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We propose a manipulation approach to vary the wave
speed as well as the grayness of dark solitons under the
optical event horizon arising from the interaction
between a dark soliton and a probe wave. The optical
event horizon effect is demonstrated, for the first time to
be capable of inducing a reversible conversion between a
black soliton and a gray one. This reversible soliton
transformation and control process originates from the
intrinsic competition between the probe-induced
nonlinear phase shift and the internal phase of the dark
soliton. In a cascaded system consisting of two optical
event horizons, we also observe the new optical soliton
tunneling phenomena where a dark soliton can be reset
longitudinally purposely. The results may find
applications in information cloaking such as effectively
hiding the presence of intermediate fiber section to the
receiver. © 2018 Optical Society of America

OCIS codes: (190.4380) Nonlinear optics; (060.4370) Nonlinear optics,
fibers; (190.5530) Pulse propagation and temporal solitons.
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Optical event horizons based on the nonlinear interaction between
solitons and weak probe waves in optical fibers is an active field of
research [1-4] and open innovative perspectives in light control [5-
8]. The typical optical event horizons are formed when a weak
probe wave, traveling at a different group velocity with respect to
an intense soliton, is unable to pass through it during their collision.
This intrinsic mechanism was described in terms of the soliton-
induced refractive index barrier (Kerr effect) [1] that leads to the
temporal reflection of the probe wave onto the edge of the energetic
soliton, and thus alters the speed of the probe pulse. The speed
change of the probe wave is directly resulting from the occurrence
of areversible frequency conversion between the weak probe wave

and the reflected wave in the regime of the optical event horizon [2,
9]. The key point of the optical event horizon lies in the temporal
reflection process, which does not only affect the frequency and
group-velocity of the weak probe wave, but also leads to the
propagation manipulation of the energetic soliton pulse [1].
Researchers found that the duration, intensity, and carrier
frequency of a soliton can be modified by adjusting the probe wave
through certain parameters [5, 10-13]. Based on this the optical
event horizon can be used to control the formation of the fiber-
optical rogue waves [14]. Interestingly, it has been numerically [15,
16] and experimentally [17] shown that the nonlinear mechanism
can generate a solitonic cavity formed by two solitons to trap a weak
probe wave. Recently, we also numerically and analytically
demonstrated that it is possible to achieve a dark soliton
transformation (from dark soliton to gray one) through the
temporal reflection process in Ref. [18] where the linear-stability of
dark solitons under the probe wave perturbation was carefully
analyzed.

Dark solitons are one-dimensional non-dispersive “negative
pulses” formed by the balance between the dispersion in the
normal-dispersion range and the Kerr nonlinearity, exhibiting a dip
in a nonzero uniform background [19]. The experimental
demonstration of data transmission based on dark solitons [20] has
led to renewed efforts to explore this type of soliton for optical
communications. Although the generation of a modulated stream of
darksolitons is a far more difficult task in contrast to the bright ones,
dark solitons are usually believed to have more advantages in terms
ofloss, noise, and mutual interactions between adjacent pulses [21-
23)]. In earlier studies it was shown that synchronous phase
modulation [22] and nonlinear gain [23] are effective in controlling
the time shift of dark solitons caused by incomplete grayness of the
solitons. The dark soliton transmission control is still attracting
researcher’ increased interest.

In this letter, we demonstrate a method to completely
manipulate the probe-controlled dark soliton transformation based



on optical event horizon. The reversible conversion between a black
soliton and a gray one with different grayness can be achieved
through adjusting the weak probe wave. We show that the dark
soliton can be reset at will using optical event horizon and the input
black/gray soliton recovered.

Let us begin our study with numerical simulations based on
the following normalized nonlinear Schrédinger equation (GNLSE)
[21]:

aZA+l26$A+536$A:i|A|2 A, )
where T = (t—2z/v,) /T, is the normalized retarded time for the

soliton traveling at group velocity V, , and Z=2z/L, is the

g
normalized distance with dispersion length L, =T/ / /3, . The
dimensionless coefficient 5, = 3, / (6T, f3,) stands for the relative
strength of the third-order dispersion, which is required to obtain
the regime of optical event horizon. We neglected higher-order
dispersion terms ( S, , n>4), self-steepening and Raman effects
since they do not play any significant role in the manipulation
technique involved in this work. Although the Raman effect clearly
affects the dark soliton propagation, such as decreasing its
amplitude, it is neither an inevitable necessity for control and

transformation of dark solitons, nor of much importance for the main
concept of an optical event horizon with light-by-light control [24].

