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ABSTRACT The nonlinear propagation of ultrashort pulses in
amicrostructured fiber is experimentally investigated. By work-
ing around 800 nm, in the anomalous dispersion region, clear
evidence of pulse break-up and soliton propagation is obtained.
This is consistent with the recently suggested mechanism of
spectral broadening based upon the fission of higher order
solitons into red-shifted fundamental solitons and blue-shifted
dispersion waves. When 190-fs pulses at high input intensities
are used, the output spectrum is made of a broad infrared super-
continuum coexisting with a sharp and very intense blue peak
that takes up to 24% of the input power. We tentatively propose
an explanation of this effect by invoking pulse-trapping phe-
nomena controlled by the group-velocity matching of infrared
and visible pulses.

PACS 42.65.Tg; 42.81.Dp

1 Introduction

In recent years the development of microstructured
fibers (MFs) [1] has made possible the observation of amazing
nonlinear phenomena exploiting the silica third-order suscep-
tibility. The nonlinear efficiency of MFs is highly enhanced
with respect to standard optical fibers because the fundamen-
tal propagation mode can be confined to a very small area.
Moreover the anomalous dispersion region can be shifted to-
wards much lower wavelengths than those attainable with
standard fibers, allowing soliton propagation into the visible
range.

Several experiments performed with ultrashort laser
pulses in MFs report the generation of a broadband supercon-
tinuum [2—8] and sharp spectral lines coming from harmonic
generation and four-wave-mixing effects [§—11]. Great at-
tention has been recently devoted to the investigation of the
dynamics of supercontinuum generation in the anomalous
dispersion region near the zero dispersion wavelength Azp. It
has been demonstrated that the generation and the evolution
of supercontinuum radiation in that region is governed by the
fission of high order solitons [12, 13]. As a consequence, the
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output spectrum consists of a broad-band infrared component
due to the red-shifted fundamental solitons and a blue-shifted
dispersive wave.

We describe here the results of a detailed experimental in-
vestigation of the nonlinear propagation of ultrashort pulses
near Azp in a MF, performed by varying the input power, in-
put wavelength, and pulse duration. By using femtosecond
pulses, we present clear evidence of pulse break-up and soli-
tonic propagation. At small and moderate input intensities our
results follow the trends described in [12] and [13]. At high
input intensities, we find that the visible part of the output
spectrum is made of a sharp and very intense peak in the blue
region. The blue light propagates in the fundamental mode
and can collect up to one fourth of the input power. We suggest
that such a striking result, not predicted by the simulations
of [12], could be connected to a pulse-trapping effect triggered
by the group-velocity matching between the soliton and the
dispersive wave. We also present results obtained by using
picosecond pulses. The soliton dynamics leading to the gen-
eration of the infrared supercontinuum and visible radiation is
still observable, but with different characteristics when com-
pared to the femtosecond-pulse case.

2 Experiment

The MF under investigation was fabricated at the
Optoelectronics Research Center (Southampton, U.K.). It is
characterized by a very small core diameter (about 1.5 pum)
that enhances its nonlinear properties and by an asymmetry
in the core region that induces a high birefringence leading to
a polarization maintaining behavior [5, 8]. A scanning elec-
tron microscope picture of the fiber is presented in Fig. 1
of [8].

First of all we checked the dispersion properties of the
fiber. We simulated the modal behavior of our MF by using
a software program (BPM RSOFT) based on the beam-
propagation method. As the input profile for the simulation
the real fiber section was used. While the dispersion behav-
ior obtained by the simulation is quite reliable, the estimated
value of the zero dispersion wavelength Az has a limited ac-
curacy, because of the intrinsic precision of the propagation
software. In order to compare the simulation with experiment
it should also be taken into account that the fiber cross-section
might have some structural variation along the span, so that



308 Applied Physics B — Lasers and Optics

2,014+ 50
] -0-0-0-0-0- L
2,012+ oo = OO
2,010 4 ey =N o
2,008 “i‘ I
] =, 50
_ 2,006 l\.\.\-_.>._._. L o
£ 2004 -100 =
4 20 @
‘o 2,002+ /./ [ 3
= 1 2% -150 3
52,000 3 =
g i £ 3 e
>1,998 - a] £ I -200 =
] S
1,996 = F
1,094 5 250
1 700 720 740 760 780 800 820 840 860 i
19924 O wavelength [nm] - -300
1,990 T : T —
04 06 08 10 1,2 14 1,6
wavelength [nm]
FIGURE 1  Simulated group velocity vg and group-velocity dispersion D of

the microstructured fiber plotted as functions of wavelength. The inset shows
experimental data concerning D vs. A over a limited A-range

during propagation, the pulse experiences the effect of an
average dispersion. To calibrate the simulation results we
experimentally measured the group velocity dispersion on
a2-m-long fiber span in the wavelength range 700—860 nm by
using a technique similar to that described in [14]. The results
are reported in the inset of Fig. 1. By extrapolating the data,
we obtained that Azp is close to 700 nm. The simulated fiber
group-velocity and group-velocity-dispersion D [15] are re-
ported as functions of wavelength in Fig. 1. The fiber presents
a second zero-dispersion wavelength around 1500 nm.

