Northumbria Research Link

Citation: Huang, Ziyi, Liu, Dejun, Wu, Qiang, Tian, Ke, Zhao, Haoyu, Shen, Changyu,
Farrell, Gerald, Semenova, Yuliya and Wang, Pengfei (2022) Light transmission
mechanisms in a SMF-capillary fiber-SMF structure and its application to bi-directional
liquid level measurement. Optics Express, 30 (12). pp. 21876-21893. ISSN 1094-4087

Published by: Optical Society of America
URL: https://doi.org/10.1364/0E.456917 <https://doi.org/10.1364/0OE.456917>

This version was downloaded from Northumbria Research Link:
http://nrl.northumbria.ac.uk/id/eprint/49636/

Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners. Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without prior permission or charge, provided the authors, title and full bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder. The full policy is

available online: http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of the research, please visit the publisher's website (a subscription
may be required.)

ok Northumbria 5

University
NEWCASTLE w

O]

8 UniversityLibrary


http://nrl.northumbria.ac.uk/policies.html

™ |

Check for
updates

Research Article Vol. 30, No. 12/6 Jun 2022/ Optics Express 21876 |

Optics EXPRESS i NN

Light transmission mechanisms in a
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Abstract: Capillary fiber (CF) has been extensively investigated in a singlemode fiber (SMF)-
CF-SMF (SCS) sensing structure since multiple light guiding mechanisms can be easily excited
by simply tuning the air core diameter (cladding diameter) and length of the CF. Understanding
the light guiding principles in an SCS structure is essential for improved implementation of a CF
based fiber sensor. In this work, light guiding principles in a relatively large air core diameter (>
20 um) and long length of CF (> 1 mm) are investigated theoretically and experimentally. It is
found that both multimode interference (MMI) and Anti-Resonant Reflecting Optical Waveguide
(ARROW) light guiding mechanisms are excited in the SCS structure in the transmission
configuration. However, MMI dips are not observed in the spectrum for the air core diameters
of CF smaller than 50 pm in the experiment due to large transmission loss in small air core
CFs. Further experimental results demonstrate that a CF with a bigger air core diameter shows a
higher sensitivity to curvature, and the highest sensitivity of -16.15 nm/m~! is achieved when an
CF-100 was used. In addition, a SMF-CF-20-CF-30-SMF (SCCS) structure is proposed for high
sensitivity bi-direction liquid level measurement for the first time, to the best of our knowledge.
Two types of ARROW dips (Dip-20 and Dip-30) are simultaneously excited in transmission,
hence both liquid level and liquid flow direction can be detected by tracing the dip strength
changes of Dip-20 and Dip-30, respectively.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

For over a decade, anti-resonant hollow core fibers (ARHCFs) have been extensively investigated
for use in a diverse range of areas, including ultrafast optics, low loss optical communications and
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sensing applications due to their low dispersion, low nonlinear response, high damage threshold
and the ease with which the air hole can be infiltrated with gases and liquids for an enhanced
interaction between light and matter [1-4]. To date, many different types of ARHCFs have been
proposed, such as a hollow core photonic crystal fiber (HCPCF) [5-7], a hole-assisted dual-core
fiber [8-9], a single hole twin eccentric cores fiber [10-11], a negative curvature hollow core fiber
[12] and a capillary fiber (CF) [13-24]. Among those ARHCFs, CF has attracted considerable
interest when used in a singlemode fiber (SMF)-CF-SMF (SCS) structure for sensing applications
due to its simple configuration and easy fabrication process. There have been many reports
in the literature of the use of such SCS structures to measure a wide variety of environmental
parameters including temperature [14—16], humidity [17], curvature [18—19], twist [20-21],
strain [22], liquid level [23-24] and so on.

