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Abstract: In this work, a Fabry-Perot cavity based on a new silica tube
design is proposed. The tube presents a cladding with a thickness of ~14
pum and a hollow core. The presence of four small rods, of ~20 pm diameter
each, placed in diametrically opposite positions ensure the mechanical
stability of the tube. The cavity, formed by splicing a section of the silica
tube between two sections of single mode fiber, is characterized in strain
and temperature (from room temperature to 900 °C). When the sensor is
exposed to high temperatures, there is a change in the response to strain.
The influence of the thermal annealing is investigated in order to improve
the sensing head performance.
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1. Introduction

Optical fiber sensors based on Fabry-Perot (FP) cavities, due to their inherent characteristics,
are suitable for many different applications, such as in sensing of physical, chemical and
biological parameters. These structures are easy to produce, are compact and reliable.
Besides, the simple configuration ensures stability and ability to be multiplexed [1].

The measurement of physical parameters such as strain and temperature is of most
importance in practical applications, in particular when extreme conditions are involved.
Many different FP based configurations have been proposed where temperatures up to 1100
°C have been tested [2]. In order to obtain FP based sensors more sensitive to temperature,
the cavity is usually formed at the tip of the fiber. These structures can be created by fusion
splicing different types of fibers [3—5], by splicing two sections of single mode fiber (SMF)
with a large lateral offset [6], or even by fabricating a FP modal interferometer in a fiber
taper probe [7]. These configurations usually present reduced dimensions, of the order of
hundreds of micrometers. When the FP cavities are formed between two sections of fiber,
they become less sensitive to temperature, with sensitivities lower than 1 pm/°C. The
structures can be formed by femtosecond laser ablation [8], by splicing a short section of
hollow core photonic crystal fiber [9] or a chemically etched multimode fiber section [10]
between two sections of SMF. Another possibility is to form an air cavity, like a bubble or a
spheroidal cavity, inside the fiber. There are different ways to fabricate the structures through
splicing. For example, the splice of two sections of SMF [11,12], SMF spliced to index
guiding photonic crystal fiber [13] or splicing a flat and hemispherical tip of SMF [14]. Due
to their configuration and low thermal sensitivity, these FP cavities become highly attractive
to measure other parameters such as strain. However, the sensors proposed in these works
were characterized to strain and temperature separately.

The measurement of strain at high temperatures using FP cavities was proposed by Ran et
al in 2007 [15]. An etalon in photonic crystal fiber was fabricated using 157 nm laser
micromachining. Strain measurements were carried out over temperatures as high as 800 °C.
The fabrication of an air bubble cavity by splicing a multimode photonic crystal fiber to a
SMF has also been proposed [16]. In this case, strain measurements up to 1850 pe were
performed in a temperature range between 100 °C to 750 °C.

In this work, a Fabry-Perot cavity based on a new silica tube design is proposed. A
number of sensors are fabricated and tested to strain and temperatures as high as 900 °C.
Given the low temperature sensitivity, this configuration is also subjected to strain at
different temperatures. Besides, the effect of the annealing is also analyzed. The proposed
sensor exhibits features that translate into a different solution for the measurement of strain in
harsh environments.

#237081 - $15.00 USD  Received 27 Mar 2015; revised 15 May 2015; accepted 27 May 2015; published 9 Jun 2015
© 2015 OSA 15 Jun 2015 | Vol. 23, No. 12 | DOI:10.1364/0OE.23.016063 | OPTICS EXPRESS 16064



2. Experimental results

All components of the silica tube used in this work were manufactured from high purity silica
Heraeus Suprasil® F300. The first procedure was to define the sintering of the four rods
(diameter 1.2 mm) inside the cladding tube (with and outer diameter of 6 mm and inner
diameter of 4 mm) in exact orthogonal positions, using a modified chemical vapor deposition
(MCVD) glass working lathe and one hydrogen-oxygen torch. The temperature was adjusted
so that a lateral homogenous peripheral sintering was achieved. An elliptical deformation of
the outer cladding tube and collapse was prevented by selecting a preferably low temperature
and short lateral heating zone (ca. 1 cm). The preform was drawn to the final fiber by
pressurized drawing with a constant temperature. The pressure inside the preform was varied
between 1000 Pa and 3000 Pa above atmospheric pressure to shift the cavity size inside the
fiber. It was drawn to a diameter of 125 um and coated with single layer UV acrylate. The
effect of increasing the pressure on the cavity cross section is shown in Fig. 1 [17].

