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Temporal reflection in nonlinear optical fibers provides a
powerful framework for manipulating light. In this work,
we theoretically and experimentally demonstrate a novel, to
the best of our knowledge, mechanism for wave trapping
induced by the dynamical evolution of a single high-order
soliton pulse. Experimental measurements performed in a
5-km-long nonlinear dispersion-shifted fiber confirm the co-
existence of reflected, transmitted, and trapped components,
in excellent agreement with theoretical predictions. These
results establish a simple and versatile route toward dynamic
temporal waveguiding using a single optical pulse, opening
new opportunities for all-optical control and manipulation
of ultrafast signals. © 2026 Optica Publishing Group. All rights,
including for text and data mining (TDM), Artificial Intelligence (Al)
training, and similar technologies, are reserved.
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Introduction. The ability to control light with light itself rep-
resents a cornerstone of modern photonics. Among the most
striking manifestations of this capability is temporal reflection,
a phenomenon in which a moving refractive-index perturba-
tion in a nonlinear medium acts as a time-dependent boundary,
analogously to spatial reflection at a material interface. Tem-
poral reflection in optical fibers has emerged as a powerful
framework for understanding and controlling light-matter in-
teractions in the time domain. This effect arises in nonlinear
dispersive media, where intense optical pulses induce a modi-
fication of the medium’s refractive index, creating a temporal
barrier that scatters weak probe waves and enables phenom-
ena analogous to spatial reflection, refraction, and waveguiding
[1,2]. The concept of optical horizons further extends this frame-
work, offering a platform for exploring analogies to black hole
physics and enabling novel forms of wave manipulation and
frequency conversion [3].

Temporal reflection and optical horizons, while closely re-
lated, represent distinct processes. In particular the former is a
frequency conversion process requiring only a group velocity
horizon (GVH) and the latter is a correlated pair-creation mech-
anism involving negative norm modes and both group and phase
velocity horizon [3-5]. Both mechanisms have been extensively
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studied in the context of nonlinear photonic systems. GVH was
first demonstrated experimentally in optical fiber in 2008 [6].
Following on this discovery, the temporal reflection associated
with GVH was subsequently observed in fiber platforms [7-9],
in photonic waveguides [10], and in integrated circuits [11]. The
negative norm modes associated with the optical black hole were
observed in [12]. In all the above experiments, it is interesting
to note that ultrashort pump pulses (<1 ps) were used in order
to create the GVH.

The phenomena of a temporal reflection from a single pump
pulse can be naturally enriched by considering additional non-
linear effects such as Raman scattering [13,14], fined-tuned
dispersion control [15], or temporal shaping of the pump pulse
[16—19]. In particular, both the Raman effect and a pump field
presenting several GVHs can lead to wave trapping due to mul-
tiple temporal reflections in the system. In particular, both forms
of wave trapping were observed experimentally [20-23] using
femtosecond pulses.

In this work, we demonstrate a fundamentally different mech-
anism: the formation of trapped waves mediated by a single
high-intensity pulse through its intrinsic dynamical evolution.
Prior to this work, only the possibility of generating temporal
reflection from a second-order ultrashort soliton has been con-
sidered numerically [24]. Our approach bypasses the need for
multiple solitons or ultrashort pulses and opens new avenues for
flexible temporal control of optical fields.

Model. We consider the propagation of optical pulses inside a
single-mode optical fiber. In such nonlinear dispersive medium,
the propagation of the pulse’s envelope can be accurately mod-
eled using the generalized nonlinear Schrodinger equation [25]:
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where y is the nonlinear parameter and g7 are the m-th order
dispersion at the input pulse central frequency wp. Note that
we are working in the comoving frame of the input pulse, i.e.
the comoving time T is related to the laboratory time #,,, via
T =t - ,Bf z, with ﬂf the inverse group velocity of the input
pulse at frequency wp. The pulse envelope A(z, ) is related to
the electric field as E(z,t) = Re{A(z, 1)exp [i(B(wp)z — wpt) ]}
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In the following, we will be interested in pump/probe config-
urations where a continuous weak probe field in the normal
dispersion regime at frequency w,, will scatter from an intense
dynamical pump field in the anomalous dispersion regime at
frequency wp. Hence, it can be convenient to separate the evo-
lution of the probe and the pump. On the one hand the pump
field, Ap, will obey Eq. (1). On the other hand, writing A =
Ap +ae'(APA0T) with |a| « |Ap|, with A = B(w,) = B(wp)
and Aw = w,, — wp and performing a similar expansion as for
Eq. (1) around the probe frequency, we obtain for the probe
field:
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Note the following points in the above equation: (i) the dis-
persion coefficients, B85, are now evaluated at the probe fre-
quency and (ii) the presence of the group velocity mismatch
ABy=p, (wp) = Bi(wp) due to the choice of comoving frame.
The probe frequency satisfying A (w,,) =0 defines the group
velocity matched (GVM) frequency.