Recently combining different light guiding mechanisms (for example, Fabry-Perot interference
(FPI), Mach-Zehnder interference (MZI), Multimode interference (MMI) and Anti-Resonant
Reflecting Optical Waveguide (ARROW) guiding mechanism) in a fiber sensor structure has
been shown to be a useful means to implement simultaneous monitoring of multiple parameters.
Combining different light guiding mechanisms in a single SCS structure can be achieved by
deliberate selection of specific values of the diameter of the air core, the fusion splicing power
and the CF length [18,25-28]. For example, Gao et al. reported and experimentally demonstrated
an SCS structure for high sensitivity pressure sensing with self-temperature calibration with
hundreds of micrometers length of a CF, where both ARROW and FPI light guiding mechanisms
were excited in its reflection spectrum [25]. Wang ef al. proposed a SCS structure based on a
large air core diameter (50 um) CF which combined ARROW and MZI guiding mechanisms
to realize a high sensitivity curvature sensor with low temperature cross-sensitivity by tracking
the wavelength interval between dips resulted from the two mechanisms [18]. Cheng et al.
introduced two up-tapers at the connection points between the CF and SMFs to excite both MZI
and ARROW mechanisms for simultaneous measurement of curvature and temperature [26].
Finally Nan et al. reported a SMF-air bubble-CF-up taper-SMF hybrid structure which combined
FPI, MZI and ARROW mechanisms for measurement of curvature, temperature and transverse
load [27].

To design an improved CF based fiber sensor structure, which offers for example a higher
sensitivity and/or lower cross sensitivities and/or multiple parameters measurement, it is essential
to understand the light guiding principles in a SCS structure. Sun et al. have reported a
comparative study on light transmission mechanisms in an SCS structure with different CFs,
which demonstrates that the emergence of one or hybrid light transmission mechanisms (MMI,
FPI, MZI and ARROW) is determined by both the inner diameter and length of the CF [28].
Yu et al. have also theoretically and experimentally demonstrated the coexistence of FPI,
MZI and ARROW guiding mechanisms in a simple SCS cascaded structure, which was used
to independently measurement of multiple parameters including temperature and strain [29].
However whilst in the works mentioned above the CF used had a relatively small air core
diameter (< 20 um) and a short length (< 1 mm), CF with a larger air core diameter and longer
length are more frequently used in practice to achieve a low transmission loss, easier infiltration
of the air hole with gases and liquids if required and enhanced interaction between light and
matter. However the transmission properties of such SCS structures have not yet been adequately
investigated.

In this paper, a comprehensive theoretical and experimental study is reported on the light
transmission mechanisms in an SCS structure with a wide range of CF air core diameters
(20 ym, 30 ym, 50 ym and 100 ym) and a much longer CF section length (> 1 mm). Both
theoretical studies and experimental results have demonstrated that MMI and ARROW guiding
mechanisms are excited in the proposed SCS structure in transmission. The SCS structure is
further investigated as the basis of a sensor for curvature and liquid level measurement. It is
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found that a CF with a larger air core diameter offers a much higher curvature sensitivity. The
best curvature sensitivity of -16.15 nm/m~! was achieved when a CF-100 (core diameter of 100
pm) was used, which is much higher than that in many other reports [18,30-35]. In addition, a
SMF-CF-30 (core diameter of 30 um)-CF-20 (core diameter of 20 um)-SMF (SCCS) structure is
proposed for the first time for high sensitivity bi-direction liquid level measurement by tracking
the changes in strength of the ARROW dips produced by CF-20 and CF-30, respectively.

2. Theoretical study
2.1. Light guiding principle of the SCS structure

Figure 1 illustrates the proposed SCS structure where a section of CF is sandwiched between two
SMFs. The light guiding mechanism in an SCS structure is usually explained with a “ARROW”
model (when a critical length of CF is satisfied [36]), in which the silica cladding can be viewed
as a pair of FP etalons, where only certain wavelengths which meet the anti-resonance condition
in the silica cladding, are confined and transmitted inside the air core, while other wavelengths
which satisfy the resonance condition leak out into the surrounding environment and produce
periodic dips in transmission spectrum. The resonant wavelengths and their free spectral range
(FSR) can be calculated with the following equations [24]:

[2_ 2
2d\[n] — ng
Ap = ——— ey
m
Amd
FSR = —Zmfm+l 2)
[2_ .2
2dIn| — ng
where d is the cladding thickness of the CF, ng and n; are the refractive indices of the air core
and silica cladding of the CF, and m is the resonance order which is nonnegative integer. As can
be seen from Eqgs. (1) and (2), the resonant wavelengths and their FSRs are only dependent on
the refractive index and thickness of the silica cladding, hence the resonant wavelengths can be
set by selecting a CF with different air core diameters (assuming the diameter of the outer silica
cladding is fixed). It is noted that an MZI is formed between core modes and cladding modes

when the core diameter of an HCF and an SMF are comparable [24].

f
//T W Air core
Cladding
CF

Lead-in SMF CF Lead-out SMF

Fig. 1. The schematic diagrams of the SCS structure and a cross-section view of a CF.

