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Abstract: We numerically and experimentally demonstrate that a Gaussian pulse can be reshaped
into a pulse with a stable parabolic intensity profile during propagation in normally dispersive
nonlinear fibers.

1. Introduction
Pulses with a parabolic intensity profile have recently generated great interest in the field of telecommunications due
to their intrinsic resillience to the deleterious effects of optical wave-breaking [1, 2], and due to their numerous
potential applications in short pulse generation [3, 4], regeneration [5] as well as multi-wavelength pulse generation
[4, 6]. So far various methods have been proposed to generate such pulses both actively by using the asymptotic
evolution of any pulse in a normally dispersive fiber amplifier [3, 6], or passively with normally dispersive
dispersion decreasing fiber [7], or linear shaping using superstructured fiber Bragg grating [4, 5].
We propose here a new and simple passive method of generating parabolic pulses that relies upon nonlinear
propagation in discrete sections of commercially available normally dispersive fibers. We first show how an initial
Gaussian pulse evolves during propagation in a normally dispersive fiber and reshapes at a particular point into a
pulse with a temporal parabolic intensity profile with a nearly linear chirp. This pulse can then maintain its profile in
a second highly nonlinear normally dispersive fiber. Experimental results based on an accurate characterization both
in intensity and phase confirm the feasibility of this approach.
2. Progressive reshaping of a Gaussian pulse in a normally dispersive fiber
The longitudinal evolution of the complex electric field u(τ,ξ) of a pulse in a normally dispersive fiber can be
modelled by the normalized nonlinear Schrödinger equation (NLSE) [8] :
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T0 and PC are respectively the characteristic temporal width and the peak power of the initial Gaussian pulse
ψ (0, T ) = PC exp(− T 2 / 2T02 ) . T, z and ψ are the time in a copropagating time-frame, the propagation distance and
non-normalized electrical field respectively. The fiber parameters (β2 the second order dispersion and γ the nonlinear coefficient) are taken into account via LD, LNL and N which are the dispersion length, the non-linear length and
the “soliton” number respectively.
In Fig. 1 we present the evolution of an initial Gaussian pulse with N = 4. The interplay between dispersion and
nonlinearity leads to a progressive reshaping of the pulse. At ξ = 0.2 (Fig. 1(a3)), the pulse exhibits an intensity
profile which is close to a parabolic form, as confirmed by the good agreement between the intensity profile and a
parabolic fit which shows only a small discrepancy is the wings of the pulse. Beyond this distance, the intensity
profile begins to deviate more strongly from the parabolic shape with a flattening of the top of the pulse (Fig. 1(a4)).

Fig 1. (a) Evolution of the temporal intensity profile of an initial Gaussian pulse in a normally dispersive fiber for N = 4
and for different propagation distances ξ : 0, 0.1, 0.2 and 0.6 (Fig. a1, a2, a3 and a4 respectively). Results from the
numerical integration of Eq. (1) (solid lines) are compared to parabolic fits (circles). (b) Evolution of the misfit parameter
M versus the normalized propagation distance ξ for different values of N (N = 2, 2.6, 3 and 4, mixed, solid, grey dotted
and grey dashed lines respectively). (c) Temporal intensity and chirp profiles at ξopt for different N values (N = 2, 2.6, 3
and 4, same conventions as Fig. 1(b) ). The initial Gaussian pulse is presented in bold solid line

