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Selection of extreme events generated in Raman
fiber amplifiers through spectral offset filtering

C. Finot, K. Hammani, J. Fatome, J. M. Dudley andBlot

Abstract — In this work, we discuss the emergence of rare dn
intense events in a Raman fiber amplifier. The tempral and
spectral evolutions of continuous and pulsed sigmnal are
investigated and approaches based on spectral sligi of the
broadened spectra are proposed in order to isolat¢he rarest
events. Numerical simulations are confirmed by expénental
results.

Index Terms— Raman fiber amplifiers, Nonlinear optics,
extreme events.

. INTRODUCTION

For more than three decades, optical fibers haven b

recognized as a versatile and highly effectivebex$tto

investigate a very wide range of non-linear corgept

ranging from modulation instability, in scalar [@} vectorial
[2] configurations, generated by coherent [1] aoimerent [3]
pumping waves, to the propagation of optical sot¢4] or
similaritons [5]. More recently, it has also beesmbnstrated
that the evolution of picosecond pulses or contisueaves in
a highly nonlinear optical fiber can be characttizy an
"extreme" statistics deviating strongly from usuaussian
statistics [6-11]. An analogy with the hydrodynasfield has
then been suggested so that the term optical rogwe has

ee

driven by a partially incoherent pump [14]. In sucltontext,
in order to study and explain the appearance dynafrihese
rare events, it becomes of primary importancend & way to
control and isolate the rarest and most intensatsvén the
framework of supercontinuum generation, it has been
demonstrated that an adequate spectral filteringmésgns of a
off-centered optical band pass filter (OBPF) coeificiently
isolate the optical rogue structures [6, 7, 10].siEaly,
ultrashort pulses arising through the nonlinear adyic
fission/recompression of an initial pumping pulse adeed
strongly affected by the intrapulse Raman respariskised
silica which progressively shifts their central duency
towards higher wavelengths. Consequently, recorsptes
pulses with the highest peak power then leads ¢ontost
frequency shifted pulses and can therefore beydasihted.

In the context of extreme event appearance in Raman
amplifiers from a continuous seed, it has been shihat the
impact of cross-phase modulation (XPM) induced by a
partially incoherent pump on the continuous wawadeto a
spectral expansion of the amplified signal. It hiasn been
experimentally suggested that slicing in this bevstl
spectrum, could allow to efficiently isolate thasge events
[12].

been proposed to qualify such rare but intense teven In the present article, we further detail how theaee

occurring during supercontinuum generation.

structures can be controlled in a Raman amplifner lrow is it

Other recent studies have also outlined than estrerROSSible to discriminate the small-scale fluctuadidrom the

statistics were not restricted to soliton-suppagrtisystems.
Indeed, similar highly tailed statistics can beerlsd as well

giant structures. We highlight a clear distinctioetween the
behavior affecting a continuous seed and the ewoluwif an

in other wide-spread fiber-based configurationshsag Raman initial ultrashort pulse train. Physical phenomemgplied in

amplifiers at telecommunication wavelengths [12] omtical

the rare-event control can indeed significantlyyv&ur paper

waveguides [13]In fact, under the influence of the quasi-Wi” be thus organized as follows. We will firstgaent the

instantaneous Raman gain and providing a low gralqacity
mismatch, fluctuations of a partially incoherentiucan be
exponentially transferred on the amplified sign&imilar
trends have also been demonstrated in paramethidifiens
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numerical model we developed as well as a simglifreodel
that enables us to achieve some clear physicalrstagheling
of the underlying nonlinear physics. Then, we villestigate
the amplification of a continuous wave as well gaibse train
in the Raman amplifier. Finally, the numerical clois@ns will
be compared to experimental results in the last paour
manuscript.

Il. NUMERICAL MODEL

During its evolution in a single mode optical fib#re slowly-
varying envelope of the electrical fielg(z,T) of an optical
wave can be described by the extended nonlineaib8iciger
equation [15] :
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w domain to intensity fluctuations having a minimuemporal
- —wa Rt)|W(zt- 17 °dt'’  FWHM of 25 ps. We will consider an average pump @oof
60T 0 175 mW, leading to an average gain of 3dB.

