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We further numerically study the mid-infrared supercontinuum (SC) and the rare optical
rogue wave (ORW) generated by femtosecond pulse pumping in chalcogenide fibers.
Specifically, it is shown via ensembles of numerical simulations that the compression of the
spectrum by dispersion oscillating fiber (DOF) effectively controls the generation of ORW. A
comparison is made between uniform fiber (UF) and DOF, the spectral bandwidth is
compressed from 5,800 nm of UF to 2,300 nm of DOF, and the ORWof high peak power is
suppressed. In addition, the oscillation amplitude, oscillation period and initial phase of
DOF dispersion are further changed. It has been proved that the suppression effect of
ORW is the best when the oscillation amplitude is 300 ps2/km, the oscillation period is
0.5 cm and the initial phase is 0. We believe that our research results will provide some
enlightenment for controlling the direction of ORW by changing the characteristics of
optical fiber, improving the performance of SC.

Keywords: optical rogue wave, dispersion oscillating fiber, nonlinear optics, mid-infrared, suppression
supercontinuum

INTRODUCTION

As is known to all, the mid-infrared supercontinuum (SC) has the advantages of wide spectral band,
high radiation power and good spatial coherence. It has been widely used in spectroscopy [1], optical
coherence chromatography [2], biomedical [3, 4]. In particular, SC broadening at long wavelength
has attracted much attention [5]. Petersen et al. extended the long wavelength side of SC spectra to
7 μm in cascaded fibers with semiconductor lasers in 2016 [6]. Years later, the fluoride fiber was
pumped by Martinez using a three-stage power amplifier, and obtained SC spectrum coverage of
1.6–11 μm [7]. Subsequently, the diameter of the fiber was reduced to 13 μm by Wang et al., and
pumped the 17 cm fiber with an optical parametric amplifier laser to obtain SC spectra from 1.8 to
15 μm [8].

When the fiber is pumped by pulse, new frequency components can be generated continuously
due to the interaction of linear and nonlinear effects, making the output spectrum greatly wider
[9–11]. During the SC broadening formation, the velocity dispersion of the basic solitons caused by
the decay of the higher order solitons is different due to the modulation instability (MI), and the
collision between the solitons leads to optical rogue wave (ORW) [12]. ORW was first observed in
nonlinear fiber systems by Solli et al. [13]. The ORW is a kind of low probability event with super
high intensity and large redshift produced in the long wave length of SC, which seriously degrade the
coherence, stability, and flatness of SC [14–16]. Next, a very weak CW trigger was used by Cheung
et al. to enhance and stabilize SC generation [17]. Zhao also proposed the method of seed inducedMI
to control ORW in the process of mid-infrared SC generation [18]. Soon, high order ORW is studied
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by choosing appropriate nonlinear coefficients [19]. It is
demonstrated that cascaded four wave mixing caused by weak
continuous wave trigger can accelerate soliton fission and
collision [20]. Therefore, how to effectively control the
generation of ORW has become an important research
hotspot in the field of nonlinear optics.

The periodic change of dispersion oscillating fiber (DOF)
characteristics break the traditional limitation of standard MI in
uniform fiber (UF). On the one hand, the MI gain side lobes
result from quasi-phase-matching relation in DOF provide
additional degree of freedom to control generation of ORW.
For instance, Finot observed a spectral sideband splitting into
different sub-sidebands in a periodically varying DOF [21]. An
analytical model was also established by C. Franois et al. to
calculate the parametric gain in DOFs and predict the position
of the quasi-phase matched MI sidelobes [22]. Soon afterwards,
the longitudinal periodic change of DOF is discussed by Mussot,
which provided an additional degree of freedom to the system
and led to the generation of multiple MI sideband pairs [23]. On
the other hand, the dispersion and nonlinear periodic variation
of DOF, which further affects the pulse and ORW generation
[24]. Using continuous wave and seed signal to pump DOF by
Feng in 2014, and compressed the pulse time domain of 37–21
ps [25]. Sysoliatin proved that ORW in the DOF can be
controlled by changing the initial pulse and the fiber
modulation period [26]. Except for the above, it is also
showed an in-depth investigation of ORWs during
picosecond SC generations in DOF [27].

To sum up, it is an effective way to control ORW by
controlling the variation of dispersion and nonlinearity in
mid-infrared DOF. In this paper, we present the in-depth
investigation of ORWs during femtosecond SC generation in
chalcogenide DOF. The effects of the DOF on ORW are
observed by statistical peak power histogram. Then, the SC is
generated by DOF with different oscillation amplitude,
oscillation period and initial phase along the fiber length,
respectively, and the influence of dispersion parameters on
ORW is analyzed in detail.

