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Observation of Manakov Spatial Solitons in AlIGaAs Planar Waveguides
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We suggest and implement a method for observing Manakov spatial solitons in crystals. We show
experimentally that the propagation behavior of mutually trapped, orthogonally polarized beams in
AlGaAs planar waveguides is identical to that of a fundamental (single polarization) soliton beam with
the same total power. [S0031-9007(96)00140-8]

PACS numbers: 42.65.Tg

The self-focusing and guiding of an intense electromagbelow half the band gap, the ratio is just less than unity
netic wave in a nonlinear medium has inspired curiosity(to within the experimental error) [6,7] and also the
and interest since the earliest days of nonlinear optics [1jonlinear coefficients for the transverse electric fields of
However, it was not until the work of Zakharov and Shabathe TE modeE || 110) and the TM mod€E || 001) are
[2] that a clear connection between these phenomena amgbproximately the same. However, the FWM terms in the
soliton theory was made. They developed the inverse scatoupled NLS always exist. The presence of these terms
tering method for solving the nonlinear Schrédinger equacan completely change the beam behavior relative to the
tion (NLS) and were able to solve the initial value problemsolitonlike one. Although stationary beam solutions via
analytically. Extending the inverse scattering technigue tdsolitary waves,” called vector solitons by Christodoulides
3 X 3 matrix equations [3], Manakov integrated the cou-and Joseph [8], may exist, the propagation of such beams
pled nonlinear Schradinger equations which describe thean be unstable [5]. Moreover, these terms can even turn
propagation of optical beams with two orthogonal polar-the dynamics of wave propagation into chaos [9].
izations. In reality, the equations which determine the Two ways to arrange Manakov conditions in real mate-
propagation of an optical beam in a one-dimensional selfrials are known today. For pulses in optical fibers, it has
focusing medium are more complicated and not alwayd®een shown by Menyuk [10] that the FWM terms can be
integrable. There are certain conditions for integrabilityaveraged to zero in strongly birefringent fibers due to the
of these equations [4]. Namely, for the coupled set offast phase changes between the linearly polarized compo-
equations with cubic nonlinearity the conditions of integra-nents. This is caused by the large wave-vector mismatch
bility are twofold: the ratio between the self-phase modu-between the two polarization components of the soliton.
lation (SPM) to the cross-phase modulation (XPM) has tdHowever, the fiber must be designed in a special way to
be equal to unity and the SPM coefficients need to be equalirn the SPM to XPM ratio to unity [11]. Another pos-
for the two polarizations. Moreover, the energy exchangeaible way is to use a randomly birefringent fiber [12]. In
terms, sometimes known as the four wave mixing (FWM)the latter case, the averaging of the state of polarization
terms, must be zero. Integrability gives certain advantagesver the Poincaré sphere also reduces the governing equa-
for soliton propagation. In particular, the prescribed waytions for an isotropic material to the Manakov case. But
of soliton interaction, the absence of energy transfer fronthis cannot be done in cubic crystals because of the lack
solitons into radiation modes during the collision and everof the above symmetry condition. The aim of this work is
during propagation [5] are the most important. to suggest different experimental conditions in which the

There are no crystal symmetries whiehpriori lead beam propagation can follow Manakov equations in the
to a SPM/XPM ratio of unity. Hence, this condition spatial domain in order to observe solitons experimentally
depends on the detailed physics of a given materialin the strict mathematical sense.

For example, this ratio is 3/2 in isotropic media such The propagation of optical beams in terms of the two
as fused quartz. Hence, Manakov solitons cannot berthogonal modes of a planar waveguide where the beams
observed in standard optical fibers [6]. Our studiesare only allowed to diffract in one spatial dimension can
have indicated that in AlGaAs, for photon energies justbe written as [10]
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whereE, andE,, are the transverse electric fields for the planar waveguide operating at a wavelength below half
TE and TM modes, respectively, is the propagation its band gap. Furthermore, we show experimentally that
constant in the vacuumy, is the nonlinear refractive the propagation of Manakov solitons is similar to that of
index coefficient for both polarizations} is the ratio  single polarization fundamental solitons [13].
between the cross- and self-phase modulation coefficients, The experiment was performed with a N&@H™ color
B is the ratio between XPM and FWM, angk is the center laser operating at a wavelength of 1,6%. Using
wave-vector mismatch defined &s(n. — n,,), with n,  additive pulse mode locking (APM), the laser produces
and n,, the effective indices for the TE and TM guided 670 fsec pulses at 76 MHz. An approximately 14 mm
wave fields, respectively. In the waveguide, which welong planar AIGaAs waveguide was used which consisted
are usingp. — n,, is below 0.0007. For power levels of of a 1um thick guiding layer of A}.dGaygAs, a
our experiment, the linear beat length and nonlinear beat wm thick lower cladding region of Al.Ga;¢As, and
length are comparable and FWM terms cannot be simpla 1.5um thick upper cladding region of AkGa,/As.
removed. The linear loss of this waveguide was measured to be
Depending on the values of and B and on the 0.16 cm ! at the operating wavelength, negligible. Using
total pulse power, these equations have two, four, oa combination of aA/2 wave plate and a polarizing
six stationary solutions (fixed points) in the form of beam splitter, the input beam was separated into TE
elliptically polarized spatial vector solitons. =1 — and TM beams. The rest of the experimental setup is
A (for isotropic media), the number of fixed points canshown schematically in Fig. 1. After a delay line, the
be two or four [8]. The beam behavior and the evolutiontwo beams were recombined using a polarizing beam
of its state of polarization are defined by the interlocationsplitter. These beams were then elliptically shaped using
of these fixed points on the Poincaré sphere and can k& cylindrical telescope and end-fire coupled into the
quite complicated in general. If we neglect the FWM waveguide using 20X microscope objective. The output
(last) terms(B = 0) and if A is unity, the equations was imaged onto a camera using 18X microscope
reduce to the Manakov generating equations and the beaobjective. Approximatelyi6 = 2 um (1/e? radius) wide
propagation behavior becomes different. Note that th€in the plane of the waveguide) Gaussian beams were
soliton interaction in the presence of the FWM terms isoverlapped at the input facet and launched together,
also different from the interaction of fundamental solitons.overlapped optimally in time and space. At the output,
For both the single-component NLS and the two-a polarizer was used to block the TE beam (or TM beam
component Manakov equations solitons are the so-calledhen appropriate) so that only the spatial profile of one
envelope solitons because the phase of the carrier dobgam could be recorded using an infrared camera.
not play any role in soliton propagation. Although for At low input peak powers, both beams diffracted
real crystals the common phase can also be removed froby about 8 times tol30 = 10 um as they propagated
the equations, the relative phase between the componeritgough the 14 mm long sample [14], i.e., the sample was
is the parameter which plays a major role in the pulse dyapproximately 8 diffraction lengths long. When each po-
namics. This means that mutual coherence or incoherendarization was launched independently with a peak power
of the two components can completely change the pulsef 550—-600 W, a soliton with the same spatial width
dynamics from one extreme to the other. This is the ideas the input beam emerged at the output. About 50 W
we are exploiting in this work to switch the behavior of more input peak power was required for the TM than
solitons from one regime to another. the TE beams to achieve the same output beam width.
Note that the FWM terms cannot be simply ignored.We attribute this to different launch conditions, scattering
However, if the two orthogonally polarized beams are
incoherent relative to each other, they can be averaged and

