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Observation of Mutually Trapped Multiband Optical Breathers in Waveguide Arrays
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Multiphoton fluorescence is used for the direct observation of a new class of breathers in waveguide
arrays, which are a coherent superposition of Floquet-Bloch solitons of different bands. These Floquet-
Bloch breathers oscillate along their spatial propagation axis, and possess several novel properties. Some
behavior of these breathers is readily understood intuitively in terms of the band structure of the
waveguide array and the properties of discrete solitons.
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mutually incoherent. spatial phase (and, preferably, the amplitude) of the input
The study of breathers has attracted growing attention
in the past several years in a wide variety of physical (and
biological) systems. These intrinsic localized excitations
occur in perfectly regular systems (unlike the case of
Anderson localization, for example, in which disorder
drives the localization mechanism), when nonlinearity
tunes the excitation’s frequency into a gap in the linear
spectrum of the system. Breathers are characterized by
internal oscillations, in contrast with the well-studied
solitons which maintain constant shape. Rigorous proof
has been given for the existence of breathers [1], and their
properties have been studied extensively [2,3]; however,
their experimental observation has been reported only
recently. Recent evidence points to the important role of
breathers in an impressive variety of contexts, including
low-dimensional materials [4], macroscopic-mechanical
systems [5], spin lattices [6], spin waves in antiferromag-
nets [7], Josephson arrays [8] and Josephson ladders [9],
molecular chains [10], Bose-Einstein condensates [11],
dispersion managed optical fiber [12], and finally, optical
breathers in photonic-crystal waveguides [13].

It is well known that two orthogonally polarized
beams may be jointly trapped to form a spatial vector
soliton [14,15]. Each of these beams by itself might not
have enough power to support a soliton, and only when
both beams are launched together (overlapping spatially),
they mutually form a soliton. This concept has been
extended to include other possibilities of two beams
interacting incoherently to form a composite soliton
[14,15]. In particular, numerical study of vector solitons
in waveguide arrays has been recently reported [16],
where each of the two beams is shaped such that it excites
a particular Floquet-Bloch (FB) band of the waveguide
array [17]. A self-consistency method was used to show
that the two beams belonging to different bands are
jointly trapped in the array to form a multiband vector
soliton, propagating along the array without changing its
envelope shape, assuming, again, that the two beams are
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In this work, we report the observation of a new class of
breathers in waveguide arrays, forming a coherent vector
(or composite) soliton. These spatially localized breathers
oscillate along their propagation axis and several of their
properties may be understood intuitively in terms of the
band structure of the waveguide array [17] and the prop-
erties of discrete solitons.

Consider the situation when light is injected into two
FB bands of a waveguide array. The two beams interfere
and form a complex pattern of intensity along the propa-
gation direction. Figure 1 shows simulation results, using
the beam-propagation method (BPM) [18], where light
propagates in two FB bands (band No. 1 and band No. 2),
which we relate to in the following as ‘‘FB beams’’;
Fig. 1(b) shows the two FB beams, when launched sepa-
rately into the array at a power, which is not high enough
to form a soliton (yet high enough to slow diffraction).
The beams diffract in the array as FB waves, whose
modal shapes are shown (enlarged) in the upper panel
of the figure. In Fig. 1(c), the same beams (at the same
power) are launched together into the array. The beams
are shown to jointly trap one another, forming a breather,
which propagates along the array. Such breathers were
simulated for very long propagation distances, and within
a range of parameters, proved to be stable. The breather
may be understood intuitively in terms of the interference
of the two FB beams, trapping each other into a nonlinear
localized excitation, and propagating along the array at
slightly different propagation constants, thereby beating
and forming a breather. Thus, the breathing period is
inversely proportional to the propagation constants differ-
ence between the two FB beams. Indeed, our BPM sim-
ulations verify this picture.

In order to observe these breathers, we used slab wave-
guide samples, onto which a waveguide array was defined
by dry etching of the upper cladding. For details see
Ref. [19]. In principle, the best way of achieving selective
excitation of FB waves in such an array is to shape the
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FIG. 2 (color online). Photographs of waveguide arrays, as
seen from above, showing the multiphoton florescence emitted
by the breathers, as they propagate along the array. Array
period in all cases is 11 �m. (a) Symmetric breather in a
0.003 index-step array. (b),(d) Nonsymmetric breather, in a
0.009 index-step array. (c) Symmetric breather in the same
array.

