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Pulse collapse and blue-shifted enhanced supercontinuum
in a photonic crystal fiber∗
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The blue-shifted supercontinuum generation in a photonic crystal fiber pumped by high peak power femtosecond
pulses with a wavelength located in the anomalous dispersion region is investigated experimentally and numerically. The
formation of a blue-shifted enhanced supercontinuum due to the pulse collapse is demonstrated. The process of the pulse
collapse is measured by using the grating-eliminated no-nonsense observation of ultrafast incident laser light e-fields tech-
nique (GRENOUILLE). Numerical simulations in spectral and temporal domains are conducted. The data from the numer-
ical simulations are in good agreement with the experimental results. Our experimental results and numerical simulations
show that pulse collapse is the determining factor in the generation of a blue-shifted supercontinuum.
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1. Introduction
The structure of photonic crystal fiber (PCF) provides

a wavelength-dependent effective index for the cladding and
allows the single-mode guidance throughout the visible and
the near infrared spectral ranges. This leads to novel fea-
tures in nonlinear processes, such as the generation of a su-
percontinuum (SC) with a spectral width exceeding two oc-
taves for relatively low intensities and long pulses. The SC
generation depends on the pulse duration, the pulse energy,
and the pump wavelength in relation to the zero-dispersion
wavelength. Extensive studies reveal that several physical
phenomena are involved in the process of supercontinuum
generation. Self-phase modulation, intrapulse Raman scat-
tering, four-wave mixing, cross-phase modulation, modula-
tion instability, and dispersive wave generation are the major
nonlinear processes that actively take part in supercontinuum
generation.[1–4]

The interplay between the dispersion and the nonlinearity
of the PCF produces optical solitons whose dynamics play a
pivotal role in the process of supercontinuum generation when
an ultrashort optical pulse is launched in the anomalous group-
velocity dispersion domain. In this case, the spectral broad-
ening is governed by the transformation of the pump pulse
into higher-order solitons that break up through the effects of
higher-order dispersion and Raman scattering. The resulting
fundamental solitons shift to lower frequencies via the soli-
ton self-frequency shift.[5–9] Since the magnitude of the soli-
ton self-frequency shift inversely increases with the increasing
pulse duration, the soliton self-frequency shift of the solitons

created after fission leads to a red spectral broadening in the
PCF with anomalous group velocity dispersion.[10–14] At the
same time, the dispersive wave generation extends the spec-
trum into the visible and the ultraviolet spectral ranges where
the group velocity dispersion is normal.

Many theoretical studies on supercontinuum generation
in a PCF pumped by femtosecond pulses at relatively low in-
put energies are carried out, but experimental studies on the
temporal evolution of the pulse in a PCF are relatively rare
due to the fiber diffraction and the measuring difficulty. Dud-
ley and Cao simulated and measured the continuum genera-
tions in a 16-cm PCF and a 8-mm PCF, respectively using
XFROG.[15,16] However, XFROG is not suitable to measure
a weak signal due to its complex structure.

The SC generation process is very complex, and the rich
dynamic evolution is certainly not apparent by simply measur-
ing the spectrum at the fiber output. Its practical applications
require that we understand how best to create it. Finding the
answer requires detailed modeling and wholly measuring the
SC. In this paper, we present experimental and numerical re-
sults on the SC generation in a PCF, and the pump wavelength
is located in the anomalous dispersion regime. To investigate
the temporal and the spectral evolutions of femtosecond pulses
in the PCF, the grating-eliminated no-nonsense observation
of ultrafast incident laser light e-fields (GRENOUILLE) tech-
nique is used in experiments. GRENOUILLE is a simple and
compact method for measuring complex ultrashort pulses. It
requires only a few simple optical elements and no intricate
alignment procedure. In addition, it can measure pulses from
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a wide variety of sources, from the lowest-energy oscillator
to the highest-intensity amplifier. The GRENOUILLE is also
extremely compact and more sensitive than other pulse diag-
nostics. GRENOUILLE’s operating range nicely matches that
of most ultrafast Ti:Sapphire lasers and amplifiers.[17]

We study the spectral broadening dynamics into the blue
and the red spectral ranges as functions of the input power.
We find that the underlying broadening mechanism on the blue
side depends strongly on the input power whereas that on the
red side does not. We simulate its evolution in the spectral
and temporal domains to clarify the underlying physics. The
data from numerical simulations are in good agreement with
the experimental results. At a high pulse energy and in the
anomalous dispersion regime, the pump pulse evolves toward
a high-order soliton. Because of the higher-order dispersion,
the high-order soliton is not stable and breaks up into con-
stituent solitons, resulting in the emission of blue-shifted non-
solitonic radiation. Our experimental and simulation results
show that the pulse collapse plays a crucial role in the blue-
shifted supercontinuum generation.

