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Optical event horizons from the collision of a soliton and its own dispersive wave
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(Received 22 May 2015; published 20 August 2015)

We observe experimentally the spectral signature of the collision between a soliton and the dispersive wave
initially emitted from the soliton itself. This collision, interpreted in terms of an optical event horizon, is controlled
by the use of an axially varying fiber which allows us to shape both the soliton and dispersive wave trajectories so
that they both collide at a precise location within the fiber. The interaction of the dispersive wave with the soliton
generates a reflected wave with a conversion efficiency which can be controlled by the input pump power. These
experimental results are confirmed by numerical solution of the generalized nonlinear Schrodinger equation and

by the analytical calculation of the conversion efficiency.
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I. INTRODUCTION

Event horizons can be mimicked in optical fibers by the
nonlinear interaction of a weak linear radiation (usually termed
the probe wave) with an intense copropagating soliton [1-3].
So-called fiber event horizons (FEHs) occur when the probe
wave, traveling at a different group velocity with respect to
the soliton, is unable to pass through it during their collision.
The probe wave is therefore reflected onto the soliton, which
acts as a nonlinear barrier, altering its group velocity. In the
spectral domain, this results in the frequency conversion of the
probe wave at wp into a reflected wave (RW) at w = wg that
satisfies the phase-matching (PM) condition [4-6]

D(w) = D(wp), (D

where D(w) = B(w) — B(ws) — B1 X (w — wg) denotes the
wave number in a reference frame moving with the soliton,
B(w) is the fiber propagation constant and 8, = 9, 8(ws) is
the group velocity at the soliton frequency ws. The analogy
between event horizons and the nonlinear reflection of a weak
probe onto a soliton has attracted much interest over the past
few years and opens innovative perspectives in the control
of light [7-10], in quantum physics [11,12], as well as in
superfluidity [13]. The few nonlinear optics experiments on
the subject were performed by causing the collision of an
intense soliton with a weak probe carefully adjusted at the
fiber input in terms of power, wavelength detuning, and delay
[1,3,14-16]. However, it is still unclear whether this analogy
with event horizons persists when the probe parameters
are not specifically controlled, as was the case in previous
experiments.

Here, we show experimentally that this process is actually
very robust, as FEHs can be observed from the collision
between a soliton and the dispersive wave (DW) emitted
directly from this soliton at the early stage of propagation.
The soliton is excited by an ultrashort pulse and generates a
phase-matched DW acting as the probe wave. The collision
between the soliton and this DW is controlled by using a
photonic crystal fiber (PCF) with a longitudinally varying
dispersion landscape. The varying dispersion along the fiber
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enhances the deceleration of the soliton [17], reshapes the
DW trajectory in the time domain, and also modifies the PM
condition [Eq. (1)] so that the DW collides with the soliton in
the vicinity of its group velocity matching (GVM) wavelength.
This allows us to choose the fiber length at which the FEH is
observed, so that the entire process occurs within a few meters.
The paper is organized as follows. In Sec. II we review the
physics of a fiber event horizon in the framework of the theory
of soliton-DW mixing that gives an analytical estimation of
the conversion efficiency. In Sec. III we describe the principle
of the experiment, whose results are reported in Sec. IV and
discussed in Sec. V. We draw our conclusions in Sec. VI.

II. FIBER EVENT HORIZONS AND
SOLITON-DISPERSIVE WAVE INTERACTION THEORY

FEHs can be rigorously described by means of the theory
of the mixing between a soliton and a DW [5]. We consider
the nonlinear Schrodinger equation (NLSE) with third-order
dispersion (TOD):

i0.u — %8,2u—i%8,3u+y|u|2u20. )
Raman effect and dispersion terms with an order higher than 3
are neglected in order to keep the analysis as simple as possible
and to consider only the essential physical effects. Indeed, it
has been shown that the Raman deceleration does not play a
fundamental role in the process [3].

