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Palavras Chave

Resumo

Fibra de nicleo oco quadrado, sensores em fibra ética, antirressonancia, interfe-
réncia de Mach-Zehnder, interferéncia multimodal.

No presente trabalho pretendeu-se explorar o uso de uma fibra de nicleo oco an-
tirressonante, como elementos sensores. Estes dispositivos foram desenvolvidos
com uma configuracdo em transmissdo, sendo a propagacdo efetuada através de
duas antirressonancias. Esta permitiu também o aparecimento de interferéncia
multimodal e de Mach-Zehnder. Com o intuito de usar estas componentes inter-
ferométricas como elementos sensores, o dispositivo foi empregue tanto em meios
liquidos, como no ar.

Posteriormente, foi elaborada uma caracterizacdo ao sensor de fibra de nicleo oco
quadrado em solucdes aquosas de glucose. A resposta deste foi estudada a vari-
acSes do indice de refracdo, e calibrada a regido espetral da fonte 6tica utilizada.
Além disso, foi estudada a influéncia do comprimento do sensor, tendo-se obser-
vado que existe um comprimento para o qual a sensibilidade atingida é otimizada.
Adicionalmente, foi elaborada uma caracterizacdo ao indice de refracdo com com-
pensacdo da temperatura.

Ainda no contexto da anéalise em meios liquidos, o sensor foi imergido em solucdes
aquosas de etanol, com o intuito de monitorizar o perfil de evaporacdo de com-
postos organicos volateis. Efetuou-se uma monitorizacdo da resposta espetral do
sensor relativamente as solucdes, o que permitiu obter, de forma satisfatéria, uma
variagdo em tempo real da concentracdo de etanol.

Finalmente, realizou-se uma caracterizacdo do sensor a diferentes pardmetros
fisicos, tendo-se usado duas bandas espetrais distintas. Na primeira banda,
1530nm — 1610nm, caracterizou-se a interferéncia de Mach-zehnder, a resso-
nancia externa e a interferéncia multimodal a variacdes da temperatura, curvatura
e tensdo. Na segunda banda, 900 nm — 1300 nm, caracterizou-se as ressonancias
externa e interna a variagc")es da temperatura e curvatura. Em ambos os casos, a
medicdo simultanea dos pardmetros em estudo foi também proposta.

O sensor desenvolvido revelou-se altamente promissor nas varias experiéncias rea-
lizadas, onde, em muitas situacGes, se destacou de outros sensores j& reportados.
Por ser um dispositivo que apresenta reduzidas dimensdes, elevadas robustez, e
capaz de medir simultaneamente a varios parametros, sem recorrer a configuracoes
complexas, a sua implementacao poderd vir ter impacto em diversas aplicacGes.
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Hollow square core fiber, optical fiber sensors, antiresonance, Mach-Zehnder inter-
ference, Multimodal interference.

In the current work, the development of optical fiber sensors based on an antires-
onant hollow core fiber was aimed. The sensing structures were developed in a
transmission configuration enhancing two antiresonance propagations, along with
the multimode interference and Mach-Zehnder interference. With the objective of
using these interferometric components as sensing elements, the sensor was em-
ployed in both liquid and air media.

Initially, a numerical analysis was addressed to both internal and external antires-
onances. A simulation on the effective refractive index of the fundamental core
mode was also carried out, achieving results that are in good agreement with both
numerical and theoretical models. Furthemore, a comparison between the expected
and experimental transmission spectra was established observing, in an overall view,
similar modulations.

In a posterior stage, a characterization of the hollow square core fiber sensor was
performed in glucose aqueous solutions. The sensor response was studied to varia-
tions in the refractive index, and calibrated to the wavelength range of the optical
source utilized. Moreover, the influence of the sensor length was studied, observing
the existance of an optimum length where the maximum sensitivity is enhanced.
A temperature independent refractive index detection was also established.

Still in the framework of this theme, and with the objective of monitoring the evap-
oration profile of volatile organic compounds, the sensor was embedded in ethanol
aqueous solutions. The monitoring of the sensor response towards the solutions
was carried out, allowing to successfully attain a real time variation of the ethanol
concentration.

Finally, the sensor was characterized to different physical parameters in an air envi-
ronment, where two broadbands were used. In the first band, 1530 nm - 1610 nm,
a characterization to the temperature, curvature, and strain was performed for the
Mach-Zehnder interference, external resonance, and multimode interference. In the
second broadband, 900 nm - 1300 nm, the external and internal resonances were
characterize to both temperature and curvature. In both cases, the simultaneous
measurement of the parameters under study was also proposed.

The studied inline sensor revealed to be highly promising in the several experiments
that were conducted, where, in many cases, stood out from other sensors that were
already reported in the literature. Its reduced dimensions, high robustness, and ca-
pability to simultaneously measure different parameters, and making a temperature
discrimination, without needing a complex design configuration, makes it extremely
viable in the implementation on several applications.
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1. Introduction

1.1 Overview

One of the greatest marks on the optical field started in the 20" century with the develop-
ment of the optical fiber. The concept that light could be guided within a restricted medium
through the total internal reflection (TIR) effect was already developed in 1854, derived from
the experiments conducted by Tyndall [I]. Knowing that light could propagate in a material,
if the right conditions were met, triggered the scientists at the time on the major applications
it could be employed, especially in the communication field. From that moment, several at-
tempts were conducted to design a successful waveguide that could transmit light with some
effectiveness. The optical glass fibers were the first fibers to be made [I]. However, due to
the high losses that they presented and the technology still in development, those fibers could
only be successfully implemented in medical applications [2]. In an attempt to widen the use
of optical fibers in other fields, such as optical communications, where a low attenuation was
required to transmit the data, the scientists started to explore new ways of achieving the
desired characteristics. A successful low loss fiber was developed in 1966, by Charles Kao,
who figured that the silica’s higher purity would lead to a decrease in the attenuation [3| [4].
With this discovery and with the breakthrough of the laser, also in the '60s [4], a true mark
began not only in the telecommunication area but also in the sensing field. These would
suffer a huge burst over the following decades, though, in the context of this work, the focus

will be on the sensing field.

The electronic sensors were developed before the optical fiber sensors (OFS) which led
to an intensive usage on many different applications. However, due to the notorious advan-
tages of the optical fiber sensors in many aspects, namely the immunity to electromagnetic
interference, high reliability and small dimensions [4, [5], their prospects of use were highly
noticed. They could be easily implemented in many adverse situations where the electronic
sensors could not. With this, the scientific community focused on exploring this technology,
enhancing the use of OFS as an alternative sensing technology suitable in many applica-
tions [6]. Over the years, a huge variety of sensors were developed, giving rise to a panoply
of configurations with the most dissimilar functioning. Even so, one of the main interests,
that was not achieved at the time, relied on attaining sensors that would respond over cer-
tain bandwidths/frequencies. This would be accomplished by designing new configurations

of optical fibers that could easily manipulate some of the optical properties.

The photonic bandgap effect (PBG) started being studied by Yablonovitch in the late
'80s [7]. It was known that certain materials which presented a periodicity, exhibited fre-

quency bands, namely the photonic bandgap, where the propagation of electromagnetic waves




was prohibited [7]. This effect stirred up a huge interest, leading to studies on possible imple-
mentations of this concept on waveguides. The requirements needed to design a waveguide
based on this effect, such as having a proper periodic structure, with dimensions in the wave-
length scale [8], made it extremely difficult to achieve a practical implementation. Due to
these constrains and the lack of means at the time, the development of a fiber based on
this principle was strenuous to achieve. The pursuit on developing a fiber with the proper
microstructures was only acomplished in 1996, with a successful creation of a solid central
core fiber surrounded by air channels, that guided light throught a process akin to the TIR
effect [9]. Only three years later, a fiber based on the PBG effect was utterly carried out [10].
With these achievements, merged a new class of fibers, namely the microstructured optical
fiber (MOF'), or photonic crystal fiber (PCF).

MOF's can present a solid core or a hollow core, feature that allows different light guidance
mechanisms. Typically on MOF's that have a solid core, the light guidance occurs through the
modified total internal reflection (MTIR) whereas in hollow core, the guidance mechanism
relies on the PBG effect or by the inhibited coupling (IC) [3,9]. This new category of waveg-
uides, soon attracted the attention of the scientific community due to its unique capability on
manipulating and controlling the optical properties of light, such as birefringence, dispersion,
and nonlinearities [I1]. This showed great promise not only in low loss communication but
also in many sensing applications. With the advances in the photonic technology ground, the
sensing field was significantly enhanced, craving the interest and urge to unveil new types of
MOFs that could allow and flourish other intrinsic optical properties.

Currently, there is a variety of PCF designs with different physical mechanisms that can
manipulate and modulate light, and that are employed to monitor several physical, chemical,
and biological parameters. OFS typically work based on the principle of light interference or
by resourting to fiber gratings, such as fiber Bragg gratings (FBG) or long period gratings
(LPG), though, other mechanisms can also be used [I2]. Among the interferometer-based
sensors, those based on multimode interference (MMI), Mach-Zehnder interference (MZI),
Fabry-Perot interference (FPI), Michelson interference (MI), and Sagnac interference (SI)
should be highlighted. The multiple interferometric events carried out by the highly diversed
PCF sensors allowed an improvement on the implementation of these on several applications
over the past few years. On table are indicated some PCF sensors based on interferometry,
as well as some other OFS, recently designed to monitor physical parameters.

From a brief view of the described sensors, in table one can see the continuous growth
of PCFs in the sensing field over the years. Not only they are being recurrently used, but also
their evolution reached a baseline where they are capable of matching or even overcoming
some of other OFS. A simple configuration involving a PCF can be used to attain a robust
and highly sensitive sensor. Besides, the clear advantage on manipulating and strategicaly
modifying the design of a PCF allows to achieve a set of interferometers that can be used to
monitor more than one parameter, characteristic that extol this type of OFS, enabling it to
even surpass many of the current sensors [13]. Being a complex subject, propitious to spark

off new physical properties, MOFs are still a matter of study by the scientific community.




Table 1.1: Figures of merit of some OFS based on PCFs and other sensing structures,
namely FBGs, LPGs, singlemode fiber (SMF), thin core fiber (TCF), polar-
ization maintaining fiber (PMF), 3 core fiber (3CF) and 7 core fiber (7CF).

Year Structure device Sensor length  Sensing principle Measurand Sensitivity Ref.
2015 SMF-PCF-SMF 3mm MMI Strain —3.16 pm/pe [14])
2016 PMF+LPG 300 mm SI Refractive index —23.068 nm/RIU  [15]
2017 3CF + LPG 60 mm mode coupling Curvature 3.234nmm™! [16]
2018 SMF-PCF-SMF 150 mm core mode coupling Curvature 10.89 nmm ! (id
2018 SMF-PCF 715 pm FPI Temperature 15.61 pm°C~! [18]
2019 SMF-TCF+ methylcellulose coating 2 mm MI Humidity 133 pm/%RH [19]
2020 SMF-7CF-SMF+FBG 35mm Bragg reflection Strain 0.627 pm/pe [20]
2020 SMF-PCF-SMF 500 pm MZI Strain 1.97 pm/pe [21]
} . Temperature 10pm°C~!
2020 LPG-FBG 12mm Bragg reflection Refractive index  2326.7 nm /RIU 22)
2020 SMF-(air gap)-PCF-(air gap)-SMF 3.3 mm MZI Refractive index 4629 nm/RIU 23]
2020 SMF-PCF-+hydrogel 140 pm FPI Humidity 81.05pm/%RH  [24]
2020 FBG + graphene oxide coating 10 mm Bragg reflection Humidity 17.361 pm/%RH  [25]
. FPI Strain 2.5pm/pe
2021 SMF-PCF ST um MMI Temperature 41.7pm ‘/’C’1 126

1.2 Motivation and objectives

In modern society, sensors have a crucial role, being constantly applied in a wide variety
of areas, comprising from scientific research to industrial purposes and health monitoring
[27, 28]. The recurrent need of attaining simple sensors with higher reliability, and that
could assure the current demands, led to an expansion on the search for new types of OFS
that could measure physical, chemical, and biological parameters. The attractiveness of
employing MOF's over the conventional fibers in the sensing design merged from the fact that
a simple modification on its geometry structure would enhance new phenomena and could
translate to a better performance on light guidance and consequently a higher sensitivity.
Due to these particular characteristics, the usage of MOF sensors in several applications were

and still are widely studied.

