N

N
N

HAL

open science

Slow-light spatial solitons
Gil Fanjoux, Jeremy Michaud, Hervé Maillotte, Thibaut Sylvestre

» To cite this version:

Gil Fanjoux, Jeremy Michaud, Hervé Maillotte, Thibaut Sylvestre. Slow-light spatial solitons. Physical

Review Letters, 2008, 100 (1), pp.013908. 10.1103/PhysRevLett.100.013908 . hal-00268746

HAL Id: hal-00268746
https://hal.science/hal-00268746
Submitted on 29 Aug 2013

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00268746
https://hal.archives-ouvertes.fr

To be published in Physical Review Letters 2008

Slow-Light Spatial Solitons
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Route de Gray 25030 Besangon Cedex, France
(Received 30 July 2007; published 11 January 2008)

We numerically and experimentally report the observation of slow-light spatial solitons in a Kerr
medium owing to light amplification by stimulated Raman scattering. This was achieved in a CS,
nonlinear planar waveguide that possesses both a strong self-focusing nonlinearity to generate the spatial
Raman soliton and a Raman susceptibility sharp enough to induce the slow-light process simultaneously.
We show that the Raman Stokes component is optically delayed by more than 120 ps for a 140 ps Raman
pulse duration and only 3 cm of propagation length, while propagating as a spatial soliton beam.

DOL 10.1103/PhysRevLett.100.013908

Slow light has attracted a great deal of attention recently
because of many motivations, ranging from fundamental
interests to applications in quantum information such as
quantum memories, or to optical information management
by a controllable time delay between data packets (network
buffering, data synchronization) [1]. The main physical
origin that leads to the slow or fast light relies on the
control of the group velocity of a signal by inducing a
strong material dispersion in the medium in the vicinity of
the frequency of the signal. This control can be achieved by
different means and in different materials.

In a resonant optical material, the change of the group
index near a resonance leads to the strong decrease of the
group velocity which is intimately linked to a strong ab-
sorption. To remove this detrimental absorption, efficient
methods for generating a very narrow hole in the absorp-
tion line have been performed by using quantum coherence
properties of atomic media, such as electromagnetically
induced transparency (EIT) in ultracold atomic gases [2],
hot gases [3], or very cold solids [4], or by coherent
population oscillations (CPO) in solid-state materials at
room temperature [5].

In a medium with far-off material resonances, slow and
superluminal light can be achieved through a strong group-
velocity dispersion induced by stimulated scattering [6—
10] or by parametric four-wave mixing [11]. The slowing
down of the light is closely related to the sharpness of the
dispersion curve resulting from the laser-induced reso-
nance. Up to now, most of the work has been performed
about slow-light pulses propagating in optical fibers be-
cause of their straightforward implementation and poten-
tial application. The slow-light process is mainly based on
the stimulated Brillouin scattering (SBS) owing to the
narrow-gain spectral linewidth (a few MHz) [6,7]. In con-
trast, stimulated Raman scattering (SRS) in an optical fiber
only allows for the achievement of a weaker optical delay
because of the larger spectral width of the Raman suscep-
tibility (a few THz) [8,9]. Nevertheless, both SRS and SBS
processes enable the fine control of the group velocity of a
signal pulse by only tuning the resonance at the desired
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wavelength. In the same way, experiments in a Ba(NO;),
solid-state Raman amplifier with a GHz bandwidth have
also resulted in comparable optical delays [10].

Another well-known way to slow down the light is to
take advantage of the waveguide dispersion properties of
micro- or nanostructured materials, such as photonic crys-
tals, that exhibit a zero group-velocity point near the edge
of the photonic band gap [12-14].

In addition, the concept of slow-light solitons is of great
interest in order to control not only the group velocity of
the light but also its spatiotemporal localization. However,
all previous studies mainly concerned temporal solitons
[15-21]. As an example, slow-light temporal solitons have
been predicted in atomic vapors and Bose-Einstein con-
densates by Rybin et al. [16]. Another recent theoretical
work predicts slow-light soliton generation by evanescent
fields in a two-level medium coupled to an external cavity
mode when the driving frequency is closed to the band gap
edge [17]. Otherwise, Bragg solitons can propagate
through the grating at velocities below the speed of light
in glass without dispersive broadening, as theoretically
[18,19] and experimentally [20,21] demonstrated. Slow-
light optical bullets (with a spatiotemporal confinement of
the pulse) have also been predicted in an array of nonlinear
Bragg-grating waveguides [22].

