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Published: 04 January 2017 Optllcal rogue waves are featured as th_e generatfon of high ampll'fude even.ts at low probabfllty in
optical systems. Moreover, the formation of optical rogue waves is unpredictable and transient in
photonic crystal fibers. In this paper, we put forward a method to generate high-intensity optical rogue
waves in a more controlled way based on induced modulation instability, which can suppress the noise
effect and hence play a leading role in the process of pulse evolution. Our numerical simulations indicate
that the generation of rogue wave can be controlled when seeding at the optimal modulation frequency
and the intensity of rogue wave can be enhanced with appropriate modulation depth. Further, high-
intensity rogue wave can also be ejected in the fiber with a shorter propagation length by regulating the
modulation depth. These results all provide a better understanding of optical rogue wave, which can
contribute to the generation of tunable long-wavelength spectral components and selective excitation
of mid-infrared supercontinuum.

Optical rogue wave (RW) generated in fiber systems is a special wave, whose amplitude is significantly larger than
that of the average wave. Another important characteristic of RW is the unpredictability in the sense that such
wave seems to “appear from nowhere and disappear without a trace”!. The term RW originates from oceanogra-
phy, which is mysterious and severely destructive in the ocean*™. So far, the characteristic of oceanic RW has been
found in different physical contexts, such as plasma waves®, Bose-Einstein condensations®, and nonlinear optics’.
Optical RW, which is firstly discovered by Solli et al. in the photonic crystal fiber (PCF), is deemed to be an optical
analogue of oceanic RW because of two reasons®. Firstly, the highly skewed L-shaped probability soliton intensity
distribution with long tail can be regarded as a specified feature of RW, which predicts the occurrence of high
amplitude event with a low probability®!?. Secondly, modulation instability (MI) can make optical RW generated
when considering the initial noise perturbation, which is also a dramatic nonlinear effect related to the generation
of oceanic RW!12, Later, optical RW has also been found in many other optical systems, such as mode-locked
laser’® and fiber Raman amplifiers'®. Besides, the unusually steep and solitary profile of optical RW suggests a
relevance to the soliton - broadband, solitary wave that can propagate without spreading on account of a balance
between linear and nonlinear effects®!°. Therefore, optical RW is also called rogue soliton in the process of super-
continuum (SC) generation occurring in optical fibers'®. The emergence of RW seems to be spontaneous, which is
a sudden and rare event'®-!%. Nevertheless, the unpredictability and randomness of RW generation can affect the
property of fiber systems, which do harm to the SC generation process. In order to make use of optical RW, how
to manipulate the corresponding complex nonlinear dynamic behavior is becoming a hot topic.

As is well known, the RW formation is related to MI, which makes the small amplitude wave grow into a
higher amplitude one!®*. Optical RW concept came from the studies of noise-induced soliton wavelength jit-
ter during SC generation in fibers, where noise-induced fluctuations can modify the dynamic so as to generate
rare-but-extreme event?"?2. At the same time, RW generation is also influenced by other factors. For example,
Dudley et al. demonstrated that RW generation can be enhanced by an order of magnitude through a small mod-
ulation across the input pulse envelope and suppressed through the use of a sliding frequency filter’; Buccoliero
et al. showed that the RW would not occur in any SC spectrum limited by the fiber loss?’. These conclusions man-
ifest that the RW can be affected by changing incident conditions. When long pulse transmits in optical fiber, MI
is responsible for the broadband noise amplification through phase-matched four-wave mixing (FWM), which
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Figure 1. (a) The group delay 3, = 3'(w) (blue solid curve) and the related group-velocity dispersion 3, = 3"(w)
(red dash curve) as the function of the frequency and wavelength. The dotted line is located the zero dispersion
wavelength at the 1055 nm. (b) MI gain spectrum (blue solid curve) for the pump power of 150 W as the
function of seed frequency offset. The dotted lines are located at the frequency offset of 0 THz, 6 THz, 11.75THz
and 15 THz.