Nowadays, they are applied in a panoply of sensing areas, from the monitoring of me-
chanical and physical properties [I3] such as strain, temperature, curvature, pressure, and
refractive index, to the detection of biochemical samples [29], emphasizing gas detection [30].
The recent implementation of these sensors, which has been progressively studied, relies on
their employment to detect and monitor aroma compounds, such as volatile organic com-
pounds (VOCs) as well as organic compounds like glucose. These compounds are of great
importance in several applications, for instance, VOCs are extensively used in industrial pro-
cesses, on household products, and even in the alimentary industry [31), 32], however, they
can be very dangerous and a threatening element, not only to the environment, in many cases
causing frightful environmental hazards, but also to human’s health, leading to severe adverse
effects [32]. Due to this, VOCs detection has become an important issue and a matter of
concern. On the other hand, organic compounds like glucose play a vital role in many fields
such as in medical diagnosis and as quality monitor in the food industry [26]. Therefore the
yearning of unveiling new PCF sensors that can match or even overcome the existing ones in

the detection of these elements urges.




Over the past few years, the implementation of some PCF sensors in the measurement of
these compounds has been reported, yet, the majority of them rely on an intrusive technique
where the liquid or gas is inserted within the PCF, making this sort of procedure a complex
one. With this, the objectives of this work are settled into learning and creating several OFS,
using a newly designed PCF, fabricated at the Leibniz Institute of Photonics Technology
(Leibniz-IPHT) in Germany, as an inline sensing structure. The first main objective relies
on detecting organic compounds, where the monitoring of glucose solutions with different
concentration, in a temperature varying medium, is proposed. The second main objective is to
detect aroma compounds, specifically VOCs, being, therefore, proposed the monitoring of the
evaporation process for different solutions of aqueous ethanol. Finally, one intends to evaluate
the physical and mechanical properties of the sensor, by monitoring all the interferometric
phenomena that underlie the sensor, and exploring its viability as an implementation of a

multiparameter sensor.

1.3 Main contributions

D. Pereira, J. Bierlich, J. Kobelke, K. Wondraczek, M.S. Ferreira, ” Monitoring evaporation
of ethanol-water mixtures using a hollow square core fiber”, in Optical Sensors and Sensing
Congress, 2021.

D. Pereira, J. Bierlich, J. Kobelke, M.S. Ferreira, ”Double antiresonance fiber sensor for

simultaneous measurement of curvature and temperature”, Sensors, 2021 [Submitted].

1.4 Thesis outlook

This thesis is divided in five chapters, where the characteristics of PCFs and the inner
properties of the hollow square core fiber (HSCF) are studied.

In this first chapter, an overview of optical fibers is introduced. It is explored, with some
special attention, the PCFs and their use as optical sensors, and compared with other types of
OFS. A brief motivation regarding the use of PCFs is also presented, along with the structure
of this work.

In the second chapter, a theoretical description about the types of PCFs and their guidance
mechanisms is provided. Furthermore, a theoretical and simulation analysis is done on the
guidance mechanisms of the HSCF used in this work.

In the third chapter, is presented a characterization of the HSCF in different liquid me-
dia, namely in glucose-water solutions and ethanol-water solutions, where a refractive index
characterization is established, and the evaporation process is monitored.

In the fourth chapter, is done a characterization, for all components of the HSCF, in the
air. Two broadbands were analyzed, and different parameters, such temperature, strain, and
curvature were monitored.

In the fifth chapter, some final remarks are stablished and some future work suggestions

are provided.




2. Photonic crystal fibers:
main characteristics

2.1 Introduction

The need of attaining waveguides with specific optical properties led to a huge development
of optical fibers. Among the new photonic crystal materials merged a new class of optical
fibers, namely the PCFs. The PCF is a waveguide that is characterized by having periodic
arrangements of air holes disposed along the entire fiber length, centered on a hollow core,
being thus designated as hollow core PCF (HC-PCF), or centered in a solid core, being
designated as solid core PCF (SC-PCF) [7]. The HC-PCF presents an air hole as core and
is surrounded by a microstructured air hole cladding, while in the SC-PCF it is inserted a
central defect on the MOF (absence of a hole) that constitutes the core [33]. Additionally,
and besides the geometry, the MOFs are quite distinguishable from the traditional fibers
in terms of the physics behind the mechanisms of light confinement. On the fabrication
of a standard optical fiber, there are only few degrees of freedom (e.g., the diameter) whose
manipulation allows establishing some of the yearn properties. On the other hand, the MOF's
design employs a wide number of degrees of freedom, for instance, one can choose the number
of rings of air holes, the diameter of the air holes (dy,), and the distance between them (A) [I1].
In addition to this, the choice of the material makes this sort of fiber a very versatile one upon
managing properties like dispersion, nonlinearities, birefringence, and many others, opening

up a wide number of applications that this may exert on optical systems [34].

2.2 Guidance mechanisms

On PCFs, light can be potentially guided by three principles, the MTIR effect, the PBG
effect, and through the IC effect. Each of these effects happen when the necessary conditions
are presented, not only in terms of geometry but also the material that composes the fiber,

namely the core and cladding.

2.2.1 MTIR effect

Analogously to the standard fibers, on PCFs light can be guided due to the index guiding
effect. That is, electromagnetic waves are confined within regions of a higher refractive
index than the surrounding medium. Therefore, if the core’s refractive index is higher than
the cladding, then the necessary conditions are given to guide light. This can be achieved
through SC-PCFs.




Unlike typical fibers, PCFs do not have a core and cladding with well defined boundaries.
The preform fabrication stage of a PCF consists on a process of stacking cappilaries around
a solid rod, knowned as the stack-and-draw process [35]. With this, along the entire fiber
there will be a periodic array of air holes embedded within the silica material, generating
a microstructured cladding. The periodic structures of air holes are employed to form an
effective low index cladding around the core. Though one might consider that the air holes
inserted within the cladding would create a geometrical average of the refractive index lower
than the core, that is not entirely accurate. In fact, in the limit of long wavelengths (A >>
A, dy) the cladding can be considered as an homogenous material with an average refractive

index, nay, of the materials that constitute the microstructured cladding, as [9]:

Nay — \/(1 — F)ng, — Fn2, (2.1)

where F' is the air-filling fraction and n, and ng; are the respective refractive indices of air
and the silica glass that constitutes the fiber matrix. As n,, < ng;, the PCF acts like a
conventional fiber and thus light guidance will be established by a mechanism similar to
TIR effect. However in the short wavelength range (A ~ A,d}), light does not see the
microstructured cladding as an homogenous material, distinguishing the silica regions from
the air holes. In this case, light will be strongly reppeled from the air holes by the TIR effect
hence remaining confined within the core and being guided [9] B6]. Thus, this sort of fibers
stand at least one guided mode.

The fibers that transmit light over the MTIR effect are commonly designated as index
guiding fibers, and they can be categorized according to certain subclasses, where fibers are
known to present a specific integrated characteristic that leads to the appearence of certain
phenomena. Amidst those fibers highlights the high numerical aperture PCFs, the large
mode area PCFs, and the highly nonlinear PCFs [37].

2.2.2 PBG effect

In contrast to the MTIR, the PBG effect can lodge light in a core with a lower refractive
index, where the TIR effect cannot occur [7]. The PBG effect may be achieved in periodically
structured materials, namely the photonic crystals, that have a periodicity on the scale of the
optical wavelength [§]. Optical fibers based on the PBG effect comprise regular and periodic
arrays of alternating elements in the cladding of high and low refractive index that creates
optical bandgaps wherein no optical state is allowed. Only modes at wavelengths within
the bandgap can propagate on the core. Therefore, light with wavelengths corresponding to
the bandgaps cannot escape the core, being guided along the fiber with low loss. Also, the
bandgaps prevent that the core mode couples to the cladding, as this last does not support
any guiding mode [38]. Therefore, the cladding may exhibit both regions with photonic states,
and subsequently propagating modes, and regions where there is a gap on propagating modes.
It is the absence of cladding modes that prevents the propagating mode from leaking out of

the core and coupling to the cladding.




The PBG effect mainly occurs on HC-PCF's, where the TIR effect does not have the
necessary conditions to happen. However, and important to note, that it is reported on the
literature cases of some PCF's that presented a solid core, namely the all solid PCFs, and the
hybrid PCF, where light was guided by the PBG effect, or used both MTIR and PBG effect
to lodge light within the core [33]. Among the HC-PCF's one highlights the subclasses such
as the low index core fiber, the Bragg fiber and hollow core fiber [37].

2.2.3 IC effect

The IC effect is a recent guiding mechanism that has been proposed to explain the trans-
mission of light in Kagomé fibers [39]. Unlike the PBG, in the IC principle the cladding
does not present gaps wherein cladding modes cannot exist, meaning that light could escape
from the core. Though the cladding is not void from propagating modes, it is verified that
in certain wavelengths the core mode does not couple to the cladding, propagating with a
relatively low loss [40]. Thus, both core modes and cladding modes can coexist with the
same effective index, and therefore propagating constant, without significantly interact with
each other. This is due to a low density of photonic states [39, [41]. Besides, the low overlap
integral between the core and cladding modes is exceedingly reduced due to the large trans-
verse phase mismatch between the slowly varying core modes and fast phase oscillations of
the cladding modes [41], [42], therefore accentuating the coupling inhibition. In this process,
the antiresonance (AR) effect is crucial since it imposes a reduction on the overlap integral,
easing the IC [43].

The PCF's that rely on this guidance mechanism usually operate under AR effect, therefore
they are known as antiresonant hollow core fibers (ARHCF) [44]. This type of fibers have
strongly gained the attention by the scientific community, due to their notorious properties
that have edge over other PCF's, such as ultra-low loss and strong confinement of light [44], 45].
Among the ARHCFs’ class highlights the Kagomé fibers, the pioneers in the discover of the
IC guidance, the negative curvature fibers, such as the revolver fibers and the hexagram
fibers, where it is the negative curvature of the core that inhibits the coupling [43], and the
simplified antiresonant fibers, such as the capillary fibers and the double antiresonant fibers.
These last, present a dual AR mechanism, each with dissimilar responses. The HSCF used
in the framework of this thesis is a notorious example of this last category.

Figure exhibits a schematic diagram of some distinctive PCFs that have been pro-
posed. Their classification was done taking into account the known guidance mechanism,

and following the respective literatures [37, [43].

2.3 Losses

An optical fiber is an eximious guide that allows light to travel through a considerable
distance without being compromised by certain external factors, however, it is subjected to

certain features that can cause significant losses in light guidance. Throughout the years
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ance mechanism.

PCF's were highly developed and the tremendous losses they initially presented have been

considerable decreased. Still, it remains an important factor to take into account.

Similarly to the conventional fibers, the attenuation of the light power in PCFs may be
caused by material absorption, where in silica materials, the phonon vibrations and the
hydroxid absorption are the major responsibles for inducing losses. The Rayleigh scattering
also contributes to the attenuation increase. This event comes down to the scattering of light
by atoms or molecules of size much smaller than the lights wavelength [5], and arises from
density and compositional fluctuations originated from irregularly spaced atoms in the lattice
structure that merged during the fiber manufacture [46]. In addition to these losses, MOFs

present another one, namely the confinement loss (Cf,) or leakage loss, which is given by [47]:

4073 (n.
0p = mu(o);f) (2.2)
where Qneg is the imaginary component of the effective refractive index. Ideally, in both
SC-PCF and HC-PCF, the air holes inserted into the material matrix should be continuously
prolongated to infinity, in order to prevent the core modes leakage to the cladding [10), [48].

However, since the microstructured cladding is finite, there will always be losses due to the




leakage of the core modes, meaning that the energy of the propagating mode will decay along
the fiber. Thus, the propagating modes in PCFs are known as leaky modes. These losses
happen in any optical fiber, though in HC-PCFs, where the HSCF is included, the greatest
cause of impoverishment on the optical power of light may be stricted to confinement loss
or certain variations in the fiber structure along its length. Both absorption and Rayleigh

scatering have a small impact since light is guided in air and not in the material [10].

2.4 Hollow square core fiber

The HSCF used in this work, whose cross-section is shown in figures[2.2h and [2.2p, is a HC-
PCF that presents a squared shape core surrounded by four identical air petal shape structures
intercalated with four interstices. The size of the core is ~11 pm and it is surrounded by silica
strands of 1.7 pm of thickness. The air structures arrangement extend a diameter of 52 pm,
and around these there is a silica cladding with width of 36.5 nm. The fiber’s outer diameter
matches the 125 pm of the singlemode fiber (SMF). Notice that in the following of the work,
the designation of cladding of the HSCF will be established for the whole geometry that is
beyond the hollow core.

