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Observation of out-coupling of a nematicon
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In this work we present the observation of spatial optical solitons in liquid crystal cells by recording the diffraction pattern of
the out-coupled beam on a distant screen. Simultaneously, the light propagation is observed via scattering measurements.
The most important observation is displacement of the beam on the screen due to the transverse undulation inside the cell.
This undulation is caused by the anisotropic walk-off of the beam. The displacement is in good agreement with the values of

the undulation earlier reported.
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1. Introduction

Nematicons [1] are spatial optical solitons [2] in nematic
liquid crystals. They have been generated in these materials
by either thermal nonlinearities [3] or reorientational nonli-
nearities [4—6]. Due to the molecular reorientation under
the influence of a linearly polarized optical electric field,
the refractive index is higher where the optical intensity is
higher. This leads to a focusing non linear effect that can
compensate for the spreading of the beam occurring during
propagation because of natural diffraction [7]. In this way,
it becomes possible to propagate beams with practically in-
variant intensity profile, these entities are called spatial
solitons and nematicons if we are dealing with nematic lig-
uid crystals. During the last five years, the applicability of
these nematicons in all-optical switching and optical recon-
figurable interconnects has been demonstrated. It is namely
possible to steer the beam by means of soliton interactions
[8] or by means of patterned electrodes [9]. Easy fi-
ber-to-fiber interconnection is possible by soliton merging
[10]. An effect that has been recently demonstrated numeri-
cally and experimentally is the transverse undulation of the
nematicon for certain configurations [11,12]. The undula-
tion of the beam inside the cell is caused by an off-axis de-
viation of the beam, due to the optical anisotropy that ap-
pears when the liquid crystal molecules reorient. Because
of this off-axis deviation, the path of the beam shows a pe-
riodic undulation and this undulation is nearly sinusoidal
for low voltages.

To the best of our knowledge, in all the reported experi-
ments on nonlinear waveguiding in liquid crystals, the
beam propagation in the cell is observed either via the light
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scattered by the liquid crystal [4—10] or via indirect obser-
vation by visualization of the self-induced waveguide
[7,13]. In these measurements, the light beam (or the mate-
rial properties) can only be observed in the plane parallel to
the glass surfaces, while no information is available along
the thickness of the cell. Via some tricks, it is possible to
get some information along this direction, for example by
tilting the camera such that the cell is viewed from an angle
of 45° [11] or by using capillary cells [14] (i.e., cylindrical
cells with an inner diameter of a few micrometer). These
methods, however, cannot give detailed information about
the actual beam characteristics. Indeed, since the measure-
ments are based on scattering the observed intensity is al-
ways an integration of the scattered light along the viewing
direction.

In the present work, we overcome these difficulties by
making cells that allowed the out-coupling of the beam,
namely with an entrance and an exit window for the light.
In this way we are able to look at the beam itself at the out-
put of the cell in order to gather some information about
the behaviour of the beam along the thickness of the cell.
Since the beam power reduces significantly along the prop-
agation distance [7], the length of the cell along the propa-
gation distance has to be small enough, in the order of a
few millimetres. The cutting of narrow glass plates is done
with a diamond saw, because the glass facets should be
very smooth. The glass plates in this cell are 15x4x1.1 mm
and are glued together with spacers in between, in order to
assure a homogeneous thickness of 75 pym as shown in Fig.
I(a). The glass plates are treated with an alignment layer
and the rubbing is along the z direction as denoted in Fig.
1(a). The glass plates have also been coated with ITO elec-
trodes in order to apply the voltage V across the cell to
overcome the Frederiks threshold [5]. In the absence of
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Fig. 1. Scheme of the set-up to measure the outgoing of the beam.
The diffraction pattern is observed on a distant screen with a second
CCD camera.

electrical and optical fields, the director orientation should
be uniform inside the cell, with a pretilt angle of 2°. Two
additional thin glass plates (entrance and exit window) are
mounted perpendicularly at the facets of these thick glass
plates. The cell is then filled with the nematic liquid crystal
E7 by Merck n, =1.5038 and n, = 1.6954 at A = 1064 nm.
The set-up used for the measurements is depicted in
Fig. 1(b). A CW laser beam from a Nd:YAG laser A =
1064 nm is injected inside the cell by means of a 40X ob-
jective lens. Two CCD cameras are used simultaneously,
namely one camera for the regular scattering measurements
and one camera for the observation of the diffraction pat-
tern on the screen. The beam coming out of the cell can
freely diffract on the screen and the intensity pattern is ob-
served with the second camera. This camera is equipped
with a standard camera lens. The screen is placed at a dis-
tance of approximately 6.5 cm from the exit of the cell. The
angle of the screen and the CCD chip with respect to the
output window of the cell is made as small as possible to
reduce distortions in recording the diffracted pattern.