leads to the ejection of a series of fundamental solitons and dispersive waves (DWs)?4-26. Subsequently, because
of Raman effect, multiple collisions between solitons or solitons and DW's cause the energy redistribution of
these solitons and thus ultimately generate the RW27?8. While, previous work mainly focuses on how to predict
and avoid the generation of RW in order to improve SC smoothness®?. There are few papers exploring how to
generate high-intensity RW in a more controlled manner. In 2010, K. Hammani et al. explored the emergence
of RW events from turbulent fluctuations by the generalized nonlinear Schrodinger equation (GNLSE)?. Three
turbulent regimes are identified that lead to the emergence of specific RW, namely, persistent and coherent rogue
quasi-solitons, intermittent-like rogue quasi-solitons and sporadic RW events. The first regime is characterized
by a robust and persistent coherent rogue quasi-soliton in the midst of small-scale fluctuation, which has been
studied in various circumstances®>*!. These phenomena show that even though the peak power of RW is changed,
the RW can still maintain the quasi-soliton structure within quite some transmission distance. Moreover, A.
Mathis et al. proposed a flexible means of studying the RW statistics, and examined the particular conditions
leading to the extended tails in the associated probability distribution for the optical intensity*. The above work
provides the possibility for the generation of high-intensity RW. Recently, H. Yang et al. demonstrated that RW
can be generated by induced MI in the process of SC generation regardless of the noise effect®. However, noise
is non-ignorable when long pulse propagates in optical fiber, which can exhibit distinct intensity fluctuations
and have a significant influence on the initiation of the MI process. More importantly, the noise properties can
be modified by induced MI so that the behavior of RW is changed to some extent. Actually, D. M. Nguyen et al.
have reported the phenomenon that a low amplitude seed makes a great difference on the bandwidth and noise
properties of picoseconds MI in a highly nonlinear fiber®. Therefore, in this paper, we focus on the propagation
state of RW generated by induced MI when considering the noise effect. When the noise-induced MI domi-
nates the pulse evolution, the generation of RW is random. However, because the induced MI can suppress the
noise, the seed-induced MI can result in the controlled generation of RW at the optimal modulation frequency.
Furthermore, the intensity of RW is enhanced by regulating the modulation depth. As a consequence of induced
ML, controlled generation of high-intensity RW is obtained under the effect of the noise. Such RW can be used
to obtain tunable spectrum components and selectively excite the SC. In addition, high power spectrum can be
expanded to the mid-infrared wavelength by manipulating the generation of high-intensity RW. Thus, it is of great
significance to investigate the controlled generation of high-intensity RW by induced MI.

The rest of this paper is organized as follows. MI gain spectral characteristic with high-order dispersion and
Raman effects is depicted firstly. Based on the MI gain curve, the generation of RW under the varied modulation
frequencies and depths is then discussed in detail. Furthermore, high-intensity RW can be obtained by changing
the fiber length when adjusting the modulation depth. At last, we present the GNLSE model, which is the main
equation governing the RW evolution in nonlinear medium?!**4-%

Results

The behavior of RW depends on the incident parameters to a great extent, which makes it possible to manipulate
the RW generation by changing the initial conditions. Meanwhile, PCF is selected as a suitable transmission
medium due to its controllable dispersion and nonlinear characteristics”. Dispersion exists in essentially all wave
supporting physical systems, which typically exhibits a dependence of propagation speed on wave vector. So, an
exemplary group delay profile 3, = #'(w) and related group-velocity dispersion profile 3, = 3" (w) are depicted
in Fig. 1(a), where 5(w)as the propagation constant is expanded in a Taylor series around the carrier frequency
wy. The related dispersion parameters of the PCF are from the ref. 38. Figure 1(b) shows the range of MI gain
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Figure 2. Density plots of (a) temporal evolution and (b) spectral evolution pumped at 1060 nm under the
unseeded condition. (c) The related output spectrogram. (d) The intensity distribution histogram of 100
simulations, which presents a close-up on low power events. The inset shows the corresponding output pulse
shapes of 100 simulations, where the lines with blue and gray color indicate output pulse shapes with and
without RW generation, respectively.

spectrum where the frequency offset is positive corresponding to seeding at a wavelength shorter than that of the
pump. The effect of high-order dispersion up to the tenth order and Raman scattering effect are included to obtain
MI gain spectrum, which is calculated for the pump peak power alone.

For the controlled generation of high-intensity RW, we numerically simulate the propagation of the pump
and the seed launched into the anomalous dispersion regime of the PCF with 30 m length. In this section, we
select different modulation frequencies and depths to regulate the RW generation, where the induced MI plays an
important role in the process of pulse evolution. Moreover, the intensity plots use the same logarithmic density
scale in order to better analyze the pulse evolution with different modulation frequencies and depths.

