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Abstract: Three different types of strain and temperature sensors based on negative curvature
hollow core fiber (NCHCF) are proposed. Each sensor is produced by splicing a small section
of the NCHCEF between two sections of single mode fiber. Different types of interferometers
are obtained simply by changing the splicing conditions. The first sensor consists on a single
Fabry-Perot interferometer (FPI). The remaining two configurations are attained with the same
sensing structure, depending on its position in relation to the interrogation setup. Thus, a double
FPI or a hybrid sensor, the latter being composed by an FPI and a Michelson interferometer, are
formed. The inline sensors are of submillimeter size, thus enabling nearly punctual measurements.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The simultaneous measurement of strain and temperature with optical fiber sensors has been
thoroughly investigated, not only to provide solutions for applications where the two measurands
need to be discriminated but also for compensating the effects of temperature when strain is the
only measurand to be determined. Several configurations based on fiber Bragg grating technology
have been explored in this context, usually by combining different sensing elements [1-4]. On
the other hand, interferometric configurations such as the Mach-Zehnder interferometer [5], the
combination of two Fabry-Perot cavities [6], and intermodal interferometers [7] have also been
explored for this specific application.

The use of cascaded Fabry-Perot interferometers (FPIs) has also been proposed for simultaneous
measurement of different parameters, such as strain and temperature [8] or high pressure and
temperature [9]. In the former, the cavities were obtained by using short sections of capillary
silica tube and single mode fiber [8], whereas in the last, the sensor was composed by a short
section of hollow-core photonic bandgap fiber and a capillary silica tube [9].

A hybrid sensing structure that results from the combination of two different interferometers
can also be employed in the discrimination of different measurands. For example, a hybrid sensor
constituted by a FPI and a Michelson interferometer (MI), was proposed, by splicing a short
section of photonic crystal fiber to the output port of a 3 dB optical coupler [10]. The sensing
device was used to discriminate liquid refractive index and temperature. On the other hand, a
hybrid sensor based on a two cores fiber and a silica capillary spliced in series was reported
for the simultaneous detection of strain and radial bending [11]. The discrimination of strain
and temperature measurements was also addressed using a hybrid interferometer, achieved by
splicing a section of dual asymmetric core microstructured fiber to single mode fiber [12].

In this work, a negative curvature hollow core fiber is proposed in three different configurations,
for the measurement of strain and/or temperature. Depending both on the splicing conditions
and on the connections made in the experimental setup, a single FPI, a double FPI or a hybrid
interferometer can be attained. The sensors, of sub-millimeter size, require only the use of a
fusion splicer to be fabricated. This versatile sensing structure can be used in applications where
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nearly punctual strain detection is required, with the advantage of being able to perform either
temperature independent measurements or simultaneous measurement of strain and temperature.

2. Sensors Design

The negative curvature hollow core fiber (NCHCF) used in this work, whose cross-section image
is shown in Fig. 1, was fabricated at the Leibniz Institute of Photonic Technology, in Jena,
Germany. It consists of four silica capillaries placed in diametrically opposed positions, with a
thickness of ~1 um, surrounded by a cladding with a wall thickness of ~26 um. The hollow core
has a width of ~15 pm. The 4 wall segments of the hollow core have a uniform negative radius
of curvature of about 24 um. The fiber external diameter is ~125 pm. The fiber was coated with
a single UV acrylate layer during the fabrication, following the procedures described elsewhere
[13,14].

50 pm
Fig. 1. Microscopic picture of the negative curvature hollow core fiber cross-section.

The sensors were produced by splicing a short section of the NCHCF between two sections
of single mode fiber (SMF28), using the manual mode of the fusion splicer (Fitel S177). Two
different sensing geometries were explored in the framework of this work, one with standard
splices and the other with a splicing feature. For the standard splice, the arc discharge power was
set to 15 arb. units, with a discharge time of 500 ms (for comparison purposes, an automatic splice
with this splicer has a discharge power and time of 100 arb. units and 2000 ms, respectively). The
two fibers were aligned with a lateral offset, and brought together as close as possible, without
any tension between them. The arc discharge was mainly applied in the SMF section, to ensure
that the NCHCEF internal structure did not change during the procedure. Figure 2(a) shows the
microscope image of a sensor fabricated in such way. To produce the splicing feature, the two
fibers were aligned with a lateral offset and by maintaining a gap between them (~20 um). The
arc power was increased to 25 arb. units, whilst the discharge time was not changed. In this case,
as the arc discharge is applied, the internal structure of the NCHCEF changes locally, creating a
degenerated area, as shown in Fig. 2(b) and 2(c). This effect has already been reported in the
literature, where it was used for improving the circulation of liquids inside the fiber [15,16].
However, to the best of our knowledge, it has not been explored as a sensing element itself.

a)

100 pm

Fig. 2. Microscope images of the (a) FPI, (b) sensor with splicing feature, and (c) zoom-in
of splicing feature.

