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Abstract

Electrostriction is the tendency of materials to acquire a fluctuation in density in the
presence of coherent electro-magnetic fields. It leads to a change in the refractive
index of the material, which can be explained in the language of nonlinear optics
as a consequence of third-order optical nonlinearities (known as Kerr nonlinearities).
Such phenomenon is observed when intense beams, such as laser light, travel in a
medium, e.g. an optical fiber, and the spontaneous scattering of the laser field from
the thermally excited acoustic waves occurs. This effect, known as spontaneous Bril-
louin scattering, can become quite significant, giving rise to an interaction between
the incident and backward reflected field (or the Stokes field), through the means
of electrostriction. Such interaction can be classified under two categories of stim-
ulated processes: (1) stimulated Brillouin scattering (SBS), in which two incident
optical fields interact with longitudinal acoustic waves, and (2) guided acoustic wave
Brillouin scattering (GAWBS), in which two incident optical fields interact with trans-
verse acoustic waves. In case of SBS in optical fibers, the scattered light propagates
backwards with a downshifted frequency of the order of GHz, while in case of GAWBS
the scattered light propagates forward with multiple frequency shifts of hundred of
MHz relative to the frequency of the pump laser.

Phase-matching conditions for a third-order nonlinear process, such as SBS, must
be achieved in order for the interaction to build constructively. A pump optical field
with central frequency w; and wavenumber k; can produce a down-shifted Stokes opti-
cal field characterized by a central frequency wy, and wavenumber ks when scattering

by an acoustic wave with frequency € = w; — we and wavenumber K = k; — ks.
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If acoustic waves are considered, €2 is much smaller than w; and w,. However,
the wavenumber for the acoustic wave can be classified into two separate cases. If
the optical waves are counter-propagating, then the phase-matching conditions for
SBS are achieved, with k; =~ —ko, so that the wavenumber of the acoustic wave
is K =~ ki + ko =~ 2k;. However, if the two optical field are co-propagating, the
phase-matching conditions describe GAWBS, with & ~ k; and K = 0.

In this thesis, I demonstrate simultaneous generation of SBS and GAWBS from
electrostriction of optical waves in a 60 cm AsySes-Poly(methyl methacrylate) (or
AssSe3-PMMA) microtaper waveguide. I show that the GAWBS in the microtaper
couples with SBS through a complex energy transfer between weak Stokes and Anti-
Stokes (AS) continuous waves in the presence of a high power pulsed pump wave. This
results in an amplification of Stokes wave at 7.4 GHz, which is present in addition to
a standard strong Stokes peak at 7.62 GHz and a secondary peak at 7.8 GHz that are
contributed by SBS for a 2 um As,;Ses core radius. The additional peak arises due to
modulation of the optical fiber by GAWBS at 211 MHz generated by the pump. Such
strong coupling of forward and backward Brillouin scattering due to large acoustic
impedance between the core and cladding in such compact, highly nonlinear fibers
plays a vital role in simultaneously sensing longitudinal and transverse strain within
the core as well as its surroundings.

I also report high Brillouin frequency shift of 0.08 + 0.02 MHz/Nmm™! in a 60 cm
AsySe3-PMMA hybrid microtaper with 2 ym As,;Ses core and 100 pm PMMA cladding
diameters under transverse load. such shifts are in agreement with a numerical value
of 0.06 £+ 0.01 MHz/Nmm™!, obtained through finite element analysis of SBS under
the influence of contact stress from the loading fixture. Further numerical analysis
show that uncertainties in the Brillouin frequency shift are result of birefringence that
is 14 times stronger than what is found in standard silica fibers.

