N
N

N

HAL

open science

Emergence of extreme events in fiber-based parametric
processes driven by a partially incoherent pump wave

Kamal Hammani, Christophe Finot, Guy Millot

» To cite this version:

Kamal Hammani, Christophe Finot, Guy Millot. Emergence of extreme events in fiber-based paramet-
ric processes driven by a partially incoherent pump wave. Optics Letters, 2009, 34 (8), pp.1138-1140.

10.1364/0L.34.001138 . hal-00408626

HAL Id: hal-00408626
https://hal.science/hal-00408626
Submitted on 20 Apr 2010

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00408626
https://hal.archives-ouvertes.fr

Emergence of extreme events in fiber-based parametr

processes driven by a partially incoherent pumpewvav

Kamal Hammani, Christophe Finognd Guy Millot
Institut Carnot de Bourgogne, UMR 5209 CNRS/Uni#&ide Bourgogne, 21078 Dijon, France

“Corresponding author: christophe.finot@u-bourgogne.

We present experimental and theoretical resultsvisttp efficient emergence of rogue
wave-like extreme intensity spikes during the fibased induced-modulational instability
process driven by a partially incoherent pump. drtipular, we show that the rogue event

probability can be easily controlled by adjustihg pump-signal detuning.

OCIS codes: 060.4370 (Nonlinear optitsers), 060.7140 (Ultrafast processes in fibers),
060.2320 (Fiber optics amplifiers and oscillators}190.4410 ( Nonlinear optics, parametric

processes), 190.3100 (Instabilities and chaos).



Optical fiber systems are well-known to provide wement platforms with which to investigate
a large and diverse set of fascinating fundamerdalinear phenomena [1]. Among the striking
phenomena due to the interplay of the dispersivkkarr effects is the modulational instability
(MI) [2], entailing the exponential growth of a weperturbation at the expense of a continuous
or quasi-continuous pump wave. The amplified pédtion can be either quantum noise (i.e.,
spontaneous MI) or a frequency shifted signal waee, induced MI). In the frequency domain,
MI is equivalent to a four-photon parametric mixipgocess where two pump photons are
annihilated to create a Stokes (signal) — anti-&qdler) photon pair. For both its fundamental
and applied interests, Ml has attracted a greahtin more than twenty years ago. In view of
its potential application to fiber-based communamatsystems, several MI-based devices were
proposed such as wide-band optical parametric &egli wavelength converters or high-
repetition rate lasers [1, 3-5].

More recently, Ml generated by a picosecond cattegpelse has been shown to be the
key ingredient of the generation of optical roguaves in supercontinuum [6, 7] : by analogy
with hydrodynamics and the Benjamin-Feir instapi[B], Solli et al. have highlighted that Ml
could explain the emergence of such rare but ietepical events. These extreme statistics,
which deviate significantly from Gaussian probdjlican also appear in non-solitonic systems
such as Raman amplifiers driven by a partially merent pump wave propagating in fibers with
low group velocity dispersion [9]. In such a systehe initial intensity fluctuations of the pump
are indeed exponentially amplified, resulting i theneration of intense spikes with temporal
duration corresponding to the pump coherence time.

The question which we address here is concerndd thie impact of a partially

incoherent pump on the performances of paramd#ly gmplifiers. Indeed, since both Raman



and parametric amplifiers are based on a fast &pgilon process which follows the rapid
optical field fluctuations inherent to an incohdrevave, one may naturally wonder whether
optical rogue events can also occur in Ml-based lifiep In preliminary investigations,
Sylvestreet al. have outlined that partially incoherent pumpingyduced by fiber Raman lasers,
could significantly deteriorate the quality of thmplified signals [10]. However, their analysis
has been restricted to the frequency domain so tindhe best of our knowledge, the temporal
profile and the associated statistical propertiésam amplified signal have not been yet
investigated in detail. In this Letter, we proviebgerimental evidence of rare optical events in a
parametric amplifier in presence of a strong pHytisncoherent pump. We stress, both
experimentally and numerically, the fundamentafedénces between MI with coherent and
partially incoherent pumping schemes. On the oltzard, we describe the temporal evolution
experienced by a continuous signal and its vanati® a function of the pump-signal frequency
detuning. Finally, the use of a pulsed signal affére possibility to carry out more precise

measurements on the pulse statistics and cleaghlights the impact of the incoherent pumping.