Figure 2.2: Images of the HSCF in a transversal perspective (a) using a microscope
(400x) and (b) using scanning electron microscopy.

2.4.1 Sensor design

The layout of the sensor used in this work was based on an inline configuration where
the HSCF was spliced between two segments of SMF. The splicing process was executed
with a Fujikura 40S splicer, which was operated in the manual mode, allowing the alignment
between fibers to be personalized by the user. Given the geometry of the HSCF and the
fragility of the microstructures of the fiber, it was necessary to adjust the parameters of the
splicing program so that one could attain an equilibrium between the splicing strength and
the integrity of the PCF structure. To keep the cohesion of the microstructures intact, the arc
was discharged mainly on the SMF instead of the limits of the SMF and HSCF, as the scheme
in figure illustrates. This, in turn, appeared as a challenge since the splicing resistance is

slightly compromised, making it necessary to alter the arc parameters to overcome this issue.




Those parameters were found making several attempts on modifying both the arc discharge
power and duration. The parameters that were achieved to produce a reasonable sensor
required an arc discharge time up to 500 ms, and a power up to 12 arb. units. Notice that
in an automatic splice the standard parameters are set to 2000 ms and 20 arb. units. Above

the found values, significant deformations in the HSCF were enhanced, as it is perceived in

figure (top).

1000 ms — 12 arb.unit
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Figure 2.3: (a) Scheme of the splicing process of the HSCF between the SMFs. The
dark arrows represent the location in which the arc was discharged. (b)
Microscopic pictures of the HSCF splice when the splicing parameters are set
to 1000 ms and 12 arb. units (top), and 500ms and 12 arb. units (bottom).

2.4.2 Operation principles

In the HSCF, light is guided within the air core through the AR reflection. However,
depending on the incident angle and incident area, as well as the fiber length, light can also

propagate through the silica structures that surround the core, as one can observe in fig-

ure [2.4] where a simulation of the core modes and cladding modes was done for a wavelength

Core modes

HEOI | LPOl

Cladding modes

Figure 2.4: Simulation of the core modes, HE1;, TE(p; and LP5; and some of the cladding
modes at 650 nm (top). Micrographs of light propagation in the HSCF, taken
at the Leibniz - IPHT (bottom).

of 650 nm, by resorting to the finite element software COMSOL Multiphysics (version 5.6).

The simulation results are in agreement with the propagating modes that are experimentally
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observed, also in figure The propagation of the numerous modes on the distinct regions
of the fiber makes it possible for a new set of events to happen, especially interferometric
phenomena. The interference of light is based on the superimposing of two or more light
beams, with the same frequency, that present a phase difference. That phase difference is
usually originated due to the difference of optical paths in light guidance, leading to con-
structive and destructive interferences that create a pattern. In the guidance of light of the
HSCF sensor, two different interference phenomena may occur, namely the MZI and MMI.
Those interference mechanisms are highly sensitive to the surrounding medium, making this
type of fiber excellent for sensing purposes. With this, in this section one will introduce all
of the phenomena that happens within this particular MOF, making a brief discussion on its

physical properties.

2.4.2.1 AR

The AR principle can be described by the antiresonant reflecting optical waveguide (AR-
ROW) model, which expresses the optical fiber as an array of high and low refractive index
layers, and where the former act as Fabry-Perot (FP) resonators [49]. In short, the wave-
lengths that do not obey the resonance condition are reflected within the resonator, and thus
propagate along the fiber core. However, wavelengths near the modal cutoff condition es-
cape the FP resonator, being posteriorly lost. Therefore, for certain guidance windows there
will be certain narrower high loss frequency bands where some notorious depression peaks
are visible. The wavelengths in which those peaks are located are designated as resonance

wavelengths (\,,), and follow the resonance condition [50]:

2wy /nZ; — n2sin®(0)
A = V8 — , (2.3)

where w is the thickness of the FP resonator, 6 is the incident angle, and m is the resonance
order. Notice that for the AR guidance, the reflections present glancing angles, therefore
sin(f) can be approximate to the unit. In the particular case of the HSCF, there are two
distinctive AR guidance mechanisms, namely an internal AR, where light is trapped in core
and surroundings of it, and the external AR, wherein light remains confined by the outer
cladding region. Figure [2.5]illustrates the light propagation in the fiber that originates these
two ARs. The light that propagates in the air core, when encountering the interface between
the core and the silica strands, will be both reflected, thus remaining in the air core, and
refracted to the silica strands. The silica strands will be acting as a FP resonator (FP;
resonator in figure , which means that for the AR wavelengths light will be reflected
within the resonator and refracted back to the core. The internal resonance (IR) occurs
when the resonance wavelengths escape the resonator and leak to the air structures, as they
are further lost in the propagation [5I]. In the external AR guidance, light leaks from the
core, and thus may propagate in the petal air structures and interstices that surround the

core. There, light will also be refracted to the outer silica cladding section, which, in turn,
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will also act as a FP resonator (FP5 resonator in figure 2.5)). Therefore, an external resonance

(ER) is expected to occur for the resonance wavelengths, where these will leak out from the

fiber.

Figure 2.5: Scheme of the optical paths of light in the internal AR guiding process,
which occurs in the core area, and the external AR, that occurs in the outer
cladding section.

For a better perception of these effects, figure 2.6k presents the spectral response of a

7.50 mm HSCF sensor that was acquired in the air, under the normal conditions of temper-

ature and pressure, and in figure 2.6b the respective curve when a low pass filter is applied.

The low pass filter of 0.05nm™! was applied to reduce the noise associated with the raw

o

-10

-20

-30

-40

-10

-20

-30

Optical Power (dB) Optical Power (dB)

-40

@

(b)

——0.05 nm™ low pass filter |

600

800

1000 1200 1400 1600

Wavelength (nm)

Figure 2.6: (a) Transmission spectrum of a 7.50 mm HSCF sensor and (b) the respective
spectrum when a 0.05nm ™! low pass filter is applied.

acquired data, and thus, to allow a better visibility of the AR guidance modulation. Ana-

lyzing the spectrum two behaviors stand out immediately. First, one sees the broadbands,

centered at ~760 nm, ~990 nm, and ~1230 nm, where light is transmitted with relatively low

loss, and the neighbouring high loss widebands that correspond to the resonance frequencies

of inner silica strands. Secondly, at higher wavelengths (starting ~1270nm) one sees with

more detail the recurrent dips that modulate the signal, being these respective to the ER.

The comprehension of these two mechanisms that modulate the transmitted optical signal re-
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lies on understanding the modal propagation in the HSCF. Therefore, to further understand
those, particularly the internal AR, it is necessary to comprehend the propagation of the
fundamental mode (HE1;) as well as its intrinsic properties. Considering the perturbation
theory model, encountered in [52], the effective refractive index of a propagating mode is

described by the expansion:
Net = Ng(1 — ao? — bo® — cot + ido?), (2.4)

where o is denoted as the perturbation parameter and is invertionally proportional to the
core wavenumber, k,, and the core radius r. The core wavenumber is related with the vacuum
wavenumber, kg, through k; = kgn,. The coefficients a, b, ¢, and d are real numbers and can
be described by the real coefficients of the radial wavenumber, ki, ko and by the complex

coefficient k3. With this, it is possible to establish the following correlations [52]:

2 i2
kl o jm—l,n

a= - 5 (2.5a)
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2v/e—1
ki, K3 Jm-tn | Jm-in
=1 12 4 Rk = > d 2.
c=o+5+ 1R(k3) g ot 5 e (2.5¢)
j’%@—l n (62 + 1) 2
where ¢y and ¢ are given by:
(e—1) 2
=1- t 2.6
Co m COo (¢)a ( a)
4-2 1)2
€ = ( m)(e+1) cot?(¢) — m. (2.6b)

4(e —1)

The variable j,,—1,, represents the n™ root of the Bessel function m — 1, for the hybrid mode
HE,, . ¢ is the accumulated phase between two consecutive reflections of a ray in the silica
glass structure, and the parameter € is the square fraction of the refractive indices of the
silica glass and air, respectively. Developing the set of equalities from equations to

one concludes that:

j’r?;z—l,n(62 + 1)
2(e — V)kdndrt

Neff = Ng (2.7)

B o im (1 _ (e=1)cot(9)
2k3nqr? Ve —1kongr

Based on the analytical equation a complex effective refractive index is attained, where

) +i(cot?(¢) + 1)

the real component describes the spectral tendency of the leaky mode effective index, while the
imaginary part is associated with the losses inherent to the mode propagation. Given this, the
spectral propagation of the HE1; mode was simulated using COMSOL Multiphysics. The real

and imaginary components of the effective index of the mode obtained by the simulation are
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represented in figures and 2.7c. It is quite notorious the asymptotic behaviour of the real
part of the effective index. In fact, this behavior is highly characteristic in ARHCFs, where the
asymptotic curves tend to a specific wavelength, the so-called resonance wavelength. This fact
is also proven by the behavior of the imaginary component of the refractive index, where high
intensity peaks are notoriously located in the same frequencies as the asymptotic wavelength,
and by comparing these frequencies with the wavelengths of higher losses in the transmission

spectrum (figure ) Additionally, using the real part of the effective index, one compared
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Figure 2.7: (a) Experimental transmission spectrum of the HSCF sensor. (b) Real com-
ponent and (c¢) imaginary component of the effective refractive index with
wavelength attained by the COMSOL Multiphysics. (d) Real effective re-
fractive index attained by the COMSOL Multiphysics (Simulation), and by
equation (Numerical). In dash lines is represented the expected frequency
of the IR, according to equation

the simulated values with the ones obtained by the analytical equation (figure ),
verifying a good agreement between both, validating, therefore, the use of equation to
describe the resonance within the HSCF. To further corroborate the established analysis, the
theoretical values of the IR wavelengths, foretell by equation were also represented in
figure 2.7d. A good match between the simulated and the theoretical resonance is perceived,
although there is a small shift between the theoretical and numerical resonance wavelengths.
This can be justified by the simplified geometrical approximation used in the numerical
model. However, in an overall perspective the numerical equation describes this fiber with a
relatively good accuracy. The imaginary components of the simulated effective index of the
mode and the analytical equation, illustrated in figures and [2.8b, shows a correspondence
in the frequency in which the intensity of the refractive index becomes higher. However, a
notorious difference in the magnitude of the index is noticeable. This may be explained
considering the dependence of the losses associated with the mode confinement, i.e., the
imaginary component of the effective refractive index, with the fiber structure. That is, the
more microstructures are surrounding the core, the better confined the mode will be [53]. On
the numerical simulation, only the inner structure of the fiber was considered (figure [2.8¢),

and since the confinement of the leaky mode is increasingly accentuated with the quantity
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of material that surrounds the core, then, a sudden decrease on the losses due to leaking is
expected. On the analytical equations, a model of a capillary constituted only by an air core,

a glass ring, and a minor air cladding was considered (figure ), therefore making it viable
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Figure 2.8: (a) Imaginary effective refractive index of the HE;; mode attained by the
COMSOL simulation, and (b) by the analytical equations (numerical). (c)
Geometrical model of the HSCF used in the simulation, and the (d) geomet-
rical model of the capillary tube used in the analytical study. (e) Sequence of

the electric field profile of the fundamental mode at wavelengths of 1100 nm,
1140 nm, 1180 nm and 1183 nm.

for more losses associated with the mode leakage. A simple test to prove this concept would
be to simulate merely the core of the HSCF surrounded by the silica strands, disregarding
the neighbouring air structures with the remaining strands. Another possible reason may be
due to the low wavelength resolution used in the simulation. That is, the expected resonance
wavelength may not have been reached, and therefore the losses had not met its maximum
value. The compensation of this problem would be difficult to overcome since the electric
mode distribution is more dispersed in the cross section of the fiber, as figure shows, and
may lead to inadvertly mistaken the mode with other virtual solutions. Therefore, in terms
of heuristical usage one will consider the analytical approach for the analysis of losses in the
HSCF.