FIG. 1 (color online). BPM simulation results. (a) The band-
gap diagram of the array, which relates the propagation con-
stant (�) to the Bloch wave number (K), and the power
spectrum of the two ‘‘FB beams’’ constituting the breather
field. The shaded regions represent the gaps in the propagation
constant of the FB waves. Although hardly observable in this
scale, note that the diffraction curve of band No. 2 is smooth in
the region of K � 0. (b) The two shaped FB beams are
launched separately into the array at power, which is not
high enough to form a soliton. Shown also are the modal shapes
of the band No. 1 and band No. 2 FB waves, excited by the
shaped input beams. (c) The same two beams (at the same
power) are launched together into the array, jointly trapping
one another and forming a breather, which propagates along the
array while maintaining a constant (periodic) envelope shape.
The envelope FWHM of band No. 1 and band No. 2 beam is 25
and 60 �m, respectively, and their power 300 and 700 W,
respectively. The array period is 11 �m with 4 �m waveguide
width and waveguide index step of 0.0015.
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beam, so that it matches that of the two superimposed FB
beams. In this work, however, we chose a simpler ap-
proach, in which a narrow unshaped Gaussian beam was
launched head-on, in between a couple of neighboring
array-waveguides. It has been shown recently that this
253902-2
configuration leads to the excitation of FB waves belong-
ing to several bands [17], with their relative strength
determined by the overlap of their modal shape with
the input beam. With wide input beams (and at normal
incidence), the overlap of a Gaussian beam with FB
waves belonging to bands higher than band No. 1, is quite
small. On the other hand, the overlap of a narrow input
beam (launched between waveguides) with band No. 2
and band No. 3 FB waves may be high enough for a
significant excitation of these bands.

Several waveguide-array samples were measured using
this scheme, and breathers were successfully excited.
Figure 2 shows typical results of such a measurement.
The experimental system is similar to that used in pre-
vious experiments [19]: 120 fsec pulses emitted from a
synchronously pumped optical parametric oscillator at
1:53 �m, were shaped by a cylindrical telescope, and
launched head-on into the input facet of the array. The
light emerging from the array was imaged onto an IR
camera, and a top view of the array was imaged onto a
CCD camera. We used the latter camera to monitor beam
propagation in the sample, by collecting multiphoton
fluorescence at the AlGaAs band gap (740 nm) excited
by the high-power beam, mainly through three-photon
absorption, as was verified by measuring its dependence
on the input beam power. This fluorescence enables a
unique view of the evolving breather along its propaga-
tion direction. Figures 2(a) and 2(c) are photographs of
11 �m-period arrays (index steps of 0.003 and 0.009,
253902-2
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FIG. 3 (color online). Formation of the (coherent multiband
composite soliton) breather shown in Fig. 2(a). (a) Cross
sections of the beam at the array output as a function of the
(time-average) beam power. (b) Photographs of the beam at the
array output, at low and high power. At low power, the narrow
input beam excites a diffracting band No. 1 and band No. 2
beams. At high power, band No. 2 excitation narrows until
being trapped in band No. 1 beam region, and the breather is
formed. The FWHM of the input beam was 7 �m, and the
sample length was 6.4 mm.
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respectively), as seen from above, when a 7 �m wide
beam is injected exactly between two neighboring wave-
guides. The excited breathers are clearly seen, as they
propagate along the arrays. The decay of the fluorescence
signal along the propagation direction is due to the dis-
persive temporal broadening of the laser pulse along the
structure, and multiphoton absorption. The breather pe-
riod remains unaffected by the decay of the pulse’s peak
power, since it is determined primarily by the linear
spectrum of the system. The difference in the breathing
period between Figs. 2(a)–2(c), is readily explained by
the different excitation spectrum. FB-spectral analysis
(described below) of the band content excited by the input
beams in these two samples, reveals that in the shallow
sample of Fig. 2(a), band No. 1 and band No. 2 are
primarily excited, while in the deeply etched sample of
Fig. 2(c), band No. 3 is also excited, leading to a faster
(quasiperiodic) beating of the three bands. BPM simula-
tions accurately confirm these findings, and, in particular,
distinctive quasiperiodic breathers predicted in arrays
with index-step larger than 0.0035.

