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Spatial solitons in nonlinear liquid waveguides

R BARILLE and G RIVOIRE

Laboratoire des Prom#s Optiques des Matiaux et Applications/CNRS - Universitd’Angers,
4, Boulevard Lavoisier, B.P. 2018, 49016 Angers Cedex, France

Email: regis.barille@univ-angers.fr

Abstract. Spatial solitons are studied in a planar waveguide filled with nonlinear liquids. Spec-
tral and spatial measurements for different geometries and input power of the laser beam show the
influence of different nonlinear effects as stimulated scatterings on the soliton propagation and in
particular on the beam polarization. The stimulated scattering can be used advantageously to couple
the two polarization components. This effect can lead to multiple applications in optical switching.
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1. Introduction

What is spatial evolution of a laser beam travelling in a nonlinear medium? Diffraction
occurs of course, like in the linear range, and tends to create a spatial spreading of the
beam. Additive refraction phenomena, proper to the nonlinear range, are created by the
light beam itself. When the refractive index n increases with the light density power per
unit surface |, it yields a self-focusing of the beam [1]. Diffraction and self-focusing are

in competition. Can we hope to reach a situation in which diffractional divergency is just
compensated by nonlinear self-focusing?

1.1 History

In the early times of laser sources, the formation of laser self-trapped filaments in nonlinear
media was observed [2]. In the output, transverse section of a laser beam, after its travel in
anonlinear medium such as G Several bright spots are observed (figure 1). They display
nearly the same diametér These spots are the trace in the wave plane of laser filaments
parallel to the propagation direction, keeping the same transverse size during their propa-
gation. Observations of the longitudinal extension of these filaments have been made using
either the transverse scattered light or partial reflectors displayed in the nonlinear liquid [3,
4]. This extension is currently of several centimeters in the experimental conditions de-
scribed in figure 1. The number and positions of the filaments vary at random from one
laser shot to another, and depend on the local spatial fluctuations of the laser intensity [5].
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Figure 1. Laser beam transverse section at the output of ade® (length 16 cm).
Excitation provided by &-switch ruby laser (duration 30 ns) — mean intensity: 10
MW/cmZ. From ref. [5].
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Figure 2. Laser beam transverse section at the output of adel (length 0.5 cm) -
excitation provided by a mode-locked Nd:YAG laser (duration 30 ps). Intensity ranging
from 3 MW/cn? to 3 GW/cnt.

Several authors tried to control the formation of the filaments during their propagation in
a bulk medium, and especially to build a single stable filament. This was obtained mainly
using a focused unimodal laser, with a diffraction-limited divergency and an appropriate
power [6]. Figure 2 illustrates this result. The appropriate power necessary to build a
filament can be calculated using the following simplified model [1]:

The filament is considered as a self-guided light beam of diamdeterwhich light is
confined due to the exact compensation of diffraction by self-focusing. This compensation
is supposed to be reached when the total reflection limit hgkejust equal to the diffrac-
tion angled,. If we consider a laser intensity | constant in all the filament cross section, it
yields a uniform nonlinear refraction index charge Thus:

6o [Bn_g _ 06U
No N0

1)

whereA is the light wavelength in vacuum ang the linear refractive index at this wave-
length.
The refractive index change is supposed to be connected to laser intensity by the relation

(2):
An=n,l, (2)
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wheren, is a constant characterizing the nonlinearity of the material. Thus, relation (1)
yields:

1162 (0.611)%m
P = o= g 3
whereP.; andl are respectively the power and intensity of the laser beam contained in
a filament. It is remarkable that the model gives no information on thedsizeallows
the calculation of the input beam powRy; to obtain a self-trapped filament, but not the
corresponding intensitly,.

In the typical case of CSn, = 3.10 18 m?/W, and thu$;, = 7.6 kW at the wavelength
A=05um.