() Regarding the properties of the initial signalsp tinds of
with B, and B3; the chromatic dispersive properties of thesignals will be investigated. First, we will stuthe evolution
optical fiber, y the Kerr nonlinear coefficienty the optical 0f @ continuous wave with an average power of 0/8. Mhen,
losses, R(t) the silica response, which includes both th#e will focus on the evolution of a Gaussian puts@ having
instantaneous and the delayed Raman resppaselT are the @ 2.5 ps FWHM and an initial pulse energy of 1 pJ.
propagation distance and the temporal coordinateain Our Raman amplifier is based on a 500-metre highly
reference frame moving at the group velocity of thve. nonlinear fiber, with a second order dispersion
0, T)is the initial field made of the temporal superfiosiof ~ 1.3x 10° ps/m™ and 2.2 10°ps/m™ at signal and pump
the pump waveyr and the signakss which is shifted by Wwavelengths respectively. The nonlinearityyts 10 Wt kmt
Q=13 THz with respect to the pump wavelength anand the walk-off coefficient i® = 0.10 ps.m, which leads to
therefore leads to the maximum gain responsedn integrated walk-off of 50 ps between the pumg #re
0,T) = ¢p(0,T) + ¢(0,T) exp(-2 T). signal. Our fiber is normally dispersive, which bles us to

As no additional frequency is generated by nonfineg€t rid of modulation instability [1] as well as ligonic

NN

AL
2 2 0T

frequency mixing, it is possible to isolate the letion of the
pump ¢ from the evolution of the signals, We can also
consider that the Raman gain experienced by theakig
constant on the spectral range under

recompression [4].

I1l.  NUMERICAL RESULTS FOR A CONTINUOUS SEED

investigatioWe first investigate the evolution of a continumignal. We

gr=6.5x10° m* and that the Raman intrapulse effect antiave outlined in a previous work [12] that a contins signal

resulting soliton self-frequency shift are not galicn the
normal dispersion regime. Moreover, due to the agagion
length under consideration (typically half a kiloew®, the
consequences of the fiber linear losses are low eeml
therefore be neglected. Given all those justifieduanptions,
Eq. (1) can be reduced to the following set of twaupled
nonlinear Schrédinger equations [16] :

al//P_ Or ,ﬁpazl//p i

1 R ARG

d BosOYs 0

=Gl v Bl 2 oo
(2)

with = llvgp — 1/ysthe walk-off parameter defined as th

difference between the group velocitigg and vge of the
signal and the pump respectivefss and 5p are the second
order dispersion of the signal and pump respegtivett us
note that compared to reference [12], we have taken into
account the effects of second order dispergioim order to
better describe the pulsed signal dynamics. Ledlss notice
that compared to the widely spread models usedRfonan
amplification, which rely on a power analysis [18]j¢ model
we implement here is based on the evolution of gbalar
electrical field. This model will then enable usdescribe the
dynamics, both in the temporal and spectral domavhgch is
mandatory to understand our proposed spectralrifije
method.

A crucial point here, is that the pump involvedour study

is a partially incoherent pumgs that we modeled in the

spectral domain by a Gaussian intensity field hgvia
stochastic spectral phas#(«) with a uniform distribution

between standm[17, 18] :
¢.(w,0) O ex;{—ZIn(Z)g—ZJ eXI()i ¢ @). 3)

Q, is the spectral full-width at half maximum (FWHM]j the

e

evolving in a Raman fiber amplifier exhibiting lowalk-off
between pump and signal will experience an incofwre
transfer from the pump to the signal leading todbeeration
of rare and intense spikes.