Lastly, I present the characterized Brillouin profile of a Dual-Core AsySez-PMMA
microtaper with 2um Asy;Ses core and 100 pm PMMA cladding diameters. I demon-

strate a Brillouin peak difference of 14 MHz between an even or odd optical super-



mode, observed in a Brillouin Optical Time-Domain Analysis (BOTDA) measurement
as well as with numerical simulations. This allows for definition of a novel transverse
stress sensor that determines the magnitude as well as the orientation of a transverse
load applied to the fiber. This system exhibits a linear relation between the net load
applied to the fiber and the average Brillouin peak frequency shifts of the even and

odd eigenmodes.
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Chapter 1

Introduction

1.1 Stimulated Brillouin Scattering in Optical Fibers

1.1.1 Brillouin Scattering

When an electro-magnetic wave, or light, is launched into a material such as an opti-
cal fiber, the incident wave interacts with the molecules of the material, i.e. scattering
phenomenon occurs. This results in a scattering spectrum. Depending on the inten-
sity of the incident light, spontaneous or stimulated scattering is observed for low or
high intensities of incident light respectively. Figure 1.1 shows a typical spectrum
of spontaneous scattering from solid state matter. In most cases, Rayleigh scatter-
ing is the most common optical phenomenon, named after the British physicist Lord
Rayleigh. It is an elastic scattering of light at scattering centers which are much
smaller than the wavelength of the light. Under such circumstances the scattering
power is proportional to the fourth power of the inverse wavelength [1,2]. Forward
and backward scattering are equally strong. In case of an inelastic scattering, the light
with lower frequency than the incident light is called the Stokes branch, while the
light with higher frequency than the incident light is called the Anti-Stokes branch.
These frequency shifts occur when incident light scatters off the acoustic waves that
are present in thermal equilibrium. Due to the Doppler effect, the frequency of the

scattered light is downshifted from the incident light when it interacts with acoustic
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wave traveling in the same direction as the incident field. Similarly, the frequency of
the scattered light is up-shifted from the incident light when it interacts with acous-
tic wave traveling opposite to the incident field. Because of this difference in
frequencies, the incident and scattered waves beat together, causing vari-
ations of the density of the media, which in turn causes refractive index
variations. In optical fibers, the incident light scatters off the refractive index vari-
ations in the direction opposite to the direction of propagation of the incident light,

thus giving rise to the Brillouin scattering phenomenon [1,2].

| A Stokes Anti-Stokes
S - | >
. ———Rayleigh
= Brillouin
|
wO

Figure 1.1: Schematic of the observed scattered light intensity.

1.1.2 Electrostriction

Electrostriction describes materials’ reaction to the presence of coherent electro-
magnetic fields, manifested in density flucutation [2]. This leads to fluctuations of
the refractive index, which, in the formalism of nonlinear optics, can be attributed
to third-order optical nonlinearities (known as Kerr nonlinearities). The forces gen-
erated through electrostriction produce material contractions (or expansions) which
are quadratic with respect to the electromagnetic field, and result primarily from the
strain dependence of the dielectric constant. Electrostriction, distinct from piezo-
electricity (accumulation of electric charge in response to applied mechanical stress),
occurs independently of material symmetry, and increases with the fourth power of

material refractive index. [3,4].

€s

More specifically, electrostriction is expressed as a material stress o77, or equiva-
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lently, as a Maxwell stress tensor T = —of* that depends on the permittivity of the

material €;;, the electromagnetic field E; as follows [3,4]:

1
<Uz‘j> = —§€o[€ikpkzmn€lj]<EmEn>, (1.1)

where p; ;i is known as the photoelastic tensor (or elasto-optic tensor). In the case of

amorphous solid (isotropic media), this simplifies to:
Loy
(03j) = —5cn pijr(ErEr), (1.2)

giving rise to the fourth power dependence of material refractive index n. (EyE;)
represents the time-averaged field product over an optical cycle, as materials generally
do not respond mechanically at a time scale of the optical frequency. Thus the stress
also is expressed as a time-averaged value. From the expression in Eq. 1.2, the force
exerted onto the medium through electrostriction, or electrostrictive forces, can be
expressed as the divergence of the electrostrictive stress tensor distribution around the
material. It is this divergent term that contributes to the density fluctuations inside

the material, giving rise to what is known as stimulated Brillouin scattering [2,4].

