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Abstract

Fiber-optic sensors provide several benefits such as immunity to electromagnetic interfer-
ence, low weight or chemical resistance. These advantages can be exploited in demanding
industrial environments, under strong electromagnetic field or in areas with a higher risk
of explosion. Dissertation thesis is focused on the refractometric sensing method as a
general method allowing detection of liquid analyte presence, measurement of mixture
concentration or verification of liquid quality. Specialty optical fibers, tapered and micro-
structured, which provide enhanced evanescent-wave overlap with studied liquid analytes
have been investigated. Special attention was paid to tapered optical fibers, their prepa-
ration process, optimal waist diameter determination, long-term stability and sensitivity
enhancement based on the taper surface structural modification. Furthermore, a new
refractometric method based on microstructured optical fibers has been derived. Micro-
structured optical fiber sensor has been proposed, measured and characterized for various
liquid analytes. Both sensor types, based on tapered optical fibers and microstructured
optical fibers, have been compared in terms of their usability and performance in real
conditions. A generalized model for sensor design has been derived, with regard to sensor
parameters such as sensitivity, dynamic range and refractive index of a particular liquid
analyte.

Keywords: Optical fiber sensing, Sensors, Refractometry, Microstructured optical fibers,
Multi-mode optical fibers, Tapered optical fibers.
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Abstrakt

Vldknové-optické senzory poskytuji celou fadu vyhod jako naptiklad imunitu na elektro-
magnetické pole, malou hmotnost ¢ chemickou odolnost. Téchto prednosti lze vyuzit
v narocnych prumyslovych prostiedich, v mistech, kde by mohlo dojit k vybuchu, ¢ v
silném elektromagnetickém poli. Disertacni prace byla zamétfena na refraktometrickou
metodu méteni kapalin, jakozto univerzalni metodu umoznujici zkoumat ptritomnost ka-
palin, koncentraci danych kapalnych smési ¢i ovérovat kvalitu kapalin. Za tucelem zvysSeni
citlivosti méreni byla analyzovana specialni opticka vldkna, a to taperovand a mikrostruk-
turni, kterd maji zvyseny prekryv evanescentni viny se zkoumanou kapalinou. U ta-
perovanych optickych vlaken byl kladen duraz na pripravu taperu, nalezeni idealniho
prumeéru pasu taperu, dlouhodobé testy stability senzoru a zvyseni citlivosti pomoci mod-
ifikace povrchu taperu. Daéle byla vyvinuta nova refraktometrickd metoda zalozena na
mikrostrukturnich optickych vlaknech. Byl vyvinut senzor obsahujici mikrostrukturni
optické vldkno, ktery byl déle charakterizovan pro ruzné kapalné analyty. Oba typy sen-
zoru, tj. na bazi taperovaného a mikrostrukturniho optického vldkna, byly porovnany z
hlediska jejich parametru a vyuzitelnosti v redlnych podminkach. Byl odvozen univerzalni
model, umoznujici navrh senzoru s mikrostrukturnim optickym vldknem s ohledem na
citlivost senzoru, jeho dynamicky rozsah a index lomu kapalného analytu.

Klicova slova: Vlaknové-opticka detekce, Senzory, Refraktometrie, Mikrostrukturni
opticka vlakna, Vicevidova opticka vlakna, Taperovana opticka vlakna.
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Abbreviations

e DNA - deoxyribonucleic acid

e FD-BPM - finite difference — beam propagation method
e FEM - finite element method

e FFT - fast Fourier transform

e FBG - fiber Bragg grating

e HC-MOF - hollow core microstructured optical fiber
e LPG - long-period fiber grating

e mPOF - microstructured plastic optical fiber

e MFD - mode field diameter

e MIR - mid-infrared

e MOF - microstructured optical fiber

e NIR - near-infrared

e POF - plastic optical fiber

e RI - refractive index

e SC-MOF - suspended-core MOF

e SMF - single-mode fiber

e SMF - single-mode fiber

e SPR - surface plasmon resonance

e TIR - total internal reflection

e TOF - tapered optical fiber

e ZBLAN - heavy metal fluoride glasses (ZrFy; — BaF, — LaF; — AlF3; — NaF)
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1. Introduction

The main research interests in the field of fiber optics have been shifting in the last
decade, from pure communication topics towards sensing areas. Optical fibers can offer
many advantages when compared to other, mostly electronic, sensors including mechan-
ical and chemical resistance, low weight and low cost. These advantages allow optical
fibers to be used in demanding and hazardous environments, and are especially useful in
environments where electric spark can cause explosion, or in electromagnetic interference
sensitive scenarios. Optical fibers, at the same time, can act as physical sensors (tempe-
rature, pressure, electrical field, humidity or refractive index), or can be used for object
detection (bio-samples or molecular detection) [1]. Thanks to the combination of the
abovementioned advantages, fiber-optic sensors have become widely used in petrochem-
istry, biochemistry, automotive industry, construction etc.

Since conventional telecommunication fibers do not often provide sufficient sensor
sensitivity, the optical fiber is frequently modified for specific sensing purposes, or a
new type of an optical fiber is developed. To analyze the refractive index of the sur-
rounding environment, the evanescent-wave principle is commonly exploited. Geometric
modifications of an optical fiber, lead to increased sensitivity and allow for specialized
sensor applications [2]. Secondly, various fiber glass materials, shape-tailoring or inner
fiber structure design can be used to provide enhanced sensor parameters, bearing in mind
the final implementation and design.

The core of this dissertation thesis is focused on analyte detection techniques based
on specialty optical fibers. To increase sensor sensitivity and to provide liquid analyte
detection in hazardous environments, the refractometric sensing principle has been selec-
ted owing to its ability to detect various liquid analytes in an easy and effective way.
Refractometric sensing is a promising approach for controlling liquid mixtures, measur-
ing the concentration, or detecting the presence of the target analyte, and can be used
in many industrial areas. To achieve enhanced sensor sensitivity, two approaches have
been selected. First, the thesis focuses on the geometric modification of the optical fiber.
Tapered optical fibers (TOF's) have been chosen in order to optimise the design and the
fabrication process to achieve the highest sensitivity. The second focus of the thesis is
on the inner structure modification in terms of microstructured optical fibers (MOFs).
Suspended-core MOFs (SC-MOFs) have been designed, measured and, ultimately, a new
approach of SC-MOF refractometric sensing has been proposed.

In the first part of the doctoral thesis, the state of the art of fiber-based sensing

is presented, containing an overview of sensing techniques used for analyte detection.
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Refractive index (RI) sensing approaches are outlined with a focus on TOFs and SC-
MOFs. In the second part of the thesis the objective of the thesis is defined and achieved
results in journal papers are presented with a description summarizing their contribution
and relevance to the thesis topic. In the end, the achieved results and the possibilities of

possible further research extensions are summarized.



2. State of the art

Optical fiber sensing is one of the most promising areas in the field of fiber optics and is
in a state of constant development. This chapter first discusses the most common analyte
detection principles to provide an introduction to the physical phenomena based on fiber
optics. In the following two chapters the state of the art of analyte sensing via TOF and
SC-MOF is thoroughly described. The theoretical background, followed by the fabrication
process, is presented, furthermore, measurement setups, methods, and achieved results

are discussed.

2.1 Analyte detection techniques

Based on diverse quantum phenomena, many analyte sensing approaches have been
studied. Each approach exploits different properties of analytes and can be used in spe-
cific fields of application. The key sensor differences are their spectral range, sensitivity,

robustness and demands on fiber sensor design.

Attenuation-based optical fiber sensing

Attenuation-based detection is an elementary technique, easy to use and implement. Ge-
nerally, light is transmitted through the analyte, resulting in attenuation. This attenua-
tion is dependent on the interaction length with the analyte and analyte characteristics,
typically refractive index. Sensors exploiting this technique are utilized either in the
transmissive or reflective regime.

Many variants of attenuation-based techniques have been presented to improve sensiti-
vity performance and extend their use. One way to enhance sensitivity is to bend the fiber
to change the total internal reflection (TIR) condition between the fiber and the surround-
ing environment (liquid analyte). Alternatively, using D-shaped or polished fibers [3], [4]
evanescent-wave will expand more into the liquid analyte increasing sensitivity. Similarly,
fibers with chemically removed coating [5], enable increased evanescent-wave penetration
into the liquid analyte in dependence on the analyte RI. Tapering various fibers will result
in TOFs, which have enhanced evanescent-wave, described in more detail in Chapter 2.2.1.
Alternatively, MOFs, where due to a very small core diameter the evanescent-wave is sig-
nificantly overlapping into the air-holes, allowing high interaction with the liquid analyte
as described in Chapter 2.2.2.

Generally, the attenuation method is useful for detecting the presence of analytes,

and refractometric sensing. Based on attenuation also spectroscopic analysis can be used
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to observe the absorption of a particular liquid analyte at various wavelengths. This
method determines not only RI and the presence of liquid, but is able to determine the
liquid analyte’s exact composition [6]. Usually, mid-infrared spectroscopy is used in the
MIR, where region the strongest absorption bands can be found. The spectral limitation
is posed by fiber glass materials. Silica needs to be substituted by MIR transmissive

glasses, such as fluoride, sulfide or telluride glasses.

Fluorescence

Fluorescence is a kind of photo-luminescence, where a unique spectrum fingerprint is
generated, based on each material’s specific electron orbit structure, which leads to the
determination of the exact material. In principle an electron is excited by an incident
light to a higher energy level and when it falls back, it emits light of a given wavelength
strictly according to the exact material as depicted in Fig. 2.1. This method is highly
accurate and determining when compared to other sensing methods. This is often used for
an analyte-mixture measurement where two or more analytes are included. Additionally,
fluorescence lifetime (1-100 nm) can be measured and serves as a form of liquid analyte
determination represented by the time of electrons staying excited.

Optical fibers can be doped or covered by specific materials allowing sensitivity to
sensor surroundings, such as temperature [7]-[9] or humidity [10] and they can be used
in many other applications, including food quality [11] or gas concentration measure-

ments [12], while retaining the advantages of optical fiber.

S A A i
1 -|: iVibrationaI relaxation (VR)
) Fluorescence -
Absorption
S :
° { L VR
h 4 v v
Single Multi- Rayleigh Stokes  Anti-Stokes
photon photon (elastic)  scattering scattering
scattering | Y J
— Electronic energy states (orbitals) Raman (inelastic)
Vibrational energy states (modes) scattering

Figure 2.1: Visualization of quantum phenomena in an analyte, representing different
detection techniques described in this chapter (Absorption, Fluorescent, and Raman sens-
ing) [13].
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Raman spectroscopy

Raman spectroscopy is in contrast to the fluorescence technique a non-resonant (inelastic)
process. A photon is excited and released from a non-resonance energy level in conjunc-
tion with Stokes and Anti-Stokes scattering. This process is shown in Fig. 2.1. The
wavelength shift between excited and emitted photons carries information on electron
levels characteristic of each analyte. This method is supplementary to IR spectroscopy as
the intensity of bands is usually inverse. The virtual states causing the Raman effect do
not depend on the wavelength of excitation and an arbitrary source can be used. To avoid
resonance wavelength, where the Fluorescence causes additional noise, a wavelength such
as UV (photons often do not have enough energy to excite to resonant levels) or IR/NIR
(fluorescent energy is widely separated in the spectrum) are commonly preferred.
Raman spectroscopy boasts a wide array of applications in the fields of medicine,
safety, and biology: it detects explosive materials [14] and miniscule amounts of drugs [15];
verifies the origin of a piece of art or the layers of materials in a piece of art [16]; detects
major species in natural gas [17]. Other applications can be found in the fields of food

safety [18] or criminalistics [19].

Surface plasmon resonance

Surface plasmon resonance (SPR), or localized plasmon resonance, is based on surface
plasmon polaritons which are represented by transverse magnetic waves propagating along
the transition between materials with positive and negative permittivity (e.g., metal and
dielectric). Metallic layers (50-100 nm) or metallic nanoparticles deposited on the sub-
strate surface enable us to investigate particles from the surrounding environment and
are designed to capture these particles on the surface greatly increasing the selectivity
and sensitivity of this sensor. The SPR condition is strongly sensitive to surrounding RI,
which could be used for real-time monitoring in bio-sensing and biochemistry.

Localized SPR usually uses metal nanoparticles coated on a glass substrate, whereas
SPR works with a metal film coated on a prism as compared in [20]. The RI is usually
changed by the presence of molecules, including proteins and DNA. The material layers
can be deposited on a part of the fiber and on a flat surface, as presented by Homola [21].
The metalic sensing layer replaces the cladding of the fiber which can be partially removed
by side polishing as presented by Ahn [22]. Ahn also studied the tuning of resonant
wavelength, from VIS up to IR, based on a combination of metallic and dielectric layers.

Many sensor configurations have been presented regarding shape-tailored fibers: TOF
for SPR sensing is described in [23], U-bent fibers in [24], fiber dip in [25] as well as its
application inside of MOF [26] and others [27]. SPR methods can be highly selective, but
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appropriate functional layer materials must be designed [28] for specific applications which
makes this process more complex and more selective. With an eye on mass production, the
design requires a low-cost solution putting demands on established fabrication processes,

with respect to the costs of materials and the fabrication process.

2.2 Selected refractometric sensing techniques

Refractometric sensing is a promising area for detecting liquid or gas analytes. As an
example, the quality of liquid mixtures can be controlled. This is useful in industry,
laboratories or in everyday use where a specific product or liquid mixture is desired. Using
this method also analyte presence can be detected or one can also identify the evaporation
rate, liquid level and, in more advanced methods, presence of specific particles in the liquid
analyte.

Refractometry is an analytical method leading to analyte RI determination which is
a fundamental material property. The RI of the analyte is dependent on its temperature,
wavelength and density [29], which has to be taken into account. In most literature, RI
of analyte is determined and well-described at 589.3 nm (sodium D-line). For extended
range RI equations are also available [30], [31]. Concerning temperature influence on
liquid analyte RI, usually room temperature (20 °C) is assumed to be the case. In litera-
ture a broader temperature range [32] can be found, describing the RI effect on specific
measurements. In refractometric sensing a second probe, or software post-processing, is
frequently used to eliminate the effect of temperature.

Many approaches have been presented for fiber based RI sensing. The most commonly
used methods are based on spectral shift, amplitude modulation, carrier phase tracking,
fringe visibility, and Fast Fourier transform (FFT) analysis [33].

Due to its ability to detect various liquid analytes in an easy and effective way, the
attenuation-based refractometric sensing principle has been selected as the core of this
thesis. Since conventional optical fiber often provides insufficient sensitivity when used
as a sensor, two approaches have been selected to achieve enhanced sensor sensitivity.
First, TOFs are used for their increased evanescent-wave overlap, with the focus on TOF
design, fabrication process, the improvement of TOF sensing parameters. Secondly, MOF's
have been evaluated, especially those with an enhanced evanescent-wave overlap into the
cladding air-holes. Suspended-core MOFs (SC-MOFs) were designed, drawn, measured
and a new approach to SC-MOF refractometric sensing has been proposed.

Various approaches of RI measurement have been, up to now, widely studied and
reviewed e.g. in [33], [34], from which the most relevant papers to my research (TOF and
SC-MOF sensing) are presented in detail in following Chapters 2.2.1 and 2.2.2
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2.2.1 Detection of liquids with tapered optical fibers

To increase the detection sensitivity of optical fibers, many modifications and adaptations
have been developed. One of the most effective and robust is optical fiber tapering [35],
which significantly increases the sensitivity of the optical fiber-based sensor and no ad-
ditional coupling system is required. The process of optical fiber tapering represents
a reduction of fiber diameter achieved by the lateral stretching of the fiber while it is
heated. For thin TOFSs, energy from fiber core exceeds out of the fiber into surrounding
environment, in form of evanescent-wave, which allow the detection of attached analyte.
The increased evanescent-wave is acquired for thin TOF's, which increases sensitivity. As
Tong showed [36], low-loss waveguiding is also possible, even for TOF core diameters
of hundreds of nanometers, with certain conditions such as high RI contrast between the
TOF core and cladding. The smaller the TOF core diameter, the higher dimension unifor-
mity and sidewall smoothness is required, otherwise losses occur. In the following text, the
focus is placed on TOF sensors for the detection of liquid analytes with some additional

gas detection schemes showing basic principles and measurement configurations.

TOF sensing principle and fabrication

A TOF schematic side-view is depicted in Fig. 2.2. In area l; and [y, which is tapered
area, evanescent-wave penetrates into the surrounding material. Taper waist diameter,
as a key factor of tapering, represents /; thickness. Area [3 could be connectorized, and

connected to conventional fibers, leading the light to and from the tapered area.

DETECTION OF LIGHT
PROPAGATION ———— EVANESCENT
0 e N, |~ WAVE g
. EVANESCENT WAVE v
L) I L I Iy

Figure 2.2: TOF profile. Tapered optical fiber cut, with evanescent-wave, overlapping into
the cladding and surrounding analyte, where [, is the taper waist length, I represents the
transition part of TOF, and [3 is the un-tapered part of the TOF [37].

The evanescent-wave is sensitive to external refractive index, depicted in Fig. 2.2. The
characteristic penetration depth of such light is given by [38]:
A 9 \—1/2
)

_ 2 -2
dp - _(ncoreszn ¢’mit — Nelad

= , (2.1)

where ¢;,,;; is the incident angle (from a normal core-cladding interface) for single-mode
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fibers and it varies for higher modes: \ is the wavelength, n.,.. and ng.q are refractive
indices for the core and cladding respectively.

Silica TOFs are commonly fabricated by heating the target fiber at one point while
drawing to both sides. The longer the drawing length, the thinner the taper waist. The
drawing scheme is depicted in Fig. 2.3 where two translation stages controlled by direct
current motors draw the fiber while it is simultaneously rotated and heated. A heat of
1710 °C must be reached as this is the melting point of silica. Rotation brackets allow
fiber rotation and drawing. Drawing speed is in micrometers per second, based on the
heating source and material properties of the fiber. As for the heating source, we can
use a hydrogen flame, resistance furnace or CO4 laser. COy focused on one spot which is

heated, in contrast to the flame technique where the heated area is larger.

glass rotation bracket

clamps fib\re clamps
laser_] ‘e o _14
sourcé] U\i_):r“j—u I-_EI:I —0
DC motor ?ame UC Hitir

optical rail ———— 1

Figure 2.3: Schematic of a drawing rig for the fabrication of TOFs [39].

During the flame method [40] the stability of the flame is crucial, as is ensuring a clean-
burning process to avoid the risk of depositing material on the fiber surface. Not only is a
static flame used, but a brushed flame method [41] could also be applied when the flame
is moving along the length of the TOF which cedes more control to the tapering process
by using speed and a particular length of motion. Compared to this, a COy laser [42]
provides a clean and effective heat source with stable heating power and control. The
heating temperature is controlled by focusing the laser beam. This method is limited by
the temperature gradient around the CO, heating spot, which must be compensated by,
or substituted by, indirect heating where the capillaries surrounded the fiber are heated
by CO,. Similarly, electrical resistance heating systems [43] have been developed. Electric
stripe heater performed a consistent heating system, allowing to reach ten times longer
taper compared to the flame heating technique. In the end, it is critical to create a stable
heating source and to design a repeatable and controllable fabrication process.

Polymer TOFs can also be fabricated and used as sensors. Polymers can be heated,
though it is more common to dissolve the polymer material in a solvent, and the evapora-
tion process causes solidification [44]. This technique of polymer TOF fabrication provides
an excellent geometric profile due to the slow fabrication process.

There are two main groups of TOFs with regard to TOF attenuation: non-adiabatic

and adiabatic TOFs. Non-adiabatic TOFs have excited cladding modes in the taper waist
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area ({1 depicted in Fig. 2.2), because of the steep shape of tapering when compared to
length. This kind of taper is suitable for coupling in and out of the fiber, which can be used
in setups based on interference [45], [46]. Compared to this, adiabatic TOFs have a slow-
decreasing transition part (which is typical for longer TOFs), where no power transfer into
the higher modes is present, which is also a characteristic of low TOF attenuation. These
non-adiabatic and adiabatic mode transmissions are described in greater detail in [47].
To further increase sensitivity during fabrication process, various TOF functiona-
lizations have been proposed, such as TOF grating inscription, forming cavities, knot
fabrication, surface functionalization, etc. TOFs were also fabricated with asymmetrical

up/down-tapering, which was tested for RI sensing [48].

Light propagation inside a TOF

The propagation inside a TOF is determined by the fiber’s RI profile and the tapering
geometry. The key factors for sensing are evanescent-wave penetration depth and power
fraction in particular modes. The down-tapered part of the TOF causes the stable state
of modes entering this area to be scattered or to be propagated along the TOF (more
or less outside of the TOF) in what is known as an evanescent-wave, and their intensity
decays exponentially with distance from the fiber surface in a perpendicular direction.
In the waist area, the taper diameter is uniform and the penetration depth is the high-
est. Later, the propagating signal reaches the up-tapered transition region where signal
is back-coupled into the TOF core and propagates further. If there is more than one
mode present, intermodal interference occurs during back-coupling which could influence
a spectral response as described in [49]. A propagation analysis of a conventional TOF
has been modeled and calculated using a finite-difference beam-propagation method (FD-
BPM) [50] and further expanded by taking the propagating constant into account [39].
The power loss caused by the TOF waist diameter was measured and this loss depends
on the surrounding environment (especially on RI), TOF fabrication quality and TOF
geometry. If the contrast of RI between the TOF and the surrounding environment is
high (e.g., silica-air) and the TOF waist diameter is larger than the signal wavelength,
then TOF loss is almost negligible. When the TOF waist diameter is in the scale of the
signal wavelength or smaller (these fibers are called subwavelength fibers or nanowires)
TOF attenuation increases. Advanced numerical methods are also used for TOF nume-
rical description. Baude [51] presented a comparison between the FD-BPM and the finite
element method (FEM), which included solving propagation equations and determined
attenuation with respect to TOF waist diameter, waist length, and the external liquid
analyte. Since the length of propagation is large with respect to the signal wavelength, the
FD-BPM method is suitable. Nevertheless, the finite element method fits when the fiber
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diameter changes and the curved boundaries can be effectively meshed, e.g., by triangular

elements.
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Figure 2.4: a) Mounting system used for near-field optical measurements in liquid analytes
b) calculated and c) measured evanescent-wave magnitude as a function of distance from
the TOF surface [39].

Huntington presented an evanescent-wave characterization of a TOF submerged in
liquid analytes which were characterized by near-field scanning microscopy and atomic
force microscopy [39] and, simultaneously, a longitudinal TOF shape was analyzed. An
evanescent-wave penetrating air, water, and dimethyl sulfoxide solutions was recorded by
a modified near-field scanning microscope as depicted in Fig. 2.4. These results were in
correlation with a theoretical calculation with the FD-BPM [50]. Evanescent-wave is an
important parameter for optimizing fabrication and the application process of TOF's, and
may also be simulated, e.g., by COMSOL software as shown in [52]

Further, Jung [47] studied a broad range of wavelength for multi-mode and single-
mode transmissions of tapered SMF-28, which is commonly used in telecommunications.
By tapering its outer diameter from 125 pym down to 0.4 pm results in output power
visualized in Fig. 2.5a). The step change in the power corresponds to the change in the
number of modes in the optical fiber. As depicted, tapering SMF-28 to 70 um causes
interference between different modes and single mode operation e.g. for TOF around
1 pm. In Fig. 2.5a) a comparison between the transmission spectra of SMF-28 with and
without 1 pum TOF is visualized simultaneously with fiber mode, which are present. The
analysis of TOFs around 1 pum was especially useful due to minimal attenuation (0.1 dB
at 1550 nm) while keeping the fundamental mode in the whole measured range.

TOFs with subwavelength core diameters were theoretically studied by Tong [53] who
included the calculation from Maxwell’s equation for silica and silicon (RI = 3.5) materials.
Enhanced evanescent-wave, single-mode condition, power distribution, and mode field
have been studied. The Poynting vector has been calculated to as small as a 200 nm
silica TOF core diameter. TOFs having a wavelength, or subwavelength core diameter,

are significantly affected by surface smoothness and core diameter uniformity. Due to
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Figure 2.5: Transmission spectra of a) several down-tapered SMF-28 b) SMF-28 with
a 1 uym TOF (red), in contrast to SMF-28 fiber only (black), with depicted high-order
modes [47].

this, low guiding losses at these wavelengths are hard to reach. Another theoretical study
dealing with the analytical expression for the intensity of the electrical field inside a small

core diameter TOF was presented further by Kien [54].

Measurements setups with tapered optical fibers

Refractometric detection of liquid analytes based on tapered optical fibers has been widely
studied and many measurement configurations have been proposed. There are two main
groups of TOF sensors: attenuation-based; and interferometric. Interferometric TOF's
provide better sensitivity and resolution, but also commonly require a more complex
measurement configuration and post-processing. Furthermore, TOF sensors can be di-
vided by the detection principle into TOF sensors based on evanescent-wave and TOF
sensors based on transition regions (coupling into higher-order modes).

Polynkin [55] reported a simple and robust sensing concept for the measurement of
the refractive index of liquid analytes, integrating the TOF into a soft polymer block,
as depicted in Fig. 2.6a). The liquid analyte is localized in a pre-fabricated channel and
separated from the TOF by a thin layer of polymer. Polymer RI is suitable for allowing
the evanescent-wave to reach up to the channel and, simultaneously, protect the integrated
TOF. This setup is theoretically described and mode field diameter (MFD) is simulated
for a variable range of TOF waist diameters. The sensitivity of the device is presented for
varying RI, using a TOF with a taper waist diameter of 1.6 yum and 0.7 ym as shown in
Fig. 2.6b). The channel is filled with a solution of glycerol and water and provides a RI
range of 1.311-1.459, at 1500 nm. The measured accuracy of the RI range of 1.37-1.40 is

estimated to be 5x10~% RIU which changes with source/detector stability and mechanical
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rigidity of the TOF sensor.
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Figure 2.6: a) Schematic side view of the measurement unit with a soft polymer block
containing a TOF and a channel for the liquid analyte, b) measured optical transmission
through a TOF with respect to the refractive index of the selected liquid analyte for
1) 1.6 pm and 2) 0.7 um TOF waist thickness [55].

To enhance the refractometric sensitivity of the TOF, the TOF can be further bent.
Experimental results of this combination were presented by Clenilson [56] who tuned the
sensitivity to the target RI range by bending the TOF to increase sensitivity around the
RI of water (1.33-1.35) from 41nm/RIU up to 378.73 nm/RIU, and, at RI = 1.40, from
378.73 nm/RIU to 1506 nm/RIU, with a curvature radius of 16.5 mm.

A wide group of refractometric measurements of liquid analytes with TOF's based on
interference techniques are presented in [57], [58]. Interference occurs when the core mode
interferes with a higher-order mode which is out- and then in-coupled. Any change of the
liquid analyte RI will result in an interference spectrum shift. Fundamental mode, and
first-order cladding mode interference formed, when a non-adiabatic TOF with a waist
diameter of 1.64 pum was used [59]. TOF sensor sensitivity was 980 nm/RIU in the RI
range of 1.332 to 1.392. Multiple TOF sensors based on interference in biconical TOF
were presented by Kieu [60]. An RI range of 1.333 to 1.350 has been simultaneously
studied with the possibility of strain and temperature measurement, and sensitivity of
about An 1.42x107° has been reached. A Mach-Zehnder interferometer was presented to
measure RI and temperature simultaneously which allowed for immediate temperature
compensation (compared to only RI measurements where additional temperature stabi-
lization is required). A non-adiabatic TOF with a waist length of 1 cm and waist diameter
of 83.1 pum has been fabricated. The non-adiabaticity caused multiple resonance wave-
length dips and, by monitoring two of them, both parameters (RI and temperature) were
determined. Resolution reached 72.21 nm/RIU [61]. Multiple sensors for the concen-

tration of protein in water and for RI measurement have been designed using a TOF,
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where out/in coupled modes caused a phase shift, in comparison to a fundamental mode,
resulting in a wavelength shift of the transmitted spectrum. Sensitivity of 1500 nm/RIU
was reached [62].

