
fiber.
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The main purpose of the analysis performed in this sec-
tion is to use the photonic-molecule analogy to qualitatively
explain the general features of dispersion and mode struc-
ture of an optical fiber where the light is guided along
a set of N channels with the refractive index n; (Fig.2)
surrounded by a material with the refractive index n, and
linked by narrow bridges. The fiber channels, forming a two-
dimensional photonic molecule in the plane of Fig. 2, are
made of glass whose wavelength dependence of the group
index is given by curve 1 in Fig. 3. We start our analy-
sis with a set of N isolated single-mode fibers consisting
of a bare core surrounded with air. As long as these fibers
remain isolated, the dispersion relation of such an array
is degenerate (curve 2 in Fig. 3), and this degeneracy is
N-fold. As soon as we allow them to be coupled to each
other, the degeneracy is partially or completely lifted, simi-
lar to polyatomic molecules consisting of identical atoms,
giving rise to several dispersion branches (curves 3-6 in
Fig. 3).

We will restrict ourselves to a scalar-wave-equation ap-
proximation in this paper, ignoring at this stage many of po-
tentially useful polarization effects. The modes of the PM
fiber can then be represented as superpositions of modes of
isolated fibers forming our structure:

W(r)=Y Anf (r—Ry), (1)

where r is the radius vector in the plane of the fiber cross sec-
tion (the plane of Fig. 2), R, are the coordinates of the nth
fiber center (Fig. 2), and A, and f are the amplitude and the
transverse distribution of the field for the nth fiber.

Since only the neighboring fibers are coupled to each other
in our two-dimensional photonic molecule (Fig. 1a,b), the

Group index
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FIGURE 3 The group index as a function of radiation wavelength for
(1) the material of the fiber; (2) a single isolated fiber from the con-
sidered photonic-molecule structure (or an array of identical fibers com-
pletely isolated from one another); and (3) PM;, (4) PM; and PM3, (5)
PM4 and PMs, and (6) PMg and PM; modes of a seven-core photonic-
molecule fiber (N = 7). The radius of a single fiber in the photonic-
molecule cobweb structure is 2 um and the distance between the neighbor-
ing fibers in the photonic-molecule structure is 7.4 wm. The insets show
light-intensity distributions in (1) PMj, (2) PMy, (3) PM3s, (4) PMy, (5)
PMs, (6) PMg, and (7) PM7; modes of a seven-core photonic-molecule
structure

coupled-mode equations for the field amplitudes [52, 55] can
be written as

dA

d—zn —iBA, —ia (ALm) + Army) =0, 2

where g is the propagation constant for the relevant mode of
an isolated fiber,

o* [Ae(r)f (r—Ry) f*(r—R,)dr
o =
2pc? [If r—Ry)*dr
(w is the radiation frequency and Ae(r) is the deviation from
the unperturbed dielectric constant &, = n3 at a given point

with a radius vector r) is the coefficient characterizing mode
coupling in nth and n’th fibers, and

3)

—1
Ln) = n , n>0’
N, n=0

1
R(n) = n+1, n<N'
1, n=N

The propagation constants can now be found from the
characteristic equation corresponding to the set of (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 use-
ful physical insights into the dispersion of the PM fiber. In
particular, a symmetric field distribution,

(=AY f(r—R,), )
where A is a constant, is allowed by (2) for any N. This
symmetric mode of our fiber is similar to a symmetric wave
function of a polyatomic molecule. The propagation constant
for such a symmetric mode is given by the formula

B = 8+ 2a, )

which shows that mode coupling in the considered array of

fibers results in a renormalization of propagation constants,

leading to the increase in the propagation constants in the case

of the totally symmetric mode of a PM fiber (curve 3 in Fig. 3).
An antisymmetric solution

W) =AY (=)' f(r—Ry,) 6)
is also allowed by (2) for even N. This antisymmetric mode
also has an obvious analogy in quantum chemistry. The propa-
gation constant is then renormalized in accordance with