In the experiments) is in the range 6 to 100 micrometers [7], according to the non-
linear material and to the presence of nonlinear absorption and of stimulated scatterings
(Rayleigh, Raman) [8, 9]. These last ones have often been considered as processes limit-
ing the decrease of the size &f

The research of stable solitons of the spatial 8dimgjer nonlinear equation — ie of
beams able to propagate without changes in their transverse intensity and phase distribution
began in the seventies. Zakharov and Shabat [10] showed that the self-trapping stability
requires propagation in two-dimensional (2D) media. In three-dimensional media (3D),
solutions are unstable, in agreement with the experimental results reported above. The
first evidence of solitonic propagation in 2D media —ie either in planar waveguides or in
very thin beams, such as those produced in interference fringes — was reported in 1985 by
Barhelemy, Maneuf and Froehly [11]. We now discuss briefly the origin of the 3D soliton
instability, and, in doing this, we simultaneously discover some 2D soliton properties that
we shall experimentally verify later on.

1.2 On 2D and 3D solutions

We consider the propagation in thealirection of a light beam described by the electric
field E(x,y). In the slowly varying envelope approximation, and in the absence of losses,
the propagation equation is:

|0_E_|_i
Jz 2k

J°E  9°E
A d—yz] kn,|EE = 0, @

wherek = (271/A). In the first member of eq. (4), the second term describes diffraction
and the third one nonlinear refraction index change. Considering

E = VATe, 5)

whereH is a constant depending on the unit system, the phasel intensity obey:
99 _ 1)1 /o 0%
0z  2k)] 2 \9x2  ogy?
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We look for a solitonic solution, i.e., for a phaé¢) independent of the transverse
coordinatex andy. Equations (5) and (6) yield:

99 _ 1 [1 (0% 2\ _ 1 [(a1\* (a1\®
0z 2k |2 \oxz2 9y?2) 42|\ odx oy
In eq. (7),0¢/dz being independent ofandy can be considered as a constant callad

or C3 respectively in the 2D and 3D cases. Introduging (x? +y2)1/2, eq. (7) can be
written as follows:

} +knyl. @)

11702 102 1 |/a1\2
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For comparison, the 2D equation is:
1 {1 /04 1 [/a1\?

Stable solutions exist for eq. (9). The first order one is obtained when coG&das
the valueC,g, with:

1
Cs= 5"”2'0- (10)
This stable solution — called 2D first order soliton — obeys:
1
I =1 11
Och?(Kx) (1)

with

K = ky/N,l;. (12)

This means that, in the 2D experiment, an intensity distribution described by expres-
sions (11) and (12) propagates without deformation, with a phase obeyfigoz) =
(1/2)kn,l,.

Higher order solutions of (9) exist. They are not studied here.

Note that any intensity;, is convenient to build a soliton, provided that the beam shape
and size obey relations (11) and (12). Figure 3a shows the solution of eq. (9) for the value
C, =C,g, ie the solution obtained in a planar structure. For comparison, solution of 3D eq.
(8) in the cas&C; = C,q is shown in figure 3b, illustrating the strong difference between
2D and 3D structures.

The total soliton power in the soliton beam is:

2dl, _2d [l

— 1
<= (13)

+o00
Ps= d/ I(x)dx =
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whered is the waveguide thickness, in tgedimension (see figure 4). The spatial half-
width xs of the soliton, defined bi(xs) = 1,/2 is:

09 1sd

_99_ 18d 14
*T K T Pk, (14)
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Figure 3. Solution of propagation equation: intensity | versus transverse dimension,
(a) 2D soliton(C, = C,g), (b) 3D solution(C; = C,g).
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Figure 4. Liquid waveguide structure.

Usually, the beam size is imposed by the experimental set-up. In this case, a soliton can
be obtained in a planar waveguide of thickngssith an entrance size, if two conditions
are fulfilled:

1 - intensity distribution has the shape described by relation (11)

2 - total power in the beam is, from relation (14), total power in the beam is:

1.8d

p=
> k2nyxs

(15)
InCS,, with: d=10um, xs=100um, A =532 nmPs=400 W,d = 10um, xs=10um,
Ps= 4000 W.