To gain further insight into the temporal reflection process,
we now introduce the eikonal approximation [26]. We look for
solution of Eq. (2) with a rapidly oscillating phase, i.e. we write
a(z,T)=exp[iS(z,T) /€] (here € is just an order counting pa-
rameter). We further assume that all variations occur on the
scale much larger than the wavelength, which can be expressed
by rescaling the derivative d — ¢d. Performing a perturbative
expansion, the leading order term leads to:
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This nonlinear first-order PDE can be solved using the method
of characteristics, which are the rays of the wave. To obtain
the trajectories of the rays, we solve Hamilton’s equation after
substituting ¢S =k, and d,S = Q into Eq. (3), which gives the
Hamiltonian of the system:
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One of Hamilton’s equations directly expresses the cross-phase
modulation between the pump and the probe (note that usually,
the rays are parametrized by an independent parameter, say o.
However, here we can choose to parametrize the rays by z di-
rectly, because H is linear in k,. This linear relation implies that

5—2 =1, hence z can be chosen as an affine parameter):
dQ 0H
= =2y d7Ap(z, T2 5
e Fra 7lAp(z, T)| (5)

We see that temporal reflections will be possible provided that
the gradient of the intensity is sufficiently strong. That is why
experiments related to temporal reflection and optical horizons
have mainly used ultrashort pulses (<1 ps). However, from
Eq. (5), we see that it is the instantaneous gradient that matters
and that the pump field does not necessarily need to exhibit a
strong gradient during the entire propagation. This observation
opens the door to using pump fields whose properties evolve
during the propagation. We explore this avenue in the following
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by considering pump pulses with a dynamical evolution medi-
ated by the interplay between SPM and GVD [25], similar to
that of higher-order solitons. In particular, we focus on a few
picoseconds long pulses with a dynamical evolution capable of
reproducing temporal reflection from ultrashort pulses as well
as wave trapping from solitonic cages.

Temporal reflection and wave trapping. We begin our dis-
cussion of the temporal reflection and wave trapping phenomena
by numerically studying the dynamics of a continuous weak
probe field scattering from a dynamical pump field. We evolve
Eq. (1) with the initial condition A(z =0,T) = Ap(T) + ae'> 7T,
where Ap(t) = \/PT)sech(T/Ts) and 0 <a « 1. Anticipating the
experimental results of the next section, we work in a regime
similar to the one accessible experimentally, and we take T =
3.77 ps and a =0.5 mW. The nonlinear coefficient ¥ is taken
to be 1.8 W 'km™! and we limit ourselves to the disper-
sion coefficients A% = —1.52 ps>.km™!, g% = 0.12 ps®> km~! and
B =-0.0006 ps* km~" at the pump wavelength 1 » = 1560 nm.
These parameters correspond to the dispersion shifted fiber
(DSF) that will be used for the experimental observation of the
predicted effect. We evolve our field over a distance z =35 km
which corresponds to the length of DSF at our disposal. We work
in the reference frame of the pump field, and the frequencies
are expressed relative to the pump carrier frequency. With these
parameters, higher order solitons will have a periodic evolution
with period z5 = 5 % ~ 14.7 km.