1.1.3 Stimulated Brillouin Scattering (SBS)

When intense beams, such as laser light, travel in an optical fiber, the laser field
scatters from the thermally excited acoustic waves. This effect is known as spon-
taneous Brillouin scattering and it results in electrostrictive interaction between the
incident and backward reflected field (or the Stokes field). Electrostriction creates a
dynamic acoustic grating, which in turn causes variations in the refractive index of
the material. This results in what is known as stimulated Brillouin scattering due
to the variations in the medium. SBS is frequently encountered when narrow-band
optical signals are amplified in a fiber amplifier. In fact, SBS effectively introduces a
power limit, commonly referred to as the Brillouin threshold, for the propagation of

narrow-band optical signals [5,6].
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Figure 1.2: An SBS generator.

There exist two conceptually different configurations in which SBS can be studied
2]. Figure 1.2 shows the configuration of the SBS generator, in which only the laser
beam is applied externally, while both the Stokes wave, and the acoustic wave are
created initially from the noise within the region of interaction, but it also gains
the contribution fro electrostriction between the incident and scattered optical fields.
Figure 1.3 shows the configuration for an SBS amplifier, in which both the laser and
Stokes fields are applied externally. In this configuration, the pump and Stokes fields
are counter-propagating, and a strong interaction takes place when the frequency
and the wavevector of the injected Stokes wave is equal to that created by the SBS

generator (shwon in Fig. 1.2). In our case, the SBS amplifier configuration will be

considered.
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Figure 1.3: An SBS amplifier.

SBS in optical fibers can also be exploited for a wide variety of device and sys-
tems applications. For example, narrow Brillouin gain spectra in fibers make SBS
ideal for wavelength conversion, frequency selectivity, carrier suppression, and am-
plification. The influence of temperature and strain on the peak gain value and
Brillouin frequency shift have been recognized as ideal traits for distributed fiber

sensors using Brillouin optical time domain analysis (BOTDA) [7], Brillouin optical
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time domain reflectometry (BOTDR) and Brillouin optical correlation domain anal-
ysis (BOCDA) [8,9]. Microwave photonic systems have been developed to utilize
the narrow Brillouin gain bandwidth in order to selectively amplify a weak data car-
rying optical sideband without perturbing an unmodulated carrier [10]. Sufficient,
narrow linewidth, low frequency jitter Brillouin fiber lasers have also been developed
for applications such as atomic spectroscopy and laser interferometry at the highest
levels of precision possible [11,12]. Lastly, with the combination of the Kerr nonlin-
earity, SBS also plays a major role at the generation of slow light, hence becoming
a strong candidate for controllable optical delay lines, optical buffers and true time

delay methods [6].

1.1.4 Guided Acoustic-Wave Brillouin Scattering (GAWBS)

Guided acoustic wave Brillouin Scattering (GAWBS) [13], is another process involving
Brillouin scattering in which incident light interacts with transverse acoustic waves.
For SBS in optical fibers, the scattered light propagates backward with a downshifted
frequency of the order of gigahertz, as the shift frequency vp = 2nV,/\ depends
primarily on the intrinsic property of the material, such as the refractive index n and
acoustic velocity V, [2]. On the other hand, in GAWBS, the scattered light propagates
forward with multiple frequency shifts of hundreds of megahertz relative to the pump
laser. GAWBS depends primarily on several transverse structural parameters of the
optical fiber, such as the fiber outer diameter, core diameter, the transverse refractive
index and acoustic impedance profile [14]. Because both SBS and GAWBS are third-
order nonlinear parametric processes involving two optical fields and one acoustic field,
the phase-matching conditions must be achieved in order for the interaction to build
constructively, as shown in Fig. 1.4. A pump optical field with central frequency w;
and wavenumber k; can produce a down-shifted Stokes optical field characterized by
a central frequency ws and wavenumber ko when scattering by an acoustic wave with
frequency €2 = w; —ws and wavenumber K = k;—ko. Since we are considering acoustic

waves, () is much smaller than w; and wy. The wavenumber for the acoustic wave can
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though be classified in two distinct cases, as shown in Fig. 1.4. If the optical waves
are counter-propagating, then the phase-matching conditions for SBS are achieved,
with ky &= —ko, so that the wavenumber of the acoustic wave is K ~ ki + ko =~ 2k;.
However, if the two optical field are co-propagating, the phase-matching conditions

describe GAWBS, with &y ~ ko and K = 0.

a) b)

SBS, K = 2k, GAWBS, K=0

Figure 1.4: Phase matching diagrams for a) Stimulated Brillouin Scattering (SBS)
and b) Guided acoustic wave Brillouin Scattering (GAWBS) within an optical fiber.

