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Abstract

Fibre optics sensors have been identified as very good candidates for environmental moni-
toring inside the silicon detectors operated at CERN’s Large Hadron Collider. The objective
of this dissertation is the development of a Relative Humidity (RH) distributed fibre optic
sensor, based on coherent Rayleigh scattering, for long-distance applications using phase-
sensitive optical time-domain reflectometry technique, which is a technique that is gaining
the attention of industry and academy due to its ultra-high sensitivity.

Optical fibres are known to be intrinsically sensitive to temperature and strain; however
the influence of humidity on coatings induces a secondary mechanical strain due to expan-
sion/contraction when absorbing/desorbing water. Turning an optical fibre into a thermo-
hygrometer requires a detailed investigation of the best coatings to measure RH and mitigate
the cross-sensitivity with temperature. Several coatings were studied in order to find a fibre
with an approximately constant humidity sensitivity at large range of temperature, as well as a
purely temperature-sensitive optical fibre.

Polyimide-coated fibres are the best candidates for RH sensing over a temperature range
from -20°C to 50°C, while the standard acrylate-coated fibre have a surprisingly non-negligible
humidity sensitivity but a completely different behaviour at different temperatures.

Additionally, two families of humidity insensitive coated fibres were identified as excellent
candidates for a pure temperature reference. The first is made of a multi-functional acry-
late coating (Desolate) that provides a purely temperature-dependent measurement above
15°, with a negligible response at lower temperatures, while the second one uses a silicone
composite that secures a complete immunity to humidity from -20°C to 50°C.

After identifying the best pair of coated optical fibres, an in-field application case was
devised and validated at CERN. The new sensor makes use of a pair composed by a polyimide-
and a desolite-coated optical fibres to monitor temperature and RH inside a block of con-
crete since the earliest moment of its curing process. The proposed solution represents a
breakthrough improvement in the civil engineering monitoring systems.

Key words: fibre optics, sensing, relative humidity, temperature, distributed fibre sensing,
phase-OTDR, Rayleigh scattering, coating, polyimide, acrylate, desolite, silicone, concrete.
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Résumé

Les capteurs a fibres optiques ont été identifiés comme de trés bons candidats pour la
surveillance de 'atmosphere ambiante a I'intérieur des détecteurs au silicium exploités au
Grand Collisionneur de Hadrons du CERN. Lobjectif de cette theése est le développement d'un
capteur réparti d’humidité relative (RH) a fibre optique, basé sur la diffusion Rayleigh cohé-
rente, pour des applications sur de longue distance utilisant la technique de réflectométrie
optique temporelle sensible & la phase. Cette technique a gagné un intérét certain en milieu
industriel et académique, en raison de sa trés haute sensibilité.

Les fibres optiques sont connues pour étre prioritairement intrinsequement sensibles a
la température et a la déformation. Toutefois, I'influence de '’humidité sur leur gaine de
protection induit une déformation mécanique supplémentaire due a I'expansion/contraction
lors de I'absorption/désorption d’eau.

Transformer une fibre optique en thermo-hygrometre nécessite une étude détaillée des
meilleurs matériaux formant la gaine primaire, pour mesurer ’humidité relative et la découpler
de la sensibilité interférante a la température.

Plusieurs types de gainage ont été étudiés afin de trouver une fibre avec une sensibilité a
I’humidité approximativement constante sur une large gamme de température, ainsi qu'une
fibre optique purement sensible a la température. Les fibres revétues de polyimide sont les
meilleurs candidates pour la détection de '’humidité relative sur une plage de températures
allant de -20°C a 50°C, tandis que les fibres standard revétues d’acrylate ont une sensibilité
a ’humidité non négligeable, mais une une totale absence d'uniformité de la réponse a
différente température.

De plus, deux familles de fibres gainées insensibles a I'humidité ont été identifiées. La
premiere est composée d'un revétement acrylate multifonctionnel (Desolate) qui fournit une
pure mesure de température pour des températures supérieures a 15°C, avec une réponse
restant toutefois négligeable a des températures inférieures, tandis que la seconde utilise un
composite silicone qui garantit une immunité totale a '’humidité de -20°C a 50°C. Une pure
référence de température a ainsi été trouvée.

Apres avoir déterminé la meilleure paire de fibres optiques protégées par une gaine, un
cas d’application sur le terrain a été concu et validé au CERN. Le nouveau capteur utilise une
paire de fibres optiques revétues de polyimide et de désolite, afin de contréler la température
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Chapter 0 Résumé

et ’humidité relative a I'intérieur d’'un bloc de béton dés 'origine de son processus de dur-
cissement. La solution proposée représente une percée pour les systémes de surveillance en
génie civil.

Mots clefs : fibre optique, détection, humidité relative, température, détection par fibre

distribuée, phase-OTDR, diffusion Rayleigh, gaine primaire, polyimide, acrylate, desolite,
silicone, béton.
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|§ Introduction

1.1 CERN and Large Hadron Collider

CERN, the European Organization for Nuclear Research, is one of the world’s largest centres
for scientific research and its objective is to help uncover and understand the fundamental
structure of the universe and how it works [1]. CERN convention was signed in 1953 by 12
founding states I'and established in 1954 [2]. Since CERN began, fundamental physics has
been the core subject of research. CERN is based in a northwest suburb of Geneva on the
Franco-Swiss border and derived from the name Conseil européen pour la recherche nucléaire.
Today, CERN has 23 member states ! while additional nations from around the globe also

participate in the scientific program I,

CERN unites scientists from around the world in the pursuit of knowledge and hosts
the world’s largest and most complex scientific instrument ever made, composed of sev-
eral purpose-built particle accelerators and detectors. The results obtained give the physicists
clues to understand nature’s laws and how the Universe works. The accelerator complex
at CERN, schematized in Figure 1.1, is a succession of devices that accelerate particles to
increasingly higher energies.

TBelgium, Denmark, France, the Federal Republic of Germany, Greece, Italy, the Netherlands, Norway, Sweden,
Switzerland, the United Kingdom, and Yugoslavia.

HAustria, Belgium, Bulgaria, Czech Republic, Denmark, Finland, France, Germany, Greece, Hungary, Israel, Italy,
Netherlands, Norway, Poland, Portugal, Romania, Serbia, Slovak Republic, Spain, Sweden, Switzerland and United
Kingdom.

I Cyprus, Estonia and Slovenia are the Associate Member States in the pre-stage to Membership. Croatia, India,
Lithuania, Pakistan, Turkey and Ukraine are the Associate Member States. Japan, the Russian Federation and
the United States of America, as well as the European Union, JINR and UNESCO currently have Observer status.
Non-Member States with co-operation agreements with CERN include Albania, Algeria, Argentina, Armenia,
Australia, Azerbaijan, Bangladesh, Belarus, Bolivia, Brazil, Canada, Chile, China, Colombia, Costa Rica, Ecuador,
Egypt, Estonia, North Macedonia, Georgia, Iceland, Iran, Jordan, Korea, Malta, Mexico, Mongolia, Montenegro,
Morocco, New Zealand, Peru, Saudi Arabia, South Africa, United Arab Emirates and Vietnam. CERN also has
scientific contacts with Cuba, Ghana, Ireland, Latvia, Lebanon, Madagascar, Malaysia, Mozambique, Palestinian
Authority, Philippines, Qatar, Rwanda, Singapore, Sri Lanka, Taiwan, Thailand, Tunisia, Uzbekistan.



Chapter 1 Introduction

CERN's Accelerator Complex

LHC

NorthyArea

LHCb

SPS

TI2
ATLAS o
HiRadMat —
2011 |
L
AD
[ 1999 (182 m) | .
T2 S— BOOSTER
@ ISOLDE
3 East Area,
|
n-ToF \ S T ) 0
2001 [ 1959 (628 m) |
LINAC 2 CTFR
neutrons LEIR €
Mg
) ion ) neutrons ) p (antiproton) ) electron > /antiproton conversion

LHC Large Hadron Collider SPS Super Proton Synchrotron PS Proton Synchrotron
AD Antiproton Decelerator CTF3 Clic Test Facility =~ AWAKE Advanced WAKefield Experiment ISOLDE Isotope Separator OnLine DEvice

LEIR Low Energy lon Ring LINAC LINear ACcelerator n-ToF Neutrons Time Of Flight HiRadMat High-Radiation to Materials

Figure 1.1 - Full diagram and description of the CERN’s accelerator complex.

The cycle starts with a bottle of hydrogen gas in which an electric field is applied to strip
electrons of hydrogen atoms to yield protons. This way, the protons are separated and can be
injected into the cycle. The first accelerator in the chain is the Linear Accelerator 2 (LINAC 2),
which accelerates the protons to the energy of 50 MeV 'V, followed by the Proton Synchrotron
Booster (PSB), from which the protons get out with 1.4 GeV of energy. The next accelerator of
the chain is the Proton Synchroton (PS), where the proton beam is pushed to 25 GeV, before
the Super Proton Synchroton (SPS), where the beam reaches 450 GeV of energy. The protons
are finally ready to be transferred to the Large Hadron Collider (LHC) that is divided into two

beam pipes, one circulating clockwise and the other counterclockwise V.

VElectron volt (eV) is a unit of energy used in atomic and nuclear physics that represents the energy needed to
move an electron across a potential difference of one volt. 1 eV = 1.602E~19 joule.

VProtons are not the only particles accelerated in the LHC. Lead ions for the LHC start from a source of vaporised
lead and enter LINAC 3 before being collected and accelerated in the Low Energy Ion Ring (LEIR). They then follow
the same route to maximum energy as the protons.
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The LHC is the current flagship of CERN and is housed in a 27 kilometre circumference
tunnel located between 45 and 170 metres underground. It crosses the France-Switzerland
border and Figure 1.2 shows the view from one of the tunnel access points. It takes 4 minutes
and 20 seconds to fill each LHC ring, and 20 minutes for the protons to reach their maximum
energy of 6.5 TeV. Afterwards, the two beams are brought into collision inside the four main
detectors (ALICE, ATLAS, CMS, and LHCb), where the total energy is 13 TeV. Most of the other
accelerators in the chain, which are controlled by operators 24 hours a day from the CERN
Control Centre, have also their experimental halls where beams are used for experiments at
lower energies.

Figure 1.2 — Drawing of LHC machine view from a tunnel access point.

LHC is the world’s most powerful particle accelerator and it started up in September 2008.
Particles are guided around the accelerator by a strong magnetic field imposed by a ring of
super-conduction magnets V. Special electric cables that operate in a super-conduction state
are used to keep the electricity conduction efficient, without resistance or significant loss of
energy. This requires an extremely low temperature of -271.3°C, turning LHC into one of the
the coldest place on Earth.

VIThousands of magnets of different varieties and sizes are used to direct the beams around the accelerator.
These include 1232 dipole magnets of 15 metres in length that bend the beams, and 392 quadrupoles magnets,
each 5-7 metres long, which focus the beams. Just before the collision, another type of magnet is used to "squeeze"
the particles closer together to increase the chances of collisions.
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1.2 The Need of Relative Humidity Monitoring

Silicon detectors are widely used in particle physics experiments mostly for tracking the po-
sition of charged particles. Those operating at LHC detectors are subject to high radiation
levels, which can rapidly downgrade their performance unless they are constantly kept at low
temperatures, typically -10°C, with local peaks at -20°C [3, 4]. The cooldown process increases
their lifetime and reduces the losses, mostly caused by noise and heating. At these tempera-
tures, the relative humidity (RH) inside the detector enclosure should be strictly controlled,
typically bellow 5% RH [5], in order to avoid any risk of condensation, potentially damaging
the associated complex electronics. Figure 1.3 summarizes the need of RH monitoring at LHC.

Detectors are

LHC working at High radiation leslage i PO.SSlble d_a_mages cooled down to i sl ey
. .. D o and heat ] in the silicon [ X | RH measurements
high luminosity levels . negative -
generation sensors required

temperatures

Figure 1.3 — The need of relative humidity monitoring at CERN.

The requirements for any environmental sensor to be installed at LHC detectors should fulfil
the requirements of being radiation-resistant (doses up to MGy""") and insensitive to magnetic
fields (up to 4 Tesla"""") while having small dimensions, in the order of a few millimetres. They
must be able to multiplex to form large networks of hundreds of sensors and allow reliable
readings over more than 100 metres, which is the typical distance between the detection
points and the acquisition modules placed in the control room. Finally, they must have a
reduced number of wires and allow remote calibration with long-term stability, due to the lack
of accessibility that can last for a few years.

Nowadays, a large offer of miniaturized RH electronic sensors is available in the market [6],
and a complete review of the RH electronic sensors implemented at CERN, including their
advantages and disadvantages, was made by G. Berruti et al [7]. Notwithstanding the fact that
the available RH electronic sensors fill some of the previous requirements, they fail especially
when employed in harsh environments and in volumes with an intense electromagnetic field.

However, CERN is also a highly complex piece of civil engineering consisting of 83 kilometres
of underground structures such as tunnels, shafts, caverns and alcoves. The long-term safety
and structural health of those underground areas are critical to ensure the correct operation
of the experiments. Therefore, the need for remote monitoring solutions increases, especially
for measuring strain, temperature and humidity. Additionally, given that the accurate position
of faults in large structures is difficult to determine, a monitoring solution with a high level
of multiplexing significantly improves this accuracy. Finally, temperature and humidity are
also key parameters for the concrete curing process, abundantly used in these structures.
Monitoring both measurands within the concrete from the first day of curing provides useful

VIIone gray (Gy) is the International System of Units equivalent of 100 rads, which is equal to an absorbed dose of
1 Joule/kilogram.
VIlITes]a is a derived unit of the magnetic field strength in the International System of Units.
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and real time information about the quality of the structure, which can either speed up the
waiting times if curing is complete, or delay them if more time is needed.

Considering both scenarios, the radiation environments and the structural health monitor-
ing at large scales, Fibre Optics Sensors (FOS) have been identified as very good candidates,
in particular for their good withstanding under strong radiation environments [8] but also
for their high multiplexing capability and large sensing range. FOS take advantage of the
extremely low transmission loss (0.2 dB/km) of an optical fibre cable and use it as the sensing
element or as a means of transmitting signals from a remote sensor to the respective electron-
ics processing unit. FOS technology can be divided into two main categories. The first is made
of point FOS, such as Fibre Bragg Gratings (FBG) and Long Period Gratings (LPG), while the
second is based on Distributed Fibre Optic Sensors (DFOS), in which the whole fibre makes a
continuous sensor.

DFOS is a cost-effective technique that provides thousands of sensing points using a sin-
gle interrogation unit and a single optical fibre cable. Three different types of DFOS can
be identified, based on the exploited backscattering effect: Rayleigh and Brillouin, where
the backscattered signal inside the material is directly dependent on the temperature and
stress applied on the fibre; and Raman, where the backscattered signal only depends on
the temperature [9]. Besides temperature and stress, relative humidity is other environmen-
tal parameter influencing the signal in the fibre: the fibre coating expands/contracts when
absorbing/desorbing water vapour, transferring stress to the fibre.

The objective of this dissertation is the development of a relative humidity distributed
fibre optic sensor, based on Rayleigh scattering, for long-distance applications using phase-
sensitive optical time-domain reflectometry technique (¢-OTDR), which is a technique that is
gaining the attention of industry and academy due to its ultra-high sensitivity.

The dissertation is structured as follows:

Chapter 2 gives a general overview of the FOS technology fundamentals, in particular FBGs,
LPGs, and DFOS. The relevant state-of-the-art studies are presented, as well as the main
features and limitations of the CERN technologies for RH monitoring. In addition, the working
principles of different DFOS interrogation techniques are presented, particularly the ¢-OTDR
technique.

Chapter 3 presents the first proof of concept of a relative humidity distributed fibre optic
sensor. The responses to humidity variations of different acrylate- and polyimide-coated opti-
cal fibres were compared and fully investigated at different temperatures. The experimental
results of the polyimide-coated fibres were validated with a theoretical model.

Chapter 4 summarizes the behaviour of two new kinds of coated optical fibres, with acrylate
and silicone coatings respectively, specially designed for mitigating the cross-sensitivities
issue between temperature and relative humidity. Several fibres samples with different coating
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thicknesses were produced in order to find the best suitable fibre to be the temperature
reference in the thermo-hygrometer sensor.

Chapter 5 presents an application case where the developed distributed thermo-hygrometer
sensor was installed, tested and validated. The developed ¢-OTDR interrogator, which makes
use of a pair of coated optical fibres, monitored temperature and RH simultaneously inside a
concrete block from the very first moment of its curing process.

Chapter 6 summarizes the main results, the general conclusions and future perspectives for
this research work.



Y4 Fundamentals of Fibre Optic Sensors

Since their discovery in 1966 by Charles K. Kao, optical fibres have had a huge impact on our
society, not only in the world of telecommunications but also in sensing applications [10, 11].
Optical fibres have unique characteristics in terms of transmission losses and are considered
the waveguides of the present and future: they are low cost, small in size, light in weight and
not affected by electromagnetic radiation due to their dielectric silica-based (SiO2) compo-
sition [12]. Most of the optical fibres are composed of a core, a cladding, and a coating, as
seen in Figure 2.1, and light is trapped inside the core and guided through its length due to
the difference in the refractive index between core and cladding. The outer surface of an
uncoated optical fibre when exposed to air, moisture or other hazards, may have flaws in the
glass surface. Initially, such defects may be microscopic but, over time, they can become larger
cracks that affect the good condition of the optical fibre. Therefore, coatings play a key role in
protecting the fibre from the atmospheric environment, but they also absorb any light that is
not properly directed.

Coating  Cladding
T Core

Figure 2.1 - Structure of an optical fibre composed of: core, cladding and coating.

The most conventional telecommunications optical fibres are known as single-mode fibres
(SMF) and have a core diameter between 8 and 10.5 ym and a cladding diameter of 125 ym.
Coatings are usually composed of 2 layers of acrylate [13]. The inner coating layer, with a
diameter around 180 um, is a soft polymer that alleviates the effects of micro-bending on
the optical fibre, while the outer layer, with 250 ym of diameter, is a hard shell polymer
that protects the optical fibre from the external environment including, in principle, the
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humidity [14]. More recently, depending on the application environment where the fibre is
installed, different materials such as polyimide, carbon or composite structures are used as
optical fibre coatings [15]. In harsher environments, the optical fibres are further protected
with additional layers of coating made of materials as aluminium or strong plastic polymers.

The manufacturing process of a standard silica-based SMF starts from a fibre preform,
which is a cylindrical piece of optical glass that exhibits the same refractive index profile and
core/cladding ratio as the targeted SME The preform is heated in a furnace that softens the
glass until it starts to elongate. The diameter of the resulting thin fibre is tightly controlled
by a diameter gauge before applying the thermo-cured coating. The fibre drawing process is
explained in Figure 2.2.

— «—— Holder

< Preform

- Furnace

=| |¢7 Diameter gauge
:mﬁ— Coating container

=| |47 — Oven

Figure 2.2 — Optical fibre drawing from a preform to a coated optical fibre.

The recent progresses in the field of optical fibres motivated the rapid growth of Fibre Optic
Sensors (FOS) that can now be found in a large number of industrial applications [16, 17, 18,
19]. To name few examples: monitoring bridges, structures, pipelines, or railways. But the
technology continues to progress and even more examples of applications can be explored [20,
21, 22].

A FOS encodes the physical quantities in one or more properties of an optical signal such
as optical power, phase, state of polarization, or wavelength. The measurands will change
the way the light is transmitted in the optical fibre in such a manner that these properties

8
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will not be the same at the fibre input and output [23]. FOS can be divided into two groups:
extrinsic, where the optical fibre only guides the signal from an external sensor to an electronic
processing unit; and intrinsic, in which the optical fibre contains the sensing element or is
the sensing element itself. The intrinsic class of FOS can be further divided into two different
categories. The first is made of point FOS such as FBG and LPG, which can only sense at a
specific position along with the optical fibre, while the second is based on DFOS, in which the
whole fibre makes a continuous sensor.

2.1 Point Fibre Optic Sensors

2.1.1 Fibre Bragg Grating

A FBG is a reflective structure that results from a photo-induced periodic perturbation of the
refractive index in the core of a SMF [24]. This physical perturbation acts as a wavelength-
selective filter, reflecting part of the input signal at a certain wavelength, called Bragg Wave-
length (Ap), as represented in Figure 2.3.