Working with a second-order soliton will lead to a maximum
compression occurring at z = z/2 which is larger than the fiber
length available. Hence, we will work with input power corre-
sponding to third and fourth-order solitons. In particular we will
aim at having pump fields which exhibit either a single com-
pression stage (Fig. 1(a)) or a compression stage followed with
the formation of bi-pulse (Fig. 1(c)), over the length of the fiber.
Since we are working with a continuous probe field, we are
mainly interested in the spectral evolution during the propaga-
tion. Figure 1 shows the temporal evolution of the pump field
(panels a and c) as well as the spectral evolution of both the
continuous probe (with Af = Aw/(2s) =~ 4.6 THz and the pump
field (panels b and d). The top (bottom) panels correspond to an
input power, Py = 600 mW (850 mW).

In the case Py =600 mW, we see that the pump field un-
dergoes a single temporal compression stage over the length of
the fiber, occurring around z = 3750 m. With this, a temporal
compression is associated with a spectral broadening (shown
in Fig. 1(b)) and the generation of a red-shifted wave corre-
sponding to the temporal reflection of the probe field. Hence,
the temporal reflection mainly occurs during the temporal com-
pression of the pump field. At this stage, the pump peak power is
enhanced fivefold, and its duration is decreased eightfold. This
is highlighted by computing two different rays from the Hamil-
tonian Eq. (4) with two different initial delays. One ray is chosen
with a delay such that it will hit the pump field at this maximum
compression stage, while the other is launched with a smaller
delay and will reach the pump pulse before the compression
stage. We can clearly see, both temporally and spectrally, that it
is the former ray that gets temporally reflected while the latter is
transmitted.

In the case Py = 850 mW, the pump field undergoes a tem-
poral compression (z ~ 2400 m) followed by the formation of
a bipulse (z =4000 m) over the length of the fiber. The tem-
poral compression is associated with spectral broadening and
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Fig. 1. Numerical demonstration of temporal reflection and wave
trapping from a dynamical pump. (a) and (b) show the temporal evo-
lution of the pump pulse and the spectral evolution along the fiber
respectively for an input pump power P, = 600 mW. Two rays with
different delays are plotted in (a): (i) a reflected ray (dashed purple)
that hits the pump at the maximum compression and (ii) a transmit-
ted ray (dotted blue) that reach the pump before the compression.
(c) and (d) are equivalent to (a) and (b) with an input pump power
P, =850 mW. Three rays with different delays are plotted in (a): (i)
a reflected ray (dashed purple), (ii) a transmitted ray (dotted blue),
and (iii) a trapped ray (solid red) that undergoes multiple reflection
in the bipulse.

the bipulse formation with a modulated spectrum (shown in
Fig. 1(d)). As in the previous case, when the pump field is com-
pressed, a temporally reflected wave is generated. In addition,
with the formation of the bipulse, new frequencies are generated
around the group velocity matched frequency, i.e., AB;(w) =0.
These frequencies are associated with parts of the probe that un-
dergo multiple reflections inside the bipulse, a situation similar
to the soliton cage [23]. This is again highlighted by computing
different rays with three different initial delays.

Experiments. We now verify the above prediction by com-
paring the results of our numerical simulation with experimental
results. The setup is composed of a mode-locked fiber laser
delivering pulse with nearly sech® shape at a 40 MHz repeti-
tion rate and a temporal full width at half maximum around
6.7 ps at a carrier wavelength of 1560 nm. An optical attenu-
ator is placed after the source in order to control the “order”
of the pump solitonic pulse. The pump field is combined with
a continuous wave probe with a tunable wavelength ranging
from 1520 nm to 1535 nm, before being injected into a 5-km-
long DSF. The output signal is characterised with an optical
spectrum analyzer. From time-of-flight measurements, A g, is
obtained experimentally, and from it, we extract the higher order
dispersion coeflicients shown in Fig. 2.
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Fig. 2. Dispersion measurement of the dispersion shifted fiber.
Experimental measurement of the inverse relative group velocity
A B, (round markers) and its fit with a third order polynomial in
frequency (red line). At the pump wavelength 4, =1560 nm we
obtain the following dispersion parameters: g5 = —1.52 ps>.km™!,

£ %0.12 ps’>.km™! and B4 = —0.0006 ps*.km™!; those are used in
the simulation throughout the study. The inset represents the second
order dispersion parameter 8, as a function of the wavelength, es-
timated from the fit.