In order to quantify the evolution towards a parabolic shape, we have computed the evolution of the normalized
misfit parameter M between the pulse intensity profile |u(τ)|2 and a parabolic fit |p(τ)|2 of the same energy, with p(τ)
corresponding to the normalized intensity profile |p(τ)|2 = 1 – (τ / τP)2 if |τ| ≤ τP and p(τ) = 0 otherwise (Fig. 1(b)).
We can then see that for any N, M reaches a minimum Mopt after a distance ξopt where the pulse has an intensity
profile close to the desired parabolic shape. ξopt depends strongly on N, and so does the behaviour of the pulse after
ξopt. The lowest Mopt is obtained for N = 2.6.
In order to understand the influence of N on the pulse shape generated at ξopt, we have plotted in Fig. 1(c), the
temporal intensity and chirp profiles for different N values. We note strong differences in the chirp profiles of the
parabolic pulses: for low N values, the chirp is linear over the majority of the pulse whereas for higher N some large
deviations from a linear behaviour appear in the central part of the pulse. From this non-monotonic chirp profile we
can anticipate that the pulse will be subject to wave-breaking deformations [1]. In other words, the proposed method
cannot generate a stable parabolic pulse with a high N using just a single segment of fiber.
To overcome this limitation, we propose to first generate a parabolic pulse in a section of fiber under optimal
conditions (Nopt = 2.6, which leads to a close to linear chirp across the entire pulse, see Fig. 1(c), solid line) and then
to stabilise the parabolic pulse shape using one of two possible approaches: either by amplifying this pulse before
further propagation in another fibre, or using propagation in a second fiber with a higher ratio of γ /β2. Under these
conditions the pulse propagation in the second segment will be mainly affected by non-linearity ensuring that the
linearly chirped parabolic pulses maintain their shape even in the presence of dispersion [2].

3. Experimental demonstration
We have carried out the following experimental verification (Fig 2). Nearly-transformed limited Gaussian pulses are
generated from a gain switched DFB laser with optimal compensation of the residual chirp. These Gaussian pulses
are then amplified to the desired N value before propagation in 50 meters of dispersion compensating fiber (DCF)
whose length corresponds to ξopt at Nopt. Output pulses from this first segment are then characterized in intensity and
phase by a second harmonic generation frequency resolved optical gating device (SHG-FROG) [9].

Fig 2 : Experimental set-up used to passively generate parabolic pulses and parameters of the fibers used.

We can see from Fig. 3(a) that a clear reshaping of the pulse into a parabolic form takes place for an initial
energy of 47 pJ per pulse (N= 2.6). We point out the good agreement with a parabolic fit and with numerical

simulations of (1) which include also the effects of third order dispersion β3 and take as an initial condition the input
pulse form as experimentally characterized by the FROG technique. For a lower pulse energy (11 pJ, N = 1.1), the
pulse remains closer to a Gaussian form whereas for higher energies (115 pJ, N = 4) the top of the pulse becomes
flattened.

Fig 3 : Temporal chirp (top) and intensity (bottom) profiles. (a) Pulses after the segment of DCF, for initial pulse energy of
11, 47 and 115 pJ. Experimental results obtained by FROG technique (circles) are compared to numerical simulations
(solid black line) and to Gaussian or parabolic fits (dashed and mixed lines respectively).
(b) Pulses characterized by
FROG after the first stage (diamonds) for an initial N = 2.1 and after the second stage (circles). Experimental results are
compared with parabolic fits (mixed lines) and with numerical simulations (solid black line)

We then investigated the possibility of propagating these pulses in a second section of highly nonlinear fiber
without losing their parabolic characteristics. In order to carry out the demonstration at 10 GHz, we have used a
slightly non-optimal pulse energy (N = 2.1, 31 pJ per pulse). The set-up appears however to be tolerant to this and at
the output of the first segment, we obtain the expected parabolic profile (see Fig.3b). The FROG characterisation at
the output of the second highly-nonlinear fiber confirms that the pulse remains parabolic and has developed a highly
linear chirp. These results are in agreement with numerical simulations (third order dispersion, splice and distributed
linear losses of the fiber are accounted for in the model).

4. Conclusion
We have demonstrated the possibility of generating linearly chirped parabolic pulses in a completely passive manner
using progressive reshaping of pulses in commercially available normally dispersive fibers. By carefully choosing
the initial power and the length of the fiber, one can expect to have a parabolic pulse. This thus offers a very
promising way to generate parabolic pulses at high repetition rates. Our theoretical results are confirmed by
experiments which demonstrate the ability of the pulses to maintain their parabolic shape in a second fiber segment
in which non-linear effects are predominant. Our approach can be extended to other pulse shapes as long as the
initial optimal power and length of the first fiber section are carefully optimized.
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