2. Diffraction patterns

Figure 2 shows the diffracted patterns for different voltages
and different optical powers. In order to understand these
patterns, one should recall that the angle of the far-field di-
vergence Og; of a Gaussian beam obeys tan Og; = 2/kow,
[15], where kj is the wavenumber in vacuum and wy is the
waist of the Gaussian beam. For a Gaussian beam with a
waist of 3 pm, the value of tan g, is 0.113. Suppose that
the beam inside the cell is a pure soliton, then the waist of
the beam at the output of the cell should be the same. For a
screen distance of 6.5 c¢m, this results in a full width of the
intensity pattern of about 1 cm. Note that the waists of am-
plitude and intensity distributions relate to each other as the
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square root of 2. Suppose that the beam diffracts inside the
cell, then this calculation is correct, but the screen distance
should be the sum of 6.5 cm and the optical path length due
to the cell length, which in this case is a distance of about
6.5 cm + 4 mm. This means that the width of the intensity
pattern on the screen changes by roughly tan 6y,x4 mm,
which is less than 1 mm and hardly observable with the
set-up.

If we look at the upper patterns in Fig. 2, then we see
that the width of the intensity pattern is practically un-
changed. The width of the intensity pattern corresponds
well with the value of 1 cm that was expected.

The patterns that we observe in Fig. 2 are not the
smoothly varying Gaussian profiles that we expect, but ex-
hibit flecks or speckle. The origin should be related to the
propagation in the cell or the transmission through the en-
trance or exit region. It can actually be caused by a number
of effects: dirty entrance or exit window, small-scale varia-
tions in director orientation, multi-mode properties of the
waveguide or impurities in the liquid crystal. The fact that
the fleck effect increases with increasing voltage, might
point to the fact that there is a disclination present in the
cell. The observation of light propagation by scattering,
however, does not reveal any disclination. Another possi-
bility is that with increasing voltage, the scattered light
along the propagation distance mixes with the original
beam. This effect increases with increasing voltage since
the scattered light cannot exit the liquid crystal layer easily
at higher voltages because of the higher index contrast be-
tween the centre of the liquid crystal layer and the liquid
crystal near the edges.
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Fig. 2. Images of the diffraction pattern on the screen for different
voltages across the cell and optical power.
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Fig. 3. The measured position of the beam on the external screen,
X and y in function of voltage.

3. Beam position on the screen

The x and y coordinates of the centre of mass of the dif-
fracted beam on the screen (f and ) are numerically ex-
tracted for each diffraction pattern. The resulting positions
for different voltages are plotted in Fig. 4. The § position is
approximately constant. The £ position changes drastically
with voltage. The amplitude of this variation is in the range
of 3 to 4 cm. If we assume that the direction of energy flow
in the cell makes a maximum angle of 7° with respect to
the z axis [11], then from Snell’s law we know that the an-
gle in air of the beam is ranging from zero to 21°. The
value of 3 to 4 cm corresponds to a maximum angle in air
of 24.8° to 31.6°, which is somewhat larger than the 21°
that was expected.

4. Scattered intensity oscillation

Figure 4 shows the maximum intensity of scattered light of
the soliton beam in function of the propagation distance for
different voltages. This means that for each z the maximum
of the scattered intensity over the y coordinate is entered in
the graph and this value is called /. After careful analy-
sis of the recorded pictures it was concluded that the first
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Fig. 4. Evolution of the maximum of the recorded beam from the
scattering measurement /., along the propagation distance z.

and the last peak in the graph are originating from scatter-
ing from the input and output window of the cell. These
peaks will not be considered for the further analysis. The
graph shows that for some voltages the peaks are more pro-
nounced than others. The period of the intensity modula-
tion also changes with voltage. To analyze this effect, the z
positions of the maxima in /., or z,,., are plotted in
Fig. 5 as a function of the applied voltages.

