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We numerically study the characteristics of optical rogue waves (RWs) in midinfrared supercontinuum (MIR-
SC) generation with a femtosecond pump in the anomalous dispersion regime of a chalcogenide photonic crystal
fiber. An approach based on seed-induced modulation instability is used to regulate the formation of optical
RWs. By carrying out multiple simulations in the presence of noise, we show that optical RWs can be generated
in a more controlled manner by providing a seed with an optimum modulation frequency. The redshift range of
optical RWs is expanded to a considerable extent in the seed-induced case rather than the noise-induced case.
Furthermore, the increase of pump power can facilitate the redshift of optical RWs. These results demonstrate
how a seed pulse affects the formation of optical RW for MIR-SC generation with a femtosecond pump in
the anomalous dispersion regime of fiber, indicating that optical RW can be used to generate ultra-broadband
MIR-SC.
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I. INTRODUCTION

Supercontinuum (SC) sources based on optical fibers have
drawn extensive attention in the past decades [1]. Especially,
expanding the wavelength range of the SC towards the midin-
frared (MIR) regime has been an active field of research owing
to its potential applications in biomedical sensing, optical
tomography, metrology, microscopy, and spectroscopy [2–4].
Photonic crystal fiber (PCF) is a great boost to the devel-
opment of SC generation because of its high nonlinearity,
low confinement loss, and tunable chromatic dispersion [5].
Previous work on SC generation mainly focused on silica
PCFs, which are not very suitable for MIR-SC generation due
to high absorption of silica in this spectral range [1,6,7]. With
the wider transmission window into long-wavelength range
and higher nonlinearity, chalcogenide PCFs have been studied
as excellent candidates for MIR-SC generation [8–10].

Dispersion engineering of chalcogenide fibers is very im-
portant because bulk chalcogenide glass usually suffers from
large normal dispersion in the infrared regime, which dra-
matically reduces the efficiency of spectral expansion [11].
Several research groups have proposed specifically designed
chalcogenide PCFs, which are pumped in the anomalous
dispersion regime to generate broadband MIR-SC [9–14]. For
instance, Hu et al. introduced a procedure for maximizing the
bandwidth of the SC spectrum in arsenic-selenide (As2Se3)
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chalcogenide PCFs with a hexagonal geometry [12] and
Ahmad et al. showed that a chalcogenide PCF with a circular
lattice is suitable for ultrawideband MIR-SC generation [13].
Therefore, it is achievable to obtain an efficient and broadband
MIR-SC generation by regulating the geometry structure of a
chalcogenide PCF.

Recently, there has been a growing interest in the stability
of light source and noise properties in the field of optical
fiber SC generation [1,14]. For SC generation pumped by
long pulse (picosecond and longer), the underlying spectral
broadening mechanisms and noise properties have been well
studied [15–18]. In 2007, Solli et al. have shown that the
shot-to-shot statistics of broadband SC spectra are associated
with the excitation of statistically rare rogue soliton events
[15]. Subsequently, widespread attention has been paid to
manipulate and harness the optical rogue wave (RW). Several
approaches have been proposed for manipulation of RWs
generated by a long pump, including triggering the continuous
wave [19,20], utilizing a sliding frequency [21,22], and seed-
ing a coherent pulse [23,24]. However, there are only a couple
of studies on the formation and control of optical RWs with
a femtosecond-long pump in the normal dispersion regime
[25,26]. Since modulation instability (MI) and soliton-related
dynamics are completely inhibited in the normal dispersion
region, SC spectral width is much smaller compared with that
pumped in the anomalous dispersion region [1]. Moreover, the
majority of previous studies on optical RWs focused on the
spectral range from visible to near-infrared [27–29], but quite
limited in the MIR range [30]. The optical RW is featured as
the statistically rare event associated with extreme redshift and
high-intensity long-wavelength Raman soliton pulse [15–17],
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and hence active manipulation is beneficial to the expansion of
bandwidth and an increase of conversion efficiency towards
MIR wavelength. Also, pumping with a femtosecond pulse
can transfer more energy away from the pump and further
decrease the amount of residual pump, generating a flatter
MIR-SC spectrum [1,31]. Therefore, effective control of op-
tical RW formation can lead to a much broader and smoother
MIR-SC spectrum when pumping a femtosecond pulse in the
anomalous dispersion regime of a chalcogenide PCF.

