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Glossary

SHM: Structura Healtj Monitoring

OFS: Optical Fiber Sensor

DOFS: Distributed Optical Fiber Sensor

OTDR: Optical Time Domain Reflectometry

OFDR: Optical Frequency Domain Reflectometry

FFT: Fast Fourier Transform

IFFT: Inverse Fast Fourier Transform

DTS: Distributed Temperature Sensor

R-OTDR: Raman-Optical Time Domain Reflectometer
R-OFDR: Raman-Optical Frequency Domain Reflectometer
BOTDR: Brillouin Optical Time Domain Reflectometer
BOFDR: Brillouin Optical Frequency Domain Reflectometer
BOTDA: Brillouin Optical Time Domain Analysis
BOFDA: Brillouin Optical Frequency Domain Analysis
BOCDA: Brillouin Optical Correlation Domain Analyzer
DPP: Differential Pulse Pair

EOM: Electro Optic Modulator

BFS: Brillouin Frequency Shift

SG: Signal Generator

TLS: Tunable Laser Source

EM: Electro Magentic

SBS: Stimulated Brillouin Scattering



FWHM: Full Width at Half Maximum

SNR: Signal to Noise Ratio

PM: Polarization Maintaining

PMF: Polarization Maintaining Fiber

LPR: Landau-Placzek Ratio

SMF: Single Mode Fiber

RIP: Refractive Index Profile

AVP: Acoustic Velocity Profile

FEM: Finite Element Method

IFA: Inter Fiber Analysis

MCVD: Modified Chemical Vapor Deposition
EMPA: Electron MicroProbe Analysis
DTSS: Distributed Temperature Strain Sensor

RIA: Radiation Induced Attenuation
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Introduction

Today, the structural health monitoring (SHM) of the developed infrastructures, facilities and
factories relies more and more on advanced technologies, including those based on optical
fibers. SHM allows detecting and assessing the tolerance of those sites to natural hazards,
such as earthquakes, fires, overflows and can on a more regular basis serve to continuously
monitor their energetic performances as an example. The most common type of measurements
regards the spatio-temporal evolutions of the temperature and the strain, two environmental
parameters of major importance defining the infrastructure lifetime and performances. Those
technologies require the development of a network of sensors combining multiple sensitive
elements and associated interrogators. Of course, most of those systems benefit from the huge
market of microelectronics that provides advanced and low-cost components for those needs.
Thanks to the miniaturization of the electronic systems, the sensors are less and less intrusive.

In parallel, the telecommunications market has strongly increased, as well as the one devoted
to optical fiber technologies. The intensive production of optical fibers and the mitigation of
the physical mechanisms (such as nonlinear effects) limiting the data transfer capacity has
opened new perspectives for sensors exploiting these effects to functionalize the optical fiber
as a sensitive element. In addition, as optical fibers are naturally slightly intrusive, immune to
most of the electromagnetic perturbations and can be easily multiplexed, they quickly appear
as a serious candidate to compete with other technologies for SHM. Today, two classes of
fiber optic sensors are distinguished. The first type, point sensors (such as the Bragg gratings),
uses the dependence of the refractive index on the stress or the temperature to measure these
two parameters. This type of sensor offers similar or better performances than conventional
sensors, but can be optimized to allow monitoring in very severe conditions: nuclear, high
temperature, humidity, ignition risks, etc. The second type of optical fiber sensor is said to be
distributed. For distributed sensors, the fiber itself serves as the sensitive element and is
interrogated through a reflectometry technique. These sensors then allow monitoring
temperature or stress all along the waveguide, potentially over tens of kilometers. This
relatively new technology is a real revolution in the field of sensors. Indeed, electronic
sensors offer point-by-point measurements, then an optical fiber can replace a huge number of
electronic sensors, reducing strongly the implementation constraints and potentially the costs.
Distributed optical fiber sensors therefore provide major advantages for the SHM of large
facilities or in severe environments as those encountered in oil and gas industry, nuclear

domain or geophysics fields.
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Regarding the context of this PhD thesis, the presented work has been done in the framework
of a collaboration between three entities:

e iXblue, an industrial specialized in the development of specialty optical fibers and the
production of optical components using these optical fibers.

e The Hubert Curien Laboratory (LabHC), and more particularly its team Materials for
Optics and Photonics in Extreme Radiation Environments (MOPERE). MOPERE works
on the optimization of optical materials, components and systems for their integration in
harsh environments.

e The Politecnico di Bari, polytechnic school in Italy (Bari), with a strong expertise in
Multiphysics modeling tools.

This PhD thesis is the third joint work between these three structures leading to a PhD thesis.
Indeed, considering the interests and competences of each actor, the consortium appears as
very promising to overcome some of the observed limitation in the optical sensor field. For
iXblue the development of a new generation of specialty optical fiber to anchor in the sensor
market is of great interest, especially since iXblue is already established in the field of
underwater surveillance and also in the offshore. LabHC can bring its expertise in the field of
optical fiber sensor and sensor development. The MOPERE group has already developed and
optimized various categories of fiber optic sensors through collaborations with institutes such
as ANDRA, AREVA, and the “Commissariat a ’Energie Atomique” (CEA). Finally the
Politecnico di Bari, will bring its expertise in terms of multiphysics and guided optics

modeling.

The objectives of this PhD thesis are to propose new solutions in order to overcome the
limitations of the existing distributed sensors based on the Brillouin scattering. For this, the
work will be focused on the optimization of the structure and optical properties of the optical
fibers serving as the sensitive element. More specifically, the main goal is to conceive and
produce an optical fiber rendering possible to discriminate between the spatio-temporal
evolutions of the temperature and of the strain along a single optical fiber through Brillouin-
based measurements. To achieve this task, it will be necessary to apprehend the various
physical effects at stake as well as their impact on the fiber material, to model these effects

14



and the resulting Brillouin signature in order to predict the performances of the distributed
sensors using this fiber. Then via the simulation model, it will be a question of defining the
materials and the structures of the optical fibers making it possible to exceed the intrinsic
limitations of the existing technology such as the temperature / strain discrimination via a
Brillouin sensor operating a single optical fiber. The objective is to have a global view of the

sensor and the solution provided by the thesis can be exploited industrially.
This manuscript is organized around three main chapters:

In a first part, a state-of-the-art about distributed optical fiber sensors will be given.
The concept of this class of sensors will be introduced and their main types will be
benchmarked in terms of principles and performances: technologies based on Raman,
Brillouin and Rayleigh scatterings. This will justify our choice to focus on the Brillouin-based
sensing during this work. As a consequence we will more deeply present the physics related
to the Brillouin light scattering and detail how this effect can be exploited to build different
architectures of distributed sensors. Finally we will analyzed the different solutions proposed
in the literature to overcome the discrimination issue with Brillouin sensors. This review will
justify the strategy chosen for this PhD thesis, strategy that will be then introduced with more

details.

In a second step, we will present the selected simulation model to calculate the
Brillouin spectrum of an optical fiber and its associated temperature and strain sensitivities.
The validity of our tools is assessed by benchmarking our calculation results with literature
data about the responses of different well-known optical fibers. In addition, a first parametric
study of the influence of the fiber composition and its refractive index structure on its
Brillouin response will be proposed. This last study will allow us to understand how a fiber
structure characterized by several Brillouin peaks could open the way to the discrimination

between the temperature and strain distributions along a unique optical fiber.

In the last chapter, we will present and discuss the acquired results, both theoretical
and experimental during the PhD thesis. In a first step, the influence of different parameters
on the Brillouin spectrum will be investigated, such as the core size, the size of doped
cladding, the concentration of germanium and/or fluorine, and the refractive index shape. We
then select the most favorable ones to achieve a Brillouin response with several (at least two)
Brillouin peaks and distinct strain and temperature coefficients. Then, as the output results of

our simulations, two optical fiber structures have been identified, manufactured by iXblue and
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then characterized. The obtained experimental results will be then compared to the predictive
simulations, demonstrating the achieved capabilities of temperature / strain discrimination.
The performances of the developed sensor will be compared with similar technologies or

research works available in the literature.

Finally, the main conclusions of this research work will be presented as well as the

possible perspectives to complete and improve the results obtained during this PhD work.
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Chapter |: Optical Fiber Sensors

Optical Fiber Sensors (OFSs) are attracting more and more interest thanks to the
numerous advantages they have compared to their competitive technologies: high acquisition
rate, low weight and volume leading to a very low intrusivity level in addition to their unique
capacity to exploit the optical fiber as the sensitive element to offer distributed measurements.
To illustrate the growing impact of this technology, one can cite the diversity of applications
that have been investigated in the literature, such as the structural health monitoring (SHM)
[1] even in harsh environments [2]-[6], aircraft [7], space programs [8], geotechnical domain
[9], [10], medicine [11]... Moreover, we can also see the increasing trend for the OFS market:
in 2013 the worldwide market was of about ~1.9 billions of US dollars while the previsions
for 2024 are around 4.5 billions of US dollars [12]-[14].

This chapter provides a state-of-the-art about OFS technologies, focusing on the various
architectures of Distributed Optical Fiber Sensors (DOFSs) that generally combine the
measurement of the different light scattering signatures of the silica-based optical fiber with
reflectometry techniques. Indeed, the silica scattering properties strongly depend on its
environmental conditions such as the temperature [15], the applied strain [16], pressure [17],
or the presence of a magnetic field [18]... Different classes of DOFSs have been built that use
one of the three scattering phenomena: Rayleigh [19], Brillouin [20] and Raman [21].
Actually, the main limitation of DOFSs remains the spatial and time discrimination capacities
between the different stimuli applied along the fiber sensing line. Indeed, Brillouin and
Rayleigh scatterings are sensitive to both strain and temperature. It is then not possible using a
unique DOFS basing on these signatures to determine the relative contributions of the two
parameters on the global response. Different mitigation approaches have been investigated to
overcome this drawback, the most evident one consisting in combining the measurements on
two fibers with two different DOFSs.

In this chapter, a state-of-the-art on the DOFSs architectures and performances is presented.
First, the main techniques are detailed and classified by the nature of the exploited scattering
phenomenon. Attention is focused on the sensors using the Brillouin scattering that will be
deeply investigated during the PhD work. In the second part, are detailed the main solutions

that have been proposed for the discrimination between the strain and the temperature along a
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unique fiber with a DOFS. Finally, the promising solutions that have been selected for

investigation during this PhD thesis work will be introduced.

1.1. Light scattering in silica-based optical fiber

During the propagation of an electromagnetic wave into a silica—based optical fiber,
three different scattering mechanisms are observed. These three phenomena, named Rayleigh,
Brillouin, and Raman scatterings are illustrated in Figure 1.1. If the temperature and/or strain
applied on the fiber changes, the light scattering will be modified. As a result by monitoring
the spatial and time evolution of the backscattered light, the optical fiber can be used for strain

and/or temperature monitoring.

Two main classes of DOFSs can be distinguished: the first one is based on the Optical Time
Domain Reflectometry (OTDR) whereas the second one exploits the Optical Frequency
Domain Reflectometry (OFDR). Concerning the OTDR technologies, the distributed capacity
(spatial resolution) is directly related to the duration of the laser pulses launched into the fiber.
Indeed, by measuring the propagation time of the pulsed light is it possible to determine the
position where the external stimuli occurs. The relation between the laser pulse duration and

the sensor spatial resolution DOFs is given by [22]:

5y = T (L.1)
Zneff

where t is the width of the pulse light, c is the light celerity, and n.zf is the effective
refractive index of the optical mode. The OTDR technology is used to probe the backscattered
components of the Rayleigh [23], Brillouin [24], and Raman [25], [26] scatterings. Another
approach is based on the OFDR technique. In this case, the DOF operates in the frequency
domain instead of the time domain thanks to a Fast Fourier Transform (FFT). The DOF
spatial resolution is then determined by the frequency range AF depending on the Rayleigh
scattering [27] (see section 1.1.2), Brillouin scattering [28], or Raman scattering [29] (see

sections 1.1.1 and 1.1.3, respectively).

18



Incident
Rayleigh pump

Brillouin l Brillouin
anti-Stokes Raman  anti-Stokes Te  Stokes
component \
/ Stokes Raman
l ‘ ‘ component

}

]

']

i »

Wavelength

i

Figure 1.1 Scattering phenomena in silica-based fiber and their strain and/or temperature dependencies [30]

1.1.1 Raman scattering

Raman scattering is an inelastic process meaning that the incident signal wavelength
differs from the scattered light wavelength. The phenomenon is represented in Figure 1.2. The
incident photon (w,) will be absorbed by the virtual state, and the de-excitation results in the
emission of a photon at a different wavelength. In terms of energy we will obtain a lowest
energy for the Stokes (ws) photons and highest energy for the anti-Stokes (w,s) photons as
described in Figure 1.2 a). This phenomenon is explained by the incident light interaction
with vibrating molecules in the material. In terms of wavelengths (see Figure 1. 2 b), the
lowest wavelength corresponds to the anti-Stokes (A,5) component and the highest
wavelength corresponds to the Stokes (Ag) one. Moreover, the amplitude of the anti-Stokes
component strongly depends on the temperature whereas the Stokes one only weakly depends

on it. Equations (1.2) and (1.3) give those temperature dependences of the differential cross

section Z—; for the Stokes and anti-Stokes components [31]:

daog ve
= hdv (1.2)
A T
dogs — Vas
a0~ hdy (1.3)
eksT — 1
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where vg and v, are the frequencies of the Stokes and anti-Stokes components, respectively,
Kgis the Boltzmann constant, T is the temperature, h is the Planck constant, and Av is the

frequency of the emitted or absorbed phonon and is equal to 1.3x10* Hz for the fused silica.

a) i b)
Virtualstate = o= = = = = = = = = - ——— W -
- Stokes
Anti-Stok
hws Anti-Stokes ———
" Incident ‘
ﬁ(Uo @ wavelength Ve
w4 [ Incident
stokes wavelength )

- P— y PR— e

E AE = h(wy — wg)
Initial state

E AE = h(was — wo) L Avibration 4o Ao + Ambrutwn

Figure 1.2: Explanation of the spontaneous Raman scattering [32]

By calculating the ratio between the anti-Stokes (I45) and the Stokes (I,) backscattered

intensities, it is possible to determine the temperature through equation (1.4):

Iys(2,T) (VAS>4 - X _
R(T == — a(Aasx) a(/ls,x))dx 14
D= Gn ~\v) ¢ " (1.4)

where a(A45,x) and a(Ag, x) are the attenuations of the anti-Stokes and the Stokes
components at the x position, z corresponding to the fiber length. And then, the measured
ratio gives an absolute temperature value at each x position. Two different types of
Distributed Temperature Sensor (DTS) have been developed, known as the R-OTDR and the
R-OFDR. These sensors will be detailed in the next parts.

1.1.1.1Raman Optical Time Domain Reflectometer: R-OTDR

The most widely used class of DTS operates in the time domain. Figure 1.3 illustrates
the typical architecture of a Raman-Optical Time Domain Reflectometer (R-OTDR). A pulsed
laser light is launched into the sensing fiber. The Stokes and anti-Stokes backscattered signals

pass through an optical circulator. Then, an optical filter separates the two components,
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allowing recording the temporal change of their intensities, and then as a function of the fiber
distance. The sensor spatial resolution proportionally depends on the laser pulse duration
(equation 1.1): typically a 10 ns pulse allows achieving a spatial resolution of 1 m. By using
R-OTDR, sensing distance of 100 km is possible [33] with a temperature accuracy of 1 °C,

an error of 0.1 °C.
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Figure 1.3: Representation of the basic R-OTDR system [34]

1.1.1.2 Raman Optical Frequency Domain Reflectometer: R-OFDR

The second DTS architecture is the Raman-Optical Frequency Domain Reflectometer
(R-OFDR). Figure 1.4 describes the R-OFDR system using as the optical source a Continuous
Wave (CW) laser which is modulated in intensity by an Electro Optic Modulator (EOM) and
a Signal Generator (SG). The backscattered Stokes and anti-Stokes components are separated
and detected in function of the SG. The frequency response of the backscattered signal is
measured by a Network Analyzer. By applying an Inverse Fast Fourier Transform (IFFT) the
time domain response is obtained. The spatial resolution is then driven by the frequency range
AF given by:

c

iy (1.5)

Typically the R-OFDR allows achieving a spatial resolution of 2 m along 30 km of fiber with

a temperature resolution of 1.9 °C [35].
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Figure 1.4: Representation of basic R-OFDR system [29]

1.1.2. Rayleigh scattering

1.1.2.1 Optical Time Domain Reflectometer: OTDR

The Rayleigh scattering is an elastic scattering phenomenon [36], it means that the
scattered light and the probe laser have the same wavelength. Rayleigh scattering is caused by
the random fluctuations of the silica refractive-index of the optical fiber [22]. Moreover, the
Rayleigh scattering is the strongest phenomena compared to the Raman and Brillouin
scatterings which are always present. By applying an external stimuli, such as strain or
temperature, on the fiber, its properties are locally modified in particular its refractive index.
Then, by comparing the backscattered Rayleigh levels before and after applying the stimuli, it
is possible to monitor this stimuli. Most of the interrogators are designed as Optical Time
Domain Reflectometer (OTDR). The OTDR architecture is schematically represented in
Figure 1.5. A laser pulse is launched in the optical fiber, the backscattered Rayleigh signal is
then monitored. Thanks to the time-of-flight technique, is it possible to determine the position
of the event along the fiber through:

t
zZ=13 (1.6)

where v, is the light velocity in the fiber, z is the position, and t is the time of flight, the factor

Y is explained by the consideration of the return trip of the light. The spatial resolution
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depends on the pulse width according to equation (1.1). To perform the temperature
measurement, the ratio between the reference trace and the trace of the perturbed fiber is
calculated. This ratio linearly depends on the temperature with a typical sensitivity of

0.015 %/°C. Such system then exhibits poor performances with temperature resolution of

~15 °C [37].
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Figure 1.5: representation of simplest OTDR system adapted from [38]
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1.1.2.2 Optical Frequency Domain Reflectometer: OFDR

A second technique based on the Rayleigh scattering has been developed and it is
called Optical Frequency Domain Reflectometry (OFDR). Its operating principle is
represented in Figure 1.6. A tunable laser source (TLS) is used to have a spectral range swept
in time. The launching light is split in two parts. The first part goes in the reference arm while
the second part goes in the fiber acting as the sensitive element. The backscattered light from
the sensing fiber is combined to the light from the reference arm by a coupler in order to
generate interferences [39]. The two components of the polarized light are recorded with two

detectors, labelled as P and S detectors.

Beam
Reference arm P il
Tunable Laser £ e ) { 29/50 — P
. coupler . coupler
S
! OFDR
= | response
50/50 =
S . coupler / 0 |
Fiber sensing - o O |
—— =
Q|
[
Distance

Figure 1.6: Operation principle of the OFDR technologies [39]
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To understand the sensing principle, we can analyze a short distance of the fiber, noted as Ax
and having its characteristics represented in Figure 1.7. We first perform a reference
measurement of the Rayleigh amplitude of the fiber (dashed line). After heating the fiber we
record the new trace (solid line). By applying a Fast Fourier Transform (FFT) we obtain the
spectra corresponding to the fiber before and after perturbation (Figure 1.7a). Finally, with a
cross correlation between the reference and the perturbed signals we obtain a wavelength (A1)
or frequency shift (Av) (Figure 1.7 b), this shift being linearly dependent on the strain and the
temperature [40]:

A

v
_ 1.7
~= =73 = CrlT + Cee (1.7)

where A and v are the mean optical wavelength and frequency respectively, Ct and C; are the
temperature and the strain coefficients respectively. By considering Ax= 5mm, the
temperature resolution of the OFDR technologies is of about 0.1 °C and the strain resolution
is of about 1 pe [41].
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Figure 1.7: Rayleigh response of a short length of a single-mode fiber acting as the sensitive element [41], [42].
The solid line corresponds to the heated fiber (AT=46°C, perturbed state) and the dashed line to the unheated
fiber (reference state). In a) the wavelength spectra of the unheated and heated sample, in b) the cross
correlation of the reference and perturbed spectra between the both measurements
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1.1.3 Brillouin scattering

As the Raman scattering, the Brillouin scattering is an inelastic phenomenon. It means
that the scattered Brillouin wavelength differs from the one of the probe laser, as illustrated in
Figure 1.8. Contrary to Raman case, Brillouin scattering is related to the acoustic waves
(phonons) present inside the silica-based fiber due to the thermal activity. Moreover the
Brillouin scattering of the silica glass is sensitive to both temperature and strain [43], [44].
The physics of the spontaneous and of the stimulated Brillouin scattering phenomena will
then be described in this part. Finally the various interrogator architectures allowing to exploit
the fiber Brillouin response to perform distributed temperature and/or strain sensing along an

optical fiber will be introduced.

a) b)
VirtUual state w e o = o o - - - _} -
= ; Stokes
| Anti-Stok
hwg Anti-Stokes | HHoes
Incident \"
hw \\wavelength/ "Corus /»I ” N Cor pe
w p— w45 ncident J
Stokes \ wavelength ’
N—— __d
|
I AE = h(wo — ws)
Initial state "
I AE = fi(wys — wg) L Ao — Avibration Ao Ao + Lvibration

Figure 1.8: Explanation of the spontaneous Brillouin scattering [45]
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1.1.3.1 Spontaneous Brillouin scattering
To understand the origins of the Brillouin scattering, we applied the Maxwell
equations to the case of a single mode silica-based optical fiber [46]. The silica is a dielectric
material meaning that no charges and no currents have to be considered into the Maxwell’s

equations that can by reduced as:

., 0B
VXE=—— (1.8)
at
- aD
_ 9D (1.9)
VXB=u, 3
V-B=0 (1.10)
7-D=0 (1.11)

where E and B are the Electric and the Magnetic fields respectively, o is the permeability of

free space, and D represents the electric displacement field through [47]-[49] :

D= e,B + P (1.12)

with €, the dielectric permittivity of free space, and P the polarization density. So, we can

define the linear equation of propagation by:

. n?d%E
2 — .
VE- @ =0 13

where n is the refractive index and c the speed of light. In a dielectric media, the following
constitutive equation has to be taken into account:

B = eoxE (1.14)

where y is the electric susceptibility. By considering the scattering phenomenon the equation
(1.14) becomes:

ﬁ == 60){E + ﬁNL (115)

with

B,, = AcE (1.16)

27



where Ae is the permittivity tensor of the considered material. By including equation (1.16) in

equation (1.13), the propagation equation becomes:

5 GZE_ 92Py,
292t Mg

(1.17)

The permittivity tensor allows explaining the Brillouin scattering, indeed the tensor could be

expressed in two parts, one is scalar while the second is a tensor:

Aeik = AESik + Aeik (118)

where Aed;;, corresponding to the scalar depends on the pressure P, the temperature T and the
material density p, Aej, is the tensor describing the Rayleigh wings as well as the Raman
scattering. The scalar part Aed;y, is at the origin of the Brillouin and the Rayleigh scatterings,
it depends on the elastic properties. The variation of the dielectric constant can be described

as:

A —(06) A +<06> AT 1.19

The variations of the permittivity induced by the temperature remains low, below 2%. Then
we can consider only the first term of second part of the equation (1.19). The density depends

on the entropy S and on the pressure P, the variation can be expressed as:

dp dp

Ap = (6_P>5 AP + (3>p AS (1.20)

The right part of the second term explains the Rayleigh scattering while the other term
corresponds to the Brillouin scattering. So we can summarize the equation (1.19) by including

the equation (1.20) and considering only the Brillouin contribution:

_ Oe (6p

Ae = — —) AP 121
p . (1.21)

apP

In the case of the optical fibers, the Brillouin scattering is due to the variation of pressure
which is explained by the acoustic wave. This acoustic wave corresponds to a local variation

of the density through:

28



p(z,t) = po + Ap(z,t) (1.22)

where p, is the average density of the material and could be defined by wave equation as:

1 .
Ap(z,t) = EA(Z, t)e/@t-a2) 4 ¢ ¢ (1.23)

with A being its amplitude, Q is the pulsation, g the wave vector, and c.c is the complex
conjugate. By considering the effect of the acoustic wave in the polarization density as well as

the scalar approximation, Py; becomes:

de
Py, (r,t) = %Ap(z, t)E(r,t) (1.24)
We can define:
de 4
Y = Po % =N €gP12 (1.25)

where y is the coefficient of electrostriction, and p;, the elasto-optic coefficient defined in
chapter 2.
We define the Electro Magnetic (EM) wave through:

> 1 )
E(r,t) = 5pEEOeJ(‘°0t‘kZ) +c.c (1.26)

where w, is the angular frequency, k is the wave vector, E, the amplitude, and é, is the unit
vector of polarization. So by including the equations (1.23) and (1.26) in the Py, we can

define the electronic polarization as:

Pu(r,t) = &, ﬁ [AE e/ (@or®i=ler)z) 4 g2y (o= Mt-(k=02)] 4 ¢ ¢ (1.27)
0

and then we can define the propagation equation defining the spontaneous Brillouin scattering
as [47]:
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v2E n? 9%E
c? 0%t

UoY

=e, ™ [(wo + 0)2AE, e/ (0ot @)t=(etq)r) (1.28)
0

+ (wo — Q)2A"Ege/ (@o=0t=(-a)] 4 ¢ ¢

The Brillouin scattering is said as spontaneous when the variation of density (acoustic wave)
is due to the thermal activity. It is important to note that two terms in the equation define two
new spectral components. Indeed (wy+ Q) and (wy— Q) demonstrate clearly the
phenomenon shown in Figure 1.8, where (wq + Q) and (wy — Q) represent the Anti-Stokes

and the Stokes components, respectively.

