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Ultrashort pulse propagation in a polarization-maintaining microstructured fiber (with 1 um core diameter
and 1.1 m length) is investigated experimentally and theoretically. For an 80 MHz train of 130 fs pulses with
average powers up to 13.8 mW launched into the lowest transverse mode of the fiber, the output spectra consist
of discrete, multiple solitons that shift continuously to lower energies. The number of solitons and the amount
that they shift both increase with the launched power. All of the data are quantitatively consistent with solu-
tions of the nonlinear Schrodinger equation, but only when the Raman nonlinearity is treated without approxi-
mation, and self-steepening is included. These results remove any ambiguity as to the nature of these multiple
solitons; they arise owing to the breakup of high-order solitons in the presence of nonlinear processes beyond
self-phase modulation. © 2006 Optical Society of America

OCIS codes: 190.5530, 060.5530.

1. INTRODUCTION

The incorporation of photonic crystals in optical fiber
technology has opened up interesting and active research
areas in optical communications and nonlinear optics.’™®
These microstructured fibers consist of a uniform core re-
gion (typically either air or silica) that is surrounded by a
photonic crystal cladding layer that most commonly con-
sists of a periodic, hexagonal array of air holes defined by
silica walls. One of the most important properties of pho-
tonic crystal fibers (PCFs) is that, by engineering the
cladding crystal parameters (air-hole size, pitch, and lat-
tice type), one can create fibers with anomalous group-
velocity dispersion (GVD) in the visible and near-infrared
parts of the electromagnetic spectrum. The GVD of a fiber
is important not only in optical communication systems
but also in the context of the nonlinear propagation of
light through fibers. When a fiber is operated in the
anomalous dispersion regime, it is possible to excite opti-
cal solitons that propagate without distortion by cancel-
ing the effect of GVD through self-phase modulation.”®
PCF's offer a particularly attractive medium in which to
study guided-wave nonlinear optics for two reasons. First,
the index contrast between the silica core and the sur-
rounding photonic crystal lattice is relatively large com-
pared with conventional single-mode fibers, thus reducing
the effective mode diameter.” The smaller mode has a pro-
portionally higher electric field strength in the silica-core
region for a given guided power level. Second, by being
able to tune the dispersion, it is possible to make fibers in
which the anomalous dispersion region and the near-zero
dispersion point are near 800 nm and therefore are acces-
sible using convenient short-pulse laser systems.
Already, several groups have reported supercontinuum
generation across the visible and near-infrared regions in
short segments of PCFs pumped with laser pulses rang-
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ing in duration from 20 fs to 0.8 ns, at average power lev-
els of only a few milliwatts.'>* The low-threshold powers
make this system attractive for potential applications in
dense wavelength-division multiplexing'® and optical
metrology.16

The precise shape of the nonlinearly shifted output
spectrum varies from fiber to fiber and is strongly depen-
dent on the fiber dispersion as well as the wavelength,
power, duration, and chirp of the input pulses. In some
circumstances the output spectrum consists of one or
more discrete peaks that can be either redshifted or both
redshifted and blueshifted. Previous studies!™!® of ordi-
nary silica fibers showed that a combination of four-wave
mixing, stimulated Raman scattering, and self-phase
modulation processes can result in either discrete or con-
tinuous spectral broadening, depending on the particular
circumstances.

In the present work, discrete broadening of 130 fs
pulses passing through 1.1 m of photonic crystal fiber
with 1 um core diameter and 1.6 um pitch is investigated
for a range of input powers as a function of the propaga-
tion distance. For certain excitation conditions, the out-
put spectra contain several discrete spectral components
that gradually redshift with increasing input power or
length of propagation. The broadening is strictly to the
red and is similar in some respects to the Raman self-
frequency shifting reported by others® in regular silica fi-
ber and to spectra reported by others®®?! in PCFs. In pre-
vious studies?®?? that specifically address the appearance
of multiple solitons in PCFs, a variety of explanations
have been offered. Although recent work convincingly ar-
gues that multiple solitons can result from the breakup of
a high-order soliton launched into the PCF, quantitative
comparisons between the model and experimental results
are limited.2*?® Below, we quantitatively compare model
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Fig. 1. A scanning electron micrograph, in cross section, of the
photonic crystal fiber used in the experiment.

simulation results with a comprehensive set of measured
spectra to convincingly demonstrate that the the multi-
soliton behavior observed in these experiments is due to
the breakup of high-order solitons in the presence of Ra-
man scattering and self-steepening. We also make clear
that although the self-steepening term slightly modifies
the rate at which the solitons Raman shift, the slowly
varying envelope approximation applied to the Raman
term leads to qualitatively different breakup characteris-
tics that are inconsistent with the experimental results.

