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We present experimental and numerical results sigpitie generation and breakup of the
Peregrine soliton in standard telecommunicatioberfi The impact of non-ideal initial
conditions is studied through direct cut back measents of the longitudinal evolution of
the emerging soliton dynamics, and is shown to $so@ated with the splitting of the
Peregrine soliton into two subpulses, with eactpsige itself exhibiting Peregrine soliton

characteristics. Experimental results are in gageament with simulations.

OCIS codes: 060.4370 (Nonlinear optics, fibers)).8630 (Pulse propagation and temporal

solitons),



There is currently much research interest intoesmé-value fluctuations and “optical rogue
wave” localization processes in nonlinear fiberiaptand supercontinuum generation [1-2].
These results have motivated a number of studieghe initial dynamics of the supercontinuum
generation process, and it was shown in partidhlar the temporal and spectral characteristics
of the evolving field could be well described inrms of a particular class of nonlinear
Akhmediev breather (AB) structure that undergoesode& evolution with propagation and
periodic energy exchange with a finite backgrousid [AB characteristics are observed when a
weakly-modulated continuous wave is injected inahemalous dispersion regime of an optical
fiber, and can be described in terms of an anasgiation of the nonlinear Schrodinger equation

(NLSE) given by [4-6].
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Here,A(z,T) is the field envelope, and the injected field hasrage power,RAnd is modulated at
frequency w,... Breather dynamics are observed for frequencigeereencing modulation
instability gain, corresponding to Oas< 1/2 with 2 = [1-(hnod a)?] and w?= 4y Py/|3,|. Here

y andp; refer to the fiber nonlinearity and dispersiore ttonlinear length is L = (yPy)™* and the
parameter b = [8a (1-2a)f determines the instability growth. The asymptetisea — 1/2 is
known as the Peregrine soliton (PS), and is ofiqdar interest as it represents the analytical

limt of a wide class of NLSE solutions and becauge has the rational form:

Az T) =P [L-4(1+ 2iz/ L, )/ (+ 4T/ T§+ 42/, § 1exp(iz/ k, whereT, = (B,L,)".



Despite its existence in the mathematical liteeatior over 25 years, the PS solution has only
very recently been observed in experiments. Twoomalinewidth lasers were used to generate
initial conditions to excite PS localization in hig nonlinear fiber characterized using intensity
and phase measurements with frequency-resolvedabpating [7].

In this Letter, we further explore the generatidnP& characteristics in fibers, using a much
simplified setup that allow us to study the evaatidynamics over a wider range of initial
conditions. The setup is shown in Fig. 1 and isebaexclusively on commercially-available
telecommunication-ready components and standdod SIMF-28 fiber. In contrast to previous
experiments using combined external cavity laseige¢ate an amplitude modulated beat signal,
we use a simpler approach here with a directlynsitg modulated 1550 nm laser diode, and an
ultrafast optical sampling oscilloscope (OSO — Budee PSO100 series) that enables real time
observation of the temporal reshaping towards t8e WVe also perform high dynamic range
spectral characterization, and note that a phashkilaor is used to prevent from the deleterious
consequences of Brillouin scattering, and an erbioped fiber amplifier (EDFA) is used to
obtain average powers up to 1W. The optical fibean 8.35-km long segment of SMF-28 with
B, = -21.4 p&km, Bz = 0.12 p&km, y = 1.2 WYkm™ and 0.19 dB/km loss. The output signal is
carefully characterized both in the temporal anédcspl domains by means of an optical
spectrum analyzer and an optical sampling osciipsdhat enables the direct measurement of
the (subpicosecond) intensity profile in real-timBy combining the real time characterization
with cut-back measurements, we provide the firsgadiobservation of PS longitudinal evolution
dynamics and report a new effect associated wighbtleakup of a PS into two subpulses, each

possessing similar characteristics of localizatipon finite background.
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Fig. 1. Experimental setup. PM: phase modulator; IMensity modulator, OSO: optical

sampling oscilloscope; OSA: optical spectrum aralyz

The field injected into the fiber &(z=0,T)= | B[ 1+ 0,0y CO@pos )] Where Srmod

is the intensity modulation contrast. As this mlatied field propagates along the fiber, it
undergoes dynamical nonlinear compression to ypeldes that grow to high amplitude before
returning to the initial state through Fermi-Padtam recurrence. Our present setup is very
convenient to study the precise impact of the ahitionditions on this evolution. Indeed, we
performed temporal and spectral characterizatian.g¥2m = 16 GHz using different values of
Omodin the range 0.2—-0.6 and twelve values of powdrdm 0.35 to 0.9 W. The power range in
particular enables us to study the dynamics ovesxéended region of the gain curve from 0.4 <
a < 0.47, allowing us to approach much closer tlglidPS limit than in previous experiments
performed ata = 0.42 [7]. Moreover, the longitudinal evolutior the field was studied by

cutting the fiber in 32 parts.

The first results we present in Fig. 2 concerngh@pagation dynamics as a function of
power and distance. At fixed modulation cont@agti = 0.3, Fig. 2(a) illustrates how the degree

of dynamical compression strongly depends on ing@nditions by plotting the compressed



pulse peak power as a function of propagation wicgtdor powers in the range 0.35-0.9 W. The
peak power was determined from average power me@asmts and the measured OSO temporal
profiles. The results are shown in false-colorespntation clearly illustrating how the distance
of optimum compression decreases at higher pow&re experimental results are compared
with numerical simulations shown in Fig. 2(b). tAe highest powers, the simulations also show
the appearance of a secondary compression phaestiwe study this in more detail in Fig. 3

where we show it is associated with a pulse spijtéffect.