Optical Fibre ot ng

[ | "
0 n
Fibre Core \ﬂz

Core Refractive Index
n n3
n,
Spectral Response
P ’ P ’ P ’

Input Transmitted Reflected

Figure 2.3 — Internal structure of a FBG, its core refractive index modulation and the respective
spectral response.

A FBG, which typically has between 5 and 7 mm of grating length with a period around
500 nm [25], performs a direct transformation of the sensed parameter into optical wavelength
and is not affected either by possible connector losses nor by the optical power level. Their
narrowband operation makes them ideal for multiplexing applications because several FBGs
at different wavelengths can be inscribed in the same optical fibre. Bragg’s law, given by

9
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Equation 2.1, shows that 15 is dependent on the fibre effective refractive index (n) and the
pitch of the grating (A) [26].

/IB :Zl’lo/l (2.1)

The refractive index and the grating pitch are directly dependent on the temperature and
applied strain and a variation of both parameters causes a shift in the Bragg wavelength. Strain
induces a change in the gratings spatial pitch and in the effective refractive index due to the
elastic behaviour and elasto-optic effect, respectively. Temperature has a similar effect induced
by the thermal expansion and the thermo-optic effect [27]. The influence of temperature and
strain on the FBG wavelength can be calculated by the Taylor series expansion of the Bragg
expression [28]. The general expression for the Bragg wavelength shift is given by Equation 2.2.

AL ng
_/IBB =£z—70(€zl912+8r (P11 +pr2)) +EAT (2.2)

where ¢ and ¢, the axial and radial strains. The second component represents the strain-
optic effect, where p1; and p;» are the principal components of the strain-optic tensor. The
third component represents the thermo-optic effect, where ¢ is the thermo-optic coefficient.

The simplified version of the Equation 2.2 for a FBG grating written in the single-mode
optical fibre subjected only to axial strain is given by [29]:

%:(I—Pe)ez+[(l—Pe)a+§]AT 2.3)
B

where « is the thermal-expansion coefficient. P, = p;2 — ( p11+ plg) represents the effective
strain-optic coefficient, where v is the Poisson’s ratio.

Nowadays, FBG-based sensors are used in a wide number of applications, among different
fields such as health and biomedical devices, maritime, civil and aerospace engineering,
radioactive environments, and many others [30, 31]. At CERN, several FBGs for temperature
and strain measurements were already installed and are currently working at one of the LHC
detectors, the Compact Muon Solenoid (CMS) [32].

10
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FBG for RH sensing

A bare FBG, i.e., without any coating, is insensitive to relative humidity due to the hydrophobic
property of bare silica optical fibres. To turn a FBG into a RH sensor, the grating should be
coated by a hygroscopic material, such as polyimide for example, whose volume changes
in the presence of humidity. Figure 2.4 exemplifies the mechanism of measuring RH with a
FBG. Changes in the volume, due to absorption/desorption of water, will induce a secondary
mechanical strain into the grating, varying the Bragg wavelength.

Optical Fibre
N
0| core 111
/

cladding

FBG-RH sensor

Figure 2.4 — Mechanism of measuring RH with a FBG.

Under these conditions, a FBG is sensitive to temperature, strain, and relative humidity but,
if the FBG is installed in a strain-free package, the axial strain that causes Bragg wavelength
shift will only be dependent on 2 components: RH-induced strain and temperature-induced
strain. The updated Bragg shift equation (Equation 2.4) can be expressed as:

% (1= Po)emui+ (1= Po)er + EAT (2.4)
B

where ery and et are the strain induced on the optical fibre by the coating swelling and
thermal expansion of the materials, respectively.

The influence of humidity and temperature on coated FBGs was firstly studied by Giaccari
et al. [33] and, afterwards, by Kronenberg et al., who concluded that the response of a polymer-
coated FBG is a linear superposition of RH and temperature effects [34]:

A
% = STAT + SpARH 2.5)
B

where Sgyy and St are the RH and temperature sensitivities respectively. One should take
into consideration that there is a temperature-RH cross-sensitivity so that any RH-FBG in-

11
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stalled in real sensing applications should have a precise temperature compensation technique
to isolate both variables.

oA
SrH = 5 (2.6)
ORH constant T
oA
Sp=—2 2.7)
or constant RH

Based on this technology, few years later, G. Berruti et al. developed the first CERN genera-
tion of RH-FOS with polyimide coating [35]. For the first time, the authors fully investigated
the effects of radiation and the behaviour of those RH-FBGs in low levels of RH (0 to 10%) at
temperatures below 0°C. This study demonstrated that the polyimide-coated FBGs can work
correctly under high radiation environments if performing a pre-irradiation campaign that
saturates the cross-sensitivity due to radiation. This way, the RH-FBG is practically radiation
insensitive. At the same time, it was also demonstrated that the developed RH-FBGs work
correctly at low levels of RH and temperature. The project ended with the installation, in the
CMS experiment, of 72 optic fibre-based thermo-hygrometers, each one formed by a FBG
temperature sensor and one FBG relative humidity sensor [36].

Despite the success of the FBGs installation at CMS and their good performances, the first
generation of RH-FOS developed at CERN presented some limitations. First of all, the RH
sensitivity of a polyimide-coated FBG is in the order of a few pm/%RH [35], which is in the
same order of magnitude of the optical interrogators resolution [37]. This means that the
minimum resolution of a coated FBG for RH measurements can not be lower than 2%, which is
comparable with the traditional electronic RH sensors resolution, between 2 and 4% [38]. For
specific applications where RH should be precisely monitored and kept constant at extremely
low levels, the FBGs resolution level is not enough and a more accurate measurement method
is required. At the same time, RH-FBGs are significantly more sensitive to temperature than to
RH (10 times more) and a small variation of temperature can induce a large error in the RH
measurement if it is not correctly compensated. Based on these limitations, T. Venugopalan
et al. proposed a new technology based on coated-LPGs, in particular targeting very high
sensitivity in the low humidity range (RH<10%) [39].

2.1.2 Long Period Grating

A LPG is a photonic device based on a periodic modulation of the refractive index of the optical
fibre’s core. The grating period is between 100 and 500 ym with a length of 2 to 3 cm. The
combination of these two parameters promotes a power transfer from the fundamental guided
core mode to a discrete number of forward propagating cladding modes [40].

12
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Figure 2.5 — Schematic of the attenuation bands of a LPG sensor.

The spectrum shape and the central wavelength are sensitive to the LPG period (A), length
and to local environmental conditions such as temperature, strain, bend radius, and refractive
index of the surrounding medium. The fact that a portion of the electromagnetic field present
in the cladding modes is released to the environment makes the LPG technology more sensitive
to the external environment than FBGs [41, 42]. The high attenuation of the cladding modes
results in the transmission spectrum of the fibre that contains a series of attenuation bands
centred at discrete wavelengths, as seen in Figure 2.5.

The coupling between the propagating modes happens at a specific wavelength and it is
given by Equation 2.8 [43].

Ares)i = (nO,co - n(i)ycl) A (2.8)

where ng ¢, and ng o are the effective refractive indexes of the core and of the i th cladding
mode, respectively.

LPG for RH sensing

As with the coated-FBG technology, in order to have a RH sensor based on a LPG, an appropri-
ate hygroscopic material should be applied as coating. In this case, as one of the main features
of a LPG is its sensitivity to the surrounding refractive index [44], the coating does not need
to induce strain into the fibre’s core, as RH-FBG does, but to change the refractive index in
the presence of water molecules. The choice of a coating with a refractive index greater than
of silica increases the effective refractive index of the cladding, changing the way the light is
propagated and increasing the LPG sensitivity. If the coating changes its refractive index with
a RH variation, the coated-LPG is able to measure RH.

In 2008, T. Venugopalan et al. proposed, for the first time, a LPG coated with PolyVinyl
Alcohol (PVA) for RH monitoring applications [39]. The obtained results showed a high
but non-linear RH sensitivity, especially in the range between 75 and 97%, and the authors
suggested the use of this technology in industrial applications for RH monitoring.
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More recently, several kinds of materials have been tested as a coating of a LPG-based RH
sensors, most of them using polymers or gels that change their thicknesses in the presence of
water molecules. M. Consales et al. summarized the kinds of material used in the literature
and proposed, for the first time, a titanium dioxide (TiO;) coating due to its high refractive
index (n = 1.96) and hygrosensitive characteristics. These sensors were, therefore, proposed
as the second generation of RH-FOS developed at CERN [45]. At that moment, there was no
evidence in literature of any characterization of coated-LPGs at low levels of RH (below 20%)
neither at temperatures lower than 15°C. The developed LPGs presented an extremely high
RH sensitivity, which is 3 order of magnitude higher than the RH-FBGs in the same low RH
conditions. In addition, the use of a metallic coating avoids the typical ageing problems of
polymeric coatings, expected on the polyimide-coated FBGs. The novel TiO-coated LPGs
were submitted to an irradiation campaign and their RH sensitivities were not significantly
affected [46, 47].

Generally speaking, RH-FOS based on gratings are only sensitive in the locations where the
gratings are inscribed and they have an intrinsic limitation in terms of multiplexing, specially
the LPGs. The LPG spectrum is significantly broader than the FBG reflection peak, as seen in

Figure 2.6, and this is a limitation due to the spectral range of the optical interrogator typically
used for fibre gratings.
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Figure 2.6 — Comparison between the FBG reflection peak and LPG transmission band.

Only few LPGs fit in the interrogators wavelength range, and building a multiplexed LPG
system is an impossible task without a complex system based on an optical switch[48]. Addi-
tionally, the package is still in prototype stage. These limitations can be can be easily overcome
with the distributed fibre sensors technology.
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2.2 Distributed Fibre Optic Sensors

DFOS technology, illustrated in Figure 2.7, is employed in a large range of applications mostly
for measuring temperature, strain, pressure, or vibration, and their use has significantly
increased over the last years, mostly due to the possibility of having precise local information
in real-time over a large sensing range [49]. These systems provide a cost-effective alternative
to complex arrays of point FOS because the sensing range can be extended to hundreds of
kilometres with a spatial resolution that can vary from few millimetres to some metres, using
only a single interrogation unit with a single optical fibre [50].

The theoretical fundamentals of distributed fibre optic sensors are based on the light
scattering phenomena, which is affected by changes applied in the optical fibre, typically
temperature and strain. Such physical properties will be encoded in the scattered light, which
carries them up to detection where it is processed to be spatially resolved.

Interrogator

Acoustic vibration ))
@ Humidity change

Temperature change {}

Stress

Figure 2.7 —Illustration of a distributed fibre optic sensor.

In a dense homogeneous medium, as a perfect crystal at zero absolute temperature, the
molecules are arranged in a very regular way and the medium’s response is the same in every
position. Due to the symmetric structure, all the scattering waves mutually cancel out for all
angles except in the forward propagation. In this case, there is no scattering but just a change
in the overall velocity of propagation [51]. However, if the medium is non-homogeneous,
such as glass, the medium’s response varies randomly, causing different orthogonal scattering
components that do not vanish completely. Each molecule acts as a scattering centre and
any imperfection in the structure modifies the optical properties and results in lateral and
backscattering waves.

The great majority of existing DFOS are based on three scattering mechanisms: Rayleigh and
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Brillouin scattering, where the backscattered signal inside the material is directly dependent
on temperature and stress applied on the fibre; and Raman, where the backscattered signal
only depends on the temperature [52]. The three scattering mechanisms can have two flavours:
spontaneous and stimulated. When the input light does not affect significantly the properties
of the medium, the scattering is linear and named as spontaneous. On the other hand, if the
light intensity increases to a level where the optical properties of the medium are modified
and the scattered light efficiency is proportional to the power of the input light, the scattering
is considered stimulated and enters in a non-linear regime [23]. The different scattering
phenomena will be explained in detail in the following sections.

2.2.1 Rayleigh and Mie Scattering

Rayleigh and Mie ! scattering occur when the optical power is transferred from one propaga-
tion mode to another keeping the same frequency, and result from the non-homogeneous
fluctuations of the medium density [53, 54]. If the size (a), of the scattering centres is in the
same order of magnitude or larger than the incident wavelength (1), it is called Mie scattering.
In this case, there is a deformation of the incident waveform causing diffraction and mainly
forward scattering. If the size of the medium particles is much smaller than the incident
wavelength, it is called Rayleigh scattering. The wavefront is not distorted and the scatter-
ing happens in all directions. Figure 2.8 shows the differences between Mie and Rayleigh
scattering.

a=A Mie scattering a<<A Rayleigh scattering

No wavefront distortion

Diffraction
Electromagnetic radiant

Figure 2.8 — Differences between Mie and Rayleigh scattering.

In Rayleigh scattering, part of the scattered light is recaptured by the waveguide and sent
back in the opposite direction, as shown in Figure 2.9. This allows the incident and the
backscattered waves to be injected in and measured from the same optical fibre end.

On the microscopic level, the molecular constituents of matter are constantly subjected to
an intense ElectroMagnetic (EM) environment that is continuously rearranging their own elec-
tron cloud. These rearrangements influence the neighbouring molecules, which will readjust

IIn this dissertation, the Mie scattering will not be addressed because it is irrelevant for studying scattering in
optical fibres.
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Figure 2.9 — Schematic of Rayleigh scattering in optical fibres.

to the new configuration and which in its turn generates fluctuations of density, temperature
or strain in the internal structure. In the absence of incident light, these fluctuations will
mutually cancel out and will not produce any macroscopic effect. On the contrary, when an
incident wave propagates in the medium, the EM field reorients the random molecular fluctu-
ations, creating a group response in the matter. The group response generates a macroscopic
polarization, P, that is proportional to the incident electric field, E:

P=eoxE (2.9)

where ¢ is the permittivity of free space and yx is the susceptibility tensor that describes
how the medium responds to an incident electromagnetic field.

Following the Maxwell equations, the electric displacement field vector, D, is given by:

D=¢yE+P=ecy(1+y)E=€E (2.10)

where € is the dielectric tensor of the medium. Only the local variations of the dielectric
tensor contribute to scattering so it can be written as:

e=€¢l+ Ae (2.11)

where € is the mean dielectric constant in the medium and I is the identity matrix. The first
component corresponds to the homogeneous contribution to the dielectric tensor and does
not include any lateral scattering, while Ae is the variation of the dielectric tensor expressed
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as:

A€ = Ael + A€t (2.12)

The first term is a scalar contribution and originates from the fluctuations of thermody-
namic quantities such as pressure, entropy, density and temperature. It results in Rayleigh
and Brillouin scattering. The second term is the tensor term that results mostly in Raman
scattering. In this section, only the first component responsible for Rayleigh scattering is
explored.

The complex representation of the incident wave is written as [23]:

E(R, 1) = Ei, e;, e/ PnR-01) (2.13)

where Ej, is the amplitude of the incident electric field, e, is the unit vector aligned with
the state of polarization, B;, is the propagation vector, R is the point of interest in the xyz
coordinates and w is the optical frequency. After the interaction between the incident field and
a portion of the medium’s volume (V), the scattered field at a position P far from the scattering
volume is given by:

2 ej(ﬁSR_wt) 1

E.(R, 1) = By e, x (e, x ey)] ~—— — f Ae(r', 1) el Bn=B)) qp! (2.14)
c? AR € Jv

where c is the speed of light in free space, f; is the propagation vector in the direction of
the scattered wave, s =|fs| and R = |R]|, es is the unit vector aligned with the s direction. R
and r' are the distance vectors described in Figure 2.10.

Analysing Figure 2.10, where the input light polarization is aligned with the X axis, and
considering Equation 2.14, one can conclude that the scattered field is inversely proportional
to the distance R between the position P and the scattering volume. The factor e/ (fsR-©1)
expresses the phase change experienced by the scattered wave at the origin of the coordinate
system and the vector [eg x (es x ejn)] indicates that the scattered field is proportional to sin ¢.

The scattered intensity (I;) is proportional to the time averaged value of EgE; and is given
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Figure 2.10 — Coordinate geometry for Rayleigh scattering.
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where [y, is the intensity of the input field.

As Equation 2.15 shows, the intensity of the light scattered by a particle much smaller than
the wavelength is proportional to w and, consequently, inversely proportional to the forth
power of the wavelength, 1/A*, as Lord Rayleigh found in 1871 [55] !I.

A simpler way to analyse the Equation 2.15 is to use the thermodynamic approach that
consists in the description of the fluctuations in the material due to variations in density p and
temperature T. The variation of the scalar term of the dielectric tensor Ae is then given by:

Oe Oe
NAe=|—| A — | AT 2.1
¢ (89)90 p+(aT)TO ( 6)

IThese dependency explains why the telecommunications industry operates at higher wavelengths. Nowadays
the most common used wavelengths is around 1550 nm, where the optical losses are the lowest [56].
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where pg and Tj are the average values of p and T in the medium, respectively. The second
component can be neglected because the main variation of the dielectric constant is due to
density fluctuations. The density variation can be expressed as function of the pressure p and
entropy s of the medium:

Ap:(—) Ap+(a—) As 2.17)
p Po S S0

where pg and sy are the average values of pressure and entropy of the medium, respectively.
The first term corresponds to the pressure fluctuations, for a constant entropy, caused by the
propagation of acoustical waves in the medium. This is the base of the inelastic Brillouin
scattering that will be described in the next section. The second term corresponds to the
entropy variations at constant pressure that cause a scattered wave at the same frequency that
the incident wave. This is the fundamental of the Rayleigh scattering and the intensity of the
scattered wave in the volume V that is much smaller than the wavelength of the incident wave
(Ir] — r,)) is given by:

w*V?sin® ¢ (Ae?)
1672R%ct €2

Is=1Iin = Iinas (2.18)

where a defines the scattering losses due to the fluctuations of the dielectric constant. Ae
is assumed constant within the volume V and ( A¢?) is expressed as function of the thermody-
namic quantity of density:

de \* (Ap?)
Ae? :(—) Ap®Y=7e 2.19)
(a¢)=(g55) a0 =7

where 7, is the electrostrictive constant.

The fluctuations of the dielectric constant are caused by two main reasons. The first, o, is
due the local fluctuations in the manufacturing process while the second, as», is caused by
the fluctuations of the material composition mainly caused by the doping. a; is given by:

8ﬂ3 2 2
a1 = (1010ge)m (ng—1)" KgCrT; (2.20)

where K3z is the Boltzmann constant, Cr is the isothermal compressibility, T ris the fusion

20



Fundamentals of Fibre Optic Sensors Chapter 2

temperature and ny is the refractive index. a is given by:

8n3 (On} 2 )
asgz(lologe)m 8_N <(6N) > (221)

where N is the number of dopant molecules per unit of volume and ((6N)?) the mean
square fluctuations of N compared to a homogeneous contribution.

Rayleigh scattering determines the minimum loss limit and that is an intrinsic characteristic
of optical fibres. Even though the light losses have been significantly alleviated in the last
years, it will never be completely suppressed because of the non-homogeneous nature of
silica [57]. The Rayleigh scattering losses are approximately 0.15 dB/km, which are the typical
losses achieved by the commercially available optical fibres. This scattering phenomenon is
widely used to evaluate the losses over the optical fibre cables and the first experiment was
demonstrated by Barnoski et al. in 1976 [58]. The setup is now commonly known as Optical
Time-domain Reflectometry (OTDR).

Optical Time-domain Reflectometry

The principle of OTDR for Rayleigh backscattering detection is based on launching a pulse of
light in the optical fibre and collecting the backscattered light in the same fibre end. The pulse
round trip in the fibre results in a trace where each point represents one section/position of
the fibre.

Tipically, an OTDR system provides metre or sub-metre spatial resolution over tens of
kilometres and there are three main types of Rayleigh OTDR systems: Incoherent-OTDR
(I-OTDR), Polarization-OTDR (P-OTDR) and Phase-sensitive OTDR (¢p-OTDR). The I-OTDR
and P-OTDR techniques are briefly explained within this section, while the ¢-OTDR has a
dedicated section with a more detailed description.

Incoherent-OTDR

An I-OTDR measures the intensity of the reflected light and requires a high-power broad-
band incoherent source and a long acquisition time due to the weak Rayleigh signal. This
method is most generally used by the telecommunications industry to locate anomalous
points in the optical fibre cable.