We note that in formulas (14), (15), the numerical coefficient depends on the definition
of the soliton width: it varies from 1.8 to 3.6 when the width is taken betwgg¢a and
l,/10. We shall later have the opportunity of experimental verifications of formula (15).
We can compare the 2D soliton povirto the critical poweP., (formula 3) necessary to

build a 3D filament:
P; 0.5d
_s _ = 16
P % (16)

The ratioPs/Pr does not depend on the nonlinear material, but only on the geometrical
dimensions. As, in experimentd,< Xs (in order to assure a 2D structure), the soliton
power will be usually much smaller than the critical power.

We go back now to the 3D solitonic equation (8). The tégﬂ} in the second member
of (8) — which is of diffractive origin — makes the difference with the 2D equation (9). It
brings dissymmetry and instability. It is not our purpose here to study solutions of (8), but
only to vizualize better the instability source term. Suppose we have found a solution of

(8); the corresponding cur¥¢r) has at least one inflexion pOilél‘;—fl = O) for coordinates
r; andl;. The slopgdl/dr) = uin this point obeys, from (8):
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In the 2D case, this slope would be (from (9)):
u= I[8k(kn,l; — C,)]"/2. (18)

Formula (18) shows that, in the 2D case, only one slope exists at the inflexion point
(opposite values af in x; and—x;), while in the 3D case two different values of the slope
can exist for a same value nf opening the door to a rupture of the cylindrical symmetry
and to instabilities.

1.3 Interest of nonlinear liquids

2D planar waveguides can be either made of nonlinear solid such as nonlinear glass [12],
or layer deposited on a convenient material [13], or made of a nonlinear liquid injected
between two high refractive index plates [14]. Nonlinear liquid filled waveguides are very
flexible tools because sizdsandxs can be varied progressively and liquid can be changed.
Absence of absorption and of birefringence contribute to making them interesting for ver-
ification of basic properties. But liquid planar waveguides are not only study tools. Their
use in applications is envisaged, as shown by British Telecom and Hewlett-Packard [15].

We present a study of the main experimental results we obtained in the last few years
in nonlinear liquid waveguides. Polarization properties are particularly attractive, opening
the door to applications in the field of optical switching and limiting.

2. Spatial measurements

Our purpose is to verify the existence of 2D soliton in a planar waveguide, and to compare

its power and geometrical parameters to those described in egs (11), (12) and (15).
Experiments are made with the waveguide described in figure 4. Its length &

cm. Excitation is provided by a Nd:YAG laser delivering 30 ps pulses at the wavelength

A =532 nm. In the first experiments, polarization of the input beam is either TE or TM.

The waveguide is filled with CS which is a classical reference transparent nonlinear lig-

uid. The input beam is shaped by a combination of cylindrical and spherical lenses to the

dimensiongd anda. Figure 5a shows the input intensity distribution. The output shape

is measured by imaging the exit face of the waveguide on a CCD camera. Results are

shown in figure 5b, for increasing values of the entrance pBwat low power, the beam

is large, due to diffraction along thedimension. Then, its size is reduced and becomes

equal to the input size: the soliton is obtained at a pdverPs With a further increase

of P, self-focusing dominates, and filamentation appears. For instancedwit8 um,

a= 52 um, afirst filament is created Rt~ 2.2Pg, with a sizex,,; = 20 um. With further

increase oP, several filaments appear, with the same limit size, but their positions vary

laterally at random [16].
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Figure 5. Spatial evolution of the output beam with input poweintensity in arbitrary
units versus dimensiox (a): entrance beampj: output beam for increasing values
of P.

We remark that we have not tried to obtain with great precision the hyperbolic secant
shape (formula 11) for the input beam. This shape is relatively close to the Gaussian one
(figure 6) generally delivered by the lasers. It is an experimental matter of fact that spatial
soliton is not sensitive to small laser shape fluctuations.