The PS propagation dynamics are known to depergitisety on the initial modulation
depth. Indeed, the ideal evolution towards thedP&pected to occur for smaller valuedgiq
with evolution over a longer propagation distari@l [For fixed input power §£= 0.80 W, Fig.
2(c) presents results for three value®gfs = 0.2, 0.3, 0.4 where we plot the temporal intgnsi
profile measured at the distance of optimum congioesL = 7.3, 4.6, 4.2 km, respectively. We
clearly see that lowey,ogrequires longer propagation distances for optiroatgression, but our
ability to readily characterize the evolution foese different cases allows us to see that greater
propagation distance associated with the lowsggl results in deviation from the ideal PS
characteristics because of significant loss. Fmaum results, the best agreement with the
expected PS structure isd@t.,q = 0.3 where we see a clear temporally localizeak @irrounded
by a non-zero background. The central part of thecgire has a temporal duration around 3 ps
and closely follows the analytical formula as wadl the numerical simulations based on the
extended NLSE taking into account third order disjom, losses, Raman effects and ASE noise
at the experimental level. The excellent agreenodrisierved in the temporal domain is also

confirmed in the spectral domain as illustrate&im 2(d).
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Fig. 2: False color maps showing compressed peafepas a function of distance and power at
Omo=0.3 from: (a) experiment and (b) simulation. (an@parison of the temporal intensity
profile measured for three values &foq at corresponding optimum compression distance with
Po=0.8W (see details in the text). The ideal analy@§ is also shown in black line.
Corresponding numerical simulationsdaf=0.3 yield results that are indistinguishable frina
experimental data. (d) Corresponding spectrumdsgiey line) at maximum compression for

Omo=0.3 compared with numerical results (blue circles)



We now focus in more detaill on the whole longitadiirevolution of the field
corresponding to the results in Fig. 2 (¢) andwbgndneg= 0.3 andPy= 0.80 W (i.ea = 0.47).
Fig. 3 shows the longitudinal evolution of the tewad and spectral profiles obtained from
experiment (a,c) and numerical simulations (b dje clearly observe the temporal evolution of
the modulated CW field into a periodic train ofrathort pulses on a continuous background,
accompanied by a significant spectral broadenixgeEments and simulations are in excellent
agreement, but significantly differ after the paafitoptimal compression. We do not observe the
expected return to the initial state, but rathemesv and striking effect of Peregrine soliton
breakup into two identical structures. Correspogdemporal and spectral signatures of these

dynamics can also be seen in Fig. 3(e,f).

The deviation from recurrent dynamics is attributedhe sensitivity of the propagation
to non-ideal initial conditions as we approach B limit at higher values @ [4]. We stress
that this behavior was not observed in previousergents when lower values af and more
restricted propagation were used [7], and thus ethessults represent a significant new
observation. In fact, our ability to readily chetexize the temporal profiles using the OSO
allows us to further see that the sub-pulses arle #eemselves very well-fitted by the analytical
form of the ideal PS; comparison with the idealf®Seach sub-pulse is shown in Fig. 3(e) using
Po= 0.32 W equal to the continuous background aragheddoublet pulses. This suggests that
the Peregrine soliton profile represents an attradtructure after breakup processes, similar to
behavior of the more well-known hyperbolic secaolitens of the NLSE. However, further

theoretical work will be needed to determine thecpme conditions under which such breakup is



initiated [8]. In particular, a recent study hagpaored specific conditions for which FPU

recurrence can be affected by frequency doublimguohycs [9].
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Fig. 3: Evolution with distance of temporal (a, &hd spectral (c, d) intensities
comparing experiment and simulation as shown. Hgge= 0.3 and P= 0.80 W. (e) OSO
signal observed at 8.4 km withy,oq = 0.3. Experiment (dashed red line) is compared wit
simulations (solid blue line) and the analyticalnfioof PS for each subpulse (yellow and green
circles). (f) Corresponding spectrum with solid ygiee compared with numerical spectrum

(blue circles).



There are several conclusions to be drawn fromwlagk. Firstly, we have shown that it is
possible to generate near-ideal Peregrine solitoalization and to characterize the associated
dynamics using a simple experimental setup withdsied telecommunications components and
measurement techniques. This allows the evolutioanoinitially modulated field towards the
Peregrine soliton to be studied in a parametet Mery closely approaching the ideal theoretical
limit, and furthermore permits the convenient anckat characterization of the propagation
dynamics through cut-back measurements. Theseaimgrgs reveal new features of this class
of two-dimensional localization dynamics, includitig sensitivity of the optimally-compressed
profile on modulation depth, and a phenomenon dsereakup as the expected FPU
recurrence is not observed with our experimentahipaters. We anticipate that these results
will impact on studies of the emergence of extrdowalized events in optics under various
initial excitation conditions. In a wider contexhe fact that an initial Peregrine soliton can
break up into two lower amplitude but equally stiynlocalized soliton pulses may have

important implications for further interpretatiooShydrodynamic rogue wave observations [10].
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