When the input light launched into the optical fibre is a pulsed signal with a pulse width W,
the location Az where a perturbation occurs can be measured by the time delay of the speed
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of light (c), as Equation 2.22 shows.

We
Az=

=— 2.22
211g (2.22)

The factor 2 is due to the round-trip experienced by the light.

The backscattered power of the Rayleigh scattering at a given position, z, is given by [23]:

w
Pr(2) = Poas(A,2)Bc(A, 2) ?e—Zaz (2.23)

where Py is the pulse peak power, a; is the scattering coefficient, B, is the recapture
coefficient, and «a is the attenuation coefficient.

A typical response of an I-OTDR is shown in Figure 2.11. Connectors, bends, cracks but
also the reflections at the input connector and at the optical fibre end will cause significant
attenuation. The slopes in the optical power trace are due to the intrinsic optical fibre losses.
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Figure 2.11 — Typical response of an I-OTDR.

Polarization-OTDR

A P-OTDR was proposed in 1981 [59] and consists of an OTDR setup followed by a polarizer
that mantains the State of Polarization (SOP) of the input optical pulses. Polarized pulses are
sent through a coupler towards the Fibre Under Test (FUT). The information contained in
the SOP of the backscattered light is converted by a polarization-sensitive system into optical
power that is measured by the OTDR.
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If a perturbation occurs in one location, such as temperature, pressure, strain torsion
or Faraday rotation, the SOP is modulated. This method can also be used to measure local
birefringence, which is the optical property of a material having a refractive index that depends
on the polarization and propagation direction of light.

Polarization measurements require the use of a coherent source to avoid light depolarization
and one disadvantage of the P-OTDR technique is that a change of the SOP in one position
can be affected by various parameters and in most of the cases, it is difficult to differentiate
the contributions of the individual parameters.

Both techniques explained previously are used to detect dynamic perturbations but they are
not able to quantify those perturbations. A technique capable of quantify the perturbations is
the Phase-sensitive OTDR (¢-OTDR), which is used for monitoring the phase of the Rayleigh
backscattered light along the sensing fibre.

¢-OTDR Technique

A standard I-OTDR uses a low coherence optical source but if the light source used in the
setup is a highly coherent optical pulse, the system is called ¢-OTDR. The ¢p-OTDR technique
interrogates an optical fibre through the propagation of a sequence of rectangular optical
pulses [60]. In this case, the laser coherence length is longer than the distance between two
consecutive reflector centres and the total backscattered signal does not only depend on the
intensity reflected by each centre, but also on the phase interference of the total backscattered
field present in each fibre section, as shown in Figure 2.12.

Pulse width w Scattering point

Figure 2.12 — Comparison between the pulse width and the scattering points.

The ¢-OTDR is an interrogation technique that measures the noise-like but static Rayleigh
backscattering signal caused by the frozen and random longitudinal entropic fluctuations
of the Refractive Index (RI) alongside the optical fibre [61]. The fibre optic should be seen
as a series of closely-packed refractive index discontinuities and each one causes a tiny and
random amount of reflection, as represented in Figure 2.13. This method takes a "photo" of
the optical fibre’s core structure in order to have the fibre pattern that changes randomly if a
perturbation occurs.

The backscattered light from the different scattering points interferes within the pulse width
and results in a randomly varying signal in time which is highly dependent on the optical
frequency and the refractive index. A typical ¢-OTDR trace is shown in Fig 2.14.

23



Chapter 2 Fundamentals of Fibre Optic Sensors

Launched Optical Fibre Transmitted
light

light

\ Il

N '

Back-scattered light

Figure 2.13 — Scattering mechanisms in the optical fibres.

0.1
0.09
20.08
[}
©
2
=]
€ 0.07
<
0.06
005 L L L L L L L L L
0 1 2 3 4 5 6 7 8 9 10
Time (us)

Figure 2.14 — A typical ¢-OTDR trace of a 650-metres long standard optical fibre.

This trace can be exactly reproduced under the same experimental conditions of tempera-

ture, strain and optical frequency and the complex amplitude of the reflected light vector from
the scattering point at the position z is given by [62]:

Ey(2) = Egre(z)e %*+i¢@ (2.24)

where Ej is the input optical field, a the fibre’s loss coefficient and r.(z) the complex
reflection coefficient. The optical phase, ¢, is expressed as:

¥4

b(2) = f ,B(x)dx:Zn% f n(x)dx (2.25)
0 0
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where S is the local propagating constant of the fibre.

A frequency-scanned ¢-OTDR technique requires acquiring repeatedly the Rayleigh scatter-
ing intensity traces by sweeping the carrier optical frequency of the optical pulse, as demon-
strated in Figure 2.15. Each fibre position will be individually analysed at different frequencies
and, if the fibre is subjected to any change of temperature or strain, which changes its refrac-
tive index, the local spectrum will equivalently experience a frequency shift, similarly and in
the same proportion like in a FBG.
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Figure 2.15 — Intensity of Rayleigh backscattered traces for the different scanning optical
frequencies and respective local spectrum shift at position L [63].

The spectrum frequency shift is generally estimated using techniques of cross-correlation
between the two spectral distributions. It results in a correlation peak located at a frequency
shift proportional to the local temperature or strain variations. The phase change is linearly
proportional to the optical frequency shift Av and it is given by:

2nn(zqg — zp) A

Apap = (2.26)

The quantity ¢, denotes the phase difference between the backscattered waves from the
a and b scatter centres. Actually, the instrument determines an identical phase situation
(A¢p,p) by compensating the change in the refractive index n by a frequency shift Av, so that
the product n x Av remains constant. The sweeping range defines the maximum detectable
temperature or strain changes while the frequency steps defines the minimum detectable
variations of both measurands.

A deterministic spectral shift can also originate from a coating deformation, caused for
example by the presence of water molecules that leads to local expansion/contraction. If
the fibre is free of static mechanical strain, the total backscattered signal is only function of
the temperature and humidity. With a proper temperature reference, the humidity can be
measured and a distributed RH optical fibre sensor can be developed.
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One important parameter of a OTDR system is its spatial resolution. The spatial resolution
defines the minimum distance between two independent events that can be fully distin-
guished and the minimum length of an event. In general, the spatial resolution in an OTDR is
determined by the pulse width and to achieve high precision spatial resolutions in the order of
amillimetre, the required bandwidth is in the range of tens of GHz. Figure 2.16 illustrates the
spatial resolution of an OTDR system.
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Figure 2.16 — Illustration of OTDR spatial resolution.

The incident pulse, with a duration of W, generates at time T=0 a reflected pulse that will
propagate backwards at the same speed. The same incident pulse continues its propagation
and generates a new reflected pulse afterwards, at time T=1, which will be partially overlapped
with the previous reflected pulse. The overlap implies that, only at time T=2, the first reflected
pulse at T=0 is totally spatially separated from the incident pulse and it can be perfectly
discriminated. Therefore, the time difference between the two independent events should be
always higher than W/2.

The pulse width has a direct influence on the spatial resolution. The shorter the pulse, the
shorter the spatial resolution, however, shorter pulses also reduce the pulse energy, reducing
also the Signal-to-noise Ratio (SNR). Consequently, due to the natural losses in the optical
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fibre, the sensing length is also reduced. A trade-off between spatial resolution and sensing
range should be found in any OTDR setup.

Chirped-pulse Phase-sensitive OTDR

If the probe pulse has a linear frequency variation along the pulse width, the system is called
CP-¢-OTDR, which is, nowadays, a fast, powerful and highly sensitive refractive index sensor
for Distributed Acoustic Sensing (DAS) [64].

The CP-¢-OTDR interrogator technique relies on the same working principle of ¢-OTDR
but instead of sweeping the laser frequencies, it produces a linear chirp with different frequen-
cies that generates the same trace pattern for the same fibre. The method achieves spatial
resolutions in the centimetre range, with a increasing SNR by several orders of magnitude with
respect to the conventional ¢-OTDR technique [65, 66]. Typically, a picosecond probe optical
pulse is amplified and time stretched before launching it into the FUT.

Assuming that the frequency profile of the linear chirped pulse is given by:

v(t)=v +(6 /2—@1‘) (2.27)
=1 14 "% .

where vy is the central frequency, § v is the spectral width, and 6 v/ W the frequency chirp
rate. Substituting Equation 2.27 in Equation 2.26, the phase change induced by external
temperature or strain is given by:

(2.28)

27Yl ni)A
Ay = — T EizaD 22 Z(‘s—”)m

Cc

CP-¢-OTDR avoids the need of rigorous acoustic and thermal stabilization, because the
measurements are based on a single-shot pulse rather than a large laser frequency sweeping.
At the same time, it does not need a laser source with a large linewidth and eliminates the
fading problems generated when the scattering of a single position is extremely low. The
Rayleigh scattering is formed by the superposition of the waves generated by the random
photons in each section and if the input light pulses have always the same power, as it happens
in a traditional ¢p-OTDR, statistically the scattering random pattern has significant fluctuations
in the power that may have some values near zero fading the signal [67]. However, when using
probe pulses whose power is varying over its width, the modulation instability-induced by the
signal fading is significantly reduced [68]. On the other side, the spatial resolution is limited to
the metre range because of the weak Rayleigh intensity traces and the bandwidth required
at the receiver is the same as the coherent detection, limiting the maximum measurements
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range.

Generally, one disadvantage of the OTDR techniques is the dead-zone in which the inter-
rogator is momentarily blind to measuring reflected energy. This dead-zone is caused by the
initial peak reflection in the fibre connector that saturates momentarily the photodetector.
Dead-zones are typically in the order of metres, making the OTDR unsuitable for low length
applications where a high spatial resolution is required. To overcome this limitation either a
relativity broadband light can be implemented or use multiple interrogation frequencies.

Optical Frequency-domain Reflectometry

A distributed fibre optic sensor can be realized also in the frequency domain and an Optical
Frequency-domain Reflectometry (OFDR) system has similar purposes as an OTDR. An OFDR
system, which was firstly introduced by Eickhoff and Ulrich, can have a sub-millimetre spatial
resolution but limited to some metres of sensing range [69]. In this case, the monochromatic
light source frequency is linearly changed, by changing the input current of the laser, and the
frequency response of the fibre is converted into the time/spatial domain by computing the
Fast Fourier Transform (FFT). This technique requires a coherent detection scheme that limits
the sensing range to the coherence length of the interrogation light. The spatial resolution of
an OFDR system depends on the frequency tuning range of the interrogation light rather than
on the detector bandwidth, as it happens in an OTDR setup.

The input laser is used as a reference and it is combined with the backscattered light,
creating an interference signal. The beat frequency of this interference corresponds to the
path length difference of the Rayleigh scattered light. The spatial resolution, Az, of an OFDR
system is given by:

Cc
Z=
ZHOAF

(2.29)

where AF is the frequency scanning range, which can be typically few tens of GHz, meaning
that the spatial resolution can be in the centimetres scale. That is the main advantage of the
OFDR compared with the OTDR. On the other side, the drawback of the OFDR is its limited
measurement range of around tens of metres because it requires coherent detection and
therefore, the coherence length of the laser source sets a hard limit to the fibre sensing length.

2.2.2 Raman and Brillouin Scattering

Non-linear Brillouin and Raman scattering are due to the inelastic collisions and a shift in
the backscattered frequency happens. The cohesive forces between molecules allow two
distinct collective vibration modes, the acoustic-like and the optical-like vibration modes.
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The acoustic-like vibration is a slow vibration classical wave with high momentum and it is
caused by the oscillatory movement of the entire molecular chain. It causes a small spectral
shift, which is defined as Brillouin Scattering, of about 10 GHz or 0.07 nm at 1o = 1550 nm in
SiO;. The optical-like vibration is the vibrational mode inside the molecular chain caused by
the high-energy phonons ! with low momentum. This component is stress insensitive and
the spectral shift, named as Raman Scattering, is around 12 THz or 97 nm at Ay = 1550 nm in
SiO,. Figure 2.17 shows the difference between the acoustic-like vibrations, in the left, and the
optical-like vibration in the right.

Lo B s ) at AR MO T
Brillouin scattering Raman scattering

Figure 2.17 — Differences between the acoustic-like vibration in the left and the optical-like
vibrations in the right.

The inelastic scattering, which is thermally activated and generated by thermal phonons,
has two possible components: Stokes and anti-Stokes. The frequency shift of the Stokes
and anti-Stokes components are usually described using a quantum-mechanical approach
explained in Figure 2.18.

Stokes Anti-Stokes
v— Q‘ ¥ -
v o % v+ Q

Figure 2.18 — Energy diagram of Stokes and Anti-Stokes components.

Stokes scattering happens when a molecule is in the ground state, Ey, and absorbs a pump
photon (v). The electron jumps from its energy level to a virtual state of higher energy and to
keep the energy equilibrium, a lower frequency photon, (v — {2), is emitted causing a red-shift
in the scattered wavelengths. Anti-Stokes scattering happens if the molecule is already in a

I Quantum mechanical description of an elementary vibration state.
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vibrational state, E1, and, after the interaction with some energy available in the medium, a
photon of higher energy, (v + (2), is generated causing a blue-shift in the wavelengths.

In summary, Figure 2.19 groups the three main scattering mechanisms in the same plot.
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Figure 2.19 — Spectrum of the light spontaneously scattered in optical fibres [70].
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Raman scattering was first observed by C. Raman in 1928 and is caused by the vibrational
transitions at the molecular level [71]. The Raman frequency shift (vg) is function of the
frequency of the scattered photon that depends on the angular frequency of the thermal
vibration w + {24, where w is the frequency of the incident photon.

24

= (2.30)

VR

The average number of the phonons thermally activated Ngye , following the Bose-Einstein
distribution is expressed in Equation 2.31 and represents the strength of the anti-Stokes
component because a phonon and a incident photon are annihilated to generate a new
photon [23]. On the other side, the strength of the Stokes is proportional to Ny + 1 due to the
annihilation of the incident photon to generate a new phonon and a new photon.

1
Naye = ——F——~—— (2.31)

exp(%) -1

where Kp and T are the Boltzmann constant and the absolute temperature in Kelvin,
respectively, and £ is the Planck constant.

At room temperatures, Naye is approximately 0.13 while Ngye +1 is approximately 1.13. Due
to this difference in the transitions rate, the anti-Stokes sensitivity to temperature is much
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higher than the Stokes sensitivity (0.8% to 0.1% at 300K) and the ratio between both is the basic
principle of a Raman Distributed Temperature Sensor (DTS) [72]. The Stokes and anti-Stokes
will propagate in the fibre with different attenuation and the power ratio between both gives
the temperature changes.

(2.32)

The main advantage of a Raman DTS is its insensitivity to strain [73] and it can be found in
several commercial thermometry applications [74]. On the other side, the main disadvantage
of a Raman distributed sensor is that the amount of the backscatered light is low and for that
reason, it requires the use of multimode fibres to increase the recaptured power. The use of
multimode fibres limits the maximum sensing range due to the inter-modal light dispersion.

Brillouin Scattering

The last scattering mechanics explained in this chapter is Brillouin scattering [75]. It results
from the interaction between the light and the density fluctuations induced by the propagation
of acoustic waves in the fibre [23].

Acoustic photons carry a momentum that grows proportionally with the phonon frequency,
and the proportional factor is given by the acoustic velocity V, in the medium. Since energy
and momentum must be conserved during the interaction, the Brillouin effect observation
involves 3 waves: the incident v, the scattered v/ and the acoustic wave (2.

Equation 2.33 represents the energy conservation while the momentum conservation is
given by Equation 2.34.

hv=hv' + hf2 (2.33)

hk=hk'+hgq (2.34)

where k, k' and 7i are the respective wave vectors of the incident, scattered and the
acoustic waves.
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Figure 2.20 — Illustration of Brillouin scattering.

Coupling the previous equations and projecting each components as Figure 2.20 demon-
strates, one can conclude that:

(2.35)

k'sinf = gsin@’
k=k'cosf+ gcosb’

After squaring and summing the coupled equations and using the relationships between
frequencies and wavenumbers, v = kc/2w, v/ = k'c/2m and (2= qV, /27, the general Brillouin

relation is given by :

0
4VZv(v - ) sin® 5= (c* - V2) (2.36)
Solving for {2 yields:
v, 6 Va2 L0 _(Va)?
Q:Z—avsin—\/l—(—a) cosz——z(—a) v (2.37)
c 2 c 2 c
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Considering V, << ¢: IV

172 0 Vo . 0
N=2"2vsin==2n—2sin— (2.38)
c 2 Ao 2

where 1, represents the wavelength of the incident light.

In optical fibres, light propagation is constrained to the optical axis, so the scattering angle
can either be fully forward (0) or fully backward (), since light is guided. The simplified
Brillouin Frequency Shift (BFS) is given by:

UB =

p=2tVa (2.39)
c A

The BFS depends on multiple parameters such as the presence of dopant in the core as
well as the fabrication process and it is usually between 9 and 11 GHz. Although the effective
refractive index (n) also affects the Brillouin frequency changes via temperature and strain,
the main effect exploited in a Brillouin sensor is the change of the acoustic velocity due to
these quantities. Typically the temperature coefficient in a Brillouin system is 1 MHz/K and
the strain coefficient is 50 kHz/ pe.

Some examples of distributed sensing techniques exploring Brillouin scattering are the
Brillouin Optical Time-domain Reflectometry (BOTDR) and Brillouin Optical Time-domain
Analyser (BOTDA).

The working principle of a BOTDR is similar to the traditional OTDR but the backscattered
effect analysed is the spontaneous Brillouin rather than the Rayleigh. The wavelength and the
intensity of the spontaneous Brillouin backscattered are used to map the temperature and
strain along the fibre, however, as the intensity is very weak, one needs to average over a large
number of measurements to have a good SNR factor. Its sensing distance can reach tens of
kilometres by accessing only one end of the fibre, and as in the OTDR, the spatial resolution is
determined by the probe pulse width [76].

However, increasing the pump laser intensity, the electrostriction process in the molecular
structure increases, and the Brillouin scattering will be optically stimulated. The technique is
called Stimulated Brillouin Scattering (SBS) and it is illustrated in Figure 2.21.

VThe acoustic velocity is approximately 5900 m/s in silica while the light velocity in the medium is
200000000 m/s.
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Figure 2.21 — Illustration of the Stimulated Brillouin scattering.

It is based on a positive feedback loop involving two complementary physical effects:
photoelasticity, which refers to the variation of the refractive index by density changes, and
electrostriction, which leads to an increase of material density in a dielectric when the latter
experiences an intense electric field [77].

In the SBS technique, an optical pump wave (with frequency v,,) interferes with a counter-
propagating signal wave (with frequency v;). The resulting beat wave (with frequency v,-vy)
produces, through electrostriction, an acoustic wave with the same frequency that travels at
the acoustic velocity. The propagation of this acoustic wave creates a moving grating through
photoelasticity that scatters back the pump wave. When the difference between the pump
and the signal matches the Brillouin shift, the energy is transferred from pump to signal with
the maximum efficiency [63]. As consequence, the increased signal will amplify the intensity
of the beat wave and at the same time, the amplitude of the acoustics wave. Both the scattered
light and the moving grating are enhanced with this positive feedback process. The amplitude
of the three waves can be described by [78]:

| o
OEx T -1 *
Oz + dEA—ggBEpEA

where Ep, Es and E 4 are the amplitude of the pump, signal and acoustic wave, respectively.
I'y =1+ i2ndvp is the damping factor that is related to the photon life time 1/15 and the
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detuning factor d vg. The Brillouin gain factor is given by:

2nn’p?,Kp P
_ TN PRlr Tp (2.41)

8= cA2pVavp Aett

where Kp is a factor varying from 0 to 1, that describes the alignment between the po-
larization states of pump and signal, Pp and A are the power and wavelength of the pump,
respectively, and A,y is the effective core area.

One distributed fibre sensing technique that makes use of SBS is the BOTDA. In this method,
two different counter-propagating waves (an optical pulse and continuous wave) are sent into
the two opposite ends of the fibre and the interaction between both creates a propagating
refractive index grating, which amplifies the intensity of the Brillouin backscattered light. The
Continuous Wave (CW) light should be tuned to be in resonance with the Brillouin scattering
and the maximum amplification for the pump/probe waves is reached. If the temperature or
strain changes, the Brillouin resonance will be frequency shifted. As the stimulated Brillouin
scattering is more intense, this system does not need long average times to have a reasonable
SNR and can reach longer distances.