1.1.3.2 Stokes component
As reported in Figure 1.9, the first component of the Brillouin scattering is the Stokes
one. In particular, ES represents the wave number of the Stokes component (orange arrow),
I_c}, (blue arrow) and ¢ (green arrow) are the wave numbers of the incident light and the

acoustic wave, respectively. A, represents the wavelength of the acoustic wave. The yellow
part represents the modulation of acoustic wave, and then the modulation of the material
density. The equation (1.28) requires that, for the Stokes component, the wave number and
the pulsation follow the equations (1.29) and (1.30) corresponding to the momentum and

energy conservations, respectively:

=l
%)
I
=l
I

(1.29)
(1.30)

£
Il
e
I
D QL

The frequency of the Stokes component depends on the angle 6 between the incident optical
wave and the acoustic wave. Moreover the acoustic wave frequency is small compared to the
one of optical wave, then we can do the approximation that ks=kp. Then by satisfying the

equations (1.29) and (1.30) we can write:

]
q = 2k, sin (E) (1.31)

and then by using the equations of dispersion: k = %and q= Vﬁ the equation (1.31) becomes:
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0]
0 = 2k,V, sin (E) (1.32)

where 1, is the speed of the acoustic wave. The frequency Q is generally known as the
Brillouin shift. Throughout this PhD thesis, this parameter will be called Brillouin frequency
(vg) to avoid confusion with the Brillouin shift induced by the temperature and/or strain. The
equation (1.32) could be expressed in function of the incident optical wavelength as:

_2nlg (0) 133
Vg = X sin (- (1.33)

2 . 7
L —

Figure 1.9: Representation of the Stokes component scattered by the spontaneous Brillouin phenomenon. kg
corresponds to the wave number of Stokes component, kp and g, the wave numbers of the incident wavelength
and the acoustic wave respectively. A, is the wavelength of the acoustic wave[47].

Into an optical fiber, the light can only be guided in two opposite directions. So the angle 6
can take only two values: 6=0° or 0=180 °. So by considering the equation (1.33) the
scattered light is null in the direction of propagation and maximum in the opposite direction.
Considering the backscattered phenomenon used in the Brillouin Optical Time Domain

Reflectometer (BOTDR) interrogators equation (1.33) could be simplified as:

2nV,
= (1.34)



1.1.3.3 Anti-Stokes component

Such as the Stokes component, the Anti-Stokes component must follow the
momentum and the energy conservations, and then by considering the equation (1.28) we

obtain:
kps = kp + 4 (1.35)

Wys = wo + 2 (1.36)

Figure 1.10 represents the Anti-Stokes wave scattered by the Brillouin scattering. Moreover,
frequency shift is the same as the Stokes component. This approach allows demonstrating the
variation of frequency between the incident light and the scattered one as it has been

described in Figure 1.8.
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Figure 1.10: Representation of the Anti-Stokes component scattered by the spontaneous Brillouin phenomenon.
kas corresponds to the wave number of Stokes component, kr and g, the wave numbers of the incident wavelength
and the acoustic wave respectively. A, is the wavelength of the acoustic wave[50].
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1.1.4 Stimulated Brillouin scattering

In the case of the Stimulated Brillouin Scattering (SBS) the equations characterizing
the Spontaneous Brillouin scattering are still valid, but by adding another optical wave
referred as the “pump wave” the Brillouin scattering intensity is increased. Indeed, the
Brillouin scattering exhibits a lower intensity than the Rayleigh one. Using this pump wave
allows increasing the number of acoustic phonons (acoustic waves) and then achieving a
higher intensity of Brillouin scattering. In the case of optical fiber, implementing the pump

wave will create an electrostriction phenomenon.

1.1.4.1 Electrostriction

The electrostriction happens when a pump wave and a probe wave are simultaneously
launched in the optical fiber. Figure 1.11 details this phenomenon: by launching an optical
probe wave in the single mode fiber, a Stokes wave will be backscattered (red line) as
explained in part 1.3.2. Simultaneously, by launching a pump wave, these two waves will
interfere creating an electromagnetic beat with a frequency vy at a speed equal to the acoustic
wave. The Electrostriction will create a pressure wave which increases the acoustic wave and

then reinforces the Brillouin scattering.
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Figure 1.11: Electrostriction phenomenon
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This phenomenon will be played on a loop, as shown in Figure 1.12, and the amplitude of the

pump wave will decrease while the one of the Stokes wave increases.
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Figure 1.12: Principle of the SBS [46]
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1.1.4.2 Equation of Stimulated Brillouin Scattering

In the case of SBS, and then with the presence of electrostriction phenomenon, three

waves are present: the Stokes wave Eg, the pump wave Ep, and the acoustic wave or pressure

wave Ap:
. 1 )
Ep(r,t) = épf Ep(z, t)el@rt=kp2) 4 ¢ ¢ (1.37)
L ;1 (wst+k
Es(r,t) = e Es(z, t)el(@st+ks?) 4 ¢ ¢ (1.38)
1 .
Ap(r,t) = EA(Z, t)e/(@t=a2) 4 ¢ ¢ (1.39)

Due to the interference, and then the electrostriction, the polarization unit vector e, is the
same for the Stokes and pump wave. To define the propagation equations of the pump and the
Stokes waves, the polarization density (as defined for the spontaneous Brillouin scattering)

has to be taken into account:

- 1 .

PL (r,t) = éPEpLA(Z' t)Eg(z,t)e/ @pt=kp2) 4 ¢ ¢ (1.40)
0

DS L1y * j(wst+ksz)

Py, (r,t) = epzp—A (z,t)Ep(z,t)el(@WstThs?) ¢ ¢ (1.41)
0

Concerning the SBS, the acoustic phonons originate from the electrostriction and their
amplitude depends on the intensity of the beat created by the Stokes and pump waves. So the
polarization depends on the optical intensity, this dependence explains that the SBS is a non-

linear optical effect. The equations of the perturbed wave and the acoustic wave can be

defined as:
V2E, — ’Cl_j "’;TE: _ ﬂo% (142)
V2Es — n—za;ZEt 5=y, a;i’fL (1.43)
a;TAtp + 2T aaitp ~V2V2Ap = —V-F (1.44)

where F represents the force of Electrostriction, and I is the damping factor acoustic.
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An approximation can be applied to simplify the equations (1.42)-(1.44). In the case of low
interaction, the involved waves do not evolve along a distance corresponding to a few
wavelengths or during a few periods of oscillation. This approximation corresponds to the
slowly varying envelope approximation and allows removing the second derivate term. Under

this approximation, the equations (1.42)-(1.44) become:

O

— * —jAkz
— == +>)E A*Epe (1.46)

5 4epg

(6 na a) Jksy

9 Ty Q—jryd : |
( 5 /75 )A= J9Y b E etk (1.47)

az v, Ty, o)t T T
where a is the linear optical attenuation of the fiber, the right part of the equation (1.47)
corresponds to the —V - Fand where F is defined as F = %)/VE2 before the slowly varying

envelope approximation, and Ak is introduced when the resonance exists but with an acoustic

frequency slightly different than the Brillouin frequency. Finally, Ak is defined through:
Ak =kp+ks—q =0 (1.48)

but Ak is still small, and could be translated in frequency as:

Av=v¢— (vp—vp) = 0 (1.49)

The principal interest of the SBS is the amplification of the Brillouin signal. The amplification
factor is called the Brillouin gain: gg. This term appears in the two differential equations of
Es and Ep, indeed by defining the amplitude of the acoustic waves through the equations
(1.50) as stationary wave, we obtain the equations (1.51) and (1.52) [47]:

jav e JAk
A(z) = ———EpE; 1.50
@) = =307 BB T 2av /avy) (1.50)
dEp _ qkpy? Ep|Es|? aE
dz ~ 16€TgVapo 1 _ (&) 2P (1.51)
J Avg

36



dE;s __ qkpy? Es|Ep|? + EE
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J Avg

If we define the intensity and the electric field in terms of intensity as:

NeyCoy

I=— |E|?
Ep(z) = Co Ip(2)
B = [ls(2)

the equation of intensity of the SBS can be obtained:
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with the gain is defined as:
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where Ap is the wavelength of the pump wave, and Avj is the Full Width at Half Maximum
(FWHM). Finally, for fiber case, only the SBS Stokes component is amplified while the Anti-
Stokes is annihilated. Indeed, for the SBS, the number of acoustic phonons which propagate
in the same direction as the pump wave increases. This phenomenon increases the amplitude
of the Stokes wave. But when an Anti-Stokes photon is created, a photon of the pump wave
and a phonon of the acoustic wave (in counter propagation of pump wave) will be annihilated.
Then by creating Anti-Stokes photons, the number of acoustic phonons responsible for the
creation of Anti-Stokes photon is reduced. This last will be played on loop, and the population
of the acoustic phonons becomes rapidly null. This is why the sole Stokes component is

represented in Figure 1.13.
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Figure 1.13: Stokes component amplification in the SBS regime
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1.1.5 Interrogator

The Brillouin scattering, has been used to monitor the temperature and/or strain using
optical fiber. Indeed the Brillouin scattering properties linearly depend on both stimuli [51]
through the equation (1.60):

vg = C;T + C€ (1.60)

with Cr and C. the temperature and strain coefficients, typically for the well-known SMF28
fiber those coefficients are equal to: C; = 1MHz/°C and C. = 0.05MHz/ue. Different types
of interrogators based on the Brillouin scattering have been developed such as the BOTDR,
BOTDA, or the BOFDR (detailed in parts 1.1.5.1, 1.1.5.2, and 1.1.5.3, respectively). Some of
them exploit the spontaneous Brillouin scattering while the others are based on the SBS. Each

interrogator architecture presents its own advantages and limitations.

1.1.5.1 Brillouin Optical Time Domain Reflectometer: BOTDR

The first kind of interrogator is the Brillouin Optical Time Domain Reflectometer
(BOTDR). Figure 1.14 illustrates the principle of operation of this interrogator that is based
on the spontaneous Brillouin scattering. A laser pulse is launched in the fiber serving as the
sensitive element, part of this laser light is backscattered in Stokes component. This signal is
detected and a spectrum analyzer allows measuring the Brillouin frequency. By using a pulsed
light it is possible to measure the Brillouin frequency as a function of the fiber distance. The
spatial resolution depends on the pulse duration: typically a pulse width of 10 ns allows
achieving a spatial resolution of 1 m. The principal advantage of BOTDR is that the sensor is
single-ended meaning that to perform the measurement only one end fiber access is required.
However, its main limitation of the BOTDR system remains the accessible sensing length. As
the signal is not amplified a BOTDR system typically permits to have a sensing length of up
to 50 km.
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Figure 1.14: Principle of the BOTDR interrogator[52]

1.1.5.2 Brillouin Optical Time Domain Analysis: BOTDA

The second architecture is the Brillouin Optical Time Domain Analysis (BOTDA).
Figure 1.15 illustrates its operation principle that is based on the stimulated regime of
Brillouin scattering. It is worthwhile to note that two light sources have to be launched in the
fiber serving as the sensitive element. The first one is a pulsed laser allowing to achieve the
spatial localization (equation (1.1)) while the second one is a CW laser that is used to obtain a
Brillouin gain. When the condition v,,,-ope — Vpump = Vg is satisfied, the backscattered light is
detected and analyzed to obtain the distribution on the Brillouin frequency along the fiber.
Two types of BOTDA exist, the first one measures the gain of the Stokes component. For this
configuration the probe laser is pulsed and operates at low power while the pump signal is
continuous and more powerful [53]. The second case consists in measuring the losses of the
pump signal. In this case the pump laser is pulsed while the probe laser is CW [54]. The
biggest advantage of the BOTDA is obviously that very long sensing length (~100 km) can be
monitored thanks to the SBS regime. However, the main BOTDA limitation remains its
double-ended configuration. Different researches (such as [55]) have developed some
architectures allowing to operate it through a single ended configuration with only one optical
source. By using an electro-optic amplitude modulator it is possible to create both the probe

and the pump from the same source by performing a temporal shift.
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Figure 1.15: Principle of the BOTDA interrogator[24]
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1.1.5.3 Brillouin Optical Frequency Domain Reflectometer: BOFDR

The last class of Brillouin interrogator is the Brillouin Optical Frequency Domain Analyzer
(BOFDA). BOFDA operates in the frequency domain and then achieves better spatial
resolution than BOTDR or BOTDA configurations. Figure 1.16 represents the schematic
principle of the BOFDA interrogator. In this case, the probe laser signal is amplitude-
modulated by a sinusoidal frequency, the transfer function is subjected to a Fast Fourier
Transform to obtain the time response of the system. The spectra along the fiber is determined
trace-by-trace by modifying the frequency between the pump and the probe. The BOFDA
spatial resolution is defined by the covered frequency range (equation (1.5)), but the sensing
length remains limited by the frequency resolution, this point representing today its major
limitation [46]. Actually the performance of the BOFDA remains limited compared to the
ones of the BOTDA, and as a consequence, these sensors are not today really implemented in

the application field.
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Figure 1.16: Principle of the BOFDA interrogator [28]

H(t)

TABLE 1.1 summarizes the characteristics of the different commercially-available DOFSs
systems. This table explains the orientations and choices made for this PhD thesis work. As
IXblue photonics is a company specialized in the tracking and positioning underwater by
acoustic techniques, including the offshore market, it was then decided to search for a
technology allowing long distances monitoring. Moreover, our objective is that the developed

sensor will be able to discriminate between the relative effects of the strain and of the
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temperature. This discrimination will be achieved by optimizing the sensing properties of the
fiber, basing our study on an approach coupling simulations and experiments. Naturally the
research has been oriented on the Brillouin—based sensors, as this phenomenon is sensitive to
both the temperature and strain. Using a BOTDA, these two measures can be monitored along

distances as long as 100 km with good performances.

TABLE 1.1; CHARACTERISTICS OF THE MAIN DOFSs SYSTEMS [22], [33], [56], [57]

Scattering ] Spatial Sensing  Temperature  Strain o
Technique ) Calibration
phenomenon resolution range accuracy accuracy
Relative
OTDR Im 100 km 15°C -
measurement
Rayleigh From From Relative
lcm 2 km measurement =»
OFDR 0.1°C 1 e )
downto downto a reference is
10 um 10 m needed
20- Absolute
BOTDR Im 10 °C 60 pe
50 km measurement
o Absolute
Brillouin BOTDA 50 cm 100 km 1°C 20 pe
measurement
Absolute
BOFDA 3cm 10 m 0.3°C 10 pe
measurement
Relative
ROTDR 1m 100 km 1°C -
measurement
Raman
Relative
ROFDR 1m 2.5 km 0.1°C -
measurement
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1.1.5.4 Recent progresses in Brillouin-based sensing

During this last decade, a lot of progresses have been performed in terms of Brillouin-
based sensors for structural health monitoring, the oil and gas industry, etc. The advantages
of the DOFs based on the Brillouin scattering are their high temperature and strain
sensitivities, and the possibility to monitor long distances. However, the Brillouin DOFs can
still be optimized, overcoming the current limitations has been the subject of numerous
researches. The first progress concerns the sensing length [49] which, at the start, was 1.2 km
(100 m spatial resolution) [24]. Actually with standard BOTDA is it possible to obtain a
sensing length of 100 km (1 m spatial resolution) [58]. After that, another technology
appeared, called the Brillouin Optical Correlation Domain Analyzer (BOCDA) which allows
obtaining a spatial resolution of a few centimeters but for a reduced sensing length [59]. To
keep the fiber length over several kilometers, the next idea to improve the spatial resolution is
to use several laser pulses instead of one. The DPP-BOTDA (DPP means Differential Pulse
Pair) has then been proposed [60]. By playing with the coding and decoding of the laser
pulses, sub-metric spatial resolution has been investigated: typically a resolution from 2 cm to
2 m can be obtained for a fiber length of 2 km or 150 km, respectively [61], [62].

Another way of improvement concerns the acquisition time of Brillouin interrogators. Today
usual Brillouin interrogators perform a distributed measurement over 150 km of fiber in about
5min with a spatial resolution of 2m. In the same time, the temperature and strain
measurement accuracies have been improved. By increasing the Signal to Noise Ratio (SNR),
the sensitivity of the detector, and the frequency step, the detection precision of the Brillouin
peak has been improved. Actually commercial DOFSs have a resolution of 0.1 MHz allowing

to reach temperature and strain accuracies of about 1 °C and 2 pe respectively.
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Finally another big challenge for DOFSs remains the discrimination between the relative time
evolutions of the temperature and the strain along the fiber. This subject has been studied
intensively in the recent years. Different solutions have been proposed, such as coupling two
interrogators based on either Raman and Brillouin scatterings or Rayleigh and Brillouin
scatterings. Other techniques have been proposed by working at the fiber level: by using two
different optical fibers, polarization maintaining optical fibers (PMF), or sapphire fibers [11],
[63]. The most interesting solutions will be detailed in the second part of this chapter. By
analyzing them, a decision was done on the solutions that have been investigated during this
PhD thesis to discriminate between temperature and strain, while keeping low-attenuation
optical fiber to preserve the capacity to probe long distances. The developed solution should
also be compatible with commercial BOTDA or BOTDR interrogators.

1.2. Towards the strain and temperature discrimination

As explained along this chapter, reflectometers exploit the light scattering dependence
on temperature and strain phenomenon in optical fiber to provide distributed measurements of
these parameters. Is it possible to determine the amplitude of one of these two stimuli if the
other one is kept under control. Otherwise, it is not possible with the current sensor
architectures. Indeed, for the OTDR, we measure the linear attenuation of the fiber, for the
OFDR, we measure the Rayleigh spectral shift, and for the BOTDR or BOTDA, we measure
the Brillouin frequency peak. Then in the case of DOFSs based on Brillouin or Rayleigh
scatterings we have one equation [22], [45] for two unknowns (temperature T and strain ) ,
as described by the equation (1.60) for the DOFSs based on the Brillouin scattering.

To solve the problem of discrimination we must have a system of at least two equations. To
obtain this system, different solutions have been proposed.
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1.2.1 Using two fibers

The first solution consists in combining two optical fibers which are probed by a
unique DOFS interrogator. Figure 1.17 illustrates this principle of discrimination. The idea is
simple but more complex to implement: one of the two fibers has to be mechanically isolated
while the second one is “free”. The first fiber will then be only sensitive to the temperature
while the second one will be sensitive to both temperature and strain [63]. Thanks to this
approach, a new set of equations allowing discriminating between the temperature and the

strain is obtained:

{ V1=CT1T+D (161)

Vo = CTZT + Cele

where v; and v, are the Brillouin frequency peaks of the fibers 1 and 2 respectively, Cy; and
Cr, are their temperature coefficients, C., is the strain coefficient of fiber 2, and D is a

constant due to the strain caused by the packaging of fiber 1.

Interrogator: ” Fiber 1
Brillouin or ‘
Rayleigh | Fiber 2

lStrain

L

@ tube

Figure 1.17: Principle of discrimination by two optical fibers

This solution is efficient, but necessitates to use two optical fibers rendering complex its
implementation. The worst inconvenient is that this solution is not adaptable to all types of
Brillouin or Rayleigh interrogators. Indeed, two inputs are needed for the both fibers.
Moreover, in the case of SBS a double-ended interrogator is needed which complicates the
setting up of the interrogator. Nevertheless, this system is still commonly used as its capacity

of discrimination and sensing length is excellent and as it relies on telecom-grade fibers.
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1.2.2 Interrogator

A second discrimination solution has been adopted by working at the interrogator
level, keeping a unique optical fiber. Indeed we can find interrogators from Viavi-solutions
[64], Neubrex [65], or Febus [66] which are using two different scattering phenomena to
solve the discrimination issue. Figure 1.18 illustrates the principle of this discrimination
method, choosing to use the Rayleigh and Brillouin scatterings [67], [68]. This solution
presents good discrimination capacities [69] exploiting both scatterings to obtain a system of
two equations. Another approach has been developed such as combination of Raman and
Brillouin [70].

Interrogator:

‘ Brillouinand
Rayleigh

lStrain

\J

A

Figure 1.18: principle of discrimination between strain and temperature by using two scattering phenomena

Another technique has been developed by Viavisolutions during this PhD thesis work. Their
interrogator, called DTSS for Distributed Temperature Strain Sensor, is based on the
measurements of both the Landau-Placzek Ratio (LPR) and the Brillouin frequency peak.
During this PhD thesis, a collaboration with Viavi-solutions has been possible and we have
tested the performances of their interrogator in harsh environment comprising radiation

constraints. A part of the Chapter 3 is dedicated to this study.
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1.2.3 Fiber Structure

Another way to distinguish between the temperature and strain effects consists in
using exotic specialty fibers. These optical fibers have original refractive index profiles,
compositions or different characteristics such as the polarization control. In this last part we
propose to discuss how the proposed fiber-based solutions target to achieve this
discrimination.

1.2.3.1 Polarization maintaining optical fiber

Different studies have been focused on the potential of Polarization Maintaining
Fibers (PMF) to solve this limitation. Indeed, the researchers exploit the idea that, by
maintaining the polarization, the Brillouin gain and then the SNR will increase. Then by using
the variations of the Brillouin power, its bandwidth, and its frequency peak in function of the
strain or the temperature changes a system of equation is obtained that can be used to solve
the discrimination problem. This study has been performed with three PMF structures: Panda
fiber, Tiger fiber, and Bow Tie fiber [71], [72]. Unfortunately, these techniques only allow to
badly discriminate the two parameters with large accuracies (82 pe and 4 °C).

Another solution relying on PMF has been described in [73]. In this case, the authors used the
PMF birefringence for the discrimination. Indeed, the birefringence is sensitive to both the
temperature and the strain. They defined the quantity BireFS which is proportional to the
birefringence An. Contrary to the Brillouin frequency peak, this quantity has a negative
temperature coefficient. As a result, this solution provides a good discrimination with a
temperature and strain accuracies of 0.4 °C and 9 e respectively.

The limitations of these PMF-based sensors remain the discrimination level in the first case
and the relatively high birefringence PMF fiber and implementation prices in the second case.
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1.2.3.2 Multi-peaks
Another solution is based on the characterization of an optical fiber with an optimized
Brillouin response. This means that the fiber Brillouin spectrum presents at least two Brillouin
frequency peaks. Indeed, if the Brillouin signature consists of two or three Brillouin frequency
peaks, we then obtain two or three temperature and strain coefficients. The following equation

describes the case of two peaks:

b=l calle @)

where v; and v, are the frequencies of Brillouin peaks 1 and 2 respectively, Cr; and Cr, are
the temperature coefficients of the Brillouin peaks 1 and 2 respectively, and C,.; and C,, are

the strain coefficients of the Brillouin peaks 1 and 2 respectively.
1.2.3.2.1 LEAF fiber

The first identified fiber with several Brillouin frequency peaks was the LEAF fiber
from Corning [74]. This fiber was designed to compensate the dispersion of the SMF28 fiber
for long-distance communications. In terms of Brillouin response, the LEAF fiber presents
two Brillouin frequency peaks having temperature coefficients of Cry = 1.0 MHz/°C and
Cr, =119 MHz/°C and strain coefficients of (. = 0.051 MHz/ue and C., =
0.051 MHz/ue. Then, by applying the equation (1.62), we obtain a discrimination with the
following performances: temperature accuracy of 27 °C and 570 pue for the strain by
considering an error of 2.09 MHz and 3.1 MHz for the first and second peak measurements
respectively [75]. Actually this error can be reduced thanks to the improved performances of
interrogators (see chapter 3). The LEAF fiber has been studied in another work [76], where
the authors studied its discrimination capacity by using both Brillouin peaks as well as the
linewidth and the power of each peak. The best solution obtained by selecting the Brillouin
frequency peaks and the linewidth of each one discriminates the strain and temperature with

an accuracy of 37 pe and 1.8°C, respectively.
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1.2.3.2.2 Photonic crystal fiber

PCF presents an interest for the simultaneous measurements of strain and temperature.
Indeed, it has been demonstrated in [77] that PCF fibers could present several Brillouin
frequency peaks. Then by using the equation (1.62) is it possible to discriminate between the
strain and temperature. These tests have been performed at 1.32 um and seems to present a
good capacity of discrimination with a remarkable spatial resolution of 15 cm, but the fiber
length remains limited to 2 m for these tests. Furthermore, the PCF technology remains very

expensive due to the cost of the microstructured optical fiber and limited to short distances.

1.2.3.2.3 Low loss fiber (Telecom grade)

TABLE 1.2 details the main advantages and limitations of the different discrimination
technologies. Actually, the different techniques working at the interrogator level have a good
capacity of discrimination, but this solution remains expensive due the complexity of
interrogation scheme. Concerning the exotic fibers the inconvenients are the same. To solve
the discrimination problem with a lower cost solution, | decided to focus the PhD research on
the design of a fiber with multiple Brillouin frequency peaks. Indeed, by working at the fiber
level it could be possible to produce a solution that is adaptable on every class of interrogator
if this last has an operation frequency range that includes all Brillouin frequency peaks.
Second the objective is to perform the discrimination along a long distance as those
encountered by iXblue in the off-shore domain. It appears then necessary to have a sensor
with a fiber exhibiting low optical losses at the operating wavelength of the interrogator
(usually 1550 nm).

