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ABSTRACT We report that trefoil and quatrefoil silica chan-
nels with sizes ranging from 0.6 µm to as large as 4–5 µm
in a holey fiber can strongly confine the light field and act
as highly nonlinear waveguides. Supercontinuum emissions,
efficient dispersive-wave generation and parametric four-wave-
mixing processes were achieved in these channels with sub-
nanojoule femtosecond Ti:sapphire laser pulses. Two dispersion
curves corresponding to two orthogonal modes in each channel
were simulated and used to explain the experimental results.

PACS 42.81.Gs; 42.81.Qb

1 Introduction

Photonic crystal fibers (PCFs) have been a sub-
ject of intense research activity for the past few years. Non-
linear optics of ultra-short laser pulses in PCFs is one of
the most interesting and rapidly growing areas. PCFs can
largely enhance nonlinear interactions of laser pulses be-
cause of the strong confinement of the light field in the
fiber core [1] and tailored dispersion characteristics of guided
modes [2]. Nonlinear optical processes such as supercon-
tinuum generation [3–6] and nonlinear frequency conver-
sion [7–11] have been achieved with PCFs. Tunable super-
continuum emissions were achieved in a single PCF that has
multiple sub-micron cores [12]. Parametric four-wave-mixing
(FWM) processes in sub-micrometer-scale secondary cores
of holey fibers were reported recently [13]. Secondary cores in
holey fibers [7, 13, 14] or sub-micron cores in multi-core mi-
crostructure fibers [5, 12] can strongly confine the light field,
leading to a substantial waveguide enhancement of nonlinear
optical processes. Theoretical studies have demonstrated that
the waveguide enhancement of nonlinear optical processes
reaches its maximum at a certain optimal value of the fiber-
core size, corresponding to the maximum ratio of the laser
power confined in the fiber core to the diameter of the fiber
core [5]. The optimal waveguide channel diameter for non-
linear optical processes with high efficiency in holey fibers
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has been demonstrated to lie in the sub-wavelength range. En-
hanced nonlinear optics of micron waveguides in PCFs has
potential application in multiplex frequency converters and
supercontinuum generators.

In this paper, we demonstrate that trefoil and quatrefoil
channels present between the holes of a microstructure fiber
having a large air-filling fraction (87%) can serve as highly
nonlinear waveguides. Supercontinuum emission, paramet-
ric four-wave-mixing processes and efficient dispersive-wave
generation were achieved in the fiber. Sizes of the chan-
nels used in this paper range from 0.6 µm to as large as
4–5 µm. The maximal size of the channels is larger than
those used in earlier reported works [5, 7, 12–14]. To our
knowledge, there is no report about frequency conversion
of sub-nanojoule femtosecond Ti:sapphire laser pulses in
such large channels as efficient as in this work. The phys-
ical scenarios of the nonlinear optical spectral transform-
ations are explained in virtue of the calculated dispersion
curves.

2 Holey fiber and experimental setup

The holey fiber used in this study was fabricated
with fused silica using the standard stack-and-draw technique.
A scanning electron microscopy (SEM) image of the cross-
sectional structure of it is shown in Fig. 1. The fiber con-
tains five rings of air holes surrounding a large air hole with
a diameter of 23.0 µm; the air-filling fraction is about 87%.
We choose three typical channels to carry out the experiment.
One is a trefoil channel surrounded by three air holes. The di-
mension of it is about 0.6 µm. The other two are quatrefoil
channels surrounded by four air holes; the width and length of
them are about 2–3 µm and 4–5 µm.

Experiments were performed with a Ti:sapphire laser
(Tsunami, Spectra-Physics) running at a central wavelength
of 796 nm with a pulse-repetition rate of 82 MHz. The max-
imum average output power of the laser is 400 mW. The
duration of laser pulses launched into the fiber was about
50 fs. The fiber was placed on a three-dimensional (XYZ)
translation stage. The input beam launched into channels
1–3 as marked in Fig. 1 was focused by a micro-objective
(NA = 0.65). A CCD camera was used for imaging and ascer-
taining the spot of the laser beam launched into the channels.
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FIGURE 1 Scanning electron micrograph of the holey fiber; three channels
are shown with white panes

A near-field end-face image of light transmitted in the fiber
was obtained by a micro-objective (NA = 0.65) and another
CCD camera. Spectral measurements were performed by an
optical spectrum analyzer (Ocean Optics) with a wavelength
range of 400–1100 nm.

