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Soliton control by a weak dispersive pulse
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A detailed experimental investigation about the propagation of a fundamental soliton interacting with a weak
dispersive pulse at an optical event horizon is presented. The results show that the soliton is either redshifted
or blueshifted depending on the wavelength of the dispersive pulse. As a consequence of such a wavelength shift,
the soliton is either stretched or compressed. The results thus demonstrate the possibility of controlling the propa-
gation of an intense optical pulse by means of a less powerful pulse. © 2015 Optical Society of America
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1. INTRODUCTION

All-optical control of light draws a great deal of interest as it
paves the way to the realization of ultrafast logical circuits.
Cubic nonlinear materials naturally lend themselves to per-
forming manipulation of light by light because of the depend-
ence of the refractive index on the intensity of the propagating
optical field originating from the Kerr effect. Particularly
waveguiding structures provide ideal media for nonlinear
interactions for their capability of confining the optical radi-
ation for long propagation lengths. The recent advent of
microstructured optical fibers has then offered new intriguing
opportunities thanks to their high nonlinear coefficients along
with tailorable dispersion characteristics [1]. The most inves-
tigated mechanism relies on the cross-phase modulation expe-
rienced by a dispersive pulse, defined as a weak signal pulse
propagating in the normal dispersion regime, by means of
an intense pump pulse usually being a soliton-like pulse.
Nishizawa and Goto have demonstrated the trapping of a dis-
persive pulse by a Raman-shifting soliton pulse [2]. As the sol-
iton is progressively shifted to longer wavelengths because of
intrapulse scattering, the wavelength of the dispersive pulse
gets shorter and shorter fulfilling the group-velocity-matching
condition forced by the high index wall induced by the soliton.
The effect of the soliton approaching the zero dispersion
wavelength (ZDW) has been studied by Hill et al. [3]. Efimov
et al. have carried out an experimental investigation of the in-
teraction of a soliton with a dispersive continuous wave (CW)
highlighting some peculiar characteristics related to intra-
pulse stimulated Raman scattering [4]. A detailed theoretical
study of the reflection of a dispersive pulse on the high index
wall induced by a Raman soliton has been provided by
Gorbach and Skryabin [5]. Beginning from the work of
Philbin et al. [6], the focus of research has moved to the case
of a not-evolving soliton. In such a work the blueshift of a CW
dispersive signal by a fundamental soliton not experiencing
Raman self-frequency shift is demonstrated. Moreover the au-
thors interpret this phenomenon as the fiber-optical analogue
of a white-hole event horizon opening the way to new exciting
research opportunities covering different areas of physics.

0740-3224/15/030395-05$15.00/0

(190.4370) Nonlinear optics, fibers; (190.5530) Pulse propagation and temporal solitons;

Subsequently the redshift of a CW dispersive signal has been
demonstrated as well [7] and a detailed investigation of the
phenomenon has been performed both theoretically and ex-
perimentally [8]. Other interesting features of such a kind
of interaction have been theoretically investigated by Lobanov
and Sukhorukov obtaining a critical value for the group-
velocity mismatch [9]. Demircan et al. have carried out an
in-depth numerical study in the case of the interaction
between two ultrashort pulses rather than a soliton and a
CW signal [10]. They have focused their attention on the effect
of the nonlinear interaction on the soliton and have demon-
strated that its wavelength and duration are modified as a re-
sult of the reflection of the dispersive pulse. In such a way the
properties of an intense optical pulse can be varied according
to the parameters of a weaker pulse thus leading to a novel
proposal for an all-optical transistor. However, experimental
results about this mechanism are still lacking.

In this paper, a detailed experimental investigation on the
evolution of a soliton pulse reflecting a weaker dispersive
pulse is presented. The change of the properties of the soliton
are studied as a function of the parameters of the dispersive
pulse. In such a way previously unconsidered features of the
nonlinear interaction can be investigated and discussed.

2. THEORETICAL FRAMEWORK AND
NUMERICAL MODELING

When a dispersive pulse is reflected at the optical event hori-
zon formed by a soliton propagating at a slightly different
group velocity, it is shifted at a different wavelength [6].
Depending on the input wavelength of the dispersive pulse,
the frequency can either increase or decrease. However, also
the soliton is affected by the strong interaction made possible
by the optical event horizon [10]. Because of energy conser-
vation, also the soliton wavelength has to change. More pre-
cisely, its shift is the opposite of the shift of the dispersive
pulse so that when one pulse is blueshifted, the other pulse
is redshifted and vice versa. As a consequence the soliton ex-
periences a different value of dispersion and so has to adjust
its duration following the conditions required for soliton-like
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propagation. The scenario is similar to the one occurring in a
dispersion-varying fiber, be it a dispersion-decreasing fiber
[11] or a dispersion-increasing fiber [12]. In such fibers indeed
the soliton-like pulse undergoes a change of its width follow-
ing the change of the value of dispersion. If the dispersion
increases, the pulse is stretched, while if the dispersion de-
creases, the pulse is compressed. It appears thus possible
to tune the properties of an optical pulse by means of a
weaker pulse.