2. Experimental setup

Figure 1 shows a diagram of the experimental setup. The
pulse duration is TFWHM = 120 fs with a central wavelength
of 800 nm. The bandwidth of the pulse is about 10 nm, and
the pulse repetition rate is 1 kHz. The energy is controlled by
an attenuator. The laser beam is focused into the PCF by a
10× microscope objective. The fiber output is recorded using
an optical spectrometer, and a home made GRENOUILLE is
used to measure the temporal evolution of the pulse.

attenuatorTi:sapphire laser

GRENOUILLE

objective lensobjective lens

M1

M2

PCF

Fig. 1. (color online) Diagram of experimental setup.

The supercontinuum generation is studied in a 10 cm long
PCF. The dispersion of the fiber is shown in Fig. 2(a), and
a scanning electron micrograph of the fiber cross-section is
shown in Fig. 2(b). The diameter of the solid core of the fiber
is 2.5 µm, the diameter of the hole is 2.7 µm with hole-to-hole
spacing of 2.9 µm. The zero-dispersion wavelength is located
at 780 nm; the nonlinear parameter is ∼ 0.09 W−1·m−1.
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Fig. 2. (color online) (a) Dispersion of the fiber as a function of wave-
length, (b) scanning electron micrograph of the fiber transverse section.

3. Results and discussion
Figure 3(a) is a photograph of the beam propagating in

the PCF. The laser beam is focused into the PCF at the left en-
trance surface by a 10× microscope objective, and the beam
in the PCF propagates from left to right. The output pattern
at the exit surface of the PCF is imaged on a CCD camera as
shown in Fig. 3(b). A blue-shifted SC is generated in the PCF,
as the color shown in the photograph is blue-shifted, and the
blue-shifted SC generation is confirmed in Fig. 4.

  

(b) (a) 

Fig. 3. (color online) (a) Photograph of blue-shifted SC; (b) output pat-
tern of the fiber.

The output spectra recorded for different input powers are
presented in Fig. 4. The distinctive features of the output spec-
tra are the spectral evolution being highly asymmetric around
the zero dispersion wavelength and the appearance of blue-
shifted enhanced frequency components. In Fig. 4(a), the input
power is 20 mW, and the spectrum shows a broadened pump
along with two features. The first feature is at the long wave-
length side of the pump pulse, where a part of the energy is
transferred to several distinct peaks with central wavelengths
of 830 nm, 845 nm, 880 nm, and 965 nm. The second fea-
ture in the spectrum is that the blue-shifted components are
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simultaneously generated and a gap is formed in the vicinity
of the zero-dispersion wavelength 780 nm. The distinct peaks
of the blue-shifted components are located at 774 nm, 555 nm,
and 500 nm. A further increase in the power leads to a con-
tinuous blue-shift to 350 nm, and more blue-shift peaks ap-
pear. At higher pump energies, all these peaks merge to give
a continuous spectrum. With a further increase in the power,
the intensity of the blue band grows and the edge of the spec-
trum shifts to a shorter wavelength, whereas the red side of the

spectrum is found to expand rather moderately, as shown in
Figs. 4(b)–4(d). The transmitted spectra are attenuated by an
attenuator and recorded by a USB2000+ Miniature fiber optic
spectrometer.

The solitons in the spectral domain in Figs. 4(b)–4(d) can-
not be discerned due to the spectral overlap of the solitons with
increasing pump intensity. Solitons in the temporal domain
with a different lag time measured by the GRENOUILLE are
illustrated in Fig. 6.
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Fig. 4. Output spectra recorded for for different input powers ((a) 20 mW, (b) 25 mW, (c) 30 mW, (d) 35 mW).

The behavior of SC generation in the fiber described
above cannot be explained only by the self-phase modulation
induced broadening. We can explain the appearance of this
series of new spectral peaks in terms of the fission of higher-
order solitons.[18] At high pulse energy and with a pump wave-
length in the anomalous dispersion regime, the pump pulse
evolves toward a high-order soliton. The red-shifted new
peaks are the result of soliton fission in the fiber. Because
the pump pulse is launched in the anomalous dispersion do-
main and is near the zero dispersion wavelength, a high-order
soliton is not stable and breaks up into constituent first-order
solitons due to the contributions from other effects such as
self-steepening, high-order dispersion, and Raman scattering.
The initial pulse collapses into sub-pulses with different group
velocities, different widths, and different peak powers, which
appear in the optical spectrum as the red-shifted components.
The blue-shifted components originate in the fission process,
a part of the pulse energy is transferred to a dispersive wave
at the frequency that satisfies a specific phase-matching con-

dition, and it falls on the blue side of the original carrier fre-
quency of the incident pulse.[21] The phase-matching condi-
tions for resonant dispersive wave generation can be used for
the optimization of wavelength conversion into blue and ultra-
violet spectral ranges.[19]