Fig. 1. Micrographs of drawn fibers, varying the pressure during fiber drawing: (a) p = 1000
Pa, (b) p=2300 Pa and (c) p = 3000 Pa.

From the different silica tubes drawn, the one shown in Fig. 1(b) was used as the sensing
element. The silica tube presented a cladding with a thickness of ~14 um, a hollow core and
four small rods positioned in diametrically opposite directions. Each rod has a diameter of
~20 pum and has a reinforcement effect in the structure. This matter will be discussed later on
this paper.

The Fabry-Perot (FP) cavity shown in Fig. 2 was produced by splicing a short section of
the silica tube between two sections of standard single mode fiber (SMF). In order to prevent
the collapsing of the structure in the splice region, both splices were done in the manual
program of the splice machine (Fujikura FSM-60S) and the fibers were placed with a lateral
offset regarding the electric arc discharge area. Thus, the discharge was mainly produced in
the SMF region. Notice that the FP cavity did not present coating, as it was removed during
the fabrication process. The sensors were easy to manufacture and reproducible. The strain
and temperature measurements were performed in reflection, by connecting the broadband
optical source, the sensing head and the optical spectrum analyzer to an optical circulator,
according to the scheme in Fig. 2. The optical source had a bandwidth of 100 nm, centered at
1570 nm and the measurements were done with a resolution of 0.02 nm.
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Fig. 2. Scheme of the experimental setup. A microscope photograph of one FP cavity is also
shown.

Several sensing heads were produced, with different cavity lengths. The spectrum of each
sensor, presented in Fig. 3, is the result of a two wave interferometer. The two reflections
occur at the interfaces between SMF and the silica tube. The effective refractive index, nqy
was estimated according to Eq. (1):

Ly = A4, [(20,,04) (1)

where Lgp corresponds to the length of the FP cavity, 4; and 1, are the wavelengths of two
adjacent fringes and A4 = 4,-4, is the free spectral range. The value obtained for the n.; was
of ~1.00, which means that all light travels inside the hollow core.

-22 T T T T T =22 T T T T
~ ~
/M Jas)
= <)
Bt B
5] 5]
g z
£ £
8 g
= 2
2 2
o o
a) ——[=17um b) — L=51um
42 1 L L f L 38 | L ) N
1520 1535 1550 1565 1580 1595 1610 1540 1550 1560 1570 1580 1590
Wavelength (nm) Wavelength (nm)
-20 T T T T -11 T T T T T T
24 12t -
— —~
/M as)
o 28 S -13f 1
- B
5]
g 32 5 4l -
S )
oo oo
E -36 B 15f 1
= =
S 40 & -6t g
c) —— L=70um d) L=198um
44 L L L L 17 L L L L L L
1535 1545 1555 1565 1575 1585 1535 1540 1545 1550 1555 1560 1565 1570
Wavelength (nm) Wavelength (nm)

Fig. 3. Spectra of the four FP cavity sensors with lengths of (a) 17 um, (b) 51 um, (¢) 70 um
and (d) 198 um.
In a first stage, the sensing heads were attached to a translation stage with a resolution of
0.01 mm and strain measurements were performed at room temperature. The experimental
data, shown in Fig. 4(a), exhibit a linear behavior of the wavelength shift with the applied
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strain. As expected, the sensitivity to strain depends on the cavity length: smaller cavities
translate into more sensitive devices. According to ref [18], the response of the sensor
depends not only on the FP cavity length, but also on the total length over which strain is
applied. In this study, the total length, L7, was of 73.5 cm and it was kept constant for all the
strain measurements. Sensitivities of 13.9 pm/ue, 6.0 pm/ue, 4.6 pm/pe and 3.5 pm/pe were
respectively obtained for the 17 um, 51 pm, 70 um and 198 um long sensing heads. The non-
linear behavior of the strain sensitivity with the cavity length has been described in detail in
[18].