If we consider &, =0, Eq. (1) is integrable and admits the
following dark soliton solution A (Z,T) of the form [17]

Ax(Z,T) =U, -(cos gtanh @—gin ¢)e"* )

O=u, (T—-Z-u,sing)cosgy, (3)
where U, =1 is the background wave amplitude, and
@ (|| 1 2) is the internal phase angle that is related to the
grayness parameter of the dark soliton ( cos¢ ) as well as the
velocity (Sin ¢ ). Black soliton are termed if ¢ = 0 and gray solitons

otherwise. Dark solitons are also associated with a phase jump
localized at the dip center. A black soliton has an abrupt m phase
jump while the phase change becomes smoother and smaller for
gray solitons. Furthermore, it is noteworthy that when ¢ < 0 the
soliton travels faster than the carrier frequency, otherwise the
soliton slower. In the presence of third-order dispersion, it is
generally known that the dark soliton emits resonant radiation [25-
29] similarly to bright solitons when the phase matching condition
is satisfied. However, we have chosen 8, = 0.029 here, the energy
emission may be so small that the impact of third-order dispersion
on a dark soliton is disregarded [25].

To study the possibility of manipulating dark solitons by a
weak probe wave, we consider an input consisting of two launched
pulses with different frequencies, namely the dark soliton and the
weak probe wave, as following:

A(0,T)=A,0T)+A(0T). 4)
The probe wave is given by
A,(0.T) = [P, exp(~(T -T,)* / w*) -exp(-ie,T), (5)
where P, is the normalized peak power of the probe wave, T, is the

temporal delay relative to the dark soliton, w =10 is the temporal
width of probe wave, and @, = —10.4 is the relative frequency of

incident probe wave. A typical simulated temporal dynamics of the
interaction between a black soliton and a weak probe wave is
presented in Fig. 1(a) and 1(c). As can be seen from Fig. 1(c), at
around the collision point (z = 38), the probe wave is partially
reflected on the edge of the black soliton, after which the soliton is
accelerated relative to its original trajectory. Figure 1(a) shows the
intensity profiles of the input and output dark soliton before and
after the temporal reflection process occurs, and indicates that the
quasi-stationary black soliton ( Sin¢ =0 ) is transformed into a

gray soliton (Sin ¢ =—0.2 ), which travels faster than the carrier

frequency. This transformation process is significantly different
from the evolution mechanism for even dark pulse that will
eventually split into a pair of gray solitons [30].
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Fig. 1. Numerical simulation of the collision dynamics between a dark
soliton and a weak probe wave. (3, ¢) correspond to the case of a black
soliton interacting with a weak probe wave(P;, = 0.016), showing that

the black soliton is transformed into a gray one ( Sin ¢ = —0.2 ) under

the action of the weak probe wave. (b, d) represent the interaction
between a gray soliton and a weak probe wave(Pp = 0.026 ), showing
that a gray soliton can be transformed into a black one. The dashed red
linesin (c, d) indicate the trajectories without the action of probe waves.
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Fig. 2. Output temporal profiles of the dark soliton manipulated by the
probe wave with different peak powers. (a) and (b) correspond to the
situations where a slower and faster dark soliton relative to the velocity
atthe carrier frequency interact with the probe wave, respectively.

The natural transformation of a black soliton into a gray one
makes us to further investigate the possibility to achieve its inverse
process from the gray soliton to a black one under the action of a
probe wave. In this sense, we apply the converted gray soliton
(sin ¢ =0.2) as the input dark soliton. Figure 1(b) and 1(d) show

the dynamics of the interaction between the gray soliton and the



weak probe wave. It is clearly seen in Fig. 1(d) that the reflection of
the probe wave pushes the gray soliton away from its original
trajectory (indicated by the red dashed line in Fig. 1(d)), and then
enable it transformed into a black soliton with a quasi-static state.
The output soliton profile in Fig. 1(b) also shows that careful power
adjustment of the probe wave can enable the gray soliton with
slower velocity (relative to the group-velocity at the carrier
frequency) converted into a black soliton through the nonlinear
interaction. Therefore, we can conclude that the optical event
horizon can directly induce the reversible conversion between a
black soliton and a gray one.

To better understand the above conversion process for dark
solitons at optical event horizon, we derive the expression of probe-
induced nonlinear phase shift based on the coupled nonlinear
Schrodinger equations (CNLSEs) [21, 31]. The induced nonlinear
phase shift of a dark soliton from cross-phase modulation (XPM) at
the propagation distance Z = L is well approximated by [32-34]:

Peom =2R-(Dpe 1 L) - Py | AL (LT P, 6
where
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is the reflection coefficient of the probe wave on the dark soliton
associated with the grayness parameter, AQ is the frequency shift

from Qg =(-1—, /1+ 2sing-8,)/ 8;, and D, is the velocity
mismatch between the dark soliton and the probe wave. From
equation (6) we can expect that the reflected part of the probe wave
in terms of the intensity, time delay and relative carrier frequency
allows an accurate control of the nonlinear phase shift imposed on
the dark solitons. However, among all these parameters, the peak
power of the probe wave can be simply adjusted and considered as
the most effective approach to tuning the XPM-induced nonlinear
phase shift of dark soliton at optical event horizon.