By =f—2a. ™

By analogy with the classification of modes in a standard
fiber (see e.g. [55]), we identify the fundamental mode of our
photonic-molecule fiber as the mode with the largest propaga-
tion constant. The highest value of the propagation constant in
the case of our PM fiber is achieved for the symmetric mode
(curve 3 in Fig. 3). This mode will, therefore, be referred to as
the fundamental mode. We introduce the mode index / to enu-
merate PM-fiber modes, which will be denoted as PM; modes,
starting with / = 1, which corresponds to the fundamental PM
mode.
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3 Dispersion properties of photonic-molecule modes

Our model of the fiber structure employed in our
experiments (Fig. 1a) consisted of seven identical glass cores
with a radius of 2 wm. The refractive index of the cladding
was set equal to the refractive index of atmospheric-pressure
air, since the air-filling fraction of the structure was very high
(see Fig. 1a). The distance R between the neighboring cores
was estimated as 7.4 wm. To estimate the coupling coefficient
appearing in (2), we employed the expression for the coup-
ling coefficient, @ = CA (where X is the wavelength), from the
model of two coupled identical planar waveguides [55]. For
characteristic geometric sizes of our structure, this model al-
lows the parameter C to be estimated as 0.016 um~2. 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 fundamental 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 dis-
persion in all the details.

Photonic-molecule modes of our MS fiber differ from
each other by their dispersion properties, which implies that
the efficiency of nonlinear optical processes in these modes
should also be different. Figure 3 presents the group in-
dices of PM; fiber modes calculated with the use of the
above-described model. The field-intensity distributions cor-
responding to these modes are shown in insets 1-7 in Fig. 3.
Generally, the waveguide dispersion, as can be seen from
Fig. 3, may be changed quite substantially by exciting dif-
ferent PM; modes of a photonic-molecule fiber. In particular,
the zero group-velocity point can be shifted to approximately
950 nm for the slowest, PMg and PM7, modes of a seven-atom
photonic-molecule fiber (curve 6 in Fig. 3). These higher-
order modes are, therefore, much better suited for nonlin-
ear experiments involving the propagation of femtosecond
Ti:sapphire laser pulses than the fundamental PM mode. As
can be seen from the results of numerical simulations pre-
sented in Fig. 3, higher-order PM fiber modes are also char-
acterized by higher values of the group index, which implies
that nonlinear optical processes should be enhanced for such
slow modes. In particular, the efficiency of nonlinear optical
interactions for the PMg /PM7 degenerate fiber mode shown in
insets 6 and 7 in Fig. 3 should be noticeably higher than the
efficiency of nonlinear optical processes for the fundamental,
symmetric PM; mode, shown in inset 1 in Fig. 3.

Thus, we should point out here two factors leading to the
enhancement of nonlinear optical processes in higher-order
PM; modes relative to lower-order PM modes: (i) the larger
shift of the zero group-velocity dispersion wavelength, char-
acteristic of higher-order PM modes and (ii) the higher group
indices and, consequently, lower group velocities attainable
with higher-order PM modes. The importance of shifting the
zero group velocity dispersion wavelength and achieving the
regime of anomalous dispersion for efficient spectral broad-
ening and supercontinuum generation has been demonstrated
by earlier experiments with both holey [6] and tapered [56,
57] fibers. The lowest values of the group index, as can be
seen from the results of numerical simulations presented in

Fig. 3, are achieved for PM;-fiber modes with smooth profiles.
The propagation constant and the group velocity of PM-fiber
modes decrease with the growth in the number of extrema in
the spatial profile of the PM-fiber mode. Obviously, the num-
ber of fibers in a PM-fiber bundle define the upper bound for
the number of such extrema in the profile of the PM;-fiber
mode. The decrease in the group velocity for uneven PM;-
fiber modes implies that nonlinear optical processes should
be enhanced for such slow modes. This expectation has been
fully justified by the results of our experiments on supercon-
tinuum generation in PM fibers, presented in Sect. 5. Thus,
although the analysis performed in this section is valid, rig-
orously speaking, only for a bundle of single-mode fibers, it
provides very useful physical insights into the possibilities of
controlling nonlinear optical processes in PM fibers through
the excitation of different modes of such fiber structures.

4 Experimental

Spectral broadening of short pulses propagating in
photonic-molecule modes of MS fibers was studied in our
experiments with the use of femtosecond pulses produced
by a Ti: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 radi-
ation with an energy up to 0.2 mJ per pulse and a repetition
rate of 1 kHz. Special measures were taken to precompensate
for pulse distortions in order to exclude the contribution of
initial pulse-shape distortions to the asymmetry of self-phase
modulation-induced spectral broadening of light pulses in an
MS fiber.