3 Experimental results and discussion

In this experiment, laser pulses were carefully
launched into the three channels of the fiber with a length
of 2.0 m. Output emissions generated in channels 1–3 dif-
fer both visually and in their significant spectral properties.
Figure 2a–c present far-field beam profiles of the blue-shifted
emissions at 2.0-cm distance from the fiber end; the output
average power from channels 1–3 was 60 mW. Figure 2d–f
show the side images of the fiber. The fiber displayed orange,
green and blue colors by launching laser pulses into channels
1–3, respectively. Near-field images of the fiber output ends
for laser pulses launched into a trefoil channel (correspond-
ing to channel 1) and a quatrefoil channel (corresponding to
channel 3) are shown in Fig. 2g–h. They demonstrate that the
laser pulses were strongly confined in the individual channels.
From the near-field image (Fig. 2g) for channel 1, there is no
significant coupling between adjacent ‘cores’. However, for
channel 3 (Fig. 2h), there is a slight coupling between adjacent
cores. From the above, the losses in the channels are not equal.
In the discussion of the experiments, we neglected the losses

FIGURE 2 Far-field images of output emission (a–c), side images of the
fiber (d–f) and near-field images of the fiber output (g and h)

FIGURE 3 Spectra of output beam from channels 1–3 (a–c). The pump
power launched into each channel is labeled in each graph

in the channels. The average powers labeled in Fig. 3 are out-
put powers from the fiber. Typical optical spectra measured
directly from the output of the fiber are presented in Fig. 3.

We set up models based on SEM of the fiber-channel struc-
tures to simulate the light propagation in these channels with
the finite-element method. A portion of the fiber compris-
ing one or two silica cores with air holes was modeled with
anisotropic perfectly-matched-layer (PML) boundary condi-
tions. Light propagates through channel 1 in the fundamental
mode (FM) as shown in Fig. 2a and g. The blue-shifted emis-
sion in channel 2 (Fig. 2b) has a beam shape corresponding
to the second-order PCF spatial mode (Fig. 4, M3 and M4).
There is red light in the center of the far-field image of the out-
put emission from channel 3; we think that the blue-shifted
light is in a FM mode. The secondary cores are surely bire-
fringent for their strong form anisotropy. Simulation results
for the mode-intensity distribution and polarization distribu-
tion of the FM, the second-order mode and the FM at 800 nm
in channel 1, channel 2 and channel 3 are shown in Fig. 4.
M1 and M2 are two orthogonal modes of the FM in channel
1. M3 and M4 are second-order modes in channel 2. M5 and
M6 are corresponding to two orthogonal modes of the FM in
channel 3. The group velocity dispersion (GVD) curves of the
related mode propagation in channels 1–3 calculated by the
finite-element method are shown in Fig. 5. However, in the
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FIGURE 4 Simulation results for mode intensity distribution and polariza-
tion distribution of the FM, the second-order mode and the FM at 800 nm in
channel 1 (M1, M2), channel 2 (M3, M4) and channel 3 (M5, M6)

experiment the birefringence effect was not considered ade-
quately.

Supercontinuum emission was obtained in channel 1
(Fig. 3a). The blue-shifted emission became stronger and
moved towards shorter wavelengths with increasing input
power. With pump power increasing to 60 mW, the output
spectrum extended from 480 to 1000 nm and was peaked
around 570 nm. To explain the experimental results, the
group-velocity dispersion of light propagation in the chan-
nel should be considered. As shown from Fig. 5, the spectrum
of the input field is in the region of anomalous dispersion
for the guided mode in channel 1. The laser pulses tend to
form optical solitons as they propagate through the chan-
nel. Red-shifted radiation results from the phenomenon of
soliton self-frequency shift. The central wavelength of the
red-shifted soliton at the output beam is controlled by the in-
put power and becomes longer with increase of input power.
The blue-shifted radiation is formed due to interaction be-
tween solitons and dispersive waves seeded from the initial
soliton fission [6, 15–17]. The presence of higher-order dis-
persion can lead to the transfer of energy from the soliton to
a narrow-band resonance in the normal GVD regime. This
is demonstrated in the bottom graph in Fig. 3a. The blue-
shifted emissions are clearly stronger than the pump and the
red-shifted part.