The output profiles of dark solitons under the action of the
probe wave with three certain different power levels are calculated
and displayed in Fig. 2. The relatively weak probe wave (P, = 0.016)
can enable the gray soliton transformed into one with larger
grayness (shown in red curve in the Fig. 2(a)). This is attributed to
the fact that the XPM-induced nonlinear phase shift of the dark
soliton can counteract a part of the internal phase of the gray soliton
itself when the probe wave collides with the dark soliton. When the
peak power of the probe wave increases to, Pp = 0.026, which can
provide a nonlinear phase shift that exactly balances that of the gray
soliton itself, the input gray soliton is transformed into a black one
(the green curve). However, further increasing the peak power of
the probe wave (Pp =0.036) will transform the input soliton into
another gray one but with ¢<0 (the orange curve) since the

probe-induced nonlinear phase shift dominates. The corresponding
output simulation results in the input dark soliton with ¢ < 0 are

demonstrated in Fig. 2(b). The XPM-induced nonlinear phase shift
further enhances the intrinsic phase of the gray soliton, which
directly results in the reduced grayness of the transformed dark
soliton as the peak power of the probe wave is increasing. This could
be intuitively anticipated, since increasing the peak power of the
probe wave is equivalent to an increase of the nonlinear phase shift

of dark soliton induced by the collision between both pulses at
optical event horizon.
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Fig. 3. Dynamics of the dark soliton with Black-Gray-Black
transformation as two optical event horizons are cascaded. (a) The
temporal evolution during the propagation in the fiber. (b) Zoom in of
the temporal evolution of dark soliton (from -10 to 10). (c) The temporal
profiles of the dark soliton at different propagation distances.

Considering the time-reversal symmetry for the black- and
white-hole horizons [1, 9, 18] it is extremely possible to realize the
longitudinal dark soliton tunneling, where the dark soliton
transformation at optical event horizon can be reset purposely. To
verify this, we consider a cascade of two optical event horizon
analogues. The initial condition in this case is changed to

AOT) = A, (0.T)+ [P, [exp(~(T +T,)* / w*) exp(-ieaT) @
+exp(=(T +T,)* / w?) exp(—iew,T)]
where T;, T, corresponds to the launched time delay of the two

probe waves relative to the dark soliton, and signs of their values
(positive or negative) represents whether the probe wave is ahead
or behind of the dark soliton respectively, and @, , @, denote the

relative carrier frequency of the probe wave that satisfies the phase-
matching condition [9, 12]. Figure 3 shows the simulated temporal
dynamics along the propagation coordinate in the fiber for an input
black soliton. The soliton propagation in such a system can be
divided into three parts. In the initial stage, the black soliton
propagates with almost no-perturbation since no nonlinear
interaction with the probe waves is introduced. Subsequently, at
certain propagation distance the black soliton collides with the
probe wave 1, and then is converted into a faster gray soliton.
Ultimately, the collision between the newly transformed gray
soliton and the probe wave 2 will occur once again, where the gray
soliton is temporally reshaped into a black one and stays as the
quasi-static propagation till the output port. This process is
analogous to the quantum tunneling effect.

The same design we have employed for an input black soliton
can also be applied to the control and recovery of gray soliton. We
plot one such example (for the slower gray soliton) in Fig. 4. We
observe the transformation of the light pulse from a gray soliton
into a purely black one and then back into a gray one with nearly
unchanged parameters (with respect to their initial values). These
results provide numerical evidence for the longitudinal dark soliton
tunneling process as the cascaded system consisting of two optical
event horizons is applied. Although several parallel mechanisms
[35, 36] that are responsible for the soliton tunneling effect have
been given, the transformation and control of dark solitons



concerning a purely black or gray soliton recovery is demonstrated
for the first time, to the best of our knowledge, in our system
through careful adjustment of the peak power of an additional weak
probe wave. In both examples discussed here, the intrinsic
manipulation mechanism is believed to a wave blocking
phenomenon that is also known from hydrodynamical systems.
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Fig. 4. Dynamics of the dark soliton with Gray-Black-Gray

transformation as two optical event horizons are cascaded. The other is
the same as Fig. 3.

In conclusion, we have demonstrated that the temporal
reflection of an optical pulse at optical event horizon provides an
unprecedented potential to control the properties of a dark soliton
through another weak probe pulse. By increasing the probe power
with respect to the soliton, one can easily modify the dark soliton
properties through XPM, opening the way to all-optical signal
processing applications. When the cascaded system consisting of
two optical event horizons is applied, we observed a new optical
soliton tunneling effect where a dark soliton can longitudinally be
reconstructed without experiencing substantial variations of its
properties. Longitudinal dark soliton tunneling is a clear indication
for a high degree of reproducibility of the temporal pulse, and
provides a fundamentally new example of optical invisibility, which
may find applications in the cloaking of information.
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