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Abstract

This study presents the dependence of strain sensitivity on cavity length in
conventional Fabry—Perot (F-P) sensors. A high number of F-P sensors were
required and to ensure their reproducibility, a manufacturing process was
developed to obtain similar sensors but with different types of lengths. A
hollow-core silica tube was used to fabricate several F-P cavities by fusion
splicing it between two sections of SMF28 fiber. The fabricated F-P has a
varying length ranging from 15 to 2500 um. The cavities were measured under
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a microscope and the reflected spectrum was acquired for each one. Strain
measurements were performed for a maximum strain of 1000 pe. The strain
sensitivity showed a highly linear correlation with AAgsg. Small length
variations for short cavities heavily affect the FSR value. The smallest and
longest cavities present sensitivities of 8.71 and 2.68 pm/ue, respectively.
Thermal characterization for low- and high-temperature regimes was also
performed and is constant for tested sensors.
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1 | INTRODUCTION

interferometers: Mach-Zehnder, Michelson, Sagnac,
and Fabry-Perot.’

Optical fiber sensing is a well-established technology,
having a special interest for applications in harsh
environments,' structural monitoring,z’3 transporta-
tion of people and valuable goods,* and medicine.”®
Interferometric sensing is one of the more interesting
technologies due to its high sensitivity. These
sensors can be classified as four different designs of

The main advantages of using fiber interferometers are
their lightness, robustness, multi-parameter sensing capa-
bilities, and being immune to electromagnetic interference.
These characteristics confer advantages over conventional
sensors.® Due to their multifunctionality, several fiber
interferometers have been developed to assess both physical
and chemical parameters of interest.’

Microw Opt Technol Lett. 2022;1-7.

wileyonlinelibrary.com/journal/mop

© 2022 Wiley Periodicals LLC. | 1


http://orcid.org/0000-0003-1117-5220
http://orcid.org/0000-0001-7952-9457
mailto:up201008723@fc.up.pt
https://wileyonlinelibrary.com/journal/mop
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmop.33405&domain=pdf&date_stamp=2022-07-11

2 | wiLEy

RODRIGUES ET AL.

Fabry-Perot (F-P) interferometers have been studied
for the past decades and demonstrated, namely, in the
sensing of temperature,'® acceleration,'"'? vibration,"*'*
pressure,'® strain,'®'®'” refractive index,'® humidity,"
magnetic fields,”® or gas composition analysis.”"** The
fabrication process of inline F-P interferometers using a
splicing machine is a simple process that is easily
repeatable. This technique can produce sensor heads
for strain and temperature measurements with different
characteristics depending on the cavity length.?

In this study, several F-P with different lengths,
spanning from tenths of micrometers to a couple of
millimeters, are fabricated using hollow-core silica fiber
(HCF). The fabrication, control process, and study of the
influence of cavity length on both cavity strain and
temperature responses are presented. The characteriza-
tion procedure was the same for all F-P sensors.

2 | F-P INTERFEROMETER
WORKING PRINCIPLE

A F-P interferometer is formed when we observe an
optical cavity with two partially reflective interfaces at
both ends, as presented in Figure 1A. The light (I}
reaches the first interface (R,) of the cavity where a
portion of the light is immediately reflected (Ir,), and the
remainder is transmitted. Inside the cavity, it propagates
along its optical path length until it reaches the second
interface (R,) where the light is partially coupled out of
the cavity (I;) and the remainder is reflected back.
Circulating light propagates back to the first interface

(B)

Optical source
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FIGURE 1

(R,) where the same process happens. Interference is
obtained between the first reflection (I,,) and the last
reflection (I,).

In the case of low reflecting interfaces, the analysis of
the cavity can be reduced to a two-beam interference
scenario by accounting for the first reflected beams and
neglecting geometry and propagation losses. Considering
an air-filled gap between silica of an optical fiber, a
reflectivity of around 4% at both interfaces can be expected
due to the Fresnel reflection at the index of refraction
change. The first reflected beam corresponds to 4% of the
initial intensity, the second beam corresponds to 3.69%,
and the third beam would represent 0.006% of the total
intensity. This beam has less than 600 times the intensity
of both the first and second beams.*

In this approximation, the reflected intensity can be
expressed by the following equation:

Ir = Il + 12 - 2\111.[2 Cos 5, (1)

where I, and I, are the intensities of the first and second
beams, and ¢ is the phase difference due to the longer
optical path of the second beam, which performs a
round-trip inside the cavity. This difference is strictly
related to the cavity length and index of refraction and is
described as follows:
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This description of the cavity is characterized by a
sine-modulated signal of reflected intensity. The free
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(A) Schematic of light propagation in a Fabry-Perot (F-P) optical cavity with length I.,, and index of refraction n,,, formed

between two interfaces of reflectivities R; and R,. (B) Optical setup for monitoring an F-P; On the left, (C) top view of the HCF used for F-P
fabrication and (D) a 3D design of single-mode fiber with an HCF F-P cavity.
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spectral range (FSR) of the cavity is defined by the
separation between two adjacent peaks. In this approxi-
mation, it follows from (2) and it is given as follows:

My A

Adpsr = ~ .
TSR 2nl.,y  2nleay

(3)

Physical parameters, such as temperature and strain,
modify the cavity parameters, changing the FSR and
inducing an overall wavelength shift that can be
monitored and used to assess the external parameter.