2.2.3 Distributed Fibre Optic Sensors for RH sensing

The measurement of relative humidity has significant importance in physical, chemical and
biological processes in a large range of industrial applications and, in 1995, A. Kharaz and
B.Jones developed a multi-point distributed humidity fibre optic sensing system [79]. At the
sensing point along the fibre, the cladding was removed over 50 mm and replaced by the
cobalt chloride-gelatine thin film with a refractive index greater than that of the fibre core.
This way, practically all light launched through the fibre will traverse through the coating
thus interacting with the changes in the atmospheric moisture. The authors used OTDR
technique based one two pulsed laser diodes operating at 670 nm and 850 nm to analyse the
response of HCS (Hard Clad Silica) optical fibres at different levels of RH from 20% to 80%.
The sensor is based on the calorimetric interaction of water molecules and the coating of
cobalt chloride, which results in a change of the light absorption properties that affects the
attenuation experienced by the optical signal. More than 10 sensors can be placed on the
same fibre that can have up to a kilometres of length.

In 2008, Galindez et al. studied the RH effect on the Brillouin frequency shift using a
Brillouin distributed sensor with 10 metres of spatial resolution [80, 81]. In this study, three
different types of single-mode fibres (SMF) with a 250 ym acrylate coating, with 1 kilometre
of length, were exposed to different levels of RH (from 40% to 98%) at constant temperatures
(25°C and 30°C). The authors concluded that changes of humidity affect non-linearly the
Brillouin frequency shift, with a variation from 0.4 up to 2.8 MHz. Those RH variations, if
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not considered and compensated accordingly, can induce an error from 0.4 up to 2.8°Cin a
temperature distributed fibre sensor based on Brillouin scattering. The main conclusion is that
the optical fibre should be isolated from the humidity in order to have a correct measurement
of temperature.

Lately, Liehr et al. developed a method for distributed humidity sensing using PolyMethyl
MethAcrylate (PMMA) Polymer Optical Fibres (POF) [82]. Using a dual-wavelength photon-
counting OTDR (v-OTDR by Luciol Instruments), an analysis of the Rayleigh backscattering
and the respective attenuation characteristics at 500 nm and 650 nm wavelengths was per-
formed. The measurements were carried out at different RH values of 30%, 60% and 90%
with a spatial resolution of about 10 cm. As expected, the authors found that the tested fibres
present a relevant cross-sensitivity between temperature and humidity, but, at the same time,
the RH sensitivities when analysing different wavelengths are different. If only the 500 nm
backscatter traces are evaluated, a variation of 10°C can induce and error or about 12%, but,
combining the transmission change effect at 650 nm, the temperature and RH changes in
the fibre can be distinguished and unambiguously identified. The calculated RH resolution
measurement is in the order of 1-2% of RH over an extended sensor length of up to 200 metres.

In 2017, P J. Thomas and J. O. Hellevan presented a study about the characteristics of a
64 metres long distributed relative humidity sensor with centimetre spatial resolution [83].
In this study, the setup is composed of different kinds of fibres with different polyimide
coating thicknesses and the strain variation alongside the fibre is measured using an Optical
Backscattered Reflectometer (OBR) 4600 interrogator, from Luna Technologies, which is based
on the OFDR technique. The tests were performed varying the humidity from 15 to 92% of RH
and the system could resolve relative humidity changes of 0.1% with a near linear sensitivity
of 1.3 ue/%RH across the entire range of humidity tested. The response time of the sensor
was found to be strongly dependent on temperature and the fibres measurements show low
hysteresis. Using a temperature reference, the system was able to accurately measure RH
distributions on a centimetre spatial scale.

More recently, in 2020, R. Wright et al. developed a fully distributed optical fibre sensor for
humidity monitoring at high temperatures using an off-the-shelf single mode fibre connected
to an OBR interrogator [84]. OBR is based on the OFDR technique and the target application
was the water condensation detection along the natural gas transmission pipelines. The
authors also used a uncoated optical fibre as temperature reference and study the response
of both fibre samples at different relative humidity levels, from 0% to 100% and different
temperatures, from 21°C to 50°C. The main conclusions were that the uncoated optical fibre
can be used as temperature reference and increase of temperature decreases the sensitivity to
RH and the temperature sensitivity is approximately 10 times higher than the RH sensitivity.

The main challenge ahead in all thermo-hygrometer sensors is the decoupling of the
temperature and humidity effect, specially in fibre optic sensors where the temperature
sensitivity is usually much higher than the RH sensitivity. Different decoupling techniques
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can be implemented, such as using two parallel sensing fibres with different temperature
and RH sensitivities, or using a completely stripped fibre for temperature reference [85]. One
last technique is to isolate completely one fibre with a metallic shield, to block the humidity
absorption by the fibre coating, and turn it into a pure temperature reference. The first solution
takes advantage from both fibres experiencing the same environmental conditions (AT and
ARH) and it is based on a dual equation matrix system (Equation 2.42):

1 (1) 1)
Yol=1%%, Cu AT (2.42)
v T Qpy ARH

where the upper index denotes one of the two sensing fibres, v is the frequency shift
measured by each fibre, a7 and ary the temperature and the RH sensitivity respectively. The
measurement resolution increases with increasing the RH sensitivities ratio between the two
fibres and, if the difference between the RH sensitivities of the selected fibres is minor, the
system ends up having an intrinsically poor resolution, which is always limited by the less
RH sensitive fibre. The second decoupling solution using a stripped fibre, which essentially
solves the resolution limitation, because the reference fibre is completely RH insensitive, but
another relevant issue arises that is the fragility of the fibre. Using a stripped fibre only works
in extremely controlled environments, which is impossible for field applications, and is also
very difficult to achieve because it requires manual stripping. The third technique that uses a
humidity shielded fibre reduces the ease of handling and increases significantly the cost of
the fibre, mostly because it increases the manufacturing complexity. Ideally, a RH insensitive
coated fibre should be found.

2.3 Conclusions

Some distributed fibre sensors are installed at CERN in different areas such as radiation
dosimetry [86] or structural health monitoring [87], but there is no application using a RH
distributed fibre sensor. At the same time, to the best of our knowledge, there is no evidence
of a commercial solution to monitor RH over large distances using optical fibres. Considering
the above mentioned, the main objective of this dissertation is the development of a new
interrogation technique fully capable of measuring and decoupling temperature and RH
over kilometres of sensing range using optical fibres. After analysing carefully the scattering
processes and the DFOS technology fundamentals, the ¢»-OTDR technique seems to be the
best candidate for three main reasons:

e Ultra high sensitivity and capacity of measuring kilometres of sensing range;
* Simple and requires access to only one optical fibre end;

* Rayleigh scattering is the strongest of all scattering phenomena.
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As explained in Chapter 1, monitoring RH is a vital task for the good operation of the CERN
LHC machine and should be performed over a large number of sensing points. The harsh
environment requires the use of FOS and apart from their advantages of being small and
radiation-resistant, they represent a unique solution for multiplexing a large number of mea-
surements points. Before the installation, at the first stage, the developed RH-FOS should be
intensively studied and their responses should be characterized under the same temperature
and RH conditions as the target areas in the LHC detectors. At the second stage, the sensors
should be characterized under the same radiation environments. The radiation studies are
not explored in this dissertation and will be included in future works.

The content of this chapter is divided into 3 sections. The first section presents the first
proof of concept of a highly sensitive RH distributed fibre sensor using a ¢-OTDR setup with
10 kilometres of sensing range. The system interrogated several acrylate- and polyimide-
coated optical fibres from different manufacturers at 25°C ! with 70 centimetres of spatial
resolution. The choice of polyimide-coated optical fibres was based on the well-known
behaviour stability of polyimide at different temperatures [88], but also in the good and
continuous response of the polyimide-coated FBGs 7 years after the installation in CMS [36].
At the same time, as the acrylate-coated fibres are the most standard and used optical fibres
in the sensing applications, their responses under different levels of temperature and RH
should also be investigated. The results were presented at the 7" European Workshop on
Optical Fibre Sensors (EWOFS) [89]. The second section explores the effect of RH in the same
coated optical fibres but in a larger range of temperature from -20°C to 50°C. The results were
obtained using a CP-¢-OTDR with 6 metres of spatial resolution and were published at the
27'" International Conference on Optical Fibre Sensors (OFS) [90]. The last section presents
the mathematical model built to validate the experimental results of polyimide-coated fibres
under a RH test at constant temperature and a temperature test at constant RH.

IIn this dissertation, the temperature values written in the text to describe the conditions of a test are the preset
values of the temperature controller. These values differ slightly from the temperature measured by the additional
electronic references.
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3.1 AKilometre-Range Distributed Relative Humidity Sensor

The main objective of this study was the validation of the RH-DFOS concept, already demon-
strated in some state of the art references [82, 83, 85], but using, for the first time, a ¢-OTDR
interrogation setup. An additional objective was to find the most suitable coated optical
fibre to be implemented as a RH sensor, as well as the one that can be used as temperature
reference.

3.1.1 Experimental Setup

The setup is composed of 9 different appended optical fibres rearranged in a single FUT
installed in stress-free holders, as seen in Figure 3.1.

A sample of a bare fibre, i.e., with the coating completely stripped !, was also added
to the FUT to be the temperature reference. The FUT was tested in a climatic chamber
(Binder 720L) equipped with temperature and RH electronic references sensors (PT100 and
HIH4000) installed individually in each fibre spools holders. The electronic sensors signals
were acquired with a Arduino-based acquisition unit controlled by a Python visual interface.

Figure 3.1 — Optical fibres coiled in a stress-free configuration inside the climatic chamber.

The list of FUT with their respective characteristics is listed in Table 3.1.

A standard acrylate-coated fibre was manually stripped with a fibre optic stripper.

40



Acrylate- and Polyimide-coated Fibres Chapter 3

Table 3.1 — List of FUT and respective coating characteristics and lengths.

Manufacturer | Product Number | Coating Thickness (#m) ‘ Number of Coating Layers ‘ Length (m)

Polyimide-coating

RISE® - 4 1 100

- 8 2 100

- 12 3 100

- 16 4 100

Nufern S1310-P 12.5 * 100

FiberCore* | SM1500(9/125)P * 1 20

- 15 * 15
Stripped-coating

Bare" | 0S2/G.652.D | - \ - | 10
Acrylate-coating

Ditwyler | 0S2/G.652.D | 62.5 \ 2 | 20

2 The RISE optical fibres were specially produced for this research work
* The FiberCore with 1 coating layer is a special sample

* Data not provided by the manufacturers

- Not applicable

" The bare fibre is a uncoated sample of Dédtwyler acrylate-coated fibre

Optical Interrogator

The home-made optical interrogator used in this test is a 70-centimetres spatial resolution
¢-OTDR and its schematic is presented in Figure 3.2.

! Climatic
EDFA2 Chamber

BN

Filter

VOA

SYNC

Figure 3.2 - Full schematic of the ¢»-OTDR setup. VOA - Variable Optical Attenuator; SOA -
Semiconductor Optical Amplifier; EDFA - Erbium-Doped Fibre Amplifier; PD - PhotoDetector;
OSA - Optical Spectrum Analyser; PG - Pulse Generator; OSC - Oscilloscope.
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A Distributed FeedBack (DFB) laser with 1 MHz linewidth is employed as a laser source.
Then, a Semiconductor Optical Amplifier (SOA) driven by a Pulse Generator (PG) is used to
shape the continuous laser light into a coherent pulse. After the pulse shaping, an Erbium-
Doped Fibre Amplifier (EDFA) is used to amplify the pulse before launching it to the fibre
under test through a circulator. The output of the circulator is connected to another EDFA,
which amplifies the Rayleigh backscattered signal and then, a tunable filter (1550 nm) is
connected to filter out the EDFA amplified spontaneous emission before photo-detection. The
PhotoDetector (PD) is then connected to a fast oscilloscope for data acquisition. An Optical
Spectrum Analyser (OSA) is used to tune the filter to match the laser wavelength. A LabVIEW
Visual Interface (VI) controls the laser current sweeping and acquires all the traces measured
by the Oscilloscope (OSC). Two Variable Optical Attenuators (VOA) are placed before the SOA
and the PD, the first to prevent non-linear effects caused by a too intense optical pulse and the
second to avoid the PD power saturation.

3.1.2 Experimental Results

As the environment in the climatic chamber is uniform, the results of each optical fibre are the
average value over the entire length. Due to the hydrophobic properties of silica, it is expected
that the bare fibre is insensitive to RH [34]. For that reason, it can provide the temperature
reference for the coated optical fibres, in view of correcting for the temperature/RH cross-
sensitivity. To validate that approach, the traces of the bare fibre and the temperature measured
by the electronic reference during a RH test are plotted together in Figure 3.3.
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Figure 3.3 — Comparison between the electronic temperature reference, in orange, and the
bare fibre signal, in blue.

The results demonstrate the agreement between the responses of reference sensor and
bare fibre, meaning that the bare fibre is a pure temperature sensor and the temperature
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compensation method is valid. The climatic chamber conditions during the RH test are
plotted in Figure 3.4.
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Figure 3.4 — Climatic chamber conditions during the RH test at constant temperature.

Figure 3.5 shows the frequency shift map as function of the distance at different RH stable
steps, already temperature compensated with the bare fibre. As the optical fibres are all spliced,
the distance corresponds to the sum of the consecutive individual lengths. For example, the
first 100 metres correspond to the first fibre listed in Table 3.1 !,
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Figure 3.5—Full ¢-OTDR frequency shift of the FUT during the RH test at constant temperature.

I The reason why the sum of the lengths in Table 3.1 is not the same of the total distance in Figure 3.5 is because
some fibres were not considered in the data analysis due to their extremely unstable behaviour.
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As expected, different fibres show different sensitivities, which can be attributed to the
different coatings thicknesses and materials. Figure 3.6 shows the temporal variation of the
polyimide-coated fibres.
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Figure 3.6 — Comparison of polyimide-coated fibres responses during the RH test at constant
temperature.

Stacking layers of polyimide coating increases the fibre RH sensitivity, but the difference
between 3 and 4 layers of coating in the RISE fibres is marginal. Then, the response of the
commercial FiberCore fibre is extremely similar to the RISE with 3 and 4 layers due to the
similar coating thickness. FiberCore fibre show an excellent behaviour in terms of stability
and sensitivity, but show a slower response than the RISE fibres, expressed by the lowest slope
in the transient moments. On the other hand, no hysteresis was noticed for the FiberCore
fibres, while the RISE fibres showed some hysteresis. The pure silica fibre from Nufern is
significantly slower and as it was not possible to achieve stabilization after reasonable waiting
times, possibly due to an extra layer of coating that is not specified by the manufacturer. Its
results will not be considered in the analysis.

In order to find the RH sensitivity of each fibre, the frequency shift is plotted as a function
of the RH measured by the electronic sensors. The slope of the linear regression gives the
RH sensitivity. Figure 3.7 presents the respective RH calibration plot of the polyimide-coated
fibres and Table 3.2 summaries the RH sensitivities with the respective standard errors and
coefficient of determination (R?).
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Figure 3.7 — RH calibrations of polyimide-coated fibres.

Table 3.2 - RH sensitivities comparison with the respective standard errors and R®.

Fibre Sry (MHz/%RH) R?
RISE 1 Layer 66+ 2 0.9987
RISE 2 Layers 128 +5 0.9949
RISE 3 Layers 206+5 0.9980
RISE 4 Layers 199+4 0.9999
FiberCore 193+5 0.9983
FiberCore 1 Layer 41+£2 0.9958

All the tested fibres present linear behaviour, with standard errors in the order of few MHz
and R? always higher than 0.99. The difference between the RH sensitivity of the RISE optical
fibre with 3 and 4 layers of coating may indicate that there is an estimation error either in the
number of layers or in the thickness of each layer. This issue will be addressed in the next
section.

The second part of the analysis is devoted to the response of the acrylate-coated fibre and
Figure 3.8 shows its temporal response during the RH test at constant temperature. Figure 3.9
shows the respective RH calibration.
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Figure 3.8 — Acrylate-coated fibres response during the RH test at constant temperature.
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Figure 3.9 — RH calibration of the acrylate-coated fibre.

The Détwyler acrylate-coated fibre response is significantly sensitive to RH, with a RH
sensitivity of 124+11 MHz/%RH, and, at the same time, is the fastest to respond but with a

unstable behaviour.

Due to the climatic chamber limitation of changing RH less than 1%, the measurement
resolution is estimated from the standard deviation. If the humidity variation is higher than
the double of the standard deviation, it is assumed that this system can resolve it. The RH
resolution is different from fibre to fibre but, generally, the system can resolve from 0.1% RH,
with the more RH sensitive optical fibres such as the RISE with 3 and 4 layers or the FiberCore,
to 1% RH, with the less RH sensitive optical fibre as the RISE or FiberCore with 1 layer.
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Finally, a piece of 100 metres of polyimide-coated fibre (RISE 1 Layer) was spliced to a
10 kilometres standard acrylate-coated fibre spool, the latter being placed outside the climatic
chamber, and a simple one-step RH test was carried out. The long fibre was placed outside
the chamber purposely to make it subject to conditions different to the fibre test sample.
Figure 3.10 shows the frequency shift as function of the distance during the one-step RH test
and Figure 3.11 zooms onto the last part of the plot, i.e. the distance in excess of 10 kilometres.
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Figure 3.10 — Frequency shift of the 10 kilometres fibre spliced with 100 metres of polyimide-
coated fibre.
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Figure 3.11 — Zoom of the last part of the frequency shift plot after 10 kilometres.

The random and noisy variations in Figure 3.10 are likely due to the uncontrolled environ-
ment of the 10 kilometres fibre spool. The response of the polyimide-coated fibre is clearly
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shifted when the RH passed from 13% to 16%, meaning that the system is still able to detect
this RH variation without significant penalty after 10 kilometres length.

3.1.3 Conclusions

The first conclusion of this section is that the proof-of-concept of a highly sensitive RH dis-
tributed fibre sensor using a ¢-OTDR setup with kilometres of sensing range was successfully
achieved. The developed system can monitor fibres up to 10 kilometres with 70 centimetres
of spatial resolution with a measurement resolution of 0.1% of RH if using one of the more
RH sensitive optical fibres such as RISE with 3 and 4 layers or FiberCore. This configuration
is highly compatible with a systematic study of different coatings under identical conditions
by appending different fibre segments and interrogating them simultaneously in a single
acquisition. Second, after comparing different optical fibre coatings, the conclusion is that if
the requirements are a fast response time and short settling time at room temperature, the
standard acrylate-coated fibres are the best candidates. However, if the requirements are high
sensitivity with low hysteresis the polyimide-coated fibres offer advantages.

These results obtained at 25°C motivated the next test with the same kinds of coated optical
fibres but in a larger range of temperatures, including temperatures lower than 0°C, as the
LHC requires.

3.2 Humidity Effect on Acrylate- and Polyimide-Coated Fibres

The objective of this study is to investigate precisely and in-depth the RH effect on acrylate-
and polyimide-coated fibres at different temperatures, and to quantify the cross-sensitivity to
RH and temperature in different environmental conditions. Several RH tests with compressed
dry air were performed at different temperatures from -20°C to 50°C and a temperature and a
RH test were also performed in a saturated Carbon Dioxide (CO») environment.

The objective of testing the fibres in two different environments is justified because one
possible location to install the developed RH distributed fibre sensor is inside the silicon
trackers of the main LHC detectors, ATLAS and CMS. Both detectors are cooled-down with a
CO,, refrigerating system that includes several metres of tubes and capillaries spread inside
the detectors [91]. The distributed RH sensor will be close to some of those capillaries and its
temperature and RH sensitivities should also be evaluated in a CO, environment to understand
its behaviour in case of a CO, leak.

3.2.1 Experimental Setup

The new set of tests was performed in a climatic chamber developed at CERN and specially
prepared to work at very low RH with a resolution of 0.1% of RH. The range of temperatures
varies from -20°C to 50°C. A photo of the climatic chamber setup can be seen in Figure 3.12.
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Figure 3.13 shows the full schematic of the climatic chamber.

Figure 3.12 — Photos of climatic chamber and pneumatic circuit.
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Figure 3.13 — Schematic of the climatic chamber including the pneumatic circuit and the
electronic data acquisition system. MFC - Mass Flow Controller.