Considering the previous discussion, and given that the imaginary component of the ef-
fective index of the leaky mode attained in the simulation is highly susceptible to the region
of interest, this element serves the solo purpose of qualitative analysis, where one intends to
show the general good concordance between the model of the HSCF that was simulated with
the analytical equations of an ARHCEF, and should not be used for quantitative analysis.
With this, and since the S(neg) is related to losses existing in the mode, specifically in the
mode confinement, one can estimate the expected transmission window that is formed by the
AR propagation, and consequently the expected transmission spectrum of the HSCF. Note

that it was considered that the major factor that induces losses in the HSCF is the confine-
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ment loss of the propagating mode. Other possible factors, like the bending and absorption
losses as well as the Rayleigh scattering, are too small in HC-PCFs, and thus can be disre-
garded [10]. Moreover, it is important to notice that the use of equation is not limited
only to the IR, being its usage capable of also predict the ER. The IR is mainly resultant of
the core mode leakage (HE11), whilst the ER is mainly induced by the leakage of the cladding
mode HEs;. Given this note, figures and present the numerical simulation attained
for the ER and IR, respectively. The conjugation of these two resonances allows to predict
the transmission spectrum of the HSCF (figure ) A normalization was carried out to
the numerical results to better perform a comparison with the experimental transmission

spectrum. In order to compare the simulated results with the experimental ones, a superpo-

™ 2N —— Internal AR
2 =1\
= 51\ /\
S al \/ \ /
o = | | \ / /\
5 K \ /
> 2 v 1,’ \/
2 r \[
2 S i"
2 c [
€ £
(@ External AR (b) ﬂ
600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
Wavelength (nm) Wavelength (nm)
- S e
% Numerical spectrum
S
£
)
P
‘@
c
g
=
n n n 1 n n 1 n n 1 n n 1 n n n
600 800 1000 1200 1400 1600

Wavelength (nm)

Figure 2.9: (a) Numerical solution of the external AR spectrum, and (b) the internal AR
spectra. (c¢) Numerical solution of the transmission spectrum of the HSCF.

sition of both spectra was carried out, and is represented in figure 2.10h. To begin with, the
resemblences on both results are quite notorious, in specific for the ER dips, as figure
depicts. From the experimental spectrum it was possible to distinguish the resonances from
the 48 to the 61% order, located in the wavelength range between 1200 nm and 1600 nm.
The high visibility of the ER in these frequencies suggests that this phenomenon is more
propituous to occur in this range than in lower wavelengths. Moreover, it is important to
perceive that the intensity of the internal AR bands decreases for higher wavelengths. The
decrease of the optical signal for lower frequencies indicates that the core modes are not so
well confined within the core region, meaning that the coupling of light to the cladding region
will be favored. As result, the external AR will be further stimulated, leading to a notorious
modulation on the transmission. The ER dip values achieved in the experimental and in
the numerical transmission spectrum are represented in figure [2.10k, where the theoretical
values, obtained by equation [2.3] are also shown. Although the results are similar, for higher

resonance orders there is a slight deviation. This can be partly justified by the impact of the
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internal AR guiding that attenuates this phenomenon, therefore leading to a higher difficulty
in distinguishing the ER, as well as to the noise associated to the transmission spectrum, that

could overshadow near resonance peaks. Furthermore, in figure [2.10p it is also possible to in-
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Figure 2.10: (a) Representation of the simulated and experimental transmission spec-
trum of the 7.50 mm HSCF. (b) Zoom-in of the transmission spectra in the
range of 1200 nm-1600 nm, where the external AR modulation is observable.
(c) Values of the ER dips attained from the numerical and experimental
spectrum, and the theoretical values from equation (d) Representation
of the simulated internal AR spectra for different values of w.

fer that similar low loss broadbands were attained in both experimental and numerical cases,
however, the high losses broadbands, respective to the IR frequencies, show some differences.
The IR dips, which one would expect to occur in the surrounding silica strands of 1.7 pm,
appear in the experimental procedure as broadbands instead of well defined peaks as the
simulation predicted. However, one must be attentive to the fact that resonance frequencies
obtained from the analytical equations are located within the range of the experimental reso-
nance bands. That is straightforwardly justified by the fiber’s irregularities, that is, the slight
variations on the thickness of each strand that surrround the core, combined with possible
fluctuations along the HSCF length. The fiber’s dimensions, provided by the manufacturer,
have associated a 5pm marge error of the total fiber width, which means that the thickness
of the inner silica strands may not be constant, varying in a margin of 4% above and below
the measured value. Therefore, taking this variable into account and studying the impact of
this imbalance, it is obtained in figure the several spectra considering the width error
margins. One observes a fast shift in the IR wavelength with a very small width variation.
It is, therefore, reasonable to expect that the experimental resonance broadbands acquired

are formed and mediated by the fiber’s slight deformations.
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2.4.2.2 MMI

The modal interference is associated with the superimposing of two or more distinct modes.
Each guided mode has a particular electric field distribution as well as a specific propagation
constant. Distinct modes have distinct propagation constants, meaning that they will travel
at different speeds. Therefore, they will interfere. In the particular case of the HSCF sensor,
this interference happens when the sensor is interrogated in transmission. The conditions
in which the coupling of light between the SMF and the HSCF is done may not only excite
modes within the HSCF’s core, but can also stimulate the coupling of light to the HSCF
cladding, as figure illustrates. Hence, the cladding modes will interfere. The interfering
light is then recoupled at the exit SMF. Mathematically describing the process, the difference

SMF HSCF SMF

Input signal / Y| | Recombi "signal‘

Figure 2.11: Schematic representation of the MMI on the HSCF. The fundamental mode
of the SMF will excite multiple modes within the cladding of the MOF.
Those modes will interfere, being posteriorly combined to the SMF.

in the optical path, Ar, will be:
Ar = L(ni — nlg 2.8
r (neff neff)7 ( . )

where L is the HSCF length, and ngg and nzlé are the effective refractive indices of the ¢ and
j cladding modes. Due to the difference in the optical path between the modes, there will be
an induced phase shift, Ag:

27[- cl; CIJ

A¢ L(ng —n.g), (2.9)

Y
where the recombined signal in the SMF may be constructive if the phase shift is multiple
of 27, i.e., p2m, with p C Z*. Through the simplified process that was described, one can
see that certain parameters related to the specialty fibers will affect considerably the sensor
performance upon measuring external changes. Among those parameters, the length of the
sensing element, as well as the effective refractive indices of the cladding modes are some to
take into consideration. In fact, such dependence can be given by [54]:

A2\

cl __
Aneff - (AQ — )\1)[1, (210)

18



where Ay — A1 is the difference between wavelengths of two adjacent peaks, and Anglﬂ is the
difference of the effective refractive indices of the interfering cladding modes.

It is quite well known from the literature that the PCFs are used for both detection
and sensing of gases and liquids [55]. In fact, the use of the SMF-HSCF-SMF configuration
potentiallyenhances the modal interference which is highly susceptible to the external medium
changes. Since the event of MMI occurs within the outter cladding region, the interference of
modes can be significantly changed when the fiber is presented to modifications on the outer

medium.

2.4.2.3 MZI

For some particular transmission sensors, where a distinct type of fiber is spliced between
two segments of a similar one, the interference between core modes and cladding modes
usually takes place. In the case of the sensor in study, it is the specific configuration of the
SMF spliced to both sides of the HSCF, allied to the size of the core, that enhances the
coupling of light to the cladding structures. This favors the occurrence of a MZI.

The core mode of the SMF will be redistributed when reaching the interface of the HSCF.
That redistribution will allow the presence of several modes on the HSCF core as well as
the cladding. In figure some of the simulated propagating modes within the core of
the HSCF and the silica strands are represented, using the COMSOL Multiphysics, at an

operating wavelength of 1570nm. Since the cladding material is different than the core

Ner=0.9856 Ner=0.9775

Negr=1.4155 Nerr=1.4058 Nerr=1.3970

Figure 2.12: Simulation of the core modes (top), and the silica strand modes (bottom) in
the HSCF, by using the COMSOL Multiphysics, for an operating wavelength
of 1570 nm. Below the modes are represented their effective refractive index.
The colorbar shows the normalized electric field intensity.

material, the conditions in which the modes propagate in each region will be dissimilar. This
effect induces a phase shift between the core and cladding modes so that when they couple
back to the SMF their recombination will result in an interference. A scheme of the MZI in
the HSCF sensor is depicted in figure The input eletromagnetic field will propagate in

two sections of the fiber, a fraction of the light will propagate on core and another fraction
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will propagate on the silica strands that surround the core. Given that light will experience

n — | j— -\‘
n, »A
A A

Figure 2.13: Schematic representation of the MZI on the HSCF. The fundamental mode
of the SMF will excite multiple modes within the core of the HSCF where
some are going to be couple to the silica strands, being later recoupled to
the core and will interfere when they are combined to the SMF.

two media with different refractive indices (different speeds in each medium), a difference in
the optical path is induced. This can be described by:

Ar = L{ngi - ny), (2.11)
where nffzf and nig; are the effective refractive indices of the silica strands and the air core,
respectively. The difference in the optical path of light will create a phase shift, which, for

constructive interference gives rise to [54:

A1

Angg = —172
neff (}\2_)\1)[/7

(2.12)
where Aneg is the difference of the effective refractive indices of silica and air. Notice the
duality of the expressions attained for both MMI (equation [2.10) and MZI (equation [2.12)).
Due to the MZI inner location in the fiber, the core and cladding modes will only be mediated

by external parameters that directly affect the fiber structure or any of its optical properties.
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3. Characterization in liquid media

In this chapter, a study on the sensor performance in two different liquid media was
conducted, specifically in both glucose aqueous solutions and ethanol aqueous solutions. For
the glucose aqueous medium, a detailed analysis to the refractive index was performed in a
constant temperature environment, and in a temperature varying environment. As for the

ethanol aqueous medium a study on the evaporation profile was carried out.

3.1 Study of glucose-water mixtures

The main objectives of this section of the work consisted on calibrating the HSCF sensor
to the adequate operating wavelength, followed by a detailed analysis on the sensor response
to the refractive index. A comparison between the sensor’s performance and some sensors re-
ported in the literature was made. The resolution of the sensor was also addressed. Moreover,
a temperature independent refractive index detection was performed, and the thermo-optic

coefficients (TOC) of the glucose solutions were determined.

3.1.1 Refractive index measurements

To evaluate the sensor response to variations on the external medium refractive index of
the medium, the HSCF was subjected to solutions of glucose with different weight concentra-
tions (wt.%). A series of deionized water-glucose mixtures were prepared under a controlled
laboratory environment and stored for 24 hours to allow their stabilization. The mixtures had
different weight fractions of glucose, starting at 0 wt.% up to 50 wt.%, in steps of 2.5 wt.%. Af-
ter the stabilization period, the refractive index of each solution was measured using an Abbe

refractometer (KRUSS optronic refractometer) operating at 589 nm. The spectral response

Optical Source

HSCF sensor

Liquid

Figure 3.1: Experimental setup used on the refractive index measurements.

of the sensor was observed in a transmission configuration, where a broadband optical light
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source (Amonics, model ALS-CL-17-B-FA) centered at 1570 nm, with a bandwidth of 80 nm,
and the optical spectrum analyzer (OSA, Anritsu MS9740A) were used. Figure illustrates
the experimental setup used. The attained results for the refractive indices measured for each
solution, using the refractometer, are represented in figure [3.2h, where a linear tendency on
the increase of the refractive index with an increase in the concentration of glucose is ob-
served. To ascertain the correct preparation of the solutions one proceeded to compare the

experimental results with the ones already established in the literature [56]. Both curves are
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Figure 3.2: (a) Refractive indices for different mass fraction solutions of glucose experi-
mentally measured with an Abbe refractometer (A = 589 nm), compared with
the values obtained from the literature [56], at room temperature of 20°C.
(b) Spectrum of the HSCF sensor of 7.50 mm immerse in water with the band
pass filter of 0.07-0.2nm™~! used to monitor the MMI component. (c) FFT
obtained for the same sensor for the same medium.

very much alike, having a small shift between them, reason that can be explained by the fact
that the room temperature may have not been 20°C. The sensing head was constituted by
a 7.50 mm long of HSCF spliced between two sections of SMF. The spectral response of the
sensor when surrounded by water is represented in figure [3.2p, as well as the bandpass filter
applied (0.07-0.2nm™~!). The spectrum presents two main frequencies, a higher frequency
that is modulated by a lower frequency, as evidenced by the fast Fourier transform (FFT),

in figure . There is a central peak at higher frequencies, approximately at 1.422nm™?,

and an aggregate of small frequencies from the DC component up to 0.15nm™".
the description made about the principle of operation of the HSCF, in the subsection [2.4.2]

the two AR mechanisms were described, as well as two interferometers, the MMI and MZI,

Recalling

that may take place within the fiber. Because the sensor was tested within the range of
frequencies of the C band, no IR occurs in this window. As for the ER, its monitoring also
reveals to be not viable in these experimental conditions. When the HSCF is merged in a
liquid medium, the resonance condition is slightly modified. As the liquid refractive index is
closer to the refractive index of silica, the ER dips visibility decreases and the MMI becomes
more dominant over this, and thus the ER will fade away. Consequently, only the MMI
and MZI are expected to be observable. Therefore, the high frequency that is perceptible in
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the sensor’s response in figure and its inset, corresponds to the MZI modulation while
the low frequency to the MMI. Notice that this is also proved by the simulated modes, that
were represented in figure and whose interference originates the high frequencies that
range from the 1.225nm~"! to 1.333nm~'. Since the MZI is spectrally expressed on a high
frequency domain that is modulated by a low frequency (MMI), it is necessary to separate
both components to analyze them individually.