The above-mentioned techniques [59]-[62] require an optical spectral analyzer and
complex post-processing. To avoid these, Mas [63] used a combination of TOFs and a
broadband light source, as depicted in Fig. 2.7a). This approach provided equal measure-
ment results and also simultaneous strain and RI measurement. One and two TOF's on one
fiber, with waist diameters of 18 pum, served as liquid analyte sensors of ethanol deionized
in water having an RI in the range of 1.3173 up to 1.3212. The achieved sensitivity for a
single TOF was 907.69 dB/RIU and the sensitivity for two TOFs was 2261.53 dB/RIU,
with transfer function depicted in Fig. 2.7b). A long-term stability measurement has also
been conducted for 2000 seconds. The broadband source provided stability of 0.039 dB,
compared to 0.139 dB for the tunable source.

S -4
g .
2 o B \‘\ ]
g c
2 c -8Ff ]
g S — Taper A
%o X g 10 |~~~ Taper A- Taper B
o L
S 12f e
eter . I
8 g Mt T
g —
2 = 6F e -
R3]
2 -18 " . . : " A " .
i 1.317 1.318 1.319 1.32 1.321
A Refractive Index
(a) (b)

Figure 2.7: a) Measurement setups for refractive index and strain measurement with a
continuous wavelength tunable laser with one TOF and a broadband source with two
TOFs, b) Measured RI response for one (black) and two (red) TOF measurements [63].

As mentioned in the Introduction, the temperature effects must be compensated to
achieve correct results. Salceda [64] created a temperature insensitive measurement setup
where the TOF waist (10 pm diameter) was connected directly to the untapered region of
a conventional SMF. This transition will generate two modes, which beat to each other.
This sensor is insensitive to temperature, though sensitive to the surrounding change of
the RI, as shown in Fig. 2.8. Temperatures from 20 to 100 °C did not influence the
RI measurement. The beat period could be set, based on the TOF waist length, which
improves the resolution of the post-processing. A maximal resolution of 3.7x107% has
been reached for an RI of around 1.428.

To achieve better results and to have access to additional sensing possibilities, other
fibers than conventional SMF-28 can be tapered. A combination of the tapering process

applied to specialty optical fibers, multiple tapering, or TOF surface functionalization
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Figure 2.8: a) Normalized transmission of a TOF with waist diameter of 10 ym for various
RI b) Beat period for TOF waist 30 mm long and 10 ym in diameter [64].

can provide enhanced sensitivities, increased and measurement range. The advantages of
tapering of specialty optical fibers have been studied and MOF's have been tapered [65],
[66] to increase the detection sensitivity either with or without collapsing air-holes in
the taper area. Nguyen [66] described the fundamental properties and characterization
techniques of a tapered MOF. The fiber tapering process and its non-destructive probing
of the fiber profile have been described, as well as fundamental mode attenuation and
transmission properties. Tapering SC-MOF up to its waist diameter, from 125 gm down
to 31.25 pm, increased the evanescent-wave overlap from 0.84% up to 29.16%, which has
been simulated and further verified by fabricating an adiabatic TOFs [65]. The influence
of tapering and water filling has been theoretically studied in terms of the transmission
spectrum, influence on MFD and confinement loss.

Studies of the advantages of plastic optical fiber (POF) have been conducted. POF
provide low attenuation in the visible region, larger core diameter and high numerical
aperture, which led to higher signal in- and out- coupling efficiency. Microstructured
POF (mPOF) has been studied theoretically and experimentally [67], for an RI range of
1.33 to 1.45, and with temperature dependent bending loss. Further, Teng [68] fabricated
a tapered POF with macro-bending applied for higher sensitivity. As shown in Fig. 2.9a),
the temperature was controlled with a digital thermometer as the thermo-optics coefficient
is one order higher than that of silica fibers [69]. An RI range from 1.33 to 1.41 has been
measured and temperature dependency was analyzed (see Fig. 2.9b). The thermo-optic
coefficient has been derived, as well as the influence of fiber tapering and U-bending.

A POF taper working as a biosensor was published by Beres [70] who used the sensor to
detect the presence of variable cells and bacteria (Candida guilliermondii and Escherichia

coli) in water. This sensor can be used as a monitoring device against chemical threats.
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Figure 2.9: a) Experimental setup for RI measurement with tapered POF, where L is the
laser and PD is the photodiode b) Propagation loss dependent on the RI of the liquid
analyte with respect to two temperatures [68].

A U-shaped tapered POF has been studied with an RI range from 1.33 to 1.45. Achieved
sensitivity was 6.1 mV/1072 RIU and 12.1 mV/1073 RIU for a straight and U-shaped
taper, respectively. Several experiments were carried out to functionalize the surface of
TOFs to provide better performance. One of the most promising methods, SPR, has also
been applied to TOFs [71]. A gold layer (estimated at £24 nm) on a tapered SMF-28
caused a localized SPR which transduced the change of the surrounding liquid analyte RI
into the spectral response of the TOF sensor. The RI resolution reached 51 nm/RIU at the
wavelength of 537 nm. With respect to the light source, detector and averaging, sensitivity
has been estimated at 3.7x107° RIU. Direct real-time measurement of absorbance has been
realized and the result is depicted in Fig. 2.10b) for sucrose solutions with various Rls
ranging from 1.333 to 1.403. The resolution of the intensity-based sensor has reached
3.2x107° RIU. Further, the purification process, as well as biomolecular interactions, are
described. SPR methods can be highly selective, but the design must be adapted according

to the desired liquid analyte or the biomolecular and multi-step production process.
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Figure 2.10: a) Measurement setup containing a TOF with gold nanoparticles inside the
flow cell introduces a liquid analyte to the TOF and allows the coupling inside or outside
the TOF, b) recorded transmitted light intensity for various RI of liquid analytes [71].
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2.2.2 Detection of liquids with suspended-core microstructured

optical fibers

In 1993 E. Yablonovitch [72] realized that there is an analogy between electromagnetic
wave propagation in multidimensional periodic structures and electron-wave propagation
in crystals, which later led to the first photonic band-gap structures. This idea was further
pursued by P. J. Russell’s research group and resulted in the development of a new type
of optical fiber: the microstructured optical fiber [73]. Thanks to the extreme variability
of MOF structure design, transmission parameters such as attenuation, dispersion, zero-
dispersion wavelength, numerical aperture, and mode-field diameter can be tailored for a
target purpose. This is the main advantage of MOFs which has led to a wide range of
applications.

The MOF manufacturing process is usually accomplished by the stack-and-draw tech-
nique [73], [74] where the hollow capillaries are placed into a jacket tube forming the
perform, then later drawn into the final MOF. Glass capillaries are fabricated separately
and could have different diameters, shapes (determines later pitch and a hole diameter of
the fiber lattice) or can be doped or covered for specific properties. The target capillary
could be filled by a glass material creating a multiple-core fiber which can also be used
for sensing purposes. The stack-and-draw technique equipment is low-cost, but due to
the complexity of the pressure setup during the preform drawing, an alternative method
based on ultrasonic drilling [75] was developed to allow air-holes to be created more pre-
cisely. This alternative technique is extremely precise but needs a lengthy working time.
The extrusion method was presented [76] and is suitable for small-core, large air-filled
holes. The glass is under high pressure and temperature to create the preform from the
microstructure matrix.

MOFs have been fabricated from a wide range of glass materials, including con-
ventional silica glass [6], [77], lead-silicate glasses [36], tellurite glass [78] and bismuth
glass [75] and even instead of glass using a polymer [79]. The choice of glass material,
with regard to MOF structure, allows the tailoring of the operating wavelength, transmis-
sion window, dispersion curve, fiber effective/refractive index or fiber nonlinearity. Based
on the core material, the MOF can be divided into: a) a solid-core MOF (with special
case of a suspended-core MOF) and b) a hollow-core MOF, all depicted in Fig. 2.11.

Solid-core MOFs (Fig. 2.11a,b) have a solid glass-material core surrounded by concen-
tric rows of air-holes, creating a lower effective refractive index of the cladding. Solid-core
MOFs hold the light in the core due to the principle of modified total internal reflection
(MTIR [74], [80]) close to the guiding mechanism of conventional core/clad fibers. Com-

pared to hollow-core MOF's, they provide single-mode guidance and exhibit attenuation
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as low as 0.18 dB km ™! [81]. A special type of solid-core MOF, with steering-wheel shape
of solid-core, is the suspended-core MOF (denominated in this thesis as SC-MOF'), which

will be discussed later in greater detail.
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Figure 2.11: From top to bottom: schematic representation of MOF geometry; funda-
mental optical mode guided in the core of the fiber and transmission over one meter of

fiber for (a) a solid-core MOF; (b) an SC-MOF; (c) an HC-MOF [82].

In hollow-core microstructured optical fibers (HC-MOFs), contrary to solid-core MOFs,
light propagates in an air-core surrounded by a periodical photonic band-gap structure
which holds light inside the core area of a lower refractive index, as depicted in Fig. 2.11c).
HC-MOFs are less sensitive to fiber bends and they provide a few hundred nanometer-
wide transmission windows with attenuation as low as 1.2 dB/km [82]. HCF's transmit
light even at wavelengths where silica glass is highly absorptive (above 2000 nm) thanks
to light propagation occurring almost entirely in the air. HC-MOFs can be used for sens-
ing application purposes and for high-power signal guiding, as well as high-speed data
transmission with low latency. HC-MOFs enable analyte detection thanks to the air-core
which can be easily filled.

Among MOFs, SC-MOFs have two interesting advantages when developing refracto-
metric sensors: a) they provide significantly higher overlap of the evanescent-wave; and
b) in contrast to other MOFs mentioned, they have significantly larger air-holes which
are convenient for easy liquid filling. The light guiding effect of the MTIR is applied to
SC-MOFs. To detect an arbitrary analyte with the SC-MOF, the analyte has to inter-
act with the evanescent-wave of transmitted light. The ability to fill various materials,

such as liquids, gases, metals or even semiconductors has been reported [83]. Filling the
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SC-MOF can be realized either by the SC-MOF itself, or, by modifying the measurement
setup. Gases, as well as liquids, can be filled via diffusion or, even more effectively, using
a pressure pump once the SC-MOF end-face is mounted in a cell [6], [78]. Liquid analytes
can fill the SC-MOF by capillary forces [84]. Filling via capillary forces can be used when
one fiber end is immersed in the liquid analyte [85], which must be done without compro-
mising the fiber guidance or robustness. Alternatively, to avoid any entry or exit of the
liquid analyte at the end-faces of the SC-MOF, Cordeiro presented a lateral access to the
longitudinal dimension of the air-holes of SC-MOF [86], [87] as depicted in Fig. 2.12a,b)
and Warren and Cox presented exposed-core SC-MOF [88], [89]. Lateral access is achieved
by simultaneously increasing the air pressure in the SC-MOF air-holes and melting the
SC-MOF glass material by applying an electric arc. Another approach creating a lateral
access was demonstrated by precisely focusing an ion beam to the external jacket of the
fiber. A rectangle hole of about 20 x 5 um was milled, making it possible to monitor the
structure with SEM imaging of this beam at the same time as depicted in Fig. 2.12a,b).
The filling of selected holes with different liquid analytes was presented.

Figure 2.12: a/b) SC-MOF tip with holes formed by an ion beam [86], ¢/d) extraction
used for fabricating asymmetric SC-MOF structures [90].

The first demonstration of an exposed-core polymer SC-MOF was carried out by creat-
ing an opening at the preform stage of the fiber fabrication [88]. The preform opening was
reached by drilling holes into the cladding and long lengths of exposed-core were achieved.
Similarly, micro-channels were fabricated by using silica SC-MOFs in a single air-hole by
femtosecond laser drilling [91], and subsequently used to measure acetylene diffusion. The
possibility of further evolution to microfluidic devices was discussed. Another long-length
exposed-core fabrication process was presented in [89] by creating (blowing) a hole in the
SC-MOF cladding (using a fusion splicer and pressure application), where the extraction
was used for the fabrication of asymmetric SC-MOF structures (Fig. 2.12b), ultimately
being used for real-time fluorescence sensing.

Mode power fraction within the air-hole of the SC-MOF is an important parameter
and will significantly decrease with smaller SC-MOF core diameter. Core diameters as

small as 1.7 um have been demonstrated previously for silica exposed-core SC-MOF [90],



CHAPTER 2. STATE OF THE ART Page 19

[92] as can be seen in Fig. 2.12¢) d), however, the attenuation of these SC-MOFs was pro-
hibitively high. Recently, the fabrication process of low-loss, small-core exposed-core silica
SC-MOFs was demonstrated [93] by employing the drilling technique. Fabrication pro-
cedure and fiber design modification enabled high evanescent-wave overlap while keeping
low attenuation from the perspective of the sensing application. Various articles were pre-
sented on the selective filling of SC-MOF fibers [94] by filling other holes via UV curing
of epoxy and cutting it out after filling as shown in Fig. 2.13a). A similar technique was
used by blocking air-holes with a polymer or collapsing the air-holes to perform selective
filling [95]. Two methods were proposed by Wang [96]: a) carving a hole into the side
of an MOF to expose the same air holes as a femtosecond laser, later filled by capillary
forces with the redundant part of the fiber cleaved; and b) laser drilling into a silica mask
as depicted in Fig. 2.13b).

3. Fill open holes further by capillary action and cure
)
7

4.Cleave

-T‘S,HPCVDinthisporeonly >
(a) (b)
Figure 2.13: Selective filling of an SC-MOF by a) UV curing of epoxy inside of additional

air-holes [94], b) Carving a hole into an MOF and selectively-filled by capillary forces
which are subsequently cleaved [96].

Recently, the use of the drilling technique to fabricate a new structure of an exposed-
core SC-MOF was presented [93]. As mentioned earlier, low-loss and good mechanical
strength were achieved for an enhanced SC-MOF sensor application. Spectral attenua-
tion for a small core SC-MOF was measured (1.65 - 2.08 pm), presenting an increase in
confinement loss with increasing strut thickness and decreasing air-hole size. An SC-MOF
with sub-wavelength core diameter was fabricated and investigated in [97]. First, by the
tapering of an SC-MOF and, later, on nanowires. SC-MOF design parameters and the
influence of the selected glass material on optical field behavior of guided modes were
studied using a full vectorial FEM approach and several liquid-analyte filled SC-MOF's
were theoretically analyzed in terms of single-mode guidance and mode power fraction [98].

Surface functionalization could significantly increase sensitivity as presented by Maz-
horova [99]. Mazhorova deposited phages onto the core surface of an SC-MOF to detect
E.coli bacteria by spectroscopic absorption of transmitted THz light. Detection at con-

centrations in the range of 104-109 cfu/ml has been reached.
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Suspended-core MOF sensors

As mentioned above a fraction of the optical field extends via evanescent-wave into the
SC-MOF air-holes. This evanescent-wave is used for the sensing of analytes, which are
filled in the SC-MOF air-holes. Long interaction lengths of SC-MOF allow detect even
gases and liquids having low RI, and at the same time a small air-holes require only a
tiny amount of the analyte sample. Numerous measurement concepts have been reported
during the last decade and the most relevant will be mentioned.

A SC-MOF for sensing purposes was first presented in 2001 [100]. Concerning the
aim of analyte sensing applications, the SC-MOFs were early designed and theoretically
described especially for this purpose by several research groups [78], [101], [102].

One of the first complex steering-wheel type SC-MOF sensors was presented in [77]. A
drilling technique was used to fabricate 3 air-holes surrounding the core. A mode overlap
of over 29%, as a key parameter for sensitivity was calculated with FEM software for an
SC-MOF for a core diameter of 0.8 pm. This SC-MOF was studied and simulated using
FEM-based software. Further, several measurements with the setup depicted in Fig. 2.14
have been realized. The signal from/to SC-MOF was launched/collected by a multi-mode
fiber. The SC-MOF filling system contains a gas cell, where the gas was allocated and,
due to diffusion, penetrated into the SC-MOF. As an example, the absorption of acetylene
was recorded for near-IR wavelengths. Such a combination of a filling and coupling system
for the refractometric sensing of analytes was first presented for SC-MOFs.
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Figure 2.14: Scheme for gas analyte measurements with a unique combination of filling
and coupling into an SC-MOF with (inset) an SEM picture of an SC-MOF [77].

A fully-filled SC-MOF located in a water cell was used to investigate the purity of
water [6]. The purity of water was investigated and 21 mm of NiCl, caused the attenuation
of the sensor of about 4.3 dB (107cm of SC-MOF, containing 1 pl analyte) in contrast
to standard cuvette measurements (1 cm long) which provide attenuation of only 0.4 dB.
A schematic picture of the measurement setup with unique water cells is presented in

Fig. 2.15a). Normalized results are depicted in Fig. 2.15b). This work was presented
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Figure 2.15: a) Schematic of the setup. Supercontinuum source (SC) light is in/out
collimated into the core of SC-MOF. Both SC-MOF ends are uniquely mounted into
water cells. CCD beam profile camera (CCD) and optical spectrum analyzer (OSA)
analyze fiber output. b) Transmission and loss spectra for 2.9m long SC-MOF filled by
air (solid green) and selected liquid (dashed blue) [6].

by Euser whose team was the first to fabricate SC-MOFs, with core diameters from 0.8
up to 3.0 um, capable of guiding light from 500 nm — 1750 nm with losses below 0.2
dB/m at 500 — 900 nm. These SC-MOF's were used [6] for the broadband spectroscopic
detection of a selected liquid analyte. Based on this spectral measurement, a critical
wavelength of around 1600 nm was found where the measurement setup is highly sensitive
to the presence of liquid analyte inside an SC-MOF, but a broadband spectral source
and spectrometer was required for this measurement configuration. For core diameters
0.8 up to 3.0 um the mode power fraction in cladding, with respect to the wavelength
(400-1200 nm) and core diameter (up to 2.2 pm), was analyzed by FEM simulations.
Sample results for a wavelength of 1000 nm are shown in Fig. 2.16a), where the MFD
starts to significantly overlap the air-holes (compared to 700 nm, where the overlap is
negligible). The longer the wavelength and the smaller the core diameter, the greater

was the mode power fraction in the liquid analyte. Absorbance spectrum of an aqueous
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Figure 2.16: a) Calculated and measured mode in SC-MOF at 1000 nm b) Absorbance
spectrum normalized to the length between cuvette and SC-MOF, where « is the absorp-
tion coefficient [6].
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solution, normalized to water reference has been presented in Fig. 2.16b). Furthermore,
a comparison using FEM calculations was carried out and compared to measurements of
an SC-MOF mode profile.

The spectroscopic approach was further extended by the direct-coupling of vertical-
emitting laser and gas sensor characterization in the range of 763 - 2004 nm [103] and the
spectral background of the SC-MOF was determined for the selected analyte. This was
further applied to photochemistry based on HC-MOF's where absorption in the spectrum
was monitored [104].

First, real-time chemical sensing with a polymer SC-MOF was presented by Cox [88],
where the SC-MOF core was exposed Fig. 2.17a,b) and the liquid analyte interacted
with the evanescent-wave directly along the whole SC-MOF length. Even more, the SC-
MOF core could be easily functionalized. Evanescent-wave absorption spectroscopy was
presented with the highest sensitivity around the wavelength at 620 nm. The presence of

NaOH and HCI in water was measured. Used SC-MOF and pH presence measurement is

acidic solution
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Figure 2.17: Real-time chemical sensing with an mPOF which contains a) 3 air-holes
b) 5 air-holes. ¢) Normalized absorption spectra of selected water mixture [88].

Significant research was carried out by Warren and Monro. Warren [105] presented
sensing with an exposed-core SC-MOF where just one air-hole was filled with the liquid
analyte. In the article, the first theoretical study of this fiber for the purposes of absorption
and fluorescence sensing was presented. The mode profile spreading out into the exposed
section was investigated and simulated with FEM as shown in Fig. 2.18, where subwave-
length core diameters were simulated. The effective mode area, as well as power fraction
calculation, has been provided, which is important for sensitivity evaluation during the
design process.

The SC-MOF analysis was later extended from conventional silica glass to fibers having a
glass material of higher RI (therefore stronger mode confinement), e.g., SC-MOFs made
from lead-silicate (RI = 1.62 ) and bismuth (RI = 2.09) glass. Warren [105] showed
that a SC-MOF of higher RI glass material could be used for higher liquid analyte RI

sensing and suppresses internal interferences. The less sensitive wavelength of 590 nm,
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Figure 2.18: a) First and b) second fundamental modes of filled silica SC-MOF, having
core diameter 0.505 pm, c¢) schematic picture of the SC-MOF [105].

with regard to evanescent-wave overlap (selected because of fluorescence sensing), was
compensated by fabricating an SC-MOF whose core diameter was below 0.6 pm. It was
calculated that an SC-MOF sensor with an exposed-core can reach the performance of a
fully-filled SC-MOF sensor. It was shown that SC-MOFs with larger core diameters have
a larger effective area for a fully filled SC-MOF, in contrast to a one filled air-hole, and
vice versa as depicted in Fig. 2.19a). Liquid interface transmission for coupling in and out
of SC-MOF was analyzed and the results are depicted in Fig. 2.19b). It is mentioned that
for smaller core diameters the amount of interface losses increased, and that for exposed
and fulfilled fiber it is similar. For silica, these interference losses are significant if the core
is smaller than 0.5 pgm. This number refers to measurements with water and can vary
based on the RI of the liquid. Coupling efficiency was studied as well and the results are
depicted in Fig. 2.19¢). These measurements presented the same properties of fully-filled
SC-MOFs, as well as exposed-core SC-MOFs and pointed to their advantages as well as

their similar limitations.
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Figure 2.19: SC-MOF fully filled by water (dashed) and SC-MOF with one hole containing
water (solid) - a) effective area, b) liquid transmission on the interface for in- and out-
coupling, ¢) liquid interface losses for in- and out-coupling [105].
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Later, the research was extended using two methods for fabricating exposed-core

SC-MOFs, and these methods were demonstrated using lead-silicate glass SC-MOF's [89)].
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The first method involved etching the SC-MOF after the draw, the second method involved
exposing the SC-MOF core at the preform stage and directly drawing the exposed-core
SC-MOF. The functionalized surface of the SC-MOF was presented two years later [106]
for fluorescent real-time sensing of aluminum ions. New preforms [107] with an exposed-
core, more suitable for sensing, were created by Warren et al. and the splicing of these
exposed-core SC-MOFs to conventional SMFs was investigated. Theoretical, as well as
experimental, results of splice loss from the SMF to the exposed-core SC-MOF, were pre-
sented. FBG was inscribed to the exposed-core SC-MOF and RI, with precision up to
6.4 nm/RIU, was measured with the theoretical limit estimated at 101 nm/RIU. Schart-
ner [93] continued to developed exposed core SC-MOF fibers, demonstrating <1 dB/m
guidance losses for core diameter 1.65 yum at 1550 nm opening up possibilities for using
these SC-MOF's for long-distance distributed measurements.

Many SC-MOF properties were studied in by Monro [108] with a focus on light con-
finement in the core with regard to wavelength and sub-wavelength scale core diameters.
The research was driven by the motivation to enhance the power fraction of the guided
light, and to make an impact on the performance of SC-MOF sensors, thus increasing their
sensitivity. A simulation of the effective area and the power fraction of SC-MOF fibers
was presented with respect to their core diameters and analyte-filled air-holes (with air
or water). More glass materials, such as silica, lead-silicates, and bismuth, were studied.
Monro mentioned that the impact of the choice of SC-MOF core diameter on the fiber
attenuation must be considered. For larger (>2 pm) SC-MOFs core diameters, fiber
attenuation tends towards material loss (most notably material absorption and loss re-
sulting from fabrication-related imperfections), indicating that fabrication, confinement
and scattering losses (due to surface roughness [109]) are negligible [110]. Thus, confine-
ment loss can be essentially eliminated via appropriate SC-MOF design. Note that when
SC-MOFs are filled with liquid analytes, confinement losses increases. Results of several

research groups regarding propagation losses in a small core SC-MOF were summarized
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Figure 2.20: a) measurement scheme based on the dip of an SC-MOF [97] b) Propagation
losses for selected core diameters using different glasses and for different wavelengths [108].
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in [108], depicted in Fig. 2.20b), where previous measurements are extended to 1550 nm
(where mode power fraction is greater) and conducted on selected materials and core dia-
meters (200 nm - 2 pm). Further fluorescent measurement was carried out on the same
SC-MOF based on the scheme depicted in Fig. 2.20a). This setup could also be used for
the absorptive type of measurement.

Results from Fig. 2.20a) demonstrate the work of Ebendorff-Heidepriem [97], who
reported the fabrication of SC-MOFs from F2 lead silicate glass material (n = 1.62) and
compared it to other materials and wavelengths. Nanoscale core diameters have been
reached due to direct drawing and without the use of any post-processing. Ebendorff
reported effective mode area and propagation loss characteristic of these fibers with respect
to core diameter and compared them with circular nanowires reported in [111]. Further,
propagation losses of an SC-MOF (made from F2 material) are depicted in Fig. 2.21,

which predict their area of usability and report dependency on core diameter.
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Figure 2.21: Measurement of spectral absorption by the cut-back method for an SC-MOF
made from F2 material. Dashed lines represent two modeled SC-MOF with the smallest

core diameters [97].

SC-MOF sensors were compared to HC-MOF by Lehmann in [112] in terms of sensiti-
vity and spectral bandwidths in the NIR region. The SC-MOF performed better for higher
RIs of the analyte and for longer sensor lengths due to the robustness to the interferences
inside the SC-MOF. A comparison between SC-MOF was presented by Schuster [113]
for ethylene sensing while declaring the advantages of three air-hole SC-MOFs over four
air-hole MOFs. Attenuation spectra and sensitivities were measured for both SC-MOF,
with a core of 1.5 um and bridge widths < 700nm. Measurements results are presented
in Fig. 2.22a,b). Furthermore, two gas feeding techniques were tested for another MOF
with a fiber-end face inlet and side-filling using laser drilled holes.

Temperature, an important additional parameter which influences measurement pre-
cision, was studied in [114]. Temperature sensitivity of selected liquid-analyte filled solid-

core MOF's was studied to compensate for RI measurement, using liquid oil with a thermo-
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optic coefficient of -4.79 x 1071/°C, as well as fiber-filling and fiber splicing. Variations
of the RI (liquid 1.300 to 1.430) with temperature are depicted in Fig. 2.22¢), predicting

an average error of compensated measurement at 3.03 x 1074,
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Figure 2.22: a) 3 air-hole SC-MOF and gas cell absorption spectrum of Ethylene,
b) sensitivity of 4- and 3- air-hole SC-MOF [113] ¢) measured RI dependence on tempe-
rature of selected analytes [114].



3. Objective of the thesis

The previous chapters revealed that in the field of specialty optical fibers for the refracto-
metric detection of liquids theoretical background and basic measurement configuration
have been described. This opens up possibilities for investigation of advanced techniques
leading to significant sensitivity enhancement. For TOF sensors, stability and long-term
performance, as well as methods of achieving high fabrication repeatability can be per-
fected. Furthermore, advanced sensing methods based on MOFs, especially SC-MOFs,
offer a promising substitute to TOFs, and, in several aspects, they provide substantial
advantages. However, a universal methodology for refractometric SC-MOF sensing of

liquid analytes is still missing.