The temperature control is performed with a refrigerated-heating circulator (Julabo FP-
50), while the RH control is ensured by a pneumatic circuit that mixes dry and wet air flows.
Different combinations of both flows create different levels of humidity and they are controlled
by two electronic Mass Flow Controllers (MFC) (Bronkhorst El-Flow). The connection with
the exterior is done through high-vacuum feedthrough connectors for both optical fibres and
copper wires, which enables a stable control over the humidity level in the chamber below
a dew point of -60°C. The climatic chamber allows precisely controlling the RH from 0 up to
90% and can be monitored and controlled remotely. As reference RH sensor, a Chilled Mirror
Dew Point Hygrometer (EdgeTech DewMaster) was used, while three calibrated resistance
thermometers (PT100) were used for temperature reference. LabVIEW software makes the
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interface between the National Instruments Data Acquisition Module (NI-DAQ), where all the
reference sensors are connected, and the PC.

Optical Interrogator

At the time of the test, the home-made ¢-OTDR used in the previous study was not available at
CERN. Therefore, a compact and easily transportable CP-¢-OTDR interrogator 'V was used in
the new tests. The fundamentals of the CP-¢-OTDR interrogator are explained in Section 2.2.1.
Figure 3.14 shows the full schematic and a detailed description can be found in [65].

e
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Figure 3.14 — Schematic of a CP-¢-OTDR interrogator [65]. ECL - External Cavity Laser. SG
- Signal Generator. SOA - Semiconductor Optical Amplifier. EDFA - Erbium-Doped Fibre
Amplifier. BPF - Band Pass Filters. VOA - Variable Optical Attenuator. PD - PhotoDetector.

An External Cavity Laser (ECL) emits monochromatic CW light that is shaped into an optical
pulse by an SOA. The SOA is synchronized with the ECL driver and the output signal power
is amplified by an EDFA. The resulting probe is injected into the FUT through an optical
circulator and the backscattering signal is amplified before the PD. Two VOAs are placed
before the FUT and before the PD, the first to prevent non-linear effects caused by an intense
optical pulse and the second to avoid the PD power saturation limit. Two Band Pass Filters
(BPF) are used to reduce the EDFA spontaneous emission. For this test, the spatial resolution
was set to 6 metres and the sensitivity is below 1 MHz, which corresponds to approximately
1 mK of temperature shift. Using this configuration, the setup monitored the FUTs listed in
Table 3.3.

Standard acrylate coated optical fibres are the most widely used optical fibres in the telecom-
munications industry, but also in sensing applications. In this section, two samples from
different manufacturers were studied. Fibre AC1 is a Datwyler acrylate-coated drawn in the
2000’s while AC2 is a Cabloptic acrylate-coated drawn in the 1990’s. All of these fibres have

WVprovided by Dpto. de Electrénica, Universidad de Alcald, Madrid, Spain
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been spliced and arranged on a single FUT, and are coiled in stress-free holder, as shown in
Figure 3.15. The FUT was subject to a temperature test at constant RH and six RH tests at
constant pre-set temperatures. The first set of tests was performed with normal compressed
dry air, while the second was carried out with CO5.

Table 3.3 - List of FUT and respective coating characteristics and lengths.

Fibre | Coating | Coating Thickness (um) | Length (m)
AC1 | Acrylate 62.5 800
AC2 Acrylate 62.5 300
PI | Polyimide 15 25
Bare - - 40
- Not applicable

Figure 3.15 — Optical fibres rolled in the strain-free holders.

3.2.2 Experimental Results
Temperature characterization with compressed air

The experimental procedure started with a temperature characterization from -20°C to 25°C at
approximately constant RH (=32%), as shown in Figure 3.16. The temperature reference is the
average of the three temperature reference sensors. The frequency shifts of all fibres during

the temperature test are grouped in Figure 3.17 and the respective temperature calibrations
are represented in Figure 3.18.

Analysing the results, the temperature sensitivity (St) of both acrylate-coated fibres is
constant to a very good approximation in the observed temperature range and nearly the
same, of 1.55 and 1.52 GHz/K respectively, but it is significantly higher than the polyimide-
coated fibre showing 1.29 GHz/K. These differences are related to the thermal expansion
coefficient of the specific coatings and their thickness. The acrylate-coated fibres have a
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Figure 3.16 — Climatic chamber conditions during the temperature test at constant RH.
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Figure 3.17 — Frequency shift of all fibres during the temperature test at constant RH.

coating diameter of =60 ym, while the polyimide coating is thinner down to =15 um.

The bare fibre shows the lowest temperature sensitivity of 1.091 GHz/K and this can be
considered as the plain response of silica. Table 3.4 summarizes the temperature sensitivities
and the respective standard errors and coefficients of determination (R?).

The acrylate-coated fibres show higher sensitivity errors with a slight deviation from the
perfect linear behaviour, expressed by the lower R?. Nevertheless, they can be considered
linear and the sensitivity errors of the coated fibres are of the order of tens of MHz/K, while
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Figure 3.18 — Temperature calibration fittings of all fibres.

Table 3.4 — Temperature sensitivities comparison.

Fibre | St (GHz/K) R?
ACl | 1.55+0.05 | 0.9971
AC2 | 1.52+0.03 | 0.9989
PI 1.29+0.01 | 0.9998
Bare | 1.091+0.006 | 0.9999

the bare fibre shows one order of magnitude lower, in the order of few MHz/K.

After the temperature calibration at constant RH, a RH test at six preset constant tempera-
tures (-20°C, -10°C, 0°C, 15°C, 25°C and 50°C) was carried out.
Temperature compensation method

The RH calibration is performed after applying a temperature compensation method to re-
move the residual temperature variation inside the climatic chamber. The total frequency shift
(AF;otq1) measured for each fibre has a RH (AFgy) and a temperature (AFr) dependence.

AFiotq1 = AFpy + AFr 3.1

The temperature reference is given by the bare fibre (AF,;.), which is only sensitive to
temperature but, as demonstrated in the previous test, the temperature sensitivity of the
coated fibres is not the same as the bare fibre. For that reason, on top of the bare fibre
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frequency shift, a corrective factor should be applied to correct the temperature compensation
method. All fibres have linear temperature sensitivities, which means that a ratio between the
2 temperature sensitivities is enough to correct the measurement.

STfibre

AFpp=AFota1 — x AFpare (3.2)

Trare

where S7,,,,, and St,,,, are the temperature sensitivities of the selected fibre and bare fibre
respectively. An example of this compensation method is given in Figure 3.19 that shows the
response of an acrylate-coated fibre during a RH test.
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Figure 3.19 — Example of the temperature compensation method. The fibre total frequency
shift is plotted in orange, the reference bare fibre in blue and the compensated trace in black.
The temperature reference is plotted in purple.

At the beginning of the test, there was an intense fluctuation measured by the acrylate-
coated and bare fibres. That is clearly a temperature fluctuation in the climatic chamber, as
seen in the temperature reference plot, and it is visible that after applying the compensation
method, the compensated signal is completely immune to these temperature variations,
proving that the compensation method is valid.

RH characterization with compressed air

Figure 3.20 shows the climatic chamber conditions during the RH test at 25°C and Figure 3.21
illustrates the frequency shift of all tested fibres already temperature compensated.

Analysing Figure 3.21, where the temporal response of each fibre at 25°C is represented, the
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Figure 3.20 — Climatic chamber conditions during the RH test at 25°C.
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Figure 3.21 — Fibres frequency shift during a RH test at 25°C.

main observation is that all tested fibres follow perfectly the RH variation inside the climatic
chamber, but showing different sensitivities. Figure 3.22 shows the RH calibration curves
and the first observation is that the polyimide-coated fibre presents higher sensitivity to RH
than the acrylate-coated fibres, as obtained in the previous Section 3.1. As observed in the
temperature test, the differences are again due to the nature and thickness of the coating. The
polyimide coating, even if thinner than the acrylate coating, shows higher RH sensitivity due
to its higher hygroscopic capacity.

Table 3.5 summarizes the RH sensitivities of the acrylate-coated fibres at different tempera-

55



Chapter 3 Acrylate- and Polyimide-coated Fibres

©

* Acrylate-coated 1. Slope = 0.109
| » Acrylate-coated 2. Slope = 0.094
|| » Polyimide. Slope = 0.210 i

oo
I

~

(62 BN o)
T
I

N
T

Frequency Shift(GHz)
N w

0 | | | | | | | l
0 5 10 15 20 25 30 35 40
Relative Humidity (%)

Figure 3.22 — RH calibration fittings of all fibres at 25°C.

tures while Table 3.6 shows the results of the polyimide-coated fibre. Figure 3.23 summarizes
all the results in a single plot.

Table 3.5 — RH sensitivities of acrylate-coated fibres at different temperatures.

AC1 AC2

T (°C) | Spx (MHz/%RH) R? Sry (MHz/%RH) R?
-20°C 217+2 0.9991 130+ 1 0.9994
-10°C 240+ 6 0.9927 140+ 11 0.9311
0°C 219+4 0.9963 178 +2 0.9973
15°C 148 +2 0.9981 128+1 0.9987
25°C 109 +2 0.9960 94 +1 0.9969

50°C 31+6 0.9016 - -

Table 3.6 — RH sensitivities of polyimide-coated fibre at different temperatures.

T (°C) | Spx (MHz/%RH) R?
-20°C 194+2 0.9987
-10°C 21242 0.9992
0°C 230+2 0.9994
15°C 230+1 0.9999
25°C 210+ 1 0.9994
50°C 219+5 0.9983

The first point to raise is the drastic temperature dependence of RH sensitivity for acrylate-
coated fibres, probably as a result of a significant change of plasticity, while the RH sensitivity
of polyimide-coated fibers does not vary more than 15% over the range of temperatures tested.
Polyimide polymers are known for their stability over a large range of temperatures [88] and
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Figure 3.23 — RH Sensitivity at different temperatures of the acrylate- and polyimide-coated
fibres.

this fact is confirmed in this study.

Considering for instance AC1 from 25°C to -20°C, the response varies by a factor of 2
and reaches its maximum sensitivity at -10°C. At 50°C, the RH sensitivity of AC1 is strongly
decreased to =13% of the RH sensitivity at -10°C and, at the same time, the linear behaviour is
extremely affected by the acrylate thermal instability. On the other hand, at -10°C, its sensitivity
is even higher than the maximum sensitivity of a polyimide-coated fibre. AC2 also shows
similar behaviour to AC1 but the maximum is reached at 0°C. At 50°C, the RH sensitivity of
this fibre is negligible and impossible to calibrate, while at -10°C it shows a higher sensitivity
error mostly due to the long stabilization time. The sensitivity errors are all in the order of a
few MHz/%RH.

The interesting feature of acrylate-coated fibres is that the difference between two distinct
commercial fibres is significant. The difference may indicate that the coatings may have
different materials in its composition that are not specified by the manufacturer. For some
given temperatures, for instance at -20°C, the AC1 shows a RH sensitivity 1.67 times higher
than the AC2, which means that the RH sensitivities should be addressed individually and can
not be considered similar to all standard acrylate-coated fibres.

Temperature and RH characterization with carbon dioxide

A temperature test from -20°C to 25°C at approximately constant RH (=30%) and then a RH
test from 0% to 50% at 25°C were performed under pure CO, atmosphere. The results are
summarized in Table 3.7. Figures 3.24 shows the differences in the temperature sensitivities
while Figure 3.25 the differences in RH sensitivities under both environments.
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Table 3.7 — Temperature and RH sensitivities under pure CO, atmosphere.

Fibre | St (GHz/K) R? Srr (MHz/%RH) R?

AC1 1.30+£0.01 | 0.9997 103+2 0.9974
AC2 1.36+£0.01 | 0.9997 85+2 0.9952
PI 1.17+£0.01 | 0.9997 145+ 4 0.9933

Bare | 1.12+0.01 | 0.9998 - -

AC1 AC2 Pl Bare

Figure 3.24 — Comparison between the temperature sensitivities in air and COs.
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Figure 3.25 — Comparison between the RH sensitivities in air and CO,.

The main observation is that the sensitivity of the bare fibre is not affected in a significant
way from air to CO, due to the absence of coating, in contrast with the coated fibres. For the
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coated fibres, the main conclusion is that the temperature sensitivity is significantly lowered
by =16%, =11% and =10% for AC1, AC2 and PI, respectively. Regarding the RH sensitivities
of the acrylate-coated fibres, the RH sensitivity decrease is ~6% and =10% for AC1 and AC2
respectively, while the polyimide-coated fibre shows an even higher loss of sensitivity of =34%
with respect to the dry air tests. The significant attenuation in the polyimide-coated can
indicate that this kind of polymer exhibits a high CO, permeability probably due to its very
good gas transport properties [92].

The test carried out using pure CO; actually demonstrated that, depending on the compo-
sition of the surrounding atmosphere, the different equilibrium of water absorption in the
coating can impact the response in a non-negligible way.

3.2.3 Sensitivities Comparison of Polyimide-coated Fibres

The last study of this section was divided in two parts. The first part was projected to analyse
the influence of the number of coating layers in the temperature sensitivity of the RISE
polyimide-coated fibres with 1, 2, 3 and 4 layers. The second part was based on the study of
the stability of the polyimide-coated fibres RH sensitivity in the temperature range from -20 to
50°C. A CP-¢-OTDR interrogator was used in both analysis.

Temperature Sensitivity

A temperature characterization test from -20 to 25°C was performed at constant RH, as shown
in Figure 3.16, and the variation of the temperature sensitivity of the RISE polyimide-coated
fibres as function of the number of coating layers is presented in Figure 3.26.
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Figure 3.26 — Temperature sensitivity of polyimide-coated fibres as function of the number of
layers.
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The temperature sensitivity increases with the number of layers, in an almost linear approxi-
mation, with a variation of 44+6 MHz/°C per number of coating layers. Nevertheless, it is clear
that there is a deviation from a linear behaviour, expressed by the lower R? of 0.9683. Possibly,
there is an estimation error of the coating layers thickness and, either the total thickness of the
fibre with 3 layers is underestimated or the thickness of the fibre with 4 layers is overestimated.

Relative Humidity Sensitivity

The FUT, including the FiberCore polyimide-coated fibres, was afterwards submitted to RH
tests at 6 preset temperatures (-20, -10, 0, 15, 25 and 50°C) and Figure 3.27 summarizes the RH
sensitivities of all fibres at those preset temperatures.
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Figure 3.27 — Comparison between the RH sensitivities of all polyimide-coated fibres.

The first observation is that the RH sensitivity of all polyimide-coated fibres does not change
significantly in the range of temperatures between -20 and 50°C. For the fibres with only 1
coating layer, this variation is even less significant and the RH sensitivity can be considered
constant in the full range of temperature. One important note is that the difference between
3 and 4 layers of polyimide coating is not significant and can indicate, again, that there is
an error in the coating thicknesses estimation for one of the two fibres. The results of the
FiberCore commercial polyimide fibre are in between the fibre with 3 and 4 layers, which
indicates that the commercial fibres have practically the same RH sensitivity and may have
the same number of coating layers.

The main conclusion of this study is the confirmation that the polyimide-coated fibres are
the best candidates for the RH sensing fibre showing a good and stable RH sensitivity in a large
range of temperatures.
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3.3 Mathematical Model

The last section of this chapter presents the mathematical model used to validate the experi-
mental results of the polyimide-coated fibres.

A coated optical fibre can be modelled as a infinite sequence of coated FBGs that, at the
same time, can be modelled as a infinitely long bi-material rod in which the two materials
(coating and silica optical fibre) adhere perfectly. In an equilibrium status, the axial stress
forces (o) in the materials are balanced and the axial deformations of the fibre, AL fr and
coating, AL, are equal [28]:

O'fAf+O'CAC=0 (3.3)

where A¢ and A are the cross-sectional areas of the fibre and coating, respectively.

ALp=AL, (3.4)

For this study, we consider the polyimide-coated fibres because the material properties
are better known than the acrylate coating. Assuming that the polyimide and silica are linear,
elastic and isotropic, the strain (¢;) in the materials is given by:

e,=0.1E; (3.5)

EZZO'f/Ef (3.6)

where E; and E are the Young's modulus of the coating and fibre respectively. From now,
the parameters A. and E will be designated A, and E), where p means polyimide. Assuming
all the conditions previously mentioned, the strain induced into the fibre’s core by RH and
temperature is given by [93, 94]:

ApEp

:W(ﬁp_ﬁf) XARH (37)

ERH
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ApE,

= PP (q,—as)x AT 3.8
ApEp+AfEf(“’” ar) (5.8)

Er

where ,, and f 7 are the constant coefficients of hygroscopic expansion of the polyimide
coating and of the fibre, respectively. a), and a are the Coefficient of Thermal Expansion
(CTE) of the polyimide and fibre, respectively. The physical parameters of both materials can
be found in [95] but the most important are summarized is Table 3.8.

Table 3.8 — Physical parameters of polyimide and silica optical fibres.

Parameter Silica | Polyimide
Young’s modulus, E (GPa) 73 2.5
Moisture expansion coefficient B(%RH ) 0 7.0E-5
Temperature expansion coefficient, a(K~1) | 5.5E-7 4.0E-5

The model built in this section will be applied to the polyimide-coated fibres with 1, 2, 3 and
4 layers of coating manufactured by RISE. According to the manufacturer, each layer has 4 yum
of thickness. The coating layers were deposited on top of a standard 9/125 pum core/cladding
silica optical fibre.

3.3.1 Relative Humidity Model

The first thing to take into consideration is that the precise values of the parameters are
unknown and not provided by the manufacturers. Additionally, the Young’s modulus of
silica fibres can be affected by the dopant concentration, and that is one more unknown
parameter [96]. Therefore, based on those uncertainties, Table 3.9 presents the range of values
in which each parameter can vary V.

Table 3.9 — Range of parameters values for polyimide-coated optical fibres.

Parameter Minimum | Maximum
Young’s modulus of fibre, E r (GPa) 70 75
Young’s modulus of polyimide, E), (GPa) 2.5 3.5
Moisture expansion coefficient of polyimide, Sp(%RH™!) 7.0E-7 8.0E-7

In order to find the correct parameters for this specific polyimide-coated fibre, a new
algorithm was built to compute the previous equations for different parameters combinations.
The results give the range of possible theoretical values. Comparing these results with the
response of the polyimide-coated fibre with 1 layer of coating in a general RH test at constant
temperature, as shown in Figure 3.28, one can predict the real parameters by finding which
theoretical value is closer to the experimental data.

VThe choice of the range was based on the different values found in literature.
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Figure 3.28 — RH and temperature in the climatic chamber during the test.

The experimental results in GHz can be converted into strain, €, using the RH sensitivity
(1.3 pe/%RH) found in literature for a polyimide-coated fibre with 15 ym of thickness [97,
27]. Additionally, the experimental results can also be directly converted into strain units, by
dividing the frequency shift measured in the fibre by the results obtained by the model.

The closest theoretical set of parameters is evaluated using the Mean Squared Error (MSE)
equation that calculates point by point the difference between the experimental and the
theoretical data.

1 n
MSE==Y (yi-7i)° (3.9)
iz

where 7 is the number of evaluated points and y; and j; the theoretical and experimental

values, respectively.

Figure 3.29 shows the parameters’ range together with the experimental data of polyimide-
coated fibre with 1 layer of coating and best theoretical expected. Table 3.10 presents the best
parameters that will be used further in the RH model.

Table 3.10 — Best parameters for modelling the polyimide-coated fibres.

Parameter Best
Young’s modulus of fibre, E r (GPa) 71
Young’s modulus of polyimide, E), (GPa) 3.5
Moisture expansion coefficient of polyimide, §,(%RH -1y | 8.0E-7
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Figure 3.29 — Comparison between the experimental data of polyimide-coated fibre with 1
layer of coating and the range of theoretical expected data.

The comparison between the experimental and the theoretical should be analysed carefully.
Even if the experimental data fits inside the error margin, there are factors to take into consid-
eration. First of all, the imperfect adhesion between the polyimide coating and the silica fibre
can induce some differences because part of the absorbed humidity will not have the same
effect in the fibre’s core as if the adhesion was perfect. The silica Young’s modulus also changes
significantly when a coating is applied [98]. Then, the structure of the polyimide coating is not
perfectly homogeneous and will have oscillations in the concentration and thickness. Finally,
the water absorption capacity of the polyimide, but also its Young’s modulus, can change with
a temperature or RH variation [99].