This mechanism has also been checked by means of a
numerical model based on the nonlinear Schrodinger
equation:
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where A is the complex envelope of the propagating field
evaluated in a frame of reference traveling at the group veloc-
ity of the soliton, 2 is the spatial coordinate along the fiber, 3,
are the dispersion coefficients, y is the nonlinear coefficient, T’
is the time coordinate, ) is the soliton angular frequency, and
R is the Raman response of the fiber. Details on the solving
techniques can be found in [13].

In Fig. 1(a) the evolution along the fiber of a fundamental
soliton at the wavelength of 790 nm launched along with a
weaker dispersive pulse is shown. The properties of the fiber
are the same as the one used in the experiments and will be
given in the following paragraph. The dispersive pulse leads
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Fig. 1. Propagation of (a) a fundamental soliton and of (b) a disper-
sive pulse.
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the soliton at the input by 400 fs and is centered at the wave-
length of 592 nm so that it propagates at a slightly slower
group velocity than the infrared pulse. Initially the two pulses
do not overlap in time so that the dynamics of the evolution of
the soliton are mainly ruled by the Raman effect decelerating
the pulse. This is proved by the slight delay acquired in the
reference frame moving at the initial group velocity. However
the dispersive pulse shown in Fig. 1(b) is progressively
approached by the soliton and as soon as it overlaps its lead-
ing edge it experiences a strong nonlinear effect due to cross-
phase modulation [10]. As a result the group velocity of the
soliton noticeably increases as the reversed slope of the tra-
jectory shows. In the frequency domain the pulse has to shift
to a different wavelength, namely the wavelength correspond-
ing to the new value of the group velocity. This is confirmed by
the spectrum at the output, which turns out to be centered
at 787 nm.

3. EXPERIMENTAL RESULTS

As pointed out in [10] a proper dispersion profile is required
for an efficient reflection of the dispersive pulse and therefore
the properties of a microstructured fiber can be conveniently
exploited. The dispersion of the used fiber is shown in Fig. 2.
The ZDW is 700 nm so that in the region around 800 nm readily
accessible by titanium:sapphire lasers the dispersion is
anomalous and a soliton-like pulse can be easily generated.
The wavelength of the dispersive pulse has to lie around
the group-velocity-matched (GVM) wavelength, which is in
the orangered region of the spectrum. In order to have
two pulses at the desired wavelengths, a titanium:sapphire la-
ser system made up by a seed oscillator (Tsunami, Spectra
Physics) and a regenerative amplifier (Titan, Quantronix) is
employed. The output pulse is centered at 790 nm and has
a full-width-half-maximum (FWHM) duration of 70 fs as
revealed by an autocorrelation measurement. After a beam
splitter two pulses are available: one can be directly used
as a soliton, while the other one acts as a pump for an optical
parametric generator (TOPAS, Light Conversion).

The pulse out of the parametric generator can be tuned
from 1150 to 1600 nm so that the visible portion of the spec-
trum around 620 nm can be accessed by frequency doubling in
a thin beta barium borate crystal. The FWHM pulse width of
the visible pulse lies between 80 and 85 fs depending on the
wavelength. After an independent power control, the two
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Fig. 2. Dispersion curve of the used fiber.
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beams are spatially recombined by a dichroic mirror in order
to have a perfect spatial overlap for an efficient coupling into
the fiber. The temporal overlap is adjusted by means of a
motorized delay line mounted on the path of the visible pulse.
An aspheric lens couples the two beams into the 1.1-m long
fiber span mounted on a three-axis piezoelectric translation
stage. The output radiation is collected by a microscope ob-
jective and its properties are measured in the time domain by
an autocorrelator and in the frequency domain by an imaging
spectrometer. The energy of the infrared pulse is first adjusted
at the maximum value at which neither temporal nor spectral
distortions are recorded at the output when the dispersive
pulse is not copropagating. The corresponding time-
bandwidth product is 0.32 so that the generation of a funda-
mental soliton can be assumed. The corresponding peak
intensity is about 2 GW/cm? considering an effective area
of 2 ym? in the wavelength range of interest. Higher intensities
of the infrared pulse would lead to the onset of supercontin-
uum generation hindering the observation of the expected
phenomena. When also the dispersive pulse is coupled into
the fiber, the soliton pulse undergoes an evolution, which
depends on the wavelength, the power, and the time delay
of the weaker dispersive pulse, which is coupled into the fiber
along with it.

The graph of Fig. 3(a) reports the output pulse width most
differing from the input one recorded at each dispersive wave-
length. Such results have been recorded at the maximum
power of the dispersive pulse being one fourth of the soliton
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Fig. 3. (a) Output pulse width and (b) wavelength of the soliton pulse
as a function of the wavelength of the dispersive pulse.
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power. The time delay of the dispersive pulse has to be set
positive for wavelengths longer than about 612 nm and neg-
ative for shorter wavelengths so that at the input the disper-
sive pulse lags behind the soliton pulse in the former case
while the soliton pulse lags behind the dispersive pulse in
the latter case. The interpretation of such results is as follows:
the wavelength of 612 nm has to be regarded as the GVM
wavelength so that a dispersive pulse at a shorter wavelength
and coupled into the fiber with a negative delay is progres-
sively approached by the soliton and is finally reflected at
the leading edge of the soliton itself. As a consequence the
visible pulse is redshifted and thus the infrared pulse is blue-
shifted. The new soliton wavelength corresponds to a lower
value of dispersion so that the pulse is compressed in the time
domain just like in a dispersion-decreasing fiber. If the disper-
sive pulse is at a longer wavelength and initially lags behind
the soliton, the scenario is reversed. As soon as the visible
pulse overlaps the trailing edge of the infrared pulse, it is
reflected and shifted to a shorter wavelength. The soliton then
shifts to a longer wavelength with a higher value of dispersion
and is thus spectrally compressed like in a dispersion-
increasing fiber.

