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Observation of Resonance Soliton Trapping due to a Photoinduced Gap in Wave Number
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We investigate the nonlinear propagation of two forward propagating modes coupled by a resonant
traveling-wave grating, which is photoinduced by illuminating an optical fiber with a beat signal. This
interaction, representative of systems whose dispersion relation K = K({)) exhibits a gap in momentum
K, shows evidence of localization mediated by resonance solitons. The signature of a still (in the grating
frame) soliton is grating-induced cancellation of modal group-velocity mismatch.

DOI: 10.1103/PhysRevLett.92.223902

The nonlinear response of structures engineered in
periodic fashion allows one to control the flow of light
[1-3]. Of growing importance are photonic band gap
structures, so-called because stop bands (gaps) in fre-
quency ) (or energy) appear in their linear dispersion
relation. In 1D Bragg coupling, the most elementary of
these structures, an intensity-dependent index, makes the
propagation at frequencies inside (or outside but close to)
the gap allowed in the form of gap solitons (GSs) [4-6],
localized envelopes that can be stable while traveling in
principle with any velocity lower than light velocity.
Relying on the interplay of periodicity and nonlinearity,
this concept is ubiquitous [7] and goes beyond specific
nonlinear mechanisms [8] and system dimensionality [9].
Optical fibers or AlGaAs guides with permanently built-
in Bragg gratings have been proven to be ideal test beds
for the physics of GSs [1,2]. Yet, to date the strong re-
flectivity of such gratings has prevented the experimental
exploration of the physics deep inside the gap (e.g., ap-
proaching the resonance) and/or the excitation of still GSs.

While Bragg coupling occurs between waves propagat-
ing in opposite directions [backward coupling (BWC)],
gratings with longer pitch can be resonant also with
copropagating modes leading to forward coupling
(FWCQC) [10]. The possibility that nonlinear trapping oc-
curs in the latter situation has long been overlooked, in
spite of the fact that so-called resonance solitons have
been pointed out to exist, owing to grating-assisted FWC,
in the context of early studies of GSs [11]. In this Letter
we report the first evidence of resonance soliton trapping
showing their universal nature of localized states asso-
ciated with a gap in wave number (or momentum, K gap).
To this end, we exploit a traveling-wave (henceforth,
dynamic) light-induced grating characterized by a K
gap [12] instead of () gaps of permanent Bragg gratings.
Our resonant grating originates from the nonlinear re-
sponse (rather than photosensitivity or photorefraction
[3]) of a standard fiber and permits overcoming the draw-
backs of other grating-assisted FWC schemes [10].
Because of the features of FWC occurring in this dy-
namic grating, we observe trapping right on-resonance
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(gap center), in sharp contrast with all experiments con-
ducted so far on GSs in static Bragg gratings.

In our arrangement, FWC occurs between two beating
signal frequencies owing to another dual-color resonant
(same beat frequency) grating wave copropagating along
the same optical fiber. The intensity modulation associ-
ated with the latter induces, through nonlinear cross-
phase modulation, a traveling-wave periodic index
change (the dynamic grating). For slow modulations,
the interaction of the grating wave envelope E,(Z, T) at
carrier frequency w, and the signal wave E(Z T) (car-
rier w,) can be described with sufficient accuracy by the
nonlinear Schrédinger equations (NLSEs) [13]

i0,E, — (K!/2)03E, + Y(|E,|? + 2| E,|P)E, =0,
i(97+ 807)E, — (kI /2)93E, + X(IE,* +2|E,|P)E, =0,
(1)

where T = T, — ki, Z measures time in the grating frame
traveling at group velocity k', K = d°k/dw?|, , j =
s, g, are group-velocity dispersions (GVDs), and 6 =
ki — ki. In the following, without loss of generality
[14], we assume velocity matching 6 = 0, which in
our experiment is accomplished by carefully choos-
ing w, and w, on opposite sides of the fiber zero GVD
point. Assuming a continuous-wave (cw) grating
pro]pagating unchanged, ie., E,(Z T)=E,0,7T)=
2Pg/2 cos(Q7), a signal of the form E; = [E, exp(iQT) +
E, exp(—iQT)]exp(iBZ) [where E;, =E,(Z T) are
slowly varying in T, and 8 = 4xT" + k’Q?/2 is a com-
mon phase shift] allows us to reduce the second of Egs. (1)
to the system