All those factors are not considered in the model and can explain some errors in the com-
parison between the experimental and the theoretical data. Nevertheless, the experimental
results for the fibre with 1 layer of polyimide coating fit the theoretical calculations.

Using the set of parameters listed in Table 3.10, the model was afterwards applied to
the fibres with 2, 3 and 4 layers of polyimide coating. Figure 3.30 shows the results for the
polyimide-coated fibre with 2 layers of coating.

The first observation is that the experimental data match well with the theoretical data
up to approximately 35% of RH. After that, the experimental values are slightly lower than
the theoretical ones. This can be explained by the fact that stacking layers of polyimide
does not produce the same effect as only one layer with a thickness equal to the sum of
the individuals [100]. There will be some imperfections between the layers and some water
molecules will be trapped in the structure gaps and will not have the same effect on the optical
fibre as if it were a perfect diffusion process. At the same time, the polymer starts to lose some
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Figure 3.30 — Comparison between the RH experimental data of 2 layers of polyimide and the
theoretical expected data.

absorption capability at higher RH values because it is closer to the saturation level. In this
situation, the absorption is reduced and the experimental data is naturally lower than the
ideal conditions.

The optical fibre with 3 layers of polyimide coating presents similar results, as shown in
Figure 3.31.
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Figure 3.31 — Comparison between the experimental data of 3 layers of polyimide and the
theoretical expected data.

There is an good prediction up to 50% of RH and a slight difference at higher RH values.
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Finally, the model for the polyimide-coated fibre with 4 layers of coating has significant
differences, as seen in Figure 3.32.
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Figure 3.32 — Comparison between the experimental data of 4 layers of polyimide and the
theoretical expected data.

The experimental results are significantly lower, specially at high RH values, than the
theoretical model and this can be explained by a possible error in the coating thickness
calculation, as it was indicated in the previous Section 3.2.3. The RH sensitivity of the fibre
with 2 layers of coating is 80% higher than the RH sensitivity of 1 layer, while the sensitivity of
the 3 layers is 60% higher than the sensitivity of 2 layers. On the other hand, the difference
between the sensitivities of the fibres with 3 and of 4 layers of coating is extremely low, in
the order of 5%. This indicates clearly that the coating thickness of the fibre with 4 layers is
probably lower than what is specified by the manufacturer.

3.3.2 Temperature Model

After modelling the RH impact on polyimide-coated fibres at constant temperature, the next
study is to model the temperature effect at constant RH. The RH measured in the climatic
chamber during the test is plotted in Figure 3.33.

The temperature model uses the same parameters for the polyimide-coated fibres obtained
in the previous section but two more should be taken into consideration: the temperature ex-
pansion coefficient of the polyimide and of the fibre [101]. A similar exercise was performed to
determine the best parameters for this fibre, and the range of values is expressed in Table 3.11.

After running the algorithm, Figure 3.34 shows the data from the fibre with 1 layer of
polyimide coating, the theoretical data and the uncertainty range.
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Figure 3.33 — Temperature in the climatic chamber during the test.

Table 3.11 — Polyimide parameters for temperature modelling.
Parameter Minimum | Maximum
Thermal expansion coefficient of fibre, @ (K1) 5E-7 6E-7
Thermal expansion coefficient of polyimide, ap(K™1) | 3E-5 4E-5
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Figure 3.34 — Comparison between the temperature experimental data and the range of

theoretical expected data

The best parameters are presented in Table 3.12 and the first observation is that there is a
perfect match between the closest theoretical data and the experimental results of the 1 layer

of polyimide coating.
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Table 3.12 — Temperature expansion coefficients for modelling.

Parameter Best

Thermal expansion coefficient of fibre, ar 6.0E-7
Thermal expansion coefficient of polyimide, ap | 4.3E-5

For the remaining fibres with 2, 3 and 4 layers of polyimide coating, due to significant
differences between the theoretical model and the experimental data, the theoretical data
should be divided by a corrective factor. This corrective factor is exactly the number of layers
(N) and it can indicate that there are significant thermal losses between the coating layers due
to the imperfect adhesion.

After the correction, the results for the fibre with 2 layers of coating are plotted in Figure 3.35.
Figure 3.36 and Figure 3.37 shows the results of the fibres with 3 and 4 layers of polyimide,

respectively.
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Figure 3.35 — Comparison between the theoretical model and the experimental data of the
fibre with 2 layers of polyimide coating.
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Figure 3.36 — Comparison between the theoretical model and the experimental data of the
fibre with 3 layers of polyimide coating.
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Figure 3.37 — Comparison between the theoretical model and the experimental data of the
fibre with 4 layers of polyimide coating.

The results of the theoretical model fit with a good approximation the experimental data.
While the model fits perfectly the results for 3 and 4 layers of polyimide coating, for the fibre
with 2 layers of polyimide coating, the errors are slightly higher, which could be due to an
imperfect adhesion or to an estimation error of the coating thickness. Overall and in spite
of the uncertainties on the parameters and the possible imperfections in the fabrication of
the fibres, the model agrees well with the experimental data for these polyimide-coated fibres
with different number of coating layers.
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3.4 Conclusions

The conclusions of this chapter can be summarized as follows:

* The concept of a distributed RH fibre sensor was fully validated at a large range of
temperatures and, for the first time, a sensing range of kilometres was achieved using a
¢-OTDR setup.

* Polyimide-coated fibres are better candidates than acrylate-coated fibres for humidity
sensing and offer advantages on several aspects such as RH sensitivity and thermal
stability in a large range of temperatures.

* The RH sensitivity of the acrylate-coated fibres is not negligible and, surprisingly, it
increases significantly at lower temperatures and vanishes almost entirely at high tem-
peratures (50°C). Even if fibres are prepared using the same type of acrylate in their
coating composition, the RH sensitivities may be entirely different and should be indi-
vidually evaluated.

¢ RH should be carefully controlled when doing distributed temperature or strain mea-
surements using acrylate-coated commercial fibres since on a typical temperature range
a small variation of 10% of RH can induce an error of =1.5°C. This value can be even
higher in the case of polyimide-coated fibres due to their higher RH sensitivity.

¢ The test carried out using pure CO, demonstrated that, depending on the composition
of the surrounding atmosphere, the impact of humidity in the coating can change in a
non-negligible way.

¢ All the tested coated-fibres are RH sensitive and none of them can be used as tem-
perature reference due to the cross-sensitivity between humidity and temperature. In
laboratory environments, a bare fibre can be used, but it is impossible in a real-scenario
application. Ideally, a RH insensitive fibre should be found.

* The response of the polyimide-coated fibres under variations of RH and temperature
can be modeled with a reasonable match between experimental data and the theoret-
ical expected values. The built model also identified the unknown parameters of the
polyimide coating and of the silica fibre.
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One of the main conclusions of the previous chapter is that a RH insensitive optical fibre
should be found to avoid issues with the RH-temperature cross-sensitivity. Such optical fibre
should be coated, to be resistant in a in-field application, and would be used as a temperature
reference in a thermo-hygrometer distributed fibre sensor.

This chapter presents two innovative solutions for solving the cross-sensitivity issue. The
first is based on an novel optical fibre with a single layer of an acrylate coating, the Desolite
DS3471-3-14. The choice of this polymer coating is due to its low Dynamic Water Sensitivity
(DWS) [102]. Several desolite-coated fibres with different coating thicknesses were produced
in order to fully investigate the RH effect at different temperatures from -20°C to 50°C, using a
CP-¢-OTDR interrogator. The second presents a new kind of silicone-coated optical fibres
that was chosen based on the high capacity of water repellency and good releasability of the
silicone material [103]. Seven samples of one metre each were produced and tested at different
temperatures from -20°C to 55°C using a ¢-OTDR interrogator [104, 105, 106] .

4.1 Desolite-coated Optical Fibres

4.1.1 Experimental Setup

Desolite DS3471-3-14 is a multi-functional acrylate coating that combines the properties of
the soft and hard coating, usually applied on standard acrylate fibres. With this coating, which
allows increasing fibre drawing speed and offers improved humidity resistance, the optical
fibre is resistant to micro-bending and, at the same time, is mechanically protected.

All the desolite-coated fibres used for this study were entirely fabricated at FiberTech Lille
(IRCICA-Université de Lille) by drawing Modified Chemical Vapor Deposition (MCVD) silica
glass preform doped with germanium and phosphorus oxide. The resulting SMF-type fibre
had a core-to-cladding diameter ratio of 8/125 with a refractive index difference of about

IIn the moment of this dissertation submission, the publications were under review.
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6 x 1073 between core and cladding. The attenuation coefficient was 0.5 dB/km at 1550 nm, as
measured using OTDR. A 4 um core diameter fiber equipped with a Desolite coating was also
manufactured.

To have a well-known RH reference in the test, a polyimide-coated optical fibre was also part
of the tested fibres. The temperature reference is given by a stripped coated fibre (Bare) and
all of these fibres have been spliced and arranged to form a single FUT, mounted strain-free in
special plastic holder, as shown in Figure 4.1 that also shows a micrograph of one sample.

Figure 4.1 — Micrograph of a DeSolite-coated fibre and stress-free fibre holders.

In summary, the FUT was around 770 metres long and made of: 6 pieces of desolite-coated
fibres ! with different thicknesses (from 26.5 pm to 93.5 um); 1 piece of desolite-coated fibre
with the same coating but with a 4 ym core diameter; 1 piece of polyimide-coated commercial
fibres; and 1 piece metres of bare silica fibre. The full list of FUT is given in Table 4.4:

Table 4.1 — List of FUT with their respective coating and core characteristics.

Fibre | Coating Type | Coating Thickness(um) | Core Diameter(um)

A DS3471-3-14 27.5 4

E1l DS3471-3-14 26.5 8

Cl DS3471-3-14 55.5 8
Al DS3471-3-14 57.5 8

B1 DS3471-3-14 63.5 8

F1 DS3471-3-14 85.0 8
Gl | DS3471-3-14 93.5 8

PI Polyimide 15 9

B Bare 0 9

The FUT was analysed with the CP-¢-OTDR interrogator described in Figure 3.14.

IThe fibres designations are provided by the manufacturer.
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4.1.2 Experimental Results

The experimental procedure started with a temperature characterization followed by 6 RH
tests at different constant temperatures (-20°C, -10°C, 0°C, 15°C, 25°C and 50°C).

Temperature Characterization

The temperature was gradually changed from 25°C to -20°C at a constantlevel of RH (7.3% + 0.5%)
to avoid cross-sensitivities. The temperature and RH measured by the reference electronic
sensors are plotted in Figure 4.2.
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Figure 4.2 — Climatic chamber conditions during the temperature characterization test. Tem-
perature in blue and RH in orange.

The fibres frequency shift are grouped in Figure 4.3 and the respective temperature calibra-
tions are represented in Figure 4.4.

The first observation is that all fibres show linear temperature dependence, with a coefficient
of determination (R?) always higher than 0.99. The polyimide-coated and the bare fibre
results confirm what was obtained in the previous chapter, with a temperature sensitivity of
1.31 GHz/K and 1.12 GHz/K respectively.
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Figure 4.3 — Grouped plot of all fibres frequency shift during the temperature characterization
test.
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Figure 4.4 — Temperature calibrations plot of all fibres.

All temperature sensitivities are summarized in Table 4.2.

As expected, the bare fibre shows the lowest temperature sensitivity, due to the absence of
coating and the temperature sensitivity of the desolite-coated fibres increases linearly with
the coating thickness, as demonstrated in Figure 4.5. The uncertainty of the temperature
sensitivity also increases with the coating thickness as expressed by the lower R?. Fibres with
a thinner coating show a better linear fitting because the stress induced by the coating is
negligible compared with the stress induced by the thermal expansion of the silica glass. The
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Table 4.2 — List of FUT with respective thicknesses and temperature sensitivities.

Fibre | Coating Thickness (um) | St (GHz/K) R?
A 27.5 1.279+0.008 | 0.9999
El 26.5 1.193+0.008 | 0.9999
C1 55.5 1.30+0.03 | 0.9979
Al 57.5 1.31+0.04 | 0.9978
B1 63.5 1.34+0.04 | 0.9968
F1 85.0 1.43+0.06 | 0.9939
Gl 93.5 1.48+0.08 | 0.9922
PI 15 1.31+0.01 | 0.9998
B 0 1.12+0.01 | 0.9998

stress induced by the coating increases with its thickness. Overall, the uncertainty on the
temperature sensitivity is of the order of tens of MHz/K.
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Figure 4.5 — Variation of the temperature sensitivity, St, with the coating diameter.

Due to its small core diameter, the loss in fibre A was significantly higher and its temperature
sensitivity was not considered in Figure 4.5. However fibre A shows linear behaviour and
temperature sensitivity (1.279 GHz/K). Up to 93.5 um of coating diameter, the temperature
sensitivity of the desolite-coated fibres increases linearly at a rate of 4.2 MHz/K/um.
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Relative Humidity Characterization

Arelative humidity test was performed afterwards at 50°C, 25°C, 15°C, 0°C, -10°C and -20°C and
the first test presented is at 25°C. Figure 4.6 shows the temperature and RH dynamics during
the test, monitored by the setup reference instrumentation, in which the RH was sequentially
changed from 0.2% to around 80%. The responses of all fibres under test, already temperature
compensated as explained in the Section 3.2.2, are compared in Figure 4.7.
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Figure 4.6 — Climatic chamber conditions during the RH characterization test. Temperature in
blue and RH in orange.
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Figure 4.7 — Grouped plot of the frequency shifts of all fibres during the RH characterization
test.
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The first observation is that all fibres have a completely negligible response to RH when
compared with the polyimide-coated fibre. This RH insensitivity might be explained by the
different DWS of polymer coatings [102]. The parameter DWS depends on the ability of porous
material, therefore polymers, to absorb water molecules, and it is indeed smaller for the
polymer desolite DS 3471-3-14 than for other kinds of secondary coatings '"’.

Analysing only the desolite-coated fibres, one can conclude that at 25°C their responses
are closer to the temperature reference, given by the bare fibre, than to the RH variations and
Figure 4.8 shows the comparison with the bare fibre.
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Figure 4.8 — Grouped plot of the frequency shift of all desolite-coated fibres together with the
bare fibre.

Analysing Figure 4.8, it is clear that, even if the desolite-coated fibres can be considered
insensitive to RH and be used as a temperature reference at 25°C, their behaviour differ slightly
from the bare fibre. Except for fibres A and E1, whose responses are extremely close to the bare
fibre, the responses of the thicker coated fibres at high RH values allow for a RH calibration
even if the magnitude is negligible. The temperature sensitivity is around 1.3 GHz/K while the
RH sensitivity is a few MHz/%RH. Figure 4.9 shows the RH calibrations of 5 fibres C1, A1, B1,
F1 and G1.

In this case, the RH sensitivity calibration curve is not linear. The best-fitting equation is a
polynomial of 2*?order and consequently, the RH sensitivity is a linear function of the RH itself.
This non-linear behaviour is explained by the non-linear variation of the Young’s Modulus,
which is a mechanical property that measures the stiffness of a solid material. Young’s Modulus,
especially of the acrylate polymers, decreases linearly with increasing humidity and decreasing
logarithm of the strain rate [107]. The combined effects of these parameters, humidity and
strain rate, results in a non-linear RH response. At the same time, the temperature has a

Mnformation provided by the manufacturer - on 150 pm films: weight change — 2%; extractable — 1%.
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Figure 4.9 — RH calibration of 5 desolite-coated fibres.

significant impact on the Young’s Modulus of this kind of DS3471 coating. It varies from
2.2 MPa at 20°C to 520 MPa at -60°C [108]. Consequently, it is expected that a fibre with this
kind of coating changes drastically its behaviour at different temperatures. On the other hand,
this effect is not evident in the PI-coated fibres because the variation of Young’s modulus in
the tested temperature range is not significant (3.2 + 0.1 GPa) [109].

A RH test at 50°C was performed afterwards. Figure 4.10 shows the climatic chamber
dynamics during the test and due to limitations in the test setup, it was not possible to go
beyond 20% RH at 50°C.
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Figure 4.10 — Climatic chamber conditions during the RH at 50°C.
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Figure 4.11 groups the frequency shift of all the tested fibres. Comparing the desolite-coated
fibres with the PI fibre response, after applying the temperature compensation method, it is
clear that the desolite-coated fibre signals are negligible, confirming that these fibres can also
be used as temperature reference in an RH distributed sensor prototype operating at high
temperatures.
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Figure 4.11 — Grouped plot of all fibres frequency shift during the RH test at 50°C.

Figure 4.12 groups only the desolite-coated and bare fibres responses.
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Figure 4.12 — Grouped plot of desolite-coated fibres frequency shift during the RH test at 50°C.

Figure 4.12 shows that the responses of the desolite-coated fibres are similar to the bare
fibre (black line) that, at the same time, is similar to the temperature variations measured by
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the electronic reference temperature sensors, as seen in Figure 4.10. All fibres have a similar
behaviour up to around 10 hours of test, but it is visible that in the latest RH steps, the thicker
fibres show RH sensitivity. Nevertheless, the RH sensitivity is attenuated after a couple of
hours and, it is predictable that waiting more time, the difference between the fibres signals
and the bare fibre would be completely vanished. At 50°C, all desolite-coated fibres show RH
insensitivity.

As the desolite-coated fibres show a non-linear RH response, the RH sensitivities compari-
son is extremely complicated. In this study, in order to compare the RH sensitivities at different
temperatures, a simplification was made. For every temperature tested, the minimum and the
maximum RH sensitivity were calculated with the minimum and maximum linear slopes in
the range of RH explored. An example can be seen in Figure 4.13.
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Figure 4.13 — Example of minimum and maximum RH sensitivity.

The minimum and maximum slopes give the minimum and maximum RH sensitivity of
each fibre at each temperature in the tested RH range. Then, the mean of both values is
calculated, and the difference between the the minimum or maximum values and the mean
gives the measurement error.

The results of all the remaining RH tests at different temperatures are grouped in Figure 4.14
and Table 4.3 summarizes all RH sensitivities calculated in this study with the respective errors.
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Figure 4.14 - Grouped plot of all fibre frequency shifts at different temperatures. A) Frequency
shift at 15°C. B) RH calibrations a 15°C. C) Frequency shift at 0°C. D) RH calibrations a 0°C.
E) Frequency shift at -10°C. F) RH calibrations a -10°C. G) Frequency shift at -20°C. H) RH
calibrations a -20°C.
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Table 4.3 — RH Sensitivities of all fibres in MHz/%RH.

Fibre | Coating Thickness (um) 50°C 25°C 15°C 0°C -10°C -20°C

A 275 INSENSITIVE | INSENSITIVE | 2.9+1.2 15.4+8.6 32.7+16.6 52.6+7.8
El 26.5 INSENSITIVE | INSENSITIVE | 4.7+0.6 | 18.0+11.0 | 31.1+14.7 44.5+4.5
C1 55.5 INSENSITIVE 9.3+24 9.2+2.1 | 36.2+22.2 | 74.4+36.0 96.4+1.0
Al 57.5 INSENSITIVE 9.0+2.5 93+1.9 |352+209 | 71.9+33.2 100.0+1.2
Bl 63.5 INSENSITIVE 11.5+3.1 12.1+2.7 | 42.3+25.0 | 84.0+37.3 110.8+4.2
F1 85.0 INSENSITIVE 15.5+3.1 16.0+4.4 | 53.3+31.5 | 106.2+39.6 | 137.1+15.3
Gl 93.5 INSENSITIVE 16.65+3.4 18.3+5.4 | 61.7+38.2 | 123.6+49.5 | 156.2+20.6
PI 15 220.9 236.2 229.5 227.6 223.4 184.3

At 15°C, the two less RH sensitive fibres, fibre A and E1 start to react slightly to RH, but
with RH sensitivities of the same magnitude order as the optical interrogator error. When
comparing the behaviours of these two fibres, it is possible to conclude that fibre E1 reacts
to humidity changes but it tends to recover to a lower level, as shown in Figure 4.15. The
magnitude of this effect is residual compared with the temperature sensitivity but it can be
seen as a small local spike in the temperature signal, which would then almost disappear. On
the other hand, fibre E1 tends to recover to a lower level, fibre A tends to slowly increase.
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Figure 4.15 — Response of fibre A and E1 in a RH test at 15°C.