Therefore, the goals of this thesis are set as:

e Analyze TOFs concerning various fiber types (single-mode, multi-mode, polymer-
clad silica). Extend the knowledge of sensitivity enhancement, measurement re-

peatability and long-term stability of TOF sensors.

e Design and analyze alternative approaches for the refractometric detection of liquids

using. Describe and characterize SC-MOF sensors for RI measurements.

e Compare parameters of TOF and SC-MOF sensors and determine their advantages

and drawbacks.

e Develop a generalized analytical model of the SC-MOF sensor

27
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To achieve these goals, the following milestones have been selected

Analyze the detection of various liquid analytes using TOFs with respect to the
tapering process and fiber types.

Characterize a significant number of single-mode and multi-mode TOF sensors to

examine sensor performance, including long-term measurements.
Analyze aspects of refractometric detection of liquid analytes with SC-MOF
Perform a critical parameter selection of refractometric sensors based on SC-MOFs.

Derive a universal analytical model to characterize a sensing methodology with
SC-MOF.



4. Achieved results

Results, forming the core of the thesis, have been published in significant scientific jour-
nals and international conference proceedings. The main results, forming the following
chapters, are published in seven journal papers [J1-J7].

Chapter 4.1 presents a theoretical approach for MM optical fibers submerged in liquid
analytes. We focused on higher-order modes propagation in order to find modes with the
highest sensitivity with respect to specific liquid analyte absorption. This estimation could
be used to increase the overall performance of such MM fiber-based sensors. The analytical
approach was then verified by an experimental campaign utilizing a chalcogenide MM fiber
which allows detection in the mid-infrared region.

Chapter 4.2 presents results from the study of plastic-clad silica fiber and graded-index
MM TOFs acting as refractometric sensors for the detection of liquids. Sensitivity was
increased by fiber tapering and, further, by U-shaping the TOF profile. The TOF prepa-
ration process has been perfected on over 200 samples. Significant trends of sensitivities
and, for the first time, sensitivity saturation points for different fibers dependent on the
TOF waist diameters have been determined. Optimal TOF waist diameter, in terms of
sensitivity, allows us to determine the most effective working points of the sensor. With
the aim of a real application, a long-term measurement over 6 months was carried out.

Furthermore, Chapter 4.3 contains recently published journal paper [J3], where im-
provement of sensitivity has been investigated. Structural modification caused by sol-
gel development in single-mode TOF surface layer has been evaluated, leading to TOF
sensitivity enhancement up to ten times. Later on a 12-months continuous measurement
campaign with a liquid analyte having variable RI, have been carried out. The campaign
verified single-mode TOF sensor stability. This long-term measurements has been carried
out with one freshly fabricated TOF and one TOF with surface structural modification
to evaluate the impact of the structural modification on sensitivity, resolution and sensor
stability.

In Chapter 4.4 a novel attenuation-based detection approach is presented, for the
first time based on SC-MOFs. In this paper extreme evanescent-wave overlap, which is
present SC-MOFs, was exploited to determine a particular liquid analyte based on its
refractive index. The liquid filling process was proposed and mastered to enable precise
and equal filling in all SC-MOF air-holes. Furthermore the measurement configuration was
designed, which was afterwards realized and provided significant results. Simulations of
the mode field distribution in terms of the evanescent-wave overlap, as well as experimental

analysis of multiple liquid analytes, were carried out. SC-MOF behavior as a sensor has
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been investigated, proving high sensitivity and resolution while maintaining measurement
simplicity in terms of attenuation-based refractometry. Last but not least thanks to
the SC-MOF inner structure, only extremely small amount of liquid analyte in order of
nanoliters is required.

In Chapter 4.5 a semi-ellipsoidal sensing element is presented and compared to the SC-
MOF and TOF sensors. The main advantage of the semi-ellipsoidal sensor is its simplicity
combined with its high sensitivity to the external RI and its capability of covering a broad
measuring range by varying the position of the input optical fiber. The sensing region,
featuring a semi-ellipsoidal element, is easy to change and enables wide RI measurement
range, however, both the TOF and SC-MOF sensors exhibit higher sensitivity, especially
close to the refractive index of silica.

In Chapter 4.6 a comparison of a TOF and SC-MOF sensors is presented, both theo-
retically and experimentally. The study of a TOF sensor and an SC-MOF sensor is carried
out for the purposes of detecting glycerol dissolved in water, which represented hazardous
liquids with identical refractive indices such as gasoline. Experimental campaign involved
identical analyte environment for both sensors, thus accurate comparison was obtained.
Possible practical applications, especially in the field of petrochemistry, are discussed as
well.

Chapter 4.7 significantly extends the previous SC-MOF study by deriving a universal
methodology for the utilization of SC-MOF sensors. First, an analyte-filled SC-MOF
has been described analytically and the influence of key parameters has been determined
to design a high-quality sensor. Secondly, 283 measurements with various SC-MOF's
and different liquid analytes were carried out. In comparison to previous results, higher
sensitivities have been reached for longer filling lengths of SC-MOF sensors. Based on the
obtained data set, a generalized model of an SC-MOF sensor has been derived which could
be used as a universal tool for SC-MOF sensor design. Using the generalized SC-MOF
sensor model enables us to determine, based on preset demands, specific sensor attributes

such as sensitivity, resolution, dynamic range and to predict overall sensor behavior.
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4.1 Multimode chalcogenide fibers for evanescent wave

sensing in the mid-IR

This chapter is a version of the published manuscript:

[J1]: E. A. Romanova, S. Korsakova, M. Komanec, T. Nemecek, A. Velmuzhov,

M. Sukhanov, and V. S. Shiryaev, “Multimode Chalcogenide Fibers for Evanescent Wave
Sensing in the Mid-IR”, IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM
ELECTRONICS, vol. 23, no. 2, 2017.

Relevance to my Ph.D. thesis:

This paper focuses on specialty optical fibers for the detection of liquids in terms of a non-
silica glass material fiber, specifically a chalcogenide multi-mode coreless fiber. If the fiber
is properly excited, higher-order modes significantly overlap into the surrounding liquid
analyte via the evanescent-wave of that particular mode. To examine which mode has
the highest sensitivity we presented a detailed analysis of mode absorption of a general
MM fiber based on a theoretical approach. Modes with the highest sensitivity were
determined. Sensitivity can be significantly increased by selective mode excitation. The
theoretical approach was supported by experiments with the MM chalcogenide fiber in
the mid-infrared region, where the chalcogenide glass material has high transparency. The
spectral absorbance, of selected liquid analytes, has been obtained with respect to molar
concentrations. In the experiments, the linear dependencies of the absorbance on the

concentration of the analyte were obtained.
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Multimode Chalcogenide Fibers for Evanescent
Wave Sensing in the Mid-IR

Elena A. Romanova, Svetlana Korsakova, Matej Komanec, Tomas Nemecek, Alexander Velmuzhov,
Maksim Sukhanov, and Vladimir S. Shiryaev

Abstract—Evanescent wave spectroscopy in the mid-infrared
(MIR) is a powerful tool for remote real-time sensing. Chalcogenide
fibers transparent in MIR are considered as a base for creation of a
fiber-optical platform for the MIR sensing. In this paper, a rigorous
theoretical approach has been applied for the analysis of evanescent
modes propagation in a multimode chalcogenide fiber surrounded
by an absorbing medium. A role of particular evanescent mode in
power delivering through the fiber has been revealed. Strong ab-
sorption of water in this spectral range has been shown to be a main
factor limiting sensitivity of the evanescent wave sensor. Possibili-
ties of sensitivity enhancement by using waveguiding properties of
the fiber have been discussed. The analysis is supported with an
experimental measurement of a [GeSe,]y5I5 glass fiber partially
immersed in an aqueous acetone solution, in the wavelength range
of 2-5 pm.

Index Terms—Optical fiber devices, infrared sensors, glass, elec-
tromagnetic propagation.

I. INTRODUCTION

ONTROL of environmental hazards in cities, enterprises
C and objects of nature is necessary for health protection and
safety. A basis of an effective control is real-time monitoring of
air and water chemical composition, which gives information
about the content of toxic impurities.

Technology for evanescent wave sensing based on silica fibers
is limited to the near-infrared (NIR) and visible (VIS) spectral
ranges due to the fibers are transparent at the wavelengths A =
0.4 — 2.0 pm. Silica fibers and all supporting technology are al-
ready mature in the form of compact sources, detectors, connec-
tors, gain media, which can route and exploit the NIR and VIS.
However an unambiguous identification of molecular species is
not possible in these spectral ranges. In the mid-infrared (MIR,
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A = 3 — 25 pum) spectra of inorganic and organic molecular
substances exhibit strong fundamental vibration bands much
more suitable for spectroscopic analysis than the weak overtone
absorption bands in NIR and VIS.

MIR spectroscopy provides a universal tool for quantita-
tive detection of molecular species in gaseous or liquid form.
Current state-of-the-art approach utilizes a sample chamber
of an IR spectrometer in which any gas or liquid substance
can be analyzed. For real-time remote molecular sensing out-
side of a laboratory, special technological platform is to be
developed.

Chalcogenide glasses are known for their high transparency
in MIR, which makes them attractive for the design of a MIR
sensing platform. Compositional changes of the glass give rise
to variations in optical, physical, chemical, thermal and mechan-
ical properties important for subsequent fabrication of optical
devices in both fiber and planar waveguide form.

In recent decades, there has been a significant progress in
the design of chalcogenide glass fibers and integrated optical
devices for chemical sensing [1], [2] that is often based on
evanescent-wave absorption in an external medium and subse-
quent attenuation of the power transmitted by a fiber or wave-
guide at wavelengths corresponding to characteristic absorption
bands of molecules in a studied medium.

For efficient interaction of the evanescent field with absorb-
ing species, an unclad fiber or waveguide are to be used, or
some part of the cladding is to be removed over a given sens-
ing length. In NIR, refractive index of a chalcogenide glass
(n ~ 2.40 — 2.80) is usually much greater than that of aque-
ous solutions of measureable analytes (n ~ 1.30 — 1.50) and
propagating radiation is more confined in a chalcogenide fiber
core in comparison with a silica one (n ~ 1.45). This is a
drawback for the evanescent wave spectroscopy where amount
of radiation propagating in the external medium is the key
parameter.

Multimode chalcogenide fibers were used in [3]-[5] for mea-
surements of the absorbance spectra of various chemical sub-
stances in aqueous solutions in MIR spectral range. In the exper-
iments, linear dependencies of the absorbance on the analytes
concentration were obtained. The importance of using multi-
mode fibers to provide linear logarithmic output characteristics
and high sensitivity was demonstrated in [6], [7] for a straight
silica fiber acting as a sensing element in VIS. In [7], a multi-
mode silica fiber with microbends over a length of 60 mm was
used, where the evanescent-wave sensor was acting as a loga-
rithmic detector with a dynamic range greater than six orders of
magnitude.

1077-260X © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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In spite of several successful experimental demonstrations of
optical fibers utilization for the evanescent-wave spectroscopy, a
rigorous theoretical approach based on electrodynamics’ calcu-
lation of evanescent modes of a fiber with an absorbing cladding
has not been yet applied as a possible design tool.

Theoretical consideration of the evanescent-wave absorption
was usually based on a simple approach using an assumption
that the input power decreases only in a surrounding absorbing
medium acting as the fiber cladding but it keeps constant in the
fiber core [1], [6], [7]. In this case, normalised transmittance can
be evaluated as:

N N
T=P/Rh=) (Pl+P-exp(—a-L))/> (P +P;)
i=0 i=0
N
= 1—(1—exp(—a-L))- Y 1} $))
i=0

Here P and P are the total powers transmitted through the
fiber, respectively, with and without an absorbing medium over
an unclad section of length L, o represents the bulk absorption
coefficient of the medium, N stands for the number of guided
modes propagating in the fiber. P{ and P§ are powers of the i-th
guided mode, respectively, inside and outside the fiber core in
non-absorbing medium (air), 7} is the fraction of the i-th guided
mode power outside the fiber core:

N
ry =P/ (P +D). @
i=0
In an assumption that « - L < < 1, (1) can be reduced to:

N
T%lfozlLZré%exp(fcrLL 3)

=0

where o is the evanescent-wave absorption coefficient:

JzaZré 4)

In MIR, the molecular absorption bands are strong and the
condition o - I << 1 is not generally satisfied.

An approximate approach developed in the framework of
geometric optics [8], [9] is relatively simple and efficient for
analysis of launch conditions in multimode fibers. However
being based on calculation of Fresnel reflections from an ab-
sorbing medium in the local plane wave approximation, it fails
to describe penetration of radiation outside a fiber core.

Rigorous approach based on electromagnetic theory of opti-
cal waveguides [10] is a base of modern designs of fiber-optic
devices. In this paper, we apply this approach for analysis of
experimental results obtained in measurements of transmittance
spectra of radiation passed through a chalcogenide fiber im-
mersed into aqueous acetone solutions. Purpose of this analysis
was twofold: first, to describe electromagnetic phenomena in
the fiber for a particular experimental situation; second, to re-
veal specific features of the evanescent wave measurements in
MIR spectral range.

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 23, NO. 2, MARCH/APRIL 2017

II. EVANESCENT MODES OF AN OPTICAL FIBER

In electromagnetic theory of optical fibers, complex-valued
dielectric constants are used to describe light absorption in a
fiber material. If a fiber segment is submerged into an absorbing
medium, this medium acts as an absorbing fiber cladding [10].
Then propagation constants of the fiber modes are complex-
valued, too, so that all the guided modes become evanescent.
Power flow of an evanescent mode along the fiber axis is de-
creasing, radial and azimuthal components of the power flow
in the fiber being non-zero that means constant power leakage
outside the fiber core.

Amplitudes of the evanescent modes can be found from radi-
ation launching conditions at the input facet of the fiber. When
an input light beam is coaxial with a fiber axis, only azimuthally
symmetric modes of the fiber can be excited. Azimuthally sym-
metric modes of a weakly guiding step-index fiber are known
as HE;,, —modes [10] with m being a mode radial order. If
the difference between refractive indices of the core n., and
cladding n. is large, the weakly guiding approximation is not
valid and solutions of the exact characteristic equation:

{ i () K (wn) }

U, - Jl (um) Wy, * Kl (wm)
{ Ji (um) +n§1 . Ki(wm) }
U * Jl (um ) ngo Wy - Kl (wm )

/8771

2 v 4
- (k} . TI,CO) . (um * Wy ) (5)

are to be found. In (5), J;, K, are, respectively, Bessel and
Macdonald functions, J;, K| represent derivatives of the func-
tions, u,, and w,, are parameters, which describe transverse
profile of the m-th fiber mode, 3,, = \/k?n2, — u*/R*isalon-
gitudinal propagation constant, V =k - R - \/n2, —n? is the
fiber parameter, & = 27/, R stands for the fiber core radius.
The refractive indices ne, = n, +1-nl,, na =nl +1i-n
are complex in general with the nonzero imaginary parts ap-
pearing due to material losses in the fiber.

Longitudinal propagation constants 3, = 3., + i - 8/, of the
evanescent modes can be found by numerical solution of (5).
Attenuation coefficient 7,, = 23!/ is related to the m-th fiber
mode power decrease along the fiber axis z:

P, (Z) = Py, exp (_nm Z) (6)

Here P, is the initial power of an evanescent mode at the
fiber input facet, P, (z) is evaluated as longitudinal component
of a power flow. The fraction of an evanescent mode power (2)
outside a fiber core is a determining parameter for the attenua-
tion coefficient magnitude. In fact, for each mode this fraction
depends on the ratio R/A [10]. At a given A, this fraction grows
with decrease of the core radius until the mode reaches its cutoff.
For a given R, this fraction increases with wavelength.

As guided modes of an infinite dielectric cylinder used as
a fiber model are orthogonal they propagate independently of
each other and the power flow propagating in a multimode fiber
is equal to the sum of powers of all the modes.
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Fig. 1. Spectral dependencies of: optical losses in the [ GeSe4]os]s fiber (a);
molar absorption coefficients of water (triangles), acetone (open circles) (b).

As follows from the theory of optical waveguides, number
N of guided modes in a fiber is defined by the magnitude of
parameter V. For each HE;,, mode, the cutoff parameter V, can
be found from the condition J;(V,) = 0 [10]. If V. < V, the
HE;,, mode is a guided mode. In an absorbing fiber, shape of
the transverse profile of electromagnetic field of an evanescent
mode does not vary along the fiber, but its power decreases [11].
Transformation of such an evanescent mode into a leaky one
at the cutoff is rather complex [11], but the magnitudes of V.
calculated for a lossless fiber of the same geometry still can
be used for N evaluation. A fundamental difference between an
evanescent mode and a leaky mode is that electromagnetic field
of a leaky mode grows in radial direction outside a fiber core.

III. MEASUREMENTS OF THE EVANESCENT MODES
TRANSMITTANCE IN AQUEOUS ACETONE SOLUTIONS

In this work, measurements were carried out with a multimode
single-index (unclad) fiber made of [ GeSe4osls glass (R =
145 um). The [ GeSey)osls fiber was fabricated from a melt
from a single crucible as described in details in [12]. Addition
of iodine atoms into the glass matrix reduces the formation
of crystalline phases during bulk sample annealing and fiber
drawing. The glass rod was placed in the crucible and heated to
a plastic state (at the temperature about 300 °C). Inert gas (Ar)
pressure was used to create the necessary melt flows through
the die.

Optical losses of the fiber (Fig. 1(a)) were measured by using
the conventional cut-back technique. Because of the low optical
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losses in the range of wavelengths 2-9 pim [12], this fiber is very
promising for MIR spectroscopy. Refractive index of this glass
is around 2.4 in NIR [13] and can be taken of this magnitude in
MIR because the refractive index is almost constant in spectral
range far from the fundamental absorption band edge that is at
A= 0.6 pm for the [ GeSey)osIs glass.

Aqueous acetone solutions were used in [3]-[5], [12] in sim-
ilar experiments.

Spectral dependencies of the molar absorption coefficients
shown in Fig. 1(b) have been obtained from the IR spectra
of bulk water and bulk acetone recorded by using a Fourier -
Transform Infrared Spectrometer (FTIR) in zinc-selenide cells
with the optical path-length of 18 ym. Ataround A = 3.33 um,
an absorption band is observed that is attributed to acetone
molecular vibrations.

From these measurements, the molar absorption coefficient
of pure acetone (!, = 12.01/mol/cm) and pure water (o, =
9.01/mol/cm) have been obtained at A = 3.33 um. As the mo-
lar concentration of water (¢ = 55.5mol/l) is much greater
than that one of acetone (¢* = 13.5mol/1), the resulting ab-
sorption coefficient of water is much greater than that of acetone
(o, ¢ << oy c®). These conditions are absolutely different
than in VIS range measurements where water absorption is
negligible.

For experimental treatment, a broadband 50 W silicon-nitride
bulb-based MIR light source with the maximum intensity at
A = 2.5 pm was used. The light source was free-space coupled
to the [GeSe, |o515 fiber, which was cleaved at a 90° angle with
a specialized low-tension cleaver.

The whole fiber facet area was coaxially and uniformly irra-
diated. Output signal was then detected by an FTIR within the
spectral range A = 2 — 6 pm.

The [ GeSeylosls fiber was inserted into a slightly curved
silica glass tube of the length of 24 cm, diameter of 7 mm and
radius of curvature of 15 cm (Fig. 2(a)). This tube was used
to decrease acetone evaporation that is quite fast in an open
vessel.

Atfirst, transmittance T} of the fiber without the liquid analyte
was acquired. Next, an aqueous acetone solution was poured into
the tube in a total volume of 5 ml, and the transmittance 7 was
measured again. Relevant length L of the fiber submerged into
the solution was equal to 14 cm. By evaluating the normalized
transmittance 7 = 7 /T for each concentration of the solution,
the influence of reflections from the fiber facets was minimized.

Spectral dependencies of 7 shown in Fig. 2(b) have been
obtained for several volume concentrations of acetone. As water
absorption was strong, the absorption peak of acetone at A =
3.33 pm was not observable at its volume concentration less
than 50%.

IV. ELECTROMAGNETIC ANALYSIS

Number N of the evanescent modes of the [ GeSe,]os1s fiber
varies over the spectral range of the fiber transmittance measure-
ments (Fig. 3(a)). At A = 5 pum, N is more than two times less
than at A = 2 pum. As refractive indices of water and acetone
have similar values (n” = 1.33 and n* = 1.35), N does not
depend on the acetone solution concentration. The number of
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Fig. 2.  Measurement configuration schematic with a glass tube filled with an
aqueous acetone solution. (a); measurement results for various volume concen-
trations of acetone: 100% (1), 90% (2), 75% (3), 50% (4), 0% (pure water) (5)(b).

modes is less in a fiber section immersed in the solution than
that in the same fiber in the air. This is a reason for some addi-
tional radiation losses when electromagnetic field is propagating
through the boundary between air and the acetone solution.

In order to evaluate attenuation coefficients of the evanescent
modes, imaginary parts of refractive indices of the fiber material
and surrounding medium are to be quantified.

In the [ GeSeylosls fiber, material absorption coefficients
of the bulk glass samples of the compositions [ GeSey]osls
in the spectral range 2-5 pm are no more than 0.01 cm™!
[12] that is significantly less than the absorption coefficients
of aqueous acetone solutions at A = 3.33um (for ex.,
a% ¢ =162 cm1). Then absorption of the fiber material can
be neglected ( n, = 0).

As absorbance of a solution in bulk is:

A= (o +apc')- L, O]

in accordance with the Bouguer-Lambert-Beer law, the imag-
inary part of the refractive index of the solution can be
defined as:

ny = (al ¢ + ol ) - In(10)/(2k). )

m m

InFig. 3(b), magnitudes of the attenuation coefficient ), eval-
uated at A = 3.33 pm by numerical solution of (5) are plotted
for pure water and for pure acetone at each radial order m of
the HEy,, modes of the [GeSe,]g515 fiber. In accordance with
the theory of optical fibers [10], higher-order modes of the fiber
have greater penetration into the cladding than the lower-order
ones (an example is shown in Fig. 3(c), inset). That is why mag-
nitudes of 7 of the higher-order modes shown in Fig. 3(b) are
more than ten times greater than that of the fundamental mode.

In the analysis, it is reasonable to find out how 7,, depends
on the fiber core radius. If the [ GeSeyosls fiber would have
a greater or a lesser R, the number of modes would increase
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Fig. 3. Number of the HE;,, modes of the [ GeSe4]os]s fiber in air (solid
lines), immersed in aqueous acetone solution (dashed lines) (a); attenuation
coefficient of the HE{,, modes of the fiber immersed in pure water (solid lines),
in pure acetone (dashed lines) at 2 = 3.33 um (b); attenuation coefficients of
the HE,,, modes with m = 114 (1), 221 (2), 79 (3) (c); Inset: radial profiles of
electrical field components of the HE1m modes withm = 1 and m = 123
atA = 4.6 pm. R = 145 pm (1), 280 pm (2), 100 pm (3).

or decrease, respectively, at a given wavelength as shown in
Fig. 3(a). Attenuation coefficient of each evanescent mode of a
given m grows with an R decrease (Fig. 3(b)) because of greater
penetration of the mode filed into the absorbing medium (see

Section II). From this point of view, it would be optimal to de-
crease R as much as possible taking into account relating techno-
logical restrictions. However, as was mentioned in Section I, a



CHAPTER 4. ACHIEVED RESULTS

Page 36

ROMANOVA et al.: MULTIMODE CHALCOGENIDE FIBERS FOR EVANESCENT WAVE SENSING IN THE MID-IR

multimode propagation has an advantage in providing a log-
arithmic output characteristics and a large dynamic range
(61, [7].

Another important feature is that at a given core radius, 7,,, of
each radial mode grows with wavelength due to greater penetra-
tion of a mode field into the cladding (see Section II). In Fig. 3(c),
the magnitudes of 7, have been calculated in assumption that
the absorption coefficient of a liquid was the same at all the
wavelengths (equal to af, = 121/mol/cm at A = 3.33 ym).
The observed 7),, increase with wavelength is specifically due
to the waveguiding properties of the fiber. It is shown here that
if the [GeSe,|osI5 fiber would be of 100 pum core radius it
would be more efficient for the evanescent wave spectroscopy.
Over the range A = 2—5 pum (Fig. 3(c)), attenuation coefficients
of the highest-order HE;,, mode (m = 79) of the fiber with
R = 100 pem are larger than those of the fibers with greater radii
(m = 114 for R = 145 um, m = 221 for R = 280 pum).

This wavelength dependence of the attenuation coefficients
reveals why decrease of the fiber transmittance measured at A =
4.7 pm (Fig. 2(b)) is significant in spite of the bulk absorption
coefficients of water and acetone are small at this wavelength
(Fig. 1(b)).

When several evanescent modes propagate in a fiber, total
transmittance depends on initial amplitudes of the modes at the
input facet of the fiber. In general, the initial amplitudes depend
on radiation launching conditions.

In our analysis, we assume at first that all the input power was
launched into just one m-th evanescent mode. For this case, the
normalized transmittance T =P,, (L)/P,,, has been calculated
for several evanescent modes of the fiber immersed in pure
acetone (Fig. 4(a)) or in pure water (Fig. 4(b)).

Transmittance of some higher-order modes at some wave-
lengths is equal to zero because their attenuation length L,, =
0! is much less than the length of fiber length immersed in
the solution L = 14 cm (for ex., in Fig. 4(b), for the evanescent
mode withm = 100at A = 3.33 pm, L,, = 1cm).

This means that if only the higher-order modes be excited at
the input facet, L can be significantly reduced for sensing pur-
poses. In comparison with the higher-order modes, the lower-
order ones are delivering power over longer distances. Attenua-
tion coefficient of the fundamental evanescent mode (m = 1)is
so small that L, >> L and the mode transmittance is equal to
unity over all the spectral range. Then we can conclude that the
observed decrease of transmittance measured in the experiment
(Fig. 2(b)) is due to absorption by a group of evanescent modes
having the attenuation length L,, ~ L. For the [ GeSe4]osls
fiber, these are modes with m > 10 (Fig. 4).

As anext step of the analysis, we assume that the input power
is equally distributed between all the evanescent modes. Then
the normalized transmittance can be evaluated as

N
r=N"! Z exp(—n, L), 9)

m=1

In spectroscopic sensors based on measurements of power
decrease over a path length in a bulk liquid substance, transmit-
tance can be evaluated separately for water 7" and acetone 7"
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Fig. 4. Normalized transmittance (7) of the [GeSe4 Jg5I5 fiber immersed in
pure acetone (a) and in pure water (b): measured (solid lines) and calculated
for HE;,,, modes with m = 20,50,70,100,114 (dashed lines). R = 145 pum,
L= 14cm.

Normalized transmittance
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Fig. 5. Normalized transmittance (7) at A = 3.33 pum of the [ GeSe4]osls
fiber immersed in the acetone solution: measured (squares), calculated for the
HE;,, modes with m = 1,20, 40,60,80,100 (dashed lines), calculated by
using (9) with N = 80 (solid line), N = 100 (dash-dot line). R = 145 um,
L = 14cm.

so that the total transmittance is equal to their product:

T = 10714 — 1070‘,‘" "L, 107“% "L _ TS . TW (10)

However for a fiber with an absorbing cladding, (10) is not
valid because the magnitude of 3/, of each evanescent mode is
defined by the profile of the complex refractive index over all
the fiber cross-section with the imaginary part defined by (8).

In Fig. 5, the magnitudes of 7 at different molar concen-
trations of acetone are shown: calculated separately for some



CHAPTER 4. ACHIEVED RESULTS

Page 37

5601507

S

E

)

Z

Z

=

2

L3

0

Molar concentration ( mol/l

Fig. 6.  Sensitivity (S) calculated at A = 3.33 pm for the HE;,, modes of

the [ GeSey]os]s fiber with m = 1,20, 40, 60, 80 (dashed lines) and by using
(9) (solid line). R = 145 um, L = 14 cm.

evanescent modes (dashed curves) and calculated in approxima-
tion of equally distributed input power (solid curves) by using
(9). Due to the stronger absorption of water rather than acetone,
the transmittance grows with acetone concentration that is un-
usual in comparison with the absorption spectroscopy in VIS or
NIR where an analyte has a stronger absorption than water.