However, before proceeding to the individual analysis of each interferometric component
to the glucose solutions, one must not forget that the measurements of the refractive indices
of the glucose solutions were carried out using a refractometer that operates at a wavelength
of 589 nm, and that the evaluation on the sensor response to the glucose solutions requires
the use of an optical light source that operates at a central wavelength of 1570 nm. This
discrepancy in the frequencies results in dissimilar refractive indices for the same solutions.
This fact is owed to the dependence of the refractive index of a material or liquid with
the wavelength. To compensate this occurrence, a calibration of the sensor is necessary to

estimate the refractive index of the solutions in the optical source wavelength range.

3.1.1.1 Sensor calibration

To perform the sensor calibration, a set of solutions of glycerol with different mass fractions,
varying from 0 wt.% to 40 wt.% was prepared, which serve as a reference element. An
empirical equation that provides the refractive indices of glycerol solutions at 1550 nm based

on their weight percentage has already been reported in the literature, being described as [57]:

n(w) = —0.0216w® + 0.0512w? + 0.111w + 1.3165, (3.1)

where w is the mass fraction of the glycerol solutions.

The sensor was then submerged to the glycerol solutions and its spectral response was
acquired. The analysis of the MZI consisted on selecting a peak of the high frequency mod-
ulation of the spectrum and following the shift it presented with refractive index variations.
For the MMI, the bandpass filter was used. Following this process of analysis, one observes
by figure that the MZI remains unaffected by changes in the refractive index while the
MMI component shows a significant variation. Notice that both glucose and glycerol solu-
tions present similar refractive indices in the range considered. Therefore, it is expected that
the sensor responds in a similar way. Figure [3.3h shows good agreement on both curves for
both solutions of glycerol and glucose. Therefore, based on equation a fitting on the
sensor tendency would establish the necessary formulation to convert the indices at 1550 nm.
Notice that the wavelength shift varies nonlinearly with the concentration of glucose. The
equation derived from the glycerol data, A\(n) = 5872.5825n% — 15281.90164n + 9940.76404
(r? = 0.99827), can be used to determine the refractive index of the glucose solutions at the
operating wavelength. As it is seen from figure[3.3p, a translation for lower values of refractive
indices occurs when there is a wavelength increase. The dependence of the refractive indices

at both operating wavelengths can be described by a linear fitting of the type n(w) = aw+ b,
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where a and b are real coefficients, and that are represented on table With this, a direct

conversion for the refractive indices according to the desired wavelength is settled.
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Figure 3.3: (a) Sensor response dependence on refractive index of glycerol and glucose
aqueous solutions, for both MZI and MMI, for operating wavelengths of
589nm and 1550nm. (b) Refractive index variation with mass fraction for
glucose solutions, at 589 nm, and at 1550 nm, where this last was retrieved
from the calibration.

Table 3.1: Values of the coefficients attained by the linear fitting at 589 nm and 1550 nm
for the glucose solutions.

Operation Wavelength nw) = aw+b
a b r?
@589 nm 0.00164 £ 0.00002 1.3296 + 0.0004  0.99809
@1550 nm 0.00167 £ 0.00004 1.3140 + 0.0008  0.99229

3.1.1.2 Response to refractive index

Once the calibration was carried out, a more thorough discussion about the sensor be-
haviour can be addressed. In figure it is represented the MMI and MZI responses, after
calibration, respective to the glucose solutions. As it was already noticed from the previ-
ous results, two distinguishable behaviours for the MZI and MMI are perceptible. While
the MZI is insensitive to variations on the refractive index, the MMI presents a nonlinear
response with a shift towards longer wavelengths (redshift). The insensitivity of the MZI
was already expected given that this interferometer occurs within the inner structure of the
HSCF. Since variations on the refractive index can only dictate changes on the evanescent
field (mediations of the fiber), then, one would anticipate that interferences that occur in the
inner fiber structures could not be influenced. On the other hand, mindful that the MMI
occurs within the outer cladding, it was predictable that the evanescent field resultant of this
interference would be affected by variations of the refractive index. Furthermore, the non-

linear response is also justified since the interference wavelength is highly dependent on the
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evanescent field penetration depth, in turn, quadratically correlated with the refractive index

of the medium [26]. Given the nonlinear profile of the response, it was necessary to delimit
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Figure 3.4: (a) Sensor response dependence on the refractive index variation, for both
MZI and MMI interferometers. (b) Linearization of the MMI response consid-

ering two regions of analysis, namely region 1 [1.310:1.348] RIU and region 2
[1.348:1.381] RIU.

ranges where the response could be approximate to a linear tendency. Hence, two regions
were established, a region for the lower refractive indices, designated as region 1 ([1.330:1.348]
RIU), and a region for the higher refractive indices, namely region 2 ([1.348:1.381] RIU). In
figure the linearizations performed for each region are presented. With this, sensitivities
of (303 £ 14) nm/RIU (r? = 0.98227) and (878 4 60) nm/RIU (r? = 0.97729) were attained
for region 1 and region 2, respectively. On table are summarized three examples of MMI
sensors, as well as their characteristics, and the HSCF sensor used in this work. From an
overall perspective, one might think that the HSCF could not level to other existing MMI

sensors in terms of sensitivity. However, the majority of the MMI sensors require an etching

Table 3.2: Table of MMI sensors, including the HSCF sensor used in this work. It is
represented the diameter of the fiber, or the multimodal region, the length
of the sensors, the range in which they operate and their sensitivities to the
refractive index.

Structure device Diameter  Length Range sensitivity Ref.

SMF-etch MMF-SMF ~ 40pm  23mm  1.33-1.3775 RIU  286.2nm/RIU 58]

1.316-1.353 RIU  338.23nm/RIU :

SMEetch MME 39 P 3641397 RIU  1012.66 nm/RIU 126]

SMF-etch MMF-SMF  25um 14 mm 1.32-1.35 RIU 1442 nm/RIU [59]
SMF-HSCF-SMF  36.5 um 7.5 mm .00 1348 RIU = 307 nm/RIU . -0 o

1.348-1.381 RIU 878 nm/RIU

procedure to enhance their sensitivity. An etching consists of a reduction in the diameter of
the fiber, more specifically in the region of the MMI so that the evanescent field may interact
more strongly with the external environment. This increases the fragility of the sensor, and

sometimes may be highly dangerous since the etching is typically done by resorting to chemi-
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cal elements, like the hydrofluoric acid. Therefore, even though in all MMI sensors presented,
the diameter of the multimode region is similar, the HSCF sensor stands out from the other
in terms of not needing an etching to present sensitivities proximal to the other MMI sensors,
making it a sensor that does not need any structural modifications to achieve a high perfor-
mance. Besides, one denotes the long range of refractive index values that the HSCF sensor
can measure. Moreover, the majority of PCFs that are employed in these measurements,
often cannot overcome the major problem that still persists in the monitoring of refractive
index of liquid media, that lies on the temperature influence. This sensor highlights from
the other by being able to discern the temperature, and, therefore, to attain an independent

refractive index detection.

3.1.1.3 Evaluation of HSCF length

The response of a 7.50 mm long HSCF sensor was examined and posteriorly compared
with other MMI sensors with the objective of evaluating the sensor’s length influence on
the refractive index sensitivity. Sensors with 3.70 mm, 5.78 mm, 11.00mm, 11.70 mm, and
16.00 mm were built. As it would be expected, the spectra change considerably as the HSCF
length varies. Sensors with higher lengths present a more pronounced MMI component. On
the other hand, the smaller the length, the more dominant is the MZI component. This
can be noticed in figures to 35k, where the spectra of the HSCF sensor submerged in
water is represented, as well as the bandpass filter, for lengths of 3.70 mm, 7.50 mm and
11.70 mm. The outcome observed complies with what was described in equations and

2.12] That is, for smaller values of L, the distance between two adjacent peaks, regarding
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Figure 3.5: (a,b,c) Transmission spectra with the applied filter for three sensors with
lengths of 3.70 mm, 7.50 mm and 11.70 mm, respectively, when surrounded
by deionized water. (d,e,f) FFT attained for the respective sensors with a
surrounding medium of deionized water and index matching gel.
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the MZI and MMI components, increases. Although that increase leads to a higher visibility
in the spectrum for the MZI component, it results in an overshadow of the MMI, where the
spacing between peaks is higher in the spectrum and thus a low perception is attained. The
opposite is verified for higher lengths, where the distance between adjacent peaks decreases.
Whilst the MMI becomes more distinct, a significant enfeeblement on the MZI happens, since
one cannot attain the necessary resolution to view its modulation. This effect is also observed
in the frequency domain (figures [3.5d, and [3.5f). For comparison purposes, it is also
represented the FFT of the spectra of the sensors surrounded by an index matching gel media.
This gel has the particularity of presenting a refractive index similar to silica. The FFT of
the sensors within this environment show similar behaviour as the water, regarding the MZI
component, though, it is clear the disappearance of the MMI component. In fact, the low
frequencies disappear since the equality of the refractive index of the gel with silica makes
light to see a thicker cladding, translating in a less intense evanescent field. In analogy terms,
it resembles an infinite cladding. The described behaviour, that the MMI and MZI present
towards different sensor’s lengths, can also be appraised by the free spectral range (FSR).
The spectral distance between two adjacent peaks (Ao — A1) was measured for all sensors.
The results attained for the MMI and MZI are shown in figures and [3.6b, respectively.

Notice that the FSR attained for the sensors describe, with good concordance, the tendency
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Figure 3.6: FSR dependence on the sensor length for the (a) MMI and (b) MZI.

of equations and for both MMI and MZI, where one assumed A\; =~ )Xo, so that
A1 = A2, with X being the central wavelength of 1570nm. Furthermore, the assumption
that FSR was small enough to consider that the refractive index was independent of the
wavelength, for the frequency range in study, was taken into account. With this simplication,
one proceeded to execute a fitting on the FSR curve to an reciprocal function of the type
aL~' 4+ b, where a and b are real numbers. On table are exposed the fitting parameters

Table 3.3: Coefficients and Aneg attained by the reciprocal fitting for the MZI and MMI.
FSR(L) = aL ™' + b

Sensor

a (nm?) b (nm) 2 Aneg

MMI (59 +2) x 10° 1.24+0.3 0.99311 0.042 4+ 0.001
MZI  (6441) x 105 —0.1140.02 0.99824 0.388 + 0.007
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attained, as well as the difference in the effective refractive indices for both MMI and MZI.
For the MMI a value of 0.042 RIU was attained, meaning that the cladding modes that
interact with each other have a similar refractive index. As for the MZI, it means that the
propagating modes of silica strands with the core modes have a difference in their effective
refractive indices of the magnitude of 0.388 RIU.

The later study performed to appraise the influence of the sensor’s length consisted on
evaluate the sensitivity of the MMI and MZI components. All sensors were characterized
to refractive index variations. Towards this objective, a similar experimental procedure to
figure was conducted for each sensor. In figure is represented the responses attained

for the different sensors. It is possible to discern that there is a variation on the sensors’
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Figure 3.7: (a) Response to the refractive index variation, for both MZI and MMI, of
sensors with lengths of 3.70mm , 5.78 mm, 7.50 mm, 11.00 mm, 11.70 mm
and 16.00mm. (b) Sensitivities attained for the respective sensors in both
regions 1 and 2.

response regarding its length. By making the linearizations for the proper regions one attains
the sensitivies that are represented in table Figure illustrates the tendency of the
sensitivities with the sensor length, for each region. Given the outcome of the results one
cannot establish a direct relation between these two factors. However, it is notorious that
there is a propituous length (~ 11 mm) by which the sensor will achieve a maximum sensitivity

for both regions, though, further tests should be conducted to improve this analysis.