In this paper, the As2Se3 chalcogenide PCF is used as the
propagation medium to generate the MIR-SC by pumping a
femtosecond pulse in the anomalous dispersion regime close
to the fiber zero-dispersion wavelength (ZDW). Based on
multiple simulations, we present the effects of a seed pulse on
optical RW formation for MIR-SC generation in chalcogenide
PCFs. Induced MI can suppress the noise effect and thereby
control the behavior of optical RWs within a certain range in
the femtosecond regime. By measuring the statistic properties
of MIR-SC spectra, we show that not only the bandwidth but
also the stability of the MIR-SC can be improved by providing
an optimum seed.

II. PROPAGATION MODEL AND MODULATION
INSTABILITY GAIN

A. Propagation model in chalcogenide PCFs

MIR-SC generation in chalcogenide PCFs can be modeled
by the following generalized nonlinear Schrödinger equation
(GNLSE) [1,31]:
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where A(z, T ) is the field envelope. The left-hand side of
Eq. (1) models linear propagation effects, with a as the
linear loss coefficient and the βk’s as dispersion coefficients
for different orders. The right-hand side models nonlinear
effects with γ as nonlinear coefficient. The response function
R(t ) = fRhR (t )+(1 − fR )δ(t ) includes both delayed Raman
and instantaneous electronic contribution, with fR as the frac-
tional contribution of Raman response and hR (t ) = (τ−1

1 +
τ−2

2 τ1) exp(−t/τ2) sin(t/τ1) as the Raman response function
with Raman period (τ1) and lifetime (τ2). The time derivation
term on the right-hand side models the dispersion of the
nonlinearity, characterized by a time constant τshock. Noise
is included in the frequency domain through a one-photon-
per-mode background, and via the term �R which describes
thermally driven spontaneous Raman scattering [1,18].

We consider a Gaussian pump pulse (T0 = 200 fs, λ0 =
2500 nm) and a seed pulse with the following form propagat-
ing in a chalcogenide PCF:

A(0, T ) = √
Pp[1 + a0 exp(i2πf mod )] exp

(−T 2
/

2T 2
0

)
.

(2)
The peak power of the pump Pp is chosen to be 100 W,

while that of the seed is defined as a2
0Pp, where a0 is the

FIG. 1. (a) The dispersion (blue solid curve) and group delay
(red dashed curve) profiles of the chalcogenide PCF as a function of
wavelength. The vertical dotted line indicates the ZDW at 2466 nm.
(b) MI gain (blue solid curve) and Raman gain (red dashed curve)
spectra of the chalcogenide PCF as a function of seed frequency
offset. The vertical dotted line indicates the Raman gain peak at
7 THz.

modulation depth. The seed temporally overlaps with the
pump, and has a frequency offset f mod with respect to the
pump.

The chalcogenide PCF owns a four-circular-ring struc-
ture with the same air-hole filling fraction ratio in all
rings, the structure and properties of which are identi-
cal with that in Ref. [13]. The related structure parame-
ters are as follows: the pitch of the lattice �= 1.9 μm,
the diameter of each air hole d = 1.3 μm, and core diam-
eter 2(� − d/2) = 2.5 μm. By an efficient finite element
method, the dispersion curve of the chalcogenide PCF is
obtained with a ZDW of 2466 nm, as shown in Fig. 1(a).
With 2500 nm as the pump wavelength, we can obtain the
related dispersion coefficient values of the Taylor expan-
sion up to the tenth order, as follows: β2 = −0.0313 ps2/m,
β3 = 3.08 × 10−3 ps3/m, β4 = −1.06 × 10−5 ps4/m, β5 =
7.17 × 10−8 ps5/m, β6 = −5.3 × 10−10 ps6/m, β7 = 4.80 ×
10−12 ps7/m, β8 = −3.7253 × 10−14 ps8/m, β9 = 1.1885 ×
10−16 ps9/m, β10 = 1.0076 × 10−17 ps10/m. The group de-
lay curve of the chalcogenide PCF is also illustrated in
Fig. 1(a). The nonlinear coefficient γ at the pump wavelength
is 14 923 W−1 km−1, a relatively high nonlinearity that helps
to broaden the SC spectrum in the MIR regime.