A. Simulations based on a simplified model

In order to better understand the physics behiedottigin of
the formation of those spikes, we propose to censag a first
gualitative approach a simplified model. In thipegach, the
pump, amplifying the considered continuous seededsiced
to a single Gaussian pulse with a temporal widti25fps
corresponding to the shortest temporal width pdesit the
incoherent pump structure.

We have plotted in Fig. 1(a) the initial pump (aby signal
(a2) as well as the resulting amplified output algfa3). As
expected, the continuous seed has been amplifibd aeplica
of the pump profile can be observed on the outjgmas (Fig.
1(a3) plotted on a semi-logarithmic scale). Figlfie) outlines
that the amplification undergone by the signal esri
exponentially with the pump peak-power, confirmihgt the
process is not affected by any depletion effeangBy stated,
we can expect any fluctuation of the initial pump Ibe
exponentially transferred on the signal. It shdutdalso noted
that due to the walk-off value which is superiorthe finite
temporal width of the pump pulse, the amplificatisrmuch
lower than the value in absence of walk-aftggr L ¢?) [19].

If we now get concerned with the spectral intenpitgfile
of the amplified signal (see Fig. 1(c)), we canend
significant spectral expansion of the initial contbus signal.
Such a broadening is caused by the XPM of the pomthe
signal [20]. It is then possible to slice the breaeld spectrum
by using a frequency offset OBPF in order to remtve
central continuous part of the signal [21]. Thenpiple of
such a technique has already been successfully rdgrated
in the field of wavelength conversion of high kate optical
telecommunication signals [22] : the intensity mmfiation of

pump, Q, = 17.7 GHz, which corresponds in the temporal
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the most powerful wave (the pump) is converted be t of the order of several tens of THz. In our apphpdiitering
continuous seed via XPM. is possible both at shorter and longer wavelengths, a
drawback is that a significant part of the signalcure is lost
during the filtering process.

B. Simulations based on an initial incoherent wave

In order to check the validity of the qualitativenclusions

obtained relying on our previous simplified modek have

s run intensive numerical simulations based on aiglrt
incoherent pump as described by Eg. (3). Figurel)2(a
illustrates the initial pump intensity profile pled on a 50 ns
range. We have also computed the statistical digtdn of the
peak-powers present in this pump (statistics haeplired a

. temporal window of 20us). Results plotted in Fig. 2(b1)

AL A o llustrate that peak powers deviating significantipm  the
Frequency (GHz) average pump power can exist. It is indeed possibtdserve
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2 25 g Compared to previous studies iqvolving the peakgrow
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g N fd [24-26] or recent experiments carried out in sitico
2 @ waveguides [13], the partially incoherent pump unde
g0 05 1 5 P 25 0 investigation presents here much larger deviations.
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Fig. 1. (a) Temporal intensity profiles of thetiai pump (al) and continuous
signal (a2). The continuous amplified signal ist{gd on a semilog scale
(a3). (b) Intensity evolution of the gain fided as the ratio of the output
peak power of the signal and the initial averageai power) obtained from
our numerical simulation (black dotted-line) anedicted from the formula
expOr L ¢#?) (dashed-line) (c) Ouput signal spectrumviarious pump

powers (same convention as Figs. a). (eingfer function describing the

output signal peak power for various pump powerd aarious frequency
offset filterings.
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Peak powers of pump and sliced signal are therdiicked
via a function that is usually called transfer flimc. The
shape of this function depends critically on thectml offset
Qr of the OBPF. In order to illustrate this point, hvave used
a Gaussian filter with a spectral FWHM of 9 GHz. Wake oMb L] 10 T
out from Fig. 1(d) that for higher detuning valu€s, it %0 20 %4050 100 10’ kp“’z )
becomes possible to efficiently reject the low pupgwers : ime (ns) o o)
the frequency filter behaves as an efficient intgns
discriminator which threshold can be continuousiyned
according tdQr.

