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We theoretically study the effects of the temporal intensity profile of the initial pulse on the nonlinear
propagation spectral compression process arising from nonlinear propagation in an optical fibre.
Various linearly chirped input pulse profiles are considered, and their dynamics is explained with the
aid of time-frequency representations. While initially parabolic-shaped pulses show enhanced spectral
compression compared to Gaussian pulses, no significant spectral narrowing occurs when initially
super-Gaussian pulses are used. Triangular pulses lead to a spectral interference phenomenon similar
to the Fresnel bi-prism experiment.
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1. Introduction

Self-phase modulation (SPM) in optical fibre is ordinarily asso-
ciated with spectral broadening of an ultra-short optical pulse.
However, for appropriate initial conditions of the input pulse,
SPM can result in significant spectral compression [1]. Indeed,
SPM causes spectral compression or broadening depending on
the initial frequency modulation (chirp) of the pulse electric field.
Specifically, a pulse with a negative chirp, such as that imparted by
an anomalously dispersive element, is compressed by the effects of
SPM [2-4]. This method of spectral compression has been imple-
mented using various types of fibres [5-8] and has also been stud-
ied in nonlinear waveguides [9]. It is suitable for a very large range
of wavelengths including Ti:sapphire wavelengths [5,8], the widely
used 1-um [7,10,11] and 1.55-um [12] windows and the emerging
2-um band [13]. The process can also sustain simultaneous ampli-
fication of the pulse [10,11,13,14], thereby providing an attractive
solution to convert ultra-short pulses delivered by femtosecond
oscillators into high-power, near-transform-limited picosecond
pulses, and to counteract the spectrum expansion that usually
occurs with the direct amplification of picosecond structures.

Most of the theoretical and experimental works to date have
considered usual initial pulse profiles such as Gaussian or hyper-
bolic secant pulses [3,5,8,10,11,14]. However, several recent stud-
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ies have demonstrated that the use of pre-shaped input pulses
with a parabolic waveform can achieve spectral compression to
the Fourier transform limit owing to the fact that for such pulses
the cancellation of the linear and nonlinear phases can be made
complete [15-17]. The purpose of this paper is to provide insight
into the influence of the input temporal intensity profile on the
spectral dynamics of negatively chirped pulses that occurs upon
nonlinear propagation in a fibre. In particular, we emphasize that
spectral narrowing does not occur for any initial pulse shape, and
that there are significant differences between the propagation of
parabolic, Gaussian, super-Gaussian or triangular pulses, which
we elucidate with the aid of a time-frequency analysis. We show
that initially parabolic-shaped pulses provide the best results in
terms of quality of the compressed spectrum. Initially Gaussian
pulses undergo efficient spectral compression, but the resulting
spectrum exhibits residual pedestals stemming from uncompen-
sated higher-order phase. On the contrary, super-Gaussian pulses
do not experience any spectral narrowing, and their spectral extent
does not change significantly upon propagation. In the case of tri-
angular pulses, we observe a spectral interference phenomenon
similar to Fresnel bi-prism interference. Simple analytic formulae
are presented, which can predict the evolution of the spectral
extent of the different input pulses along the fibre. We also discuss
the impact of realistic initial conditions and system parameters on
the spectral dynamics, and show that the interference pattern
observed with triangular pulses is strongly affected by deviations
of the initial waveform from the ideal shape.
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2. Ideal nonlinear propagation of differently shaped pulses
2.1. Situation under investigation

In this section, we study the propagation in a nonlinear optical
fibre of initially perfect pulse waveforms with a negative linear
chirp, given by y;,(t) = /Plin(f) exp(—iAt?/2). Here, Ii(t) is the
temporal intensity profile of the pulse, P is the pulse peak power,
and A is the chirp coefficient. We assume that these pulses have
been temporally stretched in an anomalously dispersive medium
S0 as to acquire a parabolic temporal phase over far-field evolution.
For the purpose of illustration, we consider pulses at the wave-
length 1550 nm, with a full-width at half maximum (FWHM) dura-
tion Tpunm =100 ps (after dispersive temporal broadening) and
A=—-16.7 x 1073 rad-ps~2, yielding a spectral FWHM bandwidth
Qfwhm,o ~ |A|Tfwhrm in the far-field regime. Four ideal and symmetric
pulse shapes are investigated: a parabolic pulse with Ip(t) =
(1 —t?/T2)0(Tp — |t]), a Gaussian pulse with I¢(t) = exp(—t?/T2), a
fourth-order super-Gaussian pulse approaching rectangular shape
with Is(t) = exp(—tS/T§)7 and a triangular waveform where
Ir(t) = (1 — |t|/T7)0(Tr — |t|). Here, 0(x) is the Heaviside function.
The characteristic temporal values Tp, Tg, Ts and Tr can be related
to the FWHM pulse duration as Tp = Tswhm/ V2, Tc = Tiwnm/2VIN2,
Ts = Twhm/2(In 2)'3 and Tr= Tfwnm. The peak power is set to
12.5W for the parabolic, Gaussian and super-Gaussian pulses
and to 40 W for the triangular pulse. Fig. 1 shows the temporal
and spectral intensity profiles of the initial pulses.
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Fig. 1. (a) Temporal intensity profiles (subplot 1) and temporal intensity gradients
(subplot 2), and (b) spectral intensity profiles of parabolic (blue), Gaussian (red),
fourth-order super-Gaussian (orange) and triangular (violet) pulses at the entrance
of the fibre. The ideal waveforms are plotted with solid lines while the results
obtained through frequency-to-time shaping (see Section 4) are plotted with dotted
lines. The vertical orange dashed lines in panels a delimit the region where the
intensity distribution of the super-Gaussian pulse can be reasonably considered as
flat. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Our numerical simulations of pulse propagation in the fibre are
based on the standard nonlinear Schrédinger equation (NLSE) for
the pulse envelope [18]:

1020 + YWY — B0u/2 = 0 (1)

where z is the propagation distance, t is the reduced time, j3, is the
group-velocity dispersion (GVD) parameter, and 7 is the coefficient
of cubic nonlinearity of the fibre. This equation neglects the effect of
fibre loss, as well as higher-order linear and nonlinear effects.
Although these effects can have noticeable impact on pulses shorter
than 1 ps, here we neglect them as the leading-order behavior is
well approximated by Eq. (1). We consider here a 500 m-long highly
nonlinear fibre (HNLF) with the Kerr coefficient y=10W~! km™!
and a low GVD coefficient of $, = 1 ps? km~'. With such parameters
that are typical of various demonstrations of spectral compression
due to SPM in fibre [12], the nonlinearity-dominant regime of prop-
agation is applicable [17]. In this regime, the dispersion term in Eq.
(1) plays a relatively minor role and can be neglected. Accordingly,
the temporal intensity profile of the pulse does not change along
the fibre length, whereas SPM gives rise to a chirp dwy;(t) propor-
tional to the temporal gradient of the intensity profile, so that after
a propagated distance z, dwpi(z,t) = —yPzd;,. The temporal gradi-
ents of the various pulse intensity profiles are plotted in Fig. 1
(a2). Note that the nonlinear propagation problem being studied
can be conveniently normalized by introducing a normalized dis-
tance through the nonlinear length 1/yP associated with the pulse
at the entrance of the fibre [17,18]. The resulting temporal chirp
of the pulse thus evolves longitudinally as dw(t, z)=At+ dwpi(z,
t) = At — YPzd;,, which translates in the frequency domain to a
modification of the pulse spectrum. The illustration of the impact
of the pulse shape on these changes in the spectrum lies at the heart
of the present study.

2.2. Longitudinal evolution of the pulse spectra

First we examine the evolution of the spectra of the different
incident pulses in the HNLF. Fig. 2 summarizes the results and
highlights striking differences among the various evolutions. The
spectra of the parabolic and Gaussian pulses undergo significant
narrowing in the fibre (panels (a) and (b)), and subsequently re-
broaden with further propagation. The super-Gaussian and trian-
gular pulses exhibit very different spectral dynamics and do not
experience appreciable spectral compression. The extent of the
central part of the spectrum of the super-Gaussian pulse does
not change much over the fibre length. On the contrary, the spec-
trum of the triangular pulse shows strong oscillations before split-
ting into two symmetric parts that move away from each other
during propagation.

The very different behaviors of the various waveforms are also
reflected in Fig. 3, where we plotted the longitudinal evolution of
the spectral brilliance of the pulse at its central frequency (panel
(a)) and of the Strehl ratio (panel (b)), defined as the ratio of the
spectral peak power of the actual pulse and the spectral peak
power obtained assuming a flat temporal phase of the pulse
[12,19,20]. It is seen that the parabolic waveform leads to optimum
spectral compression, with the spectral brilliance featuring more
than thirty-fold increase with respect to the value at the fibre
entrance after a propagation distance zp = 334 m. The Strehl ratio
reaches 1 at zp, which pinpoints a Fourier transform-limited pulse.
The spectral compression performance is degraded for the Gaus-
sian waveform, which achieves a fourteen-fold enhancement in
spectral brilliance at the propagation distance zc=310m. The
maximum Strehl ratio is 0.24 for this pulse shape, indicating an
imperfect compression where the presence of uncompensated
temporal chirp of the pulse leads to the appearance of side lobes
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