The reflection spectrum of a fiber optic F-P interfer-
ometer can be monitored using a setup as suggested in
Figure 1B. In this study, a Yokogawa AQ6370C optical
spectrum analyzer (OSA) with a resolution of 0.01 nm, an
optical circulator, and a commercial broadband source
with a spectral bandwidth of 100 nm centered at 1550 nm
were used.

3 | CAVITY FABRICATION

Sensor fabrication used an HCF tube with an inner
diameter of approximately 75pum—Figure 1C,D—fusion-
spliced inline with standard SMF28 fiber at both ends
forming an air-filled cavity. The splices were made using a
Sumitomo Type-71C in the manual splicing mode for
alignment control and custom settings. Arc discharge was
performed over the SMF to prevent the HCF collapse or
bubble formation. Following the process depicted in
Figure 2A, the first step consists of splicing one side of the
HCF with the SMF, then the HCF is cleaved to the desired
length for each F-P, and finally, the second face of the HCF
is fusion-spliced with standard fiber as in the first step.

The second step, involving cavity length measurement,
is one of the more important ones during the process if we
are aiming for a given value. Usually, this stage is aided by a
magnifying glass and the ruler in the cleaver, using bare
hands to adjust the fiber position. To avoid trial and error,
this step was adjusted. A camera was coupled with the
magnifying glass, and for positioning the fiber was placed
in fiber clamps and the cleaver was fitted into an XY
manual translation stage. In conjunction with computer-
aided measurements, this allows for a more precise cleaving
process, this setup is depicted in Figure 2D.

All cavities were observed under an optical micro-
scope for visual inspection, labeling, and cavity length
measurement, examples of short and long cavities can be
seen in Figure 2B. Similarly, the reflection spectrum was
acquired for all F-Ps using the optical setup of Figure 1B.
The FSR was measured for each cavity using multiple
peaks when available. According to (3), cavity length (ly)
should present a linear behavior with the reciprocal of
FSR. The relationship between measured values is
presented in Figure 2B. Evaluating the change in the
FSR value, the same optical path variation will cause a
small change in FSR in long cavities, whereas in short
cavities this change will be significantly larger. The inset
of Figure 2B shows the reciprocal of cavity length and
FSR, which helps verify the expected behavior, repre-
sented by the dashed curves in both plots.

4 | EXPERIMENTAL ANALYSIS

Using the optical setup of Figure 1B, each F-P
interferometer was placed between two points ~0.40 m
apart as depicted in Figure 3A. An acrylic adhesive was
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FIGURE 2 (A) Steps for fabricating a Fabry-Perot (F-P) cavity using hollow-core fiber through the fusion splicing method. (B) F-Ps
under the microscope: 468-um long (left) and 55-um long (right). (C) Relation between measured cavity lengths and measured free spectral
ranges. The theoretical dispersion for an air cavity at 1550 nm is presented in the dashed curve. (D) Schematic of the positioning setup for
the precision cleaving of the cavity detailing the camera view through the magnifying glass.
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FIGURE 3 (A) Detail of the placement of the Fabry-Perot (F-P) during strain trials. (B) Spectrum evolution for applied strain variation
for different F-Ps (top) 55-um cavity; (bottom) 468-um cavity. (C) Strain sensitivity versus cavity length and free spectral range (inset).

used to fixate the fiber on both edges. Following a similar
procedure to the authors of,** a total inline strain was
applied in the 0-1000 pue range by increasing the total
gauge length up to 400 um using a linear translation
stage with 1-um resolution. Experimental data were
acquired at room temperature maintaining the parame-
ters of strain characterization for all F-Ps to ensure
process uniformity.

Monitoring the wavelength shift of interference
fringes on reflected spectra as strain is applied, a redshift
can be observed for all characterized cavities. This
behavior is presented for two cavities in Figure 3B. The
maximum shift for the 55-um cavity is greater than the
maximum shift for the 468 um one. Strain sensitivities
were calculated by measuring this wavelength shift. The
relationship between the calculated values with both I ,,
and AAgsg is depicted in Figure 3C. Shorter cavities
demonstrated higher sensitivities with a linear correla-
tion with Adgsg. Three zones, highlighted in the graph,
can be traced out.