The details of the technology employed to fabricate MS
fibers used in our experiments, which was similar to the pro-
cess developed by Knight et al. [1], were described else-
where [58]. Briefly, the fabrication process involved drawing
identical glass capillaries stacked into a periodic preform at an
elevated temperature, cutting the resulting structure into seg-
ments, and repeating the technological cycle again. This pro-
cedure allowed the fabrication of microstructure fibers with
different configurations of the core and the cladding and dif-
ferent spatial scales of the structure. In particular, cobweb
fibers with the design shown in Fig. 1b have been fabricated
with the diameter of the photonic-molecule ring at the center
of the fiber ranging from 4 up to 20 pm.

The energy of light pulses coupled into photonic-crystal
fibers was varied with the use of calibrated neutral-density fil-
ters. The laser beam was focused on the entrance face of a fiber
sample, placed on a three-dimensional translation stage, with
a micro-objective. Radiation emerging from the fiber was col-
limated with an identical micro-objective and was split into
two beams. One of these beams was delivered to a spectro-
graph, while the other was used to visualize the waveguide
mode excited in a PM fiber by imaging the light-field distri-
bution at the output end of the fiber onto a CCD camera. This
allowed us to examine the influence of the mode structure on
the efficiency of spectral broadening of Ti:sapphire pulses in
the fiber.

The procedure of PM fiber mode excitation included the
angular alignment of the light beam and the fiber sample, the
adjustment of the fiber input end position in three coordinates,
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and the optimization of the beam-focus position by shifting
the focusing micro-objective along the light-beam axis. The
fundamental PM mode was excited in our experiments by fo-
cusing the laser beam to the center of the PM ring of the
fiber. Laser radiation was then trapped by the thin glass wall
of this central ring and was uniformly distributed over the
glass channels forming a two-dimensional photonic molecule.
Higher-order modes were excited by shifting the front end of
the fiber with respect to the focused laser beam. The efficiency
of radiation coupling into PM fiber modes achieved with such
a procedure was typically on the order of several per cent. The
improvement in the efficiency of PM fiber mode excitation
requires a more precise matching of the light-field distribu-
tion in the input plane of the fiber and the geometry of the
waveguiding structure, which could be apparently achieved
by means of diffractive optics.

5 Results and discussion

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 PM; fiber modes with
I=1,2,...,7. We observed efficient self-phase modulation
and spectral broadening for all these modes excited by 40-fs
pulses of 780-nm Ti:sapphire laser radiation in 6-cm PM-fiber
samples. The increase in the energy of laser pulses coupled
into the fiber allowed broader spectra of output radiation to
be achieved with the same fiber sample and the same initial
conditions at the input end of the fiber (Fig. 4). With 40-nJ
Ti:sapphire laser pulses coupled into the MS fiber, the spectra
of pulses emerging from the fiber had the full width approach-
ing 200 nm.

Spectrally broadened radiation emerging from the fiber
was imaged onto a CCD camera, placed behind a set of
neutral-density filters. The insets in Fig. 5 provide examples
of the light-field distribution at the output fiber end corres-
ponding to the PM; (right) and PMg/PM5 (left) modes, ex-
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FIGURE 4 The spectra of (1) the input Ti:sapphire laser pulse and
(2)—(4) radiation emerging from the PMg/PM7; modes of the cobweb
fiber with a length of 4.5cm. The energy of the laser pulse coupled
into the fiber is (2) 12, (3) 21, and (4) 32nJ. The radius of a single
fiber in the photonic-molecule cobweb structure is 2 um and the dis-
tance between the neighboring fibers in the photonic-molecule structure is
7.4 pm
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FIGURE 5 The spectra of (1) the input Ti:sapphire laser pulse and (2),
(3) radiation emerging from (2) the PM; and (3) the PMg/PM7; modes of
the cobweb-microstructure fiber with a length of 4.5 cm. The initial dura-
tion of the light pulses is 40 fs, and the energy coupled into the PM modes
is estimated as 30 nJ. The radius of a single fiber in the photonic-molecule
cobweb structure is 2 um and the distance between the neighboring fibers in
the photonic-molecule structure is 7.4 jum. The insets show the images of the
light-intensity distribution at the output of the fiber corresponding to the PM;
(right) and PMg/PM7 (left) modes
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cited by varying the initial conditions at the input end of the
fiber. Higher-order PM modes, characterized by lower group
velocities and a weaker group-velocity dispersion (see Fig. 3),
enabled us to achieve larger values of spectral broadening for
the same energies of laser pulses coupled into the fiber (cf.
curves 2 and 3 in Fig. 5). The spectra of output radiation were
noticeably narrower when Ti:sapphire laser pulses with the
same energy were coupled into the fundamental PM; mode of
the MS fiber (curve 2 in Fig. 5).