MI ANALYSIS IN DOF

The evolution of optical pulse in DOF can be described by the
nonlinear Schrodinger equation in the following form [28]:
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whereA (z, t) is the field envelop, τshock � 1/ω0 and ω0 is the center
frequency, c is nonlinear coefficient, z accounts for coordinate
along the fiber axis. The loss item α is ignored. Noise is included

in the frequency domain through one photon per mode spectral
density on each spectral discretization bin, and via the term ΓR
which describes thermally driven spontaneous Raman scattering
[29, 30]. The numerical simulation method is split-step fast
Fourier transformation, and the fixed step size used in the
simulation is 0.005 cm βk is the kth-order dispersion
coefficient at the center frequency ω0, the group velocity
dispersion (GVD) value is a sine function varying with the
transmission distance, which has the following form [31]:

β2(z) � β02 + β12 sin(2πzΛ + φ) (2)

where β2
0 and β2

1 are the average GVD value and the oscillation
amplitude of GVD value, respectively. Λ is the oscillation period
along the transmission distance. The initial values are β2

0 �
−144.3 ps2/km, Λ � 0.5 cm, φ � 0 [32]. The nonlinear
response function is:

R(t) � (1 − fR)δ(t) + fRhR(t) (3)

where fR � 0.115 is fractional contribution of delayed Raman
response to nonlinear polarization, hR(t) is Raman response
function and the formula is usually expressed as [33]:

hR(t) � τ21 + τ22
τ1τ22

exp(− t

τ2
) sin( t

τ1
) (4)

where τ1 relates to the phonon oscillation frequency while τ2
defines the characteristic damping time of the network of
vibrating atoms, taking the value τ1 � 23.1 fs, τ2 � 195 fs [34].

Based on the nonlinear Schrodinger equation satisfying the
optical pulse transmission in DOF, the gain spectrum of MI in
DOF is obtained by linear stability analysis. The MI gain of DOF
can be approximately expressed as [35]:

g(Ωk) � 2cP0

∣∣∣∣∣∣∣∣Jk(β
1
2Ω2

k

2π/Λ)
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where J is Bessel function of first kind, k represents the kth
harmonic of the MI gain sideband. Ωk is the frequency detuning
of the kth-order MI gain sideband. The MI gain in the anomalous
dispersion region of UF is considered as:

g(Ω) � ∣∣∣∣β02Ω∣∣∣∣(Ω2
c −Ω2)1/2 (6)

Here Ωc � 4cP0/|β2
0|, which is the maximum frequency shift.

P0 is the peak power of pump pulse.
The background material of DOF is chalcogenide glass As2Se3.

In 2007, Imahoko et al. have implemented a 6–12 µm mid-
infrared femtosecond laser source [36]. In 2016, a fiber laser
system was designed to generate pulses with a duration of 100 fs
and ultra-wide wavelength tunability in the range of 2–5 µm [37].
In this paper, the mid-infrared stray light obtained by Haakestad
et al. is selected as the pump light source [38]. The Gaussian
pump pulse (pulse width T0 � 480 fs and center wavelength λ0 �
4,000 nm) is propagating in the DOF. The modulated Gaussian
input pulse envelope can be expressed as:

A(0, T) � ( ��
P0

√ ) exp(− t2/2T2
0) (7)
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The pulse peak power is selected as 1.224 kW, and the initial
phase is 0, the first order MI gain spectrum of the DOF is drawn.
Figure 1A corresponds to the MI gain spectrum generated when
the oscillation period of DOF is 0.5 cm and the oscillation
amplitudes are 100 ps2/km (black), 200 ps2/km (green) and
300 ps2/km (red), respectively, and the MI gain (blue) of the
UF is added for comparison. Obviously, the maximumMI gain of
UF is 5.6 × 106 km−1, while that of DOF is about 3.3 × 106 km−1.
With the increase of oscillation amplitude to 300 ps2/km, the
frequency shift corresponding to the maximum MI gain is
reduced from 31 THz to 13 THz. When the oscillation
amplitude of DOF is 300 ps2/km, the oscillation periods are
0.5 cm (red), 1.5 cm (black) and 3 cm (green), respectively,
their MI gain spectrum is shown in Figure 1B, the maximum
MI gain of DOF is also about 3.3 × 106 km−1. When the amplitude
period increases to 3 cm, the frequency shift corresponding to the
maximum MI gain is reduced from 31 THz to 5.5 THz. It can be

seen that the MI gain of the fiber with different oscillation
amplitude and period is different.