The change in the fiber structure, produced by the splicing procedure, is easily observable in
the longitudinal view (Fig. 2(b), on the left side, and Fig. 2(c)). Due to the very low thickness
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of the inner silica capillaries, during the arc discharge there is a stronger melting in that region,
causing the semi-circular shape of the splicing feature. With the current fabrication method, it is
not possible to fully control the length of this feature. During these experiments, lengths ranging
from ~15 um up to ~70 um were attained. This variation has influence on the sensor behavior.
For sensors with degenerated area lengths smaller than 16 pm, the effect here described is not
observable. Efforts are being made to improve the fabrication method.

3. Working Principle

The sensor shown in Fig. 2(a) is a low-finesse FPI, which can be approximated to a two-wave
interferometer. Consider that the first interface SMF/NCHCEF constitutes the mirror M, with a
reflection coefficient Ry = (nsyr — n1)?/(nsur + n1)?, and with transmission losses due surface
imperfections of A| [17]. Light travels in the hollow core of the NCHCF (n; = 1) until it reaches
the mirror M, (NCHCF/SMF interface), with a reflection coefficient, R,, which is equal to R;.
The total cavity losses, including the effects due to mode mismatch and beam expansion, were
accounted for as the coefficient «;.

The total reflected-light intensity was estimated through the equations of the electric field for a
low-finesse FPI. These equations, approximately given by the sum of the electric fields reflected
at each interface were derived according to Fig. 3, being the intensity given by:

IR(A) = Ry + (1 = A)2(1 — a1)*(1 = R1)*Ry = 2/RiRy(1 = Ay)(1 = R))(1 — @) cos(gr), (1)

where ¢| = 4nnLpp/A is the round-trip propagation shift, being Lgp the cavity length and A the
vacuum wavelength.

SMF M, 4y, R, NCHCF M,, R, SME

— |

Lgp

Fig. 3. Schematic design of the FPI sensor, with indication of the reflection surfaces.

A similar line of thought can be followed to better understand the working principle of the
sensor with degenerated area shown in Fig. 2(b). As the structure is not symmetric, depending on
the side over which light is injected and collected, different interferometric paths will be created,
giving rise to two different sensors: a double FPI and a hybrid interferometer, composed by an
FPI and a MI. Furthermore, the splicing feature will introduce higher cavity losses, which have
influence in the spectrum visibility.

For the case of the double FPI configuration (Fig. 4), light coming from the SMF core suffers
a first reflection at the mirror M. A fraction of light is guided through the hollow core until it
reaches M3. This large FP cavity gives rise to a high frequency signal. On the other hand, due
to the beam expansion as it exits the SMF core, a small fraction of light will reach M,, where
it will be reflected and coupled back to the SMF. In fact, this small feature can also be seen as
a Fabry-Perot interferometer, with a cavity length L;. There is also a fraction of light that is
coupled to the NCHCEF strands, which is transmitted to the SMF at the end of L;. However, since
the refractive indices of both NCHCF strands and SMF are approximate, the reflection coefficient
at that interface is very low. Therefore, even if some of the light is reflected at that interface, it
will not have a significant impact on the reflection spectrum.

Notice that this double FPI is not a traditional cascaded configuration, where the signal
propagates in the first cavity prior to achieving the second one. Here, the two cavities have the
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Fig. 4. Scheme of the NCHCF double FPI sensor, with indication of the reflective surfaces.

first interface in common, however, light propagates to the remaining interfaces through different
interferometric paths. The total reflected light intensity can be estimated through Eq. (2):