GAWRBS can be categorized into two types based on the acoustic modes in fibers:
(1) polarized GAWBS [13] caused by the radially symmetric modes that perturb
the refractive index of the fiber cross-section, (2) depolarized GAWBS caused by
the torsional-radial modes that perturb not only the refractive index but also the
birefringence of the fiber. Such depolarized modes describe the refractive index de-
pendence on both the polarization and propagation direction of light [13,15-18], and
therefore play a major role in sensing application which have been investigated ex-
tensively [15,19-25]. For example, fiber sensors for the impedance sensing of an
unknown liquid based on forward stimulated Brillouin scattering were shown [21].
The measurement of the acoustic impedance of external materials based on spectrum
dependence of depolarized GAWBS modes was then proposed [15]. The analysis of
the spectra of depolarized GAWBS modes allows also for characterisation of abso-
lute diameter and non-uniformity of micrometer-scale fiber tapers [22]. Such systems
enable us to exploit the transverse nature of acoustic vibrations for measurement of
mechanical impedance or chemicals surrounding the optical fiber, which were previ-

ously conducted using fibers with non-standard geometries or reactive media [23].
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1.2 Chalcogenide Fibers

Although silica fibers have been the ideal choice for most of the optical processing and
sensing applications using SBS, much of the attention has now been diverted towards
chalcogenide fibers: a new breed of fibers that possess much stronger nonlinearities
that could potentially replace silica fibers in the 1550 nm range [26-33]. Chalcogenides
are a group of inorganic materials which contain a combination of the chalcogen
elements such as S, Se, or Te in conjunction with an electro-positive element, out
of which As and Ge are the most common [34-37]. Although they are generally
less robust than their silica or silicon based counterparts [29,30], these glasses have
been known to acquire a broad range of transparency in the infrared region, with low
optical attenuation, large refractive indices, and can exhibit high nonlinear Kerr effect,
enhanced Stimulated Raman [38] and Stimulated Brillouin effects [27-29]. Because of
this, they have been used extensively in the field of fiber optics for several applications
such as supercontinuum generation [26], ultrafast all-optical switches [34], mid-IR
sources [33], strong Stimulated Brillouin Scattering [39] and slow and fast light in
dielectric materials [40].

In particular, AssSes is the most widely discussed chalcogenide fiber material
because of its high nonlinearity coefficients at 1550 nm [35,41]. Despite its high re-
fractive index of 2.81 [39], the single mode AsySes fiber operating at 1550 nm are well
known to exhibit a Kerr nonlinearity index ns of 2.4 x107'" m? W~! [30,31,42] and a
Brillouin gain gg of 6.08 X107 m W~ [27,39]. This makes it an excellent substitute
for silica fiber in the same wavelength regime which only exhibits an ny of 2.5 x1072°
m? W~! and a Brillouin gain gp of 2.71 x10~* m W~! [27], which is desirable be-
cause higher gain coefficients eventually allow for fabrication of devices with shorter
fiber length. In addition to this, the Asy;Ses also has a low softening temperature of
180°C [42], allowing one to fabricate custom waveguides with tunable characteristics
to either enhance or reduce the presence of several nonlinear phenomena as per the
application. In my case, the characteristics of the AsySes fibers are used to create cus-

tom chalcogenide microtapers with a coating of Poly(methyl methacrylate) (PMMA).
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This coating adds strength to the otherwise fragile microtapers and prevents optical
interaction with the environment. In terms of outdoor applications, PMMA is the
most sought after material when compared to other plastics such as polystyrene and
polyethylene due to its flexibility with higher fracture point at 0.05¢ strain [43,44].
Moreover, PMMA has a high transmission spectrum ranging from visible region to
2800 nm, with a refractive index of 1.481 near 1550 nm [45], also making it optically
compatible to the chalcogenide core when used as a cladding for a step-index optical

fiber.

