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Abstract

We propose a new stress-sensing technique based upon measurement of
light scattering produced by an array of birefringent waveguides. When
external stress is applied to the array of waveguides, their optical properties
are modified via the photoelastic effect. Specifically, the intensity of light
scattered by the optical waveguides is significantly affected by stress. In this
work we analyse theoretically this stress-induced change. Our numerical
simulations show that this effect provides a means to assess the strength and

direction of the external force.

Keywords: Sensors, fibre optics, fibre waveguides, propagation,

scattering and losses

1. Introduction

Over the past two decades there have been an increasing
number of proposals for producing sensor optical waveguides
and to characterize significant parameters such as temperature
tolerance and elasticity, and optical properties such as
refractive index distribution, for example [1]. With regard
to stress sensing, different kinds of optical fibre sensors have
been investigated, such as interferometric and grating-based
systems. Stress sensors based on modal analysis are very
promising [2], but this technique requires characterization of
far-field radiation patterns for particular modal orders of the
optical fibre. As we shall see, our scattering-based proposal
provides a less complicated alternative. = With respect to
previous work on light scattering applied to stress sensing, it is
well known that backward-scattering data provide information
on the refractive index distribution and, therefore, changes
appearing in this function due to the presence of strains in the
structure can be detected by analysing the scattering diagram at
180° [3]. In this paper we propose a more generalized method
based upon the analysis of multiple scattering of light by an
array of birefringent optical waveguides.

The basis of our method consists in comparing light
scattering before and after an external force is applied. In
order to compute multiple scattering by an array of birefringent
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waveguides, a very general theoretical formulation and the
corresponding numerical procedures are required. These
powerful computational tools have been developed by the
authors in a previous paper [4] and they will be applied here
to simulate the stress sensor.

We will consider an external force acting on the array of
optical fibres along a given direction. Then we will calculate
the new dielectric permittivity tensor via the photoelastic
effect and determine the shape of the intensity profile for
light scattering. We have observed a variation in this profile
compared with multiple scattering in the absence of the action
of an external force. Hence the procedure appears to be
sensible for determining the direction and magnitude of the
external force and the proportional changes in the dielectric
permittivity tensor.

The plan of the paper is as follows. In section 2 we
provide an overview of the necessary theoretical background.
As mentioned above, the details of the model and numerical
methods have been presented elsewhere [4]. Section 3 presents
the new stress-sensing technique. First, in section 3.1, we
introduce the physical principle that allows stress sensing.
Then, in section 3.2, we report and discuss the obtained results
that support our proposal. Finally, section 4 is devoted to
summarizing and drawing the main conclusions of this work.

S370


http://stacks.iop.org/JOptA/5/S370

Analysis of a novel stress-sensing technique based on light scattering by an array of birefringent optical waveguides

Figure 1. One single-fibre model. R is the radius of each fibre. The
wavevector of the incoming radiation, f, is defined at the
Z-direction (parallel to the optic axis of the waveguide). The
magnetic field is plane polarized at the XY -plane.

2. Theoretical background

2.1. Light scattering by a cylindrical birefringent waveguide

Let us consider a cylindrical optical waveguide (optical fibre)
of radius R placed within an infinite, isotropic, homogeneous
medium. Let the fibre axis be the Z-axis of our coordinate
system as shown in figure 1. The symbol p will denote the
position of points belonging to the XY -plane. In this work we
have considered homogeneous birefringent waveguides with
uniaxial symmetry, their optical axis being parallel to the Z-
direction. Consequently, the dielectric permittivity tensor &
inside the fibre is diagonal and has only two independent
components: €33, associated with propagation along the Z-
axis, and &, corresponding to the XY -plane, since €;; = &2;.

We have investigated the scattering of a monochro-
matic linearly polarized light wave propagating along the
Z-direction. Let the incident magnetic field of light, 2?, lie
on the XY-plane. In our calculations we have followed the
eikonal formulation of light scattering and we have kept the
first-order approximation, acceptable for weak scattering pro-
cesses [5]. Such an approach leads to the following integral
equation (see [6] for further details):

hip) = h0+ / &p/ [%Hé”(p, PP o)+ Pa(p, p’)]h“”,
Q

()]
where Hé') is a Hankel function of the first kind and zero-order
and Py and P, are matrix functions depending on the dielectric
permittivity tensor and the second derivatives of Hél) (see [6]).
The first term in equation (1) is simply the incident wave
amplitude 7%, The second contribution is the scattered field
amplitude, a complex quantity that depends on the properties
of the light and the scatterer.