Figure 2 illustrates the RW generation with zero modulation frequency in the PCF, namely, unseeded RW gen-
eration. Figure 2(a) shows the typical temporal evolution of soliton fission, where a series of fundamental solitons
are ejected after a few meters of propagation distance. These fundamental solitons are with different durations
and different peak powers, and thus multiple collisions occur between them because of different group velocities.
What’s more, multiple collisions between solitons have been suggested as a possible driver mechanism behind
RW. At the same time, the interaction between the DWs and fundamental solitons is also an important mecha-
nism for the RW generation. Owing to Raman effect, the RW has a larger time delay in the time domain compared
with other fundamental solitons. The corresponding RW can also be demonstrated in the spectral evolution in
Fig. 2(b), which locates at the longest wavelength. When only the pump wave propagates in the PCE, MI can lead
to spontaneous breakup of the sub-picosecond beam into a periodic pulse train. In this case, noise acts as a probe
and is amplified by the gain provided by MI. Moreover, noise can cause significant SC fluctuations and induce
bifurcation-like divergence of different pulse trajectories, which indicates that the noise is favor of RW generation
to some extent. In order to better observe the RW, the output spectrogram is used to describe the spectral and
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temporal contents of the signal simultaneously in Fig. 2(c). Under the unseeded condition, MI grows from the
noise. Subsequently, the noise-induced MI leads to high-order soliton fission, which breaks up into a number of
solitons that interact and transfer energy between each other during multiple collisions. The interaction will add
to the noise, which depends largely on the related phases and amplitudes of solitons. While, there is still a prior
transfer of energy from the smaller solitons to the larger ones. The energy transfer can lead to the formation of
RW, whose amplitude is two times higher than that of the average wave height"*%!°. Simultaneously, the RW has
a bigger time delay and larger red-shift compared with fundamental solitons. Moreover, when the group-velocity
matching condition between the red-shift RW and DW is satisfied, the RW can capture the DW, which contrib-
utes to the generation of new frequency components®.

Considering the randomness of noise, output pulse shapes of 100 simulations are presented under the differ-
ent noise seeds in Fig. 2(d), which is statistical appearance of RW. The line with blue color indicates the output
pulse shape with RW generation, where the amplitude of RW is two times higher than that of the surrounding
average wave and the corresponding time delay is also larger than that of other waves. While, that line with gray
color indicates the output pulse shape without RW generation. In the unseeded case, the RW is only generated in
a few numerical simulations by the noise-induced MI, which is uncontrollable and has a larger difference in the
time delay. To further analyze the statistical properties of RW, the related intensity distribution histogram of 100
simulations is also showed in Fig. 2(d). More importantly, the histogram presents a close-up on low power events
so that a clear comparison can be observed in the statistic of RWs. We can see that the intensity distribution histo-
gram exhibits the ‘L-shaped’ long-tailed characteristic of extreme value optical RW events. Similar result has been
found from previous studies®!?, which illustrated that the emergence of RW is high amplitude event with a low
probability under the unseeded condition. Thus, the generation of RW is extremely unstable resulting from the
effect of noise-induced MI. In order to obtain a more controlled generation of RW by reducing the noise effect,
numerical simulations are presented with different modulation frequencies in the following figures.

To reduce the noise effect, the seed with a frequency offset relative to the pump is provided within the MI gain
spectrum. Figure 3 shows the RW generation with different modulation frequencies (6 THz, 11.75 THz, 15 THz),
which demonstrates the temporal and spectral evolution of pulse envelope at the same modulation depth a,=0.1.
We find that, because of the interaction between anomalous dispersion and nonlinear effects, M1 leads to the fis-
sion of input pulse into a number of fundamental solitons after the initial broadening stage caused by self-phase
modulation (SPM). Next, due to the high-order dispersion and Raman Scattering perturbation, fundamental
solitons have different group velocities, which cause the collisions between solitons. As mentioned above, the
RW, which has an extreme red-shift in the temporal domain, can be generated by multiple collisions between
solitons or solitons and DW radiations. Simultaneously, the corresponding RW can also be found at the longest
wavelength in the spectral evolution.