Comparison between measured and calculated vall®eshbws a good agreement. For
instance witha = 52 um, d = 8 um, we measure in the TE polarization a soliton power
of 2.3 kW. From formula (15), we calculate 1.4 kW, however, in the measurement, size
ais measured at,/10 (see figure 5a), and, in tlyedimension, intensity is not uniform
but nearly Gaussian. This imposes a double humerical correction in the calculafign of
instead of coefficient 1.8 in (15), we have to take 2.7 and thus the calculated vdtye of
is 2.1 kW. For the TM polarization some instabilities appear; the soliton power is higher
than in TE polarization; this question will be discussed later. The influence of the soliton
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Figure 6. Comparison between soliton and Gaussian shapes of transverse intensity
versus distance to the beam center.

dimensiongd anda = 2xs on the soliton powePs has been studied. Typical results are
shown in figure 7 [17]Ps is proportional tad/xs, in agreement with formula (15).

As concerns the creation of self-trapped filaments we observe that the critical power in
a filament is smaller in the waveguide than in the bulk. For instance, in bulkWW&have
measured®;; = 8.5 kW [18], while in the guide we measuRy, = 2.2Ps= 5 kW. The
bulk measured value agrees with the calculated one (formula 3). Thus, the presence of the
guiding structure diminishes the critical power. Moreover, the filament&isesmaller
in the bulk © = 6 um [18]) than in the waveguide&(= 20 um). Thus, the intensity in
a filament is far larger in the bulk than in the guide (ratio of the order of ten or more).
We want to note here that in bulk stabilized self-trapping, only a part of the laser power is
concentrated in the filament (of the order of 10 % in ref 18), while in 2D soliton, nearly all
the entrance power in guided.

3. Spectral measurements

Equations presented previously (in introduction) hold for stationary temporal situation.
In this case, the input and output light spectra are identical. However, in experiments,
illumination is provided by short laser pulses and in nonlinear media spectral modifications
can be expected due to phase modulation (PM).

Pramana — J. Phys.Vol. 57, Nos 5 & 6, Nov. & Dec. 2001 1147
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Figure 7. Influence of the size parametatsa on the solitonpowePs (a) Psversus
d for a= 85 um (- - - : theoretical curve)l) Psversusa ford =113 um (_:
theoretical curve).

De factq in the picosecond range, spectral changes are observed, depending on the
entrance power. Figure 8 illustrates these changes [16]. An image of the output face of the
waveguide is made on entrance slit of a spectrometer, the slit being parallexatrse
(defined on figure 4). Thus in spectra presented in figure 8, the vertical size demonstrates
the spatial components of the output beam: strong spectral changes appear in the central
part of the beam, while in the very low intensity wings, there is no spectral broadening.
This wing part can therefore be used as a spectral refence of the input laser.
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Wavelengih fcm )

Figure 8. Spectral evolution with th input power. Point zero of the wavelength axis
refers to the laser line (18 797 cl). d =12 um, a= 85 um.

Before quantitatively analysing the results, we restate the main features characterizing
PM. Nonlinear phase changeof the electric field is proportional to(from formula (2)),
and thus for short pulses depends on timeThis yields a PM, that can be calculated
representing the electric fiell(t) through its Fourier transforf(w) and writingl (w) =
|E(w)|?. For Gaussian temporal pulses, typical computer calculated modulation spectra
are represented in figure 9. They are characterized by a Stokes/anti-Stokes symmetry, by
the presence of a maximum of intensity at the extremities of the Stokes and anti-Stokes
wings. The total spectral width is classically estimated by the formula [19]:

Adyt 211/2

—= =[1+(0.88v 19
ao = [+ (088, (29)
where Ag,, and Ag,,; are respectively the input and output spectral widths, and
V =2mdn,l /A. The calculated value do,,, in the soliton thus increases with the soliton
intensity. This intensity can be calculated. From relations (13) and (15), thelsadtig,

for a soliton sizea = 2xs is:

3.2
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Figure 9. Calculated phase modulated spectram=(50 um) for different values of
powerP.