B. Modulation instability gain and Raman gain

During the propagation of a femtosecond pulse, a weak MI
perturbation, even though it is only significant in the initial
stage, can have a dramatic impact on the generation of optical
RWs [26]. To have a close look at the impact of induced
MI on the optical pulse, the nonlinear response function and
dispersion profile are taken into account to obtain the MI gain
spectrum g(�) [1,2]:

g(�) = Im

{
�ko ±

√
�ke + 2γPpR̃(�)�ke

}
, (3)

where � is the modulation frequency, and �ko and �ke are
sums over odd- and even-order derivatives of propagation
constant β [1,24,31]. R̃(�) is the Raman response function
in frequency, which can be obtained by taking the Fourier
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transform of R(t ) [31]:

R̃(�) = (1 − fR ) + fR

τ 2
1 + τ 2

2

τ 2
2 − τ 2

1 (i + τ2�)2 . (4)

The material parameters (fR, τ1, τ2) are 0.100, 23.1 fs, and
195.0 fs, respectively [13]. Figure 1(b) plots together the MI
gain and Raman gain as a function of modulation frequency
at pump power. As shown in Fig. 1(b), the Raman gain peak
is located at the frequency offset of 7 THz. For femtosecond
pulses, soliton-related dynamics play an important role in
the MIR-SC generation, which is closely related to Raman
effects [1,31]. Therefore, 7 THz is chosen as the modulation
frequency to yield the richest dynamics. In addition, Sørensen
et al. have proved that modulation frequency located at the
Raman gain peak is also beneficial to the improvement of
spectral stability [24].

III. NUMERICAL SIMULATIONS
IN CHALCOGENIDE PCFs

To see how one can regulate RW formation for MIR-
SC generation in the femtosecond regime, we numerically
simulate the propagation of a pump pulse with a seed in a
6-cm-long chalcogenide PCF. In this section, we compare the
MIR-SC generated by the unseeded pump with that by the
seeded pump, both in the presence of random noise. In order
to isolate the effect of noise, the initial random noise seed is
fixed. In this simulation, the soliton order is chosen to be N =√

LD/LNL = √
γPP T 2

0 /|β2| ≈ 44, where LD = T 2
0 /|β2| and

LNL = 1/γPp are the characteristic dispersive and nonlinear
length, respectively. A higher-order soliton is a particular
class of solution of GNLSE representing a bound state of N

fundamental solitons. During the soliton fission process, the
injected pulse with sufficient peak power breaks up into a train
of individual subpulses in the anomalous dispersion regime.
Each of these subpulses is, in fact, a constituent fundamental
soliton and the number of subpulses is equal to the incident
soliton order N . For a large input pulse width T0 = 200 fs,
initial spectral broadening is usefully described in terms of
MI process. In this case, the breakup of the pulse temporal
envelope into subpulses arises from MI effects, and the fact
that this is seeded from noise has dramatic consequences for
the SC spectrum, resulting in significant shot-to-shot variation
in both temporal and spectral domains. MI can amplify low-
level noise at the input, resulting in large fluctuations in the
amplitude (and duration) of subsequently generated funda-
mental solitons. These fluctuations are then converted into
wavelength fluctuations through the soliton self-frequency
shift, which in turn leads to significant temporal jitter through
the dispersion effect. All the intensity plots use the same
logarithmic density scale in order to better analyze the pulse
evolution under different conditions.

