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Abstract: The trapping of a weak dispersive wave by an intense soliton is a
complex process occurring at the early stage of supercontinuum generation.
It is theoretically predicted to arise from multiple soliton-dispersive wave
interactions, producing a stepwise frequency blue shift of the dispersive
wave. We report here the first experimental evidence of this frequency
blue shift using a tapered fiber which acts as a prism, allowing to disperse
the blue spectral components in order to identify unambiguously each
soliton-dispersive wave collision.
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OCIS codes: (190.4370) Nonlinear optics, fibers; (190.5530) Pulse propagation and temporal
solitons.
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1. Introduction

A soliton propagating near the zero-dispersion wavelength (ZDW) of optical fibers may emit
a phase-matched dispersive wave (DW) across it, owing mainly to third-order dispersion
(TOD) [1,2]. This occurs when the tail of the soliton spectrum seeds the phase-matching wave-
length of the DW, i.e. when the overlap between the soliton spectrum and the normal group
velocity dispersion (GVD) region is sufficient [3, 4]. When the TOD term β3 is positive, the
phase-matching relation ruling this process imposes the soliton to travel ahead of the DW in the
time domain. A key ingredient for the soliton-DW interaction to occur is thus the deceleration
of the soliton required to cause their collision. In uniform fibers, this soliton deceleration nat-
urally occurs through Raman-induced soliton self-frequency shift (SSFS) towards lower group
velocity spectral regions [5]. In tapered fibers, the axially-varying group velocity may further
enhance the deceleration of the soliton, additionally to the Raman effect [6]. The subsequent
nonlinear mixing [7] occurring during the collisions between the soliton and the DW is at the
heart of the supercontinuum (SC) generation process in optical fibers [7–9]. This is the main
physical process at the origin of the ultraviolet SC extension [6, 10, 11].

Consequently, soliton-DW interactions have been extensively studied to get a deeper under-
standing of the underlying physics of SC generation [7, 8] (and references therein these review
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papers). Once the DW catches up with the tail of the decelerating soliton in the time domain,
the latter acts as a potential barrier which scatters the DW and causes its reflection [12, 13]. As
a consequence, the DW decelerates and its group velocity decreases. Since DWs are generated
in the normal dispersion region, then decreasing group velocity occurs for decreasing wave-
lengths, so that the reflected DW has to be blue-shifted. This nonlinear mechanism is ruled by
a wavenumber matching condition [14, 15] and can be interpreted as an interpulse four-wave
mixing (FWM) process, or more surprisingly as an optical analog to event horizons because of
the impenetrability of the soliton [16, 17]. However, the potential barrier created by the soliton
is finite [7, 12, 13] so that light can leak through it, thus preventing the existence of an ideal
optical event horizon in strict sense [18]. This means that at each soliton-DW collision, there
is a part of the DW which is transmitted through the soliton in addition to the part which is
reflected.

After the first soliton-DW collision, the soliton keeps decelerating, either through SSFS in
uniform fibers, or through a combination of SSFS and axially-varying group velocity in tapered
fibers [6]. As a consequence, the reflected DW falls back onto the soliton trailing edge and the
same collision process repeats many times along propagation [7]. It becomes more and more
frequent with fiber length and the blue shift of the reflected DW progressively decreases [13]
since the group velocity mismatch between the soliton and the DW reduces [19], until the limit
where both group velocities coincide. In other words, the discrete interpulse FWM process
describing the cascaded scattering of the DW from the soliton therefore becomes continuous
and is termed interpulse FWM process [19]. This corresponds to the trapping of the DW by
the soliton [20], sometimes described in terms of cross-phase modulation between the soliton
and the DW [8, 21–23]. This transition from interpulse to intrapulse FWM mechanisms has
been highlighted in the context of short pulse SC generation [19], and the multiple soliton-DW
collisions preceding the full DW trapping have been shown to produce a stepwise frequency
blue shift of the DW [13,24]. However, this process remains yet to be observed experimentally
unambiguously, due to the usual presence of a substantial number of solitons and trapped DWs
in typical SC experiments.

Our aim here is to investigate the dynamics of a soliton-DW pair and to provide experimental
evidence for the multiple collisions occurring before the trapping of the DW by the soliton. To
do that, we used a tapered photonic crystal fiber (PCF) that allows to enhance the required
soliton deceleration. This leads to an unambiguous identification of each DW in the spectrum.