In this work, CFs with different air core diameters and lengths were used. The different CFs
are denoted as CF-A-B, where A and B represent the air core diameter (um) and length (mm) of
the CF, respectively. In the theoretical simulation, it was assumed that CFs are ideally fusion
spliced with the SMFs without any collapse in the air core.

2.2.  Simulation on light transmission properties of the SCS structure

First of all, the transmission properties of the proposed SCS structures with different air core
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diameters and lengths of CF were theoretically investigated by using beam propagation method
(BPM) where the refractive indices of the core and cladding of the CF are set to be 1 and 1.447.

The simulated transmission spectra are displayed in Fig. 2. Periodic transmission dips with
fixed central wavelengths and enhanced dip strength (~2.5 dB to ~40 dB) are excited when
the CF length is extended from 1 mm to 20 mm in a CF-20 as shown in Fig. 2 (a). The FSR
between two adjacent transmission dips is 22.00 nm which agrees well with the theoretical value
of 22.09 nm from Eq. (2). It is thus confirmed that those periodic dips are introduced by the
ARROW guiding mechanism. When the air core diameter is increased to 30 um or larger, the
FSR of the periodic transmission dips (highlighted with pink shade) increases as can be seen in
Fig. 2 (b), (c) and (d). In addition, as the CF length increases a number of smaller dips appear
in the transmission spectrum (as illustrated by arrows), whose central wavelengths change with
the increase of the CF length. Considering that the air core diameter of the CF is much larger
than the mode field diameter of the SMF, no cladding modes can be excited in the CF. Hence
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Fig. 2. Simulated transmission spectra of a SCS structure with different air core diameters
and lengths of the CF: (a) 20 um, (b) 30 um, (c¢) 50 ym and (d) 100 um.
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an MZI which relies on interference between core modes and cladding modes will not exist,
as demonstrated recently for a CF-10 [24]. It can be concluded that these small dips are most
likely excited by the MMI (between core modes). Some higher order modes could be excited at
the fusion point between the SMF and CF due to the mismatch between mode field diameters.
Multiple modes propagate along the CF and interfere with each other, which leads to MML. It is
noted that stronger ARROW dips are excited in a smaller air core diameter CF and in a longer
length of CF since light experiences a greater number of reflections and hence produces stronger
transmission dips, but with a higher overall transmission loss.

Figure 3 shows the frequency spectra of Fig. 2 analyzed with a fast Fourier transform (FFT)
method. Five major frequencies (A, B, C, D, E) with fixed values are observed for all the different
CF lengths in a CF-20 as shown in Fig. 3 (a), indicating excitation of multiple ARROW modes in
CF-20 [28]. When the air core diameter is equal to 30 um or larger, some of the lower frequency
peaks (corresponding to the lowest or the 2" lowest frequencies) display no changes with the
change of CF length, but other peaks, corresponding to higher frequencies are shifted, which
indicates that another new guiding mechanism is excited.
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Fig. 3. FFT spectra of the stimulated transmission spectra of Fig. 2.

Figure 4. shows examples of the simulated energy distribution along the propagation distance
(Z) in CFs with different air core diameters but the same length (20 um) at the anti-resonant and
resonant wavelengths, respectively. In a CF-20-20, light transmission in the air core experiences
a fast decline in power as a function of transmission distance at a resonant wavelength when light
enters the CF-20 from an SMF. Comparing Fig. 4(a) and (b), the loss is smaller at an anti-resonant
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(a)  CF-20-20 at 1537.5 nm (b) CF-20-20 at 1527.5 nm
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Fig. 4. Simulated energy distributions for SCS structures with different core diameters of CF
in the XZ plane: (a) CF-20-20, (c) CF-30-20, (e) CF-50-20, (g) CF-100-20 at anti-resonant
wavelengths and (b) CF-20-20, (d) CF-30-20, (f) CF-50-20, (h) CF-100-20 at resonant
wavelengths.
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wavelength and the light intensity has a periodic behavior as a function of distance in the air
core, with a period of 294.3 um with a gradually decreasing amplitude. The periodic behavior of
the intensity results from interference between modes, their corresponding effective refractive
indices (ERI) difference can be calculated when their phase difference (¢ = 2nAnegL/A) is 21
[37]. The calculated ERI difference is 0.00522 which is very small, hence interference is only
happening between core modes.