2.2. Mechanical-optical effects

When an external force is applied to an optical waveguide, an
elastic deformation occurs. Then, its birefringence is modified
through the so-called photoelastic effect [7]. The mathematical
formulation of this phenomenon can be accomplished by
introducing a modified dielectric permittivity tensor & that

K

Figure 2. N coupled waveguides. d is the average distance between
two adjacent (parallel) fibres. The impact plane XY defines the
plane where the amplitude of the light scattered by the fibre array is
determined (see text for details).

takes into account the photoelastic effect through some
additional terms in the following way [8]:

Eik = Ec0ik + arujy + auydiy )

where §;; is the Kronecker delta, a; and a, are the elastic-
optical constants of the medium and u;; are the components
of the stress tensor, which are proportional to the transverse
force per unit length applied to each waveguide.

2.3. Generalization to an array of birefringent waveguides

Let us now consider an array of parallel cylindrical waveguides
(see figure 2). We will apply the sampling theorem [9] to
generalize the above-obtained single-fibre results to a bundle
of N fibres. Notice that the scattered field amplitude produced
by a single cylindrical waveguide shows cylindrical symmetry.
Hence, the total field amplitude, h7o7, scattered by an array of
fibres of radius R can be written as [10]:

hror = 7 D Y hi(nd/2,md/2)

JiQr/d\/(x —nd/2)? + (y — md/2)?)
X
21/d\/(x —nd/2)? + (y — md/2)?

where h; is the scattered field amplitude corresponding to
each single fibre and J; is a first-order Bessel function. The
summation indices n and m label the sampling spatial points,
Xy, = nd/2, y,, = md/2, d being the distance between the
centres of two adjacent fibres. Depending on the geometrical
arrangement of the array, different sampling lattices may be
used.

3)

3. Results and discussion

3.1. Physical basis of the stress-sensing technique

In this work we are dealing with a uniaxial medium, meaning
that it presents two refractive indices: extraordinary, for light
polarized along the optical axis (the Z-axis), and ordinary,
for XY-plane polarization. That is, directions X and Y are
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Figure 3. A model for the mechanical-optical effect: an external
force F is applied and defined in some arbitrary XY -plane. The
conditions of incidence of light are similar to those in figures 1

and 2. Notice that in this work we are considering arrays for which
the angle 6 is small.

optically indistinguishable. Hence, components X and Y
of our incident light beam will undergo exactly the same
scattering process and no difference between either component
will be detectable.

When the array of fibres is subjected to stress under an
external force or pressure (see figure 3), its index tensor is
modified through the photoelastic effect, as explained above.
Consequently, the symmetry of the XY plane is broken because
now &1, # &z, i.e. both directions X and Y are no longer
optically indistinguishable. With regard to light scattering, this
results in a change in the relative behaviour of both components
of the scattered light field. Given the relative variation in the
scattered field amplitude, the induced birefringence &1 — €2
can be directly evaluated, which allows us to calculate the
direction and strength of the applied external force through
formula (2). This is the basis of our proposal for a novel stress
Sensor.

3.2. Results and discussion

In order to assess the effect induced on the waveguide by
an external force, we have proceeded as follows. First, we
have integrated equation (1) by Gaussian quadratures [11]
to obtain the light field scattered by a single birefringent
waveguide. Then, we have used equation (3) to compute
the total scattering field amplitude corresponding to an array
of cylindrical waveguides in the absence of stress. After
the application of an external force, the components of the
dielectric permittivity tensor have been recalculated through
equation (2). Finally, we have used this modified tensor & to
obtain the new shape of the light scattering intensity profile.
In our calculations we have considered an array of seven
fibres of radius R = 0.75 pum, separated by a distance
d = 2 pm. The small size of the optical fibres has been chosen
in order to enhance the sensitivity of the stress sensor. Notice
that the photoelastic effect is proportional to the transverse
force (see equation (2) and explanation below), which in turn
is inversely proportional to the transverse area of the fibre.
The birefringent waveguiding medium exhibits an ordinary
refractive index n, = 1.34 and an extraordinary refractive
index n, = 1.35. These values correspond to refractive
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Figure 4. Spatial dependence of the forward-scattering light
intensity. Dotted-curve: zero applied force, F, = 0. Dashed curve:
F, =0.01 N, X-polarized light. Solid curve: F,, = 0.01 N,