As shown in Fig. 3b, green light peaking at 540 nm came
from channel 2 by launching laser pulses. In the experiment

FIGURE 5 Group velocity dispersion profiles of the related modes (M1–
M6, corresponding to Fig. 4) calculated for the three channels

the polarization orientation of the pump was not selected spe-
cifically; so, the pump was possibly in the anomalous dis-
persion regime for the second-order mode in channel 2, but
no supercontinuum generation is obtained. The blue-shifted
emission is considered to be the signal coming from a FWM
process 2ωp = ωa +ωs. The frequency component belongs to
the spectrum of the input laser field. The process leads to
the generation of signal and idler sidebands with central fre-
quencies ωa and ωs. The phase-matching condition for this
process should be written as δβ = β(ωa)+β(ωs)−2β(ωp)+
2γP1 = 0, where β(ω) is the propagation constant of the field
spectral component with frequency in a given fiber mode, γ

is the nonlinear parameter at the pump wavelength and P1 is
the peak power of pump light. The central wavelength of green
light remained nearly constant with increasing pump power,
since the nonlinear term 2γP1 is too small to affect the phase-
matching condition in experiments. The conversion efficiency
of the FWM process is low for small nonlinear parameters or
other reasons such as the polarization state of the pump beam
not being optimal for the FWM process. The infrared idler
light was not displayed in Fig. 3b since the wavelength range
of the optical spectrum analyzer used is only 400–1100 nm.

Figure 3c shows the spectra of emissions emerging from
channel 3. With 20-mW pump power launched into channel
3, a supercontinuum emission ranging from 700 to 880 nm
was obtained. A blue-shifted sideband peaking at 504 nm
appeared along with a supercontinuum emission ranging
from 660 to 920 nm when the pump power was 40 mW. The
blue-shifted sideband became stronger and shifted to shorter
wavelengths with increase of pump power. With 60-mW
laser pump, the blue-shifted emission centered at 495 nm
took about 20% of all the intensity of the output beam.
From Fig. 5, as the pump wavelength approaches the zero-
dispersion wavelength (ZDW) but still lies within the normal
GVD regime, the initial spectral broadening due to parametric
four-wave mixing and self-phase modulation (SPM) transfers
spectral content into the vicinity of the ZDW and across into
the anomalous GVD regime [6, 17, 18]. The long-wavelength
part of the spectrum falls within the region of anomalous dis-
persion and can form solitons. These solitons undergo a con-
tinuous frequency down-shift due to soliton self-frequency
shift. The blue signal is likely to be dispersive waves or third-
harmonic generation from a soliton self-frequency shifting
into the 1.3–1.6 µm range. However, if the blue signal was
the third harmonic of the solitons, it must be very weak. This
is opposite to the experimental result, so we can exclude this
reason. Higher-order dispersion induces wave-matching res-
onances between solitons and dispersive waves, leading to
intense emissions, and they become an intense spectral band.
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4 Conclusions

In this paper, quatrefoil silica channels with width
of about 2–3 µm and length of about 4–5 µm in a holey
fiber were demonstrated to be highly nonlinear waveguides
with high birefringence. Multiplex frequency conversion of
sub-nanojoule Ti:sapphire femtosecond laser pulses in the tre-
foil and quatrefoil channels was obtained. Due to parametric
four-wave-mixing processes, green light peaking at 540 nm
came from the channel where the pump wavelength was in
the range of anomalous dispersion. An efficient dispersion
wave near 470–510 nm in concomitance with a supercon-
tinuum extending from 650 to 1000 nm was achieved in
the channel where the pump wavelength was in the range
of normal dispersion. In our work, it is unusual to achieve
so efficient nonlinear optical spectral transformations in the
large waveguide channels. In a silica channel with dimen-
sion of about 0.6 µm, the pump wavelength falls within the
range of anomalous dispersion; a supercontinuum extend-
ing from 480 to 1000 nm was obtained. These nonlinear
optical spectral transformations in each channel were ex-
plained reasonably in virtue of the calculated dispersion
curves.
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