SIMULATION RESULTS

In the simulation process, higher-order dispersion to tenth-order
and the nonlinear coefficient also change along fiber lengths. The
MI gain sidelobe contains the spectral bandwidth of noise, it is
beneficial to suppress the generation of ORWs in the SC [39]. The
input noise with relatively narrow bandwidth near the seed
wavelength is enough to simulate the noise bandwidth of the
input field. Therefore, according to the MI gain diagram in
Figure 1, the random noise with limited bandwidth of 13 THz
and pump pulse amplitude of 0.01% are selected.

The pump power of the pulse is 1.224 kW, the oscillation
amplitude is 100 ps2/km, the oscillation period is 0.5 cm and the
initial phase is 0. In the case of the different initial input noises, we
show the output spectral variation of 500 individual simulations.
Mean spectra of DOF at different fiber length has been shown in
Figure 2. With the increase of fiber length, the spectral bandwidth
becomes wider, but the spectral amplitude decreases gradually.
Until the fiber length reaches 40 cm, the spectrum decays to
below −20 dB, but the peak energy of the spectrum moves from
5,500 nm to the long wavelength. Therefore, in the next analysis,
in order to further explore the influence of dispersion parameters
on ORW in the SC, 9 and 20 cm fibers are selected. It can not only
guarantee certain SC bandwidth, but also suppress ORW.

At present, many scholars believe that the emergence of ORW
is random and uncertain, usually by analyzing the probability of
peak power to determine the generation of ORW. The
characteristic of ORW is that the peak power histogram has a
long tailed L-shaped distribution structure [40, 41], which is a low
probability, high intensity extreme wave phenomenon generated
at a long wavelength [18]. Therefore, in this paper, the long-pass
filter is used to select the spectral components above a specific
wavelength, perform the inverse Fourier transform on the
spectral components, count the peak power histogram in the

FIGURE 1 | (A) MI gain spectra at the output of DOF with different oscillation amplitudes and UF (P0 � 1.224 kW, Λ � 0.5 cm, φ � 0), (B) MI gain spectra at the
output of DOF with different oscillation periods and UF (P0 � 1.224 kW, β2

1 � 300 ps2/km, φ � 0).

FIGURE 2 | Output mean spectra in different length DOFs (P0 �
1.224 kW, β2

1 � 100 ps2/km, Λ � 0.5 cm, φ � 0).
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time domain, and observe whether the long tailed distribution
diagram is improved. To determine the control effect of ORW.

Under the condition of 1.224 kW pulse pump power, the
oscillation amplitude is 300 ps2/km, the oscillation period is
0.5 cm and the initial phase is 0. Figure 3A shows the SC
generation in 9 cm UF. The gray line represents the output
spectrum of 500 individual simulations, and the blue line
represents the average value of the output spectrum in UF.
Figure 3B also shows the output spectra of 500 individual
simulations (gray curves) and the mean spectrum (red curves)
in 9 cm DOF. Using −20 dB as the standard, it is found that the
spectral width of UF is 5,800 nm and that of DOF is 2,300 nm. In
Figures 3C,D corresponding detailed spectral evolutions

dynamics of a single round trip in UF and DOF along the
fiber lengths. The spectral bandwidth of the DOF is much
more compressed than that of the UF in long wavelength
range. When the fiber length reaches 9 cm, the spectrum of
UF and DOF are broadened to the wavelength of 7,200 nm
and 6,200 nm. In DOF, the energy transfer occurs when the
wavelength is greater than 6,200 nm. A natural idea is that the
extreme and rare ORW formed in DOF is suppressed compared
with that in UF. In order to verify this conjecture, the statistical
histogram of the peak power of the output spectrum (i.e., Raman
soliton power) over 7,000 nm in two fibers is calculated, as shown
in Figure 3E. Specifically, in UF, the peak power histogram is
distributed in a wide range of 200–1000W, and the probability of

FIGURE 3 | Output mean spectra in (A) UF and (B) DOF, (C) and (D) corresponding detailed spectral evolutions dynamics in UF and DOF along the fiber lengths,
and (E) the histograms of the peak power beyond 7000 nm [green lines in (A) and (B)]. The yellow lines in (A) and (B) is the pump wavelength 4000 nm (P0 � 1.224 kW,
β2

1 � 300 ps2/km, Λ � 0.5 cm, φ � 0).
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400W is 0.39. However, the peak power of 700–1000W almost
disappears in DOF, and the maximum probability intensity at
300W is reduced to 0.33. The overall probability is scattered in a
narrow range of 200–600W, and the statistical histogram is
Gaussian distribution. This phenomenon indicates that the
probability of ORW in DOF is much smaller than that in UF.
It should be noted that the effective suppression of ORW depends
on spectral bandwidth compression.