2. EXPERIMENT

Figure 1 shows a scanning electron micrograph of the
cross section of a cobweb silica-based PCF (Crystal Fiber
A/S, Denmark) used in this research. The PCF has 1 um
core diameter and ~1.6 um pitch. The objective of this
study was to characterize the spectral properties of the
light emanating from the PCF when subpicosecond pulses
from a Ti:sapphire laser oscillating at a 80 MHz repeti-
tion rate are coupled into it using a 40X microscope ob-
jective. By using a second-harmonic-generation—
frequency-resolved-optical-gating setup, the duration of
transform-limited pulses centered at 800 nm was mea-
sured to be 130 fs. The time-integrated output spectrum
of the PCF was measured using a Fourier-transform spec-
trometer. The uniform spatial distribution and polariza-
tion of the fiber output confirmed that the coupled light
propagates in a fundamental mode. The measured cou-
pling efficiency was ~11%.

3. RESULTS

Figure 2 shows the output spectra observed from a 1.1 m
length of the fiber when it was pumped at 800 nm
(~13.5 nm bandwidth) for input average powers ranging
from 10 to 120 mW (labels on the right of the figure show
the measured output power for each case). At the highest
powers used in the experiment (~14 mW propagating in
the fundamental mode), the output spectrum extended as
far as 1000 nm and contained three well-separated spec-
tral peaks. As Fig. 2 shows, the number of peaks in the
output spectrum depends on the power, and the center
wavelengths of these well-defined spectral components
gradually redshift with increasing power. The square
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symbols in Fig. 3 show the frequency shifts of the three
well-separated spectral components in Fig. 2 versus
power in the fundamental mode.

The development of the spectrum excited by a fixed in-
put power was studied as a function of propagation dis-
tance in the fiber by bending the fiber at different lengths
and by spectrally analyzing the radiation that leaked out
of the core. Figure 4 shows the resulting spectra obtained
at three points in the fiber when the average propagating
power was 13.8 mW. As the figure shows, the center fre-
quency of the well-separated peaks gradually decreases
with increasing distance. The shifts of peaks in Fig. 4 are
shown by the squares in Fig. 5.

Qualitatively similar experimental results have been
reported before in both PCF?>?3 and standard fiber,'® but
often the Stokes components are accompanied by anti-
Stokes components in the spectra, or the presence of mul-
tiple distinct spectral peaks is not obvious. Although the
continuous shift to the red is clearly associated with Ra-
man self-shifting solitons (RSSS),2%?" the origin of mul-
tiple peaks is less clear. At least one report?’ attributes
multiple redshifted peaks to a set of RSSSs excited in dif-
ferent transverse spatial modes of the fiber. This cannot
explain the results presented here, as there is no indica-
tion of high-order mode propagation in the spatial distri-
bution of the output signal. Figure 6(a) and 6(b) show the
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Fig. 2. Experimental output spectra of the photonic crystal fiber
pumped at different average propagating powers (shown at
right). The spectra marked with (a) and (b) have the most-shifted
and the second-most-shifted solitons, respectively, centered at
850 nm.
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Fig. 3. Frequency shifts of the experimental peaks in Fig. 2 and
simulated components from Fig. 7 versus average propagating
power. Simulated results are marked with circles.
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Fig. 4. Spectrum of the PCF bent at (a) 30, (b) 50, (c) 70 cm, and
(d) the whole length of the fiber with 13.8 mW average power
launched into the fundamental mode.
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Fig. 5. Frequency shifts of the peaks in Fig. 4, and Fig. 8 versus
propagation length. Squares represent the frequency shifts of the
spectral components observed in the experiment and circles indi-
cate the simulation values for shifts.
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Fig. 6. (Color online) Spatial profile of the fiber output when (a)
the most-shifted soliton is centered at 850 nm and (b) the second-
most-shifted soliton is at 850 nm. These correspond to spectra (a)
and (b), respectively, of Fig. 2.

far-field mode profile obtained by putting a bandpass fil-
ter centered at 850 nm at the fiber output when the first
most-redshifted soliton, spectrum (a) in Fig. 2, and the
second most-shifted soliton, spectrum (b) in Fig. 2, were
centered at this wavelength.