To investigate the MF nonlinear behavior around Azp, we
used a Titanium Sapphire laser (Tsunami Spectra Physics)
tunable in the wavelength range 700—900 nm. The laser emits
a 110-fs transform-limited pulse train at an 80 MHz repetition
rate. In order to avoid back-reflections from the input end of
the fiber into the laser source we had to use a Faraday isolator
that broadened the pulse-width up to 190 fs. The input beam
was linearly polarized along one of the principal polarization
axes of the MF. The length of the MF was 40 cm. The results
described here all refer to situations in which the input radia-
tion was coupled to the fiber fundamental mode, and in which
the observed output radiation, both infrared and visible, was
also in the fundamental mode. In the experiment we meas-
ured the total optical power at the fiber output. This was only
slightly smaller than the power coupled inside the fiber, taking
into account that the linear attenuation coefficient of our fiber
was about 0.3 m~! in the investigated range of wavelengths.
The maximum power measured at the fiber output was about
100 mW.

We measured the output optical spectra obtained by tuning
the Titanium Sapphire laser at Ay = 810 nm, and increas-
ing progressively the average input power Piy. Some typi-
cal spectra are shown in Fig. 2. We found in each spectrum
two well-separated components, a red-shifted wide one and
a blue-shifted narrow one, both consisting of a sequence of
peaks. We observed that, as Py was increased, the average
central wavelength of the infrared radiation became larger and
that of the visible line became smaller, as shown by the spec-
tra presented in Fig. 2. In particular the visible line wavelength
shifted from 530 to 430 nm as Py was increased from 10 to
50 mW. The number of infrared peaks can be related to the
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FIGURE 2 A set of output spectra obtained with 190-fs 810-nm pulses for
increasing average input power

soliton number N, defined by N2 = y PyLp, where y is the
fiber nonlinear coefficient, Py is the peak power, and Lp is the
dispersion length [15]. In the investigated range of input pow-
ers N varied from 1 to 5. Each peak in the spectrum should
correspond to an ultrashort pulse in the time domain.

By considering in particular the spectrum obtained at
Py = 35 mW, shown in Fig. 3a with a linear scale to make
the structure more evident, we obtained evidence of pulse
splitting through an intensity autocorrelation experiment per-
formed relative to the peak at 1100 nm (marked by an arrow).
The result, shown in Fig. 3b, represents very clear evidence
of soliton fission in the time domain. The full width at half
height of the correlation function was 85 fs, corresponding to
a pulse duration 7, of 55 fs, much shorter than that of the input
pulse. The full width at half height of the frequency peak Ay,
was 6.45 THz, yielding a product 7, Av, = 0.35, very close to
the expected value for a transform-limited hyperbolic-secant
pulse. Such a finding makes very plausible the hypothesis that
the pulse was a soliton.

When the input power was increased above 50 mW, the
overlap among the infrared peaks became very strong, so that
an infrared supercontinuum roughly extending from 800 to
1500 nm was observed, as is shown in Fig. 4. A very different
and surprising behavior was found for the visible part of the
spectrum: instead of merging different peaks into a broad vis-
ible supercontinuum, the nonlinear propagation concentrated
the visible intensity into a huge peak at 430 nm with a width
of a few nanometers. As shown by the spectrum in Fig. 4
the visible peak could be more than 10 dB above the level
of the generated infrared supercontinuum. At Py = 75 mW
the power Pyis associated with the blue line at 430 nm was
18 mW, giving a conversion efficiency n = Pyis/ PN = 24%.
Itis important to note that the blue light propagates as a funda-
mental mode of the MF.