l(az + 8k’aT)E1 + FEZ + X(lEllz + 2|E2|2)E1 = 0,
i(d7 — 6K'97)E; + TE, + x(IE1* + 2|E{|))E;, = 0,
@)

which entail that E| , suffer a group delay 26k" = 2k ()
while coupling linearly and resonantly (i.e., without
phase slippage) with coefficient I' = 2xP,, fixed by
power P,.
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In the linear (y = 0) regime, cw solutions E;,
of Egs. (2) with frequency detuning A{) from resonance
(w,) and related wave-number shift Re[K], viz.,
dependence exp(iKZ — iAQT), yield a dispersion
relationship featuring two branches K(AQ) = K* =
+I'? + (8k'AQ)? separated by a forbidden K gap |K| <
I' [15]. The gap, displayed in Fig. 1(a) in terms of nor-
malized quantities k = K/I' and Aw = AQ(5K'/T),
originates from the features of the FWC process. In
fact, owing to the fact that the eigenvalues of Egs. (2)
with y = 0 are iK™, i.e., imaginary conjugated, the cw
modes E; , undergo periodic FWC with spatial frequency
|K(AQ)| regardless of their detuning AQ) [see insets of
Fig. 1(a)]. The gap reflects the fact that such spatial
frequency cannot decrease below its resonance value
|K(0)] =T (off-resonance the coupling period gets
shorter), no matter whether the resonance is approached
from above or below. This physics, common to other FWC
schemes [10,11], is markedly different from that of BWC
where the gap, shown for comparison in Fig. 1(b), appears
in () and is related to linear wave solutions becoming
evanescent (eigenvalues become real or K purely imagi-
nary) around Bragg resonance. This diversity has a major
consequence in the nonlinear regime, where both K gaps
and () gaps become, in principle, accessible. FWC allows
one, indeed, to excite nonlinear solutions in the gap by
means of end firing, without requiring the huge power
levels needed to bleach the high input reflectivity char-
acteristic of BWC. Specifically, Egs. (2) possess the fol-
lowing nonlinear resonance soliton solutions with in-gap
wave number [6]

E; = AT/ x)n(1)explil¢;(7) + kz — Sl  (3)

where j = 1,2,and wesetz = I'’Z and 7 = y[T(I'/ k') —
vz], y = (1 — v?)71/2 being the Lorentz factor. The nor-
malized parameters v and k (Jv], |k| = 1) fix the intensity
7(7) [n(*00) = 0] and chirp ¢ () profiles [6], and give
the inverse soliton velocity in grating frame k., = vk’
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FIG. 1. (a) Dispersion relation Aw vs Re[k] for FWC. Insets:
Modal power evolutions P 5(Z) = |E, ,|* for marked values of
|Aw| when mode 1 is launched [P, and Z are in units of P;(0)
and grating length L, |T'|L = 6]. (b) As in (a) for BWC with
insets relative to launching the forward mode 1 [P, ; in units of
P,(L), ITIL = 3].
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[16] and the soliton wave number K = kI' in frame
(z, 7), respectively. While v can be controlled by intro-
ducing the field imbalance |E,/E,|> = (A,/A,)? =
JA +v)/(1 —v), k is related to the normalized soliton
frequency dw = yvk, and can be tuned by imposing a
real-world offset Aw; = Swyl'/Sk' from resonance w,,
ie, w;, — w, + Aw,. Solitons (3) exist in the whole
region of the parameter space (K/I')* + (k. ,/kiQ)* =
1, which can be identified with the K gap seen by the
moving soliton [6]. Indeed, for v =0 (ki ; = 0) this
reduces to the aforementioned condition |K| =T. We
focus our attention on the most intriguing case of K-gap
center (perfect resonance, k = §w = 0) and still soliton
(v = 0) requiring balanced input A, = —A;. When such
a soliton is launched along the fiber, the evolution is
affected dramatically by the grating presence. To show
this and validate the picture based on Egs. (2), let us
integrate numerically the NLSEs (1) with coefficients
ki, =10, —10.5 ps?/km and y = 2.75 W~ 'km™' char-
acteristic of our fiber, and a soliton input corresponding to
our choice of detuning Af = 2Q/(27) = 1.64 THz and
P, = 4.5 W (yielding signal pulses with power and dura-
tion characteristic of our experiment). When the grating is
absent (or weak, P, << 4.5 W) coupling is not sufficient
to balance nonlinearity and group delay, and the signal
dynamics is dominated essentially by the latter, as clearly
shown in Fig. 2(a). While walking off, the two soliton