To estimate the time duration of laser pulses emerging
from the microstructure fiber and to get a qualitative under-
standing of the influence of group-delay effects on the process
of spectral broadening, we measured the cross-correlation
function by mixing spectrally broadened radiation pulses
emerging from the fiber with the fundamental radiation pulse
of the Ti:sapphire laser (the autocorrelation trace for this pulse
is shown in the inset in Fig. 6) in a 100-pm BBO crystal. The
curves 1 and 2 in Fig. 6 display the cross-correlation traces
measured with the use of this technique for femtosecond
pulses spectrally broadened in PM; and PMg/PM7; modes of
the microstructure fiber. The results of these cross-correlation
measurements demonstrate, as can be seen from the com-
parison of curves 1 and 2 in Fig. 6, that the light pulses
emerging from higher-order PM modes are characterized by
broader cross-correlation traces and are delayed in time with
respect to laser pulses spectrally broadened in the fundamen-
tal PM| mode. A detailed numerical model of spectral broad-
ening is, of course, necessary to extract qualitative informa-
tion from the comparison of these cross-correlation traces and
the dispersion curves for PM modes presented in Fig. 3. Addi-
tional information on the chirp of spectrally broadened pulses
emerging from the fiber would be necessary to accurately de-
code the results of cross-correlation measurements. However,
some useful qualitative judgements can be made based on the
comparison of the experimental cross-correlation traces and



626 Applied Physics B — Lasers and Optics

c
_g. 10
h i =. 1-
® °1£ o3
d 84 g 0.6|
O 7 £ 0.4
£~ 7 0.2 ' =
l‘g 6. -g 0.0 uuuf/ “wnwnnnn . "
5 3 -1.0-0.5 0.0 0.5 1.0 "
HE 54 Delay,ps . . .
O 4] - .=
% 34 ] vVv. ] .. 2
= 24 an® "ug"v N
14 P A Yvy .'..
(O S v TV Y Yy yvvvvvvvvvvvvv e ieten
G o0 o5 10 15 20 25 30
Delay, ps

FIGURE 6 Cross-correlation traces measured by mixing radiation pulses
spectrally broadened in (1) PM; and (2) PMg/PM7 modes of the microstruc-
ture fiber with the fundamental radiation pulse of the Ti:sapphire laser in
a 100-wm BBO crystal. The inset shows an autocorrelation trace of the input
Ti:sapphire laser pulse

our theoretical predictions concerning the group-index behav-
ior in different PM modes. In particular, the cross-correlation
traces presented in Fig. 6 show that the light pulse corres-
ponding to the PMg/PM7; modes of the microstructure fiber
is delayed in time with respect to the pulse with the PM;-
mode transverse intensity distribution. This is consistent with
our model, which predicts lower group velocities for higher-
order PM modes (see Fig. 3). The estimate of the delay time
between the pulses emerging from the PMg/PM; and PM;
modes of the MS fiber obtained from the experimental cross-
correlation traces is 0.7—0.9 ps. This agrees reasonably well
with the results of group-index calculations for the studied
PM modes presented in Fig. 3. To demonstrate this, we use
a simple formula 7, = (L Anyg)/c to estimate the group-delay
time 7, between the PMg/PM7 and PM;| mode pulses with the
group-index difference Ang in an MS fiber with the length
L (c is the speed of light). Then, inserting the values of
L=45cmand Angy =6 X 1073 (cf. curves 3 and 6 in Fig. 3)
into this formula, we arrive at an estimate of 7, ~ 0.9 ps for
the group-delay time. The broader cross-correlation trace for
higher-order PM modes, on the other hand, cannot be ex-
plained from the analysis of the group-velocity dispersion at
the fundamental wavelength, as the group-velocity dispersion
for higher-order PM modes is lower than that for the funda-
mental, PM;| mode, and the zero-dispersion point in the case
of higher-order modes lies closer to the fundamental wave-
length. It should be taken into consideration, however, that
the pulses propagating in higher-order PM modes are charac-
terized by noticeably larger values of self-phase modulation-
induced spectral broadening as compared to the pulses propa-
gating in the fundamental, PM| mode (see Fig. 5). This leads
to larger differences in group indices of different frequency
components within self-phase modulation-broadened spec-
tra and, hence, larger scatters in group delays, in the case
of higher-order modes. This purely qualitative argument is,
of course, not sufficient for the quantitative interpretation of
the results of cross-correlation measurements, which could