Let us point out that previous experimental configions
have also taken advantage of Raman amplificati@ P3].
But using an external counterpropagating Raman pun 210}
enables them to avoid any influence of this addélovave on 02
the expected wavelength conversion process. Ownsehs
here more complex as the copropagating Raman pachtha Fig. 2. (a) Initial pump intensity profile (al) dirprobability of the peak
XPM pump are intrinsically a single wave and conmaxly Powers (black squares) normalized to the averageepof the pump (b1)

. . - . compared with the amplified signal properties (al &2). Distribution
'ndtﬁ:e S_lmu:taneOUS|y correlated intensity and phatsanges obtained with numerical simulations is comparedhwthe distribution
on the signal.

) obtained from the initial power pump distributiondathe gain derived from
We can also compare our approach to spectral smiectpart 3B (grey circles). Statistical distributionmted on a log-log scale are

process used in the framework of supercontinuunemggion Com??fzd Withlﬁz “T_zalf ﬁt)s (grey dodtteqﬂ']"lﬁs)t_(?)'tpm Spewt“m Og the
: : : : amplified signal (solid line) compared wi etial pump spectrum (grey

[6, 7, 10], which _essentla”y relies on the mtey}giependant dotted line) (d) Evolution of the temporal integsitrofile of the signal after

sglf-frequency shift unde'rgo.ne by ultrashort sglltmlses. IN"filtering by an offset OBPF for various offset vahir.

this context, spectral filtering is only possible nger

wavelength edge and the associated frequencyishifually
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The amplified signal (Fig. 2(a2)) exhibits sign#it peaks
resulting from the instantaneous exponential amcgliion of
the pump initial fluctuations. As expected from aimplified
model, we can see from this figure as well as fieigy 2(b2)
that the fluctuation amplitude in the amplified redd) is much
larger than those present in the initial pump. Fitbm 2 16
peaks recorded on a temporal window of &) several giant
peaks have been found to present a peak intensitg than
100 times the average value of the signal. Letlss autline
that the probability distribution obtained for ttzemplified
signal (Fig. 2(b2)) is in clear agreement withreedir function
when plotted on a log-log scale, in agreement thithtypical
shape of extreme events. We can also compare suing
distribution to the distribution one can expectié consider

4

the pump amplitude was the single parameter inflingnthe
amplitude of the resulting pulse, in the pulsedecage will
have two parameters that will influence the fintdtes: the
amplitude of the initial state and the temporalagidbetween
the pump and signal.

In Fig. 3(b), we have plotted the temporal intgngitofiles
of the initial and final pump and signal. The temrglontensity
profile of the pulse propagating in the normall\sprsive
amplifier progressively evolves towards a parabstiate [5,
29]. Some temporal asymmetry can however be seetocdine
temporal walk-off and the depletion effects of themp during
the propagation [30]. The consequences of the gtiemporal
depletion experienced by the pump (Fig. 3(b)) [&1 also be
seen on the gain evolution according to the pummepo

the incoherent pump as a succession of isolategs25-plotted in Fig. 3(c) which deviates from the usirmar trends.
Gaussian identical pulses (such as the simplifiedden Note that compared to the previous part, we arehmmore
developed in part IllIA) having a peak power digitibn affected by depletion effects here because théalinfteak
following the results of Fig. 2(b1) and an instargaus gain as power is much higher than in the continuous case lfave
Fig. 1(b). We see that this model is qualitativelyrrect in here an initial peak power of 175 mW instead of rA\).
retrieving a heavily tailed distribution, but failsn Furthermore, we stress that some negative gaindcoel
quantitatively predicting the values of the maximypeak observed, which is mainly due to the chromatic elisipn
powers that can be achieved: our simplified moddnduced temporal broadening of the signal pulse clwvhi

underestimates the peak power value of the gianttsres.
This is linked to the fact that in this model, wensider a
single isolated pump pulse of fixed temporal widttereas in
the initial incoherent wave, due to the walk-offeef, the
signal can be subject to amplification by severdjaeent
substructures, which increases the resulting aicgtion.