FWM is one of the most fundamental processes in nonlinear optics when long pulse as the pump. The key
properties of FWM can be observed in the degenerate case in which two pump waves are at the same frequency,
and the nonlinear interaction involves the conversion of the pump into a pair of parametric sidebands. With any
initial seed, FWM corresponds to the instability of the propagating long pump and the growth from noise of
sidebands symmetric in frequency about the pump?. For a 6 THz modulation frequency, the breakup of the input
pulse is initiated by the FWM process, which has been investigated in refs 32, 41 and 42. Interestingly, MI gain
spectrum is the degenerate FWM gain spectrum of the pump, which amplifies the FWM cascade of the pump and
the seed. Therefore, a single set of sidebands can be amplified by the degenerate FWM in the process of spectral
evolution. The second set of sidebands are shifted 16 THz away from the pump, which just locate at the position
with smaller MI gain and therefore can quickly move outside of the gain spectrum when the pump depletes. At
the propagation distance of about 5m, a series of fundamental solitons are ejected from the long wavelength
sideband. Since the peak powers and durations of solitons are different, the corresponding red-shift rates change.
Shortly afterwards, multiple collisions occur between solitons, which lead to the energy exchange of solitons.
Overall, multiple collisions make the energy preferentially transferred from the smaller soliton to the larger one
and thus ultimately generates the RW, which undergoes the largest Raman induced frequency shift (RIFS). It
should also be noted that the RW located at the longest wavelength is formed from one of FWM sidebands at a
very short propagation distance of about 7m. For a 11.75 THz modulation frequency, which is at the peak of MI
gain, decreased set of sideband is slowly amplified by FWM process compared with the situation as shown in
Fig. 3(a2). The second sideband is shifted 31 THz away from the pump, whose intensity is very weak due to the
corresponding weak MI gain spectrum. Besides, due to the effect of noise, the second sideband only locates at the
shorter wavelength than that of the pump. With the depletion of the pump, MI gain spectrum shifts to the shorter
wavelength, which leads to the SC narrower compared with Fig. 3(a2). And seeding at the peak of the MI gain
spectrum can also bring about the RW generation. For a 15 THz modulation frequency, the collision doesn’t occur
between fundamental solitons in the temporal evolution in Fig. 3(c1), which is related without the formation of
RW in Fig. 3(c2). In this case, the seed is shifted to the tail of the MI gain spectrum and thereby the generated
FWM is very weak and asymmetrical. Even though the additional signal power is increased to the pump by the
temporally overlapping, the induced MI gain doesn’t have much effect on the process of RW generation. The case
is similar to that unseeded, where the RW is formed at a small probability.

In order to better elaborate the probability of RW generation under different modulation frequencies, the
corresponding output pulse shapes of 100 simulations are presented in the bottom figures of Fig. 3. These lines
with gray color indicate the output pulse shapes without RW generation, while those with blue color indicate
ones with RW generation. By contrast, we find that the RW has a larger and more stable amplitude as well as more
intensive time delay under the condition of 6 THz. However, for the modulation frequency 11.75 THz or15 THz,
the generation of RW, a small probability event, can’t be effectively controlled. Meanwhile, the RW's have a lower
intensity and more dispersed time delay compared with Fig. 3(a3). This phenomenon can be explained by the fact
that the MI gain spectrum is strongly influenced by the Raman effect. The seed with 6 THz modulation frequency
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Figure 3. (1) Temporal evolution (upper row), (2) spectral evolution (middle row) and (3) The intensity
distribution histogram of 100 simulations (lower row) pumped at 1060 nm with a seed of 0.1 modulation depth
at the modulation frequency of (a) 6 THz, (b) 11.75 THz, (c) 15 THz, respectively. These histograms all present
a close-up on low power events. In addition, the inset (lower row) shows the corresponding output pulse shapes
of 100 simulations, where the lines with blue and gray color indicate output pulse shapes with and without RW
generation, respectively.

is much closer to the peak of the Raman gain in contrast to that with 11.75 THz or 15 THz. On this occasion, the
spectral evolution is dominated by the amplification of a set of coherent sidebands, which leads to the appearance
of more collisions between solitons or solitons and DWs. Thus the probability of RW generation can be enhanced
when the seed is placed at 6 THz. Especially, the similar case has also been proposed in ref. 41, where a seed at
approximately the Raman gain peak, namely three-fifths of the MI gain peak, gives an optimum improvement of
the RW stability. To show the statistical properties of RW with different modulation frequencies in more detail,
the corresponding intensity distribution histograms of 100 simulations are presented in Fig. 3(a3-c3). We can
observe that these histograms all present the ‘L-shaped’ long-tailed characteristic. Moreover, by comparing the
probabilities at the position of extremely high power, we find some intriguing phenomena. When the modulation
frequency is 11.75 THz or 15 THz, the statistical probability of RW emergence is slightly higher than that of the
unseeded situation. Nevertheless, the generation of RW is still a small probability event in Fig. 3(b3) and (c3).
Interestingly, the histogram has a relatively large raise in the vicinity of 580 W when the modulation frequency
is 6 THz. Obviously, the raise indicates that the probability of RW emergence is much stronger in contrast with
other cases. In addition, the tail of intensity distribution histogram is relatively stable under the condition of
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Figure 4. (1) The spectral evolution (upper row) pumped at 1060 nm with a seed at the 6 THz modulation
frequency for different modulation depths ((a) 0.004, (b) 0.04, (c)0.4), respectively. (2) The corresponding pulse
shapes with RW generation (lower row) for the propagation distance of 20 m (blue line with triangle) and 30 m
(red line with round).

