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Multisoliton emission from a nonlinear waveguide
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We demonstrate numerica11y that external excitation of a nonlinear waveguide can produce

sequential threshold behavior via multisoliton emission from the waveguide. This behavior is simi-

lar to that predicted to occur at a nonlinear interface.

Following the pioneering work of Kaplan' on the re-
flection of a plane wave from a linear-nonlinear interface,
several papers appeared on this subject. This interest
stemmed from the possibility of bistable reflection from
such an interface. ' Although it is now generally accepted
tliRt bistablc rcflcctloil ls Ilotposs, lblc (Rs opposed to R

hysteretic response) several of the results from the theoret-
ical studies, such as the nonlinear Goos-Hinchen effect
and the transmission of self-focused channels (or solitons)
through the interface, ' are of interest in their own right.
To the best of our knowledge only the former effect has
received further attention.

In this Brief Report we consider the external excitation
of a nonlinear waveguide (NLWG) where the film and
substrate are linear but the cladding displays a nonlinear
refractive index (optical Kerr effect). Intuitively one may
expect that effects reminiscent of the nonlinear interface
problem can arise since the NLWG comprises at least one
such interface. Here we report results showing the
transmission of solitons through the film-cladding inter-
face, the number and angle of emission of which depends
on the input flux. [The input beam profile is held fixed as
the zeroth-order transverse-electric (TE) mode of the
linear guide. ) The flux trapped in the waveguide then
shows sequential threshold behavior as a function of the
input fiux as a result of this multisoliton emission. An in-
tuitive explanation for the thresholds utilizing the NLWG
dispersion curve for the system is given. We remark that
the emission of a soliton from a NLWG has previously
been reported as a route by which unstable nonlinear guid-
ed waves (NLGW's) decay. ' However, in that case the
input fiux fixes the input btmn profile whereas here we
hold the input profile fixed which is more in line with ex-
perirnental procedures. Potential applications of this ef-
fect include optical limiting, coupling of adjacent
waveguides in the absence of evanescent field overlap, and
a light-driven angular scanning element.

We consider TE waves of frequency to in a slab
waveguide, then assuming that the electric field is homo-
geneous in the y direction (z and x being the propagation

and transverse coordinates in units of c/ c)oand writing
the field as

E(r, t) = —,
' y[W(x, z}e"~' ""+c.c.]

yields the usual slowly varying envelope equation for
W(x, z):"
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Here the refractive index in the various media is given by

n (x,
)

W
) )=n„+ar )

W(x, z) (, y=c,f,s

the subscripts c,f,s referring to the cladding (x & —d),
film ( —d &x (d), and substrate (x)d), respectively.
For the results presented here we specifically set
n, =n, =1.55, nf ——1.57, a, =10, and O.f ——cx, =0,
which corresponds to a self-focusing Kerr-type nonlinear
cladding.

The NLGW's are found as the solutions of Eq. (2) such
that W(x, z) = Wo(x) Equation (2) along with the con-
tinuity conditions on the tangential components of the
electric and magnetic fields can then be used to generate
the dispersion curves (guided wave flux S versus effective
index p) for the system. In Fig. 1(a} we show the disper-
sion curve for the TEo NLGW's of a NLWG described by
the parameters given above (note that since there is only
one nonlinear medium the NLGW is uniquely specified
by p). For this particular configuration the negative-slope
region of the dispersion curve is unstable under propaga-
tion and is indicated by a dashed line, the regions marked
I and II are stable. " The inset beside each branch shows
the general nature of the solution on that branch (e.g., on
branch II the solution is concentrated around the film-
cladding interface' ), and the critical flux S, is that flux
above which the NLGW's on branch I cease to exist (for
the example here S,—=0.195).

Our numerical experiment consisted of launching an in-
put beam of fixed profile but variable flux onto the
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FIG. l. {a) Nonlinear guided wave flux S vs effective index P
for parameter values n, =n, =1.55, ny

——1.57, a, =10 ~,

a, =cxy ——0, and d =8. The dashed region is unstable and the
insets indicate the general nature of the NI.G%'s on branches I
and II. (b} Flux trapped in the guide S~ vs the input Aux S,„.
The input beam profile is held fixed as the linear TED guide
mode.