In this Letter, we introduce in a similar way the new
concept of slow-light spatial solitons or spatial solitary
waves. To this end, we demonstrate both theoretically
and experimentally the simultaneous amplification and
slowing down of a spatial Raman soliton in a Kerr medium.
The experimental observation is made possible thanks to
the use of a CS, nonlinear liquid-filled slab planar wave-
guide that exhibits a sufficiently narrow Raman gain band-
width to generate a strong group-velocity change at Raman
frequencies while simultaneously having a strong self-
focusing nonlinearity for supporting one-dimensional spa-
tial soliton. In addition to the fundamental interest, slow-
light spatial solitons offer the strong advantage to counter-
act diffraction, which generally limits the propagation
length to approximately the Rayleigh range, without the
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requirement of an optical fiber [23]. We demonstrate a
simple and efficient technique to obtain slow light, i.e.,
only a 3-cm propagation in a planar waveguide compared
with several hundred meters in optical fibers, a fractional
delay (delay on pulse duration ratio) comparable with those
previously obtained in SRS or SBS fiber or crystal ampli-
fiers [6—8,10], and on top of that spatial self-confinement.
To illustrate the slow-light effect on a spatial soliton, we
have developed a (2 + 1)D spatiotemporal numerical
model based on an extended nonlinear Schrodinger equa-
tion including diffraction in the free transverse dimension x
of the planar waveguide, linear dispersion, the Kerr non-
linearity, and the delayed Raman response [24]. In the time
reference frame of the propagating field, it reads as
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where A(z; x, 1) corresponds to the slowly varying envelope
of the total electric field propagating in the z direction, S is
the wave vector, 3, the group-velocity dispersion (GVD)
coefficient, and y = 27rn,/ A the nonlinear parameter with
n, the nonlinear index and A the input laser wavelength.
The first term of the right-hand side of Eq. (1) leads to the
self- and cross-phase modulation (SPM and XPM) as well
as four-wave mixing (FWM) processes. The second term
accounts for the delayed Raman response through the Rp(7)
function [24]. Let us recall that, in CS,, the Raman fre-
quency shift is 20 THz and the gain linewidth equals
15 GHz [25]. It is well known that the imaginary part of
the Raman response in the Fourier domain is associated
with the Raman gain, whereas the real part nonlinearly acts
on the phase of the field. As both parts are closely linked by
the Kramers-Kronig relations, the real part can reach sig-
nificant values only around the Raman Stokes and anti-
Stokes frequencies, leading to a strongly dispersive non-
linear index. The group index n,, for the total field, given by

the relation n, = n, + w%}ﬂ presents an increase (de-
crease) at the Raman Stokes (anti-Stokes) frequency, all
the larger as the phonon spectral resonance narrows.

Correspondingly, the Raman Stokes component exhibits

a strong decrease of its group velocity compared to that of

the pump. This behavior characterizes the slow-light
phenomenon.

We performed numerical simulations of Eq. (1) by as-
suming an input pulsed pump beam with a pulse duration
of 80 ps (FWHM) and a transverse Gaussian profile width
of 52 pm (FWHM). To initiate the SRS process, we add an
input white noise level as a seed corresponding to the
vacuum field fluctuations, that is, one photon per
spatiotemporal mode. The input pump intensity P; =
0.8 GW /cm? is chosen larger than the fundamental Kerr
soliton intensity P, = 0.25 GW /cm? for which the spatial

width of the pump beam at the waveguide output is equal to
the input width.