The 198 um long sensing head was placed inside a tubular oven, with the FP cavity
positioned at its center. The fiber was kept straight but loose, without any tension. The sensor
was subjected to a temperature variation of ~900 °C and its response is shown in Fig. 4(b).
The experimental data was well adjusted to a linear fitting and a sensitivity of 0.85 pm/°C
was attained, which indicates that this sensor has a cross sensitivity of ~0.18 pe/°C. Besides,
for this sensor thermal sensitivity, and considering a wavelength of 1547.14 nm, one gets
AL/L=549x107/°C, which is in good agreement with the silica thermal expansion

coefficient presented in the literature, of 5.5x107"/°C [14].
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Fig. 4. (a) FP cavity sensors response to the applied strain. (b) The 198 pum long FP cavity
sensor response to temperature.

Since this FP cavity presents such low temperature sensitivity, it is worthwhile to study
its behavior when strain is applied in extreme temperature conditions. The 70 pum long
sensing head was placed in a tubular oven and on the outside the fiber was fixed to a
translation stage. The temperature was increased from room temperature (~22°C) to 750°C in
steps of 150 °C. From 750 °C to 900 °C the steps were of 50 °C. At each temperature step the
setup was stable for 30 minutes and the fiber was kept straight with a slight tension. After
that time, strain measurements were done, by increasing the tension in the fiber up to 1000 pe
(up curves in Fig. 5), and decreasing it back to its initial state (down curves in Fig. 5). Until
600 °C, the behavior was nearly the same and the sensitivities obtained when increasing
strain were similar as when decreasing it. However, from 750 °C on, the sensor showed
higher sensitivity as strain increased, indicating that such high temperature has the effect of
reducing the Young modulus of the silica tube, also associated with a certain level of induced
plasticity, as indicated by the fact interferometric fringes do not return to the original
wavelength values when the strain is decreased to zero (it is observed a red shift of ~1 nm,
resulting from this a reduction of the strain sensitivity during the step of diminishing the
applied tension).

#237081 - $15.00 USD  Received 27 Mar 2015; revised 15 May 2015; accepted 27 May 2015; published 9 Jun 2015
© 2015 OSA 15 Jun 2015 | Vol. 23, No. 12 | DOI:10.1364/0OE.23.016063 | OPTICS EXPRESS 16067



1557 ; ! ; ! : 1558 T T T T T

o b) T=750°C
1ss6f ¥ T722°C - 1557EY ]
~ 1556
'§ 1555 g
~ N
o 15 Z 155
2 1553 2 1554
9 S
g 1552 2 1553
I3 <
Z 1551 Z s
1550| 1 1 1 1 1 1551 1 1 1 1 1 1
0 200 400 600 800 1000 0 200 400 600 800 1000
Strain (ue) Strain (ue)
1561 . . . . . 1562 . . . . .
8500 d) T=900°C
1560 ) T=850°C ] 1s61f Y
~ 1559 ~ 1560 ]
g £
< ss8 < 1559 ]
=] =]
D 1557 2 1558 ]
2 2
2 1556 2 1557 ]
< <
2 sss Z 1556 ]
1554| 1 L 1 1 1 1555 1 1 1 1 1 1
0 200 400 600 800 1000 0 200 400 600 800 1000
Strain (ue) Strain (ue)

Fig. 5. Response of the 70 pm long FP cavity to the applied strain at (a) room temperature, (b)
750 °C, (c) 850 °C and (d) 900 °C. Up and down stand for increasing and decreasing the
applied strain, respectively.