In spite of N = 114 at A = 3.33 um in the [ GeSey]os]s
fiber immersed in the solution, we can see in Fig. 5 that some
higher-order modes cannot reach the fiber output because of the
stronger absorption. For example, transmittance of the 100-th
evanescent mode is negligibly small at low concentrations of
acetone. As in fact the input power was not equally distributed
between the fiber modes at the input facet, actual number of
the evanescent modes delivering power to the fiber output de-
pends on both the initial amplitudes and attenuation coefficients
of each mode. Then the 100-th mode of the [ GeSey]osIs fiber
(and some other higher modes) might have a small amplitude
and a small impact into the total transmittance. In our approx-
imate calculations, indeed, the curve calculated by using (90
with N = 80 provides a good fit with the experimental results
(Fig. 5), but the curve obtained with N = 100 is located much
lower.

For sensitivity characterisation, the derivatives

S =dr/dc" an
have been evaluated and plotted in Fig. 6 for several individual
modes and for 7 calculated by using (9) with N = 80. For
the fundamental mode (m = 1) magnitudes of S are close to
zero and do not depend on the acetone concentration. The mode
with m = 80 is strongly absorbed by water at low acetone
concentrations but at greater ¢” its sensitivity increases because
of partial replacement of water by acetone. In the range of
concentrations ¢* = 0—2mol/], magnitudes of S calculated by
using (9), (11) at low ¢ are defined mostly by the evanescent
modes with m from 20 to 60. At larger concentrations, some
higher-order modes, which has not been totally absorbed at
L = 14 cm, impact into the total sensitivity.

In general, magnitudes of S depend on the slopes of the curves
shown in Fig. 5, and the slopes depend on the difference between
the pure water and pure acetone absorption coefficients at a
given A.
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In addition to the HE ,, modes considered in this paper, other
types of evanescent modes having potentially greater attenuation
coefficients can be excited if an input light beam is not co-axial
with the fiber. These modes are not azimuthally symmetric and
correspond to tilted rays, which may have greater penetration
into the absorbing medium.

V. CONCLUSIONS

We have applied a rigorous electrodynamics’ model of a mul-
timode optical fiber with an absorbing cladding for analysis of
evanescent wave absorption in a chalcogenide fiber immersed
in an aqueous acetone solution. Azimuthally symmetric evanes-
cent modes of a single-index (unclad) fiber have been consid-
ered. We have demonstrated that higher-order modes of the fiber
have greater attenuation coefficients than the lower-order ones
because of greater penetration of the higher-order modes into the
absorbing solution. By this, we have revealed that a selective ex-
citation of the higher-order modes can be used for optimisation
of fiber-optic sensing elements by decrease of the fiber length
immersed into an absorbing medium.

As modal fields penetration into an absorbing cladding grows
with decrease of the ratio of the fiber core radius to radiation
wavelength, attenuation coefficient of an evanescent mode in-
creases with wavelength. From this point of view, MIR spec-
tral range is more attractive for evanescent wave sensing than
VIS or NIR. This is especially important when using chalco-
genide fibers, which generally have large refractive indices (2.4
or more). However strong absorption of water is a serious lim-
itation in the MIR spectroscopy. To achieve high sensitivity,
absorption coefficient of an analyte should by much greater
than that one of pure water at a given wavelength.

For real-time remote sensing, supercontinuum sources are
considered as a reasonable alternative to the heat sources used
in laboratories. The supercontinuum sources provide coherent
high-intensity radiation (more than three orders higher power
spectral density than incoherent sources). Recently a new com-
mercially available 1.7-4.2 ;ym mid-IR supercontinuum source
has been presented by NKT photonics, thus representing a sig-
nificant enhancement for spectroscopic applications. Further-
more a supercontinuum generation in chalcogenide fibers in the
spectral range of 1-14 pum has been demonstrated in laboratory
conditions [14], providing an excellent possibility for the future
of the MIR spectroscopy.
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4.2 Multimode fiber tapers for reproducible

refractometric liquid detection

This chapter is a version of the published manuscript:

[J2]: M. Komanec, T. Martan, T. Nemecek, and S. Zvanovec, “Multimode fiber tapers for
reproducible refractometric liquid detection”, OPTICAL ENGINEERING, vol. 54, no. 4,
2015.

Relevance to my Ph.D. thesis:

To detect hazardous liquid analytes in explosive or flammable environments, a non-
electrical sensing unit is necessary and optical fibers present an advantageous solution.
If the environment is chemically aggressive, the sensor principle must avoid non-resistant
opto-chemical transducers, furthermore, for widespread application, a facile sensing ap-
proach is desired. Refractometric sensors based on optical fibers present such an option.
The refractometric principle is highly dependent on evanescent-wave overlap in terms of
sensitivity and resolution. TOFs thus allow desired sensor performance. In this paper,
MM TOFs have been analyzed. Polymer-clad silica and graded-index MM fibers have
been evaluated. A significant number of TOF samples has been prepared leading to
the improvement and optimization of TOF sensor preparation reproducibility, measure-
ment repeatability, and also long-term stability. For the first time, in terms of trends
of sensitivity and relative power, the loss was given in correlation with MM TOF waist
diameters, allowing us to identify peak and saturation sensitivity points related to the
waist diameter for selected MM fiber types. This paper led to the definition of an optimal
TOF waist diameter for achieving maximum sensitivity, supported by measurements and

simulations.
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Multimode fiber tapers for reproducible refractometric
liquid detection
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Prague 16627, Czech Republic

Abstract. This paper describes the refractometric detection of liquids based on silica multimode optical fibers
which were tapered to increase the evanescent-wave overlap for higher sensor sensitivity. By precisely mon-
itoring the production process, consistent sample parameters were achieved. More than 200 tapers with a taper
waist diameter range from 6.0 to 76.3 um were prepared from polymer-clad silica and gradient-index multimode
fibers. U-shaped fiber taper sensitivities were analytically compared with straight tapers with resulting intensity
sensitivities of over 200%/RIU. Crucial parameters for real sensor applications, such as measurement repeat-
ability, reproducibility, and long-term stability, were further studied for polymer-clad silica straight tapers. Long-
term stability was monitored showing stable measurement results over a 6 months long interval. Measurement
repeatability and reproducibility with standard deviations of 0.55%/RIU and 2.26%/RIU, respectively, were

achieved. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.0E.54.4.047102]
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1 Introduction

Fiber optic liquid detection represents remarkable advan-
tages in comparison, for instance, with semiconductor and
electronic detection. The advantage of optical fibers lies
in their immunity to surrounding electromagnetic fields.
Additionally, optical silica fibers can withstand high
temperatures and are resistant to a variety of chemical sub-
stances. Therefore, fiber optic sensors can be employed in
extreme conditions, e.g., in explosive environments or in
areas with high electromagnetic disruption.

Detection of liquids based on evanescent-wave overlap
into measured analytes exploiting tapered optical fibers has
been extensively studied for the last two decades. Refracto-
meters employing tapered optical fibers were first presented’
in a detailed study of evanescent-field overlap. More sophis-
ticated refractometric applications have since been proposed
including the tapered microstructured optical fiber refrac-
tometer presented in our previous work,” which features a
tapered suspended-core microstructured optical fiber and an
evanescent-field overlap which substantially increased from
0.29% to 29.16%.

The singlemode-multimode-singlemode (SMS) sensing
structure represents a facile approach to enhancement of
evanescent-wave overlap including a segment of multimode
fiber between two single-mode fibers, resulting in optical
mode spreading and subsequent interference in the multi-
mode segment. A detailed study of in-line production
monitoring and liquid sensing based on SMS structures
was presented,3 where 2946 nm/RIU (refractive index
unit) was attained for tested analytes having a refractive
index range of 1.42 to 1.43.

Surface plasmon resonance (SPR) refractometers were
developed in parallel to tapered optical fiber-based

*Address all correspondence to: Matej Komanec, E-mail: komanmat@fel.cvut
.cz
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refractometers allowing us to present achievements in extreme
sensitivities and resolutions comparable to tapered fibers.
In this scenario, SPR refractometers employing polymer-
clad silica (PCS) fibers,* tapered fibers with multiple layers
deposited,’ and long-period grating sensors® were used.
However, SPR refractometers require a multistep manufactur-
ing process and more complex measurement configuration.

Tapered optical fiber sensors (TOFSs) are utilized either
in transmissive’ or reflective regimes,® whereas the sensor
shape can be further tailored.® Furthermore, abrupt tapers
(multiple in-line tapers on a single fiber) forming a Mach—
Zehnder configuration were utilized for liquid sensing.'

Facile high-quality fabrication will determine the future
success of TOFS applications. This paper focuses on straight
and U-shaped polymer-clad silica TOFS for detecting liquids
in the visible range and compares and analyzes conventional
gradient-index multimode TOFS with polymer-clad silica
TOFS. Our earlier studies'"'?> have been considerably
extended, simulations have been carried out to provide pre-
liminary results, prepared samples have been summarized
and the measurement setup is, herein, described. Taper pro-
duction quality and tapering process conditions are dis-
cussed, with a particular emphasis placed on stable taper
parameters. A sensitivity analysis for all measured TOFS fol-
lows. Measurement repeatability (for a standalone TOFS)
and measurement reproducibility (for a set of three TOFS)
are studied in three consequent measurement cycles. Long-
term stability, tested in periods of up to 6 months, is then
presented. Our developed detection units can be employed
as key instruments e.g., in petrochemical, automobile, or
food industries.

2 Simulations

Preliminary simulations were carried out in the Synopsys
BeamProp software for polymer-clad silica TOFS (PCS TOFS)

0091-3286 /2015/$25.00 © 2015 SPIE
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Fig. 1 Model of a taper structure with the taper waist as the simulation region.

of 200-um outer diameter. The selected waist diameters were
3,4,5,6,8, 10, 15, and 20 pum, with the wavelength set at
632 nm. The full transparent boundary condition and a grid
size notably below the evaluated wavelength were consid-
ered. In the simulations, external mediums with refractive
index of 1.432, 1.380, and 1.361 were used to simulate ethyl-
englycol (EG), isopropylalcohol (IPA), and ethylalcohol
(ETOH), respectively. The taper structure, set according to
a real taper, is depicted in Fig. 1. For the simulation, we
assumed an adiabatic transition region, all modes propagat-
ing (multimode launch field defined by the silica/cladding-
polymer refractive indices) and only the taper waist was
considered as the sensing region. One of the major param-
eters of tapers represents the tapering ratio, which defines
how many times the final waist diameter is reduced to the
original fiber diameter, as utilized e.g., by Kerttulla et al.'

The relative power loss summarized in Fig. 2, obtained for
all three analytes and chosen waist diameters, occurs when
higher propagating modes are being radiated into the analyte
and no longer guided in the TOFS. Areas I and II depict a
relative power loss saturation point where, for a particular
waist diameter range, the evanescent-field overlap does
not increase. If further tapered toward narrower diameters,
most of the guided energy is transferred into higher (evan-
escent) modes and consequently radiated into the analyte
with respect to the refractive index of the analyte. The sat-
uration area is a boundary between the original mode set
propagating in the untapered PCS (which is defined by
silica/cladding-polymer refractive indices and is preserved
for lower tapering ratios) and full mode excitation in the

15

1071

Relative power loss (dB)

0 5 10 15 20
Waist diameter (um)

Fig. 2 Simulation results for 2-mm long taper waist immersed in
selected analytes—dependence of relative power loss on waist diam-
eter. Areas | and Il depicting a saturation region.
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case of a tapering ratio higher than approximately 15 for
EG and 20 for IPA and ETOH.

3 Measurement Setup

All measurements were carried out in the wavelength range
450 to 1000 nm. The measurement setup included a broad-
band light source with a 2 m-long 200PCS fiber attached at
the generator side. A calibration fiber and a mode stripper
were inserted between the light source and the detector seg-
ment. For each fiber type, an appropriate calibration fiber
(e.g., 125PCS in case of the 125PCS TOFS measurement)
was employed. Afterward, TOFSs were inserted between
the calibration fiber and the mode stripper. The detection was
performed by a spectral analyzer with a 2 m-long 200PCS
fiber attached. The measurement setup is depicted in Fig. 3.

4 Prepared Samples

Three conventional fiber types were used for fiber tapering:
(1) Corning multimode 62.5/125 ym gradient-index fiber
(62.5 MM), (2) CeramOptec Optran HWF 125/140 ym hard
polymer-clad silica fiber (125PCS), and (3) CeramOptec
Optran HWF 200/230 ym hard polymer-clad silica fiber
(200PCS), which was the same as that considered in simu-
lation. The 200PCS fiber was chosen based on simulations
with the 125PCS fiber to provide comparisons in sensitivity
and tapering limits. The 62.5MM fiber was selected as a rep-
resentative of a conventional core/clad composition with a
maximum core size typically available, while having a gra-
dient-refractive index profile. A modified tapering technique,
developed in our previous work,'* where flame-heating, in
conjunction with two synchronized motors pulling the
fiber evenly in the opposite directions, was employed. We
have utilized the exponential-linear taper profile which
was also employed by Verma et al."® for SPR sensing,
where a taper profile study was performed and the taper pro-
file resulted in further improvement of the measurement
sensitivity.

TOFS waist diameters from 79 ym to less than 10 ym
were developed for enhanced evanescent-wave overlap
with the selected analytes. The largest core diameter taper-
ing ratio of almost 20 was achieved in the case of 200PCS
fibers. For 125PCS fibers and 62.5MM fibers, the taper-
ing ratios were approximately 15 and 10, respectively.
Developed TOFSs were divided into four sets of waist
diameters. For each TOFS set, at least five TOFSs were pro-
duced. Enhanced sensitivity was first achieved by fiber
tapering and, further by shape-tailoring. U-shaped tapers
were formed by preparing straight tapers and subsequently
applying the U-profile, ensuring comparable outputs could
be obtained for the same taper diameters in straight and
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Fig. 3 Measurement setup for liquid sensing, (a) setup configuration; (b) a mini-tower for U-shaped
tapered optical fiber sensor (TOFS) immersion; (c) immersion of straight TOFS.

U-shaped variants. A summary of the TOFS prepared is
presented in Table 1.

For the U-shaped tapers, the radius was experimentally
derived as the closest radius to the breakage point with empha-
sis on maintaining a repeatable radius (for all samples of a
given fiber tapering ratio and fiber type). Table 2 summarizes
the bending radii for all TOFSs, excluding the 47.5 ym
62.5MM TOFS, which it was not possible to shape-tailor
and the 8.3 ym 125PCS TOFS where we experienced frequent
breakage. The U-shape was conserved with a metallic tube
located at the untapered part of the fiber, thus creating a
fixed loop. A clear relation between the bending radius
and tapering ratio can be observed — the higher the tapering
ratio is set the smaller the bending radius that can be used,
thus increasing sensitivity. The insertion loss of the detection
unit also increases with bending radius, but since a reference for
each measurement is utilized, this power loss can be neglected.

the TOFS after long-term storage, i.e., several months, a
30-minute purification period was utilized. Then a reference
spectrum was recorded for TOFS exposed to air. Spectra
were later recorded while the TOFSs were submerged in ana-
lytes: ETOH, IPA, and EG. A final spectrum was acquired
for purified TOFS after the measurement cycle (again in IPA,
to remove residual EG) with the temperature kept constant
during the whole measurement cycle. Figure 4 illustrates an
example of such a measurement. The figure shows the

Table 2 U-shaped TOFS bending radius summary.

Taper waist diameter (um) Bending radius (mm)

62.5MM 6.0 1.25
5 Results 120 1.32
Selected TOFSs were first submerged in IPA for approxi- 232 1.65
mately 5 min to remove small dust particles. To employ
125PCS 18.5 0.92
Table 1 Taper waist diameters of utilized tapered optical fiber sensor 30.8 1.50
(TOFS) sets.
54.1 1.62
Taper waist diameters (zm) 200PCS 10.9 0.72
62.5MM 6.0 12.0 23.2 47.5 20.3 1.1
125 PCS 8.3 18.5 30.8 54.1 421 1.57
200 PCS 10.9 20.3 421 76.3 76.3 1.70
Optical Engineering 047102-3 April 2015 « Vol. 54(4)
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Fig. 4 Measured spectra for (a) straight and (b) U-shaped 200PCS
20.3 um TOFS, REF—reference measurement, PUR — purification
after measurement cycle.

measured spectra of the same 200PCS 20.3 ym TOFS, both
in straight and U-shaped variants.

At first, we determined a significant parameter of the
TOFS — the critical waist taper diameter. It was derived
from the measured relative power loss for all 200PCS
TOFS sets, both in straight and U-shaped variants (see
dependences of average measured values with limits of mini-
mum and maximum values reached in Fig. 5). The relative
power loss represents a difference between the reference
power level and power received after immersion in the ana-
lyte (ETOH, IPA, and EG) at the detector at 632 nm, which
was derived from our spectral measurements. As can be seen,
the measured relative power loss in the case of straight
200PCS TOFS saturates at a diameter of approximately
20 ym (marked areas in Fig. 5).

A similar phenomenon is observed for U-shaped 200PCS
TOFS, where the saturation waist diameters are shifted to
larger values, which is caused by the TOFS shape inducing
a greater evanescent wave overlap.

5.1 Production Process Enhancement

To evaluate and enhance the production level, four sets (of
three TOFS each) were produced from 125PCS and 200PCS
fibers under monitored conditions. The best results were
obtained for the 125PCS 21 um TOFS set, with a waist
diameter standard deviation of 0.25 um. High-quality pro-
duction was assured by maintaining stable production con-
ditions, in particular, flame and ambient temperatures. The
maximum fluctuation in ambient temperature was below
0.5°C during the manufacturing of all TOFS sets.

Relative power loss [dB]
Relative power loss [dB]

g
40 60 80 20 40 60 80
Waist diameter [ um] Waist diameter [ um]

(a) (b)

Fig. 5 Relative power loss for 200PCS TOFS sets: (a) straight and
(b) U-shaped TOFS. Areas | and |l depicting a saturation region.
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5.2 Sensitivity Study

An intensity sensitivity analysis was used to compare

obtained results with the intensity sensitivity (S) evaluated
8

as

5 =120 100(%/RIU), ¢))

Al/l,

T An
where A[ stands for the analyte/reference measured intensity
difference, I, represents the measured reference intensity,
and An is the analyte/reference refractive index difference.

Figure 6 summarizes the maximum intensity sensitivities
for the 200PCS TOFS sets at 632 nm. Here, it is more evident
that, for all analytes, the sensitivity saturates around a waist
diameter of 17 ym for straight TOFS and 20 ym for U-
shaped TOFS. For straight TOFS, the values at the waist
diameter of 76.3 ym for IPA are approximately 10%/RIU
higher than for 42.1 ym, which is attributed to a measure-
ment error because other intensity sensitivities show no
variation in the 76.3 to 42.1 um region. For U-shaped TOFS,
the trend is linear and saturates at the same waist diameter as
that of straight TOFS. Based on the results, an optimal taper-
ing ratio in our experiment was derived to be 10 for
200PCS TOFS.

Derived maximum intensity sensitivities for the case of
125PCS TOFS sets are then presented in Fig. 7. Here, the
saturation point can be found for waist diameters of approx-
imately 25 ym for both straight and U-shaped variants
(marked as area I). An interesting result was revealed for the
U-shaped 125PCS TOFS sets submerged in EG, where we
observed an almost independent intensity sensitivity on the
change of the waist diameter. Therefore, for utilization of
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Fig. 6 Maximum intensity sensitivity of 200PCS TOFS sets:

(a) straight and (b) U-shaped TOFS. Area | depicts the optimal
waist diameter for highest sensitivity.
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Fig. 7 Maximum intensity sensitivity of 125PCS TOFS sets:
(a) straight and (b) U-shaped TOFS. Area | depicts the optimal
waist diameter for highest sensitivity.
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Fig. 8 Maximum intensity sensitivity of 62.5MM TOFS sets:
(a) straight and (b) U-shaped TOFS.
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Fig. 9 Measured spectra of a straight 200PCS 10.9 ym TOFS mea-
sured (a) 4 months and (b) 6 months after production, REF — refer-
ence measurement, PUR — purification after measurement cycle.

such a sensor, a considerably lower tapering ratio could be
required.

In comparison, intensity sensitivities of 62.5MM TOFS
are depicted in Fig. 8. Here we observe, as expected, straight
TOFS sets without any observable saturation in sensitivity.
For the U-shaped 62.5MM TOFS, for EG detection only, sat-
uration is evident. Therefore, to achieve an optimal waist
diameter for straight and U-shaped TOFSs, a higher tapering
ratio than 10 is required.

Resolutions for the most sensitive TOFS of each fiber
type were evaluated both in straight and U-shaped variants,
respectively. The results are summarized in Table 3 with the
sensitivity values as comparisons.

5.3 Measurement Repeatability and Reproducibility

To verify production results and their impact on measure-
ment output further, the 125PCS 21 um TOFS set was
selected and for a standalone TOFS of this set three

Table 3 Resolution and maximum sensitivity for measured TOFS.

Taper waist Maximum
diameter sensitivity
(um) Profile (%/RIV) Resolution (RIU)

62.5MM 6.0 Straight 193 (EG) 1.3x1072
6.0 U-shaped 172 (EG) 3.3x 1078
125PCS 18.5 Straight 232 (ETOH) 25x1073
185 U-shaped 242 (ETOH) 1.1%x1073
200PCS 10.9 Straight 212 (EG) 2.0x1073
20.3 U-shaped 215 (EG) 1.7x1078
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subsequent measurement cycles were carried out to prove
measurement repeatability. The standard deviations for
standalone TOFSs were 7.17%/RIU for ETOH, 4.45%/
RIU for IPA, and 0.55%/RIU for EG.

Measurement reproducibility, i.e., obtaining the same
results for different TOFSs of the same set, was evaluated
for the whole 125PCS 21 um TOFS set. For this purpose,
we compared all the TOFS intensity sensitivities acquired
and a standard deviation of 10.71%/RIU for ETOH,
8.11%/RIU for IPA, and 2.26%/RIU for EG was observed.

Results indicate 125 ym PCS TOFS (all tested variants)
as ideal candidates for stable and repeatable sensing, in par-
ticular, for EG detection with a reproducibility deviation
below 2.5%/RIU for the entire set and a repeatability devia-
tion below 0.6%/RIU for standalone samples. For ETOH and
IPA, the results allude to an application with less precise
requirements. The overall difference between a standalone
TOFS and the whole TOFS set is only several %/RIU,
which further verifies the quality of our production process.

5.4 Long-Term Stability

Long-term stability was tested for a chosen TOFS within a
time period of 6 months. Figure 9 depicts the spectra from
the 10.9 um 200PCS TOFS measured 2 months apart.
During the first measurement cycle [see Fig. 9(a)], the
TOFS was insufficiently purified after submerging in EG.
After 4 months of storage we were able, by additional pre-
measurement purification, to remove all residual impurities.

6 Conclusion

We presented straight and U-shaped multimode tapered
fibers for liquid sensing. Special emphasis was placed on
multimode polymer-clad silica fibers’ sensitivity, optimal
waist diameter, and their measurement repeatability, meas-
urement reproducibility, and long-term stability.

The production process was perfected with a taper waist
standard deviation below 0.25 ym when manufacturing con-
ditions were monitored and precautions, in particular with
temperature, were taken. Further enhancement of taper
parameter stability is possible with a more precise ambient
temperature and relative humidity control.

Measurement results showed significant trends, such as
saturation points in intensity sensitivities for different fiber
types and analytes, and we defined an optimal taper waist
for achieving maximum intensity sensitivity while keeping
the tapering ratio as low as possible. For 125PCS fiber, a
waist diameter of 25 ym with an intensity sensitivity over
200%/RIU is optimal. For the 200PCS fiber, the optimal
waist diameter value is 11 gm with an intensity sensitivity
again over 200%/RIU.

Measurement repeatability (for a standalone TOFS) was
greatly increased for TOFS experiencing the monitored pro-
duction process. The intensity sensitivity standard deviation
measured below 8%/RIU for ETOH, 5%/RIU for IPA, and
1%/RIU for EG. This result leads to a promising application
for precise liquid sensing with a refractive index in the range
of 1.41-1.44 RIU. Long-term stability was examined and we
have achieved more than 6 months’ long-term stability.

In contrast to wavelength-based sensors such as SPRs, our
TOFSs require only a single-step manufacturing process
(double-step for U-shaped TOFS) and represent a low-cost
option (cheap sensor, only a simple laser source and a
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detector are needed) with reasonable sensitivity and stable
measurement results. To conclude, a facile manufacturing
process of tapered polymer-clad silica fiber sensors was pre-
sented, with optimized sensitivity, measurement repeatabil-
ity, and reproducibility and proven long-term stability for
liquid detection in the refractive index range of 1.36 to 1.43.
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4.3 Structurally-modified tapered optical fiber

sensors for long-term detection of liquids

This chapter is a version of the published manuscript:

[J3]: M. Komanec, T. Nemecek, P. M. Vidner, T. Martan, F. Lahodny, and S. Zvanovec,
“Structurally-modified tapered optical fiber sensors for long-term detection of liquids”,
OPTICAL FIBER TECHNOLOGY, vol. 47, pp. 187 —191, 2019

Relevance to my Ph.D. thesis:

Results from previous Chapter 4.2 have been extended, where improvement of sensitivity
by surface structural modification has been investigated. Structural modification was
achieved by subsequent TOF hydrogenization and drying, leading to sol-gel development
in the single-mode TOF surface layer. Characteristics of this process have been examined,
leading to significant sensitivity enhancement of up to ten times. A 12-months continuous
measurement campaign with two TOF sensor samples and a liquid analyte of variable RI,
has been carried out. The liquid analyte slowly increased in RI via evaporation and was
deliberately diluted to obtain a series of measurement cycles in the desired RI range. The
single-mode TOF sensors were linearly calibrated. The long-term experiment verified

sensor stability.
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ARTICLE INFO ABSTRACT

We present an improvement of tapered optical fiber (TOF) sensor’s response for the detection of liquids, which is
achieved by TOF surface structural modification. Our TOF sensors utilize the refractometric principle with en-
hanced evanescent-wave overlap due to the wavelength of 1550 nm and TOF waist diameters of 4-6 um. The
structural modification is achieved by long-term TOF exposition to hygroscopic liquid analytes and ambient
atmosphere. To analyze the structural modification process, long-term as well as proof-of-principle tests have
been carried out to evaluate TOF sensors stability in terms of sensitivity and resolution. Maximum sensitivity of
over 2100 dB/RIU has been reached when TOF is used to detect a liquid analyte with refractive index of 1.415.
Increase of more than 1400 dB/RIU is attributed to the enhanced sensitivity. Sample TOF sensors were then
linearly calibrated and have been tested in more than one year-long continuous measurement campaign.
Resolution better than 710~ for a refractive index range of from 1.405 to 1.425 with working point drift below
2:10~* over 12 months period has been achieved. Our results and observations are suitable for reliable, low-cost

Keywords:

Optical fiber taper
Evanescent-wave
Refractometry
Liquid sensing
Long-term effects

and application-tailored TOF sensor development.

