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Wave breaking in tapered holey fibers
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We numerically study the propagation of 1-ps laser pulse in three tapered holey fibers (THFs). The
curvature indices of the concave, linear, and convex tapers are 2.0, 1.0, and 0.5, respectively. The central
wavelength, located in the normal dispersion regime, is 800 nm. The nonlinear coefficient of the THF's

increases from the initial 0.095 m~* W™ to the final 0.349 m~!-W1.

Wave breaking accompanied

by oscillatory structures occurs near pulse edges, and sidelobes appear in the pulse spectrum. With the
increase in propagation distance z, the pulse shape becomes broader and the pulse spectrum flattens. A
concave THF is advantageous to the generation of wave breaking and enables easier achievement of super

flat spectra at short lengths.
OCIS codes: 060.2310, 060.4370, 060.2270.
doi: 10.3788/COL201109.030601.

Holey fibers (HFs), which are also known as microstruc-
ture optical fibers (MOFs) or photonic crystal fibers
(PCFs), have recently attracted increasing interest. A
HF is typically a single-material-based optical fiber with
air-filled holes that surround the core area and can
provide strong mode confinement to light field!*—3],
long interaction lengths, and customizable wavelength
dispersion!*5. A HF is a suitable nonlinear medium for
the observation of a wide variety of nonlinear effects at
low powerl®7. Furthermore, HFs with high nonlinear
coefficients are suitable for manufacturing fiber devices
such as amplifiers, switches, gratings, and so onl8l.

Tapered holey fibers (THFs) are powerful post-
processing techniques for adjusting the properties of a
given section of a HF. The tapering process enhances
nonlinearity by reducing core sizel®1%l. More efficient
nonlinear devices can be obtained. Magi et al. reported
a THF that achieved a microstructural pitch of less than
300 nm™! and Xu et al. numerically studied supercon-
tinuum generation in a THF with flattened dispersion
properties?.

The propagation of ultrashort laser pulse in HFs is
described by the nonlinear Schrodinger equation. Both
group velocity dispersion (GVD) and nonlinear effects
play significant roles during pulse propagation!’®. An-
derson et al. propose that in a normal dispersion regime,
the combination of GVD and nonlinear effects makes a
strong-intensity pulse broaden and changes the shape of
the pulse into an almost rectangular form. This evo-
lution can be understood as being caused by frequency
chirp, which is induced by GVD and self-phase modu-
lation. However, the evolution is also accompanied by
the appearance of oscillation in the wings of the pulse
and sidelobes on the pulse spectrum. These features
are interpreted as being created when the shifted light
overruns the pulse; then, the pulse contains light at two
different frequencies, which interfere and generate new
frequencies™!. The suggested term for this phenomenon
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is optical wave breaking['5!.

In this letter, we numerically simulate the propaga-
tion of a laser pulse using the adaptive split-step Fourier
method. The pulse has a width of 1 ps and a central
wavelength of 800 nm in a uniform HF and three THF's
with regular triangular formations.

In the numerical simulation, the equation that de-

scribes the parameters of the THFs is expressed as!'®
Z\"
AG) =M+ - 4) [(1-3) 1],

where A(z) is the pitch of the air holes of the THF at
distance z; Ay and Ag are the pitches of the air holes at
the thick and thin ends of the THF, respectively; z is
the distance to the thick end in the Cartesian coordinate
system; 7 represents the curvature index; [ denotes the
total length of the THF. In this letter, A, = 1.0 pm,
As = 0.4 pm, and I = 0.2 m. At the thick end, the diam-
eter of the air hole is 0.5 um, whereas that at the thin end
is 0.2 ym. The air filling fraction is maintained at 25%.
Figure 1(a) shows the shape of the THFs and (b) shows
the variation in pitch A with distance z, with curvature
indices n at 0.5, 1.0, and 2.0, respectively. The variation
in the core diameter with distance z is the same as that
of pitch. When curvature index n = 1.0, the variation is
linear. When 1 = 0.5, the shape of the THF is convex,
whereas when 7 = 2.0, the shape of the THF is concave.