Table 3.4: Sensitivities attained for the several sensors at both regions.

Sensor Length region 1 [1.310:1.348] region 2 [1.348:1.381]
+0.02mm Sensitivity (nm/RIU) 72 Sensitivity (nm/RIU) 72
3.70 292+9 0.99314 690 £+ 57 0.95347
5.78 226 £+ 18 0.95061 678 £ 58 0.9577
7.50 303 £ 14 0.98227 878 £ 60 0.97729
11.00 358 £21 0.97398 1008 + 74 0.96342
11.70 360 + 20 0.97601 921 £ 45 0.98842
16.00 310 £+ 22 0.96181 815 £ 89 0.95426
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3.1.1.4 Resolution of the sensor

The performance that an OFS presents is exceedingly important on measuring optical
properties where a high reliability is always required. It is often demanded a sensor that
can be highly stable and with minimal fluctuations. Therefore, the resolution for refractive
index measurements was appraised, using a 9.98 mm long HSCF sensor. The wavelength
shift was monitored by making a continuous acquisition of the sensor’s transmission spectra
over a period of time of 15 minutes for two different solutions. The acquisition rate was
approximately 10 seconds. The respective minimum value of refractive index, dn, that this

sensor is able to discern is given by [60]:

5 _ 20)\An
AN

(3.2)

where o is the maximum wavelength standard deviation attained for both solutions, An
is the variation of the refractive index, and A\ the mean wavelength shift. The evaluation
of dn was elaborated using solutions of water and 2.5 wt.% glucose, as figure shows.

For the water sample, a mean wavelength of 1566.97 nm and a standard deviation of 7.1 pm

1568.5
+ 0 wt.% glucose
2.5 wt.% glucose
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Figure 3.8: Sensor response time to a refractive index step change, using solutions of
water and 2.5 wt.% glucose, to evaluate the system resolution.

was determined. For the 2.5 wt.% glucose, the mean wavelength was of 1567.99 nm, with a
standard deviation of 12.5 pm. With this, a resolution of 1.09 x 10~* RIU was attained for
the sensing system.

3.1.2 Refractive index and temperature measurements

The monitoring of temperature changes in aqueous environments reveals of extreme im-
portance in many applications. When the temperature of a liquid rises, its refractive index
is changed. That variation is quantified by the so-called thermo-optic coefficient (TOC) [61].
As for a solid material, the temperature variation leads to the occurence of two phenomena.

There is the thermal expansion, that consists on a variation on the dimensions of the material,
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and is quantified by the thermal expansion coefficient (TEC), and there is the thermo-optic
effect in the material. Given this, when a OFS is submerged in a temperature varying liquid
media, these three effects occur in simultaneous. The thermo-optic and thermal expansion
effects, of both liquids and fiber, are often intertwined in the sensor response, which, in many
cases, reveals as a challenge to determine and analyse them independently. Therefore, the
determination on these components usually requires the use of multiple sensors that can
measure them individually, providing a temperature compensation. Due to the existence
of two interferometers in the developed sensor, it is possible to use them to measure these

parameters, and still establish a temperature compensation.

In order to assess the 7.50 mm long sensor’s response to temperature variations within an
aqueous environment, a similar setup of figure was used, with the difference that the sen-
sor was inserted in a recipient with a liquid volume of approximatly 100 mL. The procedure
consisted on pre-heating glucose-water solutions, with concentrations varying between 0 wt.%
up to 35 wt.%, using a heating plate. A thermometer was placed near the HSCF to measure
the liquid temperature. In this case, both the MMI and MZI present different behaviours
to temperature changes, being their responses shown in figure It is straightforwardly

[ 0% Glucose © MMI e
[ 5% Glucose MMI
I 10% Glucose MMI
[ 15% Glucose MMI
-11 | 20% Glucose © MMI o
[ 25% Glucose o MMI e
-13 |- 30% Glucose MMI
[ 35% Glucose © MMI e
-15 N FRETE FEETE NPT FTRTE FEETY PR PR FETTE FETTS FENTS PR feeey
0O 5 10 15 20 25 30 35 40 45 50 55 60 65

Temperature Shift (°C)

Wavelength Shift (nm)

Figure 3.9: HSCF response to temperature shift of the MZI and MMI for the different
glucose-water solutions.

observed the linear response of the MZI to temperature variations, with the interference
wavelength presenting a redshift, whereas for the MMI one observes the nonlinear response
with a blueshift. Notice that the MZI response to temperature regarding the different concen-
trations of glucose solutions is similar, which allows to conclude that this is only influenced
by the thermal expansion and the thermo-optic effect of the silica in the inner strands of
the HSCF. In contrast, the MMI response suffers a more accentuated blueshift as the mass
fraction of glucose increases, being, therefore, mostly influenced by the changes of the refrac-
tive index of the liquid. Assuming that the MMI response will be quadratically dependent

on both temperature and refractive index variations, while the MZI only will depend on the
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temperature, with a linearly tendency, the wavelength dependence for the MMI and MZI,
Ammr and Aypzg, respectively, can be described as:

At (n, T) = Kpun® + K jn+ K, + Ky T2 + Koy T+ Koy (3.3a)

Aizi(T) = Kpo T+ Ko, (3.3b)

where K1, K;ﬂ and K;;l are refractive index dependent coefficients, and Kr1 o, K/T1,2 and
K;l temperature dependent coefficients attained through the fitting parameters. Given that
the MZI response is only affected by temperature changes, then, isolating this parameter in
equation [3.3b] and substituting it into equation one attains that the variation in the
wavelength caused only by the response to refractive index changes, that is, the temperature

compensation wavelenght, Acomp, is given by:

I 2 !
A —-K / A -K "
)\comp(n) = )\MMI - KTl (MZII<T2TQ> - KTI (MZIH> — KTI' (34)

Equation constitutes the solo response of the sensor to changes in the refractive index of
the solutions. On the other hand, for practical purposes, it is also important to determine
the temperature independent refractive index as a function of concentration. This can be
easily accomplished if one uses equation and considers the definition of A¢omp, provided
in equation [3.4] The final expression is then given by:

1"

_K;Ll + \/(K;ﬂ)z - 4Kn1 (Knl - )\COmp)
2Kn1 ’

(3.5)

Ncomp =

where the ncomp is the temperature independent refractive index. In figures |3.10p and [3.10b

are represented the respective response of the MMI without and with the temperature com-
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Figure 3.10: Wavelength dependence of glucose concentration (a) without temperature
compensation, and (b) with temperature compensation. Refractive index
dependence of glucose concentration (c) without temperature compensation,
and (d) with temperature compensation.
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pensation. Notice that after making the temperature compensation all the curves respective
to different temperatures are superimposed, meaning that the wavelength shift is due only
to variations on the glucose concentration. Also, figures and show the refractive
index attained before and after the temperature compensation, respectively.

Finally, one proceeded to determine the values of TOC for each solution of glucose. The
refractive index change with temperature was appraised for each solution. A linear fitting
was stablished for each tendency, being that the slope of the curve would provide the value
of the solution’s TOC. The attained values are presented in table Comparing the TOC
of water (0 wt.% of glucose) with the literature [62], where a value of —1.128 x 10~4RIU/°C
was reported, it is possible to infere the good proximity between these. This result evidences

the feasibility of this configuration as a temperature independent refractive index sensor.

Table 3.5: TOC values of the studied glucose solutions attained through the linearization
of the curves of refractive index variation with temperature.

Glucose concentration (wt.%) TOC (RIU/°C) r?
0 (—1.1340.02) x 10~*  0.99647
5 (—8.440.5) x 107°  0.96401
10 (—9.74+0.8) x 107 0.92664
15 (—1.394+0.04) x 107*  0.98822
20 (—1.5540.05) x 107*  0.98532
25 (—2.08 +0.06) x 10~*  0.99038
30 (—2.3840.03) x 107*  0.99839
35 (—2.634+0.08) x 107*  0.9881

3.2 Study of ethanol-water mixtures

The role that VOCs play in society is of extreme importance, being their use a recursive
one. Its importance is not only dictated by their demand, but also by the danger they may
present [32]. A VOC is a compound that is highly unstable at room temperature, and thus,
tends to immediatly evaporate [63]. Being ethanol a VOC, then, in some solutions where this
element is present (e.g., aqueous ethanol solutions), the ethanol will be the first element to
evaporate. The monitoring of the evaporation process has been a matter of deep study by the
scientific community. Some of the techniques that are employed nowadays are based on the
imaging process, where the analysis of a droplet profile allows to ascertain some properties
of the evaporation [64], [65]. An alternative method to this, arises from the use of optical
fibers, that not only present a higher resolution, but also allow to infere the variation of some
parameters that cannot be achieved by the imaging process. Therefore, different sensing
configurations are constantly being developed to achieve an accurate detection as well as
monitoring of this type of compounds. Due to this, in this section the characterization of the
refractive index of ethanol-water mixtures will be performed, followed by a deep analysis on

the evaporation profiles of these solutions.

32



3.2.1 Refractive index characterization

A set of solutions from the 0 wt.% to the 100 wt.% of ethanol-water mixtures was prepared,
with mass fractions varying in 10 wt.%. Those solutions were kept stored for 24 hours to allow
their stabilization. Followed by the duly preparation of these, the refractive index respective
to each was measured using the Abbe refractometer, and compared with the literature [56],
as it is seen from the inset of figure[3.1Th. A small shift is still observed between the refractive
indices, which may be due to the different room temperature allied with the possibility of a
miscalibration on the equipment. Furthermore, it is important to notice that, unlikewise the
glucose solutions, the refractive index of the ethanol solutions does not increase linearly with
the raise of the mass fraction of ethanol. Instead, it increases nonlinearly until ~ 80 wt.% of

ethanol, decreasing afterwards.

12 vvvvvvvvv Trrrrrrror Trrrr T Trrrrrrrre T 12 T T T T T T
21.37
10 [Lx1.36 1 =10 1
=10 g = o MMI
c £1.35 S o
= 8f2 1 97 iy
:E §1'34 > Experimental =
[7) %1_33 « Literature (2] 6l i
£ 6@ 9 20 40 60 80 100 o MMIT =
(= Ethanol concentration (wt.% g
& 4 e Mzl | § 4 ]
< 19
@17 (b) ]
O - T n ) 1 1 1 1 1 1
1.31 1.32 1.33 1.34 1.35 0 20 40 60 80 100
Refractive index (RIU) Ethanol concentration (wt.%)

Figure 3.11: (a) Sensor response dependence on the refractive index variation, for the
MMI and MZI. Inset: refractive indices for different mass fraction solutions
of ethanol-water mixtures measured by the Abbe refractometer, as well as
the expected values from the literature [50], at room temperature of 20 °C.
(b) Sensor response of the MMI component for ethanol solutions with dif-
ferent concentrations, with the corresponding third order polynomial fit.

Posteriorly, by using a HSCF sensor of 3.70 mm length, and using the same experimental
setup as illustrated in figure the sensor’s response was appraised. Figure |3.11j reveals
the responses attained for the MMI and MZI, that, as one would already expect, are similar
to the behaviours observed for the glucose solutions. That is, the MMI increases with the
increase of the refractive index, and the MZI remains unchanged. By making a linear fitting
to the MMI response, a sensitivity of (326 & 14) nm/RIU (r? = 0.98238) was attained. In
figure the sensor response is represented, more specifically the MMI component, to

variations on the ethanol concentration, along with a third order polynomial fit:
Al = —1.70218 x 10 °w? + 0.00105w? + 0.15504w — 0.01517. (3.6)

The established fitting allows to determine the MMI response for any concentration of ethanol,

result that will be crucial in the real time monitoring of the evaporation.
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3.2.2 Evaporation study

When an aqueous solution starts to evaporate, certain properties of the solution modify,
being the refractive index one among them. So, it is possible to study the behaviour of
the evaporation process by focusing on changes that occur in real time to this parameter.
In virtue of this, it was explored the use of the HSCF in detecting these changes, hence,
monitoring the evaporation.

