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ABSTRACT

We present experimental and theoretical resultsvstgpthe emergence of rogue wave-like extreme Bitgn
spikes during fiber-based amplification processehsas Raman effect or induced-modulational intalihat

rely on quasi-instantaneous gain. We outline thatten certain circumstances, a partially incohepmping

can induce large fluctuations of the amplified sigmnd we propose various means to spectrallgistle most
extreme structures.

Keywords. extreme events, Raman amplification, parametripldication.

1. INTRODUCTION

Optical fiber systems are well-known to provide wemient platforms with which to investigate a latged
diverse set of fascinating fundamental nonlineagnomena [1]. Optical telecommunications have tloeeef
strongly benefited from all the potentiality offdreéby fibers, not only for ultra long haul high spee
transmissions but also in the field of optical aifigdtion. Erbium doped fiber amplifiers have inddgeen a key
ingredient of the telecommunication revolution bétlast decade of the twentieth century. Two adtéve
amplification approaches based on optical fibekelaso been developed based on the quasi-inseantamgain
provided by a strong pump through Raman amplificafR] or parametric amplification [3].

The practical applications of optical fibers hawe heen restricted to optical telecommunicatioms] a new
generation of microstructured fibers enabling disjgs control combined with extreme confinement hasn
intensively used in the field of fibre supercontinu generation. In this context, latest researcteldgvnents
have highlighted the possibility to observe in ogtifibers very rare but intense optical eventsciwltiave been
termed rogue waves by analogy with hydrodynamieg|[4

The question which we address here is concerndd thét existence in telecommunication-based dewifes
such optical structures deviating strongly from au€sian probability distribution. We specificallyestigate
Raman and parametric amplifiers pumped by a pbriiatoherent field, and we will outline that undsgrtain
circumstances, rare but intense spikes can spaualyeemerge during the fiber amplification. We lvaihrry
out a temporal and spectral analysis of those mreptical structures and we will propose stratetpeisolate
the rarest events.

2. EXTREME EVENTSIN RAMAN AMPLIFIERS
We first investigate a configuration based on a &afiber amplifier pumped by a partially incoheresmve.

2.1 Experimental setup

Our all-fiber experimental setup is sketched in.Filgand relies exclusively on commercially avaiabl
telecommunication-ready components. The pump iveteld by an unpolarized Raman fiber laser having a
spectral width of a few tens of GHz. The temporadperties of this partially incoherent pump havesrbe
analyzed through autocorrelation measurements megsein Fig. 1(b). Experimental results are in good
agreement with the calculated autocorrelation fonct(circles) based on the assumption of stochastic
fluctuations with a Gaussian probability distritmuti[8]. The characteristic timescale of the flutias has been
estimated at 25 ps, leading to rapid fluctuatiointhe pump signal as illustrated on the inset gf Eib).
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Figure 1. (a) Experimental setup. (b) Intensitgarorrelation signal of the pump signal. Inse¢miporal
fluctuations of the intensity profile of the pump.



The pump and the signal to be amplified at 1550anencombined by a WDM coupler into a 500-m highly
nonlinear fiber (HNLF) with nonlinear coefficieny = 10 W-km® and a second order dispersion
B =7 10 p£.m. We have also tested a 3500-m normal dispersiiegtiber (DSF) with a higher dispersion
of 3.2 10% p€.m™. Both fibers exhibit similar integrated Raman gaind cumulative nonlinearity. At the
amplifier output, a second WDM coupler is usedstldte the signal which is then characterized bgnmaef a
photodiode, an optical spectrum analyzer and aicaphtensity autocorrelator.

2.2 Observations based on a continuous seed signal

A typical measurement of an oscilloscope trace sipgn500ns using the HNLF-based amplifier is shawn
Fig. 2(a) which illustrates that the amplified doobus signal exhibits some intense intensity spike the
temporal domain. In order to better characterizetéimporal properties of these features, we hagerabasured
the intensity autocorrelation of the output sigfal various values of gain (Fig. 2(b)). The resdénonstrate
for the HNLF a noticeable change in the contrasthef autocorrelation, highlighting significant @ifénces in
the pulse statistics. However, the temporal widtthe structure is close to the characteristic toh¢he initial
pump fluctuations. The output spectrum (Fig. 2f@3 also been modified during the amplificationcess, with
significant spectral broadening due to cross-pimagdulation induced by the pump on the signal. Tée of a
fiber with a higher dispersion such as the DSF ksathe suppression of such effects because oéhighalk-off
between the pump and the amplified signal.
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Figure 2. Temporal and spectral characterizatiorttad amplified continuous signal amplified in thEIHF or
DSF for various gains (a) Temporal signal recoraeda GHz photodiode for HNLF (b) Measir

autocorrelation signal (c) Measured opticpkstra.