In order to study the temporal evolution of the input pulse,
we construct a GRENOUILLE setup to measure the temporal
evolution of the pulses. Figure 5 shows a series of experi-
mental traces measured for different input power levels. The
retrieved supercontinuum intensity and phase vs. time for dif-
ferent input powers are shown in Fig. 6. The supercontinuum
in the temporal domain consists of a series of sub-pulses that
are much shorter than the input 120 fs pulse. In particular, the
figure shows the temporal pulse collapse and the development
of ultrafast temporal oscillations on portions of the temporal
intensity profile. The temporal characteristics shown in Fig. 6
are in good agreement with the above analysis. The initial
pulse collapses into sub-pulses with different group velocities,
different widths, and different peak powers, which separate
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Fig. 5. (color online) Experimental traces in the PCF measured for different input powers ((a) 20 mW, (b) 25 mW, (c) 30 mW, (d) 35 mW).
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Fig. 6. Retrieved supercontinuum intensity and phase versus time in the PCF for different input powers ((a) 20 mW, (b) 25 mW, (c)
30 mW, (d) 35 mW).

from each other due to the group velocity walk-off. The pulse
launched into the fiber corresponds to an N-th order soliton.
Such a soliton is constituted of N fundamental solitons. The
number of these fundamental solitons increases with increas-
ing input pulse energy, as shown in Fig. 6.

4. Numerical simulation

The generalized nonlinear Schrödinger equation
(GNLSE) is widely used to simulate the dynamics of SC

generation and can be written in the normalized form as[1,20]

∂A
∂ z

+
α

2
A = i

∞

∑
m=1

imβm

m!
∂ mA
∂ tm + iγ

(
1+

i
ω0

∂

∂ t

)
×
(

A(z, t)
∫

∞

0
R(t ′)

∣∣A(z, t− t ′)
∣∣2 dt ′

)
, (1)

where α accounts for the fiber losses, and γ is the nonlinear pa-
rameter. By assuming that the electronic contribution is nearly
instantaneous, R(t) can be written as

R(t) = (1− fR)δ(t)+ fRhR(t), (2)
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where fR = 0.245, and the first and the second terms corre-
spond to the electronic and the Raman responses, respectively.
The Raman response function can be expressed in the form

hR(τ) = ( fa + fc)ha(τ)+ fbhb(τ), (3)

where functions ha(τ) and hb(τ) are defined as

ha(τ) =
τ2

1 + τ2
2

τ1τ2
2

exp
(
− τ

τ2

)
sin
(

τ

τ1

)
, (4)

hb(τ) =

(
2τb− τ

τ2
b

)
exp
(
− τ

τb

)
, (5)

with τ1 = 12 fs, τ2 = 32 fs, and τb = 96 fs. The coefficients
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Fig. 7. (color online) Simulated spectral evolutions of the pulse in the
PCF for different input powers ((a) 20 mW, (b) 25 mW, (c) 30 mW, (d)
35 mW).

fa = 0.75, fb = 0.21, and fc = 0.04 quantify the relative contri-
butions of the isotropic and the anisotropic parts of the Raman
response. The standard split-step Fourier method is employed
to solve the GNLSE numerically. The input pulse is assumed
to have a Gaussian shape with pulse width T0 = 120 fs. The
other parameters are λ0 = 802 nm, α = 0, γ = 0.09 W−1·m−1,
β2 =−5×10−26 s2/m, β3 = 1.4×10−40 s3/m, and the propa-
gation distance is 0.1 m.
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Fig. 8. (color online) Simulated temporal evolutions of the pulse in the
PCF for different input powers ((a) 20 mW, (b) 25 mW, (c) 30 mW, (d)
35 mW).

The simulated spectral evolutions of the input pulses in
the PCF with different input powers are plotted in Fig. 7. As
can be seen from Fig. 7, the supercontinuum is significantly
blue-shifted. New spectral frequencies are generated first on
both sides of the input frequency due to the self-phase mod-
ulation. These self-phase modulation induced components
broaden the spectrum over its input width. In Fig. 7(a), the in-
put power is 20 mW, the distinct peak of the blue-shifted com-
ponent is located approximately at 500 nm, and the red side
of the spectrum is expanded simultaneously. With increasing
input power, more blue-shifted peaks are generated and the
intensity of the blue band grows, whereas the red side of the
spectrum is found to expand rather moderately. As the input
power reaches 35 mW, the blue-shifted spectrum approaches
nearly 200 nm. The simulated spectra coincide with the ex-
perimental results. An optical soliton is generated by the low-
frequency components of the spectrum; however, some of the
pulse energy lies in the blue part falling in the normal group
velocity dispersion domain, as shown in Fig. 7.