1.2.1 Chalcogenide-PMMA Tapers

AsySes tapers were originally fabricated due to their capacity to improve the wave-
guide nonlinearity parameter v = kona/A.ss by reducing the effective area A.ss of the
chalcogenide fiber [30,31,46,47], as well as shift the zero-dispersion wavelength range
close to 2 um instead of 5 um [46,47]. This enabled the generation of super-continuum
in the mid-IR by creating sub-micron As,Ses tapers using the heat brushing tech-
nique [31,32,46,48], or through the novel coextrusion methodology that reduced the
core diameter to 480 nm [49]. Although these microtapers can provide a waveguide
nonlinearity of v = 68 W~! m™!, which is one of the highest demonstrated in the
mid-IR range [46], its practical use is questionable due its mechanical fragility, surface
damage and contamination and sensitivity to the enviroment due to the fundamental
mode protruding outside of the microwire [30].

Baker et al. successfully fabricated the first hybrid chalcogenide-PMMA taper con-
sisting of a AssSes or AsyS3 core and a PolyMethyl MethAcrylate (PMMA) cladding,
which enhances the mechanical strength of the chalcogenide tapers and protects it
from environmental contamination and degradation [30]. The AsySes core provided a
nonlinearity of up to v = 133 W~! m~! and the PMMA cladding provided mechanical
strength of the device, reduced the sensitivity and contamination from the surround-
ings, as well as confined the optical field within the As;Ses due to the large refractive

index difference between the two materials. Fabrication of such a taper led to the
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realization of a parametric oscillator [50], Fabry-Perot Raman laser [51], broadband
four-wave mixing [52], inscription of fiber Bragg gratings utilizing photosensitivity
of AsySes glass to optical signals at 1550 nm [53], supercontinuum generation spans
from 960 nm to 2500 nm [54] and normal dispersion modulation instability in the
mid-infrared (mid-IR) spectral region [55].

The main competing technologies include air-cladding AssSez microwires, other
hybrid microwires having an As;Ses core with a tellurite or silica cladding [56,57], and
fibers with advanced geometrical cross-section such as suspended-core and photonic
crystal fibers [58,59]. Tellurite-coated tapers, similar to the PMMA coated tapers,
can be fabricated using a heat-and-draw process as they both have similar softening
temperatures [56]. However they are less porous than the PMMA, which could ab-
sorb chemicals for sensing applications [60-62]. Silica based cladding microtapers are
known to be troublesome simply because the softening temperature of the two mate-
rials differ by almost 1000° C [42], and require silica hollow cores that are then filled
with molten chalcogenides [57]. Lastly, suspended-core and photonic crystal fibers
have the disadvantage of requiring dispersion engineering, which require a precise

control of the air-hole diameter and the hole spacing [63, 64].

1.3 Brillouin Scattering Properties of Chalcogenide

Fibers and Chalcogenide-PMMA Tapers

Although primarily known for their significantly high Kerr nonlinearities, chalcogenide
glasses have also been shown to exhibit a large Brillouin gain coefficient near the 1550
nm transmission range. Ogusu et al. [65] estimated the Brillouin gain coefficient gp
in bulk As,Ses glass to be 53.2 x 107 m/W by measuring the phonon lifetime which
was 4.57 ns, and reported that g for AsySes was 25 times larger than that of bulk
fused silica (gp = 2.24 x107'* m/W). The gain coefficient was later characterized in
a single mode AsySes fiber by Abedin et al. [39] for a 5 m long, 6 um core diameter

of the fiber with a V parameter of 2.2, and was determined to be 6.0 x 1072 m/W
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which is about 134 times that of fused silica fiber. The threshold for SBS in the 5 m
long fiber was as small as 85 mW.

