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Interactions between one-dimensional quadratic solitons
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The interaction between two one-dimensional quadratic solitons has been investigated experimentally in lithium

niobate planar waveguides for both parallel- and crossing-launched solitons.

A variety of optical bright spatial solitons have been
investigated experimentally in the past few years."! In
addition to the usual Kerr solitons, Manakov, photore-
fractive, and quadratic solitons have been observed.?~*
Of these, the quadratic solitons are unique because
they do not utilize refractive-index changes for self-
trapping and they consist of a minimum of two strongly
coupled waves of different frequencies linked by means
of a second-order nonlinear interaction. Furthermore,
the detuning from the phase-matching condition de-
termines both the shape of the soliton beams and the
admixture of the interacting fields. The existence of
quadratic solitons was predicted in 1975, and many of
their properties have been explored theoretically in re-
cent years.’”" The quadratic solitons associated with
second-harmonic (SH) generation have been observed
in geometries in which a beam can spatially diffract
in one (in slab waveguides) and two (in bulk media)
dimensions.*® Because of their multibeam and multi-
frequency nature, the interactions between quadratic
solitons are expected to exhibit features different from
those observed previously for Kerr solitons.® ! In this
Letter we report experimental investigations of the in-
teraction between one-dimensional quadratic solitons
in planar LiNbO3; waveguides.

We previously reported the generation of one-
dimensional quadratic solitons along the x axes of
y-cut, planar, Ti:indiffused LiNbO3; waveguides near
the phase-matching conditions for type I SH gener-
ation at 1320 nm.* The depth dependence of the
refractive index provided the guided mode confinement
along the y axis. Mutual beam trapping occurs in the
plane of the waveguide, i.e., along the z axis. The
same samples were used in the research reported
here. They require heating inside an oven to ~335 °C
to achieve phase matching. The resulting sample
temperature distribution is uniform in the center of
the waveguide but drops a few degrees near the oven
windows; i.e., the resulting wave-vector mismatch
varies with distance along the waveguide.* Although
this result complicated the analysis of the quadratic
solitons, the solitons were still easily excited at a posi-
tive phase mismatch of ~107 at T = 335.05 °C at the
center of the oven. Because the SH component of the
solitons is small (<10%) relative to the fundamental for
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a detuning this large, the quadratic solitons resemble
Kerr solitons based on y®. They can be excited with
just a fundamental input and evolve into stationary
solitons as the required SH is generated with distance
into the sample. In this research the solitons were
generated both far from phase matching (as before)
and close to phase matching (37, T = 335.35 °C) when
the soliton contained ~50% SH.

A @-switched mode-locked Nd:YAG laser with 90-ps
pulses was used to generate the solitons at 1320 nm.
A combination of optical elements was used to gener-
ate two separate, equipower beams, one of which was
delayed relative to the other to produce a well-defined
relative phase difference at the sample input. Cylin-
drical lenses focused elliptically shaped beams onto the
sample input facet. The output from the 47-mm-long
planar sample (approximately three diffraction lengths
long) was focused onto a vidicon camera for display.

Two types of interaction were investigated. First,
two y-polarized fundamental beams, each 70 um
FWHM, were launched parallel to each other at a
center-to-center separation of 138 um. The experi-
mental results in Fig. 1 show soliton repulsion for a
phase difference ¢ = 7 and that there is a power
exchange for ¢ = 7/2,37 /2. The power was transfer-
red from the beam that leads in phase to the one that
lags in phase, as for the Kerr case.”® The two beams
seemed to fuse when they were in phase.

The interaction was modeled with coupled-mode
theory for Fourier spectra. Parallel to the film, the z
dependence of the fields E;(y,z) at every position
x along the waveguide could be expanded as spa-
tial Fourier integrals in the form E;(y,z) = [e;(y)/
27] [ dB.A;(B.)exp(iB.). The upconversion and
downconversion processes are described by
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Fig. 1. Measured output beam profiles of the two-solitary-

wave interaction for the parallel-launching case for large
phase mismatch (7' = 335.05°C). The relative phase dif-
ference between the two beams is (a) 0, (b) 7/2, (¢) =,
(d) 37/2.