6 THz, which shows that RW can be generated in a more controllable manner. As a result, under the influence of
noise, the generation of tunable RW can be controlled at the optimal modulation frequency which is determined
by the initial MI-Raman gain. What’s more, the RW redshift contributes to the further broadening at the expense
of SC smoothness.

For a thorough understanding of the induced MI dynamics, let us further consider the RW generation over
a range of modulation depths, as shown in Fig. 4. The upper figures show the spectral evolution for different
modulation depths (0.004, 0.04, 0.4) at the modulation frequency of 6 THz. The bottom figures show the related
pulse shapes with RW generation at the propagation distance of 20 m and 30 m, respectively. For modulation
depth 0.004, the formation of effectively FWM sidebands needs a comparatively long propagation distance due
to the weak value of the seed. As the modulation depth gradually increases, more FWM sidebands located at
the two sides of the pump are generated at a shorter propagation distance. The above phenomena imply that the
deeper the modulation depth, the stronger the fluctuation on the pump, which is beneficial to the formation of
more FWM sidebands. With the increase of propagation distance, the RW's emerge at about 8m, 11 m, and 3.5m
in the spectral evolution at the modulation depth of 0.004, 0.04, and 0.4, respectively. By comparing among the
upper figures of Fig. 4, it is found that RW can be generated in a shorter propagation distance under either very
weak (Fig. 4(al)) or large (Fig. 4(c1)) modulation depth. For very large modulation depth, the input pulse power
is high, which leads to the decrease of MI period. The soliton can obtain enough red-shift to facilitate the RW
generation at the relatively short propagation distance. For very weak modulation depth, even though the soliton
undergoes insufficient Raman shift, the RW can be ejected by absorbing enough energy because of frequent
soliton collisions. In addition, the phenomena of Raman shift are also observed in the bottom figures, which
demonstrate that the RWs have different Raman shifts under the different modulation depths when propagating
at the same distance. By comparing these pulse shapes at the propagation distance of 30 m, the RW in Fig. 4(b2)
has the smallest Raman shift. Besides, with the increase of propagation distance from 20 m to 30 m, the intensity
of RW is enhanced in Fig. 4(b2) while decreased in Fig. 4(a2) and (c2). The reason is as follows. At the initial
stage of RW formation, the intensity of RW is growing rapidly by constantly absorbing other waves’ energy. To
a certain degree, the RW stops absorbing the energy and hence the intensity of RW is decreased, which has also
been observed in ref. 43. Under the condition of different modulation depths, the positions of RW ejected-firstly
are different. With the increase of propagation distance, the energy of RW is gradually increased due to the energy
transfer. When the propagation distance reaches a certain degree, the RW has the highest intensity. Therefore,
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Figure 5. (a) Three-dimensional temporal evolution along the fiber pumped at 1060 nm with a seed of 0.04
modulation depth at the 6 THz modulation frequency. (b) The corresponding output spectrogram.

high-intensity RW can also be obtained when the RW propagates at the optimal fiber length. These features show
that high-intensity RW can be generated by choosing suitable modulation depth and fiber length.

In order to obtain a more intuitive image of the RW generation, three-dimensional temporal evolution and the
corresponding output spectrogram are demonstrated in Fig. 5, which is under the same condition with Fig. 4(b).
Compared with the steady propagation at the distance less than 3 m, the output RW has a 45 ps deviation from
the initial linear trajectory in the time domain, which is attributed to the Raman shift. At the same time, the tem-
poral shift is accompanied by the change of pulse energy. In the initial stage, there are two fundamental solitons
with relatively low intensity generated in the PCF, as indicated in Fig. 5(a). The soliton at the shorter wavelength
transfers energy to the other soliton at the longer wavelength, which induces a subsequent change in the veloc-
ity, namely, the increase of Raman shifting rate. When the propagation distance increases to 14 m, the RW with
high intensity is generated due to multiple collisions between solitons or solitons and DWs. It is obvious that the
collisions take place at 14m, and thereby the solitons get reshaped with the change of peak energy. The output
spectrogram also shows that the RW has a higher intensity and a larger red-shift compared with other fundamen-
tal solitons in Fig. 5(b). When the solitons are split from the pump in the anomalous dispersion regime, the DWs
are simultaneously excited from the pump in the normal dispersion regime. When the group-velocity matching
condition between the red-shift soliton and DWs is satisfied, the soliton can trap the DWs. Moreover, the RW
has a higher intensity compared with that in Fig. 2(b). Therefore, high-intensity RW can be generated in a more
controlled way by induced ML