Figures 1(a) and 1(b) illustrate (in gray scale) the lon-
gitudinal evolution of the space-integrated temporal inten-
sity profiles for the pump and the Raman Stokes pulse,
respectively. For the sake of clarity, these numerical data
are normalized and therefore do not reveal the exponential
growth of the Raman Stokes pulse. Nevertheless, it is clear
from Fig. 1(a) that the pump pulse shape remains un-
changed up to 1.7 cm of propagation (dashed white line)
where depletion of its trailing edge occurs. On the other
hand, we can see that the Raman pulse shown in Fig. 1(b) is
first generated from noise at the center of the pump pulse
with a shorter duration than the pump because of the
Raman gain. Interestingly, it then undergoes a large optical
delay (tens of ps) to the trailing edge of the pump while one
may expect an opposite delay owing to the normal GVD
regime (B, >0) at the pump wavelength. This optical
delay is intimately related to the sharp group-velocity
variation caused by the slow-light phenomenon. To verify
this assertion, we have checked, by withdrawing the real
part of the Raman response in our numerical tool, so that a
weak opposite delay ( ~ —3 ps) due to GVD appears in-
stead. In addition, Fig. 1(b) shows that the optical delay
due to the slow-light process stops at about +25 ps at the
rear of the pump pulse because the Raman gain has van-
ished. This is fully consistent with the depletion in the
trailing edge of the pump [seen in Fig. 1(a)].

[t is interesting to note that, as the Raman pulse is slowed
down during its amplification, it is also compressed. We
observe the decrease of the Raman pulse duration that
evolves from 34 ps at the beginning to 28.5 ps after
1.7 cm of propagation, i.e., at its maximum 25-ps delay.
The fractional delay is thus equal to 25/28.5 = 0.88. This
value is comparable to that obtained by Sharping ef al. [8]
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FIG. 1. Normalized temporal (a), (b) and spatial (¢), (d) pro-
files (gray scale) for the (a), (¢) pump pulse and (b), (d) the first
Raman stokes order pulse during propagation along

a 2 cm nonlinear planar waveguide. Input pump parameters:
80 ps duration, input intensity P; = 0.8 GW/cm? (soliton power
P, = 0.25 GW/cm?). Other parameters are B, = +4.24 X
1072 §2/m, n, = +3.5 X 107 ¥ m*>/W, and A = 532 nm.
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in a Raman fiber amplifier with a 1-km highly nonlinear
fiber (HNLF).

Regarding the spatial dynamics, Figs. 1(c) and 1(d)
show the longitudinal evolution of the time-integrated
spatial profiles of the pump and the Raman Stokes beam,
respectively. First, it is clear from Fig. 1(c) that the pump
beam undergoes a strong self-focusing in the first part of
the waveguide, the input power being greater than the
soliton power. It therefore tends to behave as a second-
order spatial soliton and then after 1.7 cm propagation
(dashed line) spreads because of the Raman-induced de-
pletion. Additionally, we see in Fig. 1(d) that the Raman
Stokes beam, initially generated from noise, is spatially
confined in the self-focused pump beam due to the Raman
gain and XPM-induced mutual guiding [26]. It is signifi-
cant that the Raman beam continues to propagate with a
stable spatial width and behaves as a spatial soliton until
the depletion of the pump. Note also that the Raman beam
has a spatial width always smaller or equal than the pump.

To get a better insight, Figs. 2(a)—2(c) show the spatio-
temporal intensity profiles for the pump at the waveguide’s
input and for the pump and the Raman Stokes components
after 1.7 cm of propagation (i.e., before the pump deple-
tion), respectively. The bottom insets represent the corre-
sponding time-integrated spatial profiles. The direct
comparison between Fig. 2(a) and 2(b) highlights both
the strong self-focusing of the pump beam and the begin-
ning of the depletion of its trailing edge. The bottom inset
of Fig. 2(b) shows a weak spatial pedestal mainly due to the
initiation of a second-order spatial soliton generation. As
can be seen in Fig. 2(c), the Raman pulse is clearly ob-
servable in the trailing edge of the pump pulse due to the
slow-light effect. More importantly, the bottom of Fig. 2(¢)
shows that the spatial profile of the Raman component has
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FIG. 2. Numerical spatiotemporal profiles of (a) the waveguide
input pump and (b), (¢) the pump and the first Raman Stokes
order, respectively, at the beginning of the pump depletion
regime for a 1.7 cm propagation length corresponding to the
horizontal dashed line in Fig. 1. Bottom insets: corresponding
time-integrated spatial profiles. Same input pump parameters as
for Fig. 1.

a clear-cut hyperbolic secant squared shape without any
spatial pedestal, because it is only generated when the
pump pulse attains a solitonlike regime and does not suffer
from nonsolitonic parts.