Consider the solution as the sum of a fundamental soliton
u and linearly dispersing waves g [5]:

u(z,1) = us (D™ + g(z,0), 3)
where u(t) = +/Psech(t/Tp), P = |pal/(yT), and ks =
y P /2. By inserting Eq. (3) in NLSE Eq. (2) and linearizing, at
first order we obtain an evolution equation for the perturbation

. B2 B3 .-

id, g — ?Bfg - lgafg +

N i%aiiu.ne“‘fz +ylusPg" e + 2y lusPg = 0. (4)

Consider now that DWs are the sum of the resonant radiation
emitted from the soliton and other linear waves (i.e., the probe)
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FIG. 1. (Color online) Graphical solution of Egs. (6)—(8) for a
toy model with the following values of (nondimensional) parameters:
B=1,8=-01y=1

generated elsewhere:
8(z.1) = we' PO 4y (z,1), )

where D(w) is the linear dispersion relation that, when
considering TOD only, reads D(w) = Brw?/2 + B3’ /6. We
can recognize three source terms in the second line of Eq. (4)
that can force the system efficiently if the following resonance
conditions are fulfilled [5]:

D() = ki, ©)
D(®) = 2k — D(w)). )
D() = D(w,). @®)

Equation (6) describes the condition for generating the
standard resonant radiation (RR) [ 18], whereas Eqs. (7) and (8)
describes two additional peaks generated by four-wave mixing
between the soliton and the probe wave. It is easy to see that
only Eq. (8) can describe interactions near the GVM point
weym (see Fig. 1). If we consider a probe whose frequency
is near GVM frequency, we can study the behavior of the
generated radiation by investigating the following reduced
equation, where only the source term that is almost in phase
(resonant) with the radiation has been considered:

iy — Zapy —i%
At the GVM point, second-order dispersion changes sign
(B2 = Ba(ws) = —Ba(wgvy)) and TOD can be neglected at
first order. By a phase rotation, we can rewrite Eq. (9) taking
the GVM frequency as the carrier:

B2
2
By fixing ¥ = a(t)exp[ikz] we obtain eventually a time-

independent Schrodinger equation (z independent in fiber-
optic notation) in the form

Ry + 2y lus()PPY =0. (9

0.9 + =370 + 2y lu,(1)|*§ = 0. (10)

|| &
———+V@)—k)a() =0, 11
( o T VO —kat) (11)
where the potential induced by the soliton is
B2 2< t >
V(t) =2—sech”| — ), 12
Q) 72 T 12)
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FIG. 2. (Color online) Schematic illustration of the FEH exper-
iment using an axially varying fiber. The gray region corresponds
to the shaping of the DW trajectory induced by the axial variation
of fiber dispersion. TW, transmitted wave through the soliton (same
wavelength as DW); RW, reflected wave on the soliton.

and the wave number of the linear waves is fixed by the
approximated dispersion relation (TOD = 0) as k = |B,|2%/2
(2 is the frequency shift from wgy ).

The reflection and transmission coefficients can be calcu-
lated analytically for this potential as [19]

cosh? (@n)

sinhz(nQTo) + cosh? (@n) ’
sinh?(r QTp)
sinh?(w QTp) + cosh? (@n) .

p(L2) = (13)

(Q) = (14)

Interestingly, with our approximations, the conversion effi-
ciency p does not depend on B, for a fundamental soliton.
Equations (13) and (14) have been obtained before in Refs.
[3,16] by resorting to the concept of comoving-frequency
conservation. Our calculations show that we can rigorously
describe FEHs in the frame of NLSE, without evoking any
relativistic argument.

Equations (13) and (14) indicate that a perfect horizon
with 100% reflection is only realized with an incident wave
precisely at the GVM frequency (2 = 0). However, in this
case the probe wave and soliton propagate at exactly the same
velocity, and they would require infinite distance to interact.
This suggests that an event horizon in a strict sense is unlikely
to be observed in optical fibers where a fundamental soliton
interacts with a linear wave [20]. Total reflection could in
principle be obtained by the scattering with other nonlinear
pumps (for instance a higher-order soliton or a shock wave),
as shown numerically in Refs. [10,12].