From larger cavities to shorter, in the light blue zone,
cavities longer than 400 um show an almost stable
sensitivity averaging around 2.67 pm/ue. In the light
yellow zone, the sensitivity starts to escalate, and the rate
of increase is greater as we go for shorter cavities. For
lengths shorter than 100 um, in the light brown zone, the
sensitivity varies greatly from 4.14 to 8.71 pm/ue.

After strain characterization, the cavities were sub-
jected to thermal variation in two regimes, low- and
high-temperature regimes. In the first, cavities were
positioned inside an aluminum block coupled with a
Peltier to control temperature. Temperature values ranged
from room temperature up to ~80°C. In the second
regime, a high-temperature oven was used to subject
cavities to temperatures between 300°C and 500°C.

Both setups are similar to the schematic presented in
Figure 4A. In the low-temperature regime, not all
cavities were able to be assessed because the maximum
shift of the fringes was very close to the system's
resolution of the measurement. Two cavities with
lengths of 55 and 1070 um were subjected to the high-
temperature regime.

The temperature response of the F-Ps was kept
somewhat constant for different cavity lengths, with a
mean value of the temperature sensitivities, as shown in
Figure 4B, as 0.84 +0.1 pm/°C. The cavities that were
subjected to the high-temperature regime presented an
average sensitivity of 0.93 + 0.03 pm/°C (Figure 4B). The
measured temperature sensitivity is in accordance with
values found in the literature for the same kind of
structure.’

The F-P stability was accessed for strain measure-
ments at room temperature by performing a 50-min-long
trial that consisted of five cycles with 5-min-long
constant strain steps of 0 and 1250 ue, depicted in the
graph's inset of Figure 5A. The main graph shows the
measurements made at 0 and 1250 ue grouped by applied
strain. This is the typical behavior of the produced
sensors, with a stable response for constant applied strain
across different load/unload cycles. In Figure 5B, the
typical response of an F-P to strain variation is shown,
the spectrum evolution can be seen in Figure 3B. No
hysteresis could be observed during these trials.

The cross-sensitivity between strain and temperature
measurements is lower for small cavities. Considering
that the temperature sensitivity is constant for different
cavity lengths. The cross-sensitivity is given by the ratio
between the two sensitivities. The values obtained vary
between 0.10 and 0.35 ue/°C between small cavities to
long cavities.



RODRIGUES Er AL.

WILEY——*

(A)

—

o8

=
—
n
S

1.25 1

0.50 1

=

N

W
1

Temperature Sensitivity (pm/°C)

1004 T
131 o
0.75 4 |g -

T,.4-75 (°C)
300-500 (°C)

0.00 +————

0 5 10

T T T T 1 T
15 20 25

T T T T T
30 35 40 45 50 55 60
Alggg (nm)

FIGURE 4 (A) Detail of the placement of the Fabry-Perot for temperature trials. (B) Temperature sensitivity versus free spectral range.
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FIGURE 5 A 468-um Fabry-Perot response for: (A) a 50-min-long stability test; (B) typical strain load/unload cycle.

5 | CONCLUSION

In this study, the different characteristics of optical fiber
F-P cavities were explored. Although the fabrication
process is simple, consisting of performing two splices
and one cleaving step, to have good quality splices and
cuts every time and to achieve the desired cavity length,
some adjustments were made. Such adjustments, such as
the use of fiber holders, cleaver positioning system, and
video camera helped to improve the process, allowing for
the fabrication of several F-P cavities with lengths in the
15-2500 um range. The cavity length and FSR were
measured under a microscope and an OSA; these values
were inline with those expected for air-filled cavities. A
decrease in F-P fringes visibility was verified but did not
affect the behavior and analysis of the F-P mechanism.

Nevertheless, the appearance of antiresonant modes
suggested by Zhang et al.*® can be an object of further
studies.

A wavelength redshift was observed for interference
fringes as the strain was applied. The wavelength shift
itself is linear with applied strain. For the same strain,
the maximum shift increased inversely to cavity length,
linearly with FSR. In other words, as the F-P cavity is
shortened, a greater shift magnitude is observed. The
sensitivity will sharply increase for smaller cavities,
which was verified for cavities shorter than 100 pm,
and it will have a nearly constant value between 2 and
3pm/pe for cavities longer than 400 um. Analysis for
thermal response at high temperature has also shown a
redshift, with a mean sensitivity of 0.93 +0.03 pm/°C.
This value is also inline with the measurements of the
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low-temperature regime for different lengths. Thus,
temperature sensitivity is shown to be independent of
the cavity length.

To conclude, this study will help understand the
behavior of fiber F-P interferometers to create more
complex sensing structures with multiple interferom-
eters. The developed work aims to enhance the
fabrication of F-P cavities, leading to the faster
fabrication of tuned sensors with better repeatability,
in cases where same-length cavities are required.
Considering the interests of the industry and trends
of investigation, oncoming times will see a growth of
smart sensing networks. Different applications may
need either sensors with similar sensitivities as those
for longer F-P cavities or higher sensitivities for the
short ones.
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