A. Single shot dynamics without seed

Figure 2 illustrates the generation of the RW and SC in
the absence of seed (a0 = 0). In this case, noise acts as the
input seed, amplified by MI gain. When a femtosecond pulse

FIG. 2. Single shot simulation of pumping at 2500 nm under the
unseeded condition. (a) Input and output pulse shapes (top) and the
related temporal evolution (bottom). (b) Input and output spectra
(top) and the related spectral evolution (bottom).

is pumped in the anomalous dispersion regime, the signatures
of soliton-related dynamics are clear while noise-induced MI
effects are less apparent. For given parameters, the calculated
MI length (∼16LNL, 1.072 cm) is shorter than the calcu-
lated characteristic soliton fission length (∼LD/N , 2.9 cm).
Therefore, before higher-order dispersion or Raman scattering
becomes significant, noise-induced MI leads to the breakup
of higher-order solitons, generating a series of fundamental
solitons, as shown in the bottom part of Fig. 2(a) [1,18].
Subsequently, multiple collisions occur between these funda-
mental solitons due to their differences in group velocities.
Significant soliton-collision-induced energy exchange yields
a higher-energy RW and a lower-amplitude residual pulse.
In addition, the interaction between dispersive waves (DWs)
and fundamental solitons is another important mechanism
to generate RW. Then the most powerful RW undergoes
the strongest Raman self-frequency shift under the Raman
effects. As shown in the top part of Fig. 2(a), the RW has
a higher intensity and a larger time delay in contrast with
other solitons. Figure 2(b) shows that the RW is located at
the longest wavelength in the spectral domain. In the initial
stage of spectral evolution, spectrum broadening is almost
symmetric because of self-phase modulation. When propaga-
tion distance increases to 0.3 cm, MI comes into action in the
spectral evolution, where a single set of sidebands with weak
amplitude is generated at the peaks of the calculated Raman
gain spectrum. In this case, noise as a probe is amplified
by MI gain, resulting in spectral fluctuations. Even such a
small noise-induced MI perturbation plays a vital role in the
formation of RWs with extreme redshift. It is obvious that the
generation of RWs benefits spectral expansion of the MIR-SC
to a wider range. Nevertheless, due to the randomness of
noise, the emergence of a RW based on noise-induced MI is
a sudden and rare event, which does harm to spectral stability
of the MIR-SC (please see discussions on statistic properties
in Sec. IV).
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FIG. 3. Single shot simulation of pumping at 2500 nm with a
seed of 0.05 modulation depth at the modulation frequency of 7 THz.
(a) Input and output pulse shapes (top) and the related temporal
evolution (bottom). (b) Input and output spectra (top) and the related
spectral evolution (bottom).

B. Single shot dynamics with seed

Providing a seed with an optimum frequency offset relative
to the pump can ensure a deterministic pulse breakup, improve
spectral stability of the MIR-SC, and therefore reduce the
noise effect. Figure 3 shows that a weak pulse with a modula-
tion depth of 0.05 and a frequency offset of 7 THz relative to
the pump is used as the seed. The seed can be observed in the
input spectrum shown in the top part of Fig. 3(b). In Fig. 3(a),
the breakup of higher-order solitons emerges at a quicker
rate compared with that without seed, which indicates a seed
can strongly affect MI. This phenomenon can be understood
physically because the seed creates an initial modulation on
the pump that will see preferential growth relative to the noise
[23,24,32]. Subsequently, a train of fundamental solitons are
split out due to the seed-induced MI. These fundamental
solitons in Fig. 3(a) are ejected earlier than those in Fig. 2(a).
Since the peak powers and durations of these fundamental
solitons are different, they have different group velocities
under the perturbation of higher-order dispersion and Raman
scattering along with the propagation [33]. Soon afterwards,
multiple collisions between solitons take place, leading to
energy exchange between them. Compared with the unseeded
case, the number of collisions between fundamental solitons
is increased in this seeded case, generating a RW with a higher
intensity and a larger redshift. As illustrated in the bottom part
of Fig. 3(a), one can see that the output RW goes through
two collisions at the propagation distance of 3.2 and 4.5 cm,
respectively. In the spectral domain, a single set of sidebands
with strong amplitude is generated in the initial stage of MIR-
SC generation. Such a strong induced MI perturbation plays a
critical role in spectral evolution and RW generation. Next, a
clear soliton, namely, the optical RW, is ejected at 3.2 cm and
then undergoes continuous shift to longer wavelengths due to
Raman self-frequency shift. Since the strong MI process is
induced by a specific seed rather than random noise, RWs can