It can also be seen from Fig. 4 that light propagation in a CF-20 experiences significant
transmission loss with an increase in the length of the CF-20. Hence MMI dips are not found
in a CF-20 as can be seen from Fig. 2 (a). With the increase in the length of the air core, more
complex periodic behavior is evident and light transmission losses are significantly reduced at
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Fig. 5. Simulated mode field distributions in different types of CFs, including CF-20, CF-30,
CF-50 and CF-100, with corresponding effective refractive indices.
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both anti-resonant and resonant wavelengths. Self-imaging points could be clearly found in a
CF-100-20 at an anti-resonant wavelength, which is clear evidence of MMI in the CF.

2.3. Simulation on mode field distributions in capillary fibers

For CFs with a larger air core diameter, more core modes will exist and hence increased mode
interference will occur. To confirm the existence of multiple modes in CF with a larger core
diameter and hence MMI, the mode field intensity distributions in the air core of a CF only were
studied with a finite-element method (FEM) [31,38] and examples of the simulation results for
several different CF core diameters are shown in Fig. 5. It can be seen that there is no guided
mode in the CF-20 because even the fundamental mode has a complex value for the refractive
index. High order leaky modes experience larger loss as can be seen from the increased value of
the complex part of the RI. With the increase of the air core diameter of the CF, more guided
modes are obtained, and hence lower transmission loss is achieved. In particular, one guided
mode (HE;) is found in a CF-30, three are found in a CF-50, and over 12 guided modes are
found in the CF-100. The ERI between HE > and TM, in a CF-100 is 0.00023 which is well
matched with the calculated value (0.00023, calculated from the propagation distance period
between the Self-imaging points) in Fig. 4 (g).

3. Experimental setup

In the experiment, four types of CFs with different air core diameters/cladding thicknesses
were used (20 um/ 53 pm, 30 pm/ 48 um, 50 um / 38 um and 100 pm / 20 um, Fiberguide
Industries CAP020/150/24T, CAP030/150/24T, CAP050/150/24T and CAP100/164/24T). The
SCS structure was fabricated by fusion splicing a short section of a CF between two SMFs
using a Fujikura 625+ fusion splicer (Fujikura (China) Co., Ltd.). The splicing parameters were
carefully managed to avoid to the greatest extent possible collapse of the hollow core. An arc
power of setting of -75 bit, and an arc time of 600 ms were used. Figure 6 (a) illustrates the
experimental setup for recording the transmission spectra of the SCS structures. Figure 6 (b)
shows several microscope images at the connection points between various CFs and SMFs. Light
from a broadband supercontinuum source (SC, SC-YSL) was launched into the CF through an
SMF, the output was detected by an optical spectrum analyzer (OSA). The sensors’ responses to
bending were also tested using this setup by simply moving the translation stages toward each
other to realize different curvatures [39].

(a) Sensor (b)
— SMF CF-20
Stage Stage
SMF CF-30
SMF SMF
. SMF CF-50
URTT
I )l
SC \.=./ T
/ SMF CF-100
w 200 pum,

Fig. 6. (a) The schematic of the experimental setup for recording the transmission spectrum
and for the curvature measurement and (b) Microscope images of the splicing joints of SMFs
and CFs.
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4. Results and discussion