1. Introduction

Refractometric detection of liquids based on tapered optical fibers
(TOFs) with an enhanced evanescent-wave overlap has been ex-
tensively studied, and a variety of configurations have been proposed
[1-7]. The key difference of these measurement techniques lies in the
intensity-based or the wavelength-shift-based measurement techniques.
Wavelength-shift-based TOF sensors generally provide better perfor-
mance in terms of sensitivity and resolution, on the other hand, they
require a more complex processing system. Wavelength-shift-based TOF
sensors utilizing periodically tapered fibers [1,2] with sensitivities up to
4000 nm/RIU at a refractive index (RI) of 1.45 were presented in [1].
An average sensitivity of 226 nm/RIU in the RI range from 1.33 to 1.38
was achieved in [2]. Microresonators with a sensitivity of 95.5 nm/RIU
in the 1.38 to 1.41 RI range were demonstrated in [3]. To enhance
sensor sensitivity, the TOF sensor was further shape-tailored in [4]
resulting in 8.0-10~° RIU resolution in the RI range of 1.38-1.44. In-line
production monitoring and liquid sensing based on single mode-mul-
timode-single mode (SMS) structures were presented in [5] with a
sensitivity of 2946 nm/RIU in the RI range of 1.42-1.43. Surface
plasmon resonance (SPR) refractometers have also been developed in

* Corresponding author.
E-mail address: komanmat@fel.cvut.cz (M. Komanec).
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parallel while utilizing TOFs [6].

Intensity-based sensors remove the wavelength-shift-based sensor
demands on the processing system and the complexity of SPR sensor
preparation [6,8]. TOF sensors with ultra-thin tapered fiber tips with
sensitivities over 8000%/RIU have been presented in [7]. Surface
functionalization by additional layer deposition [9] or interferometric
configuration can further increase TOF sensor performance but under
cost of increased complexity. We have recently demonstrated a possible
application of suspended-core microstructured optical fibers for the
detection of liquids with a sensitivity of 342 dB/RIU at RI of 1.43 [10].

To provide a facile approach for the detection of liquid analytes,
conventional silica single-mode TOF sensors can be applied as they
further diminish the disadvantages of both intensity and wavelength-
shift-based sensors, such as utilization of specialty optical fibers [1] and
sensors’ structure fragility [3,10].

Stability and long-term performance of TOFs have been studied only
under laboratory conditions and from a short-term point of view within
the range of multi-day time periods. An interesting evaluation of TOF
degradation was presented in [11], where the primary contribution to
the increase of TOF attenuation is attributed to dust particles attached
to the nanotaper surface manifesting as scattering loss. The greatest
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impact was experienced in standard room conditions where, in the case
of a TOF with 460 nm waist diameter, dust particles caused almost
10 dB attenuation within a time period of less than 10 h. The effects of
humidity were found to be negligible in this study. Crack formations
and their degradation effect on TOFs together with the humidity-in-
duced hydrogen-bond formation and further attenuation increase was
subsequently summarized in [12] for long microfibers. A 5dB at-
tenuation increase caused by 18 h long crack formation in a microfiber
with a 2 um waist diameter was observed in [12]. However, none of
these publications have described any relation between TOF degrada-
tion and sensor performance for the detection of liquids.

This paper presents, for the first time, a long-term evaluation of TOF
sensors for refractometric detection of liquids with focus on TOF surface
structural modification. We analyze sensitivity enhancement and
overall sensor response curve shift. We report on significant sensitivity
enhancement, without any need for sol-gel or other functional layer
deposition. We study freshly-produced TOF sample versus a structu-
rally-modified TOF sample and we observe similar resolution with a
significant shift of the sensors’ response curve. Last a linear calibration
is applied for selected TOF sensors, and results from sensor performance
tests over more than a year-period of continuous measurement are
discussed.

2. Sample preparation and measurement setup

Conventional silica single-mode fiber (SMF-28e, G.652) with 8.3/
125um core/cladding diameters was chosen as the source fiber for
development of TOF sensor samples. We used the flame-heating tech-
nique and aimed for a reproducible output. Flame temperature T}, hy-
drogen generator temperature Ty, room humidity Ry and ambient
temperature 7, were controlled during the tapering process, while in-
itial Tyc was kept constant for each singular sample. Fluctuations were
kept at AT, < 0.1°C and ARy < 0.1%.

For the purposes of the long-term analysis, we produced two TOF
sample series with the waist length of 10 mm and with waist diameters
wp of 4.5um and 5.5pum (over 25 TOF samples in both series). The
waist diameter deviations were kept under 10% for both series, which
was verified by a scanning-electron microscope. TOF samples were then
stored in normal conditions i.e., T, = 22-25 °C and Ry = 35-45%.

The measurement configuration is depicted in Fig. 1. An integrated
distributed-feedback laser diode (LD) emitted at 1550 nm. LD signal
was divided via a 3dB coupler to two outputs and two TOF sensor
samples were placed between the source and detectors in order to
measure both TOF sensor samples simultaneously (in the same liquid
analyte) and to both verify performance and exclude temperature dis-
crepancies. Two InGaAs PIN photodiodes (DET) were incorporated al-
together with LD into a single stabilized monitoring system to cover
both instantaneous and continuous data-readout statistics. All FC/APC
connectors were fixed. We have furthermore analyzed long-term

Stabilized source
and detector

—

Laser diode
1550 nm

TOF sensors

Q
Q

DET

Fig. 1. Measurement configuration for the analysis of TOF sensor sample per-
formance in selected liquid analytes.; DET — two InGaAs PIN photodetectors.
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stability of the measurement configuration during a 3 weeks-long
campaign and verified that our system is stable without any degrada-
tion. The measurement system dynamic range was limited to around
50 dB.

Laboratory testing of explosive or toxic liquids (e.g. hydrocarbons
such as gasoline, toluene, or other toxic liquids as dioxane or chloro-
form) could be harmful to the health, so appropriate harmless liquid
analytes were prepared to test our TOF samples. We substituted the
above-mentioned hazardous liquids with environmentally friendly
azeotropic mixtures of glycerol (GLY) dissolved in water to achieve
refractive indices comparable to hydrocarbons or mixtures of hydro-
carbons. Glycerol (1,2,3-Propanetriol) C3Hs(OH)3 represents a hygro-
scopic, colorless, viscous liquid (trihydric alcohol) which is neither
explosive, flammable nor toxic, thereby suitable for such tests. The
glycerol molecule is polar, therefore, it is unlimitedly miscible with
H,0. Mixtures of GLY with H,O of defined concentrations were related
via RI, which was measured at 632 nm (at 20 °C) and recalculated to RI
at 1550 nm. Refractive index values at 1550 nm and 20 °C are for water
1.3180 and for glycerol 1.4594. Refractive indices of liquid analytes
were continuously monitored with a digital refractometer. Refractive
index of the GLY-H,O mixture was then calculated as:

Congry Congry
-RI +
100 GLY,1550 1

Rlyix,1550 = *RlI,0,15505 )
where Rl 1550 is the recalculated refractive index of the GLY-H,O
mixture at 1550nm, Congry and Conpyyo represent the percentage
concentration of both liquids and finally Rlgry 1550 and Rly0,1550 are the
refractive indices of both liquids at 1550 nm.

3. TOF sensitivity-modification process

First, we measured a randomly selected TOF sample with
wp = 5.20 um immediately after the production. The second measure-
ment was carried out after 18 months (meanwhile the TOF sample was
stored in standard room conditions). Before both measurements we
perfectly purified the TOF sample using several isopropyl-alcohol (IPA)
purification cycles to achieve a stable performance (especially after
18 months to remove all dust particles on the TOF surface).

The test was performed on three selected liquid analytes, IPA
(RI = 1.374), Ethylene—glycol (EG, RI = 1.420) and their 50/50 mix-
ture (RI = 1.397). Measurement results are summarized in Table 1.
Note 13.6dB higher attenuation when submerged in EG after
18 months (16.7 dB) with respect to the attenuation value just after
production (3.1 dB). This attenuation increase is attributed to the sur-
face structural modification of the TOF sample.

The origin of this phenomenon can be understood as a multi-step
process. First, optical fibers are formed by extremely pure silica, thus no
alkali ions are present, so leaching can be neglected. The starting
conditions are defined by the tapering process carried out by the flame-
heating technique using a hydrogen-based flame, which causes H" and
OH- ions to penetrate into the TOF where concentration decreases in
relation to the distance from the TOF surface. Only a few ppm of H,O
content can result in the OH~ ion formation process, where such a low
H,O content is already present after fiber manufacturing [13].

Tapering of silica fibers is achieved by laterally stretching the fiber.
The stretching assists in breaking molecular bonds by distorting the
SiO, tetrahedral structure. Thus non-bridging oxygen atoms are formed,

Table 1
Attenuation of a TOF sample after production and after 18 months of exposition
to ambient atmosphere, measured in three liquid analytes at 1550 nm.

Analyte RI After production (dB) After 18 months (dB)
1.374 0.4 6.0
1.397 1.1 10.2
1.420 3.1 16.7
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bound by one covalent bond to the glass network and holding one
negative charge to compensate for the positive ions nearby [14]. The
fiber is then less resistant to humidity effects [15].

These effects contribute to the modification of the TOF surface
layer, with regard to hydrogen-bonding processes, resulting in a sol-gel
layer formation. Note, that this sol-gel layer is formed from the fiber
itself, due to the material change in the fiber surface layer, which is
completely different from the well-known methods of sol-gel and other
functional layer deposition on the fiber surface [9,16].

In the first step, a layer similar to a sol-gel is formed and gradually
grows in thickness (in direction towards the TOF core) until equilibrium
state is achieved, when TOF is exposed to a humid atmosphere, or
submerged into an analyte (presuming the liquid analyte contains water
or is able to form OH™ ions). Typically, the sol-gel layer thickness is in
the order of nanometers. The sol-gel layer’s physical properties differ
from the pure silica glass material, in particular refractive index is
lower [17]. Typically sensor sensitivity is expected to decrease when
considering a modified layer on the TOF surface with a lower RI. This
assumption is valid until the TOF is dried. Once the TOF is removed
from the analyte (or placed in a lower humidity atmosphere), the
sol-gel layer dries and micro-cracks develop [12].

The utilization of GLY and EG as liquid analytes further magnifies
the effect of sol-gel layer formation as these liquids are highly hygro-
scopic. In addition, when IPA is used to purify the fibers, it can help
even more to increase micro-crack formation. This is based on the fact
that IPA (as a 96% alcohol) efficiently binds water, thus drawing the
OH" ions from the sol-gel layer. The effect of submerging/drying was
observed for multiple TOF samples resulting in a high increase of at-
tenuation, thus also in TOF sensor sensitivity enhancement and re-
sponse curve shift, as will be described in the next chapter.

4. Measurement of TOF sensor response based on structural
modification

We investigated the TOF sensor response and possibility of sensi-
tivity enhancement on two randomly selected TOF sensor samples, with
wp = 4.80um and wp = 5.50 um, denoted as Samples A and B, re-
spectively. Sample A was purified immediately after the production
without any contact with GLY. Sample B was submerged into GLY
immediately after the production, then purified and stored. After
12 months both TOF sensor samples were measured for the first time
(such samples are hereafter marked by index 1, i.e., A;, B;). Both TOF
sensor samples were then purified and stored in the same conditions for
additional 6 months, resulting in a total of 18 months prior to the
second measurement (indexed as A,, B,).

A GLY-H,O solution was prepared for the measurement. The
starting point was set to the RI of 1.435 and the solution was diluted,
step-by-step in 19 measurement points, down to the RI of 1.360. For
each of these points, refractive index of the mixture was analyzed by the
refractometer. Increase in attenuation and thus sensitivity was observed
for both TOF sensor samples submerged in the same liquid analytes
after 18 months in contrast to the results after 12 months, as presented
in Fig. 2.

To provide a comparison of studied TOF sensor samples, sensitivity
S was introduced which can be expressed as the ratio of optical in-
tensity difference /\I to refractive index difference /\n as:

_ AL
T An 2

Sensitivity enhancements of up to 1300 dB/RIU and 1400 dB/RIU
were reached for Sample A and Sample B, respectively, for a liquid
analyte RI of 1.415, when comparing results after 12 and 18 months.
The achieved maximum sensitivity values after 18 months of exposure
were S = 1920dB/RIU and S = 2100dB/RIU for Samples A and B,
respectively. This is a significant sensitivity enhancement compared to
previous results [18], where the studied TOFs were not sensitivity-

S
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Fig. 2. Measured a) attenuation and b) sensitivity dependences on the liquid
analyte RI at 1550 nm, Sample A and Sample B after 12 months of exposure (A;,
B;) and 18 months of exposure (Az, B).

enhanced.

Please note an interesting point of the TOF surface structural
modification: Sample B, with wider wp, provided greater sensitivity
than Sample A (e.g. compare at RI of 1.415 in Fig. 2b). This is in
contrast to the general taper theory which states that a thinner TOF
should have a larger evanescent-wave overlap and, thus, greater sen-
sitivity. The enhanced sensitivity in the case of Sample B is attributed to
the TOF surface structural modification caused by the submersion of the
TOF sample into GLY 12 months prior to the first measurement (right
after the production).

5. Long-term measurement

Having achieved enhanced sensitivity, we further evaluated the
performance of the structurally-modified TOF sensor samples in com-
parison to freshly-produced TOF sensor samples. Long-term stability of
TOFs was studied in terms of sensitivity and resolution. Two selected
TOF sensor samples were chosen, both with the identical wp = 5.40 um,
to exclude the effect of waist diameter. First TOF sensor (Sample C) was
picked from a freshly manufactured TOF set and was encapsulated in a
protective metallic cover as depicted in Fig. 3. Sample D was structu-
rally-modified (i.e. having an enhanced sensitivity) as described in the
previous section. Both TOF sensor samples were purified before the test.
Afterwards, continuous measurement was carried out for more than
12 months in total.

As the liquid analyte we used again the GLY-H,O mixture where for
the starting point the analyte was diluted to RI of 1.400 and, via water
evaporation, the RI of the analyte continuously increased. Once RI of
1.440 was reached (after several weeks), we added H,O and set RI
again to 1.400 to start a new measurement cycle. The measurement
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Fig. 3. TOF sensor sample encapsulation in protective metallic tubing, which
allows liquid through-flow, equipped with E2000 connectors for easy inclusion
in any optical system.

procedure was always the same step-wise process — first we measured
actual attenuation of the submerged sensor, then we took a sample of
the liquid analyte and measured its refractive index by a refractometer
(which was then recalculated to 1550 nm and plotted with regard to
attenuation/normalized power).

Calibration was performed for both TOF sensor samples during the
first two measurement cycles, representing a relation between mea-
sured optical power (attenuation) and corresponding RI of liquid ana-
lyte. It is common that for real sensor application, the operation in the
sensors’ linear regime is desired. Sample C provided linear calibration
in the RI region of interest (1.400-1.425). However, Sample D required
a two-part linear calibration, where at liquid analyte RI range of
1.400-1.416 we can observe a significant increase of the calibration
line steepness (denoted as “linear fit steep”). In the RI range of
1.416-1.425 we observe almost a flat response (denoted as “linear fit
slow”) for Sample D. Calibration lines with all measured data (over all
cycles) are plotted in Fig. 4.

We see a clear trend of the structurally-modified TOF sensor sample,
where the linear regime (steep) shifts to lower liquid analyte RIs (below
1.417) and is accompanied by enhanced sensitivity (derivation of the
slope). Using the calibration (presented in Fig. 4) we were able to de-
termine the TOF sensor long-term stability in over 12 months of con-
tinuous measurement. Sample C showed a standard deviation in mea-
sured RI of 6.6-10~* and drift of the working point (mean value) of only
1.3-107%. Sample D provided a standard deviation in measured RI of
12-10~* and drift of the working point of 15-107%.

To exactly compare both TOF sensor samples, we calculated their
resolutions over all acquired data with regard to their calibration.
Resolution (R) was calculated as:

¢ X Sample C - measured points
1.0 .\{ X = Sample C - linear fit
ge,. { sample D - measured points
., =+=*Sample D - linear fit "steep"
Z 08 ““’O:)%( == Sample D - linear fit "slow"
=
] ., O
3 0.0 X
Q 0.6 o " ~%
E .
g % ’“%;k
s .
5 S
z " e,
0.2 ~ o
0
‘ ‘ W Re s
1.400 1.405 1.410 1.415 1.420 1.425

Refractive index (-)

Fig. 4. All measured data points over more than 12 months and linear fits based
on the first two measurement cycles further used as calibrations of Sample C
(without structural modification) and Sample D (structurally-modified).
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Fig. 5. Resolution of Sample C and Sample D with regard to the refractive index
of the liquid analyte.

__An
NS ©)

where g; stands for the standard deviation of the measured optical
power with regard to the calibration.

Fig. 5 presents resolution dependence on the refractive index of the
liquid analyte for Sample C and Sample D. For Sample C values around
5:107* are experienced in the RI range above 1.405, Sample D has
comparable values only in the RI range of 1.406-1.416. On the other
hand sensitivity Sample C is 218 dB/RIU compared to Sample D with
enhanced sensitivity of 883dB/RIU for a liquid analyte with
RI = 1.415.

6. Conclusion

TOF surface structural modification has been presented and dis-
cussed with regards to the detection of liquids. We determined a per-
manent TOF response curve shift and sensitivity enhancement caused
by sol-gel development in the TOF inner surface layer. The structural
modification was magnified by repeatedly submerging the TOF sensor
sample into hygroscopic liquids (Ethylene-glycol or Glycerol) and then
by subsequent drying in Isopropyl-alcohol.

We experimentally verified the sensitivity enhancement with an
increase up to 1400 dB/RIU for a liquid analyte with a refractive index
of 1.415 for the structurally-modified TOF sensor samples. We thus
achieved an overall sensitivity of more than 2100 dB/RIU, which is
almost ten times higher than for a freshly produced TOF having a
sensitivity around 220 dB/RIU.

For the long-term continuous measurement of over 12 months, se-
lected TOF sensor samples with linear calibration were evaluated.
Experimental tests demonstrated high performance stability of a
structurally-unmodified TOF sensor sample with an RI standard de-
viation of 6.6-10~* and working point drift below 2-107*. A structurally-
modified TOF sensor sample provided significantly higher sensitivity.
Working point drift was 15-107*.

Our results in TOF structural modification show that we can tailor the
linear regime of the TOF sensor response curve to a desired RI range.
Enhanced sensitivity can be achieved for a particular range of refractive
indices. Measurements with duration of less than one month can expect
stability of the sensitivity-enhanced TOF sensors in the order of 107*.
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This chapter is a version of the published manuscript:

[J4]: T. Nemecek, M. Komanec, T. Martan, R. Ahmad, and S. Zvanovec, “Suspended-
core microstructured fiber for refractometric detection of liquids”, APPLIED OPTICS,
vol. 54, no. 30, pp. 8899-8903, 2015.

Relevance to my Ph.D. thesis:

Up to the point of writing, all of the above-mentioned methods have their limitations,
thus I decided to develop a new approach to combine high sensitivity, robustness, as
well as facilitate the sensing system implementation. To fulfill these demands, an SC-
MOF filled by a liquid analyte was chosen, for the first time, as a modifiable tool for
the refractometric sensing of liquid analytes. SC-MOFs allow the detection of a broad
range of liquid analytes by modifying the SC-MOF inner structure, thus reaching the
required sensitivity. Extremely small amounts of liquid analyte in order of nanoliters are
required compared to other detection methods, such as TOF sensors, which supports the
possibility of this method being applied e. g., in medical or biological areas. SC-MOF
filling processes have been examined, and, subsequently, a liquid-filled SC-MOF structure
has been evaluated as a sensor of liquid analytes. Supreme resolution and sensitivity
were reached in comparison to other methods, establishing this method as a promising

approach.
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A silica suspended-core microstructured optical fiber sensor for detection of liquids, operating at 1550 nm, is
analyzed. The sensing principle is based on the evanescent wave overlap into a tested analyte, which is filled via
capillary forces into the cladding holes. Validations for analytes in the refractive index range of 1.35-1.43 are
carried out with liquid-analyte-filling-length limits being studied both theoretically and experimentally. We
prove, for the first time to our knowledge, that an extreme sensitivity of 342.86 dB/RIU and resolution of
4.4 x 107 can be achieved. This sensor represents a high-quality alternative for applications requiring a facile,

low-cost solution. © 2015 Optical Society of America
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1. INTRODUCTION

Suspended-core microstructured optical fibers (SC-MOFs)
were first presented in 2001 by Monro ez al. [1] and have been
studied and enhanced, achieving core sizes below 1 pm [2] uti-
lizing various glass compositions [3,4] and developing inner
surface functionalization [5,6]. SC-MOFs outperform conven-
tional MOFs in terms of significantly increased nonlinearity,
leading to extreme broadband supercontinuum generation
[4] and enhanced evanescent wave overlap which substantially
increases when cladding holes are filled with gases or liquids,
making these fibers suitable for sensing purposes [7,8].

Optical sensors based on SC-MOFs have, therefore, at-
tracted great attention due to their applications in hazardous
environments for liquid-level [9] monitoring and biological
DNA analysis [6]. For these applications the operating princi-
ple is, in some cases, based not only on refractometry, but is
further evolved to fluorescence [6] or Raman spectroscopy [9].
To achieve enhanced sensitivities and resolution, a theoretical
study has been carried out for SC-MOFs with core diameters
below 1 pm [8] when considering glass materials. Exposed-core
SC-MOFs for liquid filling were presented in [10], while other
means were proposed in [11].

Significant sensitivity enhancements were achieved by
SC-MOF surface functionalization [6], which demands precise
deposition steps of the sensing layer, and by core diameter re-
duction [8], leading to coupling efficiency issues and waveguide
losses. For widespread SC-MOF sensor applications, e.g., in
petrochemistry and the automotive industry and for chemical

1559-128X/15/308899-05$15/0$15.00 © 2015 Optical Society of America

analysis purposes, an easy sensing technique is required.
Attenuation-based SC-MOF sensors provide a considerably less
complicated solution than, e.g., functionalized-surface [6] or ex-
posed-core [8] SC-MOF fluorescence-based sensors. Moreover
attenuation-based SC-MOFs have never been studied in greater
detail. This approach was only briefly considered with simula-
tions carried out in [12] as an example of the theoretical limit
of the utilized method.

In this paper, we present an attenuation-based SC-MOF
liquid sensor analysis for the refractive index (RI) range of
1.35-1.43. Our sensor exploits the refractometric effect based
on the enhanced evanescent wave overlap in the SC-MOF clad-
ding holes filled with a tested analyte.

With a selected sensor and optimized measurement method,
we achieved extreme sensitivity and resolution without the need
for any additional fiber surface functionalization or SC-MOF
core diameter reduction. The results provide substantial exper-
imental knowledge in the respective fields of SC-MOF liquid

sensors and MOF sensing.

2. EXPERIMENTAL BACKGROUND

The measurement setup is depicted in Fig. 1. A laser source
with a wavelength of 1550 nm and output power of 10 mW
irradiates polarized light. The laser beam is expanded by a
graded-index (GRIN) collimator to 0.5 mm full width at
half-maximum (FWHM) and, subsequently, collimated by a
40x objective (NA = 0.65) to the core of the SC-MOF.
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Fig. 1. Measurement setup of the SC-MOF liquid sensor. PD,
photodetector; PC, microscope image processing. (a) Step one: filling
the liquid analyte into the SC-MOF cladding holes. (b) Step two:
attenuation measurement of the analyte-filled SC-MOF. Inset shows
the SC-MOF cleave detail.

2 pm 3D stages are utilized to adjust the collimation
assembly precisely. Coupling efficiency of over 10% is achieved
with this setup. The total length of SC-MOF is 2 m. The
analyte-filling length in SC-MOF is visualized and measured
by microscope (see Figs. 1 and 4, respectively). Subsequently,
an integral photodetector (PD) is used to measure attenuation
at the cleaved end of the SC-MOF (filled with analyte).

The employed SC-MOF is composed of undoped silica with
a core diameter of 2.75 pm, bridge width of 270 nm, and outer
diameter of 122 pm. The radial diameters of the three cladding
holes are all 29.73 pm. Material attenuation of an air-filled
SC-MOF is 1 dB/m. The SC-MOF cross-section is depicted in
Fig. 2(a) with detail of the SC-MOF core shown in Fig. 2(b).

To perform SC-MOF sensitivity analysis, seven liquid an-
alytes are prepared, ranging from 1.3520-1.4269 RI with a
continuous step of approximately 0.01 RI. Table 1 summarizes
the prepared analytes with their Rls at 1550 nm, and these
values are verified by an Abbe refractometer at 632 nm (recal-
culated to 1550 nm, employing refractive-index equations for
cach particular analyte).

Light coupled into the SC-MOF core is strongly guided
thanks to the silica—air RI difference, and there is minimal
evanescent wave overlap in the cladding holes. As the cladding
holes are filled with analytes, the RI difference decreases and the
evanescent wave ovetlap is enhanced, which is analyzed using
COMSOL software for our specific SC-MOF (results depicted
in Fig. 3).

The viscosity of selected analytes makes it possible to use
capillary forces for filling. The main advantage of this technique

(b)

Fig. 2. SC-MOF scanning eclectron microscope photographs.
(a) SC-MOF cross-section. (b) Detail of the SC-MOF core.
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Table 1. Refractive Indices of Utilized Analytes at
1550 nm

Analyte Denomination RI

Ethyl alcohol ETOH 1.3520
Isopropyl alcohol IPA 1.3738
75% IPA + 25% EG IPA75EG 1.3861
50% IPA + 50% EG IPASOEG 1.3970
25% IPA + 75% EG IPA25EG 1.4086
Ethylene glycol EG 1.4204
76% Glycerol + 24% H20 GLY76H20 1.4269

is that only a small amount of analyte, specifically 27.8 nL/cm
(one cladding hole area is 925 pm?), is required.

Filling length limit is set by the analyte properties in our
experiment, whereas the whole measurement setup limit is
set by the dynamic range, in our case to 45 dB. The maximum

filling length F for the SC-MOF can be calculated as
F =20 cos(a)/prg, (1)

where o represents surface tension, a is the contact angle, p is
the analyte density, g is acceleration due to gravity, and 7 is the
capillary radius, where we assume a capillary approximation for
our SC-MOF cladding holes.

The determined maximum filling length for ethyl alcohol
(ETOH) and isopropyl alcohol (IPA) is over 26 cm. For ethyl-
ene glycol (EG) and glycerol-water (GLY76H2O), it is possible
to fill over 39 cm (the contact angle for both analytes is over
23°, but liquid densities and surface tensions are 1110 kg/ m3
and 48 mN/m for EG and 1290 kg/m?® and 62.5 mN/m for
glycerol).

The measurement setup is referenced with the air-filled
SC-MOF for all subsequent measurements (one analyte, all
filling lengths). Then SC-MOF is continuously filled with a
particular analyte up to 25 mm in length, with a step lower
than 5 mm. The filling length is monitored by microscopic
side-viewing as shown in Fig. 4, guaranteeing a precise analyte
filling length within 0.5 mm. For ecach filling step, the
transmitted power is measured at the photodetector. Each
analyte measurement is repeated at least three times to avoid
inaccuracies.
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Fig. 3. Simulation of the effective mode area. Inset shows the effec-

tive mode area visualization of SC-MOF filled with an analyte of

RI = 1.38.
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Fig. 4. Microscopic side view of SC-MOF filled with a liquid
analyte. Arrow shows the air—analyte boundary.

3. EXPERIMENTAL RESULTS

The measurement results presented in Fig. 5 show loss with
respect to the filling length F for each prepared liquid analyte,
whereas Fig. 6 depicts attenuation dependence on analyte RI.
Figures 5 and 6 show increasing sensitivity with increasing
analyte RI and filling length, which is in accordance with the
simulation results.