This eventually was followed by the demonstration of several AssSes Brillouin fiber
lasers with low threshold and narrow linewidths built only using several meter long
chalcogenide samples. Using the same single core fiber in [39], Abedin et al. were
able to generate the first chalcogenide Brillouin fiber laser using a 4.9 m sample with
a threshold power of 35 mW [66], followed by a single-frequency Brillouin laser using
a 2 m Chalcogenide Fabry-Perot cavity with a 56 mW threshold [67]. The coupling
loss between the lensed silica fiber and the chalcogenide core was estimated to be
at 3.3 dB and the total round trip loss for the Stokes wave inside the Fabry-Pérot
cavity was 5.6 dB. There were also implementations of Brillouin fiber lasers using a 2
micron 1.5 m long suspended core fiber with a 52 mW lasing threshold [68] and also
a 3 m micro-structured fiber with a record low threshold of 6 mW [69]. Lastly, an
implementation of a Brillouin laser has also been shown using a 7 cm chalcogenide rib-
waveguide embedded on a photonic chip with a lasing threshold on 360 mW and slope
efficiency of 30% [70]. This photonic chip waveguide was further used to demonstrate
a tunable photonic notch filter [71], as well as demonstrate slow light [72].

Although the chalcogenide-PMMA tapers were initially targeted at enhancing the
Kerr nonlinearity within the chalcogenide fiber [30], interaction of the chalcogenide
core with the PMMA cladding additionally demonstrated quite interesting Brillouin
scattering features [27,28]. In favour of enhancing Kerr nonlinearity, Beugnot et
al. [27] have demonstrated that the PMMA cladding surrounding microwire reduces
stimulated Brillouin scattering by broadening the Brillouin linewidth and increases
the power threshold. Compared to the 16 MHz linewidth measured by [39] for a pure
chalcogenide fiber of 6 pum core radius, the PMMA cladding surrounding a chalco-
genide microwire of 0.7 pum increased the linewidth to 110 MHz [27], primarily due
to the intrinsic linewidth of 120 MHz contributed from the PMMA [73] and with
insignificant broadening due to tapering non-uniformity or short tapered sections.

Moreover, the Brillouin peak frequency shift increased with respect to the core di-
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ameter, as the frequency shift is linearly proportional to the effective refractive index
of the hybrid microtaper [27]. As the taper diameter increased, the frequency shift
eventually converged to the original frequency shift of 7.95 GHz that is defined in a
standard chalcogenide fiber [27,39]. This means that the SBS frequency shift can be
widely tuned and finely controlled over a few GHz frequency range by the diameter
of the microwire. This large tunability is considered useful for applications such as
microwave photonics [28].

The Brillouin scattering spectra of hybrid microtapers measured by Beugnot et
al. [27] have also been compared with numerical simulations based on a more general-
ized approach for deriving the SBS of an arbitrary waveguide by directly solving the
elasto-dynamic equations subject to an electrostriction stress distribution [27,28,74].
Although it was claimed to provide a good estimate of the theoretical Brillouin spec-
trum by measuring the elastic energy of the acoustic wave generated by the light, the
comparisons between the theoretical results and the experimental results cannot be
considered correct, simply because the experimental results relied on purely SBS gen-
erated by a single pump driven under the influence of the thermal noise in the fiber.
These results were not obtained using two coherent frequency-detuned optical fields
as was assumed by the theoretical modes. Because of this, there are some noticeable
discrepancies between the resonant peaks in the simulation and the experimental re-
sults. A significant part of the thesis will therefore be comparing the solutions for the
elastodynamic equations with the experimental results for a coherent two-wave SBS

process.

