POLARIMETRIC STRAIN GAUGES USING
HIGH BIREFRINGENCE FIBRE

Indexing terms: Optical fibres, Birefringence

When a highly-birefringent fibre is stretched, the birefrin-
gence changes. The phenomenon is shown to result from a
difference in Poisson’s ratio of the two glasses from which
the fibre is constructed. Experimental verification is given
and a simple polarimetric strain gauge made from bow-tie
fibre is demonstrated.

Introduction: Polarimetric sensors utilise the relative change
in optical path length which occurs between the two orthog-
onally polarised modes of a fibre when it is subjected to trans-
verse stress. The technique is attractive, as polarimetric
sensors are considerably simpler to construct than their
better-known interferometric-sensor counterparts and can
have similar sensitivity. Recently it has been reported! that
stretching a highly-birefringent fibre can similarly aftect the
differential optical phase (i.e. the birefringence), a somewhat
surprising result. The phenomenon can be used as the basis for
a variety of simple polarimetric sensors,! e.g. a strain gauge.

The purpose of this letter is to elucidate theoretically the
mechanism whereby stretching the fibre changes its birefrin-
gence. We employ a simple analytic expression previously
developed? for the birefringence produced by thermal stress in
the fibre. The theory is then verified experimentally. Finally
we demonstrate how a simple, all fibre, polarimetric sensor
can be constructed using highly-birefringent bow-tie fibres® as
both sensor fibre and as a polariser.* The experiment also
shows the ease with which these highly asymmetric fibres can
be jointed with UV-curable adhesives.’

Theory: The modal birefringence B is related to the
expansion-coefficient profile «(r, 8) of a fibre having one axis
of mirror symmetry (see inset of Fig. 1) and a normalised
outer radius r = 1, by:?
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where C is the stress optic coefficient, T is the difference
between ambient temperature and the lowest fictive tem-
perature of the glasses within the fibre, E is Young’s modulus
and v is Poisson’s ratio.

The derivation of eqn. 1 assumes that E and v are uniform
across the fibre cross-section.? If this were the case, then by
Saint Venant’s principle,® no variation in transverse stresses,
and hence B, would occur on stretching the fibre. On the other
hand, if v does vary, then stretching the fibre in the z-direction
with a uniform strain ¢, would result in free strains in the
transverse x- and y-directions ¢, = ¢, = —ve_, which are ana-
logous to the free thermal strains &, = ¢, = ¢, = «T occurring
as the fibre cools.® Hence, if the variation of E and v across
the fibre cross-section is small, then eqn. 1 can be modified to
give:
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where B, is the modal birefringence induced by stretching,
and v, is the value of v seen at the core.

We now assume that ofr, 6) is proportional to v(r, 8), a not
unreasonable assumption, as both are related to the dopant
concentration. This leads to the following formula, which
relates the extension Al required to induce a 2n phase change
in the retardance of any length of high birefringence fibre to
its beat length L, = 4/B:
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where 4 isythe wavelength, and a,, v, and «,, v, are the

expansion coefficients and Poisson’s ratios in the different
regions 1 and 2, respectively (see inset of Fig. 1).

~*“The application of eqn. 3 is illustrated in Fig. 1 where the
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Fig. 1 Calculated extension required to induce 2n phase change in
retardance for bow-tie fibres against beat length
Also shown are experimental results measured in bow-tie fibres
(dots) and Rashleigh’s result' measured in an elliptical jacket fibre
(cross)

extension Al is plotted against the beatlength L, for the sili-
ca/borosilicate bow-tie fibre shown in the inset. We have
taken v, — v, =002, which is the approximate difference
between Poisson’s ratio for borosilicate glasses and silica,” and
(ay — )T = — 1073, a fairly typical value for bow-tie fibres.?
Thus, from Fig. 1, we would expect a 50 um extension to
produce a 2z change in the retardance of a 1 mm beat-length
fibre, regardless of the fibre length, cross-sectional geometry
and the dopant concentrations of the stress-applying sections.

Experimental: Circularly-polarised light was launched into
several single-mode bow-tie fibres having a range of different
numerical apertures (from 0-06 to 0-12), beat lengths, boro-
silicate dopant concentrations and geometries. The fibres were
anchored at each end with epoxy between two glass slides, and
the extension required to produce a 2n change in retardance
was measured using a micromanipulator. The results are
plotted in Fig. 1 for comparison with the theoretical curve.
Also shown is Rashleigh’s result,! suitably normalised, which
was measured in a matched elliptical jacket® fibre. The agree-
ment between theory and experiment is good, considering the
number of approximations made in deriving eqn. 3. Moreover,
the assumption that ofr, §) and w(r, §) are proportional
appears, within limits, to be valid.

Thus eqn. 3 predicts that the sensitivity of a polarimetric
strain gauge is a property only of the dopant used (not its
concentration) and the fibre beat length. Therefore the sensi-
tivity can be increased by choosing a dopant which produces a
larger change in Poisson’s ratio v.

Applications: In this Section we demonstrate how the proper-
ties of bow-tie fibres can be exploited in the simple strain-
gauge shown in Fig. 2. A similar configuration has been used
by Dziedzic to construct a variable fibre attenuator. Laser
light is launched into a length L, of bow-tie fibre* which is
tightly looped to form a polariser* at P. The length following
the loop thus has only one mode excited (x-polarised) and
delivers linearly polarised light to length L, of the same fibre.
The splice S, was made such that the axes of birefringence in
lengths L, and L, were rotated approximately 45° with
respect to each other. A photograph of the splice, which was
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Fig. 2 Simple strain gauge utilising jointed sections of the same bow-tie

fibre
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made with UV-curable adhesive,® is shown in Fig. 3. As both
polarised modes are present in length L,, the fibre can be used
as a strain gauge utilising the stretching phenomenon.' The
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Fig. 3 Splice between two lengths of the same bow-tie fibre using Uv-
curable adhesive

Axes of birefringence are rotated approximately 45° with respect to
each other

output of the strain gauge passes through a similar splice S, to
length L, of the same fibre which polarises the light in the
bend at A, and delivers the light to the detector D. On stretch-
ing the fibre, the birefringence of the fibre section between the
polariser P and analyser A varies, resulting in a sine-squared
light modulation.

A simple fibre strain gauge of length 1 m was found to have
an 80% light modulation (n phase change) for ~30 micro
strain. The depth of modulation was limited by the accuracy
of the orientations of the fibres in the splices.

Conclusions: It has been shown theoretically and verified
experimentally that the variation in birefringence caused by
stretching a high-birefringence fibre is the result of a mismatch
in Poisson’s ratio. A simple strain gauge has been demon-
strated which exploits the polarising properties and high
birefringence of bow-tie fibres. The example provides an
insight into how bulk optical-polarising components and
experiments can be emulated in bow-tie fibres by a series of
jointed sections.
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