4.1. Experimental study on light transmission properties of the SCS structure

Figure 7 shows the experimentally measured transmission spectra of the proposed SCS structure
with different air core diameters and lengths for the CF. As can be seen from Fig. 7 (a) and (b),
a range of periodic strong transmission dips (pink shaded) are observed in CF-20 and CF-30
over the wavelength range from 1450 nm to 1550 nm and the central wavelengths of the dips are
independent on the CF length. The FSRs of CF-20 and CF-30 are measured as 20.41 nm and
22.58 nm, which is well matched with the simulation results (22.00 nm and 24.00 nm) as shown
in Fig. 2. As the air core diameter increases, ARROW dips could be still found with enlarged
FSRs of 28.71 nm and 51.71 nm for a CF-50 and CF-100 as shown in Fig. 7 (c) and (d). In
addition, some additional dips (marked by arrows) appear with varied central wavelengths and
more dips are found in the structures with longer CFs, such as CF-50 and CF-100, which agrees
with the simulation results. Those dips are most probably introduced by the MMI effect.
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Fig. 7. Experimentally measured transmission spectra of a SCS structure with different air
core diameters and lengths of CF: (a) 20 um, (b) 30 pum, (c) 50 pm and (d) 100 pm.
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In the experiment, in addition to the strong ARROW dips, some other small dips (marked with
orange circles) are found in the spectra of CF-20 and CF-30 and they behave similarly to the
strong ARROW dips. Many researchers attributed these small dips to possible non-uniformities
of the ring cladding [40]. However, our results show that they are more likely introduced by other
high order ARROW modes as can be seen from the decomposition of the transmission spectra
with a band-pass filter method [10] as shown in Fig. 8, including decomposed spectra of CF-20-3

and CF-30-5.
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Fig. 8. Decomposition of the transmission spectra of samples CF-20-3 and CF-30-5 using a
band pass filter method.

Figure 9 shows the Fast Fourier Transform (FFT) frequency spectra of Fig. 7. It is found that
the FFT spectra for CF-20 and CF-30 are similar as they both are independent on the CF length.
They only differ in terms of the frequency peaks values, hence indicating the absence of the dips
wavelengths shift in the transmission spectra. Unlike the simulation results shown in Fig. 2 and
Fig. 3, fewer frequencies are found in Fig. 9 since in practice light guiding in a CF has a much
higher loss due to the light absorption/scattering at the interface between CF cladding and air,
which is not account for in the theoretical simulation. Hence MMI and the corresponding dips
are not found in the transmission spectra of CF-30 as shown in Fig. 7 (b).

4.2. Curvature sensing performance of the SCS structure

Since it was demonstrated that dips produced by MMI have high sensitivity to bending in terms
of the central dip wavelength shift while ARROW dips show tiny wavelength shift with bending
[18], a bending experiment was carried out to differentiate between the ARROW dips and MMI
dips in the transmission spectra and to further confirm the existence of MMI in the SCS structure.
Samples CF-20-3 mm, CF-30-4 mm, CF-50-30 mm and CF-100-110 mm were chosen for the
bending experiment and the corresponding spectral responses are shown in Fig. 10. All the
transmission dips of the CF-20 and CF-30 in Fig. 10 (a) and (b) experience very small wavelength
shifts with changes in curvature. ARROW dips in the spectra of CF-50 and CF-100 (dip 50-B
and dip 100-A) in Fig. 10 (c) and (d) show small changes in their central wavelengths, but other
dips at anti-resonant wavelengths (dip 50-A and dip 100-B) show very significant wavelength
shifts with curvature. It is thus possible to conclude that dip 50-A and dip 100-B are caused by
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Fig. 9. FFT spectra of Fig. 7.

MMLI, confirming that both ARROW and MMI guiding mechanisms are excited in large air core
CFs (air core diameter > 30 um). It is noted that the MMI guiding mechanism could exist in a
smaller air core diameter CF as demonstrated in the simulation shown in Fig. 4, but in practice
the MMI dips are not excited due to high loss.

The wavelength shifts of dips 20-A, B, dips 30-A, B, dips 50-A, B and dips 100-A, B with
respect to curvature are plotted in Fig. 11. All dips have linear responses to curvature changes
in the measurement range and their corresponding sensitivities are summarized in Table 1.
It can be seen that a higher curvature sensitivity is achieved in an CF with a larger air core
diameter. Dip 100-B shows the highest curvature sensitivity of -16.15 nm/m~", which is over two
orders of magnitude higher than that of dip 100-A, and nearly 20 times higher than that of dip
50-A. Table 2 shows the comparison of curvature sensitivities of different fiber sensor structures
[18,30-35,41-45]. Furthermore, the intensity variation of dip 100-A and B are shown in dip
strength change in Fig. 12, where the sensitivities are -2.84 dB/m~! and 48.84 dB/m™~!. The dip
intensity variations were observed due to the introduced bending loss [46]. The proposed sensor
shows better curvature sensitivity than many modified SMF-multimode fiber-SMF structure
sensors [19,26,38,47]. It can be seen that an SCS structure offers competitive sensitivities
combined with a simple fabrication technique. In addition, ARROW dips could be used for
temperature calibration during curvature measurement [18].
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Fig. 11. Wavelength shifts with curvature changes for selected dips of different types of CF
and their corresponding linear fits.