The main objective of this PhD work is to propose a solution of discrimination by using a
multi-peak Brillouin single mode fiber with low attenuation at the telecom wavelengths.
Finally, the fiber should ideally be easy to manufacture. To achieve this task, it was chosen to
follow an approach coupling simulations of the fiber Brillouin response and experimental

characterization of homemade fiber samples. This approach is detailed in Chapters 2 and 3.
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TABLE 1.2: MAINS ADVANTAGES AND LIMITATIONS OF THE DISCRIMINATION TECHNOLOGIES OF DOFSs

Advantages Limitations
-Good capacity of -Number of fiber
) Mechanically discrimination -Installation in the
Two fibers _ )
isolated -Low losses (high infrastructure due to the
sensing length) mechanical isolation
-Brillouin + - -Good capacities of -Time of acquisition due to
Raman discrimination the interrogation scheme
Interrogator o ) _
-Brillouin+ -Low losses (high -Interrogator proprietary
Rayleigh sensing length) -Price of the interrogator
-Low losses (high o )
PMF ) -Limited capacity of
sensing length) o
) discrimination
Exotic fiber -One fiber
-Price of the fiber due to the
PCFPM -One fiber complexity of fabrication
-Good capacity of (150 €/m [78])
PCE discrimination -Sensing range for the same
reason
-One fiber
-Adaptable to a large . T
-Capacity of discrimination
number of commercial
LEAF . -Harder to install compared
interrogators
] ) to add a new interrogator
-Low linear losses (high
sensing length)
Multipeak

Fiber of this PhD

thesis

-One fiber
-Adaptable to a large
number of commercial
interrogators
-Low losses (high
sensing length)
-Capacity of
discrimination

-Price of production

-Harder to install compared

to add a new interrogator
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1.3 Conclusion

In this chapter, the operating principles of the main classes of distributed sensors
(DOFSs) exploiting the different light scatterings in the silica-based optical fiber are
described. The DOFSs present a high interest in several domains such as the offshore domain,
the structural health monitoring, the transport etc. Each of the numerous investigated sensing
architecture possesses different advantages and limitations in terms of spatial resolution, time
analysis, sensing length, cost and the sensitivity. The objective here, is to propose a solution
to discriminate between the temperature and the strain by optimizing only the sensitive optical
fiber. Then, choosing the Brillouin-based DOFSs naturally appeared as the logical solution.
Indeed, such sensors could have a sensing length of 100 km with a spatial resolution of one
meter, and are sensitive to both the strain and temperature. Moreover, previous works showed
that the discrimination sounds feasible by using an optical fiber having several Brillouin peaks
in its signature. Actually the reported multi-peaks optical fibers do not fulfill the targeted

performances in terms of discrimination.

In this PhD thesis, a model of simulation of the Brillouin response of silica-based optical fiber
will be developed. After validation of this model, it will be exploited to build an optical fiber
structure with two or three Brillouin peaks. Our goal is to achieve good discrimination
capacities of temperature and strain while keeping low attenuation at the operating
wavelength. Finally two of the modeled fibers will be manufactured by iXblue and tested to

confirm our simulation tools and assess the sensor performances.
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Summary (EN)

In this first chapter, a state-of-the-art on distributed fiber optic sensors is presented. A
market study has demonstrated the importance of developing a new generation of sensors.
The objective is to develop a sensor capable of discriminating between temperature and strain
relying on a single fiber over long distances. This will be done by using a coupled simulation /
experiment approach. In a second part, the Brillouin scattering is presented as well as the
various sensor architectures exploiting this phenomenon. Finally, various temperature and
strain discrimination techniques are detailed, giving the context around our choice to develop

a multi-peak Brillouin fiber
Résumeé (FR)

Dans ce premier chapitre, un état de I’art sur les capteurs distribués a fibres optiques
est présenté. Une étude de marché a démontré I’importance de développer une nouvelle
génération de capteurs. L’objectif est de développer un capteur capable de discriminer a la
fois la température et la déformation sur de longues distances, s’appuyant sur une fibre
unique. Ceci sera réalisé via une approche couplée simulation/expérience. Dans une deuxiéme
partie, la diffusion Brillouin est introduite ainsi que les différentes architectures de capteurs
exploitant ce phénomene. Enfin, différentes techniques de discrimination
température/contrainte sont détaillées, donnant le contexte autour de notre choix de

développer une fibre présentant plusieurs pics Brillouin.

Riassunto (IT)

In questo primo capitolo, é illustrato lo stato dell’arte dei sensori distribuiti in fibra
ottica. Da un’analisi di mercato, ¢ stato dimostrato che 1’approccio alla progettazione basato
sulla combinazione delle simulazioni con i dati sperimentali puo fornire un aiuto significativo
allo sviluppo in un’unica fibra di un sensore capace di discriminare contemporaneamente la
temperatura e deformazione su lunghe distanze. Nella seconda parte del capitolo, & presentato
il fenomeno dello scattering di Brillouin, cosi come le diverse tecnologie di sensori basate su
questo fenomeno. Infine, sono argomentate le diverse tecniche per la discriminazione di
temperatura/deformazione evidenziando i vantaggi e gli svantaggi di ognuna di esse, e
giustificando la possibilita di sviluppare una fibra ottica caratterizzata da piu di un picco

Brillouin.
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Chapter I1: Modeling of the Brillouin signature of optical fibers: validation

of the simulation procedure

2.1 Introduction to the selected simulation approach

To discriminate between the spatial and time evolutions of the temperature and the
strain using a unique optical fiber, we choose an original approach based on the design of a
new architecture of low-loss single-mode optical fibers (SMFs). We start our research on the
development of such a low loss (typically less than 1 dB/km) optical fiber by understanding
how changes in the fiber compositions and refractive-index profiles can lead to Brillouin
signatures exhibiting multiple peaks. Indeed, increasing the number of Brillouin peaks allows
obtaining a system of two or more equations rendering possible the discrimination if those
Brillouin peaks are associated to different temperature and strain sensitivities[79]. To design
this optical fiber, we combine simulations and experiments as recently done by our research
group to model the temperature and radiation effects on optical amplifiers [80]. Indeed,
qualified simulation tools allow testing the potential of a lot of fiber architectures at a reduced
cost compared to an iterative approach based only on successive experiments. As the output
of such simulations, the most promising and robust architectures can be identified and can
then be manufactured for qualification through experiments.

As explained in Chapter 1, Brillouin light scattering results from the interaction between the
incident optical wave and the acoustic wave(s) related to the thermal activity in spontaneous
regime [48]. So, to observe this scattering phenomena a phase matching must be satisfied
between those different waves. In the single-mode regime, the light propagation follows the
LP0O1 fundamental optical mode whereas several acoustic modes are usually propagating
along the fiber. Modeling the Brillouin spectrum implies, first, to calculate the LPO1 mode
properties at the operating wavelength, second to calculate the properties of the acoustics
modes. Such calculations are achieved by solving the optical propagation and mechanical

equations in the scalar approximation [81], [82]:
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AE(x,y) + (2771) (n(x,y)* —nZ)E(x,y) =0 (2.1)
2

AU, (x,y) + < i

Vit y)2 Bzzlcoustic> Un(x,y) =0 (2.2)

where 4 is the transverse Laplacian operator, A is the wavelength of the incident light, n(x, y)
is the 2D Refractive Index Profile (RIP), n.sf is the effective index of the optical mode,
E(x,y) is the transversal distribution of the electric field, U,,(x,y) is the longitudinal
displacement field of the acoustic mode of m order, £, is the pulsation of this acoustic mode,
V; is the longitudinal Acoustic Velocity Profile (AVP) in the fiber, and Bgcoustic 1S the

acoustic propagation constant defined by equation (2.3) to respect the phase matching:

4m
Bacoustic = Zﬁoptic = Tneff (2.3)

To solve these equations we have used a Finite Element Method -2D (FEM-2D) method with
COMSOL-Multiphysics™. The main advantages of this software are its ability to deal with
Multiphysics systems and the accuracies of the calculations. The related drawback is that this

accuracy depends on the fine mesh of the fiber, imposing long simulation runs.

Figure 2.1 reports each step of the modeling of the fiber Brillouin signature with
COMSOL™. In 1) the mandatory inputs for the simulation which correspond to the measured
fiber RIP, the measured (or deduced from RIP) radial distributions of the dopants (expressed
in weight percent, ®t%) and the AVP deduced from the fiber composition, in 2) the
COMSOL™ simulation of the optical and acoustic modes considering the fiber geometry and
its meshing. In 3) with MATLAB, the calculation of the fiber Brillouin signature by
considering the overlapping between the optical mode and the acoustic mode(s) at the
wavelength of the interrogator. Each simulation step of this procedure will be further detailed
in sections 2.2.1, 2.2.2, and 2.2.3, respectively.
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Figure 2.1: Successive simulation steps of the Brillouin signature of the single-mode optical fiber SMF28 from
Corning with COMSOL™

2.2 Simulation procedure step-by-step

2.2.1 Calculation of the fundamental mode LP0O1

2.2.1.1 Calculation of the dopant concentrations

To model the Brillouin signature of optical fibers, it is mandatory to perform some
preliminary measurements such as their core and cladding compositions, or more easily their
Refractive-Index Profile (RIP). For the first step, we focus on the calculation of the guided
mode(s). Most of the Telecom-grade SMFs have Ge-doped silica core and pure-silica
cladding. This is the case, for example, of the SMF28 fiber from CORNING that is widely
used for telecommunications as it presents low attenuation levels at 1550 nm: ~0.2 dB/km
[83]. Knowing or measuring its RIP, it is possible thanks to the literature data reviewed in
TABLE 2.1 to deduce the GeO, radial distribution (0t%) along its diameter. If needed,

chemical analysis can be performed on an unknown fiber providing the data to calcul its RIP.
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TABLE 2.1: INFLUENCE OF THE CONCENTRATION OF DIFFERENT DOPANTS ON THE REFRACTIVE INDEX OF SILICA,
DATA EXTRACTED FROM [84]

Dopant An%*/ot%
GeO, +0.056
F -0.310
P20s +0.020
TiO, +0.230
Al,O3 +0.063
B20s -0.033

*An% is the variation of refractive index in percent

Figure 2.2: Conversion of the refractive index profile (RIP) of the SMF28 fiber from Corning
into its radial profile of GeO, concentration expressed in weight percent. illustrates the
conversion of the SMF28 fiber RIP into its radial distribution of GeO,. Through this
procedure, a concentration level of 5.8 wt% GeOy is found, comparable to the values of 6 ot%
given by other researchers [85]. To convert the concentration from ®wt% in to mol% the

equation (2.4) is used giving a concentration of 3.4 mol% of GeO,.

*~ mol% x Mp + (1 — mol%)Mg;p, '

where Mp and Mg;,, are the molar masses of the dopant and the silica, respectively.
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Figure 2.2: Conversion of the refractive index profile (RIP) of the SMF28 fiber from Corning into its radial

profile of GeO, concentration expressed in weight percent.

2.2.1.2 Calculation of the optical mode

Knowing the SMF28 fiber RIP, we simulate the properties (effective index, radial

distribution) of the guided modes at any wavelength. For this we consider some additional
fiber characteristics in COMSOL™ such as:

The core and cladding radius. For SMF28, they are extracted from

Figure 2.2: Conversion of the refractive index profile (RIP) of the SMF28 fiber
from Corning into its radial profile of GeO, concentration expressed in weight
percent.~5 um and 62.5 um, respectively

Type of material : silica glass

The mesh details

The operating wavelength (1550 nm in this example)

The number of targeted modes, 6 were chosen for this example.

By considering all these parameters, COMSOL-Multiphysics™ calculates the radial or 2D

distributions of the electric field of each optical mode.

Figure 2.3: Distribution of the calculated electric field for the LPO1 optical mode at 1550 nm

in the SMF28 fiber: a) 1D representation, in b) 2D representation in the transverse cross-

section of the considered fiber. illustrates the obtained result at 1550 nm for the LPO1 optical

mode in the SMF28 fiber. As expected, the optical mode is not totally confined in the core
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and a non-negligible evanescent part of the light is guided in the cladding. Finally, the
calculated effective index for the LPO1 mode is of 1.4463 at 1550 nm.
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Figure 2.3: Distribution of the calculated electric field for the LP01 optical mode at 1550 nm in the SMF28
fiber: a) 1D representation, in b) 2D representation in the transverse cross-section of the considered fiber.

2.2.2 Calculation of acoustic modes

2.2.2.1 Calculation of the acoustic velocity profile (AVP)
Measuring the fiber composition or its deduction from the RIP (see Section 2.2.1.1)
allows determining the AVP. Indeed, the knowledge of the coefficients listed in TABLE 2.2
allows through equations (2.5) and (2.6) to calculate the acoustic velocity for a given glass

composition [86]:

VLOL'SiOZ/D (x, y) = VLOL,SiOZ X (1 + AVL,D X (DtD%(X, y)) (25)

var,sl-oz p (0y) = VE i 0, X (1+ AVrp X 0tp%(x,y)) (2.6)

where D is the dopant, V. °_ siozio(X.y) is the longitudinal acoustic velocity in the silica-based
fiber doped with D, VLOL,Sioz is the one of pure silica. 4V p is the dependence of longitudinal
acoustic velocity on the D dopant concentration wtp%(x,y) expressed in wtp%.

0 - - - - 0 -
Vr T.5i0/D (x,y) is the transversal acoustic velocity of the doped glass while V; I.5i0, 1S the

one of undoped silica. Figure 2.4 represents the longitudinal AVP of the SMF28 fiber
calculated from its GeO, radial profile. Finally, we obtain through equation (2.3) the
propagation constant Bacousiic of the acoustic wave. For the SMF28 fiber, Bacoustic=

11.725:10" m™. Equation (2.2) then gives the acoustic modes.
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Figure 2.4: Radial acoustic velocity profile (AVP) calculated for the SMF28 fiber basing on its GeO,-doping
radial profile.

TABLE 2.2: INFLUENCE OF THE CONCENTRATIONS OF VARIOUS DOPANTS ON THE ACOUSTIC VELOCITY OF SILICA
[85]. [87]-[90]

AV (m/s) AV (m/s)
Dopants V. (mis) V+(mis)
ot% ot%
SiO, 5944 3767 - -
GeO, 3310 2233 -0.47 -0.49
F - - -3.60 -3.10
P,0s 3936 2471 -0.31 -0.41
Al,O3 11000 6250 +0.42 +0.21
B,03 - - -1.23 -1.18

2.2.2.2 Calculation of the acoustic modes

Following a procedure similar to the one presented for optical modes, COMSOL was
used to calculate the different acoustic modes related to the SMF28 fiber after acquiring the

following input parameters:
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The radius of its core and cladding: ~5um and 62.5um, respectively

Type of the material : Silica glass

The longitudinal AVP

The mesh

The propagation constant of the acoustic wave (determined with equation

(2.3)

The number of desired modes, in our case 200

COMSOL™ allows determining either the distribution of the acoustic pressure in the fiber

cross section or the longitudinal displacement field of the pressure. Figure 2.5 shows the

different acoustic modes obtained by FEM-2D, in a), b), and c) the pressure distributions in

the fiber cross section for the LPa01, LPa02, and LPa03 acoustic modes, respectively. In d)

the radial distributions of these three acoustic modes are illustrated. The LPa01, LPa02 and
LPa03 acoustic modes have frequencies at 10.812 GHz, 10.871 GHz, and 10.954 GHz,

respectively. Additional acoustic modes were calculated but they don’t contribute to the fiber

Brillouin signature as they present a negligible overlap with the LPO1 optical mode. As it can

be seen in Figure 2.5 d) the three acoustic modes of interest are mostly confined between -

6um and + 6um. Then, these modes will be at the origin of the Brillouin spectrum as they

notably overlap with the fundamental mode.
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Figure 2.5: Representation of the pressure distribution in the SMF28 fiber cross-section. In a) the LPa01 mode,
in b) the LPa02, in ¢) the LPa03 modes and in d) the radial distributions of these three acoustic modes[91].

2.2.3 Determination of the Brillouin spectrum

The next step consists in calculating the overlap between the optical mode and each of
the acoustic modes. The acoustic wave is mitigated by the viscosity of the material expressed
by a constant /5 which is equal to the inverse of the acoustic phonon lifetime. Such
phenomenon can be taken into account by modelling the Brillouin spectrum BS(v) using the
Lorentzian function [85], [86] :

_ (T5/2)°
B30 = Z I T/ + & — v @7
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with:

= UIEC ) Pum(x, y)dxdy)® 28)
™ [IE(x, y) [*dxdy [|ug (x, y) |2 dxdy '

where Iy, is the overlap between the fundamental mode and the acoustic mode of order m,
E(x,y) is the transverse distribution of the electric field of the optical mode, un(x,y) the one of
the acoustic mode of order m, I is full width at half maximum (typically ~40 MHz). This
width is the same for all modes but changes with the nature and concentration of dopants or
with the fiber drawing conditions. v is the frequency and v%,, is the Brillouin frequency of the
acoustic mode of m-th order. Figure 2.6 illustrates our simulation results for the SMF28 fiber.
The calculated Brillouin signature exhibits one peak at 10.812 GHz, a second one at
10.871 GHz with a lower intensity superimposing to the first peak, and a third one with a
lower intensity at 10.954 GHz. For comparison, the experimentally measured Brillouin
spectrum of this fiber exhibits one main peak at 10.840 GHz and a smaller one at
10.988 GHz. The small differences between the experiments and simulations are explained by
the uncertainties on the input parameters especially about the fiber RIP extracted from [85],
and a residual strain present during measurement. Anyway, the measured and calculated
Brillouin responses are very close. Indeed, the difference between the frequencies of the main
Brillouin peak is of 28 MHz (less than 1%).
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Figure 2.6: Comparison between the theoretical and experimental Brillouin spectra of the SMF28 optical fiber

2.2.4 Determination of the Brillouin temperature and strain coefficients

We defined a procedure for the calculation of the strain and temperature coefficients
associated to each Brillouin frequency peak. Figure 2.7 reviews the different steps of this

procedure:

- 1) Identification of the different input parameters which are needed for these
simulations: examples are the dopant concentration, the glass thermo-optic coefficient, its

Young modulus etc.
- 2) Modeling of the strain effect on the RIP and AVP using Comsol ™.
- 3) Determination of the strain and temperature coefficients.

Each step of the simulation is further developed in this section.
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Figure 2.7: Simulation procedure used for the calculation of the temperature and strain coefficients associated
to each Brillouin frequency peak.

2.2.4.1 Temperature coefficient

To determine this coefficient, the temperature effects on 1) the glass refractive index
and 2) on the acoustic velocity have to be modeled. To characterize these effects an

homogenous mixing model was considered [85]-[89].

Thermo-optic coefficient: c’o

The temperature effect on the refractive index has been studied in the literature, the thermo-
optic coefficients for diversely doped glasses are reported in TABLE 2.3. Thanks to the
homogenous model the volume percentage f;, of each dopant is given by the equation (2.9)
[92]:
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My
X Pecio. X molp,%
Msio, Psio, D

fo = ", (2.9)
pp + molp% X (mﬂsmz - PD)

10,

where D corresponds to the dopant, M is the molar mass, mol, % is the molar percentage in

percent, and p the glass density.

TABLE 2.3: REPORTED VALUES OF THE THERMO-OPTIC COEFFICIENTS FOR DIFFERENT GLASSES [93]-[98]

Glasses Cp' © (10°/°C)
SiO; +10.4
GeO, +19.4
Al,O3 +13.1
P20Os -92.2
B20s -35.0
BaO 12.7 or 18.4*

S:.0 -24.5 or -12.4*

* Different values are reported in the literature, these dopants are not investigated in
this PhD thesis

In section 2.2.1 we have determined the GeO, level in ®wt%, but in equation (2.9) we have to
convert this value in molar percent (mol%) using equation (2.4). We then calculate the

modified refractive index:

n(x,y) = fp(x,y) Xnp + (1 — fp(x,¥)) X ngo, (2.10)

where np is the refractive index of the considered doped glass, typically ngeo,= 1.5871 at
1.55 pm [99], and nsjoz (=1.444 at 1.55 pm) is the silica refractive index. Finally the thermo-
optic coefficient is defined as the derivative of the refractive index with respect to the

temperature:
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dn dnp dng;o,
- f 2 - 2.11
aT fo aT + - fp) aT (2.11)

SO

Cliver = fo X 5%+ (1= fp) X Csjo; (2.12)

where Criner' © corresponds to the thermo-optic coefficient, Cp'°

is the thermo-optic
coefficient of the oxide, and Csioz' ° the silica thermo-optic coefficient. As an example, in the
case of the SMF28 fiber, we considered a GeO, concentration of 5.8 wt% (3.4 mol%), so a
volume percentage of 0.0358. These input parameters lead to a calculated thermo-optic

coefficient Comrag' ©=10.72x10° /°C for this fiber.

Thermo-acoustic coefficient: C™

In the case of fiber sensing, we are interested only by the longitudinal acoustic velocity. So
we focused our investigation on the thermo-acoustic coefficient C™ of this velocity that

depends on the Young modulus and on the material density [84], [92]:

v, = A+2u:\/§ (2.13)
«} P P

where A and p correspond to the Lamé parameters with A=1.6x10'"Pa and |J:3.1><1O10 Pa for

the silica, p is the density (2200 kg/m® for the silica), and ¢ the Young modulus (73 GPa for
silica). If we derive equation (2.13) with respect to the temperature we obtain the equation
(2.14) [100]:

1d{ 1dp 24V,
i et s b (2.14)
{dT ~ pdT 'V, dT

and

ldp 1 dvy (2.15)
pdT vy dT * '
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where v,,; is the volume and a is the expansion coefficient of the material. So, in this case we

can write:
dv, Vy1dg
Cflber = ﬁ << aT + ) (2.16)
with 1d—z = 18 x 1075 /°C for the silica and germanium, and o =5.6x10"/°C for the silica and

0=7x10"/°C for the germanium [101]. Regarding these coefficient values we can consider
that the acoustic velocity change is mainly related to the temperature dependence of the

Young modulus.

Calculus of the temperature coefficient: Cy

The Brillouin frequency is defined by [102]:

_ ZneffVLeff

ve=—2% (2.17)

where vg is the Brillouin frequency, A is the wavelength of the optical signal. We have shown

that both the refractive index and the acoustic velocity depend on the temperature. By

d
considering a weakly guiding fiber we have 222 ~ Z—: and V;‘iff L leading to:
¢, = dve _ ey dVi | 2Viessdn (2.18)
TTdr A dT A dT
S0
o = 1 dn N 1 dv, 219
T=Vp neff dar VLeff dT ( . )
And finally:
v 1dC
Cr=—2-CT0 B( — ) .
T = neff flber Z dT ta (2 20)
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Concerning the SMF28 fiber, its experimentally-measured temperature coefficient is 1.05
MHz/°C. Using our simulation we found a temperature coefficient value of 1.0551 MHz/°C,

very close to the experimental value.

2.2.4.2 Strain Coefficient

To calculate the strain coefficient associated to the Brillouin frequency peak, the
effects of the strain on the fiber RIP and on the AVP have to be considered. By knowing how
the RIP and AVP change when an external strain is applied to the fiber we can calculate the
shifts of the Brillouin frequency for different strain levels. Then, the strain coefficient is
calculated by performing a linear regression on all the acquired Brillouin frequencies.

The generalized Hooke’s law gives a lot of information in the mechanical domain as
the existence of a linear relationship between the strain and the stress in the linear elastic
domain. Strain and the stress are connected by a tensor which depends on the material elastic
modulus [103], [104]:

[a] = Cle] (2.21)

where [o] is the stress second-order tensor, € is the strain second order tensor, and C is a
fourth-order tensor called elastic tensor. In isotropic linear elastic materials the elastic tensor

can be written as:

Cijkr = [AL6ij0a + m (8B + 81| (2.22)

where A, and p, are the Lamé parameters, 9;; is the Kronecker delta function, and i,jk,l
correspond to the 3 directions X,y and z. So by combining equations (2.22) and (2.21) the

following equation can be inferred [105]:

O xx ] _/1L + 2|J.L AL AL 0 0 07 Exx
ny AL AL + 2|J.L AL O 0 O Eyy
il I ) Ay Ag+2y 00 O 2 2.23
Ty 0 0 0 w0 0|72 (2.23)
Oyz 0 0 0 0 H O 2€y,
Lol L0 0 0 0 0 mwl [2¢,
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The Young modulus ¢ and the Poisson ratio v can be defined by the Lamé parameters:

SAL + ZHL
= S R————— 2.24
{ =y A+ 1y ( )
A
v=—~t (2.25)
2(A, + 1)

As a result, equation (2.23) can be rearranged and the following equations can be obtained:

1

€xy = 7 X [00x = V(0yy + 022)]
1
Eyy = E X [GYY - V(Gxx + Gzz)]
1
€,y = E X [O'ZZ - V(O'xx + O'yy)]
14v (2.26)
Exy = Taxy
1+v
€yz = 7 0yz
1+v
€xz = To'xz

In the case of optical fiber, we consider that the stress is uniformly applied along the

longitudinal axis (x). Finally we obtain:

1
Exx = Eo-xx

_ O (2.27)

€ = €z, =
yy {

€xy = €yz = €x; =0

As a result, when a stress is applied along one direction the equation (2.21) can be simplified
by:

o={e (2.28)

Following this calculation procedure we can model the effects of an external stress on the
fiber AVP and RIP.
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2.2.4.2.1 Acousto-elastic effect: effect of the strain on the AVP

By stressing the fiber both density and the elasticity of the silica material change and
then modify the AVP. Taking into account the Hook’s law, the following equation can be
obtained:

0(e)—0c°=C%e—€")+C'(e—€*?+C"(e —€°)3 + - (2.29)

The constants C° C’ and C> are defined at the state 0 (without stress and at room
temperature) and depend only on this state. The first coefficient C° corresponds to the linear
approximation (near of the state 0). The constants C’ and C’’ correspond to the higher orders:
quadratic and cubic or orders 3 and 4. In the case of the developed sensor the first-order

approximation was considered:

g(e) — 0% =% —€%) (2.30)

To calculate the acousto-elastic coefficient, we use the studies of Murnaghan [106], [107]
concerning the nonlinear elasticity in isotropic material. For an isotropic solid subjected to a
uniaxial stress, the longitudinal and transverse acoustic velocities propagating in the same

direction than the applied stress can be described in function of this stress [108]:

44
AL+ 2y, [ o A+ (2.31)
- 1+ ( (42, + 10p, + 4m) + A +21)]
\/ p (A + 2p) (B, + 2p,) My, L e g
Ve = a [1 + d (4/1L + 4y, +m+ /h_p)] (2.32)
p ny (34, + 2py) 4py,

where V7, V{are the longitudinal and transverse acoustic velocities after applying a stress,
I,m,p are the Murnaghan coefficients (elastic coefficients of the material of the third order)
with 1=11.95x10™° Pa, m=7.47x10% Pa, and p=-4.15x10' Pa for silica [85]. The residual
internal stress of the fiber changes the acoustic velocity. By considering the Taylor series
representation of the equations (2.31) and (2.32) and taking into account the linear term the
following equations can be derived:
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Ve =v)P(1+K,0) (2.33)
Ve = VR (1+ Kro) (2.34)

where V2, V7 are the longitudinal and transverse acoustic velocities for the unstressed fiber.