1.4 Transverse Load Sensing using Brillouin Scat-
tering

Transverse load sensors have sparked significant interest in the recent years due to
their application in structure health monitoring and civil engineering [75-86]. Most

sensors were built as point sensors that primarily used fiber Bragg gratings or Sagnac
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fiber loops in order to enhance the sensitivity of the fiber at the point of interest.
These gratings were usually inscribed on high-birefringence (Hi-Bi) materials in order
to achieve large frequency separations in the fast and slow axis in the presence of
stress [79-82]. Sagnac fiber loops using Hi-Bi fiber segments as the point source
were also implemented for high sensitivity by measuring the intereference pattern
of the transmitted field [83-85]. Moreover, custom fibers such as photonic crystal
fibers [81,83-85], and multi-core fibers [82] have also been designed the enhance the
measurement sensitivity. However, neither of these systems with Bragg gratings or
Sagnac loops can be realized as a distributed measurement system. It was only
in 2010 that the first distributed transverse load sensor was proposed using optical
frequency-domain reflectometry (OFDR) [86]. This technique was based on measuring
the different Rayleigh scattering profiles along the fast and slow axis of a polarization
maintained fiber. This was achieved by cross-correlating the Rayleigh scattering of
each axis with its previous recorded ”footprint”, giving a spatial resolution of 2 cm
with a sensitivity of 73 pe/Nmm™! [86].

However, due to the extremely small shift in intrinsic Brillouin spectrum for stan-
dard single mode silica fibers in the presence of transverse load (in the order of 0.005
MHz/N as calculated in this thesis) [75,87], transverse load sensors cannot be real-
ized with conventional Brillouin optical time-domain analysis (BOTDA) [75]. Such
sensors have still not been proposed, even though these distributive sensor techniques
have been developed for two decades and are widely used for temperature and longi-
tudinal strain measurements [7]. Instead, sensing of distributed transverse load over
long fibers is achieved using distributed Bragg gratings (DBG), which are spatially
localized gratings created using SBS [88]. DBGs were primarily used as point source
sensors [88,89] and for distributed temperature sensor using polarization maintaining
fibers [90] and photonic crystal fibers [91] due to their high sensitivity to the fluctu-
ations in the birefringence of birefringent fiber [75,88]. Distributed transverse load
sensing using DBGs was eventually demonstrated in 2015 by [75] in highly birefrin-

gent silica-based elliptical core fibers, although the optimal transverse load sensor
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design still remains an open problem. Therefore this thesis focuses on transverse load

sensing applications and proposes a technique based on BOTDA for the first time.

1.5 Dual Core Fibers and Sensing

Dual core fibers are attractive fiber optic components for sensing and processing ap-
plications. Their structure usually involves embedding two cores of a higher refractive
index within a cladding of a lower refractive index, essentially breaking infinite rota-
tional symmetry that is achieved by single-core fibers. Depending on the application,
the two cores can be separated widely apart, or can be merged to form a hybrid core

structure depending on how much cross-talk is required between the two cores.
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Figure 1.5: Schematic of dual-core fiber with a step-index core-cladding configuration

Crosstalk between the cores of a multicore fiber is analyzed using what is known as
the supermode theory [92]. In this theory, the composite waveguide made of multiple
cores is treated as a whole, hence allowing us to represent an actual field distribution
in the fiber as a superposition of the orthogonal states of the light field. For the
case of a dual-core fiber, Maxwell’s equations result in two sets of symmetric (even)
modes and antisymmetric (odd) modes for the x and y polarization orientations,
respectively. Hence, we can represent any guided electric field as a superposition of
these four orthogonal supermodes, where two of the four can represent any electric
field for a single polarization. In this thesis, we denote the electric fields EZ, E7, E7
and EJ as the even (e) or odd (o) mode for polarization z or y.

An optical field that is inserted through only one the cores is represented as a
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Figure 1.6: Schematic of the power distribution in particular cores over fiber length.
The longitudinal axis L is scaled to the beat length A to show periodicity.

superposition of an even and odd mode. Although initially in phase, the relative
difference in the effective refractive index between the even and odd modes for the
dual-core fiber results in a mismatch of the phase velocities, inducing spatially varying
intensity profiles along the z-axis as shown in Figure 1.6. The intensity profiles vary
sinusoidally with a period of A = A/ | n¢;; —nZ;; |, and are off by a phase of 7/2 in
each arm, essentially representing an intensity profile that couples between the two

cores.