we should therefore expect a second threshold since the
trapped flux will eventually exceed S, leading to emission
of a second soliton, and indeed the argument can be ex-
tended ad infinitum since there is no saturation in the
present model. This point of view is verified in Fig. 1(b)
where we have followed up to the third threshold: the
corresponding two- and three-soliton emissions are shown
in Figs. 2(c) and 2(d), respectively. (The transmission of
two solitons through a nonlinear interface was first ob-
served numerically by Rosanov. ) Note, however, that
the higher thresholds do not simply occur at multiples of
the critical flux S, as one might expect from the above ar-
gument, since, e.g. , in Fig. 2(c) the second soliton is emit-
ted when the first is still in the near vicinity of the
waveguide and this effects the second threshold and so on
for higher thresholds. We also reinark that these calcula-
tions were essentially free of radiation; that is, the input
flux could be almost completely accounted for by adding
the fluxes in the trapped and soliton components. Fur-
thermore, we have performed the same calculations using
a Gaussian input beam which resembles the linear TEO
waveguide mode and obtained essentially identical results
to those discussed here. Therefore, the recipe given here
for exciting a NLWG to produce soliton emission is a
very efficient method which is relatively insensitive to
fluctuations in the input beam profile.

waveguide. The input profile was chosen as the linear
TEo mode of the waveguide: such a situation could be
realized experimentally by, say, prism coupling into the
TEo modes of a linear waveguide section and interfacing
this onto the nonlinear system. ' In Fig. 1(b) we show the
flux trapped in the waveguide Sr versus the input flux
S;„,and a sequence of thresholds is clearly seen. Note in
particular that the first threshold occurs for an input flux
very close to S,. This threshold can be explained as fol-
lows: for S;„pS, the input beam very closely matches
the NLGW's on branch I (the system is essentially linear
on this branch) leading to very efficient coupling of the
input into these waves. ' This is illustrated in Fig. 2(a)
where S;„=0.15. In contrast, for S;„&S, only branch-II
solutions are available to the system and the input beam
matches these solutions very poorly [see Fig. 1(a)], leading
to an abrupt reduction in coupling efficiency and there-
fore trapped flux. ' The point of interest here is the way
in which this nonlinear system sheds the excess energy: a
single self-channeled wave, or soliton, is emitted through
the film-cladding interface into the nonlinear medium and
propagates away from it leaving a branch-I NLGW of re-
duced flux; this is shown in Fig. 2(b) for S;„=0.2, just
past the critical flux. (The soliton nature of the emitted
wave was verified by separating out this component and
colliding it with a copy of itself in the nonlinear medium,
the two waves simply passed through each other as soli-
tons should. ) As the input fiux is further increased
single-soliton emission continues with the flux of the soli-
ton staying essentially constant (this is evidenced by the
almost linear slope of this portion of the ST versus S;„
curve), and the fiux trapped in the branch-I NLGW in-
creasing accordingly. On the basis of the above argument
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FIG. 2. Evolution of the input fields for flux levels (a} 0.15,
(b} 0.2, (c) 0.4, (d} 0.6. The vertical lines indicate the waveguide
boundaries and the propagation coordinate is in units of free-
space wavelengths.
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Some features of this soliton emission draw attention.
Firstly and perhaps most importantly, the first threshold
provides a highly desirable optical limiter characteristic:
the input-output transfer is essentially 100% right up to
this point at which the output drops drastically. Presum-
ably the switch contrast shown in Fig. 1(b) could be fur-
ther increased by varying the guide parameters. Further-
more, the output, which is always a branch-I NLG% and
closely resembles the linear TED mode of the waveguide, is
collimated. Thus, in contrast to previous proposals for
optical limiters based on nonlinear refractive effects, '5

the present system does not impose any undesirable
phase-curvature on the output beam. Secondly, the angle
of emission of the solitons is a function of the input flux.
This effect was also observed by Tonilinson et al. in
their study of nonlinear interfaces. As pointed out by
these authors, this effect has potential use as a light-
driven angular scanning element. Finally, we have found
that a soliton emitted from one NLWG can be at least

partially trapped by a second adjacent guide. This offers
the possiblity of directional-coupler action without the
need for evanescent field overlap of the guides. Further-
more, since soliton emission occurs only above a given
threshold Aux, coupling between the guides will experi-
ence the same threshold behavior which could be used to
construct logic elements.

In conclusion, we have shown that external excitation
of a NLWG can produce sequential threshold behavior
through multisoliton emission, and a simple explanation
for the threshold behavior has been advanced based on the
NLGW dispersion curves.
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