III. DESIGN OF THE EXPERIMENT

The schematic diagram shown in Fig. 2 illustrates the
principle of our experiment. The fundamental soliton excited
by the pump pulse initially emits a DW at shorter wavelength,
traveling ahead of the soliton in the time domain (middle panel)
[21]. The PM relation describing this process [18,21] gives the
frequency of the DW, wpw , as the root of Eq. (6). Subsequent to
the DW emission, the soliton undergoing Raman-induced self-
frequency shift (RISFS) decelerates along the fiber, while the
DW experiences a sudden temporal deflection (within the gray
area in Fig. 2), owing to the axial dispersion variation (see left
panel). Simultaneously, this dispersion variation enhances the
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FIG. 3. (Color online) (a) Longitudinal fiber diameter profile
measured during the drawing process. Inset: SEM image of the PCF
input cross section. (b) Calculated group velocity at the input (top
solid blue line) and output (bottom dotted red line) of the PCEF.
Markers correspond to various waves involved in the experiment
of Fig. 4(a) and horizontal lines depict GVM wavelengths with the
soliton.

soliton deceleration [17], resulting in their inevitable collision.
A part of the DW is transmitted through the soliton, and the
remaining part of the DW is blocked and reflected onto it due
to the strong nonlinear phase modulation from the soliton.
In the spectral domain (right panel), the RW corresponds
to the generation of another spectral component following
the PM relation (6), which is the signature of the FEH.
Note that in principle the spectral signature of the collision
between a soliton and its own DW should be observable
experimentally in uniform fibers as it is likely to occur in the
early stages of most supercontinuum generation experiments
[6]. However, it has never been clearly observed to date in this
context as it is usually hidden in the supercontinuum spectrum
[22,23], due to many other nonlinear effects occurring at the
same time, including DW trapping by the soliton [6]. To our
knowledge, its experimental observation has thus never been
done unambiguously in any optical fiber, tapered or not.

IV. RESULTS

The longitudinal profile of the PCF diameter used in
experiments is shown in Fig. 3(a). It has a uniform initial 1.3-
m-long section, followed by a 2-m-long sine shape transition
over which the diameter (and therefore the overall structure) is
reduced by 5%. The final section is 8.5 m long and is uniform
until the fiber output (11.8 m). Dispersion properties were
calculated from scanning electron microscope (SEM) images
[see the input in the inset of Fig. 3(a)]. Figure 3(b) shows the
calculated group index curves at the PCF input (top solid blue
line) and output (bottom dashed red line). Markers depict the
locations of the soliton, DW, and RW involved in the process,
as described below. The input and output zero dispersion
wavelengths (ZDWs) are 933 and 918 nm respectively, and the
corresponding nonlinear parameters are 27 and 30 W~ km™!.
Experiments are performed using Fourier transform-limited
Gaussian pulses from a Ti:Sa oscillator at 80 MHz. They have
a full width at half-maximum duration of 130 fs and they are
centered at 963 nm. They are directly launched into the PCF
after passing a pair of half-wave plates and a polarizer for
adjusting the polarization state and input power. The spectral
dynamics is recorded by cutting back the fiber every 0.5 m and
successively measuring the output spectrum.

Figure 4(a) displays the experimental spectral dynamics
for a pump peak power of 90 W. Corresponding numerical
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FIG. 4. (Color online) Measured (a) and simulated (b) spectral
dynamics illustrating a FEH with a pump peak power of 90 W. Black
dashed lines depict the ZDW. (c) Simulated temporal dynamics. (d)
Top: simulated spectra at fiber lengths of 2 m (solid blue line) and
6 m (dashed red line), i.e., respectively before and after collision.
Bottom: graphical solution of PM equation (6) at 4 m. Green solid
curve, D(w); horizontal dashed red line, D(wp).