The remaining desolite-coated fibres show a higher RH sensitivity but still negligible when
compared with the polyimide-coated fibre. Decreasing the temperature, the RH response
starts to increase significantly and at 0°C, the RH sensitivity of the thicker fibres can be
approximately half of the RH sensitivity of the polyimide-coated fibre . At -10°C, the RH
sensitivities continue to increase, getting closer to the polyimide-coated fibre RH sensitivity.
At -20°C, the desolite-coated fibres reach a maximum of RH sensitivities, and the thicker fibres
have a extremely similar RH sensitivity than the polyimide-coated fibre.

To explore further the RH effect on these fibres, a final 4-step RH test at 25°C was performed.
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The test consisted of smaller RH changes but with positive and negative variations to analyse
the RH absorption and releasing behaviour differences. The dynamics are represented in
Figure 4.16 and the frequency shift of all desolite-coated fibres is presented in Figure 4.17.
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Figure 4.16 — Climatic chamber conditions in the 4-step RH test at 25°C.
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Figure 4.17 — Grouped plot of all desolite-coated fibres during the 4-step RH test at 25°C.

The main observation is that when the RH variation is of the order of 12%, the desolite-
coated fibres follow the temperature trend whether the RH increases or decreases. As expected,
the thicker fibres show some cumulative frequency shift while fibre A, for example, is com-
pletely unaffected by the RH changes at 25°C.

83



Chapter 4 Relative Humidity Insensitive Optical Fibre

4.1.3 Conclusions

The main conclusion of our work on Desolite-coated optical fibres so far is that they are good
candidates to serve as temperature references in an RH distributed sensor, in particular fibres
E1l and A. These two fibres can be considered RH insensitive at temperatures above 15°C.
Below this temperature, the RH sensitivity can still be considered negligible. All the remaining
fibres show an RH insensitivity at 50°C but a significant RH sensitivity at temperatures below
0°C. At temperatures around 15°C, all fibres have an RH sensitivity that is between 1% and 10%
of the PI fibre RH sensitivity and for that reason, can be considered negligible. At temperatures
above 0°, the fibres temperature sensitivity is a few orders of magnitude higher than the RH
sensitivity and, for comparison reasons, even if the RH changes with 100% at 15°C, which is an
extreme case, the equivalent change of temperature for fibre A is around 0.3°C. Even down to
temperatures of -20°C a significant variation of 20% of RH induces a temperature error around
0.7°C, which is a negligible error for most of the temperature applications. For the G1 fibre, at
-20°C, a variation of 10% RH can induce an error of 1°C, which is already a significant variation.

Coupling one of these desolite-coated fibres, especially fibre A and E1, with a polyimide-
coated fibre, a distributed thermo-hygrometer to work over temperatures above 15°C avoiding
the cross-sensitivities issue can be developed.

4.2 Desolite-coated Optical Fibre for Temperature Applications

The next study is dedicated to the analysis of two desolite-coated fibres with a coating thickness
of 280 um and 322.5 um. These two desolite-coated fibres were included in the previous FUT
and the temperature characterization test is described in Figure 4.2. For comparison reasons,
the results of the E1-26.5um and G1-93.5um fibres, already presented in the previous section,
are also included in this analysis.

4.2.1 Experimental Setup

Using the same optical setup, a new FUT was prepared and its constituents are summarized
in Table 4.4.

Table 4.4 — List of FUT with their respective coating and core characteristics.

Fibre | Coating Type | Coating Thickness (um) | Core Diameter (um)
El DS3471-3-14 26.5 8
Gl DS3471-3-14 93.5 8
E2 DS3471-3-14 280 8
F2 DS3471-3-14 322.5 8
B Bare - 9
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4.2.2 Experimental Results

Figure 4.18 and Figure 4.19 show the total frequency shift of all fibres during the temperature
characterization and the temperature calibration plots, respectively.

0
N
I
S so-
E
9p]
>
o
®
S 100 -
(on
o
L
—E1-26.5 um —E2-280 um =—Bare
-150 ,_G1 -93.5 Mm_F2'3225 pm ‘ |

0 2 4 6 8 10 12
Time (hours)

Figure 4.18 — Frequency shift of all fibres grouped during the temperature characterization
test.
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Figure 4.19 — Temperature calibration curves of all the FUT.

Table 4.5 summarizes the temperature sensitivities with the respective coefficient of deter-
mination (Rz).

As expected, the bare fibre shows the lowest temperature sensitivity due to the absence of
coating and an increment of the coating thickness naturally turns into a higher temperature
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Table 4.5 - Comparison between the temperature sensitivities.

Fibre St (GHz/K) R?

Bare 1.12+0.01 0.9998
El 1.193+0.008 0.9999
Gl 1.48+0.08 0.9922
E2 | -0.0549x(T+273.15)+3.4127* | 0.9993
F2 | -0.0654x(T+273.15)+3.8876* | 0.9993

* T is temperature.

sensitivity. Fibres E1 and G1 show a linear behaviour, with an R? higher than 0.99, while fibres
E2 and F2 show an extremely increased temperature sensitivity, especially at temperatures
lower than 0°C, but a non-linear behaviour.

This loss of linearity can be explained by the significant changes in the acrylate properties
at low temperatures, specifically the tensile module, elongation and tensile strength [108].
For the thinner coatings, the dominant effect measured is the strain caused by the linear
thermal expansion of the silica fibres components. However, increasing the thickness of the
coating, this effect starts to be less relevant compared with the strain caused by the expansion
or shrinkage of the acrylate coating. The total frequency shift is then the combination of
these two mentioned phenomena and it means that in an optical fibre with a significantly
thick coating, the frequency shift is mostly affected by the coating effect rather than the
silica thermal effect itself. The result is a significantly amplified but non-linear temperature
response as seen in fibres F2 and E2. For these two fibres, the best fitting function to describe
the temperature behaviour is a polynomial of second order, which means that the temperature
sensitivity of the sensor has a temperature dependence (T). The stabilization response is also
affected by the coating thickness, as expected. Fibre E2 and F2 take longer to stabilize due to
the higher diffusion time caused by the thick coating.

Analysing separately the temperature sensitivity of fibre E2 and F2 in the range of tempera-
tures between -10°C and -20°C, where they reach the maximum value, it is possible to conclude
that the sensitivities are significantly higher compared with the others desolite-coated fibres
but also compared with the traditional SMF (typically around 1.5 GHz/K). Table 4.6 shows
the comparison between the sensitivities and the measurement resolutions. For the reso-
lution measurement calculation, one should take into consideration the sensitivity of the
CP-¢-OTDR interrogator, which is lower than 1 MHz.
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Table 4.6 — Temperature sensitivities comparison and respective measurement resolution.

Fibre | S; (GHz/K) | Resolution (mK)
Bare 1.12 0.89

El 1.20 0.84

Gl 1.48 0.68

E2 5.06 0.20

F2 5.83 0.17

Fibres E2 and F2 have a much higher sensitivity to temperature, from -10°C and -20°C, i.e
around 5 times more than the pure silica fibre. All the tested fibres have a resolution lower than
1 mK, but fibres E2 and F2 go down to 0.20 and 0.17 mK respectively. These results represent a
significant improvement compared with a commercial SME

4.2.3 Conclusions

The main conclusion of Section 4.2 is that the temperature sensitivity of the thicker desolite-
coated fibres increases significantly at lower temperatures but, also that these fibres show
a non-linear response. The thermal expansion and shrinkage of the coating results in an
induced strain that enhances significantly the temperature sensitivity. This means that these
fibres are good candidates to be used in a highly sensitive temperatures distributed sensor,
but special attention should be given to the data analyses.

Selecting the correct coating thickness, a desolite-coated fibre can either be a temperature
reference for a RH measurement or an enhanced temperature sensor at temperatures below
0°C, with a temperature resolution in the order of 100 to 200 pK.

4.3 Silicone-Coated Fibres

Despite the fact that the previous section presents a coated fibre for temperature reference in
a thermo-hygrometer at temperature above 15°C, a new RH insensitive fibre that can operate
in a broader temperature range should be identified. One candidate is silicone owing to its
well-known impermeability to water molecules [103] and several samples of silicone-coated
fibre were drawn to address this issue.

4.3.1 Experimental Setup

The home-made optical interrogator used to characterize the silicone-coated fibres is fully
described in Section 3.1.1. The FUT was composed of 7 different samples of silicone coated-
fibres of 4 um of thickness. A bare fibre and a polyimide-coated fibre were added to the fibres
under test to be the temperature and RH references during the test. The FUT was completed
with a sample of a desolite-coated fibre, fibre A-27.5um.
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125 pm in diameter 5 um core diameter

AREMCO EC4010-BT (4 um thickness)

Figure 4.20 — Silicone-coated fibres micrograph.

All fibres were spliced and rearranged as a single fibre and submitted to a temperature test
and RH at 4 different temperatures, 25°C, 0°C, -15°C and 55°C.

Figure 4.21 - Silicone-coated fibres in a stress-free holder.

4.3.2 Experimental Results
Temperature Characterization

The objective of the 3-step temperature characterization (25°C, 20°C and 15°C) was to compare
the behaviour of these new silicone-coated fibres with the bare fibre. Figure 4.22 shows the
climatic chamber dynamics during the test and Figure 4.23 the response of the full FUT.
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Figure 4.22 — Climatic chamber conditions during the 3-step temperature characterization.
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Figure 4.23 - Silicone-coated fibres compared with bare fibre in the temperature test.

As shown in Figure 4.23, the response of the silicone-coated fibres are extremely close to the
bare fibre, and also the desolite-coated fibre, which means that the temperature sensitivity is
practically the same. The responses of the acrylate- and polyimide-coated fibres are naturally
higher, as demonstrated in the previous chapters of this dissertation.

Relative Humidity Characterization

The RH characterization consisted in a RH test at 5 pre-set temperatures, 55°C, 25°C, 0°C
and -20°C. The first RH test was performed at 25°C and the dynamics is shown in Figure 4.24.

89



Chapter 4 Relative Humidity Insensitive Optical Fibre

Figure 4.25 groups all the fibre responses. The results were not temperature compensated to
be able to compare them directly with the bare fibre results.
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Figure 4.24 — Climatic chamber conditions during RH test at 25°C.
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Figure 4.25 - Silicone-coated fibres compared with bare fibre in the RH test at 25°C.

As expected, the responses of the acrylate- and polyimide-coated fibres are higher due to
their hygroscopic characteristics. The response of the silicone-coated fibres to RH is clearly
negligible and it is again close to the bare fibre, which is measuring only the temperature
fluctuation in the climatic chamber. Figure 4.26 shows a comparison between one silicone-
coated sample and the bare fibre response.
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Figure 4.26 — Silicone-coated fibre sample compared with bare fibre in the RH test at 25°C.

A similar RH test was performed at 0°C, and the climatic conditions are shown in Figure 4.27.
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Figure 4.27 — Climatic chamber conditions during the RH test at 0°C.

Figure 4.28 shows the frequency shifts of all fibres during the RH test at 0°C.

At 0°C the behaviours of the silicone-coated fibres and the bare fibre are again similar. At
lower temperatures the desolite-coated fibres starts to be RH sensitive, as seen in the previous
sections, while the silicone-coated fibres remain completely insensitive to RH. Figure 4.29
shows a detailed comparison between one silicone sample and the bare fibre and demon-
strates, again, that at 0°C the silicone-coated fibres remain a perfect temperature sensor.
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Figure 4.28 — Frequency shifts of all fibres during the RH test at 0°C
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Figure 4.29 - Silicone-coated fibres compared with bare fibre in the RH test.

A similar analysis and similar results were obtained in a RH test at -20°C, presented in
Figure 4.30. Figure 4.31 shows the fibre responses during the RH test at -20°C.
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Figure 4.30 — Climatic chamber conditions during the RH test at -20°C.
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Figure 4.31 - Silicone-coated fibres compared with bare fibre in the RH test at -20°C.

At -20°C, the behaviour of the silicone-coated fibres remains completely insensitive to RH,
following perfectly the bare fibre. Analysing individually one of the samples and comparing
with the bare fibre, one can conclude that the traces closely coincide, as seen in Figure 4.32.
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Figure 4.32 — Silicone-coated fibres compared with bare fibre in the RH test at -20°C.

A final RH test at 55°C was also performed to complete the analysis of the silicone-coated
fibres at higher temperatures. The climatic chamber conditions are presented in Figure 4.33.
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Figure 4.33 — Climatic chamber conditions during the RH at 55°C.

Figure 4.34 and Figure 4.35 show the response of the full FUT during the RH test and the
comparison between one silicone-coated sample and bare fibre, respectively. Once more, the
silicone-coated fibres appear immune to RH variations at 55°C.
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Figure 4.34 - Silicone-coated fibres compared with bare fibre in the RH test at 55°C.
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Figure 4.35 - Silicone-coated fibres compared with bare fibre in the RH test at 55°C.

4.3.3 Conclusions

This section proves that the silicone-coated fibres are, among all the coated optical fibres
testes in this dissertation, the best candidates to be the temperature reference in the thermo-
hygrometer distributed fibre sensors. When coated with a thin layers of silicone, the optical
fibre has the same response as a bare optical fibre, in the tested temperature range, whilst being
protected with a coating. Silicone-coated fibre is a valid solution to solve the temperature-RH
cross-sensitivities issue, as it can be considered a pure temperature distributed fibre sensor.
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4.4 Conclusions

The conclusions of this chapter can be summarized as follows:

e The temperature-RH cross-sensitivities issue was solved.

* Desolite-coated fibres are strong candidates to serve as temperature reference, in appli-
cations above 15°C. They are easy to manufacture and low cost.

» Using the same desolite coating but with thicker thickness, the temperature sensitivity
increases significantly, specially at lower temperatures. The temperature sensitivity is
approximately 6 times higher than the temperature sensitivity of the standard SMFs.

» Silicone-coated fibres increase the range of temperatures across which the optical fibres
are immune to RH. From -20°C to 55°C they can be considered a pure temperature
Sensor.
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Distributed Thermo-hygrometer Fibre
Sensor for Concrete Applications

Chapter 5 presents an application case where the developed distributed thermo-hygrometer
sensor was installed, tested and validated [110] . After selecting a pair of coated optical fibres,
the setup monitored temperature and RH simultaneously inside a concrete block from the
very first moment of its curing process.

Nowadays, concrete is the second most consumed material on Earth, after water, and is
currently present in the large majority of the constructing structures. Most of the European
developed countries spend around half of their infrastructure budgets on repairs, maintenance,
demolish and the replacement of existing structures, and a large percentage is due to wrong
practices in the building techniques used in the past and the present [111]. Most of the
problems cannot be completely understood because there is no way to know precisely what is
occurring inside concrete structures, as they are opaque, and larger constructions like tunnels
or pre-cast panels make it impossible to inspect.

During the lifetime of a concrete structure, parameters such as temperature, humidity or
moisture, load, pH, corrosion rate and pressure should be strictly monitored to guarantee
the good health of the structure. One of the most important and critical parameters is the
moisture content in the concrete pores, which is responsible for most of the degradation
processes such as shrinkage and cracking. The concrete mix is a semi-fluid for the first few
hours of the curing and the process is an exothermic reaction that generates a lot of heat and
expels of moisture. The chemical reaction between water and cement is initialized as soon as
water is added to the mix, although its effect may by not apparent for the first few hours.

The full curing process is usually set to 28 days but is severely dependent on concrete
constituents, mix proportions and weather conditions [112]. If it takes fewer days, a monitoring
solution might offer savings in terms of time and resources, whereas insufficient curing might
lead to catastrophic and irreversible damage. During the drying process, which starts from the
surface layer, the concrete moves from a saturated to a partially saturated state, which cause
capillary tensions in the pore water, and, when these tensions exceed the tensile strength,

IIn the moment of this dissertation submission, the publication was under review.
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cracks will naturally grow up [113, 114]. Hydration reactions are very slow during the first
3/4 hours of concrete’s life but accelerate over the following 8-12 hours when the concrete
changes from the semi-fluid state into a more rigid. In this time frame of 8 to 12 hours, which
is the most critical period in the lifetime of concrete structures, lack of moisture has adverse
effects and results in shrinking and cracking at a very early age and repeated failures at this
period have an irreversible impact on the durability, strength and fire resistance [115]. In fresh
consolidated concrete, water occupies the uneven spaces between cement and aggregate
particles, and as the magnitude of the shrinkage strain is usually proportional to the amount
of moisture lost, a gradient of shrinkage is evident [116].

Windbreaks, fog spraying, and evaporative retarders are some techniques employed to
address the loss of moisture but, the easiest one is to irrigate the concrete during the initial
stage of curing, keeping it humid enough to avoid cracks. Nevertheless, this technique acts
only as blind prevention, and if the concrete is still humid, it has no effect and is a waste of
resources and money. On the other hand, if the concrete dries too fast, more water is needed
and immediate intervention is required.

Two categories of cracks can appear: immediate cracking that happens after few hours due
to internal and external stress gradient; and later cracking caused by the weaknesses left by
the early-age shrinkage. Beyond the losses of load capacity, concrete with cracks allows water
and other liquid chemical agents to penetrate and weaken the internal structure and, even
though it may not affect the structural integrity, aging and durability problems are generally
increased and a precise monitoring system is needed [117]. In the case of tunnels, the position
where one observes water leaking in concrete does not always correspond to the position of
the water source, because the crack is the natural path for the water and not the origin. The
misinterpretation of the crack as the origin of the leak can lead to a false positioning of the
place to intervene.

During the curing of concrete, a phenomenon called bleeding can be evidenced. Bleeding
refers to the process where the settlement of heavier solid particles such as cement, pushes
upward some water to the surface. Some bleeding is normal but excessive can be problematic
because it turns the structure extremely heterogeneous [118]. Some techniques such as
creating holding grids at different levels reduce the negative impact of bleeding in concrete.

The correlation between the concrete moisture and shrinkage strain in small structures
was already investigated by a few authors [119, 120] and S. Taheri compile a review on five key
sensors for monitoring of concrete structure [121]. For example, in 2014, T. Geernaert et al.
presented the first study using Microstructures Optical Fibre Bragg Grating-based (MOFBG)
sensors for strain and temperature monitoring inside a concrete buffer of the Belgian supercon-
tainer concept [122]. The use of two MOFBGs, with a temperature compensation mechanism,
allows simultaneous measurements of strain and temperature, but only in the location where
the sensors are installed. Later, in 2018, L. Pelecanos et al. developed a distributed fibre
optic strain sensor for monitoring the actual field behavior of axially loaded piles [123]. The
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system is based on a BOTDR, with two optical fibres for temperature compensation, and is
able to provide a continuous profile of the induced strain within piles and a clear view of the
condition of the whole structure. The profile of the induced strain indicates the localised
regions of weakness, inhomogeneity or strain concentration, overcoming the limitation of
discrete monitoring systems.

As seen in the previous studies, different authors studied the temperature and strain inside
concrete, however, as of today, although there are only a few solutions to measure punctu-
ally moisture [124] or temperature [125] inside concrete, there is no evidence of a solution
offering simultaneous and distributed measurement of temperature and RH for large concrete
structures with kilometres of sensing range.

In this study, we present a novel technique, based on the distributed fibre optic sensors
technology, to measure simultaneously temperature and relative humidity directly inside a
concrete structure using a set with two optical fibres and a single optical interrogation system.
The technology provides a comprehensive view of the curing process and when mapped with
the properties and curing charts of concrete, an absolute view of the strength and failure
points of concrete. In summary, the presented technology provides an unique and important
monitoring information system during four different moments:

* The need of water during the initial irrigation step;

* Determination of the correct moment to strip the concrete formwork;

» Temperature and moisture stabilization of concrete;

* Continuous monitoring of the structural health for the entire concrete lifetime.

5.1 Experimental Setup

The home-made optical interrogator setup behind the distributed temperature and RH mea-
surements is fully described in Section 3.1.1. The selected fibres for this test were a polyimide-
coated fibre with 4 layers of coating and a desolite-coated fibre with 26.5 ym of coating
thickness, due to its RH insensitivity at temperatures above 15°C [90, 104]. The desolite-
coated fibre was used as temperature reference for the RH measurements acquired with the
polyimide-coated fibre. The optical fibres were properly isolated from the mechanical stress
with a permeable silicone wrap tube, as seen in Figure 5.1 and with a permeable tissue to avoid
the direct contact with solid concrete fragments.