Ig() = Ry + (1 = A)*(1 = R)*(1 = )*Rs + (1 = AD*(1 — a1)*(1 = R)’R,
—2yRiRy(1 = AD)(1 = Ry)(1 - @1) cos(py)
—2yRiR3(1 = A)(1 — a2)(1 = Ry) cos(p2)
+2yRaR3(1 = A1*(1 = R (1 — ay)(1 — @) cos(g2 — 1),

where ¢; = 4nn;L1/A and ¢, = 4nnpL3/A. The reflection coefficients, Ry, Ry and R3 are
approximately the same, as the interfaces are all composed by silica/air. The coefficient A is the
transmission loss factor at M, @ and a», are the cavity loss factors for the smaller and longer
FPI, respectively. The parameters n; and n;, and L and L3 are the refractive indices and physical
lengths of each FPI, respectively. In these simulations, it was considered that the smaller FPI
presents higher cavity losses, as it is only formed by the small fraction of light that achieves the
silica strands (of ~1 um in thickness) that surround the fiber core. Considering the parameters
used in the simulation (see Table 1), the first terms in Eq. (2) are dominant over the last term,
which was ignored in the calculations. Thus, Eq. (2) can be simplified to:

2

Ir(D) = Ry + (1 = A)*(1 = R)*Ri((1 = a1)* + (1 — @2)?)

3
— @Ri(1 = A1 = R)(1 = an)cos(er) +2Ri(1 = A1 = R)(1 = az)cos(gn).

This result indicates that the reflection spectrum depends mainly on the two FPIs separately,
being composed by two frequencies: a higher frequency signal (larger FPI) and lower frequency
signal (smaller FPI).

Table 1. Summary of the parameters used for the simulations.

Double FPIs Hybrid sensor

L; (um) 40.9
L, (um) 314.93
L3 (um) 385.03 385.03
ng,ny’ 0.99 0.9895

ny 0.99 1.397

Ay 0.6 0.6

o 0.95

(V%) 0.85 0.6

oy’ 0.9

R{,R»,R3 0.0335 0.0335
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The total reflected light intensity was also estimated for the hybrid configuration (see Fig. 5).
On one hand, as light reaches M1, Fresnel reflection occurs, and a fraction of light is transmitted
through the NCHCEF. Light is then reflected at the last interface (ait/silica), propagates once again
through the NCHCF and is recoupled back to the SMF. This constitutes the first FP interferometer.
On the other hand, there is also a second FP interferometer, that can be understood as follows:
part of the light that is transmitted to the NCHCEF is also coupled to the silica strands, being
reflected at the silica/air interface of the degenerated area, and afterwards coupled back to the
input SMF.

SMF L NCHCF SMF
Mz’,R: - M3,R;
>
E, é
H L “
Side 2 i L

3

Fig. 5. Scheme of the NCHCF hybrid sensor, with indication of the reflective surfaces.

The intensity of the interference fringes can be described with the following equation:
_ 2 2 2 "2 N2
() =R +(1-A))" (1 =R (1 —2)"Rs + (1 - A} (1 - 23)"Ry
= 24RiR3(1 - Ap)(1 = Ry)(1 — a3) cos(¢)
+2yRiR2(1 — A))(1 — @}) cos(¢])
= 24RoR3(1 = Ap)(1 = AD)(1 = Ri)(1 = e2)(1 — a3) cos(g1 — ¢)),
where ¢ =4mnL3/A and <p{ =4mnyL,/A. In this approach, A is the transmission loss factor, o,
and a; are the air and silica cavities loss factors, respectively. This last component of Eq. (4)
corresponds to the low frequency component (MI), originated by the subtraction between the two
FPIs.
Notice that the previous arguments are only valid when NCHCEF length is small enough to

provide low-finesse Fabry-Perot interferometers, and the conditions for antiresonant guidance are
not achieved [18]. Figure 6 presents the simulated reflection spectra for each configuration.
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Fig. 6. Simulated spectra of the a) double FPI configuration and b) hybrid sensor.
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4. Results and Discussion

The sensors responses were monitored in a typical reflection setup, as shown in Fig. 7. The
broadband optical source, centered at 1550 nm, had a bandwidth of 40 nm. The optical spectrum
analyzer (OSA ANDO AQ6317C) had a resolution of 0.02 nm. Each sensor was connected to
the interrogation system on both sides. In the case of the interferometer with the splicing feature,
evidenced in the scheme of Fig. 7, the splicing between the sensor and the interrogation system
was performed closer to the degenerated area (side 1) and afterwards, the sensor was turned
around and the splice was done in the SMF opposite to that area (side 2). Both the spectral
characteristics and sensor response were investigated on each side.