Discussion

In this paper, we have discussed a fascinating mechanism that contributes to the controlled generation of
high-intensity optical rogue wave in the photonic crystal fiber. The mechanism shows that the behavior of rogue
wave can be significantly modified by changing the incident parameters such as modulation depth and modu-
lation frequency. In addition, by selecting the optimal incident parameters, high-intensity rogue wave can be
obtained within a relatively short propagation length based on the induced modulation instability. The rogue
wave generated in a more controllable manner can guide tailoring the supercontinuum and generating new spe-
cific frequency components. Therefore, we believe that this paper provides a new insight in the controlled gener-
ation of high-intensity rogue wave in a multitude of physical scenarios.
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Methods

It has been well known that GNLSE, taking group velocity dispersion (GVD), SPM, stimulate Raman scattering
effects into account, suffices to observe the RW in the process of SC generation. The GNLSE can be expressed as
ref. 37:

0A(z,T) _ Zi"“ﬂk kA t iy

oz = Kk oor*

AT [TTRIAG T - T)PdT

1+ Li]
w, 0T (1)
where A(z, T) represents the pulse envelope, T denotes the time in a reference frame moving at the group veloc-
ity of the input pulse, z accounts for longitudinal coordinate along the fiber axis, 5y is the kth-order dispersion
coefficient at the central frequency wy, and  is the nonlinear coefficient. R(t) = (1 — fz)o(t) + frhx(t) is the non-
linear response function, which includes both instantaneous electronic and delayed Raman contributions, with
fr=0.18 representing the Raman contribution and h; determined from the experimental fused-silica Raman
cross-section.

The RW dynamics are typically observed when SC is generated by induced MI at the initial stage, and thereby
the sub-picosecond excitation is considered under the similar condition*"**. In this paper, we model a Gaussian
pump pulse (pulse width T, =500 fs and center wavelength A;=1060nm) and seed pulse propagating in the fiber.
The modulated Gaussian input pulse envelope can be expressed as:

A0, T) = (P, + agBye™ s ") exp(—171217) @

where P, =150 W is the peak power of the pump, and the power of the seed is defined as agP,, ayis the modula-
tion depth. The seed pulse is temporally overlapped with the pump, and gives a frequency offset f, 4. In addition,
the noise needs to be considered when the sub-picosecond pulse propagates in the optical system?#*. Although it
is random and has a lower power, the noise can affect the temporal and spectral evolution when amplified by ML
The split-step Fourier method is adopted to solve the GNLSE.