We have found that the symmetric breather [as in
Figs. 2(a) and 2(c)] tends to be unstable, in particular,
when a significant fraction of the power is carried by
band No. 1. Simulations show that such breathers, at high
enough power, tend to switch into an asymmetric breather
by small perturbations. This has been verified in our
experiment, as seen in Figs. 2(b) and 2(d). In fact, these
asymmetric breathers were much easier to excite, since
any deviation from perfect symmetric launching condi-
tions led to their excitation, while very careful alignment
was needed to excite the symmetric breather of Figs. 2(a)
and 2(c). The asymmetric breathers excited in this way
were very stable. This behavior is readily understood, by
considering the instability of the band No. 1 soliton
(discrete soliton), when centered between neighboring
waveguides. It has been shown that this mode of the
discrete soliton is unstable, in contrast with the case in
which the soliton is centered on a waveguide [20]. It is the
stable mode of the discrete soliton, that the band No. 1
beam of the asymmetric breathers shown in Figs. 2(b) and
2(d), is composed of.

The beam emerging from the array was also measured,
to verify that a localized structure is excited in the array.
Typical results are shown in Fig. 3. In Fig. 3(a), cross
sections of the beam at the array output are plotted as a
function of the (time-average) beam power, for the case
shown in Fig. 2(a). Figure 3(b) shows photographs of the
beam at the array output, at low and high power. At low
power, the narrow input beam excites a weakly diffract-
ing band No. 1 beam and a strongly diffracting band No. 2
beam (discriminated by their characteristic modal shapes
[17]). At high power, band No. 2 excitation is shown to
narrow substantially, trapping almost completely in band
No. 1 beam region, as the two beams jointly form a
coherent multiband composite soliton.
253902-3
In order to analyze the results, we performed numerical
spectral analysis of the breather. Initially, BPM simula-
tions were conducted to calculate the spatial field distri-
bution along the sample. This field was then decomposed
into the array’s linear FB-waves basis, after which the
spectral content of each band was summed independently
to form the FB beams, i.e., the contribution from each
specific band to the overall excitation. Figure 4 shows
results of such an analysis. In Fig. 4(a), the power local-
ized inside a 60 �m section of the array around the beam
center, is plotted for band No. 1 and band No. 2 beams, as
a function of their propagation distance along the array.
At low input power, the two FB beams diffract (note the
continuous drop of the central-section’s power). At high
power, both FB beams focus into a localized breather
(characterized by a nearly constant central-section’s
power). Small components in band No. 3 and higher
bands are also excited, but these do not seem to be trapped
by the breather, and their amplitude decays as shown in
Fig. 4(a). It should be noted that in all our experiment
simulations, the FB beams retained a nearly constant
overall power, as they propagate along the array, which
suggests that the power used in our experiments was not
high enough as to deform the array profile to the extent of
energy transfer between bands to occur. This means that
the two FB beams affect one-another solely via a mutual
change of their phase front (due to the Kerr effect), while
253902-3



FIG. 4 (color online). Numerical analysis of the experiment.
(a) The power concentrated inside a 60 �m section of the array
around the beam center, normalized to the overall FB-beam
power, for band No. 1 beam (thick blue line), band No. 2 beam
(dashed green line), and band No. 3 beam (thin red line),
plotted as a function of their propagation distance along the
array, for low and high input power. (b) Top view of simulation
of band No. 1 beam and band No. 2 beam, when launched
separately and together into the array at the same high power
level as in the right panel of (a). The band No. 2 beam is
trapped by the band No. 1 beam, to form a breather, while a
small band No. 3 component diffracts even at high input
powers.
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almost no energy is transferred between them. Figure 4(b)
shows simulations of the high-power beam propagation,
when each of the FB beams excited by the input beam are
sent separately, and then together into the sample. Band
No. 1 beam, launched separately into the array, formed a
discrete soliton, centered between a couple of wave-
guides, having a width of about 1.5 array-periods. Band
No. 2 beam, launched separately into the array, diffracted
into a very wide output. Band No. 1 and band No. 2
beams, launched together into the array, excited a
breather, as shown in the right panel of Fig. 4(b). This
proves that for this breather, band No. 2 beam is trapped
by band No. 1 beam (but not the other way around), in
analogy with noncoherent composite solitons.

In conclusion, we have reported the observation of
multiband FB breathers in nonlinear waveguide arrays.
This system enables direct observation of their internal
dynamics due to multiphoton fluorescence generated in
our AlGaAs waveguides. The FB approach was shown to
253902-4
be useful to address issues such as their structure, stabil-
ity, and dynamics.
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