The input laser pulse is an initially non-chirped
hyperbolic-secant pulsel¥ with a central wavelength
of 800 nm. The optical field often takes the form of

A(0,T) = /Pysech (Tlo), where P is the peak power

of the input pulse, T is the time parameter of the frame
moving with the pulse at the group velocity, and Ty
denotes the half-width of the input pulse. In practice,
it is customary to use the full width at half maximum
(FWHM) in place of Tp. In this letter, Py = 3.809 kW,
and FWHM = 1.7637, = 1 ps. Although peak power
Py is large and the fiber length is short, the parameters
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Fig. 1. (a) Shape of THFs; (b) variation in pitch with distance
z in THFs.

of the THF vary more largely along the axes of the fiber
so that the confinement loss can be considered using the
adaptive split-step Fourier method.

Figure 2(a) shows the nonlinear coefficient at a wave-
length of 800 nm as a function of distance z. The nonlin-
ear coefficient increases and the core diameter decreases
with increasing distance z. Meanwhile, the mode area
becomes small as a result of the increase in confinement.
The nonlinear coefficients at the thick and thin ends
of the THF are 0.095 and 0.349 m~!-W—1!, respectively.
Comparing the nonlinear coefficients of the three THF's,
we know that for the same distance z, the nonlinear
coefficient of the concave THF with curvature index n =
2.0 is always the largest. Figure 2(b) shows the second-
order dispersion coefficient at a wavelength of 800 nm as
a function of distance z. The input pulse is in the normal
dispersion regime for the three THFs. In the simulation
of this letter, calculated dispersion coefficients reach the
15th order.

Figure 3 shows the pulse shape evolution of the initially
non-chirped hyperbolic-secant pulse with a wavelength
of 800 nm, located in the normal dispersion regime. The
uniform HF and the three THFs both have regular tri-
angular formations. In the uniform HF, the pitch of the
air holes is 1.0 pm and the diameter of each air hole
is 0.5 pm. Figure 3(a) shows fast oscillatory structures
present in the pulse shape; the peak power of the pulse
increases and sub-pulses are formed, with the propaga-
tion of laser pulse inside the uniform HF'. The sub-pulses
increase with increasing transmission distance and have
approximately the same interval, width, and amplitude.
For the THFs, the peak power of the pulse decreases
with increasing propagation distance. As shown in Fig.
3(b), the curvature of the linear THF is 1.0, with slight
oscillation present near the pulse edge at z = 16 cm. This
indicates that wave breaking occurs near z = 16 cm. At
z = 20 cm, the oscillatory structures are clearer and the
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Fig. 2. (a) Nonlinear coefficient and (b) the second-order
dispersion at a central wavelength of 800 nm as a function of
distance z.

pulse shape is broader, demonstrating that the degree
of wave breaking increases and the oscillatory extent of
the pulse is amplified. The oscillation near pulse edges
is a sign of wave breaking. For the convex and concave
THFs, whose curvatures are 0.5 and 2.0, respectively,
the oscillation structures at z = 20 cm and z = 12 cm
are shown in Figs. 3(c) and (d). The distance of wave
breaking in the THF is determined by dispersion length
and nonlinear length. The dispersion length and non-
linear length can be adjusted using the THFs and laser
pulse with different parameters. Thus, the wave break-
ing distance can be modified. Further increases in z can
lead to the broadening of the pulse tails. Comparing the
wave breaking distance in the three THFs, we know that
the wave breaking distance of the concave THF, whose
curvature n =2.0, is the shortest.

