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Abstract: We developed a measurement method to determine the radial distribution of the photoelastic
coefficient C(r) in step-index polymer optical fibers (POFs). The method is based on the measurement of the
retardance profile of a transversally illuminated fiber for increasing tensile load. The radial profile C(r) is
obtained from the inverse Abel transform of this retardance profile. We measured polymer fibers from
different manufacturers. The radial profile of the photoelastic constant can considerable vary depending on the
type and treatment of POFs, even when made from similar materials, which leads to the conclusion that the
photoelastic constant should be characterized for each different type of POF. The impact of annealing the fiber
samples on C(r) is also addressed.

1. Introduction

In the field of optical sensors, polymer optical fibers (POFs) provide an interesting alternative for their glass
counterparts, owing to their specific characteristics compared to glass fibers. For example, they feature higher
elastic limits and can be made from biocompatible materials [1-3]. Simulating and predicting the response of
physical or dynamometric optical fiber sensors to externally applied mechanical load requires good knowledge
of the fiber material parameters. In this respect it is well known that the photoelastic effect plays a crucial role
in glass and polymer fibers, when these are used as transducers for mechanical quantities such as stress, strain
and pressure. More particularly, it is important to use correct values of the stress-optic coefficients C, and C,
[Pa'] and of the photoelastic coefficient C = C;-C, when calculating the response of optical fibers to
mechanical load, since these parameters link the applied stress to the change of the refractive index in the
fiber. In this paper we describe a method to determine the photoelastic coefficient in POFs. More specifically,
we experimented with fibers drawn from polymethylmethacrylate (PMMA) as that material is most commonly
used to manufacture polymer fibers. The value of C for PMMA reported in the literature varies significantly
from -1.08x10™"° Pa™ to 5.3x10™'? Pa™' [4-8]. In the particular case POFs, the drawing conditions and presence
of dopants in the polymer could influence the value of the photoelastic constant and lead to the necessity to
measure the value of C for each type of POF. The measurement methods to determine C in glass and polymer
proposed in the literature rely on the hypothesis that C is constant throughout the fiber section but making such
assumption is not straightforward [9, 10]. Therefore we also attempted to determine the radial distribution of
the photoelastic constant C(r) in PMMA fibers before and after a specific annealing process. In section 2 we
describe the measurement method. The measurement results on the POFs before and after annealing are
presented and discussed in the third section. Section 4 closes our article with a summary of our findings.

2. Presentation of the measurement method
2.1 Retardance measurement

The determination of C(r) requires the measurement of the retardance profile of a transversally illuminated
fiber as a function of the tensile load applied to the fiber. The inverse Abel transform of the retardance allows
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obtaining C(r). In previous publications we have detailed the measurement method to obtain the retardance
profile of the fiber [11, 12]. We recall the main steps below for the sake of completeness.

We subject the fiber to a known axial load o_. We assume that the load is constant across the fiber section. We

measure the retardance for tensile stress values varying from 10 MPa to 50 MPa. To do so the fiber is
illuminated with monochromatic light at 633 nm, linearly polarized light at 45°C with respect to the fiber axis.
As illustrated in Figure 1 the wave vector of the light is perpendicular to the fiber axis and parallel with the x-
axis. The fiber is immersed in index matching liquid to avoid refraction at the boundaries of the optical fiber.
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Figure 1: Illustration of an optical fiber transversely illuminated with a plane wave (left) and resulting retardance profile R(y) (right).
b is the radius of the fiber. The z-axis is taken along the fiber length with a direction exiting the page.

The axial load applied to the fiber induces birefringence in the fiber material. The two linearly polarized
components along the y and z directions will experience a different phase shift that can be observed as the
projected retardance R(y) between these two orthogonal components. The projected retardance R(y) is related
to the axial stress by an inverse Abel transform [13—15], as given by equation (1):

dR(y)/ dy
o XxC(r)=— J'\/id (1)

The photo-elastic constant C(r) is the regression coefficient linking the inverse Abel transform of the projected
retardance R(y) and the applied known axial stress o,. r is the radial distance taken from the fiber’s center and
b is the radius of the fiber. To obtain the radial profile of the photoelastic constant C(r), we use a polarizing
microscope and apply the Sénarmont compensation method to measure the full-field view of R(y).

2.1 Inverse Abel transform

In a previous publication [16] we have introduced two algorithms to compute the inverse Abel transform. Both
algorithms are based on Fourier theory but the approach is somehow different. In the first algorithm we
expand the measured retardance R(y), corresponding to a specific value of the axial load, in Fourier series. We
compute the inverse Abel transform of the expansion of R(y) and we obtain equation (2).

o, XC(r)———“fa k= j (z + )" xsin(kmaJt* + p*)dt )

2

where p =r/b is the normalized radius, 1 =+/1- p° and a, is the k™ Fourier coefficient of the Fourier
series of the retardance.
In the second algorithm we expand the result C(r).c, of the inverse Abel transform in Fourier series. The

expression of the expansion is given in equation (3).
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[0': X C(r)]F =a,+ z a, cos(lm%) 3)
k=1

The forward Abel transform of the expansion yields the measured retardance. The expression of the retardance

becomes (4).