The spectrum of the amplified wave (Fig 2(c)) atstibits
a noticeable reshaping. As discussed above, thialibiirac
spectrum has been significantly broadened undeeffeet of
XPM of the pump on the signal [27, 28]. We havealiin
checked that offset spectral filtering enables augfficiently
isolate the highest peak-power structures. As shown
Fig. 2(d), higher frequency detunings lead to highéensity
discrimination : it is therefore possible to iselat single rare
event generated by the partially incoherent pump.

IV. NUMERICAL RESULTS BASED ON A PULSED SIGNAL

Let us now investigate the evolution of an inipalsed signal
with a temporal width below the coherence timehef pump.

A. Simplified model

As in the previous part, we can first study a sifigul
approach to obtain some physical insights aboutpthap to
signal interactions. In the context of a pulsednaigit is
necessary to take into account an additional pasme
namely, the initial temporal delay ( notefl ) between the
pump pulse and the signal pulse. Indeed, if incihrtext of a
continuous seed, maximum of the amplified pulse pnohp
were synchronized, in the context of pulsed sigihés, is not a
priori always the case. The impact of this initiglay AT can
be seen in Fig. 3(a) where we have plotted the ifiegpbkignal
for different values ofAT. From our simulations, we have

consequently undergoes a peak power reduction.
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Fig. 3. (a) Output peak power of the amplifiedgeufor various initial pump
peak powers and various initial delays (b) Tempornsity profiles of the

signal (black) and the pump (grey). Output profileslid lines) are compared
with initial profiles (dotted lines). Results obtad for the optimum initial

temporal delay and a pump peak power of 2.5 WE{@Ilution of the gain

versus pump peak power (gain defined as the ratovden the final and
initial pulse peak power) for the optimal initi@mporal delay (d) Evolution
of the output spectral intensity profile of the gufier various pump powers
(results at the optimum initial temporal delay).) (€ransfer function

describing the output signal peak power for varipusip powers and various
values of frequency offs€r.

Regarding the optical spectrum, a noticeable bnoadecan

made out that an initial delay dfT = 38 ps leads to the rise of be noticed as well as some Spectra| asymmetry wisich

higher peak powers. In other words, if in the camdius wave,

consequence of the pump-signal walk-off [31, 32 Wave
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numerically checked that the spectral
originating not from the cross phase modulation taiher
from the self-phase modulation effect (SPM) [15t us also
outline that optical broadened spectra are mugefahan the
one obtained from a continuous wave, because abader
initial spectrum and also because the initial ppaker being
much higher, effects of SPM cannot therefore béeuted.

As in the preceding part, we can use an offset ORRIFder
to isolate the structures with the highest peakgrewwWe have
therefore plotted in Fig. 3(e) the transfer functabtained for

the optimum delayT for various values of the spectral offset

of a Gaussian OBPF having a spectral FWHM of 10z GH
Similarly to the previous case, increasing the spéoffsetQr
can continuously change the threshold of the tearfshction.
Let us outline that this method based on SPM inlifiephas
already been demonstrated in the telecommunicégthwith

a continuous Raman pumping [33]. It can also be& seean
extension of the well-known signal regenerationhtegue
proposed by Mamyshev [34, 35] and the fact thatniie
offset is increased, the extinction level increasesfully
consistent with the previous theoretical analy3¢].[

B. Simulations with an initial incoherent wave

In order to confirm our qualitative results, we daerformed
simulations including an incoherent pump such asiileed by
Eqg. (3). We have run more than 12 000 simulations e
resulting shot-to-shot statistics of the peak pewefotted in
Fig. 4(a), black squares, using a log-log scaldibits the
linear tail characteristic of extreme phenomena.