Analytes such as GLY76H20 and EG, where the analyte RI
is close to the SC-MOF material RI (1.4454 at 1550 nm), show
a significant increase in measured sensitivity with respect to
filling length—in particular for GLY76H20O, where the first
5 mm filling step causes almost 20 dB loss though, for filling
lengths longer than 6 mm, the slope of the loss curve decreases
considerably. A similar effect is observed for EG, where loss
increases more rapidly at the beginning. These phenomena are
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Fig. 5. Measured attenuation of SC-MOF dependent upon analyte
filling length for all tested analytes.
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Fig. 6. Measured attenuation of SC-MOF dependent upon refrac-
tive index for selected filling lengths.
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Fig. 7. Resolution of SC-MOF sensor dependent upon analyte
refractive index for selected filling length. Inset shows a detail of
the resolution values for GLY76H20.

in contrast to other tested analytes, where trends are observed in
near-linear fashion.
The SC-MOF sensor resolution R is calculated as [13]

_ An
Al/m,

where A7 represents the RI difference between the two closest
analytes, A/ is the intensity difference, and ,, is measurement
noise. The results are summarized in Fig. 7.

Our SC-MOF sensor reaches a resolution of 4.4 x 107 at
RI of 1.4269 for filling length of 25 mm. The longer the filling
length, the higher the resolution; therefore, resolution can be
modified for sensing purposes, e.g., for a specific RI range.
Longer filling lengths imply higher resolution, especially for
analytes with 1.35-1.41 RI, where maximum filling lengths
are limited by Eq. (1), not by the measurement setup dynamic
range.

Sensitivity S is also enumerated for our SC-MOF sensor

as [14]

2

AJ
S=1 3

where Az represents the RI difference between the two closest
analytes; A7 then stands for intensity difference. A maximal
sensitivity of 324.86 dB/RIU (1341.61 pW/RIU), for filling
length 25 mm at RI of 1.4269, has been achieved. For RI
1.43-1.44, sensitivity is predicted to increase as the dynamic
range poses the limit.

A comparison to published results is provided in Table 2. So
far, published results are based on several different methods of
RI measurement: a RI fiber sensor based on a tilted fiber Bragg
grating (FBG) interacting with multimode fiber [15], a RI sen-
sor which consists of a combination of an intermodal photonic
crystal fiber interferometer as a sensing head and FBG as a
demodulating element [14], a sensing architecture consisting
of a two-core chirped MOF [12], a sensor based on multimode
interference (MMI) in the multimode fiber core section sand-
wiched between two single-mode fibers [16], a sensor based
on MMI in the fiber tip [17], a laser-micromachined Fabry—
Perot optical fiber tip sensor [18], a sensor based on Fresnel
reflection modulated by Fabry—Perot interference [19], and
an all-silica miniature dual-parameter fiber-optic Fabry—Perot
sensors [20,21].
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Table 2. Comparison of our Results from SC-MOF Liquid
Sensor with State-of-Art Liquid Sensor References

Resolution

References RI Sensitivity (RIU)
[15] 1.37-1.43 28.5 WW/RIU -
[14] 1.36-1.39 679 pW/RIU 1.5%x 107
[12] 1.42 300/RIU 3x10°
[16] 1.38-1.45 300.4 dB/RIU 33 %107
[17] 1.33-1.38 110 dB/RIU 22x10*
[18] 1.33-1.441 27 dB/RI 3.7 x 107
[19] 1.314-1.365 205 dB/RI 5% 10
[20]) 1.38-1.45 1027 nm/RIU ~1077
[21] 1.320-1.325 830 nm/RIU 2x 107
Our SC-MOF sensor

1.4269 1341.61 pW/RIU 4.4 x 107

1.4269 342.86 dB/RIU 4.4 %107

“Wavelength-shift based sensors.

In comparison with [17], without considering RI ranges,
our maximal resolution is one order better and we also provide
higher sensitivity. With similar RI range, Wang and Farrell
[16] achieved comparable resolutions to our SC-MOF sensor.
Slightly better resolution is provided by [14] and one order bet-
ter resolution was presented in [12], but with a significantly
more demanding sensor fabrication process and a complex
measurement configuration. The best resolution is provided by
the wavelength-shift-based sensor [20] for the major segment of
the RI range; on the other hand, this approach employs spectral
analysis.

The sensitivity achieved is a significant improvement over
previously published results [14,16], in particular 47x higher
sensitivity than [15] and 3x higher than [17] if we compare
only the same RI ranges. This shows the remarkable sensing
potential of SC-MOF and the possibility of further applications
when detecting various analytes.

To acquire sufficient sensitivity and resolution for high-RI
(>1.42) analytes such as EG and GLY76H20, the optimal fill-
ing length is from 0.5 to 10 mm. For lower-RI (1.35-1.41)
analytes, including IPA/EG mixtures and ETOH, it is desirable
to increase the filling length as much as possible with respect to
the dynamic range of the utilized measurement setup. We have
presented experimental results of a liquid-filled SC-MOF sen-
sor. Additionally, simulations of effective mode area evolution
with respect to analyte RI were carried out.

4. CONCLUSION

We have analyzed the filling effects of analytes of various Rls
and viscosities. The theoretical filling length limits the exper-
imental measurement only when total loss for a particular an-
alyte at the limit length is lower than the dynamic range of the
whole measurement setup. This filling-length-limiting effect
may occur for analytes in the RI range of 1.35-1.38.

Our measurement method with the SC-MOF sensor pre-
cisely distinguishes all tested analytes and has the potential to
be used over a wide range of analyte refractive indices. Shorter
filling lengths are suitable for measurements of high-RI analytes
(EG, GLY76H20) where the dynamic range could pose a limi-
tation. Liquid analytes with RI less than 1.41 provide linear

Research Article

dependences of sensitivity curves, which is highly desired for
real sensor applications.

Funding. Technological Agency of the Czech Republic
(TA03010060).
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4.5 Fiber-optic refractometric sensors using

a semi-ellipsoidal sensing element

This chapter is a version of the published manuscript:

[J5]: A. N. Castro Martinez, M. Komanec, T. Nemecek, S. Zvanovec, and S. Khotiaintsev,
“Fiber optic refractometric sensors using a semi-ellipsoidal sensing element”, APPLIED
OPTICS, vol. 55, no. 10, pp. 2574-2579, 2016.

Relevance to my Ph.D. thesis:

SC-MOF and TOF sensors are compared to a newly developed form of semi-ellipsoidal
sensing element. The main advantage of the semi-ellipsoidal sensor lies in its simplicity,
combined with its reasonable sensitivity to the external RI and its capability of covering
a broad measuring range between 1.00 and 1.47 RI only by varying the position of the
input optical fiber. The comparison with two of our other sensors (TOF and SC-MOF)
is presented. The sensing region, featuring a semi-ellipsoidal element reaches a wide RI
range, however, SC-MOF and TOF sensors provide higher sensitivity, especially close to

the refractive index of silica.
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We present theoretical and experimental results for a fiber optic refractometric sensor employing a semi-
ellipsoidal sensing element made of polymethyl methacrylate. The double internal reflection of light inside
the element provides sensitivity to the refractive index of the external analyte. We demonstrate that the developed
sensor, operating at a wavelength of 632 nm, is capable of measurement within a wide range of refractive indices
from 7 =1.00 to 7 = 1.47 with sensitivity over 500 dB/RIU. A comparison of the developed sensor with two more
complex refractometric sensors, one based on tapered optical fiber and the other based on suspended-core

microstructure optical fiber, is presented.
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1. INTRODUCTION

Optical refractometry is an effective tool for evaluating the re-
fractive index (RI) of analytes to derive specific parameters such
as density and liquid level for monitoring environmental con-
tamination, leakage of liquids from pipes, and other hazards.
The use of a fiber optic refractometric sensor (FORS) reduces
the possibility of igniting an explosive or flammable medium,
an attractive feature that allows FORS to be deployed in haz-
ardous areas such as refineries and factories within the petro-
chemical industry. In addition, FORS can be integrated in
remote monitoring applications.

FORSs are usually based on an intensity or wavelength mea-
surement as they employ the total or partial reflection of light at
the sensing element interface with the analyte. The correspond-
ing reflection coefficient is a measure of the RI of the analyte
[1]. The FORS with the external sensing element then employs
the internal reflection of light at the surface of the sensing
element that is in contact with the analyte. This kind of sensor
operates in a wide range of measured analyte RI, for example,
its utilization was discussed for cryogenic liquids (e.g., the RI of
liquid helium is 1.0245 at 546 nm, and liquid nitrogen’s RI is
1.205 at 589 nm [2,3]). This sensor was also proposed for
aqueous solutions in order to evaluate the concentration of
sugar [4] or salt [5] in industrial applications and for liquid level
measurement in tanks and fuel reservoirs [6,7].

1559-128X/16/102574-06 Journal © 2016 Optical Society of America

Sohn [8] proposed a liquid sensor consisting of a fiber Bragg
grating (FBG) connected to a multimode silica fiber, whose op-
erational principle is based on Fresnel’s laws of reflection at the
end face of asilica fiber; the FBG was used for monitoring the
sensor head. The sensor operates in a RI range from 1.33 to
1.47. Kher er al. [9] measured the fuel adulteration through
a long period grating (LPG) written in a B/Ge doped single-
mode fiber with an average sensitivity of 1666 nm/RIU in
the RI range from 1.33 to 1.43. Yan ez 4l [10] increased the
sensor sensitivity in the RI range from 1.33 to 1.40 using a
hybrid grating structure comprising 45° and 81° tilted fiber
gratings that have been inscribed into a single-mode fiber.
LPG- [10,11] and FBG- [12,13] based sensors allow the mea-
surement of the liquid level. FORSs based on tapered silica op-
tical fiber [14—16] are capable of measuring RI higher than
silica’s RI. Other structures based on a single-mode fiber (SMF)
taper, such as a Michelson interferometer [17] and an asymmet-
rical fiber Mach—Zehnder interferometer based on a concat-
enating single-mode abrupt taper and core-offset section [18],
can increase the sensitivity by modifying the diameter of the
tapered section. Liang e¢# 4l [19] employed a LPG inscribed
in a single-mode fiber that operates in the wide RI range from
1.32 to 1.47. Liquid level measurement of water and
glycol was demonstrated via the multimode interference
effect [20]. The development of novel optical fibers, such as
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microstructure optical fibers (MOFs), brings a new range of
possible applications. Webb ez 4l [21] used the cladding holes
for acetylene gas sensing.

A FORS with an external sensing element offers certain ad-
vantages, none more significant than the ease in which it can be
implemented and the wide RI range of measured analyte that is
available. There are two standard configurations of FORS fea-
turing an external sensing element: transmission and reflection
[13,15,16,22]. A FORS operating in reflection mode brings
two advantages when compared to the transmission mode.
First, the sensitivity increases because the light travels twice in-
side the sensing element. Second, only one optical fiber is used
in the sensor instead of the two used in the transmission mode.
On the other hand, a directional optical device is required in
the reflection mode.

We propose a sensor with an external semi-ellipsoidal sensing
element that presents a facile approach to RI detection in a broad
RI range from 1.00 to 1.47, whereby, with proper adjustment of
the sensor parameters, sensitivity can be tuned to the selected RI
range and sensitivity level. By employing polymethyl methacry-
late (PMMA), material handling and processing is easy, and alow
sensor cost is achieved. Our sensor can be utilized for detection
of cryogenic fluids, water pollution monitoring, oil quality mon-
itoring, and detection of water and oil leaks.

This paper is organized as follows. First, a FORS employing
a semi-ellipsoidal sensing element made of PMMA is proposed,
described theoretically, and optimized for measuring purposes.
Experiments are then performed to validate its utilization.
Finally, we present a comparison of our sensor with two devel-
oped FORSs based on a single-mode fiber taper (SMFT) and a
suspended core microstructured optical fiber (SC-MOF).

2. THEORETICAL ANALYSIS

The proposed FORS with an external sensing element is
formed using a multimode plastic optical fiber (MM-POF)
coupled to a semi-ellipsoidal detection element made of
PMMA and an aluminum mirror, allowing the doubling of
the sensor working area. The proposed setup of the refracto-
metric sensor in its generic form is shown in Fig. 1.

The variables used for the theoretical analysis were defined
as: the half-width of the sensing element, #; the MM-POF core
diameter, D; the numerical aperture of the MM-POF, NA; and
the distance of the vertical axis of the sensing element to the
MM-POF axis, L.

To perform analysis, dimensionless variables A = L/a and
@ = D/a are introduced. The optical reflectance function of

~
Analyte,_ ~ Ng)

M o~ T ~

T~ A~ A~~~

Fig. 1. Schematic of the sensor in reflection mode: 1, sensing
element; 2, MM-POF; 3, mirror.

Vol. 55, No. 10 / April 1 2016 / Applied Optics 2575

the sensor is given by R = 7,/1;, where I, is the intensity of
the optical signal transmitted by the fiber, and 7, represents the
optical intensity received by the fiber to account for the pos-
sibility of light traveling twice within the sensing element (see
Fig. 1). Additionally, the relative reflectance has to be defined as
R* = R,,./ Ry, where R, is the reflectance measured in air as
an external analyte, and R,,, stands for the reflectance mea-
sured in an analyte apart from the air.

The theoretical analysis of the sensor was carried out by a
numerical ray tracing method employing a refractometric fiber
optical sensor [(SRFO) for its Spanish acronym: sensor
refractométrico en fibras dpticas] and a specially developed
computer program. It is possible to use geometrical optics be-
cause the dimension of the sensing element is greater than the
wavelength of the signal.

SRFO allows us to introduce the physical and geometrical
parameters of the optical fibers and detection elements such
as the RI, NA, and the equation describing the shape of the
sensing element. The mathematical model implemented
considers nonpolarized and noncoherent light beams. The beam
emerging from the fiber is composed of approximately 100,000
rays. Each ray is analyzed individually, from the angle it leaves the
fiber’s surface and next when it enters the sensing element along
the path within the sensing element until it reaches the reflecting
mirror. Next, the ray is analyzed along the return path through
the sensing element, coupling again to the fiber or place where it
leaves the detector surface elements. The Fresnel reflection
coefficient was calculated at each reflection point, and the
resulting intensity was determined for each ray. The element re-
flectance R was calculated by integrating the contributions of all
rays reaching the fiber core within the limits of NA.

It was enumerated by a SRFO for three sensing elements of
different shapes:

(a) hemisphere, which was presented in our previous
works [2,20],

(b) semi-ellipsoidal element A, whose shape is described by the
equation

x? 4+ y* + 07462 = 1, (1)

(c) a semi-ellipsoidal element B, whose shape is determined by
the equation

0.92x% 4 0.92)% 4 1.272% = 1. ()

In the simulations, we considered air as an external analyte,
and the dimensionless distance A was varied in the range of
0.40-0.95 to find the best light coupling into the MM-POF
core. Other parameters corresponded to the experimental setup
(see Section 3). More specifically, we assumed the step-index op-
tical fiber had a dimensionless core diameter @ = 0.125 and a
NA = 0.5, and the same material of the optical fiber core and
the sensing element PMMA had a RI of 1.492. The results of
numerical modeling are shown in Fig. 2.

The performed simulation allowed us to choose a precise
value of A to determine the best position of the MM-POF with
respect to the center of the sensing element, to reach the best
light coupling into the MM-POF, and to evaluate the response
of the sensing element to changes of the external RI. The re-
flectance was then obtained as a function of RI, R(%), for Rls
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Fig. 2. Derived reflectance of the sensors as a function of dimen-
sionless distance.

Table 1. Values of A Selected for Each Sensing Element

Element Selected Values of A
Hemispherical shape 0.70, 0.86, 0.95
Semi-ellipsoidal element A 0.66, 0.84, 0.94
Semi-ellipsoidal element B 0.8, 0.94

ranging from » = 1.00 to » = 1.47 with increments of 0.005.
The selected values of A for each sensing element are summa-
rized in Table 1.

Figure 3 presents reflectance as a function of RI for specific
values of A. It can be demonstrated that the sensing elements
are sensitive to RI of the analyte at different intervals of 7, in-
dicating that the sensor could be used for detecting liquids with
a relatively high RI such as gasoline [15,16] or even cryogenic
liquids whose RI is relatively small [2]. Since the primary in-
terest was to detect liquids with a RI within the interval of
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g 06l —E2=4066
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| n s o 1.4 15

Refractive Index [RIU]

Fig. 3. Reflectance as a function of the refractive index for specific
values of A. E1, hemispherical shape; E2, semi-ellipsoidal element A;
E3, semi-ellipsoidal element B.
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1.33-1.44, the hemispherical shape and semi-ellipsoidal
element A can both be utilized in the desired RI range.
However, the semi-cllipsoidal element A has a more linear
response and more uniform sensitivity in comparison to the
hemispherical element; therefore, element A better meets the
performance requirements given at the beginning of FORS
development.

3. EXPERIMENT SETUP

To validate analytical results, an experiment has been performed.
The experimental setup (see Fig. 4) included a HeNe laser with a
wavelength of 632.8 nm and a power output of 5 mW as the
source. A step-index MM-POF (Jiangxi Daishing D-1000-1
made of PMMA with a core diameter of 0.98 mm, NA of
0.5, and a RI of 1.492) was used for connecting the laser source
and the sensing element. The MM-POF was mounted on a
translation stage that allowed movement along three axes.
The semi-ellipsoidal element was fixed to the translation stage,
and light was coupled from the MM-POF. An aluminum mirror
was glued to the semi-ellipsoidal element. APT331C phototran-
sistor with a relative spectral sensitivity of ~0.74 at 1 =
632.8 nm was used as a photodetector. The output of the photo-
detector was connected to an Arduino UNO, which allowed us
to process the data by MatLab.

For the experiment, a developed sensor with a semi-
ellipsoidal element A was used (shown in Fig. 5). The semi-
ellipsoidal element A, like the MM-POF, was made of PMMA
to allow for better coupling from the fiber.

The experiment involved the characterization of the re-
sponse of the semi-ellipsoidal element to variation of the RI
of the analyte. The coupling position from the fiber in terms
of A was changed to compare the experimental and theoretical
data and to validate the sensor reflectance.

Five analytes featuring different Rls (see parameters in
Table 2) were selected to evaluate the reflectance of the sensing
element measured at a wavelength of 589 nm.

3-dB coupler
Laser Modul
Optical \
f‘i)ber Sensing
element
hotad AID
P Converter [| Computer

Fig. 4. Block diagram of the experimental setup.

Fig. 5. Semi-ellipsoidal element A.
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Table 2. Refractive Indices of Selected Analytes at
A=589 nm and 20°C

Analyte Refractive Index
Water 1.333
Salt water (120 ppm) 1.347
Salt water (350 ppm) 1.375
Antifreeze 1.392
Gasoline 1.432

To evaluate the main advantages of the proposed sensor, its
performance was further compared with two other more com-
plex FORSs developed by our team. The first sensor was based
on a SMFT, and the second sensor was based on a SC-MOF.

The SMFT sensor was prepared using a flame-heating tech-
nique from a conventional silica SMF. The taper was created
with two 1-cm-long adiabatic transition regions and with a
1-cm-long taper waist with a diameter of 4.3 pm. The SC-
MOF sensor was made of pure silica glass with a core diameter
of 2.75 pm, a bridge width of 170 nm, and cladding hole di-
mensions of 30 x 40 pm. The SC-MOF was precisely cleaved
to achieve a perfect cleave with no surface distortion to provide
equal capillary forces for all three cladding holes. Both sensors
were stored at room temperatures of 22°C-25°C and at a
humidity of 35%-45% before the measurements.

Both the SMFT and the SC-MOF sensors were tested with
identical analytes, taking into account the wavelength depend-
ence of Rls in both simulations and measurements (e.g., the RI
of water 74,0 = 1.318 at 4 = 1550 nm and 20°C was calcu-
lated by the Cauchy equation [23]). The SMFT sensor was com-
pletely immersed in each analyte during the tests. In the case of
the SC-MOF, the length of capillaries filled with analytes was
1 cm. A detailed description of the SC-MOF sensor measure-
ment setup can be found in [24], and the SMFT measurement
configuration is similar to the one presented in [14], with the
modification of a laser source for the one working at 1550 nm,
an appropriate photodetector, and single-mode optical fibers.
The reference measurements were done with an SMFT sensor
in air. Between measurements of particular analytes, each SMFT
was first purified in isopropyl alcohol and then dried.

All measurements with the SMFT and SC-MOF were con-
ducted at a wavelength of 1550 nm. We consider the use of
different wavelengths completely justified because the semi-
ellipsoidal sensor is made of PMMA, which is transparent in
the visible and near-IR range. In contrast, the SMFT and SC-
MOF sensors operate at longer wavelengths while having lower
material attenuation, maintaining the single-mode regime and
providing increased evanescent wave overlap. The main purpose
was to validate optical sensors within the same RI range.

4. RESULTS

The reflectance function of the semi-ellipsoidal element A was
obtained for five analytes with A ranging from 0.4 to 1.0 as
determined by the previous simulation; note that no light
is coupled for A < 0.53. The reflectance in air was the maxi-
mum value of reflectance that we used as a reference in sensor
characterization.

Vol. 55, No. 10 / April 1 2016 / Applied Optics 2577

The experimental results shown in Fig. 6 indicate that our
proposed sensor can be set to a specific RI range by modifying
the dimensionless parameter A. The range up to 0.66 is more
suitable for gas measurement; higher values of A have to be set
for liquid analytes.

The theoretical and experimental results presented in Fig. 7
exhibit a small deviation (¢ = 0.035). We attribute this
deviation to finite material absorption, material nonhomogene-
ity, and the nonperfect shape of the sensing element, which we
did not consider in the theoretical analyses.

In the next step, we compared performance of our developed
sensor with SMFT and SC-MOF. Furthermore, we added
expected sensitivities for other values of A. To compare the
sensors’ performance, the intensity sensitivity parameter was
determined as
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Fig. 6. Reflectance of the semi-ellipsoidal element A for selected

analytes as a function of A.
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Fig. 7. Theoretical and experimental reflectance function R(7) of
the semi-ellipsoidal element under A = 0.94.
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where A7 is the difference between the optical intensity for the
two analytes with the closest RI, and A7 is the Rl difference. The
observed sensitivity of the three sensors S(7) is displayed by
graphs in Fig. 8. The inset of Fig. 8 shows the predicted sensi-
tivity of the semi-ellipsoidal sensor for different parameters A.

We can observe that the sensor with the semi-ellipsoidal
element A can be utilized in the RI range of 1.00-1.47, where
for particular regions of interest a specific parameter A must be
set. For example, the inset in Fig. 8 shows a predicted sensibility
of ~200 dB/RIU in the RI range of 1.00-1.20 under
A = 0.66, with the peak sensitivity S > 400 dB/RIU at the
RI of 1.04, thus being suitable for detection of cryogenic fluids.

By changing the A parameter to 0.84 (see inset in Fig. 8),
the sensitivity increases up to 1500 dB/RIU in the RI range of
1.25-1.32. By further increasing A to 0.94, the RI range of
operation shifts to 1.33-1.47. The sensor with an external
sensing element and A = 0.94 (denoted as a sensor with semi-
ellipsoid element A) was afterward compared to the SMFT and
SC-MOF sensors.

Our sensor with semi-ellipsoid element A matched the sim-
ulation results (as depicted in Fig. 7) and provided a resolution
of 3.08 x 10* in general laboratory conditions. (The ideal
value is approximately one order smaller in the vicinity of
RI = 1.40 when considering precise temperature stabilization
of the whole measurement setup.)

In the range of 1.33-1.40, we obtained an increase in
sensitivity of our sensor from 35 dB/RIU up to 180 dB/RIU,
which is comparable to SMFT and SC-MOF sensor sensitivity
in the same range. This is a quite good result, given that the
sensor with the semi-ellipsoidal element is more simple and
casy to fabricate than more complex SMFT and SC-MOF
sensors.

The sensitivity range within a RI range of 1.41-1.43 is
dominated by SMFT and SC-MOF with sensitivity above
500 dB/RIU for both sensors. The better performance, in com-
parison to the sensor with the semi-ellipsoidal element A
(S = 250 dB/RIU), is attributed to the fact that the analyte’s
Rl s close to the RI of the sensor material (silica) of both SMFT
and SC-MOF.

For the FORS with semi-ellipsoidal sensing element A at A
of 0.94, the simulations showed that the sensitivity S exponen-
tially increased from ~300 dB/RIU at RIU of 1.42 and

Semi-ellipsoidal sensing element A

* measurement — simulation -©-SC-MOF x-- SMFT
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Fig. 8. Sensitivity of developed sensors as a function of the RI of an
external analyte.

exceeded 500 dB/RIU at RIU > 1.452. Some oils have Rls
in the range of 1.44-1.47; therefore, the aforementioned
FORS sensor can find applications in the oil industry.

5. CONCLUSION

We presented a theoretical and simulation background for the
development and optimization of a fiber optic refractometric
sensor with a semi-ellipsoidal sensing element. The possibility
of varying the number of serial reflections at the sensing element
surface by changing the position of the optical fiber with respect
to the axis of the sensing element was discussed. This change
expressed by parameter A enables tuning of the working RI
range. In particular, under A = 0.66, cryogenic liquids can
be detected with high sensitivity (~500 dB/RIU at a RI of
1.04). Based on the aforementioned background, a sensor with
a semi-ellipsoidal sensing element and parameter A = 0.94 was
implemented and tested with five analytes in the RI range of
1.333-1.432. The difference between the predicted and ob-
served behavior of the sensor was negligible (¢ = 0.035). In
the RI range of 1.333-1.392, the sensor exhibited a sensitivity
of 180 dB/RIU (contaminated water fits in this particular RI
range). The aforementioned sensitivity is close to that of two
other, more complex sensors (SMFT and SC-MOF) that we also
developed and tested. In the RI range of 1.44-1.47, the sensi-
tivity of the sensor with the semi-ellipsoidal sensing element
exceeded 500 dB/RIU (some oils fit in this specified range).

The main advantage of the sensor is its simplicity combined
with its high sensitivity to the external RI and a capability to
cover a broad measuring range between 1 and 1.47 RIU only by
varying the position of the optical fiber with respect to the axis
of the sensing element. Potential applications of this sensor in-
clude detection of cryogenic fluids, monitoring water pollution
and some oils, and, in particular, detection of oil leaks.
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4.6 Refractometric detection of liquids using tapered
optical fiber and suspended core microstructured

fiber: a comparison of methods

This chapter is a version of the published manuscript:

[J6]: T. Martan, T. Nemecek, M. Komanec, R. Ahmad, and S. Zvanovec, “Refractometric
detection of liquids using tapered optical fiber and suspended core microstructured fiber:
a comparison of methods”, APPLIED OPTICS, vol. 56, no. 9, pp. 2388-2396, 2017.