K, and K; are the longitudinal and transverse acousto-elastic coefficients defined by :

K, = ! (AL ML a2, 4 100, + 4m) + 4, + 21) (2.35)
2(Ap + 2p)(BAL + 2) K
K, = ! (4,1L +ap +m ’h—p) (2.36)
2p, (32, + 2p) 4y,

For a stress applied along the longitudinal axis we can calculate the new AVP:

V2 =VP2 (1+K.le) (2.37)
Ve =V2 1+ Kpe) (2.38)

Concerning the SMF28 fiber example, Figure 2.8 illustrates the evolution of its AVP for five
different applied strains: 0, 1000, 2000, 3000, and 4000 pe. The Young modulus used for the
calculation of the new AVP is the one of the fiber and not the one of silica. To calculate this
Young modulus value, we have used the equation (2.39). The same calculations are done for

the Poisson ratio, the density, and the Lamé parameters:

3(VP(x, )% — 4V (x,y))?
(VG y)* - (Ve )]
(V2 (x, )% = 2(V2 (x, ¥))?

2[(VP(x, 9))% = (V2 (x, ¥))?]

Priver(%,¥) = fo(x,¥) pp + [1 — fo (%, ¥)]psio, (2.41)

{river (X, V) Vriber (X, y)
1+ veper(x, }’)) (1 = 2Vfiper (X, 3’))
{fiver (X, )
2 (1 + Veiper (%, }’))

cfiber(x' y) = pfiber(VTQ(x' y))z (2.39)

Vfiber (x,y) = (2.40)

AL fiver(%,y) = ( (2.42)

Ny piper (X Y) = (2.43)
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Figure 2.8: evolution of the Acoustic Velocity Profile (AVP) of the SMF28 fiber for different strains applied
along its longitudinal axis

2.2.4.2.2 Photo-elastic effect: effect of the strain on the RIP

Concerning the effect of the stress on the refractive index we have used the equation
(2.44) [109], [110] to model it:

n=n"-Cxo (2.44)

where nZis the new refractive index after applying the stress, n°is the RIP at the state 0. C is
the photo-elastic coefficient and its value is equal to 4.2x10™*? Pa for silica. By injecting
equation (2.28) in the equation (2.44) we can calculate the RIP for each strain. Figure 2.9
shows the RIP for each of the strains applied to the SMF28 fiber. In this figure, a silica
refractive index equal to 1.444 at 1.55 pm has been used [111]. Contrary to the AVP, the RI

value decreases with the strain.
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Figure 2.9: Evolution of the RIP of the SMF28 fiber when different strains are applied along the longitudinal
axis

Having the new RIP and AVP for each strain, we can calculate the Brillouin spectra
for the different applied strains. Figure 2.10 illustrates such simulations for the SMF28 fiber.
Its calculated strain sensitivity coefficient C; is 0.054 MHz/ue close to the experimental value
measured as 0.05MHz/pe. Simulation only exceeds by 8% the experimental data. Such
difference is considered as acceptable especially as the measurement errors related to the £

0.64 MHz precision of the used BOTDA are here not considered.
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Figure 2.10: Calculated evolution of the SMF28 fiber Brillouin spectrum versus the external strain.

2.2.5 Validation of the simulation: Impact of the core dopants

We have demonstrated that our simulation procedure allows calculating the Brillouin
frequency, strain and temperature sensitivity coefficients in a way representative of the
experiments for the Telecom-grade SMF28 germanosilicate fiber. In order to fully
characterize the robustness of our codes, the Brillouin signatures of several SMFs diversely
doped in their cores have been calculated. The different core dopants were the phosphorus
pentoxide (P,Os), Germanium dioxide (GeO,), and fluorine (F). TABLE 2.4 describes those
different samples’. Their RIPs have been measured by the Inter Fiber Analysis (IFA from
Interfiber Analysis) at iXblue Photonics. This commercial setup is based on a Michelson
interferometer so that by measuring the phase of the light it is possible to determine the RIP of
the fiber at 963 nm with a spatial resolution of 0.164 um and an error of about 10 for the
refractive index [113]. It is important to notice that the RIP is measured on uncoated fiber

samples.

! This work has been presented during the Workshop on Specialty Optical Fiber (WSOF 2017) in Cyprus, 2017
[112].

76



TABLE 2.4: SET OF OPTICAL FIBERS WITH DIFFERENT CORE DOPING SELECTED TO EVALUATE THE ROBUSTNESS OF
THE SIMULATION TOOLS.

Name of Sample Dopant in core Dopan't n Type of coating  Manufacturer
cladding
SMF _P1 P,05 (= 300t%) Silica Acrylate iXblue
SMF_P2 P,05 (= 500t%) Silica Acrylate iXblue
SMF28 GeO; (= 6wt%) Silica Acrylate Corning
SMF_GeH GeO; (= 20wt%) Silica Acrylate iXblue
SMF_F1 F (= 0.20t%) F (= 30t%) Acrylate iXblue
SMF_F2 F (= 0.20t%) F (= 30t%) Polyimide iXblue

2.2.5.1 Phosphorus doped fiber

To validate our model on P,Os-doped fibers, two fibers have been selected. SMF_P1
is doped at 30 wt% (P,0s) and SMF_P2 is doped at 50 ot%. By following the previously
described model, the Brillouin spectra as well as the temperature and strain sensitivity
coefficients have been calculated. All results concerning these two fibers are given in TABLE
2.5 and TABLE 2.6. Simulated Brillouin frequencies and strain coefficients well agree with
experimental results: differences of less than 1% for the Brillouin frequency and 2.3% for the
strain coefficient are obtained. Concerning the temperature coefficient, the difference is
larger, around 10%. As a conclusion, the simulation still provide results representative to

experiments.

TABLE 2.5: COMPARISON BETWEEN THE CALCULATED AND MEASURED BRILLOUIN FREQUENCIES FOR THE TESTED
PHOSPHORUS-DOPED FIBERS

Brillouin frequency  Brillouin frequency )
Sample name ) Difference (%)
(measured; GHz) (simulated; GHz)

SMF_P1 10.140 10.059 0.8

SMF_P2 10.142 10.114 0.3
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TABLE 2.6 : COMPARISON BETWEEN THE CALCULATED AND MEASURED STRAIN AND TEMPERATURE SENSITIVITY
COEFFICIENTS FOR THE TWO TESTED PHOSPHORUS-DOPED FIBERS

Strain Strain Temperature  Temperature
Sample  coefficient coefficient Difference  coefficient coefficient  Difference
name measured  simulated (%) measured simulated (%)
(MHz/pe) (MHz/pe) (MHz/°C) (MHz/°C)
SMF_P1 0.043 0.042 2.3 0.71 0.80 11.3
SMF_P2 0.044 0.043 2.3 0.69 0.78 11.5

2.2.5.2 Germanium doped fiber

Two different GeO,-doped fibers have been considered. The first one is the SMF28
detailed in parts 2.3 and 2.4. The second one (SMF_GeH) has a higher GeO, concentration
into its core. TABLE 2.7 and TABLE 2.8 compare the obtained simulation results with the
experimental ones. As for the P,Os-doped fibers, the calculated Brillouin frequencies are
really close to the measured ones. Concerning the strain sensitivity coefficient, the difference
between modeling and experiments is around 8.0% for both fibers. For the temperature
sensitivity coefficient, the difference appears slightly larger for the SMF_GeH (10.0%) than
the SMF28 (1.0%). For this type of fibers, the simulations provide valuable results too.

TABLE 2.7: COMPARISON BETWEEN THE CALCULATED AND MEASURED BRILLOUIN FREQUENCIES FOR THE TWO
TESTED GE-DOPED FIBERS

o o Difference between
Sample Brillouin frequency  Brillouin frequency _
) experiment and
name (measured ; GHz) (simulated; GHz) _ _
simulation (%)
SMF28 10.840 10.812 0.3
SMF_GeH 10.205 10.204 0.01
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TABLE 2.8: COMPARISON BETWEEN THE CALCULATED AND MEASURED STRAIN AND TEMPERATURE SENSITIVITY
COEFFICIENTS FOR THE TESTED GE-DOPED FIBERS

Strain Strain Temperature  Temperature

Sample  coefficient coefficient Difference  coefficient coefficient  Difference

name measured  simulated (%) measured simulated (%)
(MHz/pe)  (MHz/pe) (MHz/°C) (MHz/°C)

SMF28 0.050 0.054 7.4 1.05 1.055 0.5

SMF_GeH 0.044 0.048 8.3 1.10 0.99 10.0

2.2.5.3 Fluorine-doped fiber

Finally, the last investigated dopant is the Fluorine. Once again two samples have been
tested: SMF_F1 and SMF_F2. These fibers have the same RIP (they are from the same
preform) but different coatings: acrylate coating for SMF_F1 and polyimide coating for
SMF_F2. The difference between the calculated and measured Brillouin frequencies is below
1.3% for both fibers as reported in TABLE 2.9. Concerning the strain and temperature
sensitivity coefficients the larger error is observed for the SMF_F2: 9.0% for both the strain
and temperature sensitivity coefficients (TABLE 2.10). In both cases the simulation still
valuable predictions. Moreover this confirms that the coating nature seems able to influence
the fiber strain and temperature coefficients, or at least it affects the quality of the strain
transfer in our experimental setup. This observation may be explained by the difference
between the Young modulus of the acrylate and polyimide, or by different internal stress
distributions for the two fibers [114]-[116].

TABLE 2.9: COMPARISON BETWEEN THE CALCULATED AND MEASURED BRILLOUIN FREQUENCIES FOR THE TWO
TESTED FLUORINE-DOPED FIBERS

Sample Brillouin frequency  Brillouin frequency )
) Difference (%)
name (measured ; GHz) (simulated; GHz)
SMF_F1 11.063 10.923 1.3
SMF_F2 11.069 10.923 1.3
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TABLE 2.10: COMPARISON BETWEEN THE CALCULATED AND MEASURED STRAIN AND TEMPERATURE SENSITIVITY
COEFFICIENTS FOR THE TWO TESTED F-DOPED FIBERS

Strain Strain Temperature Temperature

Sample  coefficient coefficient Difference coefficient  coefficient Difference

name measured  simulated (%) measured simulated (%)
(MHz/pe) (MHz/pe) (MHz/°C) (MHz/°C)

SMF_F1 0.053 0.054 1.9 1.27 1.2 5.5

SMF_F2 0.049 0.054 9.3 1.32 1.2 9.1

2.2.5.4 Effect of the dopant on the sensing performances

In order to optimize the Brillouin-based sensor performance, different core dopants
have been investigated. Figure 2.11 shows for each sample a) the Brillouin frequency, b) the
strain sensitivity coefficients, and c) the temperature sensitivity coefficients. For each case,
red dots concern the calculated results and black squares the experimental ones. It is worth to
notice that the fluorine doped fiber SMF_F1 exhibits the best sensing potential due to its
larger strain and temperature sensitivity coefficients compared to other samples. Indeed, a
large value for the coefficients means that the sensor will be more sensitive for the

temperature and strain measurements.
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2.2.6 Partial conclusion

A methodology has been selected to model the Brillouin signature of an optical fiber.
The correctness of this approach has been evaluated by benchmarking the simulation results
to their experimental counterparts. The first step consists in predicting the fiber Brillouin
spectrum knowing its refractive index profile (RIP) and its composition. From these data, the
optical and the acoustic modes can be calculated and then the Brillouin signature is
determined. Finally, by using the Hooke’s equation and a homogenous model, the strain and
temperature coefficients associated to the Brillouin frequencies have been calculated. Our
simulation results have been compared to the experimental data reported in the literature for
the SMF28 fiber from CORNING. Simulation and experiments nicely agree. This comparison
was then extended to additional optical fibers being diversely doped in their core with either
GeO,, P,0s, or F. Some of the considered samples have the same composition but different
types of coatings, either acrylate or polyimide. For this set, the calculated and measured
Brillouin spectra are again very close for all tested fibers, the largest difference being of 1.3%
for one of the investigated F-doped fibers. Concerning the temperature and the strain
coefficients, the difference between the experiments and simulations is slightly larger than the
one reported for the Brillouin spectrum but remains clearly acceptable. The maximum
difference observed for the temperature coefficients is of 11.0% for one of the tested P,Os-
doped fibers and of 9.0% for the strain coefficient of one of our F-doped fibers. A possibility
to further improve the accuracy of simulation could be to consider the temperature
dependence of the fiber Young modulus. Another important result concerns the coating
impact on the Brillouin signature. As highlighted by the comparison between two F-doped
fibers drawn from the same preform with either an acrylate or a polyimide coating, a
noticeable difference between their strain coefficients is observed. Different tests will be

suggested in section 3 to better characterize the fiber coating effect on its Brillouin signature.

The impact of other parameters on the quality of the Brillouin modeling will now be studied:
the effect of varying the cladding composition, the impact of the dopant concentration and the
variation of the RIP. The objective of this study was to demonstrate that playing with these
different parameters, it appears possible to design a low-loss optical fiber with a Brillouin
spectrum having several Brillouin frequency peaks opening the way to the targeted strain and

temperature discrimination.
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2.2.7 Investigation of multi-peak fiber

Our objective was to develop an optical fiber with at least two Brillouin peaks, ideally
three. One commercial optical fiber exhibits such characteristic: the LEAF fiber from
CORNING [117]. Another solution could regard the implementation of a few mode optical
fiber: in this way the high-order optical modes enable more degree of freedom due to their
different overlappings with the acoustic modes. In our case, we focus the attention on a
standard single mode fiber architecture. A patent [118] shows that a solution could be the
implementation of one or more dopant in the fiber cladding. The idea is to better confine
acoustic modes in the fiber core to increase the overlap between these acoustic mode and the

optical mode.

2. 2.7.1 Different adjustable parameters

To investigate a multi-peak fiber, the impact of different fiber parameters will be
tested such as the core dopant or the structure of the RIP. Indeed, for the RIP, the refractive
index difference between the core and the cladding, the shape of the RIP, the size of the doped
inner cladding can be adjusted within the ranges allowed by the Modified Chemical Vapor
Deposition (MCVD) fabrication process. An example of the measured RIP for a
germanosilicate optical fiber, fiber SMF_C2, with a F-doped cladding is illustrated in Figure
2.12. As it can be seen, the refractive index is lowered between 2.5 um and 12.5 um (inner
cladding) compared to the rest of the cladding (outer cladding). This is achieved by doping
the inner cladding with F. The core of this fiber is doped with GeO; and the RIP in the core
follows a trapezoidal shape. A total of six single-mode germanosilicate fibers have been
tested with similar RIPs but varying their cladding compositions. The characteristics of all

these fibers are detailed in TABLE 2.11.
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Figure 2.12: Measured refractive index profile (RIP) of GeO,-doped SMF_C2 fiber with F-doping in its inner

TABLE 2.11: CHARACTERISTICS OF THE SEVEN TESTED SAMPLES: GERMANOSILICATE SMFS WITH VARIOUS
CODOPINGS IN THEIR INNER CLADDINGS

Sample
P SMF_C1 SMF_C2 SMF _C3A SMF C3B SMF_C4 SMF_C5
Name
Core
Ge Ge Ge Ge Ge Ge
dopant
Cladding
P, F F Ge, P, F Ge, P, F Ge, F Ge, P
dopant
Drawing
) 140 140 140 20 140 140
tension (Q)

2.2.7.2 Determination of the Brillouin frequencies

The methodology to simulate these fiber Brillouin responses remains the one
described in paragraphs 2.1 to 2.4. The sole difference is that for these new fibers, different
dopant combinations have been considered. The codopant concentrations in the fiber
claddings have been measured by the EMPA (Electron MicroProbe Analysis) method [119].
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Knowing the exact fiber composition and applying the homogenous method, the fiber RIP and

AVP have been calculated.

Nmix(x,y) = fDl(x,y) Xnp; + fDZ(x,y) XNpy + -+ fDn(x,y) X Npn (2.45)

+ (1 - fDl(x,y) - fDZ(x,y) -t fDn(x,y)) X Nsio,

Where npixxy) IS the calculated RIP, D; D, and D, correspond to dopant 1, 2 and n

respectively, and fp4, fp2 and fp5 are the volume percentages for each dopant.

0
VL L si0,/p1..0, (x,y)

= VLOL,_S‘iOz (X, y)

(2.46)
X (1 + AV p1 X %wtp Yox,y) + AVp pa X Yowtpy Yorxy) + -
+ AV p,, X %thn%(X,y))
0
VT 1,510, /D1...0, (x,y)
_ 0
= VT T,Si0, (X, y) (247)

X (1 + AVr p1 X wtpYoxy) + AV p2 X wtpy %oy +

+ AVT,Dn X (DtDn%(X,y))

where AVrp, is the variation of the transversal acoustic velocity of the dopant Dy, and
wtp1%xy) IS the concentration in weight percent of the same dopant. To calculate the
Brillouin frequency, the equation set detailed in paragraphs 2.1 and 2.2 together with the AVP
determined through equations (2.46) and (2.47) have been taken into account. For the
SMF_C2 RIP, the simulation reveals the presence of three discernable Brillouin peaks (see
Figure 2.13) with associated Brillouin frequencies corresponding at vis= 10.331 GHz, vas=
10.644 GHz and vss= 10.959 GHz (blue line). For comparison the experimental Brillouin
signatures are located at vie= 10.343 GHz, v,.= 10.650 GHz and vz.= 11.034GHz (red line).
This confirms a very good agreement between simulations and experiments with differences

of about 0.1%, 0.1% and 0.7% for the peaks 1, 2, and 3, respectively.

85



11
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0.0
_0.1 I il I il I il I il I il

10.2 10.4 10.6 10.8 11.0 11.2

10.331 GHz = simulated Brillouin spectrum of SMF_C2
’ == eXperimental Brillouin spectrum of SMF_C2

10.343 GHz

10.644 GHz  10.959 GHz
10.650 GHz  11.034 GHz

amplitude (u.a.)

Frequency (GHz)

Figure 2.13: Brillouin Signature of germanium doped SMF_C2 fiber with fluorine in cladding. In blue the
simulated Brillouin spectrum, and in red the measured Brillouin spectrum of SMF_C2

2.2.7.3Determination of the sensitivity coefficients

2.2.7.3.1. Temperature coefficient

Thermo-optic coefficient: CT°

For the general case of a fiber glass doped with more than one dopant, the effect of
each doping element on the thermo-optic coefficient has to be calculated to obtain the

temperature coefficient:

AN dnp, dnp; dnpy
daT fp1 aT fp2 ar + - +fon T
(2.48)
+ (0 for — fon = ~fom) i
p1 — Jfp2 on) —r
then
Clipor mix = fo1 X Cp1° + foz X C53° + -+ fon X Cpr° (2.49)

+ (1= fp1 = fpz — = fpn) X CsTiag
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Thermo-acoustic coefficient: C™

As for the thermo-optic coefficient, the thermo-acoustic coefficient changes with the
fiber composition. The Young modulus is related to the silica acoustic velocity that depends
on the dopant concentration. In the case of the multi-peak fibers, the effective acoustic
velocity changes for each acoustic mode. It means that equation (2.20) becomes:

_ 1/Bm T-0 vsi (lﬁ )
CTm - Nesf Cflber_mlx + 2 \7dT +a (2.50)

Where Cr, is the temperature coefficient corresponding to the peak number m and v is the
frequency of this peak. We calculated, through equation (2.50), for the SMF_C2 fiber the
three temperature coefficients: C1;=1.01 MHz/°C, C1,=1.04 MHz/°C, and C+3=1.07 MHz/°C.
Through experiments, those coefficients have been found as: Cy;=1.11 MHz/°C, C,=1.09
MHz/°C, and C13=1.12 MHz/°C leading to differences of 9.0%, 4.6%, and 4.5%, respectively.
These differences between simulation and experiments remain acceptable for the targeted

applications.

2.2.7.3.2 Strain Coefficient
For the strain coefficient, the simulation procedure is unchanged compared to the fiber
doped with a unique dopant, we used Equations (2.37) and (2.38) with the acoustic velocity

calculated by using Equations (2.46) and (2.47). The results are presented in part 2.8.1.2

2.2.8 Validation of the simulation: Impact of the dopant in the cladding
To validate the pertinence of our tools to conceive a fiber exhibiting several Brillouin
peaks, we have then modeled the Brillouin signatures of the seven fibers and compared with

our calculation results with measurements made on these fibers with a BOTDA?Z.

2. These results were presented at the 2018 Optical Fiber Sensor (OFS) conference in Lausanne (CH)
[120].
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2.2.8.1. Effect of the cladding co-dopants

2.2.8.1.1 Brillouin Frequency peak

The obtained simulation results, in terms of overlap between optical and acoustic

modes, are summarized in TABLE 2.12. Each of the fibers has the same GeO, level in its core,

but these fibers differ in terms of their cladding composition. Their normalized Brillouin

spectra are given in Figure 2.14. As it can be seen, all fibers exhibit three discernable

Brillouin peaks at different frequency values and different amplitudes. The variation of the

relative peak amplitudes is due to the different overlaps between the optical mode and the

three acoustic modes (LPa01, LPa02 and LPa03).