We verified experimentally and by the numerical simula-
tions that the fiber was multimodal at 810 nm. As a conse-
quence, the conversion efficiency was critically dependent on
the coupling conditions, so that considerable generation of
blue light was obtained only when the input beam was mainly
coupled to the fiber fundamental mode. Although other pre-
vious experiments have shown generation of blue light, such



TARTARA et al. Blue light and infrared continuum generation by soliton fission in a microstructured fiber 309
0 A
0,05+ )
5
0,04 4 / -10 4
3 ) E
K % -15
2 0,03 2 7]
2 z
G 8 20
s o
© e 1
L 0,024 —
° © -254
Q ° ]
@ 2
0,01 2 .30
LJ\ ]
0,00 T T v T T T
400 600 800 1000 1200 -40 T v T . r T T Y .
a wavelength [nm] 400 600 800 1000 1200 1400 160C
wavelength [nm]
FIGURE 4 Output optical spectrum, on a log-scale, at 810 nm observed at
1.04 an average input power of 75 mW
e [ R A, =704
0,8 4 nm
— —%,,=890 nm
5 104
S 0,6
£ — 20+
s £
g 85fs o
£ 04 k=
T > 30+
a @
3
0,2 4 © -404
£
g 50
0,0 ¥ T T T T Y Y ] )
-400 -200 0 200 400
b time delay [fs] 601
FIGURE 3 a Output optical spectrum, on a linear scale, at 810 nm observed 70 N o
at an average input power of 35 mW. b Intensity autocorrelation function 00 600 8(')0 1 0'00 1200 i 4'00

relative to the peak marked with an arrow in a

a large efficiency in the generation of narrow-band blue light
has never been reported in the literature, and it has been not
predicted by the available simulations.

The observed behavior was very stable and reproducible
and did not depend critically on the fiber length. In fact we
repeated the experiment with a 20-cm-long span of MF and
found the same multi-peak structure: in this latter case each
peak was even sharper and better defined.

Subsequently we checked the supercontinuum behavior
by varying the input wavelength. We verified that the sep-
aration between the two components increased as the input
wavelength was increased far away from Azp (Fig. 5). On the
contrary, when the wavelength approached Azp we observed
that the supercontinuum had a narrower extension and the
separation between blue and infrared radiation disappeared
completely.

As foreseen by the higher order soliton fission theory, the
number of infrared peaks decreased as the wavelength was
pushed away from the Azp: in fact the group velocity dis-
persion became larger, leading to a decrease of the soliton
number.

The numerical simulations and the experimental work
about soliton fission in MFs have been carried out until now

wavelength [nm]

FIGURE 5 Comparison between the output optical spectra obtained at 704
and 890 nm for similar input powers

with pulses having durations no longer than 200 fs. We de-
cided to use picosecond pulses in order to verify whether the
same soliton dynamics is still effective when the pulse dura-
tion is increased. We configured the laser cavity in order to
emit a 1.3 ps tranform-limited pulse train. In this situation the
maximum attainable peak power was about 1 kW. We used
a 95-cm-long fiber as we noticed a slower dynamics of the
phenomena.

The behavior we found in our measurements was qual-
itatively similar to that with femtosecond pulses, the main
differences being from a quantitative point-of-view. In Fig. 6
we report the evolution of the supercontinuum obtained by
tuning the laser wavelength at 810 nm. For the same aver-
age power and wavelength used for the femtosecond pulses,
the soliton number was increased by the longer pulse-width.
Furthermore, four-wave mixing processes were favored be-
cause of a larger temporal overlap between the pulses arising
from the fission process. Both these aspects lead very likely
to a good flatness of the supercontinuum, regardless of the
input wavelength. The spectral broadening was reduced com-
pared with the femtosecond case, as the main mechanism of
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FIGURE 6 A set of output spectra obtained with 1-ps 810-nm pulses for
increasing average input power

the supercontinuum evolution after the initial fission is soli-
ton self-frequency shift whose magnitude is proportional to
the inverse of the fourth power of the pulse-width [16].

We notice that the visible radiation generation was less ef-
fective when using picosecond pulses. The strongest visible
peak was at best at the same level as the infrared continuum
and it disappeared from the output spectrum as the input wave-
length was increased above 860 nm.

3 Discussion

Several papers have reported experimental evi-
dence of supercontinuum generation by fission of higher order
solitons propagating close to Azp in MFs. In all the reported
data the supercontinuum coexists with an anti-Stokes blue
radiation. The physical origin of such radiation is not com-
pletely understood. [12] gives evidence that soliton dynamics
plays a crucial role in the propagation of ultrashort pulses in
the anomalous dispersion region of the MF and presents an ex-
planation for visible light generation based on a phase relation
between solitons and dispersive waves.