Here the modal field distributions are given by e;(y)
and i = 1, 2 identify the fundamental and the harmonic
beams. B, is the spatial angular frequency, B;, =
(B2 — Bi2)Y? are the x components of the mode
propagation constants 8;, and py is the normalized
mode power per unit film width (in watts per meter).
K@ = [ dye?(y)es™(y)is the overlap integral, which
takes into account the different transverse electric field
profiles of the interacting guided modes.

The results of numerical simulations based on the
experimental parameters as input are shown in Fig. 2,
and the agreement with experiment is excellent.
However, when simulations for uniform wave-vector
mismatch with distance are allowed to proceed to
longer propagation distances than are accessible exper-
imentally, the in-phase interaction actually leads to a
periodic collapse and recovery to progressively smaller
soliton transverse separations and eventually to fusion
of the two solitons. In this experiment the sample
length was just long enough that we could see the first
collapse. In summary, for this far-off phase-matching
case the soliton interactions resemble those of Kerr
solitons for the sample lengths used.”’ Longer
sample lengths are needed to demonstrate the behavior
that is characteristic of saturable nonlinear media.

Nearer phase matching, the situation is more compli-
cated. Qualitatively the same behavior was observed,
but at an earlier stage of the interaction because now
45% of the SH was needed to yield a stationary soliton
and it took a longer propagation distance for the in-
put beam to evolve into a solitary wave. The results,
shown in Figs. 3 and 4, illustrate the incomplete nature
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of the interactions. Given the launching condition un-
certainties, the simulations were in excellent agree-
ment with the experiment. We note, however, that for
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Fig. 2. Numerical simulations of the two-solitary-wave
interaction for the parallel-launching case for large phase
mismatch (7' = 335.05°C). The relative phase difference
between the two beams is (a) 0, (b) 7 /2, (¢) 7, (d) 37 /2.
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Fig. 3. (a), (¢) Measured and (b), (d) simulated output

beam profiles of the two-solitary-wave interaction for the
parallel-launching case for small phase mismatch (T' =
335.35°C). The relative phase difference between the two
beams is (a), (b) 0 and (c¢), (d) 7.



In the second geometry we launched the two fun-
damental beams, initially separated by 98 um, at a
collision angle inside the crystal of 0.42° to investi-
gate the collision of two crossing solitons. Figure 5
shows the output beam profiles at large phase mis-
match (T = 335.05°C). For ¢ = 0, 7, the two beams
passed through each other. For ¢ = 7/2, 37/2, a
significant amount of energy transfer was observed.
Again the results were in agreement with the numer-
ical simulations. Because the collision input caused
the soliton fields to overlap strongly in the middle of
the sample, their interaction behavior deviated more
obviously from that associated with Kerr solitons than
for the parallel-launching case.

In conclusion, the interaction between quadratic soli-
tary waves was studied both numerically and experi-
mentally. Near phase matching, the unique features
of quadratic solitary-wave interactions were readily ob-
served and resembled interactions in saturable Kerr
media, which was a consequence of the strong SH gen-
eration involved in the interaction. Far from phase
matching, the interaction behavior resembled more
closely that of Kerr solitons. Additionally, stronger
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Fig. 4. (a), (¢) Measured and (b), (d) simulated output

beam profiles of the two-solitary-wave interaction for the
parallel-launching case for small phase mismatch (T' =

335.35°C). The relative phase difference between the
beams is (a), (b) 7/2 and (¢), (d) 37 /2.
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Fig. 5. Measured output beam profiles for the two-
solitary-wave interaction in the cross-launching case for
large net phase mismatch (7' = 335.05°C). The relative

phase difference between the two beams is (a) 0, (b) 7/2,
(c) r, (d) 37 /2.

the in-phase case detailed numerical simulations show
that the two beams fuse and no periodic behavior oc-
curs, reminiscent of saturable Kerr media.!*

effects have been observed in cross- than in parallel-
launching geometries.
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