We have also plotted in Fig. 4(b) the spectrogrdnthe
output amplified signal (i.e. a spectro-temporgresentation)
where a pronounced event with a behavior deviatngngly
from the average behavior can be seen. The pressnbes
extreme shot confirms that pulses amplified by kighest
peak power also exhibit the most broadened spectrum

By recording the number of pulses after spectieing, we
obtain the resulting statistics described in Fi¢c)4which
clearly reflects that for a low spectral offset|@ive 0.4 THz),
the proportion of pulses recovered after slicingasstant to 1.
A statistical analysis of the peak powers of thered pulse
train (Fig. 4(a), grey diamonds) reveals that filtg at the
central frequency behaves as a beneficial optiocaiep limiter
[37]. Indeed, the peak power fluctuations have lbeided by
more than 2 and we can also make out a statistisalbution
reshaping. For further increase of the spectraedfdy, the
number of pulses recovered after spectral filteritgps
rapidly down to a very low value. We have finallguhd
empirically that the rate of this decrease versesftequency

expansion was
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Fig. 4. (a) Statistical distribution of the outppgak-power probability

(black squares) (35 equidistant bins have been)usBue tail of the
distribution is compared to a linear function (olog-log scale). Distribution
obtained after spectral filtering & = 0 GHz is plotted with grey diamonds
(b) Time-Frequency view of an output pulse sequaicg) pulsesT is the
period of the mode locked train.) (c) Proportionoatput pulses (defined as
the ratio between the number of pulses detected sfectral filtering and the
initial number of pulses) according to the spectifdet Qr. Results forQe>
0.4 THz are compared to a linear curve (in a sanstmale)

V. EXPERIMENTAL VALIDATION

A. Experimental set-up

In order to confirm our numerical approach, we have
implemented the experimental set-up sketched in 5{g).
The Raman pump is delivered by a fiber Raman hagtéran
initial average power of 350 mW at an initial waargyth of
1455 nm. As the pump is not polarized, this averpgmp
power of 350 mW corresponds in our scalar numeriwadel
to a value of 175 mW [16]. Such a power experimgnteads
to an average experimental gain of 3 dB. With steduced

offset could be well approximated by an exponentidUmp power and gain, we have not observed any apeatis

decreasing law (a linear function when plotted orseani
logarithmic scale).

Raman emission so that we can neglect this effecthé
modeling. The autocorrelation function of the pumave is
plotted in Fig. 5(b), grey solid line, and highligha typical
contrast of 1:2 with a coherence time of 25 ps [lI4, with a
shape typical of the Gaussian distribution (circkessumed for
our numerical simulations (Eqg. 3).
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Fig. 5. (a) Experimental set-up. (b) Experimeumtatiocorrelation function

of the pump wave (grey solid line) compared witle thutocorrelation
obtained based on the assumption of Gaussian #tiotis (circles) (Eq. 3).

The polarized signal is launched into a commergial
available highly nonlinear fiber (HNLF) fronofs with
parameters described in section 1. We will testtivee kinds
of signals. The initial continuous wave signal (CW§
delivered around 1550 nm by means of an externatydaser
having a spectral linewidth below a few MHz. Regagdthe
pulsed signal, it is delivered by a 2.5-ps modéd«alcErbium
doped fiber laser running at a repetition rate 2MHz. Both
signhal and Raman pump are coupled into the HNLmbgns
of a WDM coupler. At the output of the optical fiba second
WDM coupler enables us to select the amplified aigand
remove the residual pump. Previous experimentsriegpadn
ref. [12] have demonstrated that the extreme $tis
generated by this system is in qualitative agreémeth
numerical predictions resulting from the model dibsxl in
section Il. In the experimental section of thischt we focus
our attention more specifically on the spectralestbn
process that can be performed by spectral filtelimghe case
of the continuous seed, we have used a fiber Borgting
having a spectral FWHM of 9 GHz. In the case of ghésed
signal, we have inserted a wavelength demultiplestir eight
output channels having each a spectral FWHM of Gbl
and spaced by 200 GHz.

At the output of the system, the signal is finahalyzed by
means of a photodiode.