become equal to zero. Manakov equations conserve the polarizer ™
power in each component separately. For two incoherent '//\

components, there is still energy exchange, but it is 1B
zero on average. In this paper, we show experimentally  camera / \/
that the FWM term can be made effectively zero in / polarizing beam splitter

AlGaAs, and we report the first observation of spatial AlGahs waveguide

Manakov solitons. The experiment is done in an AlGaAs FIG. 1. Schematic of the experimental geometry.
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- ) lines represent the TE and TM components, respectively.
(1.43 = 0.1) X 1013 cm? /W, respectively.

In an earlier experiment [15], we investigated power
transfer between orthogonally polarized beams via the
FWM effect in channel waveguides with a similar struc-ratio of about 1 to 2, but with a total power equal to that
ture to this waveguide, but designed to have a smalleof the fundamental soliton just discussed. In this case,
birefringence. The power transfer from a strong pumpthe two orthogonally polarized beams mutually trapped
beam into an orthogonally polarized weak probe beam irach other and copropagated through the sample. The
the pump-probe setup was measured as a function of irsutput width and the shape of the two polarizations were
put pump intensity for both 5 angt450 fsec pulses. (In identical [Fig. 3(b)], and the same as the fundamental
the pump-probe setup the beam is split into two polarizasoliton shown in Fig. 3(a). The two outputs in Fig. 3(b)
tions which undergo different optical paths prior to enter-actually overlap in space and were graphically shifted for
ing the waveguide.) For zero phase difference betweesasier comparison. A variable attenuator was used in
the TM pump and the TE probe, gain occurs for the TEfront of the camera to ensure that the intensity level of
probe in the 5 psec case; see Fig. 2. However, for thell the beams imaged at the camera were the same. We
450 fsec pulses, no change in the TE probe as a functiorepeated the experiment for different power ratios ranging
of TM pump intensity was measured; that is, the FWMfrom 1:20 and 20:1, but keeping the same total input
terms were not effective in this case. We repeated the expower. For all the different power ratios the width and
periment as a function of time delay and did not observeshape of the TE and TM beam did not change to within
any change in the probe intensity. However, when we in-
putted a linearly polarized beam at some angle relative to

the TM axis such that most of the power was in the TM T : =

- . . . 02 F aA--pl ® experiment |
mode, as a function of input intensity we observed strong i e manakov case
power coupling from TM to TE for femtosecond pulses. o1k ‘w | ~~&--isotropic
We believe that the reason we did not observe FWM ef- [ Y
fects in the pump-probe setup using femtosecond pulses ~ of T I o o]
is because the delay line introduces significant chirp into i I I [ I D T T f f ]
femtosecond, TM polarized pulses so that the two beams 01 [ » .
are no longer coherent at the sample input. In such a case i ‘\A\ ]
the FWM effect was zero, and this was the method used 02 F TBma
to eliminate the effects of FWM in these experiments. E— T

A number of experiments were performed to verify intensity ratio (TE/TM)

that Manakov solitons were indeed generated. We first _ )

launched only a TE-polarized, fundamental, spatial solitor!G- 4. ' The normalized difference between the output TE
. . and TM beam widthgR = (wtg — wrm)/@wte] versus the

beam with an mput power 0550 W, and the output was intensity ratioltg /Ity Of both beams, colaunched at the input.

recorded and is shown in Fig. 3(a). Then we launchedhe solid line is the Manakov prediction and the dashed line

both TE and TM beams simultaneously with a powerwith triangle symbols is for an isotropic medium.
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solitons. Namely, the two orthogonally polarized beams
must be mutually incoherent so that the two beams are
coupled only through XPM index potentials with no FWM
term. In the experiment, we used an AlGaAs planar
waveguide operating at a wavelength below half its band
gap. For the same total input power, the output of
this mutually trapped state of two orthogonally polarized
solitons was identical to that of a fundamental, single-
polarization soliton.
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