(@)
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FIG. 2 (color online). Signal power evolution |E(Z, T)|> of a
soliton input in the absence (a) or presence (b) of the grating
wave E,, as obtained from the NLSEs (1) with parameter
values of our experiment (see text). The inset in (b) shows
the output signal power compared with the input envelope
(dashed line).
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pulses also broaden due to the combined action of the
GVD and the Kerr effect. Conversely, when the cw dy-
namic grating is raised up to the proper level (P, =
4.5 W), linear (group-delay and coupling) and nonlinear
effects mutually balance, and the group delay is sup-
pressed via the formation of a still (in the grating frame)
bound state [see Fig. 2(b)]. Within the bound-state enve-
lope, short-scale oscillations of total power are due to
mode beating (see inset). We emphasize that Egs. (1) and
the results of Fig. 2 account for the effects neglected by
Egs. (2), such as GVD-induced broadening, grating wave
distortion occurring primarily via four-wave mixing
(FWM, generations of sideband pairs at w, * nQ, n=
3,5,...[17]), as well as signal FWM at w, * n{). These
effects are responsible for radiation of linear waves and
bound-state oscillations, which, however, do not hamper
the main signature of resonance trapping, namely, grat-
ing-induced group-delay cancellation.

The experimental setup used to detect such a phenome-
non is displayed schematically in Fig. 3. The grating is
excited by means of two long (540 ps FWHM) square
pulses that ensure quasi-cw operation. These two pulses,
at wavelengths A, .o = 1538 and 1551.1 nm, are syn-
chronized since they are generated from two cw lasers
injected in a fiber nonlinear loop mirror (NOLM) with
dichroic couplers (WDM) along with a common intense
control (switching) pulse from a Nd-YAG laser (120 ps,
A = 1064 nm). After amplification in an Er-doped fiber
(EDFA) the plateau (peak) power of each of these grating
waves can reach a maximum of about P, = 18 W, which
yields a coupling coefficient (i.e., half K gap) I' =
1073 cm™!. In spite of this low value, the dynamical
nature of the grating allows us to employ a long fiber
(L = 1 km), which results in an efficient grating with
high figure of merit I'L =~ 100. The two-color signal
(soliton) waves are obtained by means of a versatile
tunable laser source based on a spectroscopic filtering
arrangement of fs pulses, releasing a pair of 3.9 ps pulses
at Ay =1293.4nm and Ay = 1302.6 nm with peak
power |E;,|> =3.8 W. These wavelengths guarantee
equalization of mean group velocities ki = k,. We can
launch either some or all of such waves (with parallel
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Scheme of the experimental setup.

polarization as well as overlapped in time), into our fiber
sample (Teralight® by Alcatel) whose zero dispersion lies
at Aop = 1420 nm. The chosen frequency () =
1.647r THz is high enough to yield a considerable group
delay with moderate FWM, and yet such that () < w, —
w, so that Egs. (1) are accurate enough.