Then, before discussing different dispersion variables, let’s see
if the pump power has an effect on ORW. When the oscillation
amplitude of DOF is 300 ps2/km, the oscillation period is 0.5 cm
and the initial phase is 0, the simulation results of the different
pump power are depicted in Figure 4A. It is evident that the
shape of SC does not change, but the spectral amplitude increases
with the increase of pump power. In order to further know the
influence of pump power on ORW, the statistical histogram of
soliton peak power under different pump power is calculated, as
shown in Figure 4B. The results show that as the increase of
pump power, the peak power range of soliton pulse gradually
increases from 200 - 700W to 4 - 16 kW, the span range of peak

power becomes wider, but the maximum probability intensity
decreases from 0.33 to 0.16. When the pump power is 1.224 kW,
the peak power is relatively concentrated in the narrow range of
500W. The disappearance of L-type long tail feature is conducive
to the inhibition of ORW. Hence, in the follow-up simulation
process, the pump power is still 1.224 kW.

Next, the pump power is determined as 1.224 kW. The
changes of different oscillation amplitudes are considered, and
the oscillation amplitudes are 100, 200, and 300 ps2/km,
respectively. The oscillation period is set to 0.5 cm and the
initial phase is 0. In order to see the variation of dispersion
parameters clearly, the variation curve of dispersion with 2 cm
DOF is selected and shown in Figure 5A. To further exhibit the
relation between ORWs and the distinct types of DOFs, we
employ three DOFs with different oscillation amplitude in
Figure 5B. As a comparison, it can be found that with −20 dB
as the standard, the spectral width is same, about 2,300 nm, but as
the increase of the oscillation amplitude, the corresponding long
wavelength at −20 dB increases from 6,500 nm to 7,000 nm, the
spectral suppression effect at the long wavelength gradually

FIGURE 4 | (A) Output mean spectra and (B) histograms of the peak power beyond 7,000 nm of the output spectra in DOF with different pump power (β2
1 �

300 ps2/km, Λ � 0.5 cm, φ � 0).

FIGURE 5 | (A) Dispersion curves of DOF, (B) output mean spectra of the DOF, (C) histograms of the peak power beyond 7,000 nm of the output spectra in DOF
with different oscillation amplitudes (P0 � 1.224 kW, Λ � 0.5 cm, φ � 0).
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becomes better. In order to better understand the influence of
oscillation amplitude on ORW, the peak power of solitons in
optical fibers with different oscillation amplitudes is counted, as
shown in Figure 5C. The results show that when the amplitude is
100 ps2/km, the power is distributed in a wide range of
200–900W, and the probability of 400W is 0.41. As the
oscillation amplitude increases to 300 ps2/km, the peak power
of 700–900W disappears, the maximum probability intensity of
300W gradually decreases to 0.33, and the probability of each
peak power disperses in the narrow range of 200–600W. That is
to say, the peak power at the long wavelength decreases, and the
long tail of the statistical histogram disappears, so the probability
of ORW in SC decreases. In conclusion, when the oscillation
amplitude of DOF is large, it can not only ensure a certain SC
bandwidth, but also effectively suppress the ORW generation. In
the follow-up simulation, the oscillation amplitude of 300 ps2/km
is selected.

Then, the variation of different oscillation periods is
considered. The pump power of the pulse is 1.224 kW, the
oscillation amplitude is 300 ps2/km and the initial phase is 0.
The oscillation period was changed to integer period 0.5, 1.5, 3 cm
and non-integer period 6 cm, 7.2 cm, respectively. The variation
curve of dispersion with 2 cm DOF is selected, as shown in
Figure 6A, it is straightforward that as the oscillation period
increases from 0.5 to 7.2 cm, the GVD parameter tends to be flat
with the increase of fiber length. Similarly, we carry out an
ensemble of 500 individual simulations for each fiber using the

parameters mentioned above, and then we can obtain the final
output mean spectra in Figure 6B. It is obvious that the
suppression of SC is basically same with the change of the
integral period, taking −20 dB as the standard, the spectral
bandwidth is 2,300 nm. While the non-integral period has a
certain influence on the spectrum, in the wavelength range of
8,000 nm–9,000 nm, the spectral intensity is increased by about
1 dB. Furthermore, the corresponding statistical histogram of
peak power at wavelength over 7,000 nm is calculated, and integer
period and non-integer period histogram are shown in Figures
6C,D. The suppression effect of non-integer period on ORW is
poor, the probability of peak power of about 400W is 0.42, the
peak power distribution is between 200 and 700W. Relatively
speaking, the integer period has a good suppression effect on
ORW, the highest probability intensity of 300W peak power
decreases to 0.34, and the overall probability is relatively evenly
distributed between 200 and 600W, but the suppression effect of
integer period is basically the same. As a result, in the following
simulation, the oscillation period is still 0.5 cm.