FIG. 4. Output spectrograms (a) without seed and (b) with a seed
of 0.05 modulation depth at the modulation frequency of 7 THz,
which correspond to Figs. 2 and 3, respectively.

be generated in a more controlled manner (please see discus-
sions on statistic properties in Sec. IV). Moreover, the optical
RW generated in Fig. 3(b) can redshift to a longer wavelength
in contrast with that in Fig. 2(b), which is beneficial to the
generation of an ultrabroadband MIR-SC spectrum.

C. Comparison between unseeded and seeded cases

In order to better illustrate the advantages of the seed on
RW formation, output spectrograms without and with a seed
are plotted in Figs. 4(a) and 4(b), respectively. A significant
difference between the two spectrograms is observed at the
long-wavelength side, where the number and the intensity
of solitons are quite different. The optical RW has a higher
intensity and a larger frequency redshift in the seeded case
compared with that in the unseeded case. However, the inten-
sities of the other fundamental solitons in the seeded case are
lower than those in the unseeded case. The above phenomena
result from the differences in the strength of MI sidebands
and number of multiple collisions in the two cases. In the
noise-induced case, the intensity of MI sidebands is very
weak, which leads to a slow breakup of fundamental solitons.
Such a phenomenon reduces the strength of collisions and
the rate of frequency redshift, resulting in a low-efficiency
energy exchange between solitons, while providing a seed
with 7-THz modulation frequency can make the MI sidebands
with a much higher intensity generated at a quicker rate,
resulting in a faster breakup of the temporal pulse. Such a
phenomenon contributes to the emergence of multiple col-
lisions, and thereby generates a RW with a higher intensity
and a larger redshift. When a series of fundamental solitons
are ejected in the anomalous dispersion regime, DWs are
radiated in the normal dispersion regime from the pump.
When the group-velocity matching condition between the
solitons and DWs is met, solitons on the long-wavelength
side interact through cross-phase modulation with the DWs on
the short-wavelength side, which can lead to soliton trapping
phenomena [1,31]. In this case, spectral locations of the
DWs are related to those of the solitons. Because the RW
in Fig. 4(b) has a larger frequency redshift compared with
that in Fig. 4(a), the corresponding trapped DWs can obtain
a larger frequency blueshift, which is beneficial to spectral
expansion.
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FIG. 5. The comparison between (a1, a2, a3) noise- and (b1, b2,
b3) seed-induced MIR-SC generation with 0.05 modulation depth
at the modulation frequency of 7 THz. (a1, b1) Output spectral
characteristics with 100 individual simulations (gray lines) and the
calculated mean spectrum (blue line). (a2, b2) SNR. (a3, b3) Peak
power histograms when filtering above 3800 nm (the inset presents
the corresponding histograms in log-log scale).

IV. STATISTICAL PROPERTIES OF THE RW AND MIR-SC

To examine the spectral stability of the MIR-SC in the
femtosecond regime, multiple simulations are carried out in
the presence of different random noise, resulting in spectral
and temporal structures with shot-to-shot fluctuations. In this
section, statistical properties of the RW and MIR-SC are
investigated using an ensemble of 100 realizations.

Figure 5 shows the comparisons between noise- and seed-
induced MIR-SC generation when a femtosecond pulse is
pumped in a chalcogenide PCF. Figures 5(a1) and 5(b1)
compare the output MIR-SC spectral characteristics, where
gray lines represent an ensemble of 100 individual simulations
with random noise and the blue line represents the calcu-
lated mean from the ensemble. In contrast with Fig. 5(b1),
Fig. 5(a1) shows more significant shot-to-shot fluctuations
in the spectral intensities around 4000 nm. Such instability
results from the significant shot-to-shot differences in Raman
soliton dynamics and frequency brought by the random nature
of noise-induced MI [16–18] while in Fig. 5(b1) providing a
seed leads to considerably different spectral characteristics.
First, an increased overall bandwidth with extended long-
wavelength edge is observed in the seed-induced case. Such
a phenomenon is expected since seed-induced MI facilitates
the initiation of soliton fission and the emergence of multiple
collisions, which further expand the MIR-SC spectrum. In