TABLE 2.12: CALCULATED OVERLAPS BETWEEN THE OPTICAL MODE AND THE ACOUSTIC MODES FOR THE SEVEN
TESTED FIBER SAMPLES

Sample Modal overlap between Modal overlap between Modal overlap between
LPO1 optical and LPO1 optical and LPO1 optical and
name LPa01 acoustic (%) LPa02 acoustic (%) LPa03 acoustic (%)
SMF_28 92.93 1.3 3.2
SMF_C1 61.56 16.7 11.3
SMF_C2 65.56 16.0 145
SMF_C3A 64.89 16.4 11.4
SMF_C4 67.60 141 15.2
SMF_C5 67.25 14.6 16.3
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Figure 2.14: normalized calculated Brillouin spectra of the six germanosilicate optical fibers differently doped
in their inner claddings

The comparison between the simulations and the experiments is reported in TABLE 2.13 and
represented in Figure 2.15 showing a) the first, b) the second, and c) the third Brillouin
frequencies. For all plots red and black squares correspond to the simulation outputs and
experimental results, respectively. The blue squares represents +5% error on the experimental
results. The good agreement between all these data demonstrates that our prediction tools are

very accurate even for complex fiber architectures.
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Figure 2.15: Brillouin peak frequencies measured for each sample. a) First peak, b) second peak, c) third peak
frequencies. Red and black squares represent the calculated and the experimental results, respectively. The blue
squares correspond to the £5% to experimental results.
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TABLE 2.13: COMPARISON BETWEEN THE MEASURED AND SIMULATED BRILLOUIN SIGNATURES OF THE FIBERS

UNDER TEST.
Peak 1 Peak 1 ) Peak 2  Peak 2 ) Peak 3  Peak 3
Samol ) Diff ] Diff _ Diff (%)
ample ex sim ex sim ex sim iff (%
p p (%) p (%) P
(GHz) (GHz) (GHz) (GHz) (GHz) (GHz)
SMF_C1 | 10.327 10.306 0.2 10.662 10.626 0.3 11.045  10.910 1.2
SMF_C2 |10.343 10.331 0.1 10.650 10.644 0.7 11.034  10.959 0.7
SMF_C3A {10.341 10.392 0.5 10.637 10.713 0.7 10.987  10.981 0.1
SMF_C5 {10.335 10.359 0.2 10.652  10.67 0.2 11.024 10.99 0.3
SMF_C6 {10376 10.292 0.8 10.707  10.589 1.1 11.014  10.907 1.0

2.2.8.1.2 Temperature and strain coefficients

For a given fiber and for each of its three Brillouin frequency peaks, different values
of the strain and temperature coefficients have been obtained. Figure 2.16 reports the acquired
results. For each plot, the red dots and black squares correspond to the theoretical and the
experimental results, respectively. The blue squares correspond to the +10.0% estimated
experimental, related to the interrogator frequency step. TABLE 2.14 reports all the strain
coefficients, the difference between experiments and simulation remains below 9.0%. To
discriminate between the temperature and strain distributions along a multi-peak optical fiber,
it is mandatory that those peaks possess sufficiently different coefficients. By comparing the
Ge-doped fibers with various cladding dopants, it can be observed that they present
comparable strain coefficient values for the first “main” Brillouin frequency. The largest
measured difference is of 5.4% while a maximum difference of 2.2% is expected from the
simulations. For the second peak, a larger difference of up to 16% is experimentally obtained,
larger than what could be expected (2.8%) from the simulations. Finally for the third peak, the
maximal measured difference is about 11.0% to be compared to the value of 3.4% for the

simulation.
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TABLE 2.14: COMPARISON BETWEEN THE MEASURED AND CALCULATED STRAIN COEFFICIENTS OF THE SIX

GERMANOSILICATE FIBERS DIFFERENTLY DOPED IN THEIR INNER CLADDING

Ca Ca Dif Ca Ca Dif Cs Ce Dif

Sample (MHz/p  (MHz/pe) f | (MHz/ne (MHz/pe) f  (MHz/pe) (MHz/pe) f
£) exp sim (%) ) exp sim (%) exp sim (%)
SMF_C1 | 0.0505 0.0492 26 0.0472 0.0518 89 0.0539 0.0536 0.6
SMF_C2 | 0.0506 0.0497 1.8 0.0515 0.052 0.9 0.0555 0.055 0.9
SMF_C3A | 0.0538 0.0503 6.5 0.0561 0.0533 5 0.0606 0.0558 7.9
SMF_C4 | 0.0521 0.0498 4.4 0.0538 0.052 3.3 0.0561 0.0555 1.1
SMF_C5 | 0.0532 0.0493 7.3 0.0543 0.0518 4.6 0.0556 0.0551 0.9
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Figure 2.16 Strain sensitivity coefficient of each fiber sample. a) Strain coefficient of the first b) the second, c)
the third Brillouin frequency peaks. The blue squares correspond to the £10 % error associated to the
experimental results.
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Figure 2.17 shows the temperature sensitivity coefficient associated to each Brillouin
frequency peak of the different fibers. As for the strain sensitivity coefficient, red dots and
black squares correspond to the simulated and measured results, respectively. The blue
squares correspond to the £10% error associated with the BOTDA measurements. Results
reported in TABLE 2.15 highlight a larger difference between experiments and simulations for
the temperature sensitivity coefficient than for the strain one. Typically, we obtain a
difference of about 10% between the simulations and the measurements, with the largest
difference of ~15% for the third peak of SMF_C4 and the lowest difference of ~4.5% for the
third peak of the SMF_C2. These results are consistent with those presented in section 2.5 on
more simple fiber architectures. Here again, the quality of the simulation remains acceptable
to evaluate the potential of a fiber structure for sensing. The comparison of the temperature
coefficients of the first Brillouin peak of all samples provides a maximal difference of 6.2%
for the experimental results and of only 1% for the simulation results. Concerning the second
Brillouin frequency peak, the maximum difference between all samples is 20.8% for the
experimental results and 1% for the simulation results. Finally, for the third temperature
coefficient, the maximum difference between all samples is 10.4% for the experimental
results and 1% for the simulated results. Despite this 20% difference between the
experimental temperature coefficients, we cannot consider that the dopant influence this
parameter notably. Indeed the measurement error of the Brillouin frequency by our BOTDA
is of about 0.5 MHz while this 20% correspond to a variation of 0.2 MHz. As a summary,
even if varying the doping in the inner cladding does not greatly influence the temperature
and strain coefficients, these small differences can be used to optimize the discrimination

efficiency between strain and temperature measurements.
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TABLE 2.15: COMPARISON BETWEEN THE MEASURED AND CALCULATED TEMPERATURE COEFFICIENTS OF THE SIX

GERMANOSILICATE FIBERS DIFFERENTLY DOPED IN THEIR INNER CLADDING

c Cm1 Cn Cn Cs Cs

™ (MHz Diff (MHzZ (MH Diff (MHz (MH Diff
Sample (MHz/°C)
°C) (%) °C) 2°C) (%) °C) z°C) (%)
ex

P sim exp sim exp sim
SMF_C1 1.06 1 5.7 0.99 1.04 4.8 1.24 1.06 145
SMF_C2 1.11 1.01 9 1.09 1.04 4.6 1.12 1.07 45
SMF_C3A 1.09 1.01 7.3 1.2 1.04 133 1.23 1.07 13
SMF_C4 1.12 1.01 9.8 0.95 1.04 8.7 1.25 1.07 144
SMF_C5 1.13 1.004 11.2 1.02 1.03 4.6 1.2 1.06 11.6
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Figure 2.17: temperature sensitivity coefficient of each sample, a) First, b) second, c) third Brillouin frequency
peaks. Blue dots correspond to the +10 % error associated with the experimental results.
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2.2.8.2 Effect of drawing tension
2.2.8.2.1 Brillouin frequency

By using two fibers from the same preform but differently drawn, we can study the
drawing impact on the fiber Brillouin response. To this aim, we have measured the RIP of
both the SMF_C3A and the SMF_C3B drawn at 140 g and 20 g, respectively. Their modeled
Brillouin responses are given in Figure 2.18 and their characteristics are compared with the
experimental results in TABLE 2.16. As for the previous studies, the calculated and measured

Brillouin responses are in excellent agreement (difference < 1%).
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Figure 2.18: Calculated Brillouin spectra of two fibers drawn from the same preform but with differents
tensions: SMF_C3A drawn at 140g and SMF_C3B drawn at 20g
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TABLE 2.16: COMPARISON BETWEEN THE CALCULATED AND MEASURED FREQUENCIES FOR THE BRILLOUIN
FREQUENCIES OF THE TWO FIBERS DRAWN WITH DIFFERENT TENSIONS (140G, 20G) FROM THE SAME PREFORM.

Peak 1  Peak 1 ) Peak 2  Peak 2 ) Peak 3 Peak3 Dif
) Diff ) Diff ]
Sample exp sim exp sim exp sim f
(%) (%)
(GHz) (GHz) (GHz) (GHz) (GHz) (GHz) (%)

SMF_C3A 10.341 10.392 05 10.637 10.713 0.7 10.987 10.981 0.1

SMF_C3B 10.39 10326 0.6 10.688 10.642 0.4  11.042 11.03 0.1

2.2.8.2.2 Effect of drawing on temperature and strain coefficient

The influence of the drawing tension on the strain and temperature sensitivity
coefficients has been investigated too. TABLE 2.17 and TABLE 2.18 compare the calculated
and measured strain and temperature sensitivity coefficients. Concerning the strain
coefficient, we obtain a mean difference of 7% with a maximum of 8% (peak n°l
SMF_C3B) and a minimum of 5% (peak n°2 SMF_C3A). For the temperature sensitivity
coefficient, this difference is around 11% with a maximum of 14.4% for the SMF_C3B peak
n°3 and with a minimum of 7.3% for the SMF_C3A peak n°1. Then, we can suggest that the
drawing tension influence is on the order of 10.0% on the strain and temperature coefficients.
This variation is low but may be used to increase the discrimination performance of the fiber.

A more detailed study on this topic will be developed in section II1.
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TABLE 2.17: COMPARISON BETWEEN THE CALCULATED AND MEASURED STRAIN COEFFICIENTS OF THE TWO FIBERS
DRAWN WITH DIFFERENT TENSIONS (140G, 20G) FROM THE SAME PREFORM.

Sample SMF_C3A SMF_C3B
C.1 (MHz/pug) experimental 0.0538 0.0543
C.; (MHz/pg) simulated 0.0503 0.0497
Difference (%) 6.5 8
C., (MHz/pug) experimental 0.0561 0.0533
C., (MHz/pg) simulated 0.0566 0.0523
Difference (%) 5.0 7.6
C.: (MHz/pue) experimental 0.0606 0.0598
C.; (MHz/pue) simulated 0.0558 0.056
Difference (%) 7.9 6.4

TABLE 2.18: COMPARISON BETWEEN THE CALCULATED AND MEASURED TEMPERATURE COEFFICIENTS OF THE TWO
FIBERS DRAWN WITH DIFFERENT TENSIONS (140G, 20G) FROM THE SAME PREFORM.

Sample SMF_C3A SMF_C3B

Cr1 (MHz/°C) experimental 1.09 1.11
C+1 (MHz/°C) simulated 1.01 1

Difference (%) 7.3 9.8

Cr, (MHz/°C) experimental 1.2 1.12

Cr, (MHz/°C) simulated 1.04 1.04

Difference (%) 13.3 8.7

Crs (MHz/°C) experimental 1.23 1.25

Crs (MHz/°C) simulated 1.07 1.08

Difference (%) 13.0 14.4
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2.3 Conclusion

In this chapter we succeed to simulate the Brillouin signatures of very different single-
mode optical fibers. To achieve this we used the COMSOL™ software based on the Finite
Element Method. By knowing the composition of the fiber we have been able to calculate the
refractive-index profile (RIP) and the acoustic velocity profile (AVP), and then use them as
input parameters for the COMSOL simulation. We have demonstrated that our simulation of
the Brillouin signature matches very well with the experiments. The difference remains below
1% for the different types of fibers. In a second time we have determined the strain and the
temperature coefficients of each sample and, as for the Brillouin signature, the simulation
quite well reproduces the experiment results. Moreover, this study has shown that the pure-
silica-core optical fiber exhibits the highest strain or temperature sensitivities. Another
important result concerns the effect of the fiber coating on its strain coefficient. The
polyimide coating seems more interesting, polyimide fibers offering higher strain coefficient
than acrylate one. After the validation of our simulation, we have investigated the effect of
changing the cladding composition in order to conceive optical fiber with multi Brillouin
peaks signature. The most important result concerns our ability to identify structures of
MCVD optical fibers exhibiting several Brillouin peaks. The second result deals with the
effects of the dopant and of the drawing tension on the fiber Brillouin response. Indeed, both
factors seems to be of interest to tailor the value of the strain sensitivity coefficient
corresponding to the Brillouin frequencies. All these parameters could be further improved to

optimize the performance of our discriminating sensor.

Finally, we can consider the simulation procedure as fully validated and can now use the
codes to conceive optical fibers with architectures optimized to offer Brillouin signatures with
the most promising discrimination capabilities. This work will be presented in the next
chapter of the PhD Thesis.
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Summary (EN)

In this chapter, a simulation model of the Brillouin response in an optical fiber has
been developed. The simulation model takes into account the composition of the fiber and the
distribution of dopants. The results obtained with the simulation are very close to the
experimental results as regards the Brillouin frequency, the temperature coefficients or the
strain coefficients. A first part shows the impact of the dopants incorporated in the fiber core
on the Brillouin response. The second part of the chapter focuses on the effect of dopants
present into the cladding, thus opening the way to the manufacturing of optical fibers with a

multi-peak Brillouin signature through MCVD process.

Résumé (FR)

Dans ce chapitre, un modeéle de simulation de la réponse Brillouin dans une fibre
optique a été développé. Le modele de simulation prend en compte la composition de la fibre
et la répartition des dopants. Les résultats obtenus par simulation sont trés proches de ceux
acquis expérimentalement aussi bien concernant la fréquence Brillouin, les coefficients de
température ou encore les coefficients de déformation. Une premiére partic montre I’impact
des dopants en cceur sur la réponse Brillouin. La deuxiéme partie du chapitre est focalisée sur
I’effet des dopants dans la gaine, et ouvre ainsi la voie a la réalisation de fibres optiques avec

une signature Brillouin multi-pics par le procédé MCVD.
Riassunto (IT)

In questo capitolo, é illustrato il modello matematico utilizzato per la simulazione
della risposta Brillouin in fibra ottica. Esso considera la composizione della fibra ottica e della
distribuzione dei droganti al suo interno. I risultati della simulazione hanno fornito valori
della frequenza di Brillouin e dei coefficienti di temperatura e di deformazione molto prossimi
a quelli ricavati sperimentalmente. Nella prima parte del capitolo é evidenziato 1’impatto sulla
risposta di Brillouin dei droganti presenti nel nucleo della fibra ottica. La seconda parte é
invece focalizzata sullo studio dell’effetto dei droganti all’interno del materiale che costituisce
il mantello della fibra ottica nonché della possibilita di sviluppare fibre ottiche caratterizzate

da una risposta di Brillouin con picchi multipli.
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Chapter I11: Strain and temperature discrimination along a single optical

fiber

The considered Optical Fiber Sensors (OFSs) combine the analysis of the scattering
phenomena (Brillouin, Rayleigh, and Raman) to reflectometry technologies to provide
spatially and time-resolved measurements of temperature or strain along the optical fibers.
Actually their main limitation remains their capacity to discriminate between the relative
contributions of the temperature and the strain to the observed change of the backscattered
light of an optical fiber. Different solutions have been developed to achieve this
discrimination such as combining two types of interrogators based on two scattering
phenomena: Brillouin and Raman [121], or Rayleigh and Brillouin [122], or Raman and
Rayleigh [123]. Another solution relies on the use of Polarization Maintaining (PM) fibers as
explained in chapter 1. A third mitigation technique has been suggested in literature: it
appears possible to use a single-mode optical fiber having a Brillouin signature characterized
by several Brillouin peaks [118], [124], these peaks being associated with different strain and
temperature sensitivities. Such fiber can be done by using exotic core doping or complex
refractive index profile. The major inconvenient of this approach is the resulting increase of
the fiber linear attenuation and a poor compatibility with telecom-grade equipment. To
compensate the dispersion of Telecom-grade G652 fibers, CORNING has developed the NZ-
dispersion LEAF fiber, that exhibits a Brillouin signature with two frequency peaks and low
linear attenuation. However, previous research showed that the uncertainties associated to the
sensor discrimination remains too large for practical use [124]. In this PhD thesis, we have
designed, and manufactured a low-loss single-mode specialty optical fiber. Its Brillouin
spectra should have several frequency peaks, to improve the discrimination capability

between the strain and temperature influences along several kilometers.
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3.1 Selected approach

To design a fiber structure able to achieve the discrimination, it is mandatory to be
able to predict the Brillouin response of a given fiber architecture. For this purpose, the
simulation tools presented and validated in the Chapter 2 have been used. Regarding the
number of variables that are known to affect the fiber signature, a sole experimental and
iterative approach sounds unrealistic while the use of simulation should be more timely
efficient and should allow to explore a lot of possible structures before selecting the one to be

manufactured by iXBlue Photonics.

The simulation strategy to develop this optical fiber is, first, to test the potential of the various
fiber core and cladding compositions which are classically used in the Telecom domain. We
decided to push the use of Germanium and Fluorine to guaranty low-loss performance at
around 1550 nm. Then the fiber structure, especially its refractive index profile, has been
optimized to obtain the most interesting Brillouin features. To perform this, we have defined
the allowed variation range for each of the free parameters in our model (detailed in part 3.2).
To this aim, we used an optimization method close to the Monte-Carlo ones. The statistical
analysis of the obtained results strengthens the robustness of the selected fiber architectures.
As it will be further detailed, from this theoretical analysis, two fiber structures differing in
terms of composition and refractive-index profile, have been selected for manufacturing. At
this stage, it was decided to also investigate the impact of the drawing parameters on the
Brillouin signature of these two fibers to understand how this manufacturing step affects the
fiber sensor capacities. Furthermore, this also evaluate the robustness of the simulated
Brillouin spectrum versus the fiber manufacturing process. After fabrication, the
characteristics of each fiber sample have been measured and compared to the simulation
outputs. Finally, we studied the performances of these different fibers in terms of

discrimination.

In parallel to this research activity, we evaluated the potential of another solution based on a
novel interrogator that appears on the market during the PhD thesis. This single-ended
interrogator from Viavi-Solutions combines Rayleigh and Brillouin measurements to
discriminate the relative contributions of temperature and strain along a single optical fiber.
We investigate the capability of this sensor to maintain its performances when the sensing

optical fiber is irradiated with either y-rays or X-rays.
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3.2 Optimization of the Brillouin signature of low-loss single mode optical

fibers

3.2.1 Simulation parameters and range of interest

To develop a fiber with several Brillouin frequency peaks, we got inspired by the
results of the section 2.8 were it was shown that some of the tested samples exhibited
experimental Brillouin signatures with three clear frequency peaks. Based upon this

knowledge, we have investigated the impact of varying the following parameters:

e The GeO; concentration in the fiber core: variation between 10 and 38.5 wt%.

e The F concentration in the cladding: variation between 0 and 2 ot%.

e The core size: variation of the core radius from 1.2 to 2 um.

e The trapezoidal core refractive-index profile: the size ratio for the top over the
base was comprised between 0.3 and 0.9.

e Radius of the doped cladding: from size of the core radius to 25 pm

All these parameters affect the fiber refractive index profile (RIP) and the Acoustic Velocity
Profile (AVP). Figure 3.1 illustrates how the RIP and the AVP evolve when these parameters
vary: in a) the RIP (blue line) and the AVP (red line) are given for a step-index fiber doped
with 35 ot% of GeO, in core (diameter of 3.6pum, 2 wt% of fluorine in the cladding (radius of
25um). In b) the RIP (blue line) and the AVP (red line) of another fiber doped at 10 wt% of
GeO; in the core (2.6 um diameter) and with a ratio for the trapezoidal core of 0.3. Inside
these two extreme simulation cases we have evaluated the characteristics of 176 fibers,
calculating their Brillouin signatures to identify the structures leading to several Brillouin

frequency peaks.
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Figure 3.1: RIP (blue line) and AVP (red line) of the two extreme fiber architectures investigated by

simulation.See text for more details

In particular, we obtained

only one structure with an unique Brillouin frequency peak

four structures having two Brillouin frequency peaks,

152 cases with three Brillouin frequency peaks,

19 fiber structures with four Brillouin frequency peaks.

3.2.1.1 Amplitude of the Brillouin frequency peak:
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To select the best configuration(s) we have studied the effect of the different variables on the

amplitude of the different Brillouin frequency peaks. Indeed, this amplitude is crucial as in the

case of spontaneous Brillouin interrogators (BOTDR) for which the amplitude should be

sufficient to maintain a good signal to noise ratio. Figure 3.2 and Figure 3.3 show the

dependences of the peak amplitudes to the GeO, concentration and the core radius,

respectively. For both figures, in a) is represented the amplitude of the first Brillouin

frequency peak vi, in b) the amplitude of the second Brillouin frequency peak v, and in c)

and d) the amplitude of the third and fourth Brillouin frequency peaks v3 and v, respectively.

An opposite behavior is observed regarding the amplitudes of the first and the third Brillouin

frequency peaks. Indeed, the amplitude of v; increases with the germanium concentration
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while the one of v3 decreases with it. The same trend can be observed when the size of the
core changes: the amplitude of v; increases with the core size while the one of v; decreases.
Regarding the second Brillouin frequency peak v, increasing the GeO, concentration reduces
its amplitude, the behavior is the same concerning the effect of the core size. Finally, the peak
amplitude of the fourth Brillouin frequency seems not influenced by the concentration of
GeO,. However, a slight effect of the core size on the amplitude of v4 can be observed (see
Figure 3.3). The size of the doped cladding, the fluorine concentration, and the trapezoidal

shape ratio do not influence the amplitudes of the different Brillouin frequency peaks.
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3.2.1.2 Strain and Temperature coefficients

In second time, we have studied the effect of those different parameters on the strain and
temperature coefficients. Figure 3.4 gives the dependence of the strain coefficient in a) and
the evolution of the temperature coefficient in b) with the GeO, core concentration. The
black, red, blue, and purple dots correspond to the coefficients of the Brillouin frequency
peaks vi, vp, v3, and v4 respectively. These results show that the strain and temperature
coefficients decrease for larger GeO, concentrations. To obtain the best performance in terms
of discrimination, it is important to combine the coefficients with biggest value and with the
largest difference. Figure 3.5 shows how the difference between the strain coefficients,
expressed in percentage, depends on the core size. In a) is given the difference between Ce;

and Cep, and in b) the difference between the Ce; and Cez. The smaller is the core diameter
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the largest is the difference. The other tested variables don’t influence so strongly the

difference between the strain and temperature coefficients.
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From this preliminary set of results, it has been decided to reduce the variable ranges as

follow:

e GeO;, concentration in the fiber core: variation between 15 and 18 wt%.
e F concentration in the cladding: variation between 0 and 0.2 ®t%.

e Core size: variation of the core radius from1.3 to 1.6 um.

e Size ratio for the top over the base was comprised between 0.7 and 0.9.

e Size of the cladding radius doped from size of the core radius to 25 pm

We reduced the maximum allowed quantity of GeO, to ensure sufficient amplitudes for the
second and third Brillouin frequency peaks while achieving simultaneously high values of
temperature and strain coefficients. The core radius is reduced to optimize the difference

between the strain sensitivities of the three peaks.

3.2.2 Fiber optimization for Temperature / Strain discrimination

Within the reduced range of variation, another simulation run (90 cases) has been

performed to optimize the optical fiber structure, with the following results obtained:

e 10 fibers possess signatures with two Brillouin frequency peaks,
e 2 fibers have Brillouin spectra with four frequency peaks,

e 78 fibers exhibit Brillouin spectra with three frequency peaks.

These two simulation cycles allowed to estimate the robustness of the fiber structure needed
to obtain the multi-peak response. Indeed 86% of our 266 simulation cases give Brillouin
signature with the needed three frequency peaks. A signature with four peaks can seem
promising for the discrimination but the low occurrence of such case (8 %) demonstrate the

weak robustness of those profiles in view of their manufacturing.

In terms of strain and temperature coefficients, Table 3.1 reports the analyzed amplitude of
variation for each of these coefficients during the second cycle of simulation. It is worthwhile

to note that the variation range of the strain coefficient is lower than 10 kHz/pe for the 90
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cases and 35 kHz/°C for the temperature coefficient. This confirms the robustness of the fiber

response versus the simulation criteria.

TABLE 3.1: MAXIMUM DIFFERENCE FOR THE TEMPERATURE AND THE STRAIN COEFFICIENTS OBSERVED FOR THE 90
FIBER STRUCTURES MODELED DURING THE SECOND RUN OF SIMULATION

ACSl ACSZ AC83 ACTl ACTZ ACT3
(kHz/pe) (kHz/pe) (kHz/pe) (kHz/pe) (kHz/pe) (kHz/pe)

5.0 2.2 8.3 10.1 20.0 34.2

3.2.3 Selection of two promising fiber structures

The final objective of the simulation work was to select two different fiber profiles in
view of their manufacturing by iXBlue Photonics. It was decided that the first fiber should
contain germanium in its core and fluorine in its cladding, while the second should have a Ge-
doped core and a pure silica cladding. To select both the targeted fiber composition and RIPs,
the criteria was their theoretical capacities of discrimination between the strain and

temperature distributions.

3.2.3.1 Germanium and fluorine doped fiber
Composition:

Considering the previous simulation results, we selected the fiber structure with the Ge
and F doping, its main characteristics are listed in TABLE 3.2. Figure 3.6 illustrates in a) its
theoretical RIP and in b) its theoretical AVP.

TABLE 3.2: CHARACTERISTICS OF THE GEF DOPED FIBER

Ratio between

Core diameter Cladding
GeO; ot% F ot% the top and the )
(um) diameter (um)
base
17.33 0.16 3.2 0.78 23.9
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Figure 3.6: a) Theoretical Refractive Index Profile (RIP) and b) acoustic velocity (AVP) of the GeF-doped fiber

Brillouin spectrum and coefficient:

Knowing the radial distributions of the two dopants, we calculated the normalized Brillouin
spectrum (see Figure 3. 7) thanks to the simulation codes detailed in Chapter 2. We observe
the presence of the three Brillouin frequency peaks as expected. Their strain and temperature
coefficients are detailed in TABLE 3.3. A maximum difference of 16.0% between the Ce; and

Cez and a maximum difference of 5.0% between C+t; and C+3 have been calculated.
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Figure 3. 7: Calculated Brillouin spectrum of the GeF-doped fiber
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TABLE 3.3: SENSOR CHARACTERISTICS OF THE GEF-DOPED FIBER

Frequency (GHz) Ce (MHz/pe) Ct (MHz/°C)
Peak 1 10.247 0.0447 1.01
Peak 2 10.472 0.05 1.03
Peak 3 10.837 0.0519 1.06

Fiber light quiding properties:

Finally we have modeled the fiber guiding properties at 1310 nm and 1550 nm. TABLE 3.4
summarizes the simulated spectral dependence of the macrobending losses. Due to the limited
size of the core, it was important to verify that the fiber could be practically used and then
verify that the bending losses at 1.55um remain negligible. It can be seen that the
macrobending losses are negligible, moreover the linear losses are comparable with the
SMF28 fiber (0.18 dB/km) [125]

TABLE 3.4: OPTICAL SPECIFICATION OF GEF-DOPED FIBER

1310 1550
Linear loss (dB/km) 0.33 0.19
Bending loss ( radius
diameter:32 mm for 1 < 0.01dB/km < 0.01dB /km
turn)
Confinement Factor
90.8 85.1
(%)
MFD 5.0 5.9 um
Dispersion
-25.1 -13.0
(ps/km.nm)
Zero dispersion
1841 nm
wavelength
Cutoff wavelength 900 nm
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3.2.3.2 Germanium doped fiber

TABLE 3.5 describes the Ge-doped fiber that possesses a pure silica cladding (instead
of a F-doped cladding for the GeF sample). Figure 3.8 shows its theoretical RIP in a) and
VAP in b).