In order to consider the different initial phases conditions, and
initial phase is increased by 0.25π, 0.5π, 1.25π, 1.5π. The pump
power of the pulse is 1.224 kW, the oscillation amplitude is
300 ps2/km, the oscillation period is 0.5 cm and the initial phase is
0. The variation curve of dispersion with 1 cm DOF is selected, as
revealed in Figure 7A. Due to different initial phases, the
dispersion value at the initial position of the fiber is different,
and changes periodically with the length of DOF. Figure 7B

FIGURE 6 | (A) Dispersion curves, (B) output mean spectra, (C,D) histograms of the peak power beyond 7,000 nm of the output spectra in DOF with different
oscillation periods (P0 � 1.224 kW, β2

1 � 300 ps2/km, φ � 0).
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shows the gain spectrum, it can be found that the suppression of
SC is basically the same with the change of the initial phase of the
fiber, the spectral width is about 2,300 nm. Homogeneously, the
statistical histograms of different phases are shown in Figure 7C,
the results show that the probability of each peak power is
basically the same, the probability of peak power 300–400W
is the highest, about 0.35, and the peak power distribution is
between 200 and 700W, so to speak, the suppression effect of
phase change on ORW is almost the same.

Based on the data presented, an important conclusion can be
drawn from the above results. The amplitude of DOF has a
significant impact on the suppression of ORW. The greater the
amplitude, the better the suppression effect. For changing the
oscillation period, the suppression effect of integer period is better
than non-integer period, but the suppression effect of different
integer period is almost the same. For changing the initial phase,
there is no significant difference in the inhibition effect of
different phases on ORW. Therefore, based on the previous

FIGURE 7 | (A) Dispersion curves, (B) output mean spectra, (C) histograms of the peak power beyond 7,000 nm of the output spectra in DOF with different initial
phases (P0 � 1.224 kW, β2

1 � 300 ps2/km, Λ � 0.5 cm).

FIGURE 8 | (A,C,E) are the average of 100 output spectra, (B,D,F) are the peak power histograms of solitons corresponding to different oscillation amplitudes,
periods and initial phases.
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simulation results, in 9 cm DOF, the best parameters for ORW
suppression are oscillation amplitude of 300 ps2/km, oscillation
period of 0.5 cm and initial phase of 0.

In order to verify the correctness and universality of the
conclusion, we use the above initial conditions, and change
different dispersion parameters in 20 cm DOF. Here, we only
simulate the spectrum for 100 individual simulations, and count
the corresponding peak power histogram over 7,500 nm, as shown
in Figure 8. After analyzing the data, the results indicate that the
amplitude of DOF increases from 100 ps2/km to 300 ps2/km, as the
increase of amplitude, the distribution range of peak power
decreases from 150–550W to 100–400W, and the maximum
intensity of probability concentrates from 0.31 of 250W to about
0.46 of 200W. The disappearance of high peak power means that
the probability of occurrence of ORW decreases. When the
oscillation period and initial phase change, the suppression effect
of ORW is no evident distinction, the peak power distribution is
about 100–400W, and the probability of 200W is as high as 0.46.
Therefore, a similar result is observed in 9 cm fiber and 20 cm fiber,
which verifies the accuracy of the conclusion.

CONCLUSION

In conclusion, the mid-infrared SC and ORW produced by fs
pulse pumping chalcogenide fiber are calculated numerically. By
comparing 9 cm UF with DOF, the spectral bandwidth of SC is
compressed from 5,800 nm to 2,300 nm. The compression of the
spectrum by DOF effectively suppresses the generation of ORW
and makes the peak power of the output pulse concentrate in a
narrow range of 200–600W. Then, by changing the oscillation
amplitude, oscillation period and initial phase of the DOF
dispersion, it is found that the variation of the oscillation
amplitude of the DOF has a greater influence on the ORW,

while the oscillation period and initial phase have no obvious
influence on the ORW. The similar conclusion is also obtained in
20 cm DOF. Using the parameters mentions above, it is valid
concluded that when the oscillation amplitude is 300 ps2/km, the
oscillation period is 0.5 cm and the initial phase is 0, the ORW
suppression effect is the best. We believe that this research
conclusion will hopefully serve as useful feedback information
for control ORWby controlling the characteristics of optical fiber.
It will also further ameliorate the performance of SC.
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