Our all-fibered experimental setup is sketched an E(a) and relies exclusively on
commercially available telecommunication-ready comgnts. We have designed a simple
home-made partially incoherent source by amplifyitng spectrally sliced and polarized
amplified spontaneous emission (ASE) of an erbiwped fiber amplifier (EDFA). Spectral
slicing of the ASE emerging from a first EDFA washeeved by means of an optical bandpass
filter (OBPF) having a Gaussian profile with a gpalcfull-width at half-maximum (FWHM) of
40 GHz (Fig. 1(b)). An additional OBPF is includedorder to remove potential ASE generated

by a second EDFA used to amplify the filtered ASEhe first EDFA. This system enabled us to



reach an optical signal to noise ratio higher tB&ndB for a maximum average power of 110
mW (the output power is controlled using a variabpgical attenuator (OA) ). The temporal
properties of this incoherent pump have been amdlyhrough autocorrelation measurements
(Fig. 1(c)). Experimental results are in good agreet with the assumption of stochastic
fluctuations with a Gaussian probability distrilauti[9]. Characteristics time of the fluctuations

has then estimated to be 9 ps, in agreement wetkpghctral measured bandwidth.

The partially incoherent pump and a continuousaigvith an average power of 140 pW were
combined into a 500-m highly nonlinear fiber (HNLK)ith a nonlinear coefficienty of
10 W.km™ and a second order dispersigh = - 6 x 10" p€.m™. We have first recorded the

output spectra for various pump-signal detuniagsjv,-v | ranging from 0.1 to 1.8 THz (with

Vs and 1, the central frequencies of the signal and pumgpeetively). Results are summarized
in Fig. 2(al) and confirm the generation of an ridave (up toQ = 1.2 THz) as well as
significant cascading of the process (betwé&en= 0.4 and 0.8 THz). We have carefully
compared these results with those obtained witbh@rent pump delivered by an external cavity
laser (Fig. 2(a2)). Major differences are then ityeautlined: visible idler is generated only up to
0.8 THz and no cascading is observed. We can tbeaude that the amplification bandwidth
generated by a partially incoherent pump is bro#aken the one generated by a coherent pump.
On the other hand, for similar average pumping pewie resulting MI gain is higher with a
partially incoherent pump. Both results are fullgnsistent with a previous analytical and
experimental study carried out in spontaneous gdbrincoherent Ml [11]. Let us also note that
the resulting spectral bandwidth of the amplifigghal is significantly increased in presence of

incoherent pumping, due to the cross-phase modulati the pump on the signal [12]. In order



to validate our experimental approach, we have Isited the longitudinal evolution of the
envelope of the complex electric fied{z,T) through the standard nonlinear SchrodingdtSN

equation [1] :

Numerical integration of this equation by the uss@it-step Fourier method (Figs. 2(b)) exhibits
an excellent quantitative agreement with the expental results.

We then got interested in the temporal evolutiorthef signal which is isolated from the pump
and idler waves by means of an adequate OBPF @agp&sian shape, 1.25 THz spectral
FWHM). Temporal measurements recorded by a phaledamnnected to a GHz-oscilloscope
(Figure 3(a)) highlight the emergence of intenskespon the amplified signal for various pump-
signal detunings. Changing the pump-signal detursigmificantly impacts the number and
intensity of the spikes, higher detuning leadindess frequent spikes (Fig. 3(a3)). Experimental
results are in agreement with numerical simulati@ssshown by Fig. 3(b) in the particular case
of the largest frequency detuning (correspondingritp 3(a3)). Therefore, the control of the
pump-signal detuning represents a convenient wayditectly influence the emergence
probability of the rogue structures. Moreover, waerén checked that such spiky structures are
only observed with the partially incoherent pump.order to get further insights on the fine
temporal structure of the spikes [9], we have réedrthe autocorrelation of the amplified signal.
Results plotted on Fig. 3(c) highlight a temporaditw of 5 ps. This temporal duration is of the
same order of magnitude that the pump fluctuatpresented on Fig. 1(c). However, let us note
that this duration is nearly a factor 2 below tlhnp coherence time, which can be explained by