2.3 Observations based on a pulsed signal

In order to gain some quantitative insights inte #tatistical distribution of the peak power fluations of the
pulses, we have replaced the initial continuousadidpy a picosecond pulse train delivered by a roated
fiber laser. The eye diagrams recorded at the outpthe Raman amplifier (Fig. 3(a)) show how vetyong
fluctuations have developed in the case of HNLFeHasystem. Measurements of the probability distidinuof
the peak powers after amplification further hightighe differences between the fibers. IndeedafbiNLF, the
probability distribution exhibits a long tail whidk well-fitted by an exponentially decreasing ftioo (when
plotted on a semilogarithmic scale), which is tgbiof extreme value behavior. On the contrary,sttas for a
DSF-amplifier can be described by a linear fit bis scale.
These experimental results have been confirmednbintensive set of numerical simulations based ten t

nonlinear Schrédinger equation including Raman §hj2] : the linearly or exponentially decreasirgls have
been quantitatively reproduced (Fig. 3(c)).
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Figure 3.(a) Eye diagrams of the signal before aftdr a 3-dB amplification in a HNLF and a DSF
(b) Statistical distribution of the peak powersaibed experimentally (c) Statistical distriton obtained
from the numerical integration of the NLSE inclglthe Raman gain.
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2.4 Spectral selection of therare events

In order to better understand the dynamics of tllodeeme events, it is of much interest to devedmhniques
to usefully isolate such events. From a time-freqyerepresentation of a pulse train (Fig. 4(a)),caa make
out that the extreme events are associated withatest spectral expansion. This suggests thappropriate
offset filtering method can be efficiently useddrder to select the rarest events. Indeed, by usingptical
bandpass filter (OBPF) centered on the signal aentavelength, a pulse train having the same répetiate as
the initial train is recovered as can been seeRign4(b1). On the contrary, for significant spatwoffsets, only
the most intense pulses are preserved (Fig. 4(B&)y)sequently, changing the spectral offset ofQB&F (Fig.
4(c)) can provide an efficient way to control thember of the output pulses in the resulting randerquence.
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Figure 4. (a) Time-Frequency representation &f éimplified pulse train  (b) Temporal signalabed after
spectral slicing by a 100 GHz filter offset by GlanTHz (subplots (b1) and (b2) respectively)isThe initial
period of the pulse train.  (¢) Ratio betwelea humber of initial pulses and the number of muthetected
after spectral filtering for various offset values.

3. EXTREMESEVENTSIN PARAMETRIC AMPLIFIERS

As Raman and parametric amplification are both th@sea fast amplification processes which follots tapid
optical field fluctuations inherent to an incohdramve, one may naturally wonder whether opticglmevents
can also occur in modulation instability (MI)-basadplifier. In preliminary investigations, Sylvestt al. have

outlined that partially incoherent pumping, prodiid®y fiber Raman lasers, could significantly deteate the
quality of the amplified signals [9]. However, thanhalysis has been restricted to the frequencyaitoso that,
to the best of our knowledge, the temporal praditel the associated statistical properties of arliiegpsignal

have not been yet investigated in detail. We previeére experimental evidence of rare optical events

parametric amplifier in presence of a strong plytiacoherent pump.

3.1 Experimental set-up

Our experimental set-up used for Ml-based amplificais close from the one described in Section 21
initial incoherent pump is delivered by a home tsidlurce having a characteristic fluctuation timé® @s and a
central wavelength of 1549 nm for an initial averagpwer up to 110 mW. The signal to be amplifiedhdted

by Q compared to the pump wavelength. The amplificatioours in a 500-m highly nonlinear fiber having an
anomalous dispersion of -6 “41@<.m* and a nonlinear coefficient of 10 ¥km™. At the output of the
amplifier, an OBPF enables us to remove the pump.

3.2 Observation based on a continuous signal and spectral filtering

Results of an initial continuous signal amplifieddur device are plotted on Fig. 5(a). Similarlythe Raman
case, intense spikes are visible on the oscillosdégre. By changin®@, we have noticed that higher detuning
leads to rarer and more intense structures. Ousunements have also confirmed that modulation ligta
based on a partially-incoherent pump lead to adrigiain coefficient as well as a broader amplifaat
bandwidth compared to amplification relying on ahemnt wave [10, 11] In addition,autocorrelation
measurements has confirmed that initial ratio &f typical of the incoherent pump has significardhanged
(Fig. 5(b)). Once again, all our experimental reswre confirmed by numerical simulations basedtten
standard nonlinear Schrédinger equation.
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Figure 5. (a) Amplified signal recorded for @ifént pump-signal offset3. (b) Experimental autocorrelation
of the amplified signal (black line) compared te tilumerical simulation results (grey line) and vittle initial
pump. (c) Pulse train after amplification. Insgieak power statistical distribution for differenimp powers.

3.3 Observation based on a pulsed seed signal

Similarly to Section 2.3 above, additional expenitsehave been carried out using a pulsed seedlsiyinen
the pump-signal detunin@ is fixed to 1 THz, most of the pulse train is aotplified as illustrated on Fig. 5(c).
Only one shot is amplified and therefore deviatiesngly from the average behavior. Related expeniale
statistical distributions recorded for differentnpol power levels are plotted on inset of Fig. 5&9.the pump
power increases, the probability distributions dévifrom a purely Gaussian shape with the developwiea
tail towards higher peak powers.

4. CONCLUSIONS

Our results have shown that an amplification predeased on a partially incoherent pump can leathdo
emergence of intense signal peaks deviating sggmifly from the average dynamics. Both for paraimé¢irl]
and Raman [8] amplification, this temporal behawan be explained by the instantaneous expondrdiadfer
of the fluctuations of the pump to the signal. lwitb configurations, the rogue events can be istlafbese
studies confirm that optical fiber devices at telaunication wavelengths can be efficiently usedursessful
laboratory systems to understand rogue waves.
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