References
1. AKhmediev, N., Ankiewicz, A. & Taki, M. N. Waves that appear from nowhere and disappear without a trace. Phys. Lett. A 373,
675-678 (2009).
2. Kharif, C. & Pelinovsky, E. Physical mechanisms of the rogue wave phenomenon. Eur. J. Mech. 22, 603-634 (2003).
. Dudley, J. M, Dias, E, Erkintalo, M. & Genty, G. Instabilities, breathers and rogue waves in optics. Nature Photonics 8, 755-764
(2014).
. Mathis, A. et al. Caustics and rogue waves in an optical sea. Sci. Rep. 5, 12822 (2015).
. Moslem, W. M., Shukla, P. K. & Eliasson, B. Surface plasma rogue wave. Europhys. Lett. 96, 25002-25005 (2011).
. Bludov, Y. V., Konotop, V. V. & Akhmediev, N. Matter rogue waves. Phys. Rev. A 80, 2962-2964 (2009).
. Dudley, J. M., Genty, G. & Eggleton, B. J. Harnessing and control of optical rogue waves in supercontinuum generation. Opt. Express
16, 3644-3651 (2008).
8. Solli, D. R., Ropers, C., Koonath, P. & Jalali, B. Optical rogue waves. Nature 450, 1054-1058 (2007).
9. Coles, S. An Introduction to Statistical Modeling of Extreme Values (Springer-Verlag, London, 2001).
10. Genty, G. et al. Collisions and turbulence in optical rogue wave formation. Phys. Lett. A 374, 989-996 (2010).
11. Solli, D. R., Herink, G., Jalali, B. & Ropers, C. Fluctuations and correlations in modulation instability. Nature Photonics 6, 463-468
(2012).
12. Osborne, A. R. Nonlinear Ocean Waves and the Inverse Scattering Transform (Academic, 2010).
13. Soto-Crespo, J. M., Grelu, P. & Akhmediev, N. Dissipative rogue waves: extreme pulses generated by passively mode-locked laser.
Phys. Rev. E 84, 1577-1589 (2011).
14. Hammani, K., Finot, C., Dudley, J. M. & Millot, G. Optical rogue-wave-like extreme value fluctuations in fiber Raman amplifiers.
Opt. Express 16, 16467-16474 (2008).
15. Taki, M. et al. & Douay, M. Third-order dispersion for generating rogue solitons. Phys. Lett. A 374, 691-695 (2010).
16. Toenger, S. et al. Emergent rogue wave structures and statistics in spontaneous modulation instability. Sci. Rep. 5, 10380 (2015).
17. Akhmediev, N. & Pelinovsky, E. Editorial - Introductory remarks on Discussion & debate: rogue waves — towards a unifying
concept? Eur. Phys. J. Spec. Top. 185, 1-4 (2010).
18. Akhmediev, N., Soto-Crespo, J. M. & Ankiewicz, A. How to excite a rogue wave. Phys. Rev. A 80, 043818 (2009).
19. Dyachenko, A. I. & Zakharov, V. E. Modulation instability of Stokes wave -> freak wave. JETP Lett. 81, 255-259 (2005).
20. Onorato, M., Osborne, A. R. & Serio, M. Modulational instability in crossing sea states: A possible mechanism for the formation of
freak waves. Phys. Rev. Lett. 96, 014503 (2006).
21. Newbury, N. R., Washburn, B. R., Corwin, K. L. & Windeler, R. S. Noise amplification during supercontinuum generation in
microstructure fiber. Opt. Lett. 28, 944-946 (2003).
22. Wetzel, B. et al. Real-time full bandwidth measurement of spectral noise in supercontinuum generation. Sci. Rep. 2, 882 (2012).
23. Buccoliero, D., Steffensen, H., Ebendorff-Heidepriem, H., Monro, T. M. & Bang, O. Midinfrared optical rogue waves in soft glass
photonic crystal fiber. Opt. Express 19, 1797317978 (2011).
24. Vanholsbeeck, F, Martin-Lopez, S., Gonzalez-Herraez, M. & Coen, S. The role of pump incoherence in continuous-wave
supercontinuum generation. Opt. Express 13, 6615-6625 (2005).
25. Frosz, M. H., Bang, O. & Bjarklev, A. Soliton collision and Raman gain regimes in continuous-wave pumped supercontinuum
generation. Opt. Express 14, 9391-9407 (2006).
26. Dudley, ]. M., Genty, G. & Coen, S. Supercontinuum generation in photonic crystal fiber. Rev. Mod. Phys. 78, 1135-1184 (2006).
27. Demircan, A. et al. Rogue events in the group velocity horizon. Sci. Rep. 2, 850 (2012).
28. Mussot, A., Kudlinski, A. & Kolobov, M. Observation of extreme temporal events in CW-pumped supercontinuum. Opt. Express 17,
17010-17015 (2009).
29. Hammani, K., Kibler, B., Finot, C. & Picozzi, A. Emergence of rogue waves from optical turbulence. Phys. Lett. A 374, 3585-3589
(2010).
30. Zakharov, V., Dias, F. & Pushkarev, A. One-dimensional wave turbulence. Phys. Reports 398, 1-65 (2004).
31. Solli, D. R., Ropers, C. & Jalali, B. Active control of rogue waves for stimulated supercontinuum generation. Phys. Rev. Lett. 101,
275-278 (2008).
32. Yang, H., Chen, N., Wang, B., Tang, P. & Zeng, Q. Supercontinuum and rogue soliton generation by induced modulation instability
in photonic crystal fiber. Jour. of Mod. Opt. 63, 1370-1377 (2016).

w

N O G

SCIENTIFICREPORTS|7:39926 | DOI: 10.1038/srep39926 8



www.nature.com/scientificreports/

33. Nguyen, D. M. et al. Incoherent resonant seeding of modulation instability in optical fiber. Opt. Lett. 38, 5338-5341 (2013).