Relevance to my Ph.D. thesis:

A detailed comparison of TOF and SC-MOF sensors is presented. To evaluate our previous
results and to compare both detection methods, we examined TOFs and SC-MOFs of
identical core and waist diameters on identical liquid analytes. For this purpose, an
innovative TOF encapsulation, including pipeline systems, was presented. Fiber design,
theoretical simulations, and measurements are thoroughly described for both methods.
Finally, TOF and SC-MOF methods are evaluated, sensitivities and resolutions of the
sensors are presented, and limits of detection are shown. Advantages and drawbacks,
with respect to potential applications, and an assessment of the benefits of each are

discussed.
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Detecting explosive, flammable, or toxic industrial liquids reliably and accurately is a matter of civic responsibility
that cannot be treated lightly. Tapered optical fibers (TOFs) and suspended core microstructured optical fibers
(SC MOFs) were separately used as sensors of liquids without being compared to each other. We present a highly
sensitive time-stable TOF sensor incorporated in the pipeline system for the in-line regime of measurement. This
paper is furthermore focused on the comparison of this TOF and SC MOF of similar parameters for the detection
of selected liquids. A validated method that incorporates TOF and SC MOF of small core (waist) diameter for
refractometric detection is presented. The principle of detection is based on the overlap of an enhanced evanescent
wave with a liquid analyte that either fills the cladding holes of the SC MOF or surrounds the waist area of the
TOF. Optical power within the evanescent wave for both sensing structures and selected liquid analytes is an-
alyzed. Measurement results concerning TOF and SC MOF are compared. Calculations to ascertain the limit
of detection (LOD) for each sensor and the sensitivity (S) to refractive indices of liquid analytes in the range
of 1.4269 to 1.4361 were performed at a wavelength of 1550 nm with the lowest refractive index step of
0.0007. Results affirming that § = 600.96 dB/RIU and LOD = 0.0733 RIU for the SC MOF and S =
1143.2 dB/RIU and LOD of 0.0026 RIU for the TOF sensor were achieved, clearly illustrating that TOF-based
sensors can reach close to two times greater sensitivity and 30 times higher limit of detection. This paper extends
the comparison of the fiber sensors by discussing the potential applications. ~© 2017 Optical Society of America

OCIS codes: (280.4788) Optical sensing and sensors; (060.2370) Fiber optics sensors; (060.4005) Microstructured fibers.
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1. INTRODUCTION

Establishing systems for detecting explosive, flammable, or
toxic liquids that are both reliable and fireproof are crucial
for human safety and for protecting the environment, not to
mention their role in controlling industrial chemical processes
[1-3]. Detecting such liquids can be done by silica-based op-
tical fibers (fiber optic sensors), which are not flammable and
are immune to outer electromagnetic interferences. A variety of
optical fibers, including conventional fibers with long-period
gratings [4], fiber Bragg gratings [5] or etched fiber Bragg gra-
tings [6,7], polymer clad silica (PCS) fibers [8] combined with
coated adsorption layers for enhanced sensitivity or equipped
by opto-chemical transducers to be able to distinguish specific
chemical substance(s) [9], were used for the detection of
liquids. To enhance sensing features, specialized optical fibers,
such as tapered optical fibers (TOFs) [10-12] and microstruc-
tured optical fibers (MOFs), in particular, suspended core

1559-128X/17/092388-09 Journal © 2017 Optical Society of America

microstructured optical fibers (SC MOFs) [13,14], were
designed for this purpose.

The basic principle of detecting liquids by TOFs and SC
MOFs hinges upon an evanescent wave overlap in a liquid an-
alyte resulting in a change in the attenuation of the guided
light. An SC MOF is characterized by an inner structure con-
sisting of an extremely small core (with its diameter in units of
microns or less than one micron) surrounded by three large
cladding air holes. Both the small SC MOF core size and a
tested liquid filling the cladding holes contribute to an increase
in loss due to the evanescent wave propagating in the holes. The
SC MOF can be applied as a refractometric sensor for moni-
toring gasses or liquid analytes and for DNA analysis, as well as
being used for fluorescence or Raman spectroscopy purposes
[15-18]. A theoretical study has been carried out to capture
the enhanced resolution and sensitivity of SC MOFs with core
diameters below 1 pm [19]. Such a configuration leads to an
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increase in the overlapping of the evanescent wave propagating
along the core-cladding boundaries with the analyte. Exposed-
core SC MOFs for liquid filling were presented in Ref. [20],
while other means of liquid filling, including the filling
of a hollow-core PCF with double selectivity resulting in
a liquid-core and liquid-cladding fiber, were proposed in
Ref. [21]. The SC MOFs, together with inner surface function-
alization, e.g., equipped with a silver wire guided in one clad-
ding hole, are suitable for use as surface plasmon resonance
(SPR) sensors [22-24].

TOF sensors are usually based on tapered conventional op-
tical fibers, as is the case with single-mode optical fibers (SMFs)
or multimode optical fibers [25-27]. TOF can be defined as a
fiber heated over a defined length and stretched to an extremely
narrow filament resulting in a small diameter. Occasionally, the
diameter of the taper waist can also be measured of the order of
a few hundreds of nanometers or even below 100 nm in which
case the tapers are called optical nanowires or nanotips [28-30].
TOFs are also applied as (bio) sensors in reflection (fiber
probes) or transmission arrangements, e.g., in medicine,
botany, or industrially, as a fiber optic refractometer, a SPR sen-
sor, or a sensor equipped with an optical chemical transducer
for pH measurement [31-33].

This paper introduces a new TOF principle incorporated in
pipeline systems for the in-line regime of measurement. In the
next step, it provides a comparison of SMF-based TOF and
silica-based SC MOF sensors, which were designed, developed,
and subsequently analyzed for the detection of selected liquid
analytes. In particular, to validate simulation results and to
illustrate the comparison better, TOF of comparable parame-
ters to SC MOF, i.e., both having the same core diameters,
were prepared. The sensitivity and limits of detection
(LODs) of both TOF and SC MOF of similar parameters were
analytically and experimentally determined and validated. The
comparison of both kinds of fiber sensors assesses additional
benefits and drawbacks with regard to future applications.

2. TAPERED OPTICAL FIBER AND SUSPENDED
CORE MICROSTRUCTURED OPTICAL FIBER

A. Tapered Optical Fiber

Tapered optical fiber was prepared by the flame brushing
technique, i.e., by heating (to approximately 1700°C) a section
of the SMF (core/cladding diameter of 9/125 pm) with a
hydrogen—oxygen flame. A gas burner is moved from left to
right between two fiber holders, while both ends of the fiber
(fixed in holders) are pulled in opposite directions. The move-
ment, stretching, and heating processes are fully PC controlled;
see Fig. 1(a). The process gives rise to two specific parts of the
TOF: the taper waist (defined by the movement of the gas
burner) and two taper transition areas. The taper waist lies
in the thinnest central section of the TOF and the taper tran-
sitions are regions with narrowing diameters between the
untapered original fiber and the taper waist; see Fig. 1(b). A
photograph of the tapering apparatus for the preparation of
the TOF sensor can be seen in Fig. 1(c). The protective tube
is prepared before the tapering process (it is laterally drilled for
liquid input and output) and SMF is placed through the tube
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Fig. 1. (a) Schematic picture of the tapering process. F, optical fiber;
B, burner; FH, fiber holder. (b) Details of a longitudinal structure of
the TOF made from SMF—regions and evanescent wave. /|, waist
region; /,, transition area; /3, region of the untapered optical fiber;
ny, refractive index of the core (doped silica); 7,, refractive index
of the cladding (pure silica). (c) Photograph of the tapering apparatus
for preparation of the TOF sensor.

and fixed in holders; see Fig. 1(c). The TOF is covered by the
protective tube and glued after the tapering process.

The TOF was prepared with the following parameters: a
tapered waist diameter of 2.75 pm, a length of 5.0 mm, an ex-
ponential transition length of 16.0 mm, and the total length of
the TOF was 37.0 mm. A scanning electron microscope (SEM)
photograph of the longitudinal section of the developed TOF
waist and the taper transition is shown in Figs. 2(a) and 2(b),

(b)
Fig. 2. Photographs of the homogeneous longitudinal sections of
the TOF. (a) SEM photograph of the 2.75 pm diameter TOF waist.
(b) The taper transition.
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DETAIL

Fig. 3. Longitudinal structure of a TOF made from SMF. Detail: 1,
cross section of the TOF waist (sensing) area; 2, the liquid analyte
located around the TOF waist (cladding) region.

respectively. Photographs of the waist and the transition section
of the TOF are presented to show the homogeneity of its surface.
The diameter of the transition gradually (along 16.0 mm) de-
creases from the untapered part (diameter of 125 pm) to the
waist (diameter of 2.75 pm) in order to minimize insertion loss.
An example of part of the transition section is shown in Fig. 2(b)
from the diameter of 110 pm down to 80 pm.

The germanium-doped core of the original SMF, with
refractive index 7y, is narrowed by tapering over the transition
area (with the core diameter decreasing) resulting in a tapered
waist with the original doped core almost completely negligible.
The taper waist is thus of pure silica. From this point of view,
both the waist of the TOF and the SC MOF core consist of
pure silica material. The TOF waist area is used for sensing
because of its enhanced evanescent wave; see Figs. 1(b) and
2(a). In the case of the TOF waist, the original cladding acts
as a new core and the surrounding liquid analyte represents a
new cladding; see Fig. 3. The length of the TOF waist was
optimized to be of similar length as the level of the liquid filled
in the cladding holes of the SC MOEF. The SMF-based TOF
sensor has been designed for a wavelength of 1550 nm due to
the low loss of the fused silica and the enhanced overlap of
the evanescent wave in this band compared to the visible
spectral band for reaching a higher sensitivity.

B. Suspended Core Microstructured Optical Fiber

For the detection, a silica-based SC MOF with a core diameter
of 2.75 pm and three cladding holes has been designed for a
wavelength of 1550 nm. Detailed descriptions of the inner
structure of the SC MOF, in terms of its cross section and
longitudinal structure showing particular regions and an evan-
escent wave, are presented in Figs. 4(a) and 4(b), respectively.
Mode intensity distributions within the designed structure of

' ) Evanescent )

2 \ / wave E " n/
1 / N 1

A
/ Direction of light | \1

w

( propagation
N TN A/
(@) (b)
Fig. 4. (a) Cross section of the SC MOF. (b) Longitudinal structure
of the SC MOF—regions and evanescent wave: 1, core area; 2, clad-
ding holes; 3, outer silica cladding; 4, silica bridges; 7, refractive index
of the core or refractive index of outer cladding; 7,, refractive index of

the cladding holes (filled by a liquid analyte).

Fig. 5. SC MOF cross section. (a) Microscope photograph of the
SC MOF cross section. (b) SEM photograph of the 2.75 pm core area.

the SC MOF were numerically analyzed using the finite
element method (FEM) technique.

The SC MOF has been fabricated with a core diameter of
2.75 pm and a bridge thickness of 0.27 pm. The radial diam-
eters of the three cladding holes are all 29.73 pm, i.e., the area
of one cladding hole is 925 pm?. The 125 pm outer diameter
of the SC MOF was designed to provide a facile connection
to SMFs.

A cross section of the SC MOF with a stripped polymeric
jacket is shown in Fig. 5(a). Figure 5(b) shows the Jeol JSM-
6510 SEM detail of the core area together with three silica
bridges. The inscribed circle represents 2.75 pm diameter of
the fiber core and corresponds to the diameter of the fiber core
discussed further in this paper.

C. Detection Setup

1. Arrangement with the TOF
The set-up for liquid analyte detection containing the TOF
sensor built within the pipeline system is shown in Fig. 6(a).
A superluminescent diode (SLED) radiating with a central
wavelength of 1550 nm, a full width at half-maximum band-
width of 56.0 nm, and maximal output power of 1.4 mW was
used as a wideband light source. Light from the SLED was
coupled into an SMF patchcord and then guided to the
TOF sensor. The liquid analyte was pumped into the pipeline
system from “input of liquid” to fill the area of the waist of the
TOF sensor in Phase 1; see Fig. 6(a). The light was further
guided from the TOF sensor to the second SMF patchcord
and attenuation of light was measured by the detector
(DET). In Phase 2 (after measuring the liquid analyte), the
liquid analyte was pumped out from the area of the TOF sensor

Phase 1 Phase 2
INPUT OF LIQUID OUTPUT OF LIQUID

(b

Fig. 6. (a) Schematic of the measurement setup for the detection of
liquids using TOF. SLED, superluminescent diode; SMF, single-
mode fiber patch cord; TOF, tapered optical fiber sensor; DET,
detector. (b) System for liquid analyte pumping.
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through “output of liquid”; see Fig. 6(a). An air compressor was
used for the liquid analyte pumping in and pumping out uti-
lizing negative pressure. The compressor was connected into
the output part of the pipeline system. The pressure was con-
trolled by a pressure gauge; see Fig. 6(b).

2. Arrangement with the SC MOF
The prepared and characterized SC MOF of a length of 1.5 m
was used as a sensing element in the measuring setup (see
Fig. 7), which consisted of two phases: Phase 1, which includes
the air reference measurement [Fig. 7(a)] and the SC MOF
filling process [Fig. 7(b)], and Phase 2, which involves the in-
spection of the liquid level in the SC MOF cladding holes
[Fig. 7(c)] and cutting the SC MOF by a cleaver [Fig. 7(d)].

The same SLED as for TOF measurements was connected
to the SMF, whereby light was further collimated (COL) and
focused 40x by the objective (OB]), with an NA = 0.65, di-
rectly into the core area of a section of the SC MOF; see Fig. 7.

Phase 1 was divided into two steps. First [Fig. 7(a)], the
cladding holes of the SC MOF were filled only by air (without
a liquid analyte) for reference measurement. The reference sen-
sor attenuation was measured at the end of the SC MOF by the
DET—a germanium photodiode with an optical power range
of 50 nW to 40 mW and a wavelength range of 700-1800 nm.
In the next step [Fig. 7(b)], the cladding holes of the SC MOF
were filled by a liquid analyte by capillary forces.

Phase 2 is also divided into two steps. First [Fig. 7(c)], the
level of liquid in the SC MOF cladding holes, filled with

tested liquid analyte from previous step, was inspected by a

Phase 1 @
SC MOF ) air
E :q I —E Y
| (b)
g A
n
Phase 2
[ ]
CAM
scmor © ¥
SLED} - {Co0=OBID ~ BT

@ M
cUT

Fig. 7. Schematic of the measurement setup for the detection of
liquid analytes using the SC MOF. Phase 1: (a) a section of the
SC MOF whose cladding holes are filled by air, and (b) a section
of the SC MOF whose cladding holes are filled by liquid analyte (refer-
ence). Phase 2: () a section of the SC MOF whose cladding holes are
filled by a measured liquid analyte, and (d) CUT is the cleaver used for
cutting the fiber in the region of the air-filled cladding holes (in the
anterior region filled by liquid analyte). SLED, superluminescent di-
ode; SMF, single-mode fiber patch cord; COL, collimator; OBJ, 40x
objective used for focusing light; SC MOF, section of the suspended
core microstructured optical fiber; OB]J, objective to observe liquid
level; CAM, digital camera used for observation; PC, computer;
DET, detector.
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microscope equipped with an objective (OB]) for direct obser-
vation and by a digital camera (CAM) connected to a computer
(PC) to evaluate data and pictures. Attenuation of light guided
into the core of the SC MOF was measured for different liquid
analytes by the DET. In the next step [Fig. 7(d)], the SC MOF
was cut by a cleaver (CUT) in the region of those cladding
holes filled by air (in front of the region filled by a liquid
analyte), i.e., part of the SC MOF filled by a measured (tested)
analyte is cut and discarded by a fiber cleaver, and the SC MOF
is prepared to refill the cladding holes by a liquid analyte for
another measurement. The measurement setup was kept at a
constant room temperature of 20°C.

3. RESULTS

Laboratory testing of approaches employing the TOF or SC
MOF on explosive and/or flammable or toxic liquids (e.g.,
on hydrocarbons, such as gasoline, heptane, hexane, toluene,
tetrahydrofuran, or other toxic liquids as dioxane or chloro-
form) could be harmful to the health of laboratory personnel,
so appropriate harmless liquid analytes were prepared to test the
TOF or SC MOF sensor. We substituted the targeted danger-
ous liquids with environmentally friendly azeotropic liquid
mixtures of glycerol dissolved in water in different ratios to
achieve refractive indices comparable to hydrocarbons or mix-
tures of hydrocarbons in water. Glycerol (1,2,3-propanetriol)
C;H;5(OH)j; represents a hygroscopic, colotless, viscous liquid
(trihydric alcohol) that is not explosive, flammable, or toxic,
thereby making it suitable for such tests. The glycerol molecule
is polar. Therefore, it is unlimitedly miscible with water due to
the presence of hydroxyl groups [34]. Refractive indices of these
liquids must be lower than the refractive index of fused silica for
a wavelength of 1550 nm. The liquid mixtures featuring refrac-
tive indices close to chloroform CHCl;, which is toxic, volatile,
and hazardous, or 1,4-Dioxane C;HgO,, a volatile solvent used
in laboratories, were prepared; see Table 1. Mixtures of glycerol
(GLY) of defined concentrations dissolved in water (H,O) and
related refractive indices (RI) measured at 632 nm (at 20°C)
and recalculated RI at 1550 nm are listed in Table I.
Values of RI of water (1.3180 at 1550 nm and 20°C) and glyc-
erol (1.4594 at 1550 nm and 20°C) were calculated by the
Cauchy equation [35]. Samples of 1-propanol (RI = 1.3738
at 1550 nm) were used as references for measuring these pre-
pared liquid mixtures [36]. Refractive indices of liquid analytes

Table 1. Prepared Mixtures of Glycerol Dissolved in
Water of Defined Concentrations and Corresponding
Refractive Indices Measured at 632 nm and Recalculated
at 1550 nm?

RI at RI at

Mixture Name 632 nm 1550 nm Concentration
1-propanol 1.3816 1.3738 100% 1-propanol
GLY77.0 1.4383 1.4269  77.0% GLY, 23.0% H,O
GLY78.0 1.4399 1.4283  78.0% GLY, 22.0% H,O
GLYS80.5 1.4437 1.4318  80.5% GLY, 19.5% H,O
GLY81.0 1.4445 1.4325 81.0% GLY, 19.0% H,O
GLY83.5 1.4484 1.4361  83.5% GLY, 16.5% H,O

“The reference is 1-propanol.
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were continuously measured (controlled) by a WYA-Z Digital
Refractometer working in the full automatic regime at 632 nm
for refractive indices nD from 1.3000 to 1.7000, with a reso-
lution of nD = 0.0001, featuring a measurement accuracy of
£0.0002 and recalculated at wavelength 1550 nm according to
Ref. [36]. Determination of the refractive index of concentra-
tion was done by
CON(GLY)
100
CON(H,0)
100
where RI(72,,) 55 is the recalculated refractive index at 1550 nm
(and 7, stands for the mixture name), CON(GLY) is the per-
centage concentration of glycerol, CON(H,O) is the percentage
concentration of water, RI(GLY);s5, is the refractive index
of glycerol at 1550 nm, and RI(H,O);ssq is the refractive
index of water at 1550 nm. For example, the recalculation of

GLY77.0 at a wavelength of 1550 nm is calculated as

RI(m,)1550 = RI(GLY);s50

RI(H;0);550, U]

77.0% 23.0%
RI(GLY77.0 = —1.4594 1.3180
(GLY77.0)1550 100 594 + 100 3
= 1.4269.

The total difference of the refractive indices in the measure-
ment, i.e., between GLY83.5 and GLY77.0, is 0.0092, and the
minimally reached difference of the prepared mixtures is

0.0007; see Table 1.

A. TOF Simulations and Measurements

A prepared TOF, particularly its waist area, was numerically
analyzed in COMSOL Multiphysics. The fundamental core
mode intensity profiles of the TOF were calculated by using
the FEM technique at a wavelength of 1550 nm. Results of
these simulations for the TOF waist surrounded by air and
by 1-propanol are shown in Fig. 8.

The calculated 7., A, and powers within the evanescent
wave in SC MOF cladding holes filled by air, 1-propanol or by
GLY77.0 to GLY83.5, are presented in Table 2. Numerical
analyses show that the overlap of an evanescent wave (power
of evanescent wave in the surrounding analyte) for 1-propanol
is almost 11 times higher than the overlap of an evanescent
wave for air; see the details in Table 2.

The TOF sensor incorporated in the protective glass tube
was tested by filling this tube with a liquid analyte ranging from
GLY77.0 to GLY83.5. The detection of other liquids was real-
ized by using the pipeline developed for the insertion of testing
liquids; see Fig. 9.

The SMF patchcord was connected to the light source on
the input side, the TOF sensor was inside the protective glass
tube, and the SMF patchcord was connected to the detector
on the output side; see Fig. 9. A schematic picture of the mea-
surement is shown in Fig. 6, which illustrates how the TOF sen-
sor was completely surrounded (immersed) by a measured liquid
analyte. After each measurement, the TOF sensor was cleaned by
1-propanol and dried by air, which was also used as a reference
for measurements. Temporal changes of attenuation of the TOF
based on refractive index changes for GLY77.0 to GLY83.5, to-
gether with the reference (1-propanol) and air level, ie., the
reversibility of the operation of the TOF, are shown in Fig. 10.

Fig. 8. Calculated, fundamental core mode, and normalized inten-
sity of electric field profiles of the TOF. The taper waist is surrounded
by (a) air, (b) 1-propanol, (c) GLY77.0, and (d) GLY83.5. The black
ring represents the boundary of the TOF waist.

Table 2. Calculated Optical Power Carried by an
Evanescent Wave of the TOF?

Refractive ey Ay Power in
Analyte Index [-] [um?] Analyte [%]
Air 1.0002 1.3083 4.7114 1.53
1-propanol 1.3738 1.4120 7.3667 16.34
GLY77.0 1.4269 1.4289  21.0252 64.23
GLY78.0 1.4283 1.4299  23.3679 68.22
GLY80.5 1.4318 1.4324  32.9783 79.49
GLY81.0 1.4325 1.4330  35.8749 81.89
GLY83.5 1.4361 1.4362  56.3184 92.66

“The taper waist is surrounded by air or 1-propanol and then surrounded by a
mixture of glycerol dissolved in water GLY77.0 to GLY83.5.

5 =

Fig. 9. Photograph of the pipeline with an inbuilt TOF sensor.
(A) SMF fiber connected to the SLED source (on the left).
(B) SMF connected to the detector (on the right). (C) TOF sensor.
1, protective glass tube filled with a measured liquid; 2, input of liquid;
3, output of liquid.
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Fig. 10. Temporal changes in the attenuation of the TOF based on
refractive index changes (GLY77.0 to GLY83.5). The basic reference
level is represented by air and a TOF cleaning is represented by the 1-
propanol level.
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Fig. 11. Calibration curve—dependence of the attenuation on re-
fractive index of the liquid surrounding the TOF (taper waist).

The calibration curve—dependence of attenuation on re-
fractive index changes of the TOF—is shown in Fig. 11
and demonstrates how increasing attenuation for increasing re-
fractive indices of the liquid analyte can be described by the
linear dependence over the total measured interval of refractive
indices. Please note, for a considerably wider RI range, the lin-
earity of the calibration curve slightly decreases.

Sensitivity S of the TOF was determined mathematically
from the slope of the linearly fitted calibration curve (see
Fig. 11), and the correlation index R for this curve was calcu-
lated using the equation

Yx-00-y)
VE -2 T -9
where ¥ and j are the mean values of fitted sample points on the

x axis and the y axis, respectively.
Sensitivity S was calculated as

dy
S= X (3)
Resulting values of the sensitivity and correlation index
in the case of the TOF are R=109901 and
§ = 1143.2 dB/RIU, respectively.
A LOD was determined from the noise level and sensitivity
S, which is defined by the following equation:

RX,Y) = ]
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. 14y
3 . noise 3 3

LOD = 4)

sensitivity S
LOD was calculated to reach 0.0026 RIU by using Fig. 11
and Eq. (4).

B. SC MOF Simulations and Measurements

The designed structure of the SC MOF was numerically ana-
lyzed using COMSOL Multiphysics, version 5.0, simulation
software. Fundamental core mode intensity profiles of the
SC MOF were calculated by using the FEM technique at a
wavelength of 1550 nm. The calculated effective mode index
(nfr), effective area (A.), and powers within the evanescent
wave in cladding holes of the SC MOF filled by air, 1-propanol,
or by GLY77.0 to GLY83.5 (power in analyte) are presented in
Table 3.

Numerical analyses show that an overlap of the evanescent
wave (the power carried by the evanescent wave in the cladding
holes) for the reference measurement, with cladding holes of
the SC MOF filled by 1-propanol, is almost nine times higher
than the overlap of an evanescent wave for cladding holes of the
SC MOF filled by air; see Table 3.

The power in the cladding holes (evanescent wave overlap in
cladding holes) filled by GLY83.5 is 1.5 times higher than the
power in the cladding holes filled by GLY77.0 and 5.3 times
higher than I-propanol (reference). The calculated effective
areas (Aq) for GLY80.5 and GLY81.0 have high confinement
losses, and GLY83.5 has exceedingly high confinement loss. A
selected Visualization 1 of the results of these calculations, at
1550 nm for the SC MOF cladding holes filled by air
(n = 1.0002), 1-propanol (7= 1.3738), and filled by
GLY77.0 (n = 1.4269) and GLY83.5 (n = 1.4361), is shown
in Fig. 12.

Light coupled into the SC MOF is strongly guided into the
core of the fiber thanks to the high difference in the refractive
index between the core material and the air-filled cladding
holes. It implies that the overlap of an evanescent wave and
the sensitivity of the SC MOF is minimal; see Fig. 12(a).
When cladding holes are filled by a liquid analyte, whose re-
fractive index is not dissimilar to the refractive index of the silica
core, the overlap of the evanescent wave increases as does sen-
sitivity; see Figs. 12(b)—12(d). A photograph of the longitudinal
structure of the SC MOF in the area of the boundary between

Table 3. Calculated Effective Mode Index (ngs), Effective
Area (Ag), and Optical Power Carried by an Evanescent
Wave in the Cladding Holes of the SC MOF Filled by Air,
1-propanol, or by GLY77.0 to GLY83.5

Refractive  nq5 At Power in
Analyte Index [-] [-1 [um?] Analyte [%]
Air 1.0002  1.4074 6.76 1.33
1-propanol 1.3738  1.4218 11.41 11.58
GLY77.0 1.4269  1.4330 33.92 40.77
GLY78.0 1.4283  1.4336 37.20 43.22
GLY80.5 1.4318  1.4353 52.91 50.25
GLY81.0 1.4325  1.4356 56.84 52.04
GLY83.5 1.4361 1.4377 Too high 61.32

confinement loss
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Fig. 12. Calculated fundamental, core mode normalized, intensity
of electric field profiles of the SC MOF structure. The SC MOF clad-
ding holes are filled by (a) air, (b) 1-propanol, () GLY77.0, and
(d) GLY83.5.
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air- (left) and liquid- (right) filled cladding holes is shown
in Fig, 13.

The attenuation of the SC MOF was measured by the cut-
back method using the setup shown in Phase 1 part (a) of
Fig. 7. The analyzed attenuation of the air-filled cladding holes
of the SC MOF, at a wavelength of 1550 nm, was 1 dB/m.
The cladding holes of the SC MOF were then filled in the
5 mm length by the reference liquid (1-propanol) and then
by experimental liquid analytes GLY77.0 to GLY83.5; see
Table 1. The volume of the measured liquid analyte filled
in the length of 5 mm in three cladding holes of the SC
MOF is approx. 13.9 nl. In this case, the attenuation of the
SC MOF was measured by the cut-back method using the
setup shown in Phase 2 parts (a) and (b) of Fig. 7.
Cladding holes of the SC MOF weere filled by measured liquid

Fig. 13. Photograph of the longitudinal structure of the SC MOF
in the region of the boundary between liquid-analyte- (right side) and
air- (left side) filled cladding holes.
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Fig. 14. Temporal changes in the attenuation of the SC MOF based

on refractive index change.

analytes via capillary forces due to the relatively low viscosity of
the liquid mixtures used.

Temporal changes in the attenuation of the SC MOF, based
on the refractive index changes of particular mixtures (from
GLY77.0 to GLY83.5), are shown in Fig. 14. Liquids of refrac-
tive indices of GLY77.0 to GLY83.5, which were used to fill the
cladding holes of the SC MOF, caused changes to the refractive
index of the cladding structure and induced changes in the at-
tenuation of the guided light in the core of the SC MOF; see
Fig. 14. The attenuation of each liquid was measured several
times by repeatedly filling the cladding holes of the SC MOF
by GLY77.0 to GLY83.5. Slight changes of attenuation for the
given refractive index (GLY77.0 to GLY83.5) could be the
result of different capillary forces in each cladding hole caused
by a slightly different radial diameter for each hole.