B. Experimental selection of the extreme events

Experimental results obtained in the case of aicoatis seed
with an initial power of 0.5 mW are plotted in F&fa). As the
position of the central frequency of the fiber Byagrating is
fixed, the filter-signal frequency detunir@ is obtained by
simply adjusting the wavelength of our initial Cgrgal. It is
readily apparent from subplots al to a3, that highe signal-
filter detuning is, lower is the number of obsensgikes. As
expected, for largest detuning, only the most isgespikes are
conserved.
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Fig. 6. (a) Experimental temporal results obtaifegda initial continuous
wave for different filter-signal spectral detuningdfset of 0 GHz, 100 GHz
and 200 GHz, subplots al, a2 and a3, respectibglExperimental temporal
trace (temporal scale is normalized by the repetitiate) of the output
amplified 22-MHz pulsed train obtained for variofiger-signal frequency
detunings: 0 GHz, 600 GHz and 1 THz, subplots 2lahd b3, respectively
(c) Number of detected output pulses as a funabiothe spectral detuning
imposed by the wavelength demultiplexer. Resulksscampared with a linear
decreasing function (in semilog scale).

We have also carried out some similar experimemtgHe
22-MHz picosecond pulsed seed. Initial pulses feai#VHM
of 2.5 ps for an average power of -16 dBm (1 pXsneer
pulse). Results are recorded by means of a phatediod an
oscilloscope having a 1-GHz electrical bandwidthtisat the
experimental observed spikes are mainly correlatedhe
pulse energy rather than peak-power. Neverthelessnt
works have outlined that statistics of peak-powerepnergy
exhibit similar behavior [10].

If the pulse train is filtered at its correspondingntral
frequency, we can retrieve after amplification ditigring a
pulse train at the initial repetition rate, Figh®). However, a
high amplitude jitter is clearly visible. Now, ifevanalyze the
output signal at another port of the demultiplexer,
corresponding to a higher frequency offset (Figsahd b3),
we can observe a dramatic drop in the number aofltieg
output pulses. The output signal does not presemnt
periodicity, so we have therefore generated a ptiam
having a stochastic pulse separation (with a tipaesg
corresponding to a multiple of the initial pulsaitr period).
Let us note that compared to the method developecfs.
[38, 39], which was also based on the propertiesliokd
broadened spectra, our resulting pulse train pteshare
noticeable intensity fluctuations.

Finally, we have experimentally measured the nunifer
output pulses as a function of the initial offseig( 6(c)). In
good agreement with results presented in Figs.fd@bJow
filter-signal frequency detuning (<200 GHz), themher of
detected pulses corresponds to the initial numibgpuises.
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For higher detunings, we have recorded an expaiairtp of
the number of intensity spikes after spectral riftg. This
result is fully consistent with our numerical stutiyveloped in
section IV. We can qualitatively see that it is gible to
isolate and detect by this technique a pulse hazingry low
probability of occurrence (around 1 over 1000).

VL.

In this work, we have proposed a simple model thas
enabled us to catch the nonlinear dynamics ofehepbral and
spectral evolution originating from the rare evenith a non
Gaussian probability. Based on the evolution of aussian
pulse having a temporal width corresponding to tipgcal
coherence time scale of the incoherent wave, itoines
possible to easily understand the physical prostsuilating
the rogue events. Depending on the nature and pofviire
initial seed signal (depending if the initial pulsemporal
width is below or above the coherence time), theitebe a
predominating role of the cross or self phase natohis
respectively.

Even for a gain as low as 3 dB, resulting fluctoagi can be
significant, which requires to take into accourit teffect for
the practical design of amplifiers based on quastaintaneous
gain : large amplitude fluctuations of the partidahcoherent
pump can therefore lead to large signal distortiang errors
under certain conditions. In this context, we bedi¢hat our
characterization and interpretation of the noisepprties in
the picosecond temporal domain could be usefulxiwoee
further aspects of extreme value fluctuations adogrin
optical fiber propagation. Our conclusions couldsoal
complement the well-known RIN measurements carmigdin
the electrical spectral domain to characterize dimplnoise
properties [16, 40, 41]. Our numerical analysis Heen
confirmed by experimental results.

CONCLUSION

VILI.
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