We first observe the influence of the input pump peak power
on the output spectrum at a fixed probe wavelength around
1522 nm. Figure 3(a) shows the optical spectrum at the output
of the DSF as the pump power is varied from 250 mW to 1.04 W.
At low enough power, Py <400 mW, only the input probe
wavelength is present, i.e., no frequency conversion occurs dur-
ing the propagation. As the power increases, for 400 mW <
Py <600 mW, we see the emergence of a blue shifted peak
around 1531 nm, corresponding to the wavelength of the tem-
porally reflecting pulse. Then, for larger power, P 2 600 mW,
we observe the apparition of a third peak at the group veloc-
ity matched wavelength, corresponding to the predicted trapped
wave. Figures 3(b) and 3(c) show the measured output optical
spectrum compared with the results of the numerical simula-
tions of Eq. (1) for input pump power of 600 mW and 700 mW,
respectively. Both measurements and simulations show the dis-
tinct peaks associated with the temporal reflection and the wave
trapping effect.

We now turn our attention to the wavelength dependency of
the processes. Again, we consider scenarios where the pump
field undergoes either a single compression or a compression
followed by a bipulse. We chose the input power for these two
scenarios to be Py = 500 mW and P, =~ 700 mW respectively. We
then vary the probe wavelength from 1520 nm to 1535 nm. Fig-
ures 4(a) and 4(b) show the experimental and numerical output
spectra for Py =~ 500 mW. We observe the typical “cross-like”
pattern: The diagonal branches correspond to temporal reflec-
tion, while the center of the cross corresponds to the group
velocity matched wavelength of the trapped wave. We note that
these maps present two interesting features: (i) the “cross” is
asymmetrical close to the group velocity matched wavelength
and (ii) the presence of a substructure, in particular spectral dips
(or other modulation) in the reflected branches. We intuitively
attribute the former to the finite propagation distance which im-
plies that the probe still undergoes the XPM from the pump
pulse. The latter effect might reflect the internal dynamics of the
pump pulse.

Figures 4(c) and 4(d) show the experimental and numerical
output spectra for Py =700 mW. We recover the “cross-like”
pattern of panels (a) and (b), but this time with a stronger and
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Fig. 3. Emergence of temporal reflection and wave trapping. (a)
shows the optical spectrum at the output of the DSF for different
pump peak powers for a continuous probe centred around 1522 nm.
The pump pulse is centred around 1560 nm. (b) and (c) show the
measured (blue) and simulated (black) spectra at the fiber end for
Py =700mW and 600 mW respectively. The vertical purple and red
dashed lines show the wavelength of the temporal reflection and the
group velocity matched wave predicted from the dispersion mea-
surements shown in Fig. 2.
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Fig. 4. Comparison between frequency conversion processes for
two distinct dynamical evolution of the pump field. The probe in-
put wavelength varies from 1520 nm to 1535 nm. The top (bottom)
panels show the experimental and numerical output spectra for an
input pump power P, = 500 mW (P, = 700 mW). Note the asymme-
try of the “cross-like” pattern as well as the presence of additional
substructure in the experimental spectrum which is qualitatively re-
produced by the numerical simulations.

more intricate substructure certainly related to multiple and si-
multaneous temporal reflections on the bipulse. Understanding
the details of the “cross-like” pattern is warranted and left for
future work.

Conclusion. We have theoretically and experimentally
demonstrated a novel mechanism for temporal wave trap-
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ping in nonlinear optical fibers, using the intrinsic dynamical
evolution of a single high-intensity pump pulse. By exploiting
the natural compression and temporal reshaping of higher-order
solitons, we overcome the need for ultrashort pulses (<1 ps) or
complex multi-soliton configurations previously used for gener-
ating temporal reflection and wave trapping. Our results reveal
that a single, few picoseconds-long pump pulse can induce
both temporal reflection and group-velocity-matched trapping
of a continuous weak probe wave, with the trapped component
arising from multiple reflections within a dynamically formed
bipulse. Such self-generated temporal trapping may consider-
ably simplify future implementations of temporal cavities for
both classical and quantum nonlinear photonics [27].
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