Figure 4 shows the pulse spectrum evolution of an ini-
tially non-chirped hyperbolic-secant pulse with a wave-
length of 800 nm. As shown in Fig. 4(a), with the
propagation of the pulse, the frequency spectrum of the
pulse presents periodic variation in the uniform HF. The
spectra broaden at z = 8 cm, narrow down at z = 12 cm,
and broaden again at z = 20 cm. With the propagation
of the pulse in the THF's, the pulse spectrum widens and
is accompanied by an oscillatory structure that consists
of many peaks covering the entire frequency range. Fig-
ure 4(b) shows that the pulse spectrum exhibits obvious
sidelobes at z = 16 cm in the linear THF whose curva-
ture is 1.0. Further increase in z can lead to continuous
broadening of the pulse spectrum, rise of the sidelobes,
and flattening of the pulse spectrum top. The spectral
intensities of the pulse are distributed evenly. For the
convex and concave THFs, whose curvatures are 0.5 and
2.0, respectively (Figs. 4(c) and (d)), the pulse spectrum
exhibits obvious sidelobes at z = 20 cm and z = 12 cm.
The distance of the pulse spectrum exhibiting obvious
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Figure 5 shows the pulse spectrum at z = 20 cm in
the uniform HF whose pitch is 1.0 gm and the THFs
whose curvatures are 1.0, 0.5, and 2.0, respectively. We
can see that in the uniform HF the spectrum is narrower
than those of the THFs. THFs are more inclined to
spectral broadening. From the spectrum of the THF
we can observe considerable energy concentration in the
region of central frequency, in which many peaks appear.
Sidelobes appear near the edge of the spectrum. For the
convex THF whose curvature is 0.5, the region of central
frequency where most of the energy is concentrated is the

Wavelength A (um)

Fig. 4. (a) Evolution of pulse spectrum in uniform HF and
THFs with curvatures of (b) 1.0, (c¢) 0.5, and (d) 2.0.

largest of the three THF's; the sidelobe structure is very
small, indicating that only minimal energy is distributed
at the edge of the frequency. For the concave THF whose
curvature is 2.0, the region where energy is focused on is
the smallest of the three THFs. The normalized inten-
sity is close to the largest intensity value and the sidelobe
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Fig. 5. Pulse spectra at z = 20 cm in uniform HF and THFs
with curvatures of 1.0, 0.5, and 2.0.

structure is larger than the others. All phenomena indi-
cate that the pulse spectrum is more flattened and the
pulse energy is more evenly distributed at the frequency
range when the THF is concave. Consequently, a super
flat spectrum can be achieved by adjusting the parame-
ters of the THF and laser pulse.

In conclusion, we have numerically studied the propa-
gation of ultrashort laser pulse whose width is 1 ps and
wavelength is 800 nm in a uniform HF and three THFs
with regular triangular formations. For the uniform HF,
the pitch of air holes is 1.0 ym and the air hole diam-
eter d is 0.5 pm. For the THF, the pitches of the air
holes at the thick and thin ends are 1.0 and 0.4 pm,
respectively and the curvatures are 2.0, 1.0, and 0.5, re-
spectively. The air filling fraction is maintained at 25%.
The nonlinear coefficient increases from the initial 0.095
m~1-W~1 to the final 0.349 m~!-W~!. The second-order
dispersion coefficients are positive at a wavelength of 800
nm, located in the normal dispersion regime. When the
laser pulse propagates in the uniform HF, sub-pulses with
high peak power are formed and the frequency spectrum
presents periodic variations. When the pulse propagates
in the THFs, slight oscillation occurs near pulse edges
and the pulse spectrum broadens, accompanied by an
oscillatory structure, which leads to wave breaking. For
the linear, convex, and concave THF's, the wave break-
ing distances are 16, 20, and 12 cm, respectively. For the
spectrum, the region of energy is the smallest and the
normalized intensity is the largest in the concave THEF.
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Moreover, the sidelobe structure is more obvious. The
concave THF is advantageous to wave breaking and en-
ables easier achievement of a super flat spectrum.
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