Table 1. Selected dips and their sensitivities to curvature

Dips Central wavelength before bending (nm) Sensitivity (nm/m~")
CF-20-A 1553.81 0.01487
CF-20-B 1561.07 0.00654
CF-30-A 1528.35 0.05379
CF-30-B 1548.48 -0.0392
CF-50-A 1540.62 -0.91562
CF-50-B 1556.11 -0.0076
CF-100-A 1537.22 -0.14879

CF-100-B 1559.04 -16.15456
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Table 2. Comparison of the curvature sensitivities of SCS structures and other fiber structures

Sensor Sensitivity Measurement range Ref.
SMF-CF-75 (core diameter of 75 um)-SMF 0.2345 nm/m™! [3.210m™!, 5.560m™"] 30
SMF-ARHCF-SMF 0.7 nm/m™! [0.6m™", 1.6m™") 31
SME-MMEF (twisted)-SMF -2.42 nm/m™! [0m™', 1.7390m™ 1 32
SMF inscribed with in-line MZI and FBG 2.491 nm/m~! (180°) [0m~, 10m™1] 33
SMF with cascaded fiber interferometer 4.362nm/m™! [Om™, 1.134m™] 34
Multicores fiber with Long period grattings -4.85 nm/m™! (Oom!, 1.77m™ 35
SMF-no core fiber-SMF (twisted) 16.28 nm/m™! [0.96m~!, 1.92m™1] 41
Two-mode fiber (with Long period gratting) -23.67 nm/m™! [1.137m™!, 4.684m™"] 42
Photonic bandgap fiber 24.3 nm/m™! (Om™!, 1.75m™ 43
Four-core Sapphire-derived fiber -24.526 nm/m™! [-10m™, 5m™1] 44
Seven-core fiber (twisted) -25.16 nm/m~! [0.5201m™!, 1.0071 m™) 45
SME-CF-50-SMF -2.02 nm/m™! [7.04m™ !, 11.87m™ 1 18
SMF-CF-50-SMF 0.91 nm/m™! [2.81m™,3.91m™!] This work
SMF-CF-100-SMF -16.15 nm/m™! [1.07m™, 1.25m™!] This work
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2 -2.84 dB/m™
[=] 04

1.05 1.10 1.15 1.20 1.25
Curvature (m™)

Fig. 12. The dip strength changes of dip 100-A and B at different curvatures and Linear fits.

4.3. Bidirectional liquid level measurement using the cascaded capillary fiber structure

At the present time, most of the CF-based cascade structure were employed to construct FPIs [48]
and MZIs [49], few researches were conducted on cascaded CFs structures based on ARROW
guiding mechanism [15]. Since the resonant wavelengths of a CF structure is dependent on
the thickness of the silica cladding, simultaneous measurement of multiple parameters using
multi-point sensors could be achieved by incorporating different types of CFs in a single sensor
system [15]. In our previous works [23-24], we reported a high sensitivity liquid level sensor
based on a single CF, which was not capable of detecting the liquid flow direction. Here we
demonstrate a bi-direction liquid level measurement by employing two cascaded CFs with
different air core diameters. In general, CFs with a relatively small air core diameter (< 30
um) are preferable for the fabrication of an SCCS structure for the bi-direction liquid level
measurement, since they allow for the achievement of a higher sensitivity and also for exclusion
of the influence of MMI dips. Specifically in this work, two sections of a CF-20 and a CF-30
were cascaded fusion spliced between two SMFs to construct a SMF-CF-30-CF-20-SMF (SCCS)
structure.
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Figure 13 illustrates the schematic diagram of the proposed SCCS structure and the experimental
setup for liquid level measurement. The fiber sensor was placed in a transparent soft tube (inner
diameter~3 mm), and its two SMF ends were fixed on two glass slides. Liquid (stilled water)
was pumped into the soft tube by a peristaltic pump (Baoding Qili Precision Pump Cooperation,
BT100-02) which can control both the liquid flow direction and speed. All liquid level variations
were measured with the help of an optical microscope as a reference. Light from a SC was
launched into the SCCS structure and the transmitted light was collected by an OSA.