the exponential gain experienced by the localizedctire of the signal. The experimental



amplified signal contrast is well below the init@intrast 1:2 of the pump, in agreement with the
rogue nature of the amplified signal [9]. Such awletion is well reproduced by numerical

integration of the NLS equation.

In order to carry out quantitative statistical measents, we have then substituted the
continuous signal by a picosecond signal delivdrgdh mode-locked fiber laser running at a
repetition rate of 22 MHz. As the pump-signal datgns fixed to 1 THz, most of the pulse train
does not experience any amplification as illusttada Fig. 4(a): only rare pulses are amplified
and therefore deviate strongly from the averagepuupower level. Related experimental
statistics, as recorded on a 50-GHz sampling ascitipe, are plotted on Fig. 4(b1) for various
pump powers. As the partially incoherent wave poimereases, the probability distributions
become clearly asymmetric and deviate from a pu@dyssian shape with a tail developing
towards higher peak-powers. This evolution is dqaaliely well reproduced by an extensive set
of numerical simulations (2Gimulations) as shown in Fig. 4(b2). A quantitatdifference may
appear however due to the electronic noise of étection system (photodiode and oscilloscope)
which broadens the experimental distribution. Weehaot included this noise in our simulations
but we have experimentally carefully checked thstinfluence does not depend on the pump

power, contrary to the observed power-dependerg twinadening.

In conclusion, we have shown that induced-MI (aiapgetric amplification) based on a partially
incoherent pump can lead to the emergence of higtalspeaks deviating significantly from the
average dynamics. Similarly to Raman amplificatitmnis behavior can be explained by the
instantaneous exponential transfer of the fluctuetiof the pump to the signal. The rogue event

probability can be easily controlled by adjustihg pump-signal detuning. By providing a new



vision of the temporal evolution of a wave, thisdst may find potential applications in the

design of parametric-based devices for optical camoations.
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Figure caption :

Fig. 1 : (a) Experimental setup for induced incemeiMlI. (b) Pump optical spectrum. (c) Pump
autocorrelation. The experimental measurementgl(btack line) are compared with the results
calculated numerically assuming a Gaussian stachdistribution with a coherence time of 9 ps

(grey circles).

Fig. 2 : Evolution of the output spectrum as action of pump-signal detuning. Experimental
results (subplots a) are compared with numericallte (subplots b). The evolution based on a
partially incoherent pump (subplots 1) is companeth that observed with a coherent pump

(subplots 2). Intensities are normalized with respe the initial signal power.

Fig. 3 : (al-a3) Amplified signal for various pussjgnal detuning$2 : 0.75 THz, 1 THz and
1.25 THz (supblots al, a2 and a3, respectivelyresponding to spectra A, B and C of
Fig. 2(al) ). Intensity is normalized with respéctthe median value. (b) Simulation of the
amplified signal generated for a pump-signal detgniof 1.25 THz. (c) Experimental
autocorrelation of the amplified signal (solid Idme) compared with simulation results (grey

line).

Fig. 4 : (a) Output pulsed signal in presence pheially incoherent pump. The dashed line
represents the signal power level without pump Ritmbability distributions of the output peak-
power for pump powers of 10mW, 50mW and 100mW (lighey, dark grey and black

histograms, respectively). Experimental results) @& normalized with respect to the median

value and are compared with numerical results (b2).
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