2. Results

The stepwise frequency blue shift of the DW resulting from its multiple collisions with the
soliton at the early stage of SC generation was initially predicted theoretically and numeri-
cally [7, 19, 24]. It was then unambiguously identified with numerical simulations using the
generalized nonlinear Schrödinger equation (GNLSE) [13]. In this work, the authors used nu-
merical spectrograms in which the DW is well isolated both in time and frequency. This is the
only way to easily and carefully capture the DW characteristics, which is difficult to do directly
in the spectrum, because reflected radiations from the successive collisions have very close
frequencies. As a consequence, these spectral components are often hidden in the SC spec-
trum [9, 19]. This is further illustrated with the spectrum in grey line in Fig. 1(c), which was
simulated for a uniform fiber with the same properties as the input of the tapered fiber described
below. The large peak located around 940 nm actually contains four DWs, but they cannot be
dissociated in the spectrum because they are too close to each other. This is one of the main
reason why they have never been clearly captured experimentally. In the present work, we use
a tapered fiber to enhance the Raman-induced soliton deceleration so that collisions occur less
frequently along the fiber than they would do in a uniform fiber. The frequency blue shift of
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the DW between two collisions is therefore larger. This is reinforced by the fact that the group
velocity matching condition with the soliton evolves towards the blue as a results of the axially
varying fiber dispersion [6, 25, 26]. As a consequence, the stepwise frequency blue shift of the
DW preceding its trapping can be captured unambiguously for the first time experimentally.
This is illustrated with the (Visualization 1) file associated to Fig. 1, which shows numerically
that the step of the DW frequency blue shift in the output spectrum (right panel) increases when
the slope of the tapering section (left panel) increases. This video shows that the taper acts as a
prism which disperses the blue part of the output spectrum, thus allowing the spectral signature
of the multi-collision process to be captured.

The PCF used in our experiments has an initial 3 m-long uniform section with a pitch Λ of
3.6 μm and relative air hole size d/Λ of 0.75. The pitch then decreases linearly to 3.1 μm over
15 m and is constant over the final 7 m-long section, the d/Λ being constant all along the PCF.
Using these parameters of the cross-section structure, we calculated the dispersive and nonlin-
ear properties using the empirical relations from [27]. The black solid line in Fig. 1(d) shows the
evolution of the zero dispersion wavelength (ZDW) which decreases from 997 nm at the input
to 954 nm at the output, with a linear profile along the tapered section. The nonlinear parameter
increases from 17.4 W−1.km−1 to 23 W−1.km−1 at 1 μm. Experiments were performed using
a Ti:Sa oscillator delivering Fourier transform limited gaussian pulses with a full width at half
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Fig. 1. (a)-(b) Experiments: (a) output spectrum and (b) spectral dynamics along the fiber
measured by successive cutbacks. (c)-(d) Corresponding GNLSE simulations: (c) output
spectrum and (d) simulated spectral dynamics with fiber length. The grey line in (c) is the
simulated output spectrum in a uniform fiber (with the same properties as the input of the
tapered fiber described in the text). The colorbar is the same for (b) and (d). In (d), black
solid and dashed lines represent respectively the calculated ZDW and the GVM wavelength
with the soliton deduced from numerical simulations. (Visualization 1): simulated evolution
of the output spectrum (right panel) for increasing slope of the tapering section (left panel).
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maximum (FWHM) duration of 116 fs centered at 1001 nm. Figure 1(a) shows the output spec-
trum measured for a pump average power of 8.7 mW effectively launched into the fiber. The
generated SC is relatively flat around the pump wavelength (between 970 and 1050 nm) but it
contains isolated peaks on both edges. At the long-wavelength edge, a soliton ejected from the
pump pulse is observed at 1070 nm. At the short-wavelength edge, four isolated and distinct
peaks are located between 850 and 960 nm.

The spectral dynamics was investigated by recording the output spectrum as a function of
fiber length after successive cutbacks of 1 m. The resulting plot is displayed in Fig. 1(a). The
red part of the spectrum is identified as a usual Raman shifting soliton. The dynamics of the
blue edge is much more complex. First, a DW is emitted by the soliton within the first 3 m
(uniform section), following the well-known standard mechanism [1–3]. A part of this DW
does not evolve anymore with fiber length, which correspond to the 943 nm peak (labeled #1)
in the output spectrum. However, a significant part of the initial DW is suddenly blue-shifted
at around 7 m, which corresponds to the 915 nm peak (labeled #2). Similar blue-shifts occur
again at 14 m and 17 m, corresponding respectively to the 888 nm and 863 nm peaks (labeled
#3 and #4). Figure 2 summarizes these measurements and illustrates the stepwise evolution of
the DW peak highlighted in [13]. Black circles correspond to the evolution of the most blue-
shifted peak with fiber length. Grey circles represent the longitudinal evolution of other spectral
features located at the blue edge of the pump. It can be seen that the peak located at the short-
wavelength edge experiences a stepwise blue shift (black circles), and that at each step, a part
of the radiation propagates linearly until the fiber output (grey circles).
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Fig. 2. Measured short wavelength edge (full black circles) and DW wavelength after each
collision (full grey circles) as a function of fiber length. The red solid line represents the
GVM wavelength with the soliton deduced from numerical simulations.