The experimental setup is made up of a 3 cm long Kerr
planar waveguide that consists of a 15-um-thick liquid
CS, layer sandwiched between two SK5 glass blocks (see
Ref. [26] for more details). The pump source is a
frequency-doubled Q-switched Nd:YAG powerchip laser
at 532 nm with a 1 kHz repetition rate and 370 ps pulse
duration. The input Gaussian beam is linearly polarized
parallel to the TE mode of the waveguide. Its spatial width
has been measured to be 52 um. The pump and Raman
components are spatially separated at the waveguide’s out-
put by using a diffraction grating (2400 lines/mm) and
analyzed both in time and in space by the use of a Streak
camera with a resolution of 5 ps.

Figures 3(a)—3(c) show the spatiotemporal experimental
profiles recorded at the waveguide’s output. Figure 3(a) is
the pump in the diffraction regime, Fig. 3(b) the pump at
the beginning of the depletion regime, and Fig. 3(¢) the
delayed Raman component, respectively. First, by compar-
ing Fig. 3(a) and 3(b), it is clear that pump depletion occurs
at the trailing edge in agreement with the position of the
Raman Stokes order shown in Fig. 3(c), as predicted by our
numerical simulations (see Fig. 1 and 2). The insets at the
bottom represent the time-integrated spatial profiles fitted
by the theoretical ones (dashed lines). It is important to
note that the pump and the Raman beam both exhibit a
spatial soliton profile. The Raman pulse, which is gener-
ated and slowed down by the SRS process, forms a slow-
light spatial soliton.
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FIG. 3. Experimental spatiotemporal measurements at the
waveguide output. (a) The pump pulse with a low input power
(1 mW), (b) the pump pulse at high input power (1.74 mW) at the
beginning of the trailing edge depletion, and (c¢) the correspond-
ing first Raman Stokes order pulse. Bottom insets: time-
integrated spatial profiles (straight curves) fitted by numerical
profiles (dashed curves).
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FIG. 4. Temporal position of the pump (M) and the Raman (@)
pulse peaks at the waveguide’s output in function of the mean
input power. P, corresponds to the fundamental pump soliton
power and P, corresponds to the power of the pump depletion.

Note that the slow-light process presented here has to be
distinguished from the mechanism of group-velocity lock-
ing for the stimulated Raman X waves generation in ultra-
short optical pulse filamention though the observations
seem to be similar to those reported here [27].

To analyze the slowing down of the soliton, we plot in
Fig. 4 the output temporal positions of the pump and
Raman pulse peaks in function of the mean input power.
The difference between these two temporal positions rep-
resents the optical delay. For an input power lower than
1.7 mW, i.e., before depletion of the pump trailing edge,
the optical delay linearly depends on the input power, in
good agreement with the theory of slow light [10]. The
magnitude of the delay can then be tuned continuously to
as much as 120 ps by adjusting the pump power, leading to
a minimum group velocity equal to ¢/2.8. For the maxi-
mum time delay, the corresponding Raman pulse duration
is equal to about 140 ps. The corresponding fractional
delay of 120/140 = 0.85 is in excellent agreement with
our numerical predictions.

At higher input power, i.e., after the pump trailing edge
depletion, the Raman pulse is generated where the pump is
not still depleted, as numerically observed in Fig. 1(b).
Then the Raman pulse moves forward to the leading edge
of the pump during propagation, leading at the same time
to the decrease of the pump pulse duration and also to the
temporal shift of the pump peak toward the leading edge,
as seen in Fig. 1(a) and 4.

To conclude, we have demonstrated both numerically
and experimentally the phenomenon of self-guided slow
light, i.e., a slow-light spatial Kerr soliton. This was

achieved in a CS, Kerr planar waveguide thanks to a sharp
Raman gain band and a strong group-velocity dispersion at
the Stokes frequencies. The Raman Stokes component was
optically delayed by 120 ps for only a 3-cm propagation
length while exhibiting a spatial solitonic profile. Note also
that the slow-light process presented here is at the heart of
the multicolor soliton generation previously reported in
Ref. [26].
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