Figure displays the experimental setup used to monitor the evaporation, where two
different substrates, teflon and glass, were used. The sensor was placed on top of the substrate

Computer i Solution (10pL)
s —

Optical interrogator
—__ 2
\

ﬂ Substrate

______________________________________

Figure 3.12: Scheme of the experimental setup used on the evaporation process.

and a 10 pL droplet of the solution was placed above the sensing head, with a micropipette.
Only the solutions 0 wt.%, 20 wt.%, 50 wt.%, 70 wt.% and 100 wt.%, were used to study the
evaporation. The experimental procedure consisted on acquiring the spectral response of the
sensor, with an acquisition rate of 10 seconds, using the optical interrogator (Micron Optics
SM125) with a resolution of 0.005nm, till the droplet was completly evaporated. The setup
was implemented in a transmission configuration, where the optical interrogator served the
dual purpose of an optical light source and a spectrum analyzer, with the help of an optical
circulator that redirects the light that comes from the interrogator to the sensor, and returns
it, afterwards, to the optical interrogator.

The monitoring of the evaporation process was carried out by analyzing the MMI, due to
its sensitivity to variations in the external medium. With this, to monitor the MMI response,
a 0.1nm~! low pass filter was applied to the acquired spectra, and the wavelength shift of
a peak was monitored. The wavelength shift of the MMI attained for the studied solutions,
using a glass substract and teflon substract, are respectively presented in figures and
B-13p. In the evaporation profiles, different stages of evaporation can be identified, according
to the concentration of ethanol. For instance, during the evaporation of water (0 wt.%),
the refractive index of the solution remains unaltered, leading to a constant response by the
MMI. Only when there is a transition between the liquid medium and the air, an abrupt
decrease on the wavelength is verified, that corresponds to the high difference between the
refractive indices of water and the air that the sensor detects. As for the solutions that

contain a percentage of ethanol, namely the 20 wt.%, 50 wt.% and 70 wt.%, a different
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response is exhibited. In a first stage, a decrease in the wavelength is verified due to the

decrease in the refractive index, which corresponds to the evaporation of the ethanol. After
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Figure 3.13: Evaporation profiles for ethanol-water mixtures with different concentra-
tions of ethanol, using a substrate of (a) glass and (b) teflon.

its evaporation, the remaining solution will be mainly composed by water, meaning that it
will not cause major variations in the refractive index of the solution. It is, then, verified
a constant response by the MMI during this stage. Similarly to the water sample, in the
100 wt.% of ethanol, one might expect that a evaporation of a unique element would not lead
to a change in the refractive index during its evaporation. However, it is initially observed
a slight increase in the wavelength, meaning that there was a slim increase in the refractive
index. This can be justified by the absorption of water molecules from the ethanol, derived
from its hygroscopicity [66]. Furthermore, notice that the high instability of ethanol, allied
with the small volume of solution, leads to a fast evaporation when compared with the other

solutions. The described behavior for each solution is verified in both substrates.

In an overall perspective the evaporation profiles attained for both substrates are similar,
though some discrepancies are noticed, specially in the 70 wt.%. This may be possibly
originated by the influence of external factors, such as the variation of the room temperature
and the applied strain in the HSCF sensor, in the preparation of the experimental setup,
for each solution. Notice that after the evaporation experiment, the sensor was removed
and cleaned. Therefore the conditions in which both measurements were done may have

experienced different conditions.

Moreover, it is important to notice the difference in the evaporation time for both sub-
strates, where for the teflon substrate the evaporation process was longer. The subject of
evaporation in substrates, that present dissimilar surface properties, is a matter of great dis-
cussion. There are several factors that one can address to justify the observed differences in
these, among them, the dissimilar evaporation dynamics, and the different surface tensions
and flow motions [65]. When a teflon substrate is used, a spherical cap-shaped droplet is
attained, whilst in a glass substrate the droplet spreads over, loosing its concentrical shape,
as the ethanol concentration increases. In other words, the surface area of the droplet is

higher in the glass substrate than the teflon substrate, and tends to increase as the ethanol
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concentration also increases. Still, this is a complex topic that would require further studies.

The final part of the evaporation study consisted on converting the acquired spectral
responses to variations of ethanol concentration. The relation between the MMI response
with the concentration of ethanol, that is expressed by equation [3.6] was used. Making the
conversion it was possible to attain the real time variation of the ethanol concentration for
each solution, as figures and [3.14p depict. This result is important in many applications
where a fast monitoring is required. It is possible, then, to monitor the concentration of

ethanol in a liquid medium, using a small and robust optical device.
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Figure 3.14: Temporal profile of the ethanol concentration for (a) glass substrate and (b)
teflon substrate.
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4. Characterization in air media

The purpose of this study relies on observing and evaluating how each interferometer com-
ponent responds when subjected to physical parameters, and to evaluate the future prospect
of usage of the sensor in measuring simultaneous parameters. To extend the study to all
components of the sensor, namely, the MMI, MZI, IR and ER, two different broadbands were
used. In the first broadband, the C+L bands (1530 nm-1610nm), a study to the MMI, MZI
and ER responses to the curvature, temperature and strain was performed. In the second
broadband (900 nm-1300nm), the response of the IR and ER to curvature and temperature

was evaluated.

4.1 Evaluation of physical parameters: 1530 nm - 1610 nm

4.1.1 Response to temperature

The temperature measurements were conducted by using the experimental setup depicted
in figure where the typical transmission apparatus was established. Also, a Peltier cooler
and a temperature controller were used to induce temperature variations in the sensor’s
surroundings. A 9.98 mm length HSCF was used as sensing head. The experimental procedure
consisted on varying the temperature from the 20 °C to 85°C, in steps of 5 °C, and to collect

the sensor spectral response. In figure is depicted the spectral response of the sensor

Optical Light Source

HSCF Sensor
Peltier cooler

o]

——

Temperature controller

Figure 4.1: Experimental setup used for the temperature measurements.

under normal conditions, at room temperature. From the observation of the spectrum it is
also possible to ascertain the existance of a high frequency domain being modulated by a low
frequency, where the high frequency results from the MZI and the low frequency from both
the MMI and the ER. Notice that this study is being carried out in the C+L bands, therefore

there are no resonance wavelengths resultant from the IR. With this, the wavelength shift
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of the MZI component was attained by directly resorting to the transmission spectrum, and
the wavelength shift of the MMI and ER components were attained by performing a 0.1 —
0.2nm~! band pass filter to the transmission spectrum, as figure indicates. The attained
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Figure 4.2: (a) Spectral response of the HSCF, with an inset showing the MZI peak
that was monitored. (b) Curve attained by applying a 0.1-0.2nm~! band
pass filter used to monitor the external AR dip and the MMI peak. (c)
Wavelength shift dependence with temperature, of the MZI, ER and MMI
components.

results are represented in figure [£.2, where a linear tendency is verified in all components,
as well as a shift towards longer wavelengths (red shift). A linear fitting was carried out at
the acquired data, achieving a temperature sensitivity of (32.8 + 0.4) pm/°C (r? = 0.998) for
the MZI, a sensitivity of (19 £ 1) pm/°C (r? = 0.96852) for the ER and (15.7 + 0.5) pm/°C
(r? = 0.98771) for the MMI. The expected temperature sensitivities for each component,

can be derived from the temperature dependence applied to equations and
respectively, which result in:
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where a = 5.5 x 1077°C~! and 8 = 8.6 x 1076°C~! [I1] are the silica’s TEC and TOC,
respectively. Note that p is the wavelength order of constructive interference, regarding the
MZI and MMI, and m the resonance order (destructive interference) of the AR guidance.
Also, notice that in the derivation of the wavelength shift of the ER with temperature it was
considered that & ~ 90°, and that its variation with temperature was minimal. With this, it
is possible to predict the sensitivity for each component. It was considered Az ~ 1560 nm,
Am  ~ 1540nm, and a first approximation of ngléf = ng; = 1.444 was established. Values
of ~ 44.5pm/°C and ~ 26.3 pm/°C were respectively obtained for the MZI and ER, being
these quite proximate to the experimental ones. The slight difference may be due to the
approximations that were considered. Notice that the thermo-optic effect is dominant over
the thermal expansion, meaning that a small variation in this coefficient may lead to a
considerable change in the expected sensitivity. The temperature dependence of the MMI
is more complicated to estimate since the modes interact within the silica material and
may experience different conditions. Therefore, one can only conclude that in the MMI the
thermo-optic effect will have a lower impact in the spectral response when compared to the

MZI and ER, as it is indeed experimentally observed.

4.1.2 Response to curvature

The curvature measurements were carried out using the experimental apparatus depicted

in figure |4.3] The sensor was displaced between a fixed stage and a translation stage, where

OSA
Optical light source

Anritsu

Amonics
2 ©

Fixed stage Translation stage

SMF \ SMF
HSCF

Figure 4.3: Experimental setup used on the curvature measurements.

the movement of this last, towards the direction of the fixed stage, would induce a bending

on the sensor. The curvature (C') that the sensor is subjected to can be determined by the
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expression:

2h
C=R'= e (4.4)
where 2D is 32.3 cm, and corresponds to the distance between points where the sensor is fixed,
h is the height of the sensor center in relation to the horizontal plane, and R is the radius of
sensor bending. In the curvature measurements, the sensor was bended to a maximum height
(h) of 15 mm, which corresponds to a curvature of approximately 1.51 m~!, in steps of 1 mm.

In figure are represented the attained experimental results. It is perceptible not only the
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Figure 4.4: (a) Wavelength shift dependence with curvature, of the MZI, ER and MMI
components. The fittings were applied for easiness of perception. (b) Re-
sponses attained for each component to curvature in the first domain, that
ranges from 0m~! to 0.7m~!. (c) Responses attained for each component to
curvature in the second domain, that ranges from 0.7m™' to 1.51m~".

opposite responses of the MZI (redshift) in relation to the MMI and ER (blueshift), but also
the nonlinear behaviour towards the curvature, which is more accentuated in the later. Facing
this, it was necessary to analyse the responses in two different curvature domains, where the
response can be considered as linear, as figures and show. In table are presented
the attained sensitivities for the MZI, ER and MMI, for both curvature ranges. In the first

Table 4.1: Sensitivities attained for the MZI, ER, and MMI at both curvature domains.

MZI ER MMI
Curvature range
Sens. (nm/m™1) r? Sens. (nm/m™1) r? Sens. (nm/m™1) 72
Om~!-0.70m™! 0.033 £0.004  0.90842 —0.27 £ 0.03 0.90691 —2.21£0.08 0.98881

0.70m=! - 1.51m™! 0.067 £0.004  0.96148 —0.63 £0.02 0.99202 —-0.49+0.03 0.9535

domain, the MMI was the component that revealed the highest sensitivity, whereas in the
second curvature domain it was the ER.When the fiber is bended, two different phenomena
may occur, as shown in figure [4.5] Firstly, in the bending process, a side of the fiber is
stretched while the other is compressed. However there is a neutral bending plane (neutral

axis), where no strain is applied. Due to the elasto-optic property of materials, the application
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of a strain leads to a change in the refractive index of the material [67], and thus, different

responses by the HSCF components. The negligible sensitivity by the MZI may be explained

A 3\ compression ﬁ?‘

neutral
axis

Q stretching Q

Figure 4.5: Scheme of he HSCF bended. The dash line represents the neutral axis of the
fiber.

by the proximity of its location to the neutral axis, where there is no significant variation in the
refractive index. In contrary the ER and MMI depend strongly on this variation. Moreover,
a variation in the incident angle of light can also contribute to the verified responses. Further
studies could be performed using a finite elements-based software (e.g. Solidworks), to verify

the validity of these assumptions.

4.1.3 Response to strain

The strain measurements were conducted by resorting to a experimental setup similar to
the figure The sensor was fixed at both ends to a non-movable stage and to a translation
stage, where 2D was 29.7cm. However, in this case the movement of the translation stage
was done in the opposite direction of the non-movable stage. The strain measurement was
carried out by stretching the fiber to a total elongation of 0.18 mm, in steps of 0.02mm,
corresponding to a maximum strain of ~ 600pe. The experimental results attained are

represented in figure All components exhibited linear tendencies, however, the ER and
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Figure 4.6: Wavelength shift dependence with strain, of the MZI, ER and MMI.
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the MMI presented blueshift response, while the MZI presented a redshift response. It was
obtained a sensitivity of (0.454 0.01)pm/ue (r? = 0.99451) for the MZI, a sensitivity of
(—0.93 4 0.04) pm/pe (r? = 0.98658) for the ER, and a sensitivity of (—2.72 4 0.09) pm/jie
(r? = 0.99006) for the MMI. Following the same process as in the temperature analysis, a
prediction of the strain sensitivities can be established by determining the strain dependence.