This intensity depends strongly on the s&eTherefore, the spectral widiho ,,; of the
soliton is expected to depend anFor instance, witla = 40 um, Is = 0.48 GW/cn? and
thus(Ag,,/Ad,,) = 8, while witha = 110um, Is = 0.06 GW/cn?, (Ad,,/Ad,)) = 14.

The output spectra observed around the soliton pB\gen the case of a linearly polar-
ized TM input beam, are measured for the valmes40 um, 80um, 110um [17].

In the three cases, the spectral width remains small for input powers smalldPghan
The spectral broadening occurs n€at Ps The influence of the powd? on the total

spectral width is shown in figure 10. Typical spectra are displayed in figure 11. The results

can be summarized as follows:

e a=40pum
The soliton power is 2.4 kW (intensitg = 0.48 GW/cn¥). At the soliton power, a

small dip appears in the center of the laser line (figure 11). The spectral broadening

increases wittP. As soon af?/Ps= 1.05, the distance between the Stokes and
anti-Stokes peaks reaches 10©@m T The maximum of intensity is always obtained
at the far red extremity of the spectrum (figure 11). The calculated valde gf;,

for | =Is, is 30 cn* (formula 19), in agreement with the measured one (figure 10).

Thus, phase modulation can explain the spectral broadening observed in the small

size soliton.
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e a=110um

The soliton power is 0.9 kW { = 0.06 GW/cn?). The output line remains thin and
symmetrical untilP/Ps = 0.96. WhenP reaches the value @6Ps, the line is broad-
ened and presents one Stokes and one anti-Stokes peak on its sides, situated at the
same distances 4 cm ! of the laser line (figure 11). A large and sudden broaden-
ing occurs immediately above the soliton power. The spectral band shape is very
different from that obtained in the case of the small size soliton: now, the intensity
decreases from the laser frequency to the red spectral end, instead of showing a max-
imum at this red end (figure 11). The calculated valuAa§ is much smaller than
the measured one, implying that the spectral broadening is not due to PM.

e a=80um

For this medium input size, the spectra are near those obtainedaraet® um.
The only difference is the presence of a more rich and regular line structure, the
mean distance between the lines being in the range of4'cm

As we shall see later, the broadenings that are not explained by PM, particularly in
the case of large values af are explained by the presence of stimulated Rayleigh
wing scattering (SRWS). A brief description of this type of scattering is necessary
for understanding its role in soliton propagation.

3.1 Stimulated Rayleigh wing scattering (SRW520,21]

Rayleigh wing scattering is a type of scattering resulting from the tendency of anisotropic
molecules to be oriented by a light field. Spontaneous Rayleigh wing scattering is amplified
in strong exciting light field, providing stimulated scattering, like emission is amplified in
lasers. A gairg can be calculated. It depends on the frequency dist@rafehe SRWS to

the laser exciting line:

2Qt1

%1y g7 )

g
wherer is the molecular orientation relaxation time=£ 2 ps in CS)), andg, the maximum
value ofg, obtained foQ, = (1/7) (2.3 cnTtin CS)).

Molecular orientational movements driven by laser field are not only the source of
SRWS, but also the source of nonlinear refractive index changes by Kerr effect. Gain
g, and coefficienn, (defined in formula 2) are both proportional to the square of molec-
ular anisotropy. Thus, it is normal to observe, with a strongly anisotropic molecule like
CS,, both Kerr effect and SRWS. In this liquid, 90 % of the constajibas a Kerr origin,
and only 10 % has an electronic origin. With isotropic molecules (like Cfi@ht we use
later on in this work)n, is only due to electronic cloud deformations and SRWS s thus
absent.