R.(»)=ba, jr dt+5>a, jr cos(kr[1* + p* )t (4)

2 2
—y

where p=x/b is the normalized radius and ¢ = . To determine the amplitude of the Fourier

coefficients a, in equation (4), R.(y) is compared to the measured retardance by applying the least square
criterion. The main difference between the two algorithms is the presence of a constant term in the expansion
of o.XC(r) in the second algorithm. It allows the algorithm to converge with a lower amount of Fourier

coefficients. Moreover, the first algorithm requires the integration of a derivative, which is very sensitive to
measurement noise. To establish the radial distribution of the photoelastic constant, we have demonstrated in
[16] that both algorithms are fully equivalent, but that the first algorithm requires a larger amount of Fourier
coefficients. If we consider increased measurement noise, the influence of the noise on the inverse Abel
transform becomes predominant and a large number of Fourier coefficients leads to very noisy shapes. In that
case the amount of considered coefficients has to be reduced and C(r) should then be calculated with the
second algorithm.

3. Measurement results and discussion

We have measured C(r) of five singlemode polymer fibers. The description of the composition and specific
fabrication process of each fiber has already been detailed in a previous publication [17]. We summarize the
main characteristics of the fibers in Table 1.

Table 1: Main characteristics and of the polymer optical fibers used to measure the retardance and determine the radial profile of
the photoelastic coefficient [18-20]. The mean measured value of C on the unannealed and annealed fibers are also mentioned

Fiber Type deore detadding Thermal treatment of the Drawing C unannealed C annealed at 80°C
preform Temperature [x1072 Pa”] [x10"? Pa™|
1 PMMA 10 pm 110 pm 45°C to 75°C within 4 days 220°C 0,047 1,23
2 PMMA 10 pm 133 pm 45°C to 75°C within 4 days 220°C -0,93 1,50
3 PMMA 12pum | 260 pm 36°C to 88°C within 4,5 days 225°C 0,504 1,57
4 PMMA 9 um 110 pm * * -0,15 1,54
5 PMMA 4 pm 210 pm 80°C during 2 weeks 290°C 3,85 3,94

*The thermal treatment of the preform and the drawing temperature have not been communicated by the manufacturer.

We have determined C(r) for the pristine samples. We then annealed the samples for 8 hours at 80°C and we
have determined the mean value of C and C(r) following each annealing step. The influence of annealing the
fibers at 80°C for 8 hours is clearly visible. The results are shown in Figure 2 and the mean values of the
measured C are also summarized in Table 1 .There is no specific annealing treatment of the preform for Fibers
1, 2 and 3. We can assume that there was no specific temperature treatment for the commercially available
Fiber 4. Our findings evidence the impact of annealing at a higher temperature. The variance decreases in all
fibers that did not benefit from a specific temperature treatment of the preform, which explains a smoother
shape of C(r). The annealing process increases significantly the value of C(r) towards a comparable mean
value. Note that the overshoot at r = 0, i.e. in the center of the fiber, correspond to a numerical artefact of the
inverse Abel transform. The height of the overshoot depends on the amount of Fourier coefficients considered
in the expansion of the inverse Abel transform, as we explained in details in [12], and cannot be related to an
actual property of the optical fiber. The radial profile of C(r) for fiber 5 is not affected by the annealing
process. The preform of that fiber has been annealed for 2 weeks at 80°C prior to drawing. We find a mean
value for C of 4x10-12 Pa-1, which is larger than the values we measured for Fibers 1 to 4.
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Figure 2 Comparison of the radial distribution of the photoelastic coefficient C(r) of the POFs under test without annealing and with
8 hours annealing at 80°C in (a) Fiber 1, (b) Fiber 2, (¢) Fiber 3, (d) Fiber 4 and (e) Fiber 5 .

4. Conclusion

We have measured the radial distribution of the photoelastic constant C(r) in five types of PMMA optical
fibers. The same distribution has been measured again after an annealing treatment of 8 hours at 80°C.

To do so we determined the retardance of the laterally illuminated fibers. We obtained a full field view of the
retardance with the use of a polarizing microscope. We applied two algorithms based on Fourier theory to
calculate the inverse Abel transform of the measured retardance. The first algorithm decomposes the measured
retardance in Fourier series before to performing the inverse Abel transform, whilst the second algorithm
expands the desired radial profile and then computes the forward Abel transform. The result of that operation
is then compared to the measured retardance profile. The main conclusion is that the second algorithm is more
robust when one has to deal with noisy data.

We found the measured photoelastic constants C of the five samples of PMMA fibers to be very different.
This indicates that C cannot be approximated by any standard value. Moreover, the annealing treatment of
fibers 1 to 4 significantly increases C and yields a more regular and smooth profile C(r). This may indicate a
reduced variation of the material parameter C across the fiber section and an increased homogeneity in the
cross-section of the POF. The effect of annealing on Fiber 5, of which the preform has been annealed prior to
drawing, is different. This fiber is much less sensitive to thermal treatment and the mean value of C is much
higher.
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