Following the approach proposed in [12], we relate the
multi-peak structure of the infrared supercontinuum to the
evolution and fission of higher order solitons. The third-order
dispersion induces the progressive decay of the N-soliton
into its N constitutive fundamental solitons [15, 17]. The in-
put pulse breaks up into a fundamental soliton and a (N-1)-
soliton, which undergoes the same dynamics, turning into
a (N-2)-soliton and so on [18]. It is well known that a soli-
ton propagating in a perturbed regime experiences a dynam-
ical evolution of its parameters. This process is accompanied
by a loss of energy that is progressively transferred to dis-
persive radiation. The simple phase-matching condition pro-
posed in [12] is not adequate, in our opinion, to describe
the generation of the visible part of the spectrum. In fact the
spectral components of the dispersive radiation must belong
initially to the soliton optical spectrum [19]. Any subsequent
frequency shift must be explained by invoking some nonlin-
ear interaction to guarantee the fundamental energy conser-
vation principle. The radiation is emitted around the point of
strong temporal compression of the higher order soliton [18],

when the short-wavelength tail of the spectrum has deeply ex-
tended even into the normal dispersion region. The intensity
of the dispersive radiation in the normal dispersion regime
can also be coherently enhanced by the presence of a reson-
ance frequency in the soliton tail. The resonance condition is
determined by the effect of third-order dispersion [19]. The
resonant peak in the normal dispersion regime can be easily
observed in Fig. 7, in which the output spectrum at a power
of 11 mW and a wavelength of 738 nm is reported. The sub-
sequent evolution of the fundamental solitons is driven by the
self-frequency shift induced by intra-pulse stimulated Raman
scattering [20—22]. The pulse is shifted toward longer wave-
lengths. As we observed experimentally the dispersive radia-
tion emitted on the blue-shifted side of the soliton spectrum
behaves like an anti-Stokes wave that progressively shifts to-
wards the visible spectral region [20-22]. Many different
interpretations have been reported [12, 20] to describe this pe-
culiar behavior. However, the observed growth of the huge
blue peak at a fixed wavelength cannot easily be explained in
the framework of those interpretations.

We believe that the evolution of anti-Stokes radiation can
be satisfactorily explained by the mechanism of pulse trap-
ping across the zero-dispersion wavelength, which has been
recently demonstrated [23]. In this phenomenon an optical
pulse in the normal dispersion region is trapped by a soliton
pulse in the anomalous dispersion region and then the two
pulses copropagate along the fiber. The anti-Stokes radiation
experiences a cross-phase modulation due to the solitons that
propagate in the anomalous dispersion regime and progres-
sively shift towards longer wavelengths. As shown in Fig. 1
the soliton group velocity continuously decreases during the
Raman shifting process; the cross-phase modulation traps the
anti-Stokes radiation, leading to a blue-shift up to a wave-
length that makes the group velocities of the two waves equal.

In our specific case the dependence of the group velocity
on wavelength is rather weak in the range 1.1-1.6 um, so
that many different solitons are group-matched with the dis-
persive radiation in a narrow spectral region lying around
450 nm. This fact could explain the growth of the huge peak,
as many solitons trap the dispersive radiation around the same

-20
-30 -
-40

50

spectral density [dBm]

-60 -

v 1 M T v 1 v T 1
500 600 700 800 900 1000
wavelength [nm]

FIGURE 7 Output optical spectrum with 1.3-ps 738-nm input pulses at an
average input power of 11 mW
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wavelength. In addition, the trapping effect combined with
the dispersive behavior of the fiber should lead also to the
saturation of the shifting wavelength that we experimentally
observed. In fact, as shown in Fig. 2, by increasing the input
power we see initially a progressive wavelength shift of the
dispersive radiation up to about 430 nm. Above this point, by
increasing the power we observe that the anti-Stokes intensity
progressively increases, while its central wavelength experi-
ences a negligible shift.

4 Conclusions

Our experimental investigation of the nonlinear
propagation of femtosecond pulses near the zero-dispersion
wavelength of a microstructured fiber shows clear and dir-
ect evidence of pulse break-up and soliton propagation. At
moderate input intensities the output spectrum consists of
two well-separated components, one in the infrared and the
other in the visible, each appearing as a sequence of peaks.
At high input intensities the spectrum is made of a broad in-
frared supercontinuum coexisting with a rather sharp peak in
the visible. Our results are consistent with the scenario pro-
posed in [12]. A striking feature of our data, not appearing
in previous experiments and simulations, is that the gener-
ated visible wave has a very large intensity and little broad-
ening. We tentatively propose an explanation of this effect
based on the pulse-trapping phenomena associated with the
group-velocity matching of infrared and visible pulses. In
principle it should be possible to optimize the efficiency of
conversion from infrared to blue radiation (maybe even going
beyond the obtained 24%) by an appropriate design of the mi-
crostructured fiber, together with a clever choice of the input
wavelength.
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