FIG. 6. (a) Raman gain spectrum (red dashed curve) and MI
gain spectra with different pump peak power as a function of seed
frequency offset. The dotted line is located at the Raman gain peak
at 7 THz. (b) Calculated average spectra from 100 simulations with
different pump peak power. The peak power of the pump changes in
steps of 50 W from 150 to 400 W (from bottom to top).

addition, the peak power is enhanced at the long wavelength
while reduced at the pump due to the same reason. At last, a
well-isolated RW shows up at the long-wavelength edge. This
is because the optical RW is generated in a more deterministic
manner with a seed.

The intensity stability can be further quantified by the
signal-to-noise ratio (SNR), which is defined as the ratio of
the mean to the standard deviation [24,26]. Figures 5(a2) and
5(b2) show the comparison of SNR between the noise- and
seed-induced MIR-SC generation. In Fig. 5(a2), a low flat
SNR is observed over the entire spectral bandwidth except that
with a tiny projection at the long wavelength. The tiny projec-
tion around 4000 nm shows the emergence of the optical RW
at a low probability. In contrast, providing a seed can pull the
projection to a longer wavelength and a higher value, as shown
in Fig. 5(b2). In order to further present the remarkable im-
provement in spectral stability, Figs. 5(a3) and 5(b3) compare
the histograms of peak power probability distribution at the
long wavelength in the noise- and seed-induced case. In order
to isolate the shot-to-shot fluctuations in the long-wavelength
edge of the MIR-SC, a long-pass filter is used to select
the spectrum components above a certain wavelength. Here
we use a filter with 3800-nm cutoff wavelength that selects
the −20-dB long-wavelength edge of MIR-SC spectra. In
Fig. 5(a3), the histogram demonstrates a typical heavy-tailed
“L-shaped” probability distribution, which characterizes the
emergence of the optical RW as a high-amplitude event with
a low probability in the unseeded case [15,23]. After adding
a weak pulse with an optimum modulation frequency as
the seed, a distinctly localized Gaussian-like distribution is
observed in Fig. 5(b3) due to the generation of the optical RW
at a high probability, indicating an enhanced spectral stability
[25,26].

Figure 6 shows the effect of pump peak power on op-
tical RW formation in the femtosecond regime. As shown
in Fig. 6(a), even though the peak of the MI gain spectrum
gradually shifts to a longer wavelength with the increase of
pump power [Eq. (3)], the Raman gain spectrum does not
change [Eq. (4)]. Because a seed at the Raman gain peak
can efficiently enhance the spectral stability, 7 THz is still
chosen as the modulation frequency of the seed. Figure 6(b)
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shows the calculated average spectra from 100 simulations
under different pump peak power. As shown here, the optical
RW experiences a redshift in central frequency accompanied
by an increase in the spectral bandwidth as the pump power
increases. Such a phenomenon is expected since the increase
of pump power generates more fundamental solitons, which
further accelerates the emergence of multiple collisions as
well as the redshift of Raman solitons. Therefore, increasing
the pump power can help to expand the MIR-SC bandwidth
based on the effects of a seed pulse on optical RW formation.

V. CONCLUSIONS

In this paper, we present a mechanism to generate broader
and more stable MIR-SC generation based on the effects
of a seed pulse on optical RW formation when pumping a
femtosecond pulse in the anomalous dispersion regime of
a chalcogenide PCF. These results indicate that providing a

seed with an optimum modulation frequency can dramatically
enhance the spectral stability by generating the optical RW
in a more controlled manner. In addition, the frequency of
the optical RW can redshift to a longer wavelength based on
the seed-induced MI, which contributes to spectral expansion.
At last, the increase of pump power can also accelerate the
redshift of the RW, and further expand the spectral bandwidth.
We believe the results of this paper will give insight on the
impact of a seed on RW generation, which can further promote
the application of the MIR-SC in practice.
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