Why do SRWS appears in the large size soliton, and not in the small size one, in the
previous spectra (figure 11)? This is connected with the level of intensity threshold
SRWS. If this threshold is larger than the soliton intenkitySRWS does not exist in the
soliton. Asls depends on the soliton sizewe can understand why, changimgwe can
change the influence of SRWS.
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The threshold; can be estimated as follows: we suppose that SRWS intensity has
an exponential increase described by (gxf). Threshold is reached when the quantity
G =gl/ has a value of the order of 20. ThusCat= Q ,

20

9ol
In CS,g, ~ 3—10 cm/GW [20-22]. Wit/ = 5 cm (case of the waveguide in figure 4),

I is in the range 1.3 to 0.4 GW/cm Threshold measurements in bulk C&ive values
lower than these ones and situated between 0.06 and 0.1 GAW7¢c@2]. Thus the soliton
intensityls estimated above (from 0.06 to 0.48 GWFAaccording to the value &) and

the SRWS thresholg are in the same range of values in our experimental conditions. But
while I is independent of the dimensiapnls depends oa.

Same kind of considerations can be developed for stimulated Raman scattering: its
threshold — estimated by the same method as for SRWS - is indepengenfafon-
venient choice of parametessnd/ can rule the presence of absence of all the scatterings
in solitons.

One more consideration must be added concerning SRWS. Due to the influence of the
frequency chang® on the gain, there exists a four photon process (FP) in which one
Stokes and one anti-Stokes Rayleigh wing photons are created at the expense of two laser
photons (elastic process). The efficiency of this FP coupling process depends on the wave
vectors (phase matching) i.e., on the propagation directions of the involved beams. We
have observed that in collimated beams [17, 23], the creation of Stokes SRWS by FP
processes is particularly strong, and yields cascade effects: Stokes lines are created not
only at frequency distand@, but on a very large band including regular sub structures.

Going back now to the spectra obtained in solitons differing by their size a (figure 11),
we can explain the results as follows [17]: in the small size soliton, PM effects dominate
SRWS effects for two additional reasons:

Iy (22)

- the soliton intensity is high, and thus PM effects are large

- the SRWS intensity threshold is smaller than the soliton intensity. Though this fact
allows the development of a Stokes line€xgt= 2.3 cm! of the laser line, it does
not allow the large spectral broadening characteristic of the four photon SRWS pro-
cesses because we are not in a collimated beam.

In contrast, in large size soliton, SRWS effects dominate phase modulation, particularly
whenls andl are close.

4. Polarization properties

In all the experiments described above, the input beam is linearly polarized, either TE
or TM. In these cases, the polarization is maintained in the soliton. We change now the
direction of the linearly polarized input electric field. Its an§leiith they direction —i.e.,

with the TM electric field — can be varied betwega- 0 andd = 90°, meaning respectively

TM and TE incident polarizations. Whatever the input polarization state, the soliton power
remains defined as the input power that is necessary to produce an output beam that has
the same size as the input beam. We study the influen8eoofthe spatial spectral and
polarization properties of the output beam around the soliton power.
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In figure 12 [24] the intensitiek;z andl,, of the two output polarization components
measured in the center of the beéx=y = 0) are presented as functions of input power
P for five values off in the interval 0 < 8 < 10°. The results lead to the following main
conclusions:

- for 8 = 0° (pure TM entrance) the output beam is TM polarized

- when@ is increased, even if it remains small, a TE component develops quickly in
the output beam, whereas the TM component decreases.

Figure 13 illustrates the situation at the soliton power: the ragiggls andl /Ig are
shown as functions d. The curves confirm that the TE intensity increases Withuch
faster than expected from a purely linear behaviour obeying the Malus law and the TM
intensity decreases simultaneously. So, the presence of even a small TE component at the
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Figure 12. Intensity measurements;: andl,, of the two output polarization compo-

nents measured in the center of the béam y = 0) as a function of input powe? for
five values off in the interval 0 < 10°.
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(asterisks) andic (open circles) are, respectively, the intensities of the TM and the TE
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entrance of the guide tends to transform the output polarization into a TE polarization.
Only the pure TE and TM modes retain their polarization in the soliton. We remark that
this can explain the fluctuations noted above in the TM soliton power, caused by small
imprecision on the polarization.