The wavelength shift corresponding to the pulse width
shown in Fig. 3(a) is given in the plot of Fig. 3(b). The data
confirm the blueshift of the soliton for dispersive wavelengths
shorter than the GVM wavelength and the redshift for longer
wavelengths. The variation of dispersion which can be esti-
mated by the wavelength shift does not fully account for
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Fig.4. (a) Soliton autocorrelation trace and (b) spectrum plotted in a
logarithmic scale for a dispersive wavelength of 601 nm.
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the change of the pulse width according to a simple adiabatic
model. The main reason for this discrepancy arising also in
numerical models [10] is to be ascribed to the abrupt change
of the wavelength as shown by the numerical simulation of
Fig. 1. As the wavelength shift takes place on a propagation
length being comparable to the soliton period, the adiabatic
model cannot be regarded as valid. Moreover, the wavelength
shift here described is effective only in the presence of a
strong enough higher-order dispersion [10], which is also a
condition making the adiabatic model void. Both the spectra
and the autocorrelation traces reveal no severe distortion in
the pulse. In order to have a deeper verification of soliton-like
propagation, the resulting time-bandwidth product has been
evaluated finding a mean value of 0.335 very close to the trans-
form limit for an ideal hyperbolic secant shape. The autocor-
relation trace and spectrum in the case of maximum soliton
compression are given in Fig. 4.

As the nonlinear interaction at an optical event horizon
takes place either on the trailing edge of the soliton pulse
or the leading edge, the time delay plays a crucial role
[10,14]. An investigation of the dependence of the output pulse
width on the delay has been carried out at the two dispersive
wavelengths of 601 and 622 nm corresponding to the maxi-
mum compression and stretching of the soliton, respectively.
The power of the dispersive pulse has been kept constant at
the same value as the previously shown data. The results are
shown in the graphs of Fig. 5.
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Fig. 5.  Output pulse width of the soliton pulse as a function of the
time delay of the dispersive pulse for the wavelengths of (a) 601 nm
and (b) 622 nm.
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In the first case the dispersive pulse propagates at a slower
group velocity than the soliton pulse. That is the reason why
no interaction takes place for a positive delay long enough. On
the other hand, the pulse compression is effective when the
dispersive pulse initially leads the soliton pulse. The disper-
sive pulse in fact is progressively approached by the soliton
pulse along the fiber and as soon as it overlaps the leading
edge of the soliton the interaction is effective. When the
two pulses overlap in time to some extent ever since the input
of the fiber, the efficiency of the process here described is re-
duced as the reflection of the dispersive pulse originating the
compression of the soliton occurs just at the leading edge of
the soliton. For the longer dispersive wavelength, the data can
be easily interpreted keeping in mind that the sign of group
velocity mismatch is reversed in comparison with the case
of the shorter wavelength. As a consequence the nonlinear in-
teraction is effective only when the dispersive pulse is coupled
into the fiber after the soliton so that it can catch it up until it is
reflected on the trailing edge. On the contrary, if the soliton
pulse lags behind the dispersive pulse, no interaction can
occur since the dispersive pulse travels at a higher group
velocity.

As numerically investigated in [10], the wavelength shift of
the soliton pulse increases when increasing the power level of
the dispersive pulse because of energy conservation. Figure 6
shows the output pulse width and wavelength of the infrared
pulse as a function of the power of the visible pulse at the
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Fig. 6. (a) Output pulse width and (b) wavelength of the soliton pulse
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L. Tartara

wavelength of 601 nm for a fixed time delay. At a low power
the interaction turns out to be rather weak as the soliton pulse
width and wavelength are almost unchanged. When increas-
ing the power, the properties of the pulse change as a result of
a strong nonlinear interaction. The data suggest a saturation
of the compression for higher power levels. The combined
action of self-phase modulation and normal dispersion lead
to a major distortion of the pulse in such a way that only a
smaller and smaller portion can interact with the soliton. Sim-
ilar results have been obtained in the case of pulse stretching.

4. CONCLUSION

As a conclusion, it has been experimentally demonstrated that
the properties of a soliton pulse can be tuned by means of a
weak dispersive pulse. The pulse width and wavelength of the
soliton change according to the wavelength, time delay, and
power of the dispersive pulse. On the other side, the soliton
retains its shape following the interaction with the less power-
ful pulse. These features make the results very promising for
applications in the field of all-optical signal processing and
computing.
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