34. Akhmediev, N., Soto-Crespo, ]. M. & Ankiewicz, A. Extreme waves that appear from nowhere: on the nature of rogue waves. Phys.
Lett. A 373,2137-2145 (2009).

35. Baronio, E, Degasperis, A., Conforti, M. & Wabnitz, S. Solutions of the vector nonlinear Schrodinger equations: evidence for
deterministic rogue waves. Phys. Rev. Lett. 109, 044102 (2012).

36. Dai, C. Q,, Xu, Y. ], Chen, R. P. & Zhu, S. Q. Self-similar optical beam in nonlinear waveguides. Eur. Phy. J. D. 59, 457-461 (2011).

37. Agrawal, G. P. Nonlinear Fiber Optics, 5th ed. (Academic, 2012).

38. Genty, G., Dudley, J. M. & Eggleton, B. Modulation control and spectral shaping of optical fiber supercontinuum generation in the
picosecond regime. Appl. Phys. B 94, 187-194 (2009).

39. Zhao, S., Yang, H., Chen, N., Fu, X. & Zhao, C. Soliton trapping of dispersive waves in photonic crystal fiber with three zero-
dispersion wavelengths. IEEE Photon. J. 7, 7102701 -7102709 (2015).

40. Wang, W,, Yang, H., Tang, P., Zhao, C. & Gao, J. Soliton trapping of dispersive waves in photonic crystal fiber with two zero dispersive
wavelengths. Opt. Express 21, 11215-11226 (2013).

41. Serensen, S. T. et al. Influence of pump power and modulation instability gain spectrum on seeded supercontinuum and rogue wave
generation. J. Opt. Soc. Am. B 29, 2875-2885 (2012).

42. Li, Q. et al. Investigating the influence of a weak continuous-wave-trigger on picosecond supercontinuum generation. Opt. Express
19, 13757-13769 (2011).

43. Driben, R. & Babushkin, I. Accelerated rogue waves generated by soliton fusion at the advanced stage of supercontinuum formation
in photonic-crystal fiber. Opt. Lett. 37, 5157-5159 (2012).

44. Baveja, P. P, Xiao, Y., Arora, S., Agrawal, G. P. & Maywar, D. N. All-Optical SOA-Based Wavelength Converters with Sub-m W
pumping. IEEE Photon. Tech. Lett. 25, 78-80 (2013).

45. Xiao, Y., Maywar, D. N. & Agrawal, G. P. Time-transformation approach to pulse propagation in nonlinear dispersive media:
Inclusion of delayed Raman nonlinearity. Phy. Rev. A 87, 063816 (2013).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (Grant No. 61275137).

Author Contributions
S. Zhao designed and performed the numerical simulations, H. Yang provided overall supervision. All authors
participated in the analysis and interpretation of results and the writing of the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Zhao, S. et al. Controlled generation of high-intensity optical rogue waves by induced
modulation instability. Sci. Rep. 7, 39926; doi: 10.1038/srep39926 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
G o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS|7:39926 | DOI: 10.1038/srep39926 9


http://creativecommons.org/licenses/by/4.0/

	Controlled generation of high-intensity optical rogue waves by induced modulation instability

	Results

	Discussion

	Methods

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a) The group delay β1 =​ β′​(ω) (blue solid curve) and the related group-velocity dispersion β2 =​ β″​(ω) (red dash curve) as the function of the frequency and wavelength.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Density plots of (a) temporal evolution and (b) spectral evolution pumped at 1060 nm under the unseeded condition.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (1) Temporal evolution (upper row), (2) spectral evolution (middle row) and (3) The intensity distribution histogram of 100 simulations (lower row) pumped at 1060 nm with a seed of 0.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (1) The spectral evolution (upper row) pumped at 1060 nm with a seed at the 6 THz modulation frequency for different modulation depths ((a) 0.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (a) Three-dimensional temporal evolution along the fiber pumped at 1060 nm with a seed of 0.



 
    
       
          application/pdf
          
             
                Controlled generation of high-intensity optical rogue waves by induced modulation instability
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39926
            
         
          
             
                Saili Zhao
                Hua Yang
                Nengsong Chen
                Chujun Zhao
            
         
          doi:10.1038/srep39926
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep39926
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep39926
            
         
      
       
          
          
          
             
                doi:10.1038/srep39926
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39926
            
         
          
          
      
       
       
          True
      
   