simulations are shown in Figs. 4(b) and 4(c) (respectively
in the spectral and time domain). They were performed
using a generalized nonlinear Schrodinger equation taking
the full frequency dependance of the dispersion curve into
account, as well as Kerr (including self-steepening) and
Raman nonlinearities, with the parameters extracted from the
experiment. The spectral dynamics is in excellent quantitative
agreement with the cutback measurement of Fig. 4(a). The
dynamics scenario is as follows. The pump pulse excites
a fundamental soliton, which first emits a DW at 865 nm
according to Eq. (6) within the first meter, due to its proximity
to the input ZDW. The soliton then undergoes RISFS, which
results in its deceleration in the time domain [Fig. 4(c)].
Then, the variation of the group velocity along the transition
region makes the soliton further decelerate and simultaneously
reshapes the DW trajectory in the time domain. This induces an
inevitable collision between the soliton and the DW around 4 m
[Fig. 4(c)]. In the spectral domain, this results in the conversion
of the DW into a RW centered at 837 nm according to the PM
process described by Eq. (1). In our experiment, nearly 85%
of the DW energy before collision [solid blue line in Fig. 4(d)]
is converted into the RW after collision [dashed red line in
Fig. 4(d)]. A remarkable reflection of the DW on the soliton is
also apparent in the temporal domain, which is the signature
of a FEH [1,20]. The bottom curve of Fig. 4(d) confirms that
the generated RW follows the PM relation of Eq. (1) involving
the colliding DW and soliton. Note that in our experimental
configuration, the peak power of the DW is typically about
25 dB lower than the one of the soliton, which is the reason why
the modifications of the soliton properties highlighted in Refs.
[8,24] are not significant enough to be observable in our case.

023837-3



S. F. WANG et al.

Distance [m]
Distance [m]

0.9 1
Wavelength [um]
— ' —Spect: t2
; E 10 | (d) "_Spec rum a 6m
~ { pectrum at 6m
\ g 9
. o
E 8 ‘ & b
3 6 8.8 ! 09 1
§ ot Wavelength [lum)]
A 4 ) P
. =-100f &
5 collision = : ! Z=3.5m
200Ny S
0 10 0.8

5 0.9 1
Delay [ps] Wavelength [um]
FIG. 5. (Color online) Same as Fig. 4 but for a higher pump peak
power of 120 W.

We also performed an alternative experiment during the
cutback measurement, corresponding to a slightly higher peak
power of 120 W. The results are illustrated in Fig. 5. The
scenario is comparable to the first case shown in Fig. 4.
However, because the rate of the RISFS is increased, its
collision with the DW occurs at a slightly shorter distance,
so that the parameters characterizing the process are slightly
modified. As a consequence, the PM relation is also modified,
leading to a blue shift of the RW and to a change of the
conversion efficiency as compared to the previous case. This
will be further discussed in Sec. V.

In order to further illustrate the process and gain more
insight, we studied numerical spectrograms to elucidate the
pulse dynamics simultaneously in the temporal and spectral
domains. We use the first case corresponding to Fig. 4 as an
example. Figures 6(a)-6(d) show four spectrograms at fiber
lengths of 3, 6, and 9 m and at the output, respectively.
The black dashed line represents the ZDW, while the blue
and red ones correspond to PM relation of Eqgs. (1) and
(6), respectively. At the beginning [Fig. 6(a)], the emission
of the DW from the soliton follows Eq. (6). They are well
separated in the time domain because they travel at different
group velocities, as illustrated by blue (gray, top) markers
in Fig. 3(b), which are not on the same horizontal line. In
the subsequent propagation, the transition region of the fiber
allows the soliton-DW collision to take place in the time
domain [Fig. 6(b)], which results in the generation of the RW
at the short-wavelength edge, in good agreement with Eq. (1)
(bottom dashed line). Upon further evolution [Figs. 6(c) and
6(d)], the soliton continuously shifts to longer wavelengths
due to RISFS, while the DW and RW evolve toward opposite
directions with respect to the soliton in the time domain. This
is due to the fact that the RW has a lower group velocity
than the soliton, while the DW group velocity is larger than
the soliton one, as shown by red (gray, bottom) markers in
Fig. 3(b).
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FIG. 6. (Color online) Simulated spectrograms at propagation

distances (a) of 3 m, (b) of 6 m, (c) of 9 m, and (d) at the output (see

Supplemental Material [25]). Black dashed lines depict the ZDW. Red

(gray, middle) and blue (gray, bottom) dashed lines are the calculated

PM wavelengths of the DW and RW, respectively, from Eqs. (6)
and (1).