(a) Forward ——>  Lead-out SMF

CF-30 CF-20
Lead-in SMF CF-30 CF-20 200 pm

Microscope |

Liquid

Peristaltic pump

Fig. 13. (a) Schematic diagram of the SMF-CF-30-CF-20-SMF structure and a microscope
image of showing splicing joint between CF-30 and CF-20. (b) Schematic diagram of the
experimental setup for bi-direction liquid level measurement.

In our previous work [23], we have demonstrated that the strength of the ARROW dip is
highly dependent on the reflection coefficient at the interface between the silica cladding and the
outer environment, and a tiny change in the reflection coefficient could result in a significant
change in the ARROW dip strength. The resonant condition for a radial FP etalon formed in the
silica cladding is modulated by reducing the RI contrast between the silica cladding and external
medium when the surrounding air is replaced with water, hence a SCS structure can be used as a
high sensitivity liquid level sensor. An SCCS structure has two types of periodic transmission
dips at different resonant wavelengths, and hence the two CFs can act as two independent liquid
level sensors, which when cascaded allow for measurement of both liquid flow direction and
liquid levels.

To balance the trade-off between the sensitivity and transmission loss, a 4.5 mm length
of CF-30 and a 2 mm length of CF-20 were chosen for the fabrication of a SCCS structure.
Figure 14 shows the transmission spectra of the proposed SCCS structure at different water
levels where ARROW dips excited in the CF-20 and CF-30 can be easily identified from the
central wavelengths of the dips. Then the SCCS structure was used for bi-directional liquid level
measurement. The measured spectral responses with liquid level variations are shown in Fig. 14
and the corresponding dip strength changes are summarized in Fig. 15. As can be seen from
the figure, when the CF-30 was gradually covered with water while the CF-20 was exposed to
air, the strength of Dip-30 decreased while there was almost no change in the Dip-20 strength.
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Similarly, when the CF-20 was gradually covered with water while CF-30 was exposed to air, the
strength of Dip-20 decreased while the strength of Dip-30 almost didn’t change. Therefore, both
liquid level and liquid flow direction can be identified by simultaneously tracing the dip strength
changes of Dip-20 and Dip-30. The maximum liquid level sensitivity of Dip-20 and Dip-30
are 0.014 dB/um and 0.005 dB/um, respectively. It is noted that the proposed fiber sensor can
determine the liquid levels and liquid flow directions as long as the sensor head is not completely

covered by the liquid because the dip strength of Dip-20 and Dip-30 are different at any point
along the sensor head.
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Fig. 14. Measured spectral responses under various liquid levels: (a), (b) water flows
forward from CF-30 to CF-20. (c), (d) Water flows in the reverse direction from CF-20 to
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5. Conclusion

In conclusion, the light guiding mechanisms in an SCS structure with a large air core diameter
(20 pm to 100 pm) and long CF length (>1 mm) have been studied and discussed. Both BPM
and FEM methods were used to study the light transmission properties and mode field properties
of the SCS structure. It is found that both MMI and ARROW mechanisms are excited in
transmission, which is verified by the experimental results. In bending experiments, it is found
that the SCS sensor with a larger core diameter of CF has a higher sensitivity, and the highest
curvature sensitivity of -16.15 nm/m~! was achieved for the sensor based on CF-100, which is
nearly 20 times higher than that of the CF-50. In addition, an SCCS structure is proposed by
cascaded splicing two sections of CF-20 and CF-30 between two SMFs. Two types of ARROW
dips (Dip-20 and Dip-30) are simultaneously excited in the transmission spectrum of the SCCS
structure which can act as a high sensitivity bi-direction liquid level sensor by tracing the dip
strength changes of both ARROW dips (Dip-20 and Dip-30).
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