Evolution of the TE and TM component sizes with poWwdpr various values of are
shown in figure 14. At soliton pow& = Ps and as soon &> 2°, the TE component has
a size smaller than the soliton size, while the TM component resits focusing. For instance,
at0 = 10, the size of the TE component has reached the limit value pfr@0

From the measurements of intensities and sizes, it is possible to show that an energy
exchange exists from the TM to the TE component, which is obviously confirmed by the
total disappearance of the TM component@ior 10°. This can be explained with help of
the propagation equations writen for the two polarizatiggs Equation (4) yields:

OB, 1 9%E

2 2 * a— 210K
57 =5 o ~ MEE— BIE]|Ex - CEE/Ee 2 (232)
OE 1 0%E F ot 2
'a_zy = _2_kyWZy — AlE|%E, — B|EZ|Ey — CEELE e 24k (23b)

whereEy andE, are the(x,y) components of the electric field, andky the propagation
constants of the orthogonal modes a@id= kx —ky. A and B are complex coefficients
proportional to the corresponding components of the third order susceptibility tensor. For
molecular reorientation effects (case of Seal parts of these coefficients obgyA) =
kn,H, andZ(B) = Z(A) /4, %#(C) = 3/AZ(A).

In eqs (23) we remark the presence of two kinds of crossed terms (proportiddal to
andC) able to mixEy andEy field components. IA,B andC are real, i.e., if nonlinear-
ities are only of the refractive index type, anddit = 0, the terms proportional 8 and
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Figure 14. Output beam sizes of the TE and TM components as a function of the input
beam power for five values &*.

C cannot be the source of energy exchanges between the orthogonal field components.
However, if Ak # 0, terms proportional t€ yield energy exchanges between cross po-
larized modegin order to verify these affirmations one can calculate from eq. (23)
0ly/0z= (HO[ExEy]/02), and(dly/d7)).

In isotropic bulk material propagation, there are no spatial dissymetries anfithu8.
But in a planar waveguide it is known (24) that the TE and TM modes propagate in the
z direction with different phase velocities. In our waveguide case, TM modes propagate
faster than TE modes and thayk > 0.

The existence afk # 0 implies that the polarization state of the electric field changes all
along its guided propagation, except for the pure TE and TM modes. However, in a linear
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Figure 15. TE and TM output power versus input power e 50 um, 8 = 2°
(Ry=107%).

planar waveguide polarization changes are not accompanied by energy exchanges between
orthogonal modes. Nonlinear terms proportionaCto equations 23 are the source of

an energy transfer from the TM mode to the TE mode when the signs are those of our
experiments, i€ > 0 andAk < 0.

Itis thus clear now that the use of a nonlinear planar waveguide allows energy transfers
between crossed polarized field components. This property can be used in applications for
polarization switching, as it is demonstrated in figure 15. Several questions arise now: is
the observed inter-mode energy exchange sufficiently reproducible, to be used in applica-
tions? How does it depend on the spatial characteridtisda and on the value afi ,?

When entrance power is varied does it change progressively or suddenly? Does the soliton
power play a particular role? We answer these questions in the next section.

5. Polarization switching control

In order to characterize the polarization switching, we define theRaifdhe output pow-

ers in the two orthogonal directions TE, TN = (P;¢/Pr,). The input value oR is

Ry = tg20. We have measured the raRas a function of input powd? for different sizes

of the waveguide. Typical results are presented in figure 16. The first observationRs that
can reach very large values: for instance, vitth= 0.03, R takes values far larger than 1.
The powelP, for whichR= 1, that can be considered as a performance index of the switch
is always of the order of the soliton powRy: in all the size combinations testediarying

from 8 to 12um, a from 40 to 120um), the valueP,/Ps is in the range 0.6 to 0.8. This
yieldsR =1 at power levels of some hundreds of watt. Results are reproducible. However,
if P is increased far aboveP2 oscillations ofR can be observed in some waveguides
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(this is due to the presence of termis?é? in eqs (23)). Moreover, presence of SRWS
near its threshold can create fluctuations in the valug @&fs we shall see later, presence

of SRWS enhanceR, and thus fluctuations carried by its presence are not dangerous in
switching applications.