3. Discussion

In order to investigate the origin of these four blue-shifted peaks, we numerically solved the
following GNLSE [8]:

i∂zA+d(i∂t)A+ γ
(

1+ iτs∂t

)(
A
∫

R(t ′)|A(t − t ′)|2
)
= 0, (1)

where d(i∂t) = ∑n≥2
βn
n! (i∂t)

n is the dispersion operator, γ is the nonlinear parameter, R(t) =
(1− fR)δ (t)+ fRhR(t) includes both instantaneous (Kerr) and Raman responses ( fR = 0.18),
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τs ≈ 1/ωp is the self-steepening time, ωp is the pump carrier frequency, around which d(i∂t)
is expanded, and t is the retarded time in the frame traveling at natural group velocity Vg =

Vg(ωp) = β−1
1 . The dispersion curve and nonlinear parameter were calculated using the model

of [27] as described above. The input field was similar to the one used in experiments (gaussian
pulses of 116 fs FWHM duration centered at 1001 nm, with a peak power of 240 W). The
output spectrum and the whole spectral dynamics shown respectively in Figs. 1(c) and 1(d),
are in good agreement with the measurements. The small discrepancy between the measured
and calculated wavelength of the soliton and blue peaks can be attributed to uncertainties in
fiber parameters (dispersion and nonlinearity) and/or pump parameters (chirp, power, duration).
However, the main spectral features of interest here, and especially the four peaks located at the
blue edge, are accurately reproduced in simulations. The first observation is that the blue edge
of the spectrum roughly follows the group-velocity matching (GVM) condition with the soliton
[represented by the black dashed line in Figs. 1(d)] extracted from the simulation. This is also
the case experimentally as can be seen from Fig. 2, where the short wavelength peak (black
circles) is shown to oscillate around the GVM condition (represented by the red solid line).

Further information of the process causing these oscillations can be drawn from the simulated
temporal evolution of the field shown in Fig. 3. This temporal map was obtained by numeri-
cally filtering out all spectral components above 960 nm, in order to highlight the dynamics of
the short-wavelength peaks. The temporal trajectory of the soliton is thus represented by the
red dashed line. The initial radiation generated near 0 ps correspond to the phase-matched DW
emitted by the soliton. The soliton decelerates through the combined effects of Raman scat-
tering and fiber tapering so that it collides with the DW at around 7 m. At this point, a part
of the DW is transmitted through the soliton (labeled #1) and another part is reflected on the
soliton, causing a frequency conversion of the DW [14,15]. This collision process between the
reflected part of the DW and the soliton occurs again at 14 and 17 m. New spectral components
are generated each time. Finally, the remaining part of reflected radiation becomes trapped by
the soliton after the end of the tapered section (located at 18 m), because the collisions are
more and more frequent and cannot be dissociated from each other anymore [7, 19]. In this
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case, the FWM process describing the soliton-DW interaction is not discrete anymore and has
been termed intrapulse by Gorbach et al. [19]. The consequence of this intrapulse FWM pro-
cess is that the DW remains localized at the trailing edge of the soliton (see inset of Fig. 3) and
is trapped in the potential created by the decelerating soliton. This analysis of the time domain
map therefore confirms that the multi-peak spectrum observed in our experiments of Figs. 1(a)
and 1(b) is due to the multiple soliton-DW collisions preceding the trapping of the DW.

Finally, we would like to point out that multi-peak spectra resulting from soliton-DW
interactions have been predicted and observed in various configurations in axially-varying
fibers [28–31]. At first view, some of these results may resemble the ones presented in this
paper, even though they are actually totally different. Indeed, in Refs. [28, 29], the multi-peak
structure of the spectrum below the pump wavelength was due to a soliton hitting the axially-
varying ZDW several times along propagation, and therefore generating a new DW each time.
Because the soliton wavelength was increasing through SSFS and the dispersion was changing
axially, the phase-matching DW wavelength was different each time, creating several DW peaks
in the output spectrum. In [30], multiple spectral components were generates through a com-
bination of the previous mechanism and a new one that we termed cascaded DW generation.
In [31], multiple DWs were generated by a quasi-phase matching process due to the longitu-
dinal periodic dispersion of the fiber. In all these cases, the n peaks in the spectrum therefore
correspond to n distinct DWs, on the contrary to the present study in which they are due to
a single DW experiencing successive collisions with the same soliton. Finally, none of these
results can be interpreted using the FWM process between the soliton and the DW [14, 15],
which is at the heart of the present study.

4. Conclusion

We have experimentally provided the evidence for the multiple soliton-DW collisions leading
to a stepwise frequency blue shift of the DW, preceding its trapping by the soliton. This cor-
responds to the transition from the interpulse to intrapulse FWM mixing between the soliton
and the DW, theoretically described by Gorbach et al. about ten years ago [19]. This observa-
tion was made clear by the use of a tapered fiber enhancing the soliton deceleration so that the
spectral components generated at each collision can be unambiguously isolated and measured.
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