Other repor‘csmfz4 assume that all observed solitons
propagate in the same transverse mode of the fiber, and
attribute them to a breakup of the high-order soliton
launched into the fiber. This interpretation is supported
by solutions of the nonlinear Schriodinger equation, aug-
mented by additional nonlinear terms to take into ac-
count Raman scattering and self-steepening processes. In
one case, semiquantitative agreement between the mea-
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sured and the modeled spectral shifts of one of the funda-
mental RSSSs peaks as a function of incident power was
repor‘ced.24 The current experimental results, reported in
Section 3, appear qualitatively consistent with the
breakup of high-order solitons within a single transverse
mode of the fiber. Below we show that simulations similar
to those reported in Ref. 24 provide quantitative agree-
ment with the measured power and propagation-distance
dependences of all RSSS peaks. This removes any ambi-
guity about the origin of these multiple solitons, and it
further shows that a full treatment of the Raman term (as
opposed to the more commonly used, slowly varying enve-
lope approximation%’zg), is essential to obtain this quan-
titative agreement between model and experiment.

4. DISCUSSION

A numerical model based on the split-step Fourier
method?® was used to solve the generalized nonlinear
Schridinger equation (GNLS), including high-order dis-
persion, Raman scattering, and self-steepening nonlin-
earities:

GA o 26: im=1 gmA i
—=—-—A- ——+iy| 1+ ——
2 ﬂmm! am Y w, ot

X{A(z,t)f R(t’)|A(z,t—t’)|2dt’}. (1)

In the above equation A is the envelope function, « is the
linear loss, B is the inverse of the group velocity, 3, (with
m=2) are higher-order dispersion coefficients, and vy is
the nonlinear instantaneous Kerr effect coefficient. In Eq.
(1) R(¢) is the response function of the guided medium:

R(t) = (1-fR)&¢) + frhr(?), 2)

which includes an instantaneous electronic contribution
as well as vibrational Raman contributions, where hp(t) is
the Raman response function of the silica core:

ol el
hg(t) = exp| - — |sin| — |, (3)

71 7'% To T1

with 71=12.2 fs, 7=32.0 fs, and fR=0.18.29 The spectra
obtained from the simulation for a fixed length of 1.1 m,
for different propagating powers, are shown in Fig. 7, and
the simulated spectra at different distances of propaga-
tion for a fixed propagating power of 13.8 mW are shown
in Fig. 8.

In the above calculations we set y=7.24
X 1078(um W)~1 (this value of vy is exactly what is ex-
pected if the light propagates in the fundamental spatial
mode with the effective area set to the square of the
pitch®). The dispersion coefficients used in the simulation
results are fitted to the GVD curve in Fig. 9, which is cal-
culated by the fiber manufacturer using a fully vectorial
beam-propagation method.

The simulated results agree very favorably with those
obtained experimentally. It is clear that Eq. (1) does de-
scribe how high-order solitons excited near the fiber input
can spawn a series of fundamental Raman solitons that
gradually shift to the red as they propagate. Figure 3
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Fig. 7. Simulated spectra at different average propagating pow-
ers. Each spectrum was calculated for the same average propa-
gating powers as in the experimental results shown in Fig. 2.
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Fig. 8. Numerical solution of the GNLS equation. These are nu-
merical spectra at four different lengths with 13.8 mW average
propagating power.

compares the frequency shifts of spectral components in
Figs. 2 and 7 versus power. Also, the shift of the center
frequencies of the various discrete spectral components in
Fig. 8 is plotted versus the length of propagation in Fig. 5,
using circles.