The annealing effect was studied by subjecting the 51 um long sensing head to a
temperature of 900 °C for 7 hours (see Fig. 6). There was a total wavelength shift of 4.4 nm
throughout this period of time. In the first 40 minutes the variation was of ~0.1 nm/min. After
that time, the wavelength shift became slower and from 4 hours to 7 hours the change was of
~3 pm/min. The oven was then switched off and cooled down until it reached room
temperature.
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Fig. 6. Wavelength shift of the 51 pm long FP cavity for an annealing temperature of 900 °C.

The same procedure as for the 70 um long sensing head was then carried on for this FP
cavity, and the results are depicted in Fig. 7. In this case, the difference between increasing
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and decreasing the applied strain at high temperatures was not as notorious as in the previous
experiment. The small difference at 900 °C can be due to the fact that the annealing was not
fully performed.
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Fig. 7. Response of the 51 pm long FP cavity to the applied strain at (a) room temperature, (b)
750 °C, (c) 850 °C and (d) 900 °C, after an annealing period of 7 hours, at 900 °C. Up and
Down stand for increasing and decreasing the applied strain.

It is also interesting to observe how the strain sensitivity changes with temperature. In all
the sensors tested the strain sensitivity decreased as temperature increased up to 600 °C,
increasing again afterwards (Fig. 8). This effect can be attributed to two reasons: the non-
linear variation of the thermal expansion of silica as temperature arises [19], as well as the
variation of the photoelastic constant of the silica tube with this parameter. The photoelastic
constant is essentially determined by the Pockel’s coefficient, p;,, which exhibits a maximum
at 600 °C [20], translating into a minimum in the strain sensitivity. Nevertheless, the
difference between applying strain or reduce it is much more significant when no annealing

occurred.
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Fig. 8. Dependence of the strain sensitivity at different temperatures (a) without annealing and
(b) with annealing.
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The silica tube design used in this work proved to be mechanically stable in harsh
conditions, such as strain at extreme temperatures. Its behavior was also compared with a FP
cavity based on a pure silica tube fabricated under the same conditions. In this case, the silica
tube had a hollow core diameter of ~57 um with a total cross-section area of ~2552 pm’.
Regarding the new design, its hollow cross section area was of ~5981 pm”. Two sensors,
fabricated with a length of ~1.2 mm, were subjected to strain until rupture. The sensor based
on the silica tube without rods was able to measure strain up to 1500 pe, with a linear
sensitivity of 2.18 pm/pe. Regarding the sensor with the new silica tube design, it was
possible to measure strain up to 2500 pe with a linear sensitivity of 3.39 pm/pe. Due to the
presence of the internal rods in this design it is not possible to perform direct comparisons of
its mechanical characteristics with those associated with a standard silica tube. Anyway, the
relevant topic to emphasize is that the new design shows favorable sensing properties both in
what concerns strain sensitivity and mechanical resilience, indicating its adequacy for
application in harsh environments.

3. Conclusions

A Fabry-Perot sensor was proposed to measure strain at high temperatures. The cavity was
formed by splicing a new advanced silica tube between two sections of standard single mode
optical fiber. The new hollow core silica tube presents a thin cladding supported on its inside
by four small rods with diametrically opposed positions. The presence of the four rods
ensures a higher mechanical stability besides a higher sensitivity to strain, when compared to
a traditional silica tube. Different sensors were produced by varying the cavity lengths, and
subjected to strain and temperature variations. The 17 um long sensor presented a sensitivity
of 13.9 pm/ue. The sensitivity to temperature of this configuration was below 1 pm/°C, with
the thermal expansion of silica being the dominant effect. Since this configuration presented
low sensitivity to temperature, it was considered to be a good candidate to measure strain at
extreme temperatures. However, when strain was applied at temperatures above 750 °C, the
sensitivity increased as the fiber was being tensioned. When the fiber returned to its initial
state, without strain applied, the sensitivity decreased to a value similar to the one found at
lower temperatures. This difference was reduced through thermal annealing before subjecting
the sensing head to strain at extreme conditions. Furthermore, the strain sensitivity decreased
as temperature increased up to 600 °C, where it reached a minimum. Above 750 °C it was
observed an increase of the strain sensitivity.
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