The simulated temporal evolutions of the input pulses
with different input powers are plotted in Fig. 8. As shown
in Fig. 8, the input pulse narrows in the first few centimeters
of the fiber due to the self-phase modulation and the anoma-
lous dispersion, and later, in conjunction with the high-order
dispersion terms and other disturbing effects, the pulse col-

034204-5



Chin. Phys. B Vol. 22, No. 3 (2013) 034204

lapses. This is the process referred to as the soliton fission.
Solitons are shed one after another and shift to a longer wave-
length as expected from the soliton self-frequency shift. The
solitons separate in the temporal domain due to the group ve-
locity walk-off. At the same time, we can see that the soliton
is delayed more and more as it propagates, and its spectrum
shifts towards the red side. As can be seen from Fig. 8, as
the soliton is further red-shifted, a part of the dispersive wave
shifts toward the blue side as shown in Fig. 7. The dispersive
wave moves slower than the soliton and appears behind the
soliton during the propagation.

The dispersion length of the fiber for the pulse width of
T0 = 120 fs is LD = 0.288 m, and the nonlinear length for the
pulse peak power of P0 = 2×108 W is LNL = 0.06 µm. These
input parameters imply that the input pulse can be treated as
a higher-order soliton. The pulse launched into the fiber cor-
responds to an N-th order soliton. The N-th order soliton col-
lapses and the initial pulse decays into sub-pulses which prop-
agate independently as fundamental solitons. The sub-pulses
are far less stable than the fundamental solitons. As the pump
power increases, the sub-pulses shed away energy, then they
can propagate as the fundamental solitons, and the radiated en-
ergy transfers to a dispersive wave and falls on the blue side.
The extension of the continuum to the infrared is not signifi-
cant; consequently, the Raman scattering is not the determin-
ing factor in our experiments. The delay of sub-pulses which
behave like the fundamental solitons is a result of the lower
velocities of the frequency components that form them. The
number of these fundamental solitons increases with the in-
crease in input pulse energy. The input pulses initially undergo
the expected higher-order soliton evolution dynamics of spec-
tral broadening and temporal compression; however, because
of perturbations such as the higher-order dispersion and the
stimulated Raman scattering, the dynamics depart from the re-
current behavior expected for the ideal high-order solitons, and
the pulses collapse.[21,22] When close to the zero-dispersion
wavelength, however, such an idealized soliton fission does
not occur in practice, because the same perturbations that in-
duce the breakup in the first place also modify the subsequent
evolution of the ejected solitons. In the initial stage, for exam-
ple, the energy of the ejected solitons is shed via the generation
of dispersive wave spectral components in the normal disper-
sion regime, whilst continued propagation leads to a contin-
uous shift to longer wavelengths through the Raman soliton
self-frequency shift, and the cross-phase modulation between
the Raman-shifting solitons and the dispersive waves.[20]

5. Conclusion
In this paper, we have investigated the blue-shifted super-

continuum generation in a PCF pumped by high peak power
femtosecond pulses with a pulse width of 120 fs and wave-
length in the anomalous dispersion regime of the PCF. The

formation of a blue-shifted enhanced supercontinuum due to
pulse collapse is demonstrated. The process of the pulse col-
lapse is measured by using the GRENOUILLE. The data from
numerical simulations are in good agreement with the exper-
imental results. The results show that increasing the pump
power leads to a broadening in the blue-shifted components,
whereas the red side of the spectrum is found to expand rather
moderately. The process creates blue-shifted new frequency
components that ultimately form the supercontinuum. The
spectrum is mainly generated by the soliton fission and the
dispersive wave generation. The initial pulse starts to col-
lapse into sub-pulses, causing the central part of the spec-
trum to be broadened. The sub-pulses shed away energy so
the pulses can propagate as independent fundamental solitons;
the radiated energy is in the spectrum as blue-shifted compo-
nents. The soliton self-frequency shift of the single solitons
created after fission leads to red spectral broadening in the
fiber with anomalous dispersion. The dispersive wave gener-
ation extends the spectrum into the visible and the ultraviolet
spectral ranges where the dispersion is normal. The spectral
and the temporal profiles of the pulse suffer strongly from the
high-order dispersion and other disturbing effects, resulting in
asymmetric spectral broadening (more broadened on the blue
side).
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