Optical Circulator

)

Source
Sensor

OSA

Fig. 7. Scheme of the experimental setup.

The FPI reflection spectra (Fig. 8(a, b)) shows the typical behavior of a two-wave interferometer,
as expected. This is corroborated by the single frequency located at 0.42 nm™!, observed in the
fast Fourier transform (FFT) (Fig. 8(c, d)). The effective refractive index, n., was determined
using the equation n.y =€ A%/(2L), where & is the frequency and A the center wavelength. For a
cavity length (L) of 507 um, measured through the microscope picture of Fig. 2(a), n.y = 1.006,
meaning that the mode is propagating in air. The sensor spectral response, in this case, does
not change significantly in respect to the side connected to the optical circulator. The visibility
variation, from 96.3% to 78.6%, is attributed mainly to the quality of the splices, and does not
have influence on the sensor behavior.
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Fig. 8. (a,b) Fabry-Perot interferometer spectra obtained by connecting each side to the
optical circulator and (c,d) the corresponding FFT.

The spectral response of the sensor with a splicing feature, depicted in Fig. 9, is highly
dependent on the side connected to the circulator. On one hand, when the sensor is connected
from the side with the degenerated area, two distinct frequencies appear in the spectrum, which
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are highlighted in the FFT. The high frequency signal, located at ~0.3 nm™!, is originated by the
cavity formed between the two splices. If one takes into consideration the cavity length measured
through the microscopic image in Fig. 2(b), L =385 um, an effective refractive index of ~0.99
RIU is attained, meaning that light is propagating within the hollow core. This high frequency
is modulated by a lower one, located at ~0.05 nm~!. Considering the degenerated area length,
of 45 um, the effective refractive index is determined to be 1.04. This corroborates with the
assumption that light is travelling in air, in that specific region. The spectral behavior is similar

to the one attained through the numerical simulations.
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Fig. 9. Spectra obtained by connecting the side with the degenerated area (a) directly to the
interrogation setup (side 1) and (b) opposite to the interrogation setup (side 2). (c) and (d)
are the respective FFTs.

When one connects the sensor to the optical circulator with the degenerated area turned to
the opposite side, the response changes considerably. Considering the cavity length measured
from Fig. 2(b), L =385 um, and the FFT frequency of ~0.31 nm™!, the effective refractive
index is ~1.01 RIU, meaning that light is propagating in air, like in the case of the previous
configuration. On the other hand, the FFT also indicates the presence of a second frequency
€ =0.39 nm~!. Considering the cavity length L3 = 385 um, the effective refractive index is, in
this case of n.y = 1.22 RIU. The difference between the two frequencies gives rise to a third
frequency, &3 =0.07 nm™~!, which is highlighted by the envelope presented in Fig. 9(b). This
frequency corresponds to the Michelson interferometer.

The sensors were subjected to strain and temperature measurements, using the same interroga-
tion setup as described before. For the strain measurements, the sensor was glued to a translation
stage (resolution of 10 um) and to a fixed platform. The temperature measurements were done by
placing the sensor in a tubular oven (resolution of 1 °C), and by increasing the temperature from
room temperature (~20 °C) in steps of 25 °C, until 175 °C. For each step, the sensor spectra were
acquired by connecting each side to the interrogation setup.

Figures 10(a) and (b) show the spectral shift for three different values of strain and temperature,
respectively, for the FPI sensor shown in Fig. 2(a). The wavelength shift dependence with strain
and temperature, is respectively shown in Fig. 10(c) and (d). The response is, in both cases,
independent on the side connected to the interrogation setup. The sensitivities attained were of
2.3 pm/ue and 1.3 pm/°C, for strain and temperature, respectively. The response is similar to
other air-based FPIs already reported in the literature [6,19,20].

Regarding the strain response of the double FPIs configuration, presented in Fig. 11(a) and
(c), there is a wavelength shift towards longer wavelengths (red shift) for both interferometers.
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The smaller the cavity length, the higher the sensitivity to strain, in accordance with other works
[19,20].
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Fig. 11. Double FPI sensor spectral shift for three different values of (a) strain and
(b) temperature. The FFT filter is shown in light green, with a different scale for better
perception. The peak wavelength shift dependence with strain and temperature are represented
respectively in (c) and (d).