For the MZI the following relationship is attained:

OMM7ZI nffff —nigdL L 8n§i§f
Oe P Os p Oe

. . . 4.5
10L nd 1 onSk nSL (4.5)
=\ T 5 o= Azt = | 1 — ———pe | Amzr
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where p. is the effective photoelastic coefficient, and is given by [111 [68]:
1 8nSi (nSi )2
Pe = —ﬁaigeﬁ = = (o2 = vlpn + p12)) (4.6)

neff

with p;; = 0.121 and p12 = 0.27 [56] the components of the strain-optic tensor (Pockel’s
coefficients) and v = 0.17 [69] the Poisson ratio, for fused silica. Furthermore, de = OL/L.
For the ER and MMI the sensitivities can be expressed by:
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where pl and pg are the photoelastic coefficients of silica that the modes 7 and j experience.
Moreover, notice that dw/w = —vde. With this, and again considering that the incident
angle variation in the AR guidance is not dominant, then, through equations and [£.7]
sensitivities of ~ 0.48pm/pe and ~ —0.89 pm/pe were calculated for the MZI and ER,
respectively, revealing similar to the ones experimentally acquired. Once more, the analysis to
the MMI is more challenging, though, according to the experimental results, it is perceptible
that the second term of equation [4.8] is the dominant one. Still, the attained sensitivity is

within the values found in the literature for optical fiber sensors based on MMI [14] [70].
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4.1.4 Simultaneous measurement of temperature, curvature and strain

The results achieved reveal the practicability of the sensor in performing simultaneous
measurements of the studied parameters. The distinct responses that the intrinsic compo-
nents of the sensor presented to each measurand, i.e., strain (Aeg), curvature (AC), and

temperature (AT), can be described by the following matricial relation:

Azl K.vmzi Keomzn Kzt Ae
AXgr | =| Kegr Keorr KrEr AC |, (4.9)
AXvimr K.yt Kewmvr K AT

where the variable Kj;; stands for the sensitivity of the studied parameter i, of the corre-

sponding sensing component j. Substituting the sensitivities with the respective values, it is

obtained:
A)\MZI 0.45 33 32.8 Ae
Aer | =] -093 —270 189 AC | . (4.10)
A M —2.72 —2210 15.7 AT

By proceeding to an inversion of the matrix, it is possible to acquire the direct variation of

the parameters according to spectral fluctuations on the sensor:

Ae 0.6361  —1.2374 0.16067 Az
AC | = | —0.00062 0.00163 —0.00066 AMER . (4.11)
AT 0.02238  0.01533 —0.00153 ANt

Note that the units of Ae, AC, AT, and AXnz1 ER,MMI, are JE, m~', °C, and pm, respectively.

4.2 Evaluation of physical parameters: 900 nm - 1300 nm

4.2.1 Response to curvature

The curvature measurements were carried out using a sensing head of 7.2 mm, that was
displaced in a similar setup as depicted in figure though instead of an optical light
source operating in the C+L band, a supercontinuum light source (LEUKOS SAMBA 450)
was used. Furthermore, a resolution of 0.2nm was set in the OSA. The distance between
the stages (2D), was 27.5cm, and the sensor was bended to a maximum height of 20 mm,
corresponding to a maximum curvature of approximately 1.87m~!. The decrease of height
was done in steps of 2mm. In figure is depicted the sensor spectrum in the visible and
infrared windows, with no curvature applied, and in figure the frequency window that
was monitored. Notice that to reduce the associated noise to the spectrum, and to obtain a
more perceptible view of the ER dips, a 0.11 nm~! low pass filter was applied. To monitor
the IR dip, a gaussian fit was applied to the entire depression band, whereas for the ER the
Ag2 was monitored. The experimental results attained for the IR and ER are presented in

figure , where it is notorious that both components shift towards smaller wavelengths (blue
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shift). Additionally, from the results one can infere that both resonance responses presented
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Figure 4.7: (a) Transmission spectrum of the 7.20 mm long sensor, and (b) the respective
curve attained by applying a 0.11 nm~! low pass filter on the spectral range of
interest. The ER wavelength (Ag2) analyzed is also indicated. (c) Wavelength
shift dependence with curvature of the ER and IR components.

a linear tendency, leading to curvature sensitivities of (—0.22 & 0.02) nm/m~! (r? = 0.95064)
and (—0.90 £0.02) nm/m~! (r? = 0.99575), for the ER and IR, respectively. Due to the
outer location of the ER, the photoelastic effect is more accentuated. However, the variation
in the incident angle of light within the fiber will have a higher impact on the response for
smaller structures, namely the silica strands [71]. The dominance of this effect may explain
the higher sensitivity of the IR over the ER.

4.2.2 Response to temperature

In the temperature measurements, given that the IR band is considerable large, the moni-
toring of this component could only be acomplished using a higher temperature range. There-
fore, a similar apparatus as figure [£.I] was used, though, a custom designed tubular furnace
and a supercontinuum light source were used. The furnace temperature was controlled by a
thermocouple with a resolution of 1°C. The sensor was heated from 50 °C up to 500 °C, in
steps of 50°C. The obtained results, presented in figure show a wavelength shift of the
ER and IR toward longer wavelengths (red shift). Also, linear responses were attained for
both components, achieving temperature sensitivities of (21.7 4 0.3) pm/°C (r? = 0.99809)
and (16.6 £ 0.7) pm/°C (r? = 0.98517) for the ER and IR, respectively. According to equa-
tion temperature sensitivities of ~ 20.4 pm/°C and ~ 18.7 pm/°C were expected for both
ER and IR. Note that the IR mean wavelength of the loss band is centered near the 1100 nm
and the ER dip is close to the 1200 nm. This wide range of wavelengths requires to consider
the Sellmeier condition, which provides the refractive index of silica regarding the operat-
ing wavelength. Therefore, for the expected sensitivities, it was considered that for the IR
ng; = 1.449, and the ER ng; = 1.448.
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Figure 4.8: Wavelength shift dependence with temperature of the ER and IR compo-
nents.

4.2.3 Simultaneous measurements of curvature and temperature

The results presented revealed that the sensor resonances had different responses to both
curvature and temperature measurements. The ER response (AAgg) and IR response (AAR),
to variations on the curvature (A C) and temperature (A T) can be described by the following

expressions:

AMNER = KC,ER -ACH KT,ER AT, (4.12)

AMr = Kcgr - AC+ Kpar - AT, (4.13)

with Kcgr, K7 gr the ER sensitivities to curvature and temperature, respectively, and
Kcr, K7 1r the respective IR sensitivities to curvature and temperature. Applying the
definition of the matrix inversion to the equations and one attains:

AC\ 1 0.0166 —0.0217 AMER (4.14)

AT | 159x1073\ 09  —022 Al | ‘
Note that the units of AC, AT, and AXggr g are m~!, °C, and nm, respectively. This
outcome potentially enhances the use of this sensor in the simultaneous measurement of these
parameters. Without needing a complex design configuration or using several sensing heads

but instead, merely resorting to the ARROW guidance properties, makes it a good candidate

to wield in several applications.
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5. Conclusions and future work

In this work, a novel HSCF was successfully implemented as an OFS. The simple trans-
mission configuration in which the sensor was designed, allied with inner structure of the
HSCF, stimulated the occurence of a MMI and a MZI along with the AR guidance. Several
studies were implemented and each component of the sensor was thoroughly analysed.

First, a simulation of the ARs in the HSCF was carried out. For the IR, the monitoring
of the HE1; mode was performed, revealing an asymptotic refractive index behaviour. It
was concluded that the asymptotic wavelengths were located in IR frequencies, and were
in good agreement with the theoretical IR wavelengths. Furthermore, the effect of IR and
ER in the transmission spectrum profile was also analyzed. The modulation of the expected
spectrum revealed similar to what was experimentally observed, though the IR wavelengths
showed as loss bands, instead of well-defined dips, being this justified by the irregularities
on the strands dimensions. In an overall view, the simulation analysis executed to predict
the resonances behavior revealed coherent both with the experimental results and with the
theoretical model.

A primarily research was conducted to verify the 7.50 mm long sensor response to varia-
tions in the refractive index of the external medium, being used glucose aqueous solutions
to that end. Both the MMI and the MZI were monitored, being, posteriorly concluded that
only the MMI is sensitive to the refractive index, whereas the MZI revealed to be insensitive
towards this parameter. Due to the refractive index dependence with the operating wave-
length, a calibration on the refractive indices of the glucose solutions was performed. The
calibration allowed to achieve a general equation that relates the refractive index of glucose
solutions with their mass fractions for a wavelength centered at 1550 nm, being this relation
used for the entire experiment. The MMI response with the glucose solutions revealed a
nonlinear behaviour with the refractive index, being needed to divide the response into two
linear regions. The highest sensitivity was attained for the region between 1.348 RIU and
1.381 RIU with a value of (878 £ 60) nm/RIU. A later study to determine the dependence
of the refractive index sensitivity with the HSCF length revealed that there is an optimum
length where the sensitivity is maximum for both regions, being near the 11 mm. However,
further experiments should be conducted to corroborate this, and to find with more accu-
racy the optimum length. The sensor resolution was also estimated, achieving a value of
1.09 x 10~*RIU. Furthermore, a temperature independent refractive index detection was
proposed and the TOC of the solutions were also estimated.

In a different experiment, ethanol-water solutions were used with the purpose of monitor-
ing their evaporation profile. The MMI response presented different profiles according to the
variation on the ethanol concentration on the solution. It was concluded that water samples

evaporate with no change in its refractive index, while solutions that had a percentage of
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ethanol presented an initial decrease in the refractive index, due to the ethanol evaporation,
followed by a stabilization. For a pure ethanol solution, it was observed an initial increase
of the refractive index caused by the hygroscopic properties of the ethanol. These evapora-
tion profiles were observed for both the substrates used, though the experiment may have
been influenced by external parameters such as the variation of room temperature and the
different strain inadvertently applied to the sensor, causing some dissimilarities in the be-
haviour of both glass and teflon substrates. It was also observed that, due to the substrate
different properties, in the teflon the evaporation process was longer than in the glass. Poste-
riorly, the spectral responses were successfully converted into a real time variation of ethanol
concentration, revealing this promising in future VOCs detection.

Finally, physical parameters were studied in the HSCF sensor. In the experiments carried
out in the C+L region, the MMI, MZI and ER responses were monitored towards variations
of temperature, bending and strain. For the temperature, sensitivities of (32.8 £ 0.4) pm/°C,
(19+1)pm/°C, and (15.7 £ 0.5) pm/°C were respectively attained for the MZI, ER, and
MMI, being in good agreement with the expected values. For the curvature characterization,
nonlinear responses were observed, leading to a separation of two curvature regions. For
the first region, a highest sensitivity of (—2.21 4 0.08) nm/m~! was attained for the MMI,
while for the second region a sensitivity of (—0.63 4= 0.02) nm/m~! was reached by the ER.
For the strain characterization, sensitivities of (0.45 £ 0.01) pm/pe, (—0.93 £ 0.04) pm/pe,
and (—2.72+0.09) pm/pe for the MZI, ER, and MMI, were respectively acquired. In the
second broadband (900 nm-1300nm) it was possible to monitor both IR and ER towards
variations of temperature and curvature. Curvature sensitivities of (—0.22 & 0.02) nm/m™*
and (—0.90 £ 0.02) nm/m~! were obtained for the ER and IR, where the high sensitivity
of the IR was explained by the dominance of variations on the incident angle in the silica
strands. For the temperature, sensitivities of (21.7 £ 0.3) pm/°C and (16.6 + 0.7) pm/°C were
respectively achieved for the ER and IR, being proximate to the expected values.

For future work, a thorough investigation on the HSCF optimum length to achieve a
higher sensitivity to refractive index variations is proposed. Furthermore, a complement on
the evaporation work should be performed. For example, extend the detection of the ethanol
by comparing the method implemented in this work with the conventional imaging process
that is typically used. It is also recommended to use the MZI temperature sensitivity to
make a temperature compensation, and with this, eliminate possible external influences on
the measurement of the evaporation. Still in the evaporation process, it is intended to not
only monitor other VOCs, but also to analyze ternary mixtures. Furthermore, it is proposed
to further extend the study of the physical parameters by analysing, for instance, the torsion
and the lateral force of the sensor to extend the information already retrieved and make this
sensor more adequate in a use of a wield of applications. At last, it is also intended to explore
this sensor in a different configuration than the transmission layout used in this work, that

is, in a reflection configuration, where new interferometers may also appear.
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