The data analysis methodology was already demonstrated in Section 3.2.2 but, in summary,
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Figure 5.1 — Permeable silicone wrap tube in which the selected optical fibres were inserted.

the equations to calculate temperature and RH are:

AF
T=""Pe T, (5.1)
STDes
RH= + RH) (5.2)
RHp;

where AFp,; and St,,,, are the frequency shift of the desolite-coated fibre, which is only tem-
perature dependent, and the temperature sensitivity of the desolite-coated fibre, respectively.
AFpj is the frequency shift of the polyimide-coated fibre already temperature compensated
and Srp,, is its RH sensitivity. Ty and R Hj are the initial temperature and RH measured by
the electronic references.

5.1.1 Setup Preparation

A parallelepiped shaped holding box of 25x25x50 cm was prepared beforehand and the full
schematic of the test is shown in Figure 5.2.

The two optical fibres are coiled together in a spiral configuration, to increase the length
of the fibre, in three different positions: base, middle and top. In the centre of each position,
one temperature (PT100) and RH (HIH4000) electronic references were installed. All the
electronic sensors were properly calibrated and were inserted in a PVC tube that was also used
to pass the optical fibres from one level to the other. The electronic references, which are not
embedded in concrete, provide the initial references values used to convert the optical fibres
frequency shift to temperature and RH. The lower end of the PVC tube was initially closed with
a thermal sponge to avoid the dispersion of water residuals. A temperature and a RH sensor
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Figure 5.2 — Full schematic of experimental setup.

were additionally placed outside for monitoring the environmental conditions.

The concrete used for this test was a sample of the concrete used in the final lining of the
new tunnels of the High Luminosity Large Hadron Collider (HL-LHC) of CERN. It is a C35/45
minimum strength class, XC4 exposure class, with a cement of 42.5 type I, Il and aggregates
of 32 mm maximum. Normally, the concrete should have reached the required 8 MPa after
approximately 12 hours, but if the mass concrete achieves a much higher hydration heat than
concrete in small quantities, it cures much faster.

Figure 5.3 shows photographs of: the wood formwork before and after pouring with con-
crete, still in the HL-LHC working area; the moment where the measurements started in the
laboratory; the concrete block after few days of curing.

Figure 5.3 - Wood formwork before and after pouring concrete, and concrete block after a few
days of curing.

101



Chapter 5 Distributed Thermo-hygrometer Fibre Sensor for Concrete Applications

5.2 Experimental Results

The results section is divided into 3 parts: 1) Temperature analysis. 2) Relative humidity
analysis. 3) Three-dimension general analysis of temperature and relative humidity.

5.2.1 Temperature Analysis

The temperatures measured by the 4 electronic references temperature are shown in Figure 5.4.
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Figure 5.4 — Reference temperature measured by PT100 during the 37 days of testing.

The test lasted 37 days and, as expected, the temperature of the concrete block increased in
the first 12 hours due to the nature of the exothermic reaction of the curing of the concrete.
The maximum temperature reached was around 46°C in the middle of the concrete, while in
the base it reached 44°C. On top of the block, mostly because the reference sensor was partially
in direct contact with environmental air, the temperature was lower and reached 36°C. The
temperature outside, which increased due to the heat generated by the concrete, reached a
maximum of 35°C. After reaching the maximum, the temperature naturally decreased until
reaching the room temperature. The periodical oscillations observed are the day/night fluctua-
tions of the laboratory temperature. During the test, there were two acquisitions interruptions
that resulted in some missing data represented by the straight lines in the plot.

The spatial resolution of the interrogator was set to 1 metre, so as the total length of
each fibre in each stage is around 6/7 meters, we are able to distinguish 6/7 different points.
Nevertheless, due to some losses caused by the splicing between each fibre, the extreme
points are ignored and only 5 points of temperature and 5 points of RH for each stage of
measurement are considered. All the plots of this section show the individual variations of
the 5 different regions per stage of measurement, distributed in a spiral configuration, as
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explained in Figure 5.5.
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Figure 5.5 — Fibre distribution in a spiral configuration.

The temperature measurement results at the bottom, in the middle and at the top of the
concrete block are shown in Figure 5.6, Figure 5.7 and Figure 5.8, respectively.
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Figure 5.6 — Temperature measured by the desolite-coated fibres at the base of the block.

At the beginning of the curing process, the temperature at the base of the concrete block
reached a maximum of around 44°C after 12 hours, and started to decrease afterwards. The
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fluctuations present in the plots are the real fluctuations of the day/night temperature of the
room, as confirmed by the reference temperature sensors.
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Figure 5.7 — Temperature measured by the desolite-coated fibres in the middle of the block.

In the middle of the concrete, a maximum temperature of 45°C was reached, as shown in
Figure 5.7. Both in the middle and at the base, the maximum temperature difference between
the regions in the same plane was inferior to 1°C.
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Figure 5.8 — Temperature measured by the desolite-coated fibres on the top of the block.

At the top of the concrete, the temperature variation follows the same trend as the previous
measurements, but with a slight distinction in terms of difference between the regions in
the same plane, expressed by the spread of the curves, as Figure 5.8 shows. In this case, the
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maximum difference between the regions in the same plane is around 2.5°C. This higher
variation is explained by the imperfect way that the fibres were embedded at top of the
concrete, and only a thin layer of heterogeneous concrete was placed between the air and
the fibre, as shown in Figure 5.9. The same happened at the base, but as the lower wood
holder was kept until the end of the test, the contact with air was negligible and the differences
between the regions were not significant.

Figure 5.9 — Imperfections in the concrete structure.

The first conclusion of this analysis is that the block can be considered thermally stable
after 5 days. In the meantime, even if a temperature gradient can be observed between the 3
levels, the temperature does not change significantly inside the concrete block.

As the temperature measured by the desolite-coated fibres is used as a reference for the
polyimide-coated fibre, a comparison with the electronic reference is needed, to verify if the
temperature reference is correct. Figure 5.10 shows the variation of the electronic temperature
reference placed in the middle of the concrete and one of the temperature measurements
from the desolite-coated fibre also from the middle of the concrete.

As expected, the temperature variations measured by the fibres agree well with those
measured by the reference temperature sensors. The observed differences are of the same
order of magnitude as the PT100 precision (1°C).
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Figure 5.10 — Comparison between the electronic reference and one fibre’s measurement.

5.2.2 Relative Humidity Analysis

The RH electronic reference measurements of the full test are plotted in Figure 5.11.
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Figure 5.11 — Reference RH measured by HIH4000.

The RH reference sensors were not embedded in concrete and, consequently, the initial
value of the RH was not an accurate reference for the optical fibres measurements. As the
PVC tube was closed in the lower end, the humidity at the base naturally increased due to the
accumulation of water in the tube. At the moment that the cover was removed, after 4 days, the
environmental air started to circulate inside the tube and all sensors measurements dropped
significantly to the environmental RH. After that moment, all sensors reacted similarly with
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a negligible variation between all of them. At the end of the test, the reading of all sensors
agreed, which means that the RH is uniform in the environment.

Due to the impossibility of having a precise initial RH value, because the RH references
were not embedded in concrete, a corrective factor was applied at each stage of measurement.
Given that the concrete is semi-fluid at the start, and as can be understood from literature as
well (see e.g. [114]), the RH can be estimated to be near its saturation value of 100%.

Figure 5.12, Figure 5.13 and Figure 5.14 present the RH variations of the 5 points at each
measurement position: base, middle and top of the concrete block respectively.
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Figure 5.12 — RH measured by the polyimide-coated fibres on the base of the block.

As expected, the RH increased at the beginning because the fibres took some time to absorb
water molecules from the semi-fluid concrete. After reaching the maximum of the RH, it
started to slowly decrease, as concrete starts to expel water vapours. Figure 5.12 shows that in
the base of the block, the RH took around 31 days to stop the descent trend, losing around
30% and stabilized around 70%. The maximum difference between points at the base is
around 8%, which is expected due to the random position of the aggregates and water inside
concrete [126].

The RH measurements in the middle of the block, presented in Figure 5.13 are similar, but
the stability was reached before, around 27 days. In terms of RH losses in the middle of the
concrete, they were situated around 20% and the maximum difference between the points is
around 5%.

The lower losses of RH, compared with the losses at the base, are explained by the exposure
of the fibres at the base to the environmental air, as shown in Figure 5.9. The fibres in the
middle were completely embedded and for that reason, more water molecules were trapped
between the concrete aggregates.
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Figure 5.13 — RH measured by the polyimide-coated fibres in the middle of the block.

The RH variation at the top of the block showed a different behavior compared with the
other levels, as Figure 5.14 presents. The maximum value of RH was not reached at the
beginning of the test but only after 5 days of curing.
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Figure 5.14 — RH measured by the polyimide-coated fibres on the top of the block.

This is explained by the bleeding effect in concrete that brings the water upwards while
the heavier aggregates accumulate on the base [118, 127]. If at the beginning of the test, the
majority of water tends to be pushed downwards due to its low viscosity compared with the
semi-fluid concrete, after a few days of curing, it is pushed upward because of the settlement
of heavier aggregates. Nevertheless, the stability was reached after 25 days but, the maximum
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variation between the points at the same level is significant and around 20%. This is caused by
the heterogeneous and thin layer of concrete that is placed between the fibres on top and the
air, which makes part of the fibre completely embedded in the concrete and part in contact
with air.

A final comparison between the RH reference sensors and the polyimide-coated response
was performed and shown in Figure 5.15.
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Figure 5.15 — Comparison between the electronic reference and one fibre measurement in the
middle of the block.

It is important to note that the RH reference sensor was in contact with air and not em-
bedded in concrete, where a large amount of water molecules are trapped. This creates a
significant difference and for that reason, the two traces are not comparable, but their varia-
tions can be analysed. The inset plot of Figure 5.15 shows that the polyimide-coated fibres
follow the variation of the environmental RH but with a delay of some hours. The peaks
are shifted and this is expected because the concrete acts as a sponge that slowly absorbs
and releases the environmental RH. As the fibre was completely embedded, the variation of
RH takes some hours to be detected. These similarities in the trends of both signals can be
observed many times over the full length of the test.

During the curing process, RH was analysed at a specific moment when some water was
added at the top of the concrete. At the moment when the water was added, the RH responses
of the polyimide-coated fibres, already temperature compensated, were stable and the three
of them reacted differently, as shown in Figure 5.16.

The fibre at the top of the concrete reacted immediately to the water, because the water
reached that fibre immediately, while the fibre in the middle reacted after 6 minutes. That
is expected because the water needs some time to penetrate into the concrete. The fibre at
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Figure 5.16 — Response of the polyimide-coated fibres after adding water at the top of the
block.

the base reacted only after 42 minutes because there was much more concrete to penetrate.
In terms of the magnitude of the RH variations, the fibre at the top was the one with higher
variations of RH, because was the drier fibre when the water was added and had more capacity
of absorbing. In the middle, the RH was initially higher and for that reason, the fibre was not
able to absorb the same amount of water than the fibre on top. The same explanation can
be used for the fibre on the base, where the variation of RH was lower than the variation on
the top, but as the base accumulated some water, the variation was slightly higher than the
variation in the middle.

5.2.3 Three-dimensional General Analysis

After the individual analysis of temperature and RH per level of measurement, this section
presents the full analysis of the block at 4 different moments of the curing process. The first
moment was 1 hour after the curing start and the results are presented in Figure 5.17.

Figure 5.17 shows that at the beginning of the test, the temperature at the base was slightly
higher than in the rest of the block, as expected, because the block was opened at the top and
completely closed at the bottom. The same happened with humidity, 1 hour after the curing
had started, there was a large amount of water on the base on block, as shown in the right plot.
The low viscosity of water, compared with aggregates and cement, pushes it downwards.

The second moment was 12 hours later, when the concrete reached the maximum tempera-
ture during the exothermic reaction. The highest temperature, of around 45°C, was reached at
the middle of the block, as seen in in Figure 5.18, while the RH was almost saturated at the
base.
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Figure 5.17 — Temperature and RH measurements after 1 hour of curing.
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Figure 5.18 — Temperature and RH measurements after 12 hours of curing.

After 2 days, both temperature and RH started to decrease, starting from the top due to the
interaction with environmental air, as shown in Figure 5.19. At that moment, there is still an
excess of water at the base, which explains why the RH remains higher in the lower part of the
concrete.

By the end of the test, after 37 days, the temperature readings remained stable at room
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Figure 5.19 — Temperature and RH measurements after 2 days of curing.

temperature, with negligible variations from level to level, as shown in Figure 5.20. The
concrete block, after suffering the effect of bleeding, presented a significant reduction of RH
at the base, while the differences in the RH measured in the middle were negligible. At the top,
due to the interaction with air, there were significant variations of RH.
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Figure 5.20 — Temperature and RH view measurements 37 days of curing.
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5.3 Conclusion

The main conclusion of this study is that the first distributed thermo-hygrometer, with kilo-
metres of sensing range, to be embedded in concrete was built. The presented solution, which
uses a single optical interrogator and a single optical fibre setup, monitored the curing of a
block of concrete during 37 days uninterruptedly, and allowed determining when the concrete
was thermally stable with negligible variation of RH. The 3-dimensional analysis allowed
studying the evolution of both variables during the full curing process. The solution repre-
sents an enormous improvement of the structural health monitoring systems for concrete
applications, and can be easily implemented in large structures such as tunnels, bridges or
pre-cast concrete panels.
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Conclusions and Research Perspec-
tives

The main objectives of this dissertation were successfully achieved. First of all, the first RH
distributed fibre sensor with kilometres of sensing range, something never done before, was
built. To reach that, the best optical fibres for RH measurements were identified and it was
concluded that the polyimide-coated fibres are the best candidates for a RH distributed fibre
sensor. Then, it was also discovered that the standard acrylate-coated fibres used in most
of the distributed fibre sensors show a non-negligible RH sensitivities. The effect of RH in
acrylate-coated fibres was completely overlooked in previous studies and this dissertation
demonstrates that it can not be disregarded. Apart from the non-negligible RH sensitivity, the
acrylate-coated fibres show drastic differences in their response to RH at different tempera-
tures. Surprisingly, the RH sensitivities increase significantly at lower temperatures and vanish
entirely at high temperatures. Additionally, the difference between standard acrylate-coated
fibres from different manufacturers is also significant, which means that the RH sensitivity
should be addresses distinctively and can not be considered similar to all fibres of the same
kind of coating.

Given that the acrylate-coated fibres are also RH sensitive, and as temperature and RH are
two parameters that can not be separated without a decoupling method, a new search for a
RH insensitive fibre was initiated. The RH insensitive fibre would be used as a temperature
reference in a thermo-hygrometer distributed fibre sensor. First of all, different desolite-coated
fibres were produced due to its fast and low-cost production. Desolite shows a low coeffi-
cient of RH expansion, and several coating thicknesses were produced in order to evaluate
their RH sensitivity. The results demonstrated that the thinner coated fibres (26.5-27.5 ym)
using desolite coatings are completely RH insensitive at temperatures above 15°C and with
a negligible RH sensitivity at lower temperatures. The same fibre samples were also found
to be extremely sensitive to temperature, if the coating thickness was 280-322.5 ym. Their
temperature sensitivity can be 5 times higher than the standard acrylate-coated fibres at
negatives temperatures and can provide a measurement error in the order of 0.2 mK. However,
their non-linear behaviour complicates the data analysis.
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Most of the applications at CERN experience an environment with temperatures below
0°C, and in order to apply a good temperature reference, a RH insensitive at negative tem-
peratures should be found. Based on the well-known hydrophobic properties of silicone, 7
samples of silicone-coated fibres were produced. The results prove that a silicone-coated
fibre is completely insensitive to RH in the range of temperatures from -20 to 55°C. A pure
temperature reference was found and completed the best suitable pair of fibres for a thermo-
hygrometer sensors. In summary, the developed system seems to provides an adequate
solution to measure environmental RH within LHC detectors enclosure, in order to avoid any
condensation risk, potentially damaging the associated complex electronics. Nevertheless, in
order to guarantee to correct performance, a radiation impact study should be performed.

After finding the best pair of coated optical fibres, an in-field application was identified
and explored. More than 30 metres of each fibre were installed inside a block of concrete to
monitor RH and temperature since the very first moment of its curing process. The objective
of this final test was to determine when the concrete block was finally stable and ready for the
next step of construction and the system was fully working for 37 days.

This results represent a breakthrough improvement in the civil engineering monitoring
solutions because up to the moment, there was not a technology that was able to monitor the
RH and temperature in thousands of points inside concrete with a single optical interrogator
with a set of 2 coated optical fibres. Additionally, the presented technology provides an unique
and important monitoring information system to evaluate the need of water during the initial
irrigation step and will provide a continuous monitoring of the structural health for the entire
concrete lifetime.

The obtained results open a wide range of continuity projects to be performed in the future:

¢ The radiation impact study should be performed in the selected optical fibres in order
to understand their resistance to survive in the LHC main detectors. The studies should
be performed in order to understand the differences in the RH sensitivities, induced by
the deformed coating under radiation, but also to identify the maximum sensing length
due to the increasing radiation-induced losses in the silica fibre’s core. Different optical
fibres such as radiation-hard of pure silica fibres should be tested owing to their higher
resistance to radiation environments [128, 129].

» Even if the optical interrogators used in the dissertation were not significantly changed
from what is available in the state-of-the-art, several optimizations for specific appli-
cations should be done. The choice of the components can be optimized in order to
miniaturize the setup and to reduce the full cost of the interrogator. Ideally, the optical
interrogation should be easily transported to a in-field application. Additionally, the
characteristics of the interrogation unit should be explored further. Parameters such as
the maximum sensing length, the minimum spatial resolution and the acquisition time
can be optimized.
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* The RH insensitive fibres found and tested in this dissertation are not commercial
products, and in order to turn the thermo-hygrometer distributed fibre sensor a valuable
product for applications out of the research environment, either the studied fibres
should be produced in large quantities, or a new search for a commercial coated fibre
insensitive to RH should be started.

To conclude, this dissertation presents the first complete study of humidity sensing in
optical fibres and its validation for concrete curing applications. Together with monitoring
large scientific instruments and civil engineering structures, the developed technology may
also prove use useful in a range of applications such as water leaking detection in public
piping, agriculture, pharmacological and aerospace industry.
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List of Acronyms

CERN European Organization for Nuclear Research
LINAC Linear Accelerator

PSB Proton Synchroton Booster

PS Proton Synchroton

SPS Super Proton Synchroton

LHC Large Hadron Collider

ALICE A Large Ion Collider Experiment

ATLAS A Toroidal LHC ApparatuS

CMS Compact Muon Solenoid

LHCb Large Hadron Collider beauty

RH Relative Humidity

FOS Fibre Optic Sensors

RH-FOS Relative Humidity Fibre Optic Sensors

FBG Fibre Bragg Grating

LPG Long Period Grating

DFOS Distributed Fibre Optic Sensor

¢-OTDR Phase-sensitive Optical Time-Domain Reflectometry
LASER Light Amplification by Stimulated Emission of Radiation
SMF Single-Mode Fibres

PVA Polyvinyl Alcohol

EM ElectroMagnetic

OTDR Optical Time-domain Reflectometry

I-OTDR Incoherent Optical Time-domain Reflectometry
P-OTDR Polarization Optical Time-domain Reflectometry
SOP State of Polarization

RI Refractive Index

CP-¢-OTDR | Chirped-pulse Phase-sensitive Optical Time-domain Reflectometry
DAS Distributed Acoustic Sensing

SNR Signal-to-Noise Ratio

OFDR Optical Frequency-Domain Reflectometry

FFT Fast Fourier Transform

129



List of Acronyms
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SOA Semiconductor Optical Amplifier
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VOA Variable Optical Attenuators

MEFC Mass Flow Controllers

NI-DAQ National Instruments Data Acquisition Module
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SrH Relative humidity sensitivity

St Temperature sensitivity

P C-m™ Polarization vector

D Cm™2 Electric displacement vector

E V/m Electric field

€0 F/m Permittivity of free space

€ F/m Dielectric tensor of the medium

X F/m Susceptibility tensor

I Identity matrix

B Propagation constant of an optical wave
) Hz Optical angular frequency
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E Pa Young’s modulus

t s Time
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