The sensitivities attained were of 6.4 pm/ue and 2.5 pm/ue for the shorter and longer cavities,
respectively. The response to temperature is shown in Fig. 11(b) and (d). In both cases the
sensitivity to temperature is very low, of 0.5 pm/°C and 0.8 pm/°C for the smaller and larger FPI,
respectively. Therefore, this sensor can be used for temperature independent strain measurements,
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with the advantage that one of the cavities can be used as a reference, to minimize the effects of
fluctuations from the environment.

In relation to the hybrid interferometer, the response, shown in Fig. 12, is quite different from
the ones previously discussed. In fact, the FPI and the MI exhibit opposite responses to strain
(Fig. 12(a) and (c)). The FPI presents a shift towards longer wavelengths, with a sensitivity
of 2.5 pm/ue. It should be highlighted that the sensitivity is similar to the one obtained in the
double FPIs configuration. The Michelson interferometer shifts towards smaller wavelengths
(blue shift), with a sensitivity of —0.5 pm/ue. The smaller sensitivity observed is due to the fact
that this interferometer arises mainly from the difference between the optical path lengths of each
interferometer. As the silica FPI is slightly smaller than the air FPI and given the complexity of
the structure in the degenerated region, this interferometer will suffer a different elongation than
the air FPI, resulting in the blue shift observed.
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Fig. 12. Hybrid sensor spectral shift for three different values of (a) strain and (b) temperature.
The upper envelope is shown in light purple, with a different scale for better perception. The
peak wavelength shift dependence with strain and temperature are represented respectively
in (c) and (d).

The response of both interferometers to temperature is shown in Fig. 12(b) and (d). The high
frequency signal sensitivity is of 1.8 pm/°C. For the lower frequency signal, corresponding to
the M1, a sensitivity of 41.7 pm/°C was achieved. Here, the dominant effect is the thermo-optic
coeflicient of the fiber. As the two interferometers are formed in different media (air and silica),
the difference between the effective refractive indices gives rise to the higher sensitivity observed
for the MI.

The different responses of each sensing element to the two parameters make this sensing
structure a good candidate to perform simultaneous measurement of strain and temperature.
Furthermore, it should be highlighted that the sensor relies only in a single microstructured
optical fiber and in splicing procedures. The low dimensions of this sensor are also an advantage
in situations where nearly punctual strain and/or temperature detection is required.

Several sensors were fabricated, comprising different lengths and splicing feature dimensions.
The behavior here described was observed for most of the sensors. However, for cavity lengths
higher than 600 um, the complexity of the interference pattern increased, due to the arising of
antiresonant guidance effects, which become dominant for longer lengths [18].
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5. Conclusions

In summary, a microcavity based on a negative curvature hollow core fiber was evaluated for
strain and/or temperature sensing. Depending on the fabrication conditions, a single FPI was
attained, with sensitivities similar to other air-based FPIs reported in the literature. For a cavity
with ~507 um, the sensitivity towards strain and temperature were of 2.3 pm/pe and 1.3 pm/°C,
respectively. Structures with a degenerated area were also tested towards these parameters. In
this case, the sensors responses were related to the side connected to the interrogation setup. On
one hand, when the sensor was connected from the side with the splicing feature, a double FPI
was attained, with different sensitivities to strain 6.4 pm/ue and 2.5 pm/ue, for the smaller and
longer FPI, respectively. The sensor presented low sensitivity to temperature (< 1 pm/°C), thus
being suitable for high sensitivity strain measurements, with low cross-sensitivity to temperature.
On the other hand, if the sensor was connected to the interrogation setup by the side opposite
to the degenerated area, a hybrid interferometer, composed by an FPI and a MI was attained.
In this case, strain sensitivities of 2.5 pm/ue and —0.5 pm/ue were obtained for the FPI and for
the MI, respectively. Regarding temperature, a sensitivity of 1.8 pm/°C was attained for the
former, whereas for the last the sensitivity was of 41.7 pm/°C. The proposed sensing devices
are easy to manufacture, requiring only one type of microstructured optical fiber and a fusion
splicer. To the best of our knowledge, this is the first time that a NCHF is proposed for strain and
temperature measurements. Furthermore, the use of the splicing feature formed in one of the
splices to generate different interferometric paths and as a sensing element is also a novelty. This
can bring alternative paths for research and development of new optical fiber sensors. The sensors
dimensions can also present an advantage for applications where nearly punctual detection of
strain and temperature are aimed.
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