V. DISCUSSION

We now direct our attention to clarify the different conver-
sion efficiencies into the RW from Figs. 4 and 5, which was
pointed out above. Previous studies of FEHs using pump-probe
configurations pointed out the role of the probe wavelength in
the conversion efficiency into the idler wave [20]. In our case,
the Raman soliton acts as the pump wave and the DW initially
emitted from the soliton acts as the probe wave. Therefore,
we first extracted all parameters of these two waves from
numerical simulations of Figs. 4 and 5, before the collision
occurs (at fiber lengths of 3.3 and 3.0 m respectively). Then,
we kept them constant except for the probe wavelength, which
has been artificially tuned (which is equivalent to vary its group
velocity relatively to the soliton) and studied the conversion
efficiency into the RW after collision with the soliton. Dashed
blue and dash-dot red lines in Fig. 7 show the conversion
efficiency versus probe wavelength obtained for the cases
of Figs. 4 (90 W input peak power) and 5 (120 W input
peak power), respectively. Markers of green square and red
rotundity are experimental conversion efficiencies extracted
from measurements of Figs. 4(a) and 5(a) respectively. The
soliton duration T has been calculated from the experimental
spectra, assuming a transform-limited hyperbolic secant pulse.
The dotted green curve and triangle marker correspond to a
third experiment (not detailed here) performed in the same
conditions as above but with a lower input peak power of 55 W.
Concerning the dashed blue line (case of Fig. 4), we extracted
the pulse parameters at 3.3 m, where the soliton wavelength
is around 990 nm, corresponding to a GVM wavelength of
851 nm. As a consequence, the conversion efficiency tends
to unity as the probe wavelength approaches the GVM wave-
length [20]. In our experimental conditions, we measured a
conversion efficiency of 85% (blue square marker) in this case.
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FIG. 7. (Color online) Simulated conversion efficiencies into the
idler wave vs probe wavelength, for pump powers of 55, 90,
and 120 W (dotted green, dashed blue, and dash-dot red lines
respectively). The corresponding experimental results are shown
as the markers of green triangle, blue square, and red rotundity,
assuming soliton durations of 95, 68, and 53 fs. Thick black line
is the analytically calculated conversion efficiency from Eq. (13).

Note that a 100% conversion efficiency is not reachable in
this case, thus preventing the existence of an event horizon
in strict sense. This is caused by the fact that soliton and
DW located exactly at GVM wavelengths cannot collide
[20]. Around this point, the conversion efficiency decreases
symmetrically to zero with increasing probe detuning. The
same reasoning can be applied to the dash-dot red and solid
black curves. For the dash-dot red line corresponding to the
case of Fig. 5, the soliton and DW characteristics are different
due to a higher input peak power. The RISFS is strengthened,
enabling the soliton to reach a longer wavelength so that
its GVM wavelength (around which the overall conversion
efficiency curve is centered) is shorter. Another consequence
of the higher input peak power is that the DW acting as
the probe wave (represented by the red rotundity marker
in Fig. 7) is located at a shorter wavelength and farther
away from the GVM wavelength. Therefore, the conversion
efficiency into the RW is reduced to 45% in this case, and the
remaining part of the DW is transmitted through the soliton,

PHYSICAL REVIEW A 92, 023837 (2015)

as can be seen from Fig. 5(c). The dotted green line corresponds
to a lower input peak power, so that the RW is generated much
closer to the GVM wavelength, and thus the experimental con-
version efficiency reaches 98% in this case. This demonstrates
that the conversion efficiency into the RW can be investigated
by simply adjusting the input peak power in our experimental
scheme, which is equivalent to tuning the probe wavelength in
pump-probe configurations.

In all cases, the simulated and measured conversion
efficiencies are in remarkably good agreement with the
analytical curve obtained using Eq. (13) derived from the
theory presented in Sec. II.

VI. CONLUSION

In summary, we have experimentally reported for the first
time the spectral signature of the collision between a soliton
and its own DW in an optical fiber. Although it is not a
prerogative of this observation, the use of an axially varying
fiber allows control of the collision process so that the spectral
signatures of transmitted and reflected waves are unambigu-
ously observed. The conversion efficiency of the process
can be easily adjusted from a change of input power. The
measured conversion efficiencies are in excellent agreement
with realistic numerical simulations and with the analytical
formula we obtained from the soliton-DW mixing theory.
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