From the z,,,, values, the average distance between two
maxima Az,,,, can be calculated. This value Az,,,, reaches a
minimum of 560 ym for a voltage of 1.45 V. For higher
and lower voltages, the value increases. When comparing
these values with the period of transverse undulation of the
nematicon as described in Refs. 11 and 16, the correspon-
dence is striking. This gives an indication that the periodic
oscillation in beam intensity is caused by the undulative be-
haviour inside the cell.

With the data in Fig. 5, a cosine function can be con-
structed for each voltage V with the period equal to the dis-
tance between the maxima Az,,,, and with the maxima of
the cosine function correlated to the positions of the max-
ima Az,,,,, as in the following equation
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Fig. 5. The z position of the maxima z,,,, along the propagation distance versus voltage for a 75-um-thick cell. The horizontal line denotes
the end of the LC layer as estimated from Fig. 4.
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I ouis (2,V) ~ cos[ (2 = Z ax (V))]. (1)

2r
Az pax V)

The effect of the attenuation of the beam is not taken
into account. If the periodic intensity modulation is indeed
caused by the transverse undulation, then the derivative of
this cosine function at the end of the LC layer (for z = z,,,;)
should be related to a position of the maximum on the
screen X.

. d 2n B
(V) ~ |:dZ COS( Az (V) (2= Zmax (V) + d)]:| (2)

Z=Zend

A least squares method was used to fit the derivative
with the positions on the screen. The result is shown in
Fig. 6. The graph shows that the data from the screen relate
very well with the data of the scattering measurements.
This undeniably proves that the intensity oscillations of the
observed soliton beam are due to the undulation in the cell.
The question that remains is at which place in the beam
propagation the observed scattering intensity is maximum.
To answer this, it has to be mentioned that the constant
phase factor @ has to be added to the cosine function in or-
der to obtain the good agreement in Fig. 6. The phase fac-
tor to be added is —60°, obtained via the least squares
method. Note that the minimum undulation period at 1.5 V
corresponds to a turning point in Fig. 6, because

dAZﬂ = (. 3)
dv V=15V

If one looks at the positions of the maxima in Fig. 5,
then one can see that the maximum corresponds to the end
of the cell for a voltage slightly lower than 1.4 V and for a
voltage slightly higher than 1.6 V (as indicated by the ar-
rows). In Fig. 3, one can see that for these voltages the x
position of the diffracted beam is maximal. The large x val-
ues correspond to the side where the CCD camera for the
scattering measurements is placed. This means that the
maximum recorded scattered intensity corresponds roughly
to the place where the direction of the propagation points
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Fig. 6. Correlation between the x position of the beam on the screen
X and the derivative of the cosine function of Eq. (2).
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Fig. 7. Difference observed in the scattered intensity depending on

which side of the cell the CCD camera is placed. The figure
describes schematically the origin of this difference.

towards the CCD camera. The correspondence would be
exact if the phase factor would be —90° instead of —60°. The
rough estimation of the end of the LC layer z,,, is probably
the cause of this mismatch.

The fact that a higher scattered intensity is observed
when the beam is propagating slightly towards the camera
and a lower one is observed when the beam is propagating
slightly away from the camera is quite acceptable. Indeed,
in Refs. 17 and 18, it is stated that the scattering of a beam
is larger for small deviation angles between the incoming
and scattered beams.

There is one issue unsolved. The periodic modulation
of the scattered intensity in some cells is large while in oth-
ers it is hardly noticeable. The explanation of this question
is that it depends on which side of the cell the CCD camera
is placed. Figure 7 shows the observed intensity when
looking from the top (from the positive x direction) or from
the bottom (from the negative x direction). The difference
is clearly visible.

This might be surprising because the cell looks sym-
metric and because the simulation results show that the un-
dulation is also symmetric [11,16]. But, in fact, there is an
asymmetry in the cell, which is explained in Fig. 7. The av-
eraged Poynting vector S lies along the z axis, but the wave
vector k is on average directed towards the negative x di-
rection. On average, when looking from the bottom in
Fig. 7, one can expect larger scattered intensity than when
looking from the top.

5. Conclusions

In this work we present measurements of the far-field dif-
fraction pattern of a nematicon. The measurements reveal a
change in position along the direction perpendicular to the
glass surfaces. This change in position is related to the peri-
odic modulation of scattered intensity along the propaga-
tion direction. Both effects are caused by the transverse un-
dulation of the beam. The quantitative analysis of the ob-
served phenomena is in perfect agreement with earlier pub-
lished results.
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