Y -polarized light.

indices of biological material, in order to analyse the stress
effect on biological waveguides. Notice, however, that our
model is not restricted to these particular waveguides but can
be applied to various types. Photoelastic constants have been
taken from available data from related experiments and are
a good approach for the purposes of our analysis. Thus,
for the photoelastic constants a; and a,, we have considered
typical values of silica fibres a; = 0.38 x 10~!> m? N~! and
a» =2.68 x 10712 m? N1,

Without loss of generality, we have chosen an external
force applied along the Y-axis. First, we have compared the
results obtained under zero external force (Fy = 0) with the
results after application of a very weak force (F, = 0.01 N).
For zero external force, scattering profiles for X-polarized and
Y-polarized light are identical because of the axial symmetry
of the physical system. However, this symmetry is broken after
application of an external force, as stated in section 3.1. After
stress is induced, the intensity of X-polarized light decreases
slightly (see figure 4, dashed curve) while the Y -polarized light
is enhanced (see figure 4, solid curve). Notice that the latter
coincides with the direction of application of the external force.
This loss of symmetry could be detected by monitoring the
light field amplitude after scattering. Therefore, analysis of
the scattering profile will allow us to determine the direction
of application of the force (i.e. stress). It should be noted that
even for a very weak force (F = 0.01 N) the difference in
intensity between both polarizations is ~20%.

From figure 4 we can also state that the major impact
of stress occurs at the central peak of the scattered light
profile, which corresponds to forward scattering. This is
very convenient for practical purposes since forward-scattering
observation could be easily performed. We have calculated
the dependence of forward scattering on the strength of the
applied force. Figure 5 shows the forward-scattering intensity
for X- (dashed curve) and Y- (solid curve) polarized light as a
function of the strength of the force, Fy, in the range 0 < F,
< 0.1 N. Notice that the difference between both components
is enhanced as F becomes stronger. For the highest values of
F,, the intensity of X-polarized light is strongly suppressed.
Even for moderate values of force, such as F, = 0.05 N, a
difference around 60% between both polarizations is observed.
Since the amount of change for both light polarizations is
directly related to the strength of the applied force, figure 5
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Figure 5. Forward-scattering intensity against the strength F), of the
applied force. The solid curve corresponds to X-polarized light and
the dotted curve, to Y-polarized light.

provides a calibration curve for our stress-sensing system.
‘We note here that for different values of the refractive index,
for instance those corresponding to silica fibres (n ~ 1.52),
we obtain a behaviour (not displayed here for brevity) similar
to the one shown in this figure 5, although the stress-induced
effect is less enhanced.

4. Conclusions

In this paper we have evaluated the possibility of implementing
a stress sensor based on light scattering by an array of
birefringent waveguides. To this end we have calculated the
impact of stress on the intensity profile of scattered light.

Our results show a significant change in the profile of
the field. The change especially affects the central peak of
the intensity profile which corresponds to forward scattering.
This is very profitable for applications since forward-scattering
measurements are more easily accomplished.

One main consequence of stress is the loss of axial
symmetry due to the appearance of two privileged directions:
the axis parallel to the force (¥ -axis) and the perpendicular axis
(X-axis). The asymmetry induced by stress between X- and
Y -polarized light provides a method to assess the direction of
application of the external force.

We have also found that the stress-induced difference
between X - and Y -polarized light is strongly dependent on the
strength of the applied force. We have plotted this dependence
for both polarizations, thus obtaining a ‘calibration curve’ for
our stress-sensing system.

Finally, the technique offers good sensitivity, since even
for very weak forces (F = 0.01 N) a significant difference of
~20% between X- and Y -polarized light can be observed

We conclude that the effect of stress on scattering by an
array of birefringent waveguides could be the basis of an optical
stress sensor.
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