TABLE 3.5: CHARACTERISTICS OF THE GERMANIUM DOPED

Ratio between

Core diameter Cladding
GeO; ot% F ot% the top and the _
(um) diameter (um)
base
17.5 0 2.8 0.8 62.5
1.460 6000
% [ [ 5900 |-
S 1.456 | .
= - . 5800
> 1452 F 2
5 | A) Ef’ 5700 F g,
= 1.448 |- > 5600
< i
04 i
1.444 5500 | |
i (] i (] i (] i 5400 i (] i (] i (] i
-20 -10 0 10 20 -20 —10_ _ 0 10 20
Radial distance (um) Radial distance (um)

Figure 3.8: a) theoretical refractive index profile (RIP) and b) acoustic velocity profile (AVP) of the Ge-doped
fiber

Figure 3. 9 gives the calculated and normalized Brillouin spectrum of this optical fiber
highlighting the three different Brillouin peak frequencies. TABLE 3.6 listed the strain and the
temperature coefficients associated to the three peaks. The maximum difference is 10%

between the Ce; and Ces coefficients and 8% between the C+, and Cts coefficients.
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Figure 3. 9: Calculated Brillouin spectrum of the Ge-doped fiber

TABLE 3.6: SENSOR CHARACTERISTICS OF THE GE-DOPED FIBER

Frequency (GHz) Ce (MHz/pe) Ct (MHz/°C)
Peak 1 10.251 0.0484 1.00
Peak 2 10.563 0.0496 1.04
Peak 3 11.046 0.0538 1.08

Fiber light quiding properties:

In terms of macro-bending sensitivity, we calculated an excess loss of 20 dB/km at 1.55um
for a curvature radius of 32mm as given in TABLE 3.7, it correspond to a losses of 4x10 dB
for 1 turn. This value is acceptable in comparison with the Leaf fiber which present a bending
loss of 0.5 dB for one turn of radius of 32 mm at 1500 nm [126].
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TABLE 3.7: OPTICAL SPECIFICATION OF GE-DOPED FIBER

1310 nm 1550 nm
Linear loss (dB/km) 0.33 0.19
Bending loss ( radius
diameter: 32 mm for 1 <0.01 dB/km 20 dB/km
turn)
Confinement Factor
80.3 70.5
(%)
MFD 5.2 um 7.0 um
Dispersion (ps/km.nm) -41.3 -23.0

Zero dispersion

wavelength

Cutoff wavelength

1813 nm

780 nm

3.2.3.3 Tolerance study

The selected RIP for the fibers are quite complex, as a consequence we have to ensure
that the interesting sensing properties of the fiber are maintained even if the RIPs of the
manufactured fiber differ slightly (within the process uncertainties) of the ideal ones. We then
performed a tolerance study considering that the possible modifications (iXblue’s feedback)
may occur during the manufacturing (which correspond to variations 1, 2, 3, and 4 in Figure

3.10) with respect to the theoretical profile:

e The experimental RIP may be more triangular in shape than targeted

e Possible deviations from the theoretical ratio between the top and the base of

the core.

o Slight variation of the cladding and core sizes
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These variations could be, for example, explained by the diffusion of the dopants (fluorine or
germanium) during the preform deposition and the fiber drawing. The fiber preforms have
been realized using the modified chemical vapor deposition (MCVD) process [127]. An
example of the impact of these possible variations on the fiber RIP is illustrated in Figure 3.10
where the dashed line represents the theoretical RIP and the colored lines the calculated

possible deviations due to the manufacturing process.

1.460

[ - - -originale

1456 = — variation 1

i variation 2

variation 3

a 1452 F variation4
e .
1.448 |-

1444 F~—— 1 PN W
1 . 1 . 1 . 1 . 1 .

-15 -10 -5 O 5 10 15
Radial distance (um)

Figure 3.10: modified RIP by transformation for the manufacturing GeF-doped fiber

Figure 3.11 illustrates the different Brillouin spectra associated to the four possible RIPs and
in TABLE 3.8 the different strain and temperature coefficients of the different peaks are
reported. In all cases, three Brillouin frequency peaks can be observed, however with a lower
amplitude for the third Brillouin frequency peak. Concerning the strain coefficient we obtain
the largest difference with the original fiber of: 13% for Ce1, 10% for Cey, and 14 % for Ces.
In terms of temperature coefficients the maximum difference is: 1% for C1, 3% for Cr», and
3% for Ct3. From this tolerance study, the fiber RIP for the GeF has been validated in view of
its fabrication. Similar approach was applied for the Ge-doped fiber that leads to the

validation of its RIP too.
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Figure 3.11: Comparison between the theoretical Brillouin spectrum of the GeF-doped fiber with those of the
modified RIPs

TABLE 3.8: STRAIN AND TEMPERATURE COEFFICIENTS ASSOCIATED WITH THE FOUR MODIFIED RIPS AND AVPs.

Cey Cep Ces Cm1 Cm Cs
(MHz/pe)  (MHz/pg) (MHz/pe) (MHz/°C) (MHz/°C) (MHz/°C)

Original 0.045 0.050 0.052 1.01 1.03 1.06
Variation

. 0.049 0.051 0.053 1.00 1.04 1.08
Variation

5 0.049 0.052 0.055 1.01 1.05 1.07
Variation

3 0.049 0.051 0.053 1.01 1.06 1.09
Variation

A 0.051 0.055 0.059 1.01 1.04 1.06
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3.3 Simulation of the performances of the manufactured optical fibers
Different sets of the two fibers have been produced from the same preform with
different drawing tensions and drawing speeds with the idea to quantify the drawing effect on
their Brillouin responses. Three different drawing conditions (speed and tension) have been
tested for each kind of fibers for a total of six samples. Changing the drawing speed is known

to affect the sizes of the core and of the cladding.

3.3.1 Germanium -doped fiber

The first produced optical fiber is the germanium doped fiber. TABLE 3.9 details the
characteristics of the samples differently drawn: SMFS_Gel, SMFS_Ge2, and SMFS_Ge3.
Figure 3. 12 compares their measured RIPs to the simulated one (detailed in part 3.2.3) and
labelled as SMFS_Ge0. The RIP has been measured with the IFA setup (described in chapter
2 part 2.2.5 page 77). The variation of the core and cladding sizes between the samples is due
to the applied changes in the drawing speed. The three samples have RIP very close to the
theoretical targeted one. We note a slightly larger An, typically 15107, for the manufactured
fiber to be compared to the ideal value of 14x10°. The ratio between the top and the bottom

of the trapezoidal core is of ~0.4 instead of 0.8.

TABLE 3.9: CHARACTERISTICS OF THE MANUFACTURED GE-DOPED FIBER SAMPLES

) ] Diameter Ge
Tension Diameter core o ]
Name of sample ) _ cladding size Concentration
drawing (Q) size (um) )
(um) in core (ot%)
SMFS_Gel 40 2.910.1 122+1 15.8+0.5
SMFS_Ge2 100 3.0£0.1 125+1 15.8+0.5
SMFS_Ge3 200 3.1+0.1 128+1 15.84£0.5
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Figure 3. 12: Comparison between the RIPs of the manufactured Ge-doped fiber samples and the theoretical one

3.3.1.1 Theoretical Brillouin spectrum

Thanks to the experimental data provided by iXblue Photonics we have been able to simulate
the Brillouin spectrum of the fabricated Ge-doped samples represented in Figure 3.13 and
detailed in TABLE 3.10. The three SMFS_Ge samples are associated with a Brillouin signature
comprising three frequency peaks. For the first and main Brillouin peak vi, a maximum
difference of 0.6% is obtained between the ideal profile and real ones, for the second and third
peaks v, and v3, we calculated 0.8% and 1.1 % of maximum of difference between the theory

and the experiments.
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Figure 3.13: Brillouin spectra of the three different manufactured samples of the Ge-doped fiber. The spectrum
of the theoretical fiber is given for comparison

TABLE 3.10: CALCULATED BRILLOUIN FREQUENCY PEAKS OF THE THREE DIFFERENT MANUFACTURED SAMPLES OF
THE GE-DOPED FIBER. THESE DATA ARE COMPARED TO THE IDEAL PROFILE FIBER

Name of sample v1 (GHz) v2 (GHz) v3 (GHz)
SMFS_Ge0 10.251 10.563 11.046
SMFS_Gel 10.237 10.639 11.029
SMFS_Ge2 10.276 10.647 11.023
SMFS_Ge3 10.188 10.520 10.922

3.3.1.2 Temperature and strain coefficients
Concerning the temperature and strain coefficients of the manufactured Ge-doped fibers,
TABLE 3.11 reports their coefficient values for each of the Brillouin frequency peaks and also
gives for comparison those calculated for the theoretical fiber (SMFS_Ge0). As we can See,
the temperature coefficients are very close for the ideal case and manufactured samples: the

difference remains below 0.01 MHz/°C, maximum difference is observed between the
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SMFS_Ge0 and the SMFS_Ge3. This good correspondence was expected as the temperature
coefficient depends on the fiber composition.

TABLE 3.11: TEMPERATURE COEFFICIENTS OF THE THREE DIFFERENT MANUFACTURED SAMPLES OF THE GE-DOPED
FIBER. THE COEFFICIENTS OF THE THEORETICAL FIBER ARE GIVEN FOR COMPARISON

Name of sample Cr1 (MHz/°C) Crz2 (MHz/°C) Ct3 (MHz/°C)
SMFS_Ge0 1.0 1.04 1.08
SMFS_Gel 1.0 1.04 1.08
SMFS_Ge2 1.0 1.04 1.08
SMFS_Ge3 1.0 1.03 1.07

The same analysis is done for the strain coefficients and the corresponding results are reported
in TABLE 3.12. However, it can be observed a maximum difference of 1.2% between the Cg;
of SMFS_Gel and SMFS_Ge0. The maximum difference for the Ce, is between the
SMFS_Ge0 and the SMFS_Ge2 and the corresponding value is 3.8%, for the Ces this
difference is 2.4% and concerns the SMFS_Gel.

TABLE 3.12: STRAIN COEFFICIENTS OF THE THREE DIFFERENT MANUFACTURED SAMPLES OF THE GE-DOPED FIBER.
THE COEFFICIENTS OF THE THEORETICAL FIBER ARE GIVEN FOR COMPARISON

Name of sample Ce; (MHz/pe) Ce, (MHz/pe) Cez (MHz/pe)
SMFS_Ge0 0.0484 0.0496 0.0538
SMFS_Gel 0.0484 0.0513 0.0551
SMFS_Ge2 0.0490 0.0515 0.0547
SMFS_Ge3 0.0480 0.0500 0.0531

3.3.2 GeF-doped fiber

Figure 3.14 compares the RIP of the manufactured SMFS_F samples of the GeF-doped fiber

with the one of its theoretical structure (SMFS_FO0). TaBLE 3.13 reports the main
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characteristics of those samples, here again obtained from the same preform by varying the
drawing tension and speed. As for the SMFS_Ge sample, the theoretical and real RIPs are
close. The measured ratio between the top and the bottom of the trapezoidal core is of ~0.4
(0.64 targeted). Concerning the refractive index, we obtain a An of 16x10° SMFS_F1 and
SMFS_F3, and a An of 17x10° for SMFS_F3, for the SMFS_FO we have targeted a An of
14.5x10°® at 1550 nm.
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Figure 3.14: Comparison between the RIP of the manufactured GeF-doped fiber samples and the ideal one
(SMFS_F0)

TABLE 3.13: CHARACTERISTICS OF THE MANUFACTURED GEF-DOPED FIBER SAMPLES

] ] ] Diameter
Tension  diameter  Cladding Ge F
Name of _ ) _ _ _ doped
drawing coresize diameter Concentration Concentration )
sample _ ) ) _ cladding
(9) (um) size (Um) in core in cladding
(Hm)
SMFS_F1 40 3.0£0.1 122+1 15.8+0.5 0.16+0.05 23.8
SMFS_F2 70 3.1+0.1 125+1 15.8+0.5 0.16+0.05 24.2

SMFS_F3 200 3.2+0.1 128+1 15.8+0.5 0.16+0.05 24.6
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3.3.2.1 Theoretical Brillouin Spectrum

From the measured RIP, we calculated the Brillouin spectrum of each manufactured sample
and compared them to the theoretical one in Figure 3.15. The exact values of the different
Brillouin frequency peaks are given in TABLE 3.14 for all samples. All samples present
Brillouin signature with three Brillouin frequency peaks. Compared to the targeted profile, the
experimental ones present larger amplitudes for the second and the third peaks. However, the
amplitude of the first peak is lower than expected. In terms of peak frequencies, the largest
difference between the theoretical and the real fibers are: 0.2%; 1.7% and 1.7% for the first,
second and third Brillouin frequency peaks, respectively. As for the first fiber, the

experiments are very close to the simulation.

i —— SMFS_FO

Amplitude (u.a.)

10.0 10.2 104 106 108 11.0 11.2
Frequency (GHz)

Figure 3.15: Simulated Brillouin spectrum of the germanium fluorine doped fiber samples
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TABLE 3.14: BRILLOUIN FREQUENCY PEAK OF THE GERMANIUM FLUORINE DOPED FIBER SAMPLES

Name of sample v1 (GHz2) v, (GH2) vs (GH2)
SMFS_FO 10.247 10.472 10.837
SMFS_F1 10.265 10.648 11.005
SMFS_F2 10.267 10.627 10.983
SMFS_F3 10.239 10.593 10.977

3.3.2.2 Temperature coefficients
We have compared the temperature coefficients calculated for the different Brillouin
peaks of the manufactured SMFS_F samples to those calculated for the ideal fiber. All the
coefficient values are detailed in TABLE 3.15, the biggest difference of 1.9 % corresponds to a
0.02Mhz/°C difference between the C1, of SMFS_F1 and the SMFS_FO.

TABLE 3.15: TEMPERATURE COEFFICIENTS OF THE THREE DIFFERENT MANUFACTURED SAMPLES OF THE GEF-
DOPED FIBER. THE COEFFICIENTS OF THE THEORETICAL FIBER ARE GIVEN FOR COMPARISON

Name of sample Cr1 (MHz/°C) Cr2 (MHz/°C) Crs (MHz/°C)
SMFS_FO 1.01 1.03 1.06
SMFS _F1 1.00 1.05 1.07
SMFS_F2 1.00 1.04 1.07
SMFS_F3 1.00 1.03 1.07

3.3.2.3 Strain coefficients
We have then calculated the values of the strain coefficients for the manufactured
samples and compare them with those from ideal profile in TABLE 3.16. A maximum
difference of 9.6%, 2.6%, and 6.0% are observed for the Ce;, Ce,, and Ces respectively with
the SMFS_FO.
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TABLE 3.16: STRAIN COEFFICIENTS OF THE THREE DIFFERENT MANUFACTURED SAMPLES OF THE GEF-DOPED
FIBER. THE COEFFICIENTS OF THE THEORETICAL FIBER ARE GIVEN FOR COMPARISON

Name of sample Ce; (MHz/pe) Ce, (MHz/pe) Cez (MHz/pe)
SMFS_FO0 0.0447 0.050 0.0519
SMFS_F1 0.0483 0.0513 0.0550
SMFS_F2 0.0490 0.0513 0.0546
SMFS_F3 0.0486 0.0510 0.0542

3.3.3 Partial Conclusion

The objective was to create a fiber sensor which is able to discriminate the strain and
the temperature changes along a single optical fiber. To achieve this, we have exploited the
simulation tools validated in chapter 2 to statistically study the impact of different variables
such as the Ge and F dopant concentrations, the fiber refractive-index profile on the Brillouin
response. Basing on the existing results given in Chapter 2, we first define the variation
ranges for these different variables and then performed a first cycle of 176 simulations. As
output, 152 simulations correspond to fiber structures associated with Brillouin spectra
comprising three clearly discernable peaks. Moreover, we have seen that the Ge concentration
influences the peak amplitude as well as the values of the strain and temperature coefficients.
The core size influences it too and also the relative strain coefficients between the Brillouin
frequency peaks. From this first step, it has been decided to perform another cycle of 90
simulations, reducing the possible variation range for those parameters. We have then
obtained 78 fibers presenting Brillouin spectra with three peaks. This statistical approach also
allows us to test the robustness of our approach as 86% of the 266 simulation cases results in
spectra with three Brillouin peaks. From this data set, we have selected two structures of
single-mode fiber, the first one is a Ge-doped fiber, and the second one Ge-doped core fiber
with F-doped cladding. From their theoretical RIPs, a tolerance study has been done using as
input the possible process variations expected by iXblue. This confirmed us that the chosen
RIPs are robust, and that even considering the manufacturing uncertainties, the Brillouin
signature with the three peaks should be maintained, with strain and temperature coefficients

close to those targeted.
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Finally, the two structures have been realized as preforms and from each preform iXblue has
produced three different samples by varying the drawing tension and speed, allowing to
characterize their influence on the Brillouin responses. The RIP of each sample has been
measured with the IFA and using these real RIPs, the expected Brillouin responses have been
compared to those predicted for the ideal fiber profile. Next step consists in characterizing

experimentally the response of each sample and compare those results to our predictions.

3.4 Experiments: Multi-peaks fibers

3.4.1 Qualification of the optical fibers
3.4.1.1 Losses

For their characterization, 1Xblue Photonics packaged 100 m of each fiber by coiling it
on a standard support with a diameter of 15 cm. The losses of these fibers have been
measured at 1310 nm and 1550 nm using an Optical Time Domain Reflectometer (OTDR)
from Viavi solution [128]. Figure 3.16 shows the OTDR traces at 1.55um (black line) and
1.31um (blue line) for the SMFS_Gel sample. The measured attenuations are detailed in
TABLE 3.17. The SMFS_Ge fiber has losses around 1 dB/km with the highest value of
1.36 dB/km for the SMFS_Gel at 1.31 um. Concerning the SMFS_F samples the losses are
globally slightly lower than for the SMFS_Ge sample, highest attenuation being also
measured for the SMFS_F1 at 1.31 um. This result is easily explained, indeed, the attenuation
is higher at 1.31 um than 1.55 um [128] due to the wavelength dependence of the Rayleigh
losses. Moreover, the SMFS_Gel has a smallest core diameter with a similar An compared to
the SMFS_Ge2 and SMFS_Ge3, so the effect of the bending is more important in this case
[129], [130]. We observe the same phenomenon for the case of SMFS_F samples. These
attenuation values are sufficient for sensing on long distances, typically using an interrogator
with an optical budget of 10 dB we can perform a strain or temperature measurement over a

range of 10 km.
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Figure 3.16: Measured losses by OTDR of the SMFS_Gel sample at the two telecom wavelengths 1310 and
1550 nm
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TABLE 3.17: MEASURED ATTENUATIONS FOR THE SMFS_GE AND SMFS_F SAMPLES AT 1.31uM AND 1.55um

Ge-doped fiber

Theoretical losses without

@1.31um: 0.33 dB/km

@1.55um: 0.19 dB/km

bending

Sample Losses @ 1.31um (dB/km) Losses @ 1.55um (dB/km)
SMFS_Gel 1.36 1.09
SMFS_Ge2 1.17 1.10
SMFS_Ge3 0.98 0.70

GeF-doped fiber

Theoretical losses without

@1.31um: 0.33 dB/km

@1.55um: 0.19 dB/km

bending

Sample Losses @ 1.31um (dB/km) Losses @ 1.55um (dB/km)
SMFS_F1 1.62 1.08
SMFS_F2 0.97 0.71
SMFS_F3 0.60 0.54

3.4.1.2 Germanium Fluorine fiber

3.4.1.2.1 Brillouin spectrum

The first tested samples were the SMFS_F samples. The Brillouin spectrum of each
fiber has been measured between 10.0 and 11.5 GHz, with a BOTDA from OZ optics [131].
The pulse was selected at 30 ns. Figure 3.17 presents the spectrum measured by the BOTDA

for the SMFS_F1 sample. As predicted by simulation, three Brillouin frequency peaks are

observed. Similar responses are measured for the other SMFS_F samples. After the

measurement of the Brillouin spectrum, we performed another measurement by focusing on

each Brillouin frequency peak. Figure 3.18 shows the measurement by the BOTDA, in a) of
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the first Brillouin frequency peak, in b) of the second peak and in c¢) of the third peak. In this
BOTDA configuration we have a frequency step of 0.64 MHz (best resolution) contrary to the
first measurement where the frequency step was equal to 3.84 MHz. For each peak we have
extracted the Brillouin frequency using a Lorentzian fitting represented in red in Figure 3.18

and given by the following formula:

Lorentzian = A * 5
V - VO (3'1)
r

2
where A is the amplitude, v and vo are the frequency and the central frequency respectively,

1+

and T the full width at half maximum (FWHM). For the third peak we have use two
Lorentzian fits to calculate its frequency. The same method of calculation has been applied for
all fibers. TABLE 3. 18 reports the frequencies of the Brillouin peaks with the associated
errors. The error corresponds to the standard deviation of all measurements, indeed, the
Brillouin spectra have been measured for 101 different spatial positions. It appears that the
frequencies of the second and the third peak decrease with increasing values of the drawing
tension and speed (10.610 GHz into 10.574 GHz).
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Figure 3.17: BOTDA measured Brillouin spectrum of the SMS_F1
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Figure 3.18: measured Brillouin frequency peaks of the SMFS_F1. In a) the first Brillouin peak, in b) the second
peak, and in c) the third peak.

TABLE 3. 18: MEASURED FREQUENCIES FOR THE BRILLOUIN PEAKS OF THE SMFS_F SAMPLES

Sample v1 (GHz) v, (GHz) vs (GHz)
SMFS_F1 10.281+1-10° 10.610+0.34:107 11.055+0.41-107
SMFS_F2 10.291+0.22-10° 10.608+0.45-107 11.050+0.68-107
SMFS_F3 10.242+0.05-107 10.574+0.35-107 11.030+0.52-107

3.4.1.2.2 Thermal coefficient

After characterizing the Brillouin spectrum, calibration procedure has been done to extract the
temperature and strain coefficients for each Brillouin peak of each fiber sample. To do this
iXblue has coiled, for each fiber, one sample on a quartz support applying a successive coiling
tension, as represented in Figure 3.19. The choice of the quartz support is explained by its low

deformation during a thermal treatment and then reduced strain parasitic impact during the
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temperature coefficient measurement. Five coiling tensions have been selected: 17 g, 67 g,
117 g, 167 g, and 217 g (which correspond to 158.1 ue, 623.1 pe, 1088.1 pe, 1553.1 pue and
2018.1 ue). These pipes in quartz have been placed inside the oven with type K
thermocouples. Five steps of temperature have been applied on the fiber: 30 °C, 40 °C, 50 °C,
60 °, and 70 C. With this set-up we can highlight any crossing effect between the strain and
the temperature on the Brillouin spectrum. Figure 3.20 illustrates the spatial variation of the
first Brillouin peak frequency along the tested sample. The effects of coiling tension and
temperature are clearly observable and we can easily determine the differently strained fiber
parts with the BOTDA. For each zone, we have considered 101 spatial points and have
calculated the temperature coefficient for each point. Figure 3.21 gives the evolution of the
temperature coefficient for each tension step, with the associated error calculated by a
standard deviation. The biggest variation for the Cr; is between the tension 2 (623.1 pe) and
tension 5 (2018.1 ue) and corresponds to a variation of 1.8% (0.02+ 0.005MHz/°C).
Concerning the Cr, the biggest variation is between the tension 1 (158.1 pe) and tension 3
(1088 pe) and corresponds to a difference of 11.6% (0.16 = 0.07 MHz/°C). Finally, the largest
variation has been measured for temperature coefficient Cr3 between tension 2 (623.1 pe) and
tension 5 (2018.1 pe) and is equal to 5.3% (0.07 £ 0.04 MHz/°C). In view of these results, we
can say that the temperature coefficients are not affected by the strain up to 2018.1 pue. In this
case we have calculated the temperature coefficient associated to each peak and to each
tension for the three samples, and we have performed an average. These values of temperature
coefficient are reported in TABLE 3.19. We can observe a difference of the temperature
coefficient between the different samples. Indeed, the maximum measured difference for Ct;
is 0.19 £0.02 MHz/°C (16%) and concerns the SMFS_F2 and the SMFS_F3 samples. For Cr;
and Crz the maximum difference is 0.11 £0.064 MHz/°C (8.3%) and 0.14 £0.046 MHz/°C
(11.1%) and concern the SMFS_F1 and SMFS_F3 for Ct, and SMFS_F1 and SMFS_F2 for
Crs, respectively. So a small variation of the temperature coefficient is observed by varying
the fiber drawing conditions but none tendency can be easily pointed out. Moreover, the
internal stress is included in our simulation based on the IFA measurement, contrary to the

simulation work of Yolande Sikali Mamdem [85] which includes the measured internal strain.
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Figure 3.19: experimental set-up used to characterize the temperature and strain coefficients
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Figure 3.20: Spatial evolution of the frequency of the first Brillouin peak measured on the packaged SMFS_F1
sample at different coiling tensions and different temperatures
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Figure 3.21: Evolution of the temperature coefficients of the three Brillouin frequency peaks at different tensions
for SMFS_F1 sample.