To help interpret these results we use the well-known
formula®

yP,T?
1Bl

to estimate the highest order of soliton that can be
launched at the input of the fiber. With By;=-1.625
%X 1072 fs?/ um at 800 nm (dispersion curve in Fig. 9), the
nonlinear coefficient y=7.24x10"%(um W)~!, and the
highest propagating peak power used in the experiment,
one gets N=5. A soliton of order 5 compresses to ~10.0 fs
within the first few centimeters of its propagation
through the fiber.>® This occurs in the simulation results
with or without the Raman and self-steepening terms in
Eq. (1). When the Raman term is included, there is a sud-
den breakup of the compressing soliton just before it first
reaches its minimum pulse duration, and three distinct
RSSSs gradually separate from the residual, complicated
pulse that continues to propagate near the launch fre-
quency. Each of the three RSSSs has a distinct pulse du-

(4)
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ration and peak power, which explains why they fre-
quency shift at different rates. The self-steepening effect
[term with the derivative in Eq. (1)] alone does not cause
any soliton breakup in the output fiber spectrum but it
slows the frequency shift of separate fundamental
solitons.?® Figure 10 compares the simulated spectra ob-
tained with only the Raman term [Fig. 10(b)] and with
both Raman and self-steepening [Fig. 10(a)] in the GNLS
equation. It is worth mentioning that the high-order dis-
persion terms in Eq. (1), extracted from the GVD shown
in Fig. 9, did not cause any soliton breakup when the Ra-
man and self-steepening nonlinear terms in Eq. (1) were
switched off.

It is difficult to quantitatively interpret the evolution of
the pulses when the simulation is done with up to sixth-
order dispersion. By including only second-order disper-
sion (a constant GVD across the entire spectrum), it is
possible to verify that the various RSSSs that are gener-
ated when high-order solitons break up after the initial
compression are all fundamental solitons; their durations
are inversely proportional to their amplitudes, with a
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Fig. 9. Group-velocity dispersion used in the simulation. This is
the dispersion calculated by using a fully vectorial beam-
propagation method and an ideal approximation to the fiber cross
section.
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Fig. 10. Comparison of the simulated output spectra with
13.8 mW average propagating power, obtained from Eq. (1) (a)
with all terms included, (b) neglecting the self-steepening term,
and (c) by applying the slowly varying envelope approximation to
the Raman term. Note that while the self-steepening term differ-
entially modifies the rate of Raman shifting, the slowly varying
envelope approximation fails to capture the proper soliton
breakup.

—
-




1488 J. Opt. Soc. Am. B/Vol. 23, No. 7/July 2006

fixed proportionality constant. This process of high-order
soliton breakup in the presence of the Raman effect has
been noted previously,?’l_33 but we believe that the current
data and interpretation help to provide a better under-
standing of this interesting and potentially useful phe-
nomenon.

For pulses with a duration longer than 100 fs, an ap-
proximate form of Eq. (1) is often used to simulate the
pulse propagation in fibers.? The envelope function in the
integration is simplified as

J
Az, - t")]> = |A(z,0)* - t’EIA(z,t)IQ (5)
so that

J
f ROVAG, - 04t = A0~ Ty AEOF,  (6)

where

TR=ft’R(t’)dt’=fth’hR(t’)dt’. (7)

By using the same Raman response function of silica as in
the full simulation, Eq. (3), the Ty coefficient is 1.46 fs.
Figure 10(c) shows the simulated spectrum with the ap-
proximated form of Eq. (1) and this value of T';. This fig-
ure clearly shows that the approximate form of the Ra-
man response cannot be wused to describe the
experimental results reported here.

5. CONCLUSION

The output spectrum of PCF, pumped by 130 fs pulses
centered at 800 nm, exhibits discrete broadening of the
incident pulse through creation of several fundamental
solitons that continuously redshift with increasing power
and propagation length. The far-field pattern of the fiber
output as well as the similar spectral intensity for the
most-shifted and second-most-shifted solitons at the same
wavelength validate the idea of single spatial mode
propagation of multiple solitons through this structure.
The numerical solution of a generalized nonlinear
Schrodinger equation that includes Raman scattering,
self-steepening, and dispersion up to the sixth order pro-
vides a quantitative description of the experimental re-
sults, and it can be used to interpret the results as owing
to the breakup of high-order solitons into fundamental
self-shifting Raman solitons. The creation of these mul-
tiple fundamental Raman solitons suddenly happens
when the launched pulse compresses to a critical pulse
duration.
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