We have first checked the effectiveness of our dynamic
grating scheme. To this end, we compare in Fig. 4 the
output signal spectral density measured by launching
only one signal wavelength, e.g., the slow mode at Ay
(wg + Q), in the presence and absence of the grating,
respectively. When A, ,, are copropagating with Ay,
generation of Ay (w; — (1) is observed with power flow-
ing from Ay to Ay, until they exhibit comparable power.
Such coupling is mediated by the grating since it disap-
pears when A, ., are not launched (see dashed-line spec-
trum). Owing to its nonlinear origin, coupling between
the two signal modes can be interpreted as due to
four-photon mixing amplifying w, ¥ Q = (0, = Q) F
(w, + Q) * (w, + Q). The equalized mean group veloc-
ity k{ = kj, allows for such mixing to be phase matched at
second order in the expansion of k(w), regardless of GVD
values. Figure 4 shows also the presence of blueshifted
(from Ay) radiation, which, along with redshifted (from
Agz, not shown) twin photons, originates from broadband
parametric amplification of noise due to spontaneous
decay of pump photon pairs at w; + ) (A;) and w, —
Q (A,y), which is known to occur for pumps symmetri-
cally located around Agp [18]. Such fluorescence, how-
ever, has a minor impact on signal dynamics since (i) it
does not involve resonant coupling (its mirror frequency
is absent); (ii) it vanishes when A, y, are both input.

Having proved the efficiency of the dynamic grating to
couple the w; = ) modes, we have explored the solitonic
regime. The resonance soliton trapping observed in the
full nonlinear regime is illustrated by Fig. 5, which dis-
plays the temporal profile of the output signal intensity
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FIG. 4. Output spectral density S(A) (linear scale) measured
with (solid line, P, = 16 W) and without (dashed line) the
input grating, when only the blueshifted (A,;) signal pulse is
launched. The inset shows the corresponding log scale plot.
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FIG. 5. Streak camera traces of the output signal obtained
when two equally intense signal pulses are colaunched with
grating waves of peak power P, [increasing from (a) to (d)].
The dashed curve in (d) shows the profile corresponding to the
trapped signal, as obtained numerically from NLSEs (1).

measured by means of a streak camera (6 ps resolution)
for increasing input grating power P,. In Fig. 5(a), we
show that at low grating power (P, = 5 W) the two signal
components emerge, slightly broadened (FWHM ~
20 ps) and well separated in time with a delay of 120 ps
in good agreement with our linear estimate At =
2kQL =104 ps. As the grating power is increased to
13 W [Fig. 5(b)] and 16 W [Fig. 5(c)] the group delay
of the two pulses reduces progressively, until eventually
the two pulses merge at P, = 17.5 W to form a bound
state, similar to what is shown in Fig. 2(b). The beating
oscillation with period ~0.6 ps expected under the enve-
lope is beyond resolution of our apparatus.

Although the transition from dispersive behavior to
group-delay suppression in Fig. 5 is incontrovertible, it
occurs at grating powers considerably higher than the
value P, ~4.5W employed in Fig. 2 and expected
from theory to yield trapping of soliton pulses with dura-
tion and peak power characteristic of our setup. We attrib-
ute this quantitative discrepancy mainly to the fact that
the input signal pulses possess neither the chirps [¢, in
Eq. (3)] nor the relative phase of the ideal soliton. Under
these conditions, we find that linear radiation becomes
more significant, and one needs to supply substantially
more power than that needed with ideal soliton input as in
Fig. 2(b). Further waste of effective energy is due to
FWM. Note, however, that the measured level of lead-
ing-order FWM at w, ; * 3 () is at least 20 dB below the
level of the main modes, thus suggesting a moderate
impact. Nevertheless, in order to fit the experiment
more closely, we have run a simulation based on
Egs. (1), which account for the exact shape of the grating
pulses at 17.5 W, FWM effects, as well as the additional
effect of losses (0.2 dB/km), stimulated Raman scatter-
ing (causing energy flow towards long grating and signal
wavelengths), and the detection apparatus response. The
result displayed in Fig. 5(d) shows a reasonable agreement
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with the experimental data, supporting the basic validity
of the proposed picture.

In summary, we have reported the first evidence of
pulse trapping in a periodic system with a photoinduced
gap in wave number. Our dynamic grating allows efficient
trapping to be observed right on resonance, which is
hardly possible with counterpropagating modes.
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