be provided on the basis of comparing the results of numer-
ical simulations for the temporal evolution of laser pulses in
PM modes with cross-correlation measurements performed
on MS fibers of different lengths. Such an analysis falls be-
yond the scope of this paper.

Since the efficiency of radiation coupling into PM-fiber
modes was typically at the level of several per cent in our ex-
periments, optical breakdown on the input end of the fiber was
the main limiting factor in our studies, which prevented us
from approaching the regime of supercontinuum generation.
We anticipate, therefore, that much larger spectral widths can
be achieved at the output of PM fibers by improving the effi-
ciency of radiation coupling into PM-fiber modes.

Because of a relatively large total effective area of PM
modes in MS fibers, the efficiency of spectral broadening of
femtosecond laser pulses in such modes is typically lower
than the efficiency of spectral broadening in single-core ho-
ley and photonic-crystal fibers [6, 21, 22], as well as in tapered
fibers [56,57]. However, photonic-molecule modes of mi-
crostructure fibers studied in this paper offer several important
options, which seem to advantageously supplement vast op-
portunities provided by photonic-crystal fibers. In particular,
additional dispersion tunability can be achieved in the case of
PM-fiber modes 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 processes in the fibers of a PM waveg-
uiding structure by using pulses with different temporal and
spatial profiles, frequencies, and initial chirps. It would be of
interest also to search for new ways to phase match nonlin-
ear optical interactions in such fibers, as well as to examine
the potential of PM fibers for pulse compression through self-
and cross-phase modulation and supercontinuum generation.
The geometry of PM fibers is also advantageous for broad-
band evanescent-field spectroscopy and sensing of gases or
liquids using supercontinuum generation, as well as for the
laser guiding of atoms.

6 Conclusion

The analysis of optical properties of photonic-
molecule modes in a microstructure fiber performed in this
paper shows that the created cobweb-microstructure fibers
are not only interesting objects for studying fundamental as-
pects of photon-localization modes in micro- and nanostruc-
tured matter and developing heuristic analogies with quantum
chemistry, but also offer several new ways of dispersion en-
gineering and switching between the regimes of nonlinear
optical interactions. The dispersion branches, as shown above,
are highly sensitive to the coupling constants characterizing
the bonds in the photonic molecule. This allows the wave-
guide dispersion to be controlled by changing parameters of
the bridges linking elementary glass channels in our struc-
ture. This possibility of dispersion engineering seems to of-
fer much promise for nonlinear optical applications, allowing
phase matching to be improved for various nonlinear optical
processes. This fiber design is also very attractive for mul-
tiwave mixing, since pump waves may enter different cores
of the central ring-like structure to interact then through the
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bridges linking these cores. With the holes of our fiber struc-
ture filled with nonlinear or laser-active media, the evanescent
field of guided modes can be used to generate nonlinear opti-
cal signals and produce the lasing effect. While all these ideas
and possibilities still have to be analyzed in greater detail, the
results of experiments presented in this paper provide an ex-
ample of how nonlinear optical processes can be enhanced
and controlled in photonic-molecule microstructure fibers,
opening new avenues for applications of fiber-optic compo-
nents in nonlinear optics and spectroscopy, optical metrology,
and biomedicine, as well as offering new opportunities in
generating ultra-short light pulses and few-cycle light-field
waveforms and in controlling parameters of such pulses and
waveforms.
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