TABLE 3.19: EXPERIMENTAL MEASUREMENTS OF THE TEMPERATURE COEFFICIENTS OF THE BRILLOUIN PEAKS OF
THE SMFS_F SAMPLES

Sample Cr1 (MHz/°C) Cr2 (MHz/°C) Cr3 (MHz/°C)
SMFS_F1 1.11+0.014 1.32+0.060 1.26+0.045
SMFS_F2 0.99+0.02 1.31+0.034 1.12+0.046
SMFS_F3 1.18+0.012 1.21+0.064 1.26+0.043

3.4.1.2.3 Strain coefficient

For the strain coefficient we also characterized the temperature impact on their values. As for
the temperature coefficient we have represented the strain coefficients measured at the
different temperatures (Figure 3.22) for the three Brillouin peaks. Concerning C.; the biggest
difference is 1.4% (0.0007 MHz/u<) between the measurements at 40°C and 60°C. For the
strain coefficient C., and C.3 the maximum difference is 2.7% (0.0014 MHz/ pe) and 7%

(0.0042 MHz/ pne) respectively, and corresponds to 40°C and 60°C temperature steps for C,
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and to 50°C and 60°C temperature step for C.3. As expected, no major temperature effect on
the strain coefficient values is observed. TABLE 3.20 reports the strain coefficients of the
SMFS_F samples, the same procedure was used for their calculation and the ones of the
temperature coefficients. We observe a strain coefficient variation between the different
samples. The maximum variation of C.;, C,, and C.3 is 9% (0.0045 MHz/ ne), 16% (0.0087
MHz/ ne), and 19% (0.11 MHz/ ue) respectively. These differences concern the SMFS_F2
and SMFS_F3 for C.;, SMFS_F2 and SMFS_F1 for C,,, and SMFS_F1 and SMFS_2 for Cg.
From these variations we cannot conclude on a particular effect of the drawing tension and

speed on the strain coefficient.
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Figure 3.22: Evolution of the strain coefficient for each Brillouin frequency peak at different temperatures for
SMFS_F1 sample

TABLE 3.20: EXPERIMENTAL STRAIN COEFFICIENT OF THE SMFS_F SAMPLES

Sample Ce; (MHz/pe) Cey (MHz/pe) Cez (MHz/pe)
SMFS_F1 0.0487+0.0027 0.0519+0.0042 0.0575+0.0042
SMFS_F2 0.0454+0.0023 0.0432+0.0079 0.0465+0.0081
SMFS_F3 0.0442+0.0038 0.0471+0.0016 0.0489+0.0012
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3.4.1.3 Ge-doped fiber
3.4.1.3.1 Brillouin spectrum

We have measured the Brillouin spectra of the SMFS_Ge samples to determine the
position of each frequency peak, and as for the SMFS_F sample, we have recorded each
Brillouin frequency peak with a frequency step of 0.64 MHz. By using the Lorentzian fit
(equation 3.1) we have determined the frequency value of each Brillouin peak. TABLE 3.21
reports these experimental values. Regarding the first Brillouin peak we obtain a maximum
variation of 0.5 % (48 MHz) of its frequency, for the second and third peaks we observe that
the frequency value decreases when the drawing tension and speed increase. Indeed we
obtained a maximum difference of 0.6 % (69 MHz) and 0.4 % (74 MHz) for v, and vs,

respectively.

TABLE 3.21: MEASURED BRILLOUIN FREQUENCY FOR EACH PEAK OBSERVED IN THE SMFS_GE SAMPLES

Sample v1 (GHz) v2 (GHz) v3 (GHz)
SMFS_Gel 10.277+0.13-107 10.629+0.90-107 11.096+0.55°107
SMFS_Ge2 10.276+0.09-107 10.622+0.24-107 11.087+0.52-107
SMFS_Ge3 10.229+0.19-107® 10.560+0.15-107 11.022+0.12-107

3.5.1.2.3 Temperature coefficients

We have determined the temperature coefficients of each sample with the procedure
described in part 3.4.1.2.2, and we have investigated possible effect of strain on the
temperature coefficient. We have observed the same phenomena than for the SMFS_F
sample, and then we have performed an averaging of the temperature coefficients measured
for each strain step. TABLE 3.22 reports these values of temperature coefficient. We obtained a
variation of 3.6 % (0.04 MHz/°C) for Cy;, 14.8 % (0.2 MHz/°C) for Cy,, and 4.2 %
(0.05 MHz/°C) for Crs.
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TABLE 3.22: EXPERIMENTALLY MEASURED TEMPERATURE COEFFICIENTS FOR THE DIFFERENT BRILLOUIN PEAKS
OF THE SMFS_GE SAMPLES

Sample Cr1 (MHz/°C) Crz2 (MHz/°C) Ct3 (MHz/°C)
SMFS_Gel 1.08+0.006 1.27+0.030 1.15+0.021
SMFS_Ge2 1.12+0.005 1.15+0.033 1.20+0.018
SMFS_Ge3 1.11+0.005 1.35+0.095 1.18+0.033

3.4.1.3.3 Strain coefficients

Finally, we have determined the strain coefficients (detailed in TABLE 3.23) of each of
the SMFS_Ge samples. As previously, we have compared the strain coefficients to highlight
the possible impact of drawing conditions. We measured variations of 12 %
(0.0065 MHz/ ue) for C., 5.7 % (0.0031 MHz/ue) for C.,, and 13.0 % (0.0074 MHz/ue) for
C.3. This confirms an impact of the drawing, but none tendency can be found with respect to

the considered tensions and speeds.

TABLE 3.23: EXPERIMENTAL STRAIN COEFFICIENT OF THE SMFS_GE SAMPLES

Sample Ce; (MHz/pe) Ce, (MHz/pe) Cez (MHz/pe)
SMFS_Gel 0.0541+0.00019 0.0506+0.0012 0.0565+0.00055
SMFS_Ge2 0.0504+0.00019 0.0537+0.0008 0.0568+0.00054
SMFS_Ge3 0.0476+0.00021 0.0516+0.0012 0.0494+0.00120

3.5 Confrontation between simulation and experiments

3.5.1 Brillouin Spectrum

TABLE 3.24 and TABLE 3.25 compare the simulation and the experimental results
regarding the frequencies of each Brillouin peaks of the SMFS_Ge and SMFS_F samples,
respectively. For both sample types, our simulations well predict the experimental results.
Indeed, the maximum difference for the SMFS_Ge sample is 1% (peak 3 of the SMFS_Ge3)

136



and the maximum difference of the SMFS_F sample is 0.7% (peak 2 of the SMFS_F3). In
terms of drawing effect, these results demonstrate our ability to predict the Brillouin peak
frequencies regardless of the drawing tension and speed, indeed for each sample we have 1%

or less of difference between experiments and simulation.

TABLE 3.24: COMPARISON BETWEEN CALCULATED AND MEASURED FREQUENCIES FOR EACH BRILLOUIN PEAK OF
THE SMFS_GE SAMPLES

SMFS_Gel

SMFS_Ge2

SMFS_Ge3

V1_measured (GHz)
V1_simulat (G HZ)

Difference (%)

10.277+0.13:10°°
10.237

0.4

10.276+0.09-107
10.276

0

10.229+0.19-10°°
10.188

0.4

V2_measured (GHZ)
V2_simulat (G HZ)

Difference (%)

10.629+0.90-10°
10.639

0.1

10.622+0.24°10°°
10.647

0.2

10.560+0.15°10°°
10.520

0.4

V3_measured (GHZ)
v3_simulat (GHZ)

Difference (%)

11.096+0.55:10"
11.029

0.6

11.087+0.52-10°°
11.023

0.6

11.022+0.12°10°°

10.922
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TABLE 3.25: COMPARISON BETWEEN CALCULATED AND MEASURED FREQUENCIES FOR EACH BRILLOUIN PEAK OF

THE SMFS_F SAMPLES

SMFS_F1

SMFS_F2

SMFS_F3

V1_measured (G HZ)
V1_simulat (G HZ)

Difference (%)

10.281+1°10°
10.265

0.2

10.291+£0.22:10°
10.267

0.2

10.242+0.05°107°
10.239

0.03

V2_measured (GHz)
V2_simulat (G HZ)

Difference (%)

10.610+0.34-10°°
10.648

0.4

10.608+0.45-10
10.627

0.2

10.574+0.35:10°°
10.593

0.2

V3 measured (G HZ)
Vv3_simulat (GHZ)

Difference (%)

11.055+£0.41-10°°
11.005

0.5

11.050+0.68:10°°
10.983

0.6

11.030+0.52:10°°
10.977

0.5

3.5.2 Temperature coefficients

As for the Brillouin peak frequencies we compared the calculated and measured

temperature coefficients. TABLE 3.26 and TABLE 3.27 report the results for the SMFS_Ge and

the SMFS_F sample, respectively. Regarding the SMFS_Ge fiber, we obtained around 10% of

difference with two exceptions for the second temperature coefficient of the SMFS_Gel and

SMFS_Ge3 samples for which the difference reaches ~20%. Concerning the SMFS_F sample,

we obtain a mean variation around 13% with a maximum difference of 20.6 % (second

temperature coefficient of the SMFS_F2 sample) and a minimum difference of 1 % (first

temperature coefficient of the SMFS_F2 sample). For both types of fiber, similar results to

those reported in chapter 2 have been obtained.
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TABLE 3.26: COMPARISON BETWEEN SIMULATED AND MEASURED TEMPERATURE COEFFICIENTS OF THE BRILLOUIN

PEAKS OF THE SMFS_GE SAMPLES

SMFS_Gel SMFS_Ge2 SMFS_Ge3
Cr1_measured (GHZ) 1.08+0.006 1.12+0.005 1.11+0.005
Cry._simutat (GHZ) 1.0 1.00 1.0
Difference (%) 7.4 10.7 9.9
Ct2 measured (GHZ) 1.27+0.03 1.15+0.033 1.35+0.095
Crz_simutat (GHZ) 1.04 1.04 1.03
Difference (%) 18.1 9.60 23.7
C13_measured (GHZ) 1.15+0.021 1.20+0.018 1.18+0.033
Cra_simutat (GHZ) 1.08 1.08 1.07
Difference (%) 6.1 10 9.3

TABLE 3.27: COMPARISON BETWEEN SIMULATED AND MEASURED TEMPERATURE COEFFICIENTS OF THE BRILLOUIN

PEAKS OF THE SMFS_F SAMPLES

SMFS_F1 SMFS_F2 SMFS_F3

Cr1_measured (GHZ) 1.11+0.014 0.99+0.02 1.18+0.012
Cr1_simulat (GHZ) 1.0 1.0 1.0

Difference (%) 9.9 1 15.3
Cr2_measured (GHZ) 1.32+0.06 1.31+0.034 1.21+0.064
Crz_simutat (GHZ) 1.05 1.04 1.03

Difference (%) 20.5 20.6 14.9
C13_measured (GHZ) 1.26+0.045 1.12+0.046 1.26+0.0431
Cra_simulat (GHZ) 1.07 1.07 1.07

Difference (%) 15.1 4.5 15.1
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3.5.3 Strain coefficients

Finally we compare in TABLE 3.28 and TABLE 3.29 the experiments and the
simulations for the strain coefficients of the SMFS_Ge and the SMFS_F samples,
respectively. For the SMFS_Ge samples we obtain a mean difference of 4% with a maximum
difference of 10.5% for the first strain coefficient of SMFS_Gel and a minimum difference of
0.8% for the first strain coefficient of the SMFS_Ge3. The predictions of strain coefficients
are then very close to the experimental values. Regarding the SMFS_F samples, we obtain a
mean difference of 9% with the maximum error 18.8% (2nd coefficient of SMFS_F2) and a
minimum difference of 0.8% (1% coefficient of SMFS_F1). As a reminder, to calibrate the
strain coefficient we have coiled the sample at different tensions in grams on cylinder in fused
silica. To convert our strain coefficient from MHz/g into MHz/ue we have applied different
weights on the fiber and convert this tension in strain with a tensile gauge. Typically, after
measurement, to convert the strain coefficient we divide the strain coefficient of the SMFS_F
sample by 9.2 and by 8.6 for the SMFS_Ge sample. Despite these small differences between
the simulation and the experiment, our predictions are considered as in good agreement with
the experimental results and for sure are efficient to design optimized optical fibers for

sensing applications.
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TABLE 3.28: COMPARISON BETWEEN SIMULATED AND MEASURED STRAIN COEFFICIENTS OF THE BRILLOUIN PEAKS

OF THE SMFS_GE SAMPLES

SMFS_Gel SMFS_Ge2 SMFS_Ge3
Ce1_measured (GHZ) 0.0541+0.0002 0.0504+0.0002 0.0476+0.0002
Cet_simuiat (GHZ) 0.0484 0.049 0.048
Difference (%) 10.5 2.8 0.8
Ce2 measured (GHZ) 0.0506+0.0012 0.0537+0.0008 0.0516+0.0001
Ce2_simutat (GHZ) 0.0513 0.0515 0.05
Difference (%) 1.4 4.1 3.1
Ce3_measured (GHZ) 0.0565+0.0006 0.0568+0.0005 0.0494+0.0001
Ces simutat (GHZ) 0.0551 0.0547 0.0531
Difference (%) 2.5 3.7 7.5

TABLE 3.29: COMPARISON BETWEEN SIMULATED AND MEASURED STRAIN COEFFICIENTS OF THE BRILLOUIN PEAKS

OF THE SMFS_F SAMPLES

SMFS_F1 SMFS_F2 SMFS_F3

Ce1_measured (GHZ) 0.0487+0.0003 0.0454+0.0002 0.0442+0.0004
Ce1_simutat (GHZ) 0.0483 0.049 0.0486

Difference (%) 0.8 7.9 10
Ce2_measured (GHZ) 0.0519+0.0006 0.0432+0.0007 0.0471+0.0002
Ce2_simutat (GHZ) 0.0513 0.0513 0.051

Difference (%) 1.2 18.8 8.3
Ce3_measured (GHZ) 0.0575+0.0004 0.0465+0.0007 0.0489+0.0001
Ce3 simulat (GH2) 0.055 0.0546 0.0542

Difference (%) 4.3 17.4 10.8
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3.6 Discrimination between the strain and temperature applied to the fibers

3.6.1 Metrological approach

The discrimination problem has been already studied in the literature [132] for optical
fibers presenting two Brillouin frequency peaks such as the LEAF fiber from Corning [133].
In their article, the authors proposed to solve the equations 3.2 and 3.3 to discriminate

between the strain and the temperature applied on the single-mode optical fiber [133]:

_ |Ce2|6v1 + |Ce1l6v,
 |Ce2Cr1 = Cex Cral
_ |Cral6vy 4 [Ceq v,
" |Ce2Cr1 = CerCra

8'T

(3.2)

§'e (3.3

where 6v is the error done when measuring the Brillouin peak frequency.

Generally this error is related to the interrogator architecture scheme and performances. In our
case the interrogator from Oz Optics gives only the strain or temperature measurements [131],
but not the error associated on the Brillouin peak frequency measurement. To solve these
equations, it has been decided to use a least squares method to determine the error associated
to each measure of Brillouin frequency. The equation used to determine the temperature or

strain values is:

Vm — Ce,, X€=Cp, XT (3.4)

In our case we have considered C. X e as a constant, this is supported by the fact that no

crossing effect between the strain and the temperature has been measured. So the equation 3.4

can be written as:

P =XR (3.5)
where X and P are defined as follow :
{P = [vm — CEm X e] (3.6)
X =[T0]
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The coefficient of the linear model is given by:

{R = (XTX)"1XTP
R = [Cr] (3.7)

where XT is the transpose of matrix X. The response A and the residue e are calculated as:

A=XR (3.8)
e=P—-A (3.9)
and the variance is given by:
2 1 N 2
= : 3.10
e DI (3.10)

where N is the number of measurements. The confidence interval can be calculated as:

22 = g2 [1 4+ X*(XTX) 1 x"] (3.11)

where X™* is the matrix at the temperature at which we calculated the confidence interval. So

finally the boundaries for the confidence interval for one measurement are given by:

Vm — Ce, X €=Cp, XT +t,% (3.12)
where t, is the Student’s coefficient :1.96 in our case to obtain a boundary confidence of
95 % [134]. The boundary confidence interval for N measurements is given by equation 3.14:

1
572 = 52 [N + X*(xTX)-lx*T] (3.13)

Vm — Ce,, X€=Cr XT X t,2 (3.14)

Figure 3.23 gives each point measured at the different temperatures and for each differently
strained region of the SMFS_F1 sample. In this figure, the red line corresponds to a linear fit

while the blue line corresponds to the 95% boundary confidence interval for N measurements.
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Treating all fibers and all their Brillouin peaks, we also have considered 101 spatial positions,
and 5 steps of strain. In this case N= 505. By dividing the boundary confidence interval by
two, we have obtained the frequency measurement error for each Brillouin frequency peak.
The results are detailed in TABLE 3.30. We can observe a frequency error (6v) superior to
1 MHz in all case except for the dv; of the SMFS_Gel. This result can be explained by the
distributed capacities. Indeed, the applied strain along the fiber is not perfectly homogenous,

and then, the Brillouin frequency measurement along the fiber could vary of several MHz.
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Figure 3.23: Metrological analysis of the first Brillouin frequency peak minus strain effect of the SMF_F

sample. The red line corresponds to the linear fit and the blue line to the boundary confidence of 95%

TABLE 3.30: ASSOCIATED ERROR TO THE FREQUENCY MEASUREMENT CALCULATED WITH THE LAST SQUARE ROOT
METHOD

Error  SMFS_F1 SMFS_F2 SMFS_F3 SMFS _Gel SMFS Ge2 SMFS_Ge3

frequency (MHz) (MHz2) (MHz) (MHz) (MHz) (MHz)
ovy 2.1 24 1.8 0.7 1.6 1.5
) 4.2 3.1 3.7 24 24 2.7
dv3 3.2 3.7 3.1 2.6 24 2.2
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3.6.2 Discrimination strain temperature

By applying the equations (3.2) and (3.3) we have calculated the discrimination
performances that can be achieved with the various fibers combined to our BOTDA. For the
results shown in Figure 3.24 we have considered the best system between vi/v,, vo/vs, and
vilvs to achieve the best discrimination. Obviously, we obtained reduced discrimination
capacity, this being explained by the large error, previously discussed, on the frequency
measurement. The best candidate is the SMFS_Gel with an error of 248 e/ 12 °C.
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Figure 3.24: Discrimination capacities of each sample with the associated error calculated with the
metrological approach

3.6.3 Discrimination with the method of patent

The results presented in the previous part are not satisfying, however during this PhD
work period, other peoples have been working on the same research subject. The first study
was about simulations [132] while a second one concerns both theoretical and experimental
results [135]. The authors propose a discrimination method basing on the measurements of
two Brillouin frequency peaks in the same fiber with a BOTDA interrogator. We propose to

145



compare our results with the literature ones including the older results of the LEAF fiber
[124], [136], [137]. To compare the potential of discrimination of our fiber with the literature
we have to consider the same error induced by the interrogator on the frequency
measurement. So, we used the equation described in the patent [118] to compare the

discrimination capacities:

V C72"1 + CTZ"Z (3.15)

o€ =
ICTICEZ - CTZCEII
ST JCA + C, (3.16)

a ICTICEZ - CTZCEII

In this case we obtain a §e and a 6T in ue/MHz and °C/MHz respectively. It is then possible
to compare different fibers and interrogators with different measurement errors. As
previously, we have considered the best combination between vi/vy, vo/vs, and vi/vs. Figure
3.25 and TABLE 3.31 summarize the resulting discriminations capacities of our fibers and the
ones of literature. Two of our fibers present better discrimination performances than the
SSMF-B [135] and the LEAF fiber. It should be pointed out that our fiber has been tested
with a BOTDR interrogator contrary to the SSMF-B, FMF, and the SSMF-A. The Brillouin
spectrum of the SMFS_F1 measured with a BOTDR is represented in Figure 3.26. We can see
clearly the three Brillouin frequency peaks. So we can conclude that two of our fibers have
the best discrimination actually reported. Furthermore all the fibers produced by iXblue
Photonics can be adapted on each type of interrogator (BOTDA, BOTDR) thanks to their
single mode characteristics, low attenuation. This BOTDR is from Viavi-solutions and
propose another solution to discriminate the strain and the temperature. It will be detailed in

the part 3.7 in the framework of a research about fiber instrumentation in the nuclear domain.
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Figure 3.25: Discrimination capacities between the strain and the temperature with the patent method. The
green characters correspond to the samples of this thesis, and the red characters correspond to the literature

data [124], [135]

TABLE 3.31: DISCRIMINATION PERFORMANCES OF THE VARIOUS FIBERS CALCULATED WITH THE PATENT METHOD

Temperature error

Strain error

Sample
(°C/MHz) (ue/MHz)

SMFS F1 7.4 173.7

SMFS_F2 3.8 98.3

SMFS_F3 30.82 806

PhD Thesis

SMFS_Gel 5.3 118.6
SMFS_Ge2 24.2 523.42

SMFS_Ge3 10.05 250.2

SSMF-A 26.3 531
Literature SSMF-B 6.66 137.79
[124], [135] FMF 8.57 158.76
LEAF 7.44 160.4
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Figure 3.26: Brillouin spectrum of the SMFS_F1 sample measured with the BOTDR from Viavi-solutions

3.6.4 Discrimination with 3 peaks

Finally, we have tried to use the contribution of the three peaks to discriminate

between the temperature and the strain contribution along the fiber. For that, we have adapted

the equation (3.15) and (3.16) to create a system of three equations:

V2| = [Cr2
V3 Cr3

if we define our matrix C as:

We can solve our system through the equation (3.19):

]

Cel
Ce2
C€3
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6y
[5T] — (CTC)1cT [5@] (3.19)
o€ 5.y

where (CTC)™1CT is called the M matrix (2x3), and then we define the temperature and strain

precision as:

5T = \/Mfl M2+ MY, (3.20)

3.21
Se = \/Mzzl + M3, + M2, (3:21)

From these equations we have represented the capacities of discrimination in Figure 3.27 and
detailed in TABLE 3.32. With this method we increase a bit the performances of our sensors,
but the performances are still under the ones of the SSMF-B sample except for the
SMFS_Gel and SMFS_F2 that present better performances.
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Figure 3.27: Discrimination capacities between strain and temperature by using the three Brillouin frequency
peaks with the patent method
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TABLE 3.32: DETAILS VALUES OF THE DISCRIMINATION CAPACITIES BY USING THE THREE BRILLOUIN FREQUENCY
PEAKS WITH THE PATENT METHOD

Temperature error Strain error
Sample
(°C/MHz) (ne/MHZz)

SMFS_F1 7.2 168.3

SMFS_F2 3.6 92.7

SMFS_F3 27.8 724.6

Thesis

SMFS_Gel 4.8 103.5

SMFS_Ge2 23.7 511.1

SMFS_Ge3 9.4 229.8

SSMF-A 26.3 531
Literature [124], SSMF-B 6.66 137.79
[135] FMF 8.57 158.76
LEAF 7.44 160.4

3.6.5 Partial conclusion

Starting on two fiber structures designed with our simulation model, optical fibers
have been manufactured by iXblue Photonics. The objective was to evaluate the quality of our
prediction of the Brillouin response of low loss optical fibers presenting multiple Brillouin
peak and then able to discriminate the strain and the temperature. Different fiber samples have
been produced starting from the same preform and varying the drawing conditions. These
samples have been fully characterized, they present low loss levels in the IR with attenuation
around 1 dB/km for each sample at 1550 nm. In a second time, we have characterized our
samples in terms of Brillouin signature: frequency peak, temperature and strain coefficients.
The experimental results have been compared to the predictions, showing a very good

agreement b for the Brillouin frequency peak and the strain coefficients. Concerning the
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temperature coefficients, the prediction remains good but may be improved by performing

further research on the Young modulus and its dependence on the nature of the fiber coating.

The built optical fibers have different temperature and strain coefficients and then exhibit
different performances in terms of discrimination. We compare different metrological
approaches to calculate the capacities of our sensor and compare our results with those from
other researchers that published articles during the PhD thesis work [118]. We have seen that
our samples, SMFS_Gel and SMFS_F2 present better capacities than all other fibers
discussed in the literature. To increase the performances in terms of discrimination we have
adapted the method described in [118] to exploit the three Brillouin peaks of our fibers. In this
case we increase, but only slightly, the performances of the sensor. Finally we have tested our
sample with a BOTDR allowing to confirm that the developed fibers can be used with both
BOTDR and BOTDA interrogators.

This interrogator from Viavi Solutions has been developed to allow discriminating the strain
and the temperature changes along a single fiber by combining a BOTDR and a Rayleigh
backscattering measurements. In the following section, we evaluate this sensor when the fiber

is exposed to a harsh environment associated with radiations (X-rays and j-rays).

3.7 Landau-Placzek Ratio: LPR

In order to solve the problem of discrimination, we have also studied another strategy.
In the framework of a collaboration with Viavi-Solutions we have investigated the
discrimination capacity of their new sensor [138] for the temperature and strain measurement
in radiation environments. Viavi-Solution is an international company specialized in the
manufacturing of fiber interrogators such as OTDR, DTS based on the Raman scattering, and
BOTDR [138]. This collaboration allowed evaluating a different approach for the
discrimination, working at the interrogator level. Their solution relies on an interrogator
measuring both the Brillouin and the Rayleigh backscattered light®. This technology presents
a huge interest for various harsh environments, such as the nuclear waste repositories [6], high
energy physics [5], or fusion-related facilities [139] due to the distributed capacities of optical
fiber sensor. The Distributed Optical Fiber Sensors (DOFS) based on Rayleigh scattering
under radiation have been studied in [21-23], DOFS based on Raman scattering under

® These work has been presented at the 2018 RADECS conference in Sweden (S) [69]
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radiation have been studied in [142], [143], and DOFS based on Brillouin scattering under
radiation have been studied in [144], [145]. To discriminate the temperature and the strain
effect, the solution is to combine two of these three scattering phenomena, because the
Rayleigh and the Brillouin scattering are sensitive to the temperature and the strain, whereas
the Raman scattering is sensitive only to the temperature. The main drawback in radiation
environment is the Radiation Induced Attenuation (RIA)[146]. RIA will limit the sensing
length of the DOFS. To solve this problem we have used the Distributed Temperature Strain
Sensor (DTSS) interrogator from Viavi-solutions and a radiation-tolerant optical fiber from
iXblue in order to reduce the RIA.