A calibration curve—the dependence of the mean measured
values of attenuation on the refractive index changes caused by
different concentrations of GLY in water used to fill cladding
holes of the SC MOF—is shown in Fig. 15 and demonstrates
an increase in attenuation in correlation with higher refractive
indices of the liquid analyte. The linear dependence was
obtained for the total measured interval of refractive indices.

Using the calibration curve (see Fig. 15) and Eq. (3), the
sensitivity S of the SC MOF was determined as
600.96 dB/RIU, and by using Eq. (2), the correlation index
R was calculated to as 0.97098.

A LOD was calculated by using Fig. 15 and Eq. (4):

L 14.2340.46

LOD = 14.23

=0.0 RIU].
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Fig. 15. Calibration curve—the dependence of the measured values
of attenuation on refractive indices of SC MOF cladding holes filled
with liquid.
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4. DISCUSSION

The main advantage of the SC MOF is that it requires a minus-
cule amount of liquid analyte, specifically 27.8 nl/cm. In our
case, the liquid filling length is 5.0 mm, i.e., the equivalent
volume of liquid analyte in cladding holes of the SC MOF
is 13.9 nl. The SC MOF measurement is more complex as
the precise filling length must be controlled by a microscope
examining various liquid analytes requires the SC MOF, as
shown in Fig. 7 in the case of Phase 2, and to use another
SC MOF section. It can be solved, e.g., by Ref. [20].
Calculations show that the effective area of the guided modes
of the SC MOF, in particular for liquids from GLY 77 to GLY
83.5, is higher in comparison to the effective area of the guided
modes of the TOF waist, implying that the SC MOF has a
higher confinement loss, which may be explained by optical
power being carried by the evanescent wave that is coupled
out via the silica bridges. The measured attenuation for differ-
ent refractive indices (of liquids) by the SC MOF sensor man-
ifests small fluctuations; see Fig. 14. These measurement
inaccuracies could be caused, in comparison with the TOF sen-
sor, by manufacturing imperfections of the structural profile
and symmetry of the SC MOF cladding holes. This means that
each measurement of each liquid (with different viscosities) is
slightly influenced by different capillary forces in each cladding
hole, which affects individual filling lengths. The accuracy of
measurement could also be affected by the cut-back method; a
SC MOF section filled by a measured liquid is cleaved after
each measurement. On the other hand, the SC MOF is me-
chanically more robust because the core is connected by the
silica bridges to the outer silica cladding, in comparison to
the TOF sensor, which is not protected by the outer cladding.

The TOF does provide a defined length of the waist (sensing
area) so that the user is only required to immerse the waist of
the TOF into the liquid analyte. Originally, the TOF sensor in
the region of the taper waist is more fragile compared to the SC
MOF. The fragility of the TOF waist is solved by the pipeline
system formed by protective glass tube housing. The tube itself
has the following dimensions: a length of 60 mm and an inner
diameter of 2 mm, i.e., the inner volume is about 188 pl.
However, the inner volume of the protective glass tube can
be reduced (up to 16 times) to achieve a lower liquid sample
volume and a shorter filling time for the liquid analyte. This can
be achieved by inserting the TOF into a capillary fiber, which
has an internal diameter >125 pm.

Both fiber optic sensors were stable during the whole mea-
surement campaign. The fluctuation in output power during
TOF testing was caused by an imperfect purification of the
TOF waist surface (in the protective tube) during measure-
ments when the liquid analytes were changed. Light coupling
into the TOF was facile as the TOF is made from SMF. Light
coupling into the SC MOF core area required a focusing ap-
paratus because the core diameter was only 2.75 pm.
Calculations show that the evanescent wave overlap to the
liquid analyte and sensitivity of the TOF sensor is higher than
the sensitivity of the SC MOF, which was confirmed by
measurement.

A comparison of the price of both fiber sensors (SC MOF
and TOF) is noteworthy. Current MOF fiber prices are
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significantly higher than an ordinary SMF, which is tapered
to the desired waist diameter.

5. CONCLUSIONS

This paper focused on the application of a TOF sensor for the
purposes of detecting prepared mixtures of glycerol dissolved in
water to represent hazardous liquids with identical refractive
indices. The new TOF principle incorporated in a pipeline
system for the in-line regime of measurement was designed,
characterized, and applied to liquid analyte detection. To pro-
vide a comparison of the TOF with a similar type of fiber sen-
sor, a SC MOF featuring similar parameters to the TOF sensor
was chosen. The SC MOF and TOF were tested on refractive
indices in the range of 1.4269-1.4361 and at a wavelength of
1550 nm. Both fiber structures were numerically analyzed and
the results of the measurements were compared.

A calculated sensitivity of S = 600.96 dB/RIU and a limit
of detection LOD = 0.0733 RIU were achieved for SC MOF,
whereas the TOF sensor achieved § = 1143.2 dB/RIU and
LOD = 0.0026 RIU. The TOF has almost two times higher
sensitivity and a 30 times higher limit of detection in compari-
son to the SC MOF sensor. Such differences are the result of a
higher overlap of the evanescent wave to the liquid analyte (1.5
times higher power in an analyte for GLY83.5; see Tables 2 and
3) with respect to the symmetrical, cylindrical shape of the
TOF waist (sensing area) when compared to the shape of
the SC MOF core (sensing area). The SC MOF sensor can
be used for applications where the amount of liquid is limited,
as in certain medicinal or botanical situations where one-time
detection is possible, and the TOF sensor can be used in ap-
plications where the amount of a liquid analyte is readily avail-
able, such as when detecting hydrocarbons in fuels or the
toluene concentration in water.
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generalized model for the detection of liquids with

suspended-core optical fibers

This chapter is a version of the published manuscript:

[J7]: T. Nemecek, M. Komanec, B. Nelsen, T. Martan, D. Suslov, P. Hartmann, and S.
Zvanovec, “Experimentally and analytically derived generalized model for the detection of
liquids with suspended-core optical fibers”, OPTICAL FIBER TECHNOLOGY, vol. 45,
pp- 295-299, 2018.

Relevance to my Ph.D. thesis:

In previous chapters, it was proven, that an SC-MOF could be used as a liquid analyte
sensor which combines many advantages, such as high sensitivity, small volume detection,
use in explosive environment etc. Due to SC-MOF modifiable structure, SC-MOF can be
adapted to various liquid analytes and can be designed for a wide scale of sensitivities.
To create a universal tool for such sensor design and to provide more detailed sensor
description, a more complex sensor investigation of variable design parameters is necessary.
An analytical description of optical signal behavior, propagating inside a liquid-filled SC-
MOF, has been derived in this paper. Secondly, this description was used to determine
SC-MOF sensor parameters. Based on a large amount of measured data, I have derived
a generalized model which describes SC-MOF sensor behavior. The generalized model
could serve for SC-MOF sensor design predicting sensor parameters, such as sensitivity,
resolution and dynamic range. The model can help to find an effective sensor design based
on requested liquid analytes. The model outputs, in terms of sensitivity and dynamic
range, can be used for a broad range of liquid analytes 1.35 — 1.42, filling lengths from 0.6
to 4.5 cm and for SC-MOF core diameters in the range from 2.4 up to 4.0 pym.
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ARTICLE INFO ABSTRACT

A generalized model for the detection of liquids within suspended-core microstructured optical fibers has been
experimentally and theoretically derived. The sensor detection is based on the refractometric principle of
transmission losses due to the overlap of the evanescent field with the liquid analyte. A number of parameters,
including fiber core diameter and filling length, have been included in the general model. Specially tailored
suspended-core fibers were manufactured with the core diameters within the range of 2.4 um to 4.0 um. Five
selected liquid analytes were used to cover the refractive index range of 1.35 to 1.42. Based on experiments, the
characteristics of the parameters of the semi-empirical model have been determined by a genetic algorithm using
283 measurement data sets. The model can be used to design sensors for the detection of liquid analytes as it
provides a set of parameters allowing to optimize the sensor’s sensitivity for a wide scale of applications. Finally,
numerical simulations of the system were carried out by an eigenmode routine to support the results of the

Keywords:

Sensors

Fiber optics systems
Microstructured fibers
Refractometry

generalized model.

1. Introduction

Remote monitoring of the quality of liquids in toxic, explosive or
flammable environments is essential for safety and is required in var-
ious industrial and agricultural processes. Fiber-optic sensors provide
many advantages over electronic sensors, including their small size and
low weight, their immunity to electromagnetic interference, the ab-
sence of any sparks, their long lifetime and easy system integration.

To enhance fiber-optic sensor features, especially sensitivity and
resolution, special optical fiber designs have been developed employing
microstructured optical fibers (MOFs) [1,2]. The potential of MOFs for
optical detection lies in the possibility of tailoring the MOF structure to
achieve enhanced sensor performance [3]. Among MOFs, suspended-
core MOFs (SC-MOFs) can provide significantly increased evanescent
field overlap with the measured analyte, making them exceptionally
suitable for the purposes of the detection of liquid analytes. An over-
view of SC-MOF sensor applications is summarized in [4,5]. SC-MOF
sensors focusing on specific liquid analytes or in-liquid particles were
developed using plasmon resonance [6,7] and other spectroscopic
sensing methods [8]. Even though the abovementioned SC-MOF sensors
provide high sensitivity, they require a complex multi-step sensor

* Corresponding author.
E-mail address: nemectl0@fel.cvut.cz (T. Nemecek).

https://doi.org/10.1016/j.yofte.2018.08.005

preparation, often including opto-chemical transducers.

Refractive index-based sensors represent a simplified and universal
sensor approach for the detection of liquid analytes, e.g. in petrol
quality analysis, where the refractive index of gasoline change as a
result of blending with bioalcohol was studied in [9] and similarly
ethanol-gasoline concentration was measured by long-period gratings
in [10]. Several SC-MOF structural modifications for the detection of
liquid analytes have been previously presented as an exposed-core fiber
[11,12]. Conventional and selective hole filling of SC-MOF was also
examined [13,14]. The combination of fiber Bragg gratings and SC-
MOF was presented in [15], where the achieved sensitivity was up to
100 nm/RIU. Resonance based RI sensing was demonstrated by MOF
tapering, resulting in air-hole collapse [16], where the resolution ac-
quired by this approach was around 1 x 10~ RIU. An interference-
based sensor, consisting of two air-clad MOFs spliced between standard
single-mode fibers, was presented in [17], indicated sensitivity was
230 nm/RIU and achieving resolution of 3.4 x 10~> RIU.

This paper significantly extends our previous work [18] by devel-
oping an analytical description of optical signal propagation within a
liquid analyte filled SC-MOF. Based on an extensive amount of ex-
perimental data, a generalized model is derived, which describes the

Received 25 May 2018; Received in revised form 18 July 2018; Accepted 3 August 2018
1068-5200/ © 2018 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/BY-NC-ND/4.0/).



CHAPTER 4. ACHIEVED RESULTS

Page 79

T. Nemecek et al.

Interface s Det.

- = S'g')

P foeReE WV
Reg Il <&

Reg. |

L s

sy
Fig. 1. a) Scanning-electron microscope (SEM) image of the end-face of a 4 um
core diameter SC-MOF and b) a schematic representation the studied interac-
tions inside the SC-MOF studied; Det — Detector, Sig — Signal, I — Incident, R —
Reflected, T — Transmitted and S — Scattered light. Region I — air-filled cladding
holes, Region II — air-clad liquid-clad interface, Region III - liquid-filled clad-
ding holes, Region IV - liquid-filled cladding free-space interface.

theoretical and empirical behavior of the SC-MOF sensor. This model
can be used as a universal tool for SC-MOF sensor design.

2. Light propagation in SC-MOF structure

The mechanisms which cause losses in a partially liquid-filled SC-
MOF (shown in Fig. 1) can be divided into two essential loss con-
tributions. The major loss sources are illustrated in Fig. 1 b). The first of
them is represented by reflection and scattering losses at the boundary
where the air-filled cladding (depicted as Region I) interfaces the liquid-
filled cladding (depicted as Region II), as well as in the case of the
interface of liquid-filled cladding (depicted as Region III) and free-space
at the end of the SC-MOF (depicted as Region IV). Region IV further
represents radiation from the SC-MOF end-face. The second type of loss
is caused by the evanescent component of the SC-MOF mode being
either absorbed or scattered by the liquid analyte itself (Region III).

A numerical-based solution of the losses in the liquid-filled SC-MOF
was carried out by a self-developed eigenmode routine using a finite-
difference method with a sparse-matrix eigenvalue solver which we
utilized to solve the propagation of modes in both the air- and liquid-
filled sections of the SC-MOF sensor (Region I and Region III). It was
important to consider the full-polarization form of the wave equation
because the tight confinement of the modes depends strongly on the
boundary conditions between glass and air, or, glass and the liquid
analyte (previously defined in [18]). A set of first-order polarized
guided modes derived for SC-MOF, with a core diameter (do.) of 4 um,
is shown in Fig. 2.

It was assumed, for the purpose of simplicity, that only the funda-
mental mode is excited in Region I. The model can be written as:
— e
Emr = agEo + E, (€9)
where 7::: is light scattered at the interface, 7::; is the normalized fun-
damental mode electric field in Region III and la, * gives the fraction of
power coupled into the outgoing fundamental mode [19], used as the
input field for Region IIL. It is assumed that the remaining power
(1-lag?) is scattered into the cladding modes and mostly lost due to
scattering out of SC-MOF. The power, therefore, transferred to the
fundamental mode of Region III at the interface (Region II) is given by:

a) b)

Fig. 2. Numerically calculated polarized fundamental modes of the SC-MOF
with a 4 um core diameter at 1550 nm. a) and b) are orthogonal to each other,
B =5.788um™".
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Fig. 3. Finite difference results of a) the power overlap with liquid analytes
with respect to SC-MOF core diameters for Region III (see Eq. (1)) and b) losses
due to reflection and scattering at the interface (Eq. (2)).

Py = lag Py,

(2)

with P;, Py being the power in Regions I and III, respectively (reflection
at this interface was calculated to be extremely small because the mode
in Region I is very tightly confined in the glass core of the SC-MOF).
Once the light has entered Region III, the liquid analyte gives rise to
both absorption losses and weak scattering losses. Both loss coefficients
are proportional to the distance traveled through the liquid analyte and
the power overlap of the fundamental mode with the liquid analyte.
The differential power loss in Region III can be expressed as:

oP
P _(pao'abs + Ps%cau)ﬂP,

9z 3

where P is the power along the length of SC-MOF, oy, Oyarr are the
absorption and scattering cross-sections, respectively, o, and g, are the
density of absorbing and scattering centers in the liquid analyte, re-
spectively, and 7 is the percentage of mode intensity overlap with the
liquid analyte. The derived dependencies of power overlapping with
liquid and interface losses on RI and core diameter are shown in Fig. 3.
The solution to Eq. (3), considering the full length of the liquid-filled
section, can be written as:

P = Py e PaabstpsTscatr)nlfil, “4)
where Iy is the length of liquid-filled SC-MOF, and Py; stands for the
power at the input interface of Region IIL

The losses in Region IV do not change significantly from the com-
pletely unfilled SC-MOF to the filled case. Since the losses of the filled
SC-MOF will be calculated relative to that of the completely unfilled SC-
MOF, losses due to Region IV are not included in the final equation.

Finally, inserting Eq. (2) into Eq. (4), the attenuation caused by li-
quid analyte in the SC-MOF sensor can be determined in [dB] by:
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a) STEP #1
A, = 1550 nm filled with air
. STEP #2
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Fig. 4. Scheme of the measurement setup using SC-MOF for detection of liquid
analytes, a) Step 1 — reference measurement, followed by Step 2 — SC-MOF
filling process, b) Step 3 — liquid analyte measurement process. SMF — single
mode fiber, PC — polarization controller, DET - detector.

Loy = IOloglo(e)((anabs + pso'sca[t)nlﬁll_lnla() |2) 5)

3. Analyte measurements

To derive a generalized model of the SC-MOF sensor, an extensive
measurement campaign has been performed. In our measurement setup
(see Fig. 4), a super-luminescent LED (SLED) diode centered at a wa-
velength of 1545 nm with a 40 nm full-width at half-maximum intensity
distribution was used. The polarization of the SLED output was adjusted
by a polarization controller (PC), collimated by a GRIN collimator and,
subsequently, focused via an objective (with a 40x magnification and a
numerical aperture of NA = 0.60) into the selected silica SC-MOF (RI at
1545 nm is 1.441). The detector was a Ge-based photodiode with a
sensitivity level of 50 nW. SC-MOFs were filled with selected liquid
analytes and the filling length was monitored with a digital microscope,
which allowed us to achieve a filling-length precision better than
20 um.

To cover a wide range of liquid analyte RIs, we prepared liquid
analytes: Ethyl-alcohol (RI = 1.3520) and mixtures of Isopropyl-alcohol
and Ethylene-glycol (EG) (with RI = 1.3861, 1.3970, 1.4085 and
1.4204 at EG concentrations by volume of 25%, 50%, 75% and 100%,
respectively). All RI data assumes a wavelength of 1545 nm. Each liquid
analyte was used to characterize the performance of each SC-MOF
sample with inner core diameters of 2.40, 2.75, 3.40, and 4.00 um.
Clading outer diameter ranged from 108 um to 157 um. In each mea-
surement step (see Fig. 4) the reference power was first measured with
the air-filled SC-MOF (Step 1). Subsequently, a defined length of the SC-
MOF was filled with a liquid analyte via capillary forces (Step 2). Filling
lengths ranged from Ocm to 4.5cm (the upper limit was set by the
dynamic range of the measurement setup). We measured each liquid
analyte three times within the above-mentioned Steps 1-3. The tem-
perature was kept constant within the range of +1 °C during the mea-
surement to eliminate RI drifts of the liquid analytes. Fundamental-
mode excitation was optimized by near-field measurements of the
guided light within SC-MOF.

The measured dependencies of attenuation (L,,) of an SC-MOF
sensor (determined as the difference from the reference measurement)
with a core diameter of 3.40 um for the range of tested liquid analytes
and different filling lengths are illustrated in Fig. 5 a). Note that the
slope of the curve is linear in the case of filling lengths ranging from
0.5 cm up to 4.5 cm. This is in contrast to shorter filling lengths where
the scattered light from the air-to-liquid interface (illustrated in Fig. 1
b) still has a significant intensity at the point it reaches the detector.
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Fig. 5. Measured dependencies of SC-MOF sensor attenuation on a) filling
length for SC-MOF with a core diameter of 3.40 um, b) RIs of liquid analytes
and SC-MOF core diameters when filling length = 2.5 cm.

4. Generalized model

Parameters generated by the numerical model require a large

computational effort to determine a detailed description of a specific
sensor system, thus we have derived a generalized model of a SC-MOF
sensor for the detection of liquid analytes based on experimental data
and validated by simulation. The performance of the SC-MOF sensor
can be determined in relation to L,, caused by the: i) dependence on
the filling length (I3 ranging from 0.5 cm to 4.5 cm); ii) dependence on
the RI of the liquid analyte (RI}, from 1.35 to 1.42); and iii) dependence
on the power overlap in the liquid analyte corresponding to the core
diameter (from 2.4 um to 4.0 um). The following generalized model of
overall sensor attenuation has been derived based on Eq. (5) and the
measured data:
Latt (lﬁllx RIqu’ dcﬂre) = lﬁll X (RIqu’ dcore) + 0 (RIliq) dcore)’ (6)
where ¢; and ¢, are experimentally derived coefficients dependent on
Rl;; and dgor. based on 283 measurements. While the coefficient c; re-
presents attenuation in the liquid-filled SC-MOF (Region III), c, is then
influenced by conditions on the interface between the air and the li-
quid-filled cladding holes (Region II, IV) corresponding to the scattering
and reflection of the optical signal. The dependencies of the coefficients
¢; and ¢, have been empirically determined, see the visualization with
respect to Rljg and de,r in Fig. 6.

The general description of ¢; [dB/cm] and ¢, [dB] dependencies has
been derived utilizing a genetic algorithm [20] on the experimentally
collected data. A population of 10° generations was used to obtain a
precise solution. The following dependencies have been derived using
the genetic algorithm:
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core

a=aX ((1 + -2 )) X (e@Rlig=1)_1),
d )

b2
= e(b1+(dcon’)) X (e®3®Rlig=1))_1), (8)

values of the variables are summarized in Table 1. The results of these
equations are plotted as lines on top of the measured data points shown
in Fig. 6 a) and b). Fig. 6 a) is the same as the theoretically derived
Fig. 3 a) up to an overall, analyte-dependant proportionality constant
(this constant is seen in the first term of Eq. (5)), whereas, Figs. 6 b) and
3 b) are comparable and represent interface losses.

The standard deviation of the generalized model is below 0.9 dB
over the entire studied RI range. Sensor resolution, based on experi-
mental data, is better than 10~* RI over the whole RI range 1.35 to 1.42
and SC-MOF core diameter from 2.4 um up to 4 um.

The utilization of the derived model can be illustrated in the fol-
lowing example of the design of a sensor for Ethylene-glycol (i.e., an-
tifreeze) monitoring. The desired detection RI ranges from RI = 1.3861
to 1.4204 representing water-diluted Ethylene-glycol and pure
Ethylene-glycol, respectively. For the purposes of this example, we as-
sume that a standard source/detector deployment limits the measure-
ment setup up to the maximum dynamic range of 20 dB. The main aim
is to design a sensor with the highest sensitivity. Based on the input

Table 1
Derived variables for determination of ¢; (Eq. 7) and ¢, (Eq. 8), with losses
measured in decibels.

Variables for ¢; Variables for ¢,

a[1/cm] -0.0027 bil-] —~14.9012
a;[um] —7.3708 by [pm] 5.0225
as[-] 18.0144 b3[-] 34.1974
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Table 2
Example of sensor design based on a constant dynamic range of 20dB for
Ethylene—glycol monitoring.

SC-MOF

Core size [pum] Filling length [cm] Sensitivity [dB/RIU]

2.5 1.77 334.1
3.0 2.32 375.7
3.5 3.01 411.3
4.0 3.92 441.8

limits, the model proposes a set of SC-MOFs of various core diameters.
For each core diameter the maximum filling length is limited by the
maximum dynamic range. Final solutions of the sensor are summarized
in Table 2, where the sensitivity S is determined as:

ALay

§ = Soan
ARlyg ©)]

The highest sensitivity, based on data from the derived model, can be
reached in this case for an SC-MOF of 4 um core diameter and a filling
length of 3.92 cm.

For this specific situation, more options can be generated by the
model, which mainly provides the sensitivity evaluation of the SC-MOF
sensor and also the possibility of an application-tailored approach.
Generally, a larger core diameter would be preferred to provide higher
coupling efficiency and longer filling length to increase the sensitivity.

5. Conclusions

The semi-empirical generalized model of SC-MOF for the detection
of liquid analytes has been derived. The model serves as a universal tool
for a specific sensor design given a wide scale of input parameters such
as refractive index range, dynamic range or minimal sensitivity re-
quirements. The generalized model is based on an immense experi-
mental data set, which also eliminated the need for the computationally
expensive eigenvalue routine which still requires additional input
parameters such as the scattering and absorption cross sections of the
analyte. We carried out 283 measurements of SC-MOFs with core dia-
meters in the range of 2.4um to 4.0 um, and with liquid analyte re-
fractive index in the range of 1.35 to 1.42. A genetic algorithm was
applied to find a simplified general description of sensor behavior over
a wide range of SC-MOF parameters.

Using the genetic algorithm, we found two key coefficients to de-
scribe the sensor. The first coefficient represents optical signal at-
tenuation in the liquid analyte, while the second represents signal loss
at the air-analyte interface. These results are in strong correlation with
the analytical description based on the numerical solutions, where a
developed theoretical approach has been applied to describe the com-
plete system performance using an eigenmode solver. The standard
deviation of the semi-empirical model is below 0.9dB for the entire
refractive index range and the whole scale of SC-MOF parameters that
we investigated. The resolution and sensitivity of the proposed SC-MOF
sensors are more than sufficient for detection of a broad range of liquid
analytes, e.g. petrol quality analysis in Ethylene-glycol and gasoline
blends monitoring.
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5. Conclusion

This thesis provided detailed insight into the approaches and methods of liquid analyte
detection techniques based on specialty optical fibers. The state of the art was presented
with an emphasis on the refractometric approach, especially for the detection of liquid
analytes.

An analytical study of multi-mode coreless optical fibers was carried out [J1] with an
emphasis on the role of particular higher-order modes with respect to their sensitivity for
liquid analyte detection. With selective higher-order mode excitation the overall sensor
sensitivity was significantly increased. An experimental study of the pre-calculated fiber
has been carried out and theoretical results were verified.

In our specialty optical fiber based sensor approach [J2] we used the refractometric
method in combination with the tapering of MM optical fibers. The tapering process has
been mastered, over 200 TOF sensor samples have been prepared, with minimized TOF
waist diameter deviations below 0.25 pm. Sensitivity curve for selected fiber types, with
respect to their TOF waists, was presented and saturation points of sensitivity have been
determined, for the first time. These saturation points provide an important limitation
of effective TOF waist diameter for particular MM fibers. Sensitivity over 200%/RIU has
been reached in an RI range of 1.352 up to 1.426.

Then, surface structural modification of single-mode TOF's has been presented for the
first time [J3] as a part of the TOF preparation process. The structural modification
occured when the TOF was exposed to hygroscopic liquid analytes. A 12-month long-
term test, as well as proof-of-principle tests, have been performed. Almost ten times
higher sensitivity has been achieved based on the surface structural modification of up to
2100 dB/RIU while keeping good sensor stability and still providing a linear response of
the proposed single-mode TOF sensor.

To increase robustness and to allow sensor customization, a new refractometric tech-
nique based on an SC-MOF has been developed for the detection of liquid analytes [J4].
Broad range of liquid analytes can be measured and an inner SC-MOF structure can be
designed to optimize sensor performance in terms of sensitivity, resolution and dynamic
range, with respect to the selected liquid analyte. Simulations of mode field distribution
and sensitivity of the proposed SC-MOF sensor have been carried out and subsequently
verified by measurements. An SC-MOF sensor, with core size of 2.75 um, has been studied
to analyze liquid analytes in the RI range from 1.352 up to 1.426. High sensitivity has
been achieved by only requiring a few tenths of nanoliters of the liquid analyte.

To further evaluate the benefits of the SC-MOF and TOF sensors, they were compared
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with a semi-ellipsoidal sensing element in [J5]. Furthermore, to evaluate TOF and SC-
MOF sensors in more detail, theoretical and experimental comparison was presented [J6].
Method that incorporates TOF and SC MOF of small core (waist) diameter for refrac-
tometric detection is presented. Benefits and drawbacks, with respect to their further
application, have been summarized and evaluated.

Finally, to fully characterize the newly developed SC-MOF detection technique, the
universal methodology for the utilization of SC-MOF's has been derived [J7]. A theoretical
description of SC-MOF sensors filled with liquid analyte has been presented. Based on
almost 300 measurements, the generalized model has been derived which involves different
core-size SC-MOFs, filling lengths and liquid analytes. The model can be used as a
universal tool for SC-MOF sensor design. Using this generalized model, SC-MOF sensor
parameters, like sensitivity, resolution and dynamic range, can be predicted. The SC-
MOF sensor can then be designed based on particular detection demands.

Therefore, based on results published in [J1-J7], the dissertation thesis goals listed in
Chapter 3. have been fulfilled.

The results described in the above-mentioned papers show that there are several areas
where the research can further evolve. As pointed out, multi-mode optical fibers provide
the possibility of increasing sensitivity by selective higher-order mode excitation, which
is a challenging task. Our TOF and SC-MOF sensors can be further analyzed in terms
of stability for a wider range of analytes, with the aim of practical application. From
the scientific point of view the combination of a TOF and SC-MOF sensor with the SPR

method could have promising results.
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