Observations of spectral properties of the two components TE, TM reserve surprising
results: the TE component spectrum is much larger than the TM one [21,25]. Figure 16
illustrates this difference. Whatever the cause of spectral broadening —i.e., phase modula-
tion or scattering — the TE spectrum around the soliton power is always larger than the TM
one. In fact, phase modulation and scattering occur only in the TE mode. In this mode, the
spectral Stokes wings have a smaller spatial size than the undisplaced laser frequency [7].
This contribute to explain why — all wavelengths being mixed — the TE mode has a smaller
spatial size than the TM one (see above, figure 14).

But probably, the main surprising result consists in the improvement of the switching
efficiency by the presence of the spectral broadening. Figure 17 shows clearly this result.
The value ofR as function of the incident poweris represented in two waveguides+
80 um, a= 120 um) and the measurement points obtained around the SRWS threshold
are classified in three groups, corresponding either to absence of PM and SRWS (at low
intensities), or to presence of one or two of these phenomena. We take the opportunity of
the fluctuations of the SRWS intensity near its threshold to make measuremBuitstbé
presence or absence of SRWS for a same valie Results (figure 17a) show clearly that
Ris strongly enhanced by the presence of SRWS. The valRésomultiplied by a factor
of the order of 2 when SRWS is created. The reason of the enhancement of energy transfer
from TM to TE mode by SRWS is due to the presence of supplementary coupling terms in
egs (23). These terms are of the general following type:

idE)(S+ELELE*ASe—iAk'Z (24)
oz S
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where E-, ES EAS are the laser, Stokes and anti-Stokes fields inithedirection, and

where:

AK =2k, — kSy— kASy

In eq. (24),AK’ plays the same kind of role @ in eq. (23). Calculation ofik’ shows
that it has the same sign Ak, and thajAk’| > |Ak|: the coupling term between TM and
TE directions is enhanced by the presence of FP SRWS process.
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The same ideas and calculations can be developed concerning the role of PM in polar-
ization switching: the symmetric&8— ASspectral broadening it provides helps the energy
transfer from TM versus TE.

A general conclusion resulting of the detailed spectral observations in the TE and TM
components is that polarization switching from TM to TE mode is strongly enhanced by
the spectral broadenings due to the presence of phase modulation and stimulated scatter-
ings. There is a cumulative effect of two processes: at low powers, energy transfer from
TM to TE is due to the phase velocity difference between orthogonal modes created by
the guiding structure in the nonlinear medium. Then, when soliton power or/and stimu-
lated scattering thresholds are reached, spectral broadenings reinforce strongly the phase
velocity difference initially created, and this yields larger inter mode energy transfers.

If we go back now to the questions concerning the qualities of the polarization switch in
view of applications:

1. the C§ waveguide provides large valuesRifseeming much larger than those re-
ported for instance in solid AlGaAs waveguides [26].

2. Reproducibility is sufficient, in term of extinction of the TM beam to the benefit of
the TE beam.

3. Arather abruptincrease of the sldpe- f(P) is observed around the soliton power,
due to contributions of phase modulation and scattering.

All the previous results, obtained with GShave been verified with other liquids, such
as GHg and CHC}. In CHCL,, wheren, = 0.3 1078 m%/W, P is ten times larger than
in CHCI, for the same values dfl,a), as expected from eq. (15). There is no SRWS
(no anisotropy of the molecule), but stimulated Raman scattering SRS has a threshold
It =15 GWi/cn?, in the range of the value ®f whena = 30 um. Polarization switching
is observed too, and SRS plays arole in the stabilization of the vaRe/bén the entrance
power is increased [27].

6. Conclusions

Experimental study of the propagation of light in a planar waveguide filled with a liquid
displaying a nonlinear refraction index confirms the model of the bi-dimensional spatial
soliton. Polarization effects open the door to applications, particularly to optical switching,

to control of an intense beam by a weak beam and to power limiting. Stimulated Rayleigh
and Raman scatterings, together with phase modulation that occurs in the case of short
laser pulses, yield spectral changes and contribute strongly to polarization changes.
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