3.7.1 Distributed Temperature Strain Sensor (DTSS)

The DTSS is based on the measurement of the Rayleigh and Brillouin components of
the backscattered signal around 1500 nm. The instrument is an OTDR for the attenuation
characterization, and measure the Brillouin Frequency Shift to have access to the strain
component assuming a constant temperature, or to obtain the information on the temperature
assuming a constant strain. We can resume this interrogator such as a Brillouin-OTDR. By
performing the normalization of the Brillouin power with the Rayleigh power, we can
perform a measurement of the strain and the temperature independently with a unique optical
fiber. Indeed, this technique has been studied first in [147] for the temperature measurement
and in [148] for the strain measurement. It has been shown that the Landau-Placzek ratio
(LPR), which corresponds to the normalization of the Brillouin power by the Rayleigh power,
is sensitive to the strain and the temperature. Moreover, the Brillouin scattering is sensitive to
the strain and the temperature, so by coupling these technologies, we obtain the needed
system of equations for the discrimination:

Avg _[65 CVT] Ae
AP]_ cs Cf [AT (3.22)

where vgis the Brillouin Frequency Shift (BFS) and P is the normalized Brillouin power, C;
and CI are the temperature and the strain coefficients of the BFS respectively. CS and CT are
the temperature and strain coefficients of the Brillouin power with typical values of €=0.33
%/°C and Cj=-0.0013 %/ue for commercial germanosilicate optical fibers [147], [148], Ae

and AT are respectively the variations of strain and temperature. With this interrogator is it
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possible to have a one meter spatial resolution over a distance of 10 km. As explained
previously, we have tested this solution in harsh environment. Radiation induces an excess of
optical losses (RIA) which increases the losses of the fiber, and thus could affect the LPR.
The Rayleigh and the Brillouin scattering have a negligible difference of wavelength of
0.03 nm. Then the attenuation will be the same for the both scattering process, so the LPR
will not be affected by the radiation, but the sensing length will decrease while the losses
increases. Concerning the frequency Brillouin measurement, it was shown that the BFS will
be affected by radiation. In [144], [145], different compositions of fiber, such has germanium
(SMF28) or fluorine doped fibers, have been tested showing that the BFS of fluorine doped
fiber changes of 2 MHz up to 10 MGy contrary to the germanosilicate fiber, which has a
variation of BFS of 6 MHz. Moreover, the RIA is less important in fluorine-doped fiber than
the germanium-doped fiber, so we will keep a good sensing length. By choosing the
appropriate fluorine-doped fiber, is it possible to minimize the radiation effects and perform
temperature and strain measurement along a single fiber in harsh environment. Finally, to
obtain an absolute measurement of temperature and strain, the DTSS uses a reference with a

thermally isolated fiber coupling with a thermocouple.

3.7.2 Post Mortem Study
The first experience is a post mortem study where the measurements are in-lab after
the irradiation stops. With this test, we could evaluate the functionality of the interrogator in

harsh environment and that the possible degradation levels of its performances.

3.7.2.1 Experimental set up

3.7.2.1.1 Optical fiber
We have chosen two radiation-hardened optical fibers from iXblue. Both are doped
with fluorine to reduce the RIA effect. These fibers have very close characteristics (see TABLE
3.33), the unique difference being their respective coatings: polyimide for SMFV_1 and
acrylate for SMFV_2. Moreover the radiation responses of these fibers have already been
reported in literature [149].
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TABLE 3.33: CHARACTERISTICS OF THE FIBERS

) Core ] )
Dopant in ) Dopant in ) Numerical
Sample diameter ) Coating
core cladding Aperture
(Hm)
SMFV_1 Pure Silica 7.0 Fluorine Polyimide 0.14
SMFV_2 Pure Silica 7.0 Fluorine Acrylate 0.14

3.7.2.1.2 Irradiation Facilities

For the post-mortem study, we have irradiated our sample with y-rays at the IRMA
%Co source from IRSN at Saclay in France up to 1.5 MGy(SiO,) at room temperature with a
dose rate of 3 kGy/h. Another sample of the SMFV_2 has been irradiated under the same
conditions at 0.75 MGy. For our tests, we have spliced together 100 m of pristine (non
irradiated) to 100 m of irradiated fiber for the SMFV_1. We do the same for the SMFV_2
sample, but have added 100 m of SMFV_2 sample ( 0.75 MGy) between the pristine and the
1.5 MGy irradiated sample of this fiber.

The aim of the first experiment is to highlight the possible irradiation effect on the Rayleigh
and Brillouin scatterings. To this aim, we have placed in the oven our pristine and irradiated
samples and monitored the Rayleigh scattering and the BFS at 25 °C, 50 °C, 0 °C, and 25 °C

again.

The second test of the post-mortem study is described in Figure 3.28. We have placed in the
oven only the irradiated sample: 1.5 MGy for the SMFV_1, 0.75 MGy, and 1.5 MGy for the
SMFV _2. For both kinds of fibers, we have kept the pristine samples, as a reference, outside
the oven. For that, we have connected a thermocouple and the pristine samples to the DTSS.
Being thermally isolated, they provided an absolute measurement. We have measured the
temperature and the strain of the irradiated sample at 25°C, 50°C, 0°C, and once again at
25°C. The objective of this second test was to discriminate the temperature and the strain

using the interrogator probing hugely irradiated fiber samples.
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Figure 3.28: Experimental setup used for the post-mortem study

3.7.2.2 Results
3.7.2.2.1 Radiation Induced Attenuation (RIA)

The linear attenuations of the samples have been measured using the OTDR function of the
DTSS. The total attenuation (intrinsic attenuation + RIA) at 1550 nm of both samples are
given in Figure 3.29. The data on the pristine sample gives the intrinsic attenuation:
0.25 dB/km for the SMFV_1 and 0.35 dB/km for the SMFV_2. Concerning the SMFV_1 we
measured attenuation around ~20 dB/km for the 1.5 MGy irradiated sample. Regarding the
SMFV_2, the RIA associated to the 0.75 MGy irradiated sample is of ~20 dB/km and
~27 dB/km for the 1.5 MGy irradiated sample. These results agree with the RIA levels
reported in [149].
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Figure 3.29: OTDR traces of SMFV_1 and SMFV_2 fiber sensing lines. Dashed lines illustrate the splicing
zones of the different samples. The attenuation levels written in red correspond to the SMFV_1, and the black
labels for SMFV_2.

3.7.2.2.2 Brillouin response

We have represented the Brillouin signatures along both fiber samples in Figure 3.30,
in a) the Brillouin response of the SMFV_1 and in b) the Brillouin response of the SMFV_2.
In the same figure are given the average values of the Brillouin frequencies of all sample at
0°C, 25°C, and 50°C. From this set of data, the thermal coefficient of each sample has been
extracted. As shown in this figure, the Brillouin frequency seems unchanged by radiation for
the two fibers, as shown by the comparison between the pristine and the irradiated samples.
TABLE 3.34 review the Brillouin frequency values, highlighting no change. For the SMFV_1,
the mean values of the Brillouin frequency at 25 °C for the pristine and the irradiated samples
are of 11.0653 GHz (= 0.3 MHz), the error corresponds to the standard deviation (SD).
Concerning the SMFV_2, the mean Brillouin frequency is 11.0845 GHz (+ 0.3 MHz) for the
pristine sample and increases to 11.0854 GHz (£ 0.3 MHz) at 1.5 MGy. Finally, for both
samples, the temperature coefficient seems unaffected by radiations. For the SMFV_1 the
temperature coefficient is unchanged between the pristine and the irradiated samples, the

largest difference (<5%) are observed for the SMFV_2 fiber between the pristine and the
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0.75 MGy samples. We can conclude that the j)-rays do not strongly affect the Brillouin

response of these radiation hardened optical fibers.
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Figure 3.30: Brillouin frequency shift of pristine and irradiated samples for different test temperatures. In a) the
response of SMFV_1 fiber and in b) of the SMFV_2 fiber.
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TABLE 3.34: BRILLOUIN RESPONSE OF TESTED FIBER SAMPLES

Mean BFS .
Sample Dose (MGy) SD (10™ GHz) CI' (MHz/°C)
(GHz2)
0 11.0653 +3 1.24
SMFV_1
15 11.0653 12 1.24
0 11.0845 +3 1.22
0.75 11.0852 12 1.28
SMFV 2
15 11.0854 +3 1.25

3.7.2.2.3 Temperature and strain discrimination

For the second test, we packaged the irradiated samples as described in part 3.7.2.1.2.

We have then measured the temperature and the strain distributions along the fiber with the

DTSS, applying different temperatures. The temperature results provided by the DTSS are
represented in Figure 3.31, in a) the SMFV_1 and in b) the SMFV_2. Concerning the
SMFV_1, the temperature provided by the sensor using the irradiated sample fits very well

with the thermocouple response with a difference of less than 1 °C as detailed in TABLE 3.35.

Regarding SMFV _2 fiber, the biggest difference between the thermocouple and the DOFS is
1.5°C#1.1 °C for the 0.75 MGy sample at 50 °C and 2.3 °C+1.2 °C for the 1.5 MGy sample
at 50 °C. This small difference between the thermocouple and the DOFS response could be

probably be reduced by performing a better thermal isolation on the pristine fiber, improving

this way the absolute temperature measurement.
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Figure 3.31: Temperature monitoring through LPR for non-irradiated and irradiated samples exposed at
different temperatures a) SMFV_1 b) SMFV_2. The dashed area corresponds to our reference and the white one
corresponds to the irradiated fibers in the oven. The dashed line indicates the temperature in the oven as
provided by the thermocouple (TC).
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TABLE 3.35: TEMPERATURE MEASUREMENTS THROUGH THE LPR AND WITH THE TC

Dose Temperature TC ~ DOFS Temperature

Sample . . Difference (°C)
(MGy) °C) °C)
25.2 24.8 0+1
0.21 0.1 -0.1 £0.9
SMFV_1 1.5
50.15 50.36 +0.2 £0.7
25.2 25 -0.2+0.8
25.24 26.2 1.0£0.9
0.15 0.9 0.8+0.8
0.75
50.12 51.6 15+1.1
25.28 26.2 0.9+0.8
25.24 23.4 -1.8+1.1
0.15 0.5 0.7+1.2
SMFV_2
15 50.12 47.8 2.311.2
25.28 23.6 -1.7+£0.9

From the LPR, we have deduced the strain along the fiber through the Brillouin frequency
dependence. The distribution of strain is represented in Figure 3.32 a) for the SMFV_1 and in
Figure 3.32 b) for the SMFV_2. Regarding the SMFV_1, the mean value of the microstrain at
1.5 MGy is 40 pe with a dispersion of £20 pe, as detailed in TABLE 3.36, the large dispersion
is explained by the averaging along the full sensing length. For the SMFV_2, mean value of
the microstrain calculated with the same strain coefficients is 70 pe £30 pe at 0.75 MGy and
50.12°C, and at 1.5 MGy the maximum mean micro-strain is 50 pe + 30pe, at 24.25°C. In all

cases, the strain along the fiber stays low and independent on the accumulated dose.

We can conclude that after an irradiation of 1.5 MGy, the performances of the DTSS are not
affected. Indeed, we have seen that by choosing the appropriate fiber we can discriminate the

temperature and the strain with a maximum error of 2 °C for the SMFV_2 or less than 1 °C
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with the SMFV_1 for the temperature, and a maximum error of 40 pe for the SMFV_1 and
70 e for the SMFV_2 for the strain. Moreover, for the strain measurement we have used the
strain coefficient for the literature [145]. These results could be improved by performing a
strain calibration and by performing a better thermal isolation of the fiber used as a reference.

These results are satisfying and decide us to perform an online study under X-rays.
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Figure 3.32: Strain response of (a) the SMFV-1 and (b) the SMFV_2, for the irradiated samples exposed at
different temperatures. The white area corresponds to the irradiated fibers in the oven and the dashed area to
our reference
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TABLE 3.36: STRAIN MEASUREMENT OF THE FIBER AT DIFFERENT TEMPERATURE FOR THE SMFV-1 IRRADIATED
SAMPLE

Sample Doses Temperature Mean strain Strain error
(MGy) (°C) (Le) (ne)
0 27.4 0 20
25.21 10 30
0.21 40 20
SMFV_1 15 50.15 40 20
25.2 0 20
0 27.24 0 30
24.25 0 30
0.15 -50 20
0.75 50.12 -70 30
25.28 -10 20
24.25 50 30
SMFV_2 0.15 -20 30
1.5 50.12 -30 40
25.25 40 30
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3.7.3 Online Study

3.7.3.1 Irradiation facilities
For the online X-rays testing, the same fibers were selected. They have been irradiated
with the MOPERIX X-ray machine from the Laboratoire Hubert Curien in Saint Etienne
(France), delivering photons with an average photon energy of 45keV. The objective is to
verify if the performances of the sensor are maintained during the irradiation and are not

affected by transient mechanism.

3.7.3.2 Experimental setup

For this experiment, two samples of 15 m of the same fiber have been packaged as
described in Figure 3.33. Both samples have been coiled with a diameter larger than 8 cm to
be sure that all the samples will receive a homogeneous dose. The first sample has been
irradiated while the second was shielded with lead (Pb plate). This configuration gives similar
temperature and strain conditions for the irradiated and the shielded sample. As for the post-
mortem study, we have used 100 m of pristine fiber thermally isolated with a PT100
(thermocouple) as the reference. Moreover, two type K thermocouples have been located
close to the X-ray exposed sample and to the shielded sample to provide reference
temperature measurements. The fiber has been irradiated with a dose-rate of ~1.4 Gy/s up to a
dose of 0.5 MGy. During the irradiation run, we have performed the sensor measurement each
32 minutes with a spatial resolution of 30cm. The same experimental procedure has been
repeated for the two fibers: SMFV_1 and SMFV_2.
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Figure 3.33: Experimental setup of online X-ray irradiation

3.7.3.3 Results

The time evolution of the temperature measured by the DOFS is compared with the
one provided by the thermocouples close (blue line) to the irradiated sample (black dots) and
to the shielded sample (red dots) in Figure 3.34. The dots represent an average value and the
error bars correspond to the SD of the different spatial points. Concerning the SMFV_1, the
maximum difference between the irradiated and shielded samples is 1.5 °C at 10 kGy. In
comparison with TC, the highest difference is 1.8°C and 1.3°C for the irradiated and shielded
samples as detailed in TABLE 3.37. Regarding the SMFV_2, the maximum difference between
the irradiated and shielded samples is 2.4°C at 350 kGy, and in comparison with the TC the
highest difference is 1.5°C and 1.1°C for the irradiated and the shielded sample. For both
fibers, the temperature measurement with the irradiated and shielded samples is very close to
the TC measurements. The small difference could be explained by the different localizations
of the devices. Therefore, we assume that the radiation does not affect the temperature

measurement within ~1 °C.
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Figure 3.34: Comparison between the temperatures measured by the fiber sensor and the thermocouples during
the X-ray irradiation (1.4 Gy/s) at RT. In @) the SMFV_1 and in b) the SMFV_2. The blue line illustrates the
thermocouple response, black and red dots represent the temperature measurements performed by the irradiated
fiber and the shielded one, respectively
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TABLE 3.37: COMPARISON OF TEMPERATURE MEASUREMENTS PERFORMED BY IRRADIATED AND SHIELDED FIBER
AND THERMOCOUPLE

AT °C (Irradiated- AT °C (Irradiated- AT °C (Shielded-

Sample shielded) Thermocouple) Thermocouple)
mean max mean max mean max

SMFV_1 0.6 15 1.3 1.8 1.0 1.3
SMFV_2 1.6 24 0.9 15 0.8 11

Finally, the impact of the strain measurement has been investigated and is represented in
Figure 3.35. The red dots represent the mean strain measurement of the shielded sample
whereas the black dots represent the ones of the irradiated sample. The error bars corresponds
to the SD of the strain measurement for the different spatial points. For the SMFV_1, the
strain average is 7pue (+40pue) for the irradiated fiber, and -7 pe (£50 pe) for the shielded one.
Concerning the SMFV_2, the average strain is -17 pe (50 pe) for the irradiated fiber, and
19ue (£50ue) for the non-irradiated fiber. The sensor performances in terms of strain
measurements seem not to evolve during the radiation. The max error is of about £50 pe due

to the distributed capacities.

As after irradiation, the sensing performance of the DTSS seems not affected during the
radiation up to 0.5 MGy with maximal errors of 1 °C and 50 pe. Then, by combining the LPR
and the Brillouin frequency, we are able to discriminate the strain and the temperature effect
over 10 km with 1 m of spatial resolution in “standard case”. In radiation environment, these
discrimination performances are maintained but the RIA will affect the achievable sensing

length by the interrogator.
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Figure 3.35: Comparison between the strain values measured by the fiber sensor during the X-ray irradiation
(1.4 Gy/s) at RT on the irradiated and shielded samples. In a) the SMF_1 and in b) the SMF_2. Red dots
correspond to the non-irradiated fiber and black dots
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3.8 Conclusion

In this chapter, we have investigated the potential of two different solutions for the
discrimination between the strain and the temperature on a single optical fiber. The first one is
to use a fiber providing several Brillouin frequency peaks. From our developed simulation
tools, we have been able to identify and manufacture two types of fiber with different dopants
and with Telecom capacities in terms of attenuation. Six samples have been produced with
different conditions of drawing. Comparing their experimental signature to the ones predicted

by simulation, we confirm the pertinence of our simulation procedure.

Our work allows developping different fibers with good capacities of discrimination. Two
samples propose a better discrimination capacity than the ones reported by other research
teams in literature, with an error of 3.6 °C/MHz / 93 ue/MHz for the SMFS_F2 sample and an
error of 4.8 °C/MHz / 104 ne/MHz for the SMFS_Gel. In comparison, the more efficient
reported optical fiber offers the discrimination with an error of 6.6 °C/MHz / 138 pue/MHz.
Moreover, our fibers are characterized by low attenuations at 1550 nm and are compatible
with both BOTDA and BOTDR technologies.

A second approach has been studied during the PhD thesis thanks to a collaboration with
Viavi-solutions. This manufacturer has developed an interrogator, the DTSS, allowing to
discriminate the temperature and the strain distributions by performing both Brillouin and
Rayleigh backscattering measurements on the same fiber. Two radiation-hardened optical
fibers have been tested with this interrogator. Due to the huge interest of the nuclear industry
for the distributed sensors, we have performed a study in radiation environment. These
preliminary results confirm that the sensor performances are maintained under irradiation and
open the way to a new generation of sensor by combining the interrogator of Viavi-solutions
and the fiber(s) developed during this PhD thesis.
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Summary (EN)

For this last chapter, an optimization of two optical fiber structures was modeled,
which made it possible to highlight the robustness of the simulation model. Subsequently,
these two structures were manufactured. Tests on fiber conditions were carried out in order to
obtain a fiber with the best temperature / strain discrimination capabilities and to verify the
robustness of the manufacturing. All the fibers presented have a Brillouin signature with
several peaks. The experimental results were compared with the simulation data and show
similar results. The discrimination capabilities of optical fibers have been verified and
compared with the fibers already on the market. Some fibers presented in this chapter show
discriminating capabilities superior to the fibers reported in literature. Finally, a study of
temperature / deformation discrimination in a radiative medium was presented. To
discriminate, an interrogator based on Brillouin and Rayleigh scattering was used. The results

show a good capacity of discrimination and this for doses up to 1 MGy.

Résumeé (FR)

Pour ce dernier chapitre, deux structures de fibre optique ont été optimisées par simulation, ce
qui a permis de mettre en avant la robustesse de nos modeéles. Par la suite, ces deux fibres
optiques ont été fabriquées. Des tests sur les conditions de fibrages ont été réalisés afin
d’obtenir une fibre avec les meilleurs capacités possibles de discrimination entre la
température et la déformation et de verifier la robustesse de la fabrication. Toutes les fibres
fabriquées présentent une signature Brillouin avec plusieurs pics. Les résultats expérimentaux
ont été comparés avec les calculs et confirment notre capacité de prédiction. Les capacités de
discrimination des fibres optiques ont été vérifiées et comparées avec les fibres déja présentes
sur le marché. Certaines fibres présentées dans ce chapitre montrent des capacités de
discrimination supérieures aux meilleures fibres de la littérature. Enfin, une étude de
discrimination température/déformation en milieu radiatif a été présentée. Pour ce faire, un
nouvel interrogateur, développé par Viavi Solutions, se basant sur la diffusion Brillouin et
Rayleigh a été utilisé. Les résultats montrent que sa bonne capacité de discrimination est

maintenue sous irradiation, et ce pour des doses allant jusqu’a 1 MGy.

Riassunto (IT)
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In questo capitolo, é riportata la procedura di ottimizzazione e i corrispondenti risultati
relativi a due differenti strutture di fibre ottiche. Tale studio, ha evidenziato la proprieta di
robustezza del modello di simulazione sviluppato. Sono presentati inoltre i prototipi delle due
fibre ottiche risultanti dal processo di ottimizzazione. Sono stati effettuati alcuni test sulle
condizioni di tiraggio della fibra ottica al fine di ottenere le migliori capacita di
discriminazione di temperatura/deformazione nonché di verificare la robustezza della
fabbricazione. Tutte le fibre ottiche presentate sono caratterizzate da una risposta di Brillouin
con picchi multipli. Successivamente, e stato effettuato il confronto tra dati sperimentali e di
simulazione ottenendo un ottimo accordo. Inoltre, sono state verificate le capacita di
discriminazione delle fibre ottiche fabbricate ed é stato effettuato un confronto con quelle gia
esistenti in commercio. Per alcune di esse, sono state osservate delle prestazioni migliori di
quelle della corrispondente fibra ottica di riferimento: la Leaf. Infine, e stato presentato uno
studio sulla discriminazione di temperatura/deformazione in ambiente radiativo. Per effettuare
tale discriminazione, e stato utilizzato un interrogatore basato sul fenomeno fisico dello
scattering di Brillouin e di Rayleigh. | risultati ottenuti mostrano una buona capacita di

discriminazione, anche per dosi fino al 1 MGy.
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Conclusion

The objective of this PhD thesis work was to evaluate how the definition of a new optical
fiber generation could overcome the scientific and technical factors limiting today the
performances of distributed sensors. The main goal was to design and manufacture an optical
fiber allowing through a tailored Brillouin signature, to discriminate between the temperature
and strain contributions to the sensor measurements, and this using a single optical fiber. In
order to fulfill this objective, a good knowledge about the Brillouin scattering mechanisms in
optical fibers and about the current state-of-the-art regarding the accessible sensor
technologies was required. To conceive the targeted fiber, a strategy combining simulations
and experiments was chosen. Simulation codes have been built to model a fiber Brillouin
response and they have been exploited in order to identify optical fiber structures having
several Brillouin peaks in their responses. From these simulations, two fiber structures have
been identified and then manufactured thanks to iXblue’s production facilities. Their
experimental characterization confirms that these fiber possess low attenuation levels in the
infrared and Brillouin signatures very close to those theoretically predicted. Metrology study
was then conducted, highlighting that some of the drawn fibers present discrimination
performances exceeding those reported by other research teams in the literature. In parallel,
another approach was evaluated for the discrimination, in collaboration with the industrial
Viavi Solutions. In this case, the discrimination is possible thanks to a dedicated interrogation
scheme combining the measurements of both the Rayleigh and Brillouin responses on the

same single-mode optical fiber.

In this PhD thesis, several remarkable results have been obtained, allowing to improve our

understanding of the distributed fiber-based sensors.

Through both experiments and simulations, we show how the Brillouin response of an optical
fiber strongly depends on its composition and on its refractive index profile. This was
achieved by studying the dopants that are commonly incorporated in the core and cladding of
the telecom-grade optical fibers. Thanks to this study, we have been able to develop a scalar
model that can predict the Brillouin spectrum of an optical fiber and its evolution under the

effects of both temperature and stress, knowing its composition and refractive index profile.
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This validated model can now be used to conceive new fiber structures with tailored Brillouin

spectrum for various sensing applications.

A metrology approach has been developed to assess the discrimination potential of the
different fiber structures. This approach shows that some (2) of the fibers manufactured
during the PhD thesis present superior discrimination capabilities than the competing fibers
discussed in literature. Furthermore the developped fibers can be interrogated by either
BOTDR or BOTDA sensors.

Finally, we demonstrate how the sensing scheme offered by the DTSS of Viavi Solutions is
able to achieve the temperature and strain distributions discrimination along a Telecom-grade
fibers, characterized by classical one-peak Brillouin signature. The potential of the DTSS to
perform this discrimination has been evaluated when the sensing optical fiber is submitted to
radiations (y-rays, X-rays), the interrogator being kept in a radiation-free zone. The obtained
preliminary results confirm that the discrimination capability is maintained, even for doses up
to 1.5 MGy deposited on the fiber. However, this distributed sensors, as all such sensors, will
be affected by a reduction of the possible sensing distance under irradiation, caused by the

radiation-induced attenuation phenomenon.

Perspectives

The presented work shows that the targeted discrimination could be achieved by working both
at the fiber and at the interrogator levels. An obvious first perspective consists in combining
this novel architecture of interrogator with one of the developed multi-peak fibers. Should be
able to ameliorate the temperature / strain discrimination capability of the sensing line.

A second possible improvement could be the conception and the manufacturing of a pure-
silica or fluorine-doped core fiber with a multi-peak Brillouin signature. Such fiber should
allow the implementation of the sensor in radiation environments such as those encountered at
nuclear power plants or at high energy physics facilities. Indeed the radiation effects on
Brillouin scattering have already been studied in the literature and it was shown that those
optical fibers are significantly less sensitive to radiation, with reduced radiation induced
attenuation at MGy dose levels and almost no radiation-induced shift of their Brillouin peak

frequencies.
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Finally, at a shorter term, tests in real conditions, such as the monitoring of infrastructure,
under radiation environment, or at very high temperature of a strained-controlled optical fiber,
have to be carried out in order to experimentally assess the discrimination capacities on-site

and not just in-lab.
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