1.5.1 Sensing Applications

At present, analysis of two-core or multicore fibers designed for distributed sensing
using Brillouin scattering usually do not introduce heavy cross-talk between the two
cores, but rather treat the cores separately. For example, several works done on two-
core fibers [93,94] allow for simultaneous measurements of strain and temperature
by embedding two or more different core profiles such that each dominant Brillouin
peak is off by an order of 10 MHz and fluctuations from each core can be detected
individually and be characterized due to minimal overlap of acoustic and optical
modes. As such, dual-core fibers can be treated as individual single-mode fibers
that are embedded onto the same cladding, and do not need to be represented using
supermode theory [92]. Similar effect is achieved by Mothe et. al. [92] who considered

fiber designs with very large coupling lengths (in the order of few kilometers) using
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dual-core micro-structure fibers with supermodes.

Recently however, several works by Gao et. al. [95-97] show that dual-core AsySes-
PMMA microtapers with large cross-talk between the cores have exceptional ability to
measure longitudinal strain and temperature with high sensitivities of ~ 100 pm/°C
and ~ 10 pm/pe. This is achieved by controlling the radius of the AssSes core such
that the net effective refractive indices of the two supermodes are almost negligible,
giving rise to high fluctuations in the transmission in the presence of strain or temper-
ature. Temperature insensitivity in the range of 30°C' to 40°C' was also achieved by
setting the AssSes core diameter to 0.61 um. However, neither of these devices were
evaluated using a standard BOTDA system for distributed measurments, therefore
they acted as point sensors. Moreover, neither of the systems was tested under the

presence of transverse load.

1.6 Motivation

My motivation to characterize the nonlinear processes in tapered As,Ses-PMMA sin-
gle and dual-core fibers is to investigate sensing and optical signal processing ap-
plications in the near-IR and Mid-IR using a combination of high intrinsic material
nonlinearity, flexibility in microwire designs and strain induced perturbations of op-
tical properties. The hybrid nature of the microtaper enables a combination of SBS
and GAWBS processes that can be enhanced for sensing applications or reduced [27]
in order to design compact optical parametric oscillators for optical signal processing
operations.

Simulations for these materials help to understand the physical processes observed
in experiment and allow me to make better designs by predicting enhancement or
reduction of these processes using various control factors. These can be, for example,
the core and cladding diameters, or the number of chalcogenide cores embedded in
the waveguide. This results in better interaction of the optical and acoustic waves
which could lead to design of Brillouin lasers with tailored optical filters. It could

also allow for fabrication of high nonlinear devices for optical signal processing at
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mid-IR wavelengths at compact sizes, surpassing the capabilities that are achievable
by standard silica fibers. Simulation of these nonlinear processes with the inclusion of
dielectric changes due to mechanical stress open up more possibilities for important
applications. Few of these include compact devices for highly sensitive point sensors
in structural health monitoring, as well as ultrasound generators and detectors with
polarization maintaining capabilities, which use the birefringence properties of these

materials under stress.

1.7 Thesis Contributions

This thesis includes studies of SBS and GAWBS from electrostriction of optical waves
AsySe3-PMMA microtaper waveguides. In order to optimize these fibers for sensing
and signal processing applications a thorough experimental and theoretical analysis
of the SBS profile is needed. Therefore, I develop the theoretical methods to study
the physics that governs the Brillouin processes within them. I also investigate ex-
perimentally the SBS properties of Asy;Ses-PMMA microtaper waveguides subjected
to increasing load, which together with the theoretical techniques allows me to build
a in-depth understanding of the strain mechanisms in them. These studies give a
realistic picture of the fibers’ properties and show that they are good candidates for
sensing applications.

First, I demonstrate simultaneous generation of SBS and GAWBS from elec-
trostriction of optical waves in a 60 cm AsySez-PMMA microtaper waveguide [30]. It
was achieved by conducting Brillouin Optical Time-Domain Analysis (BOTDA) [§]
on these microtapers by simultaneously pumping weak Stokes and Anti-Stokes (AS)
continuous waves in the presence of a high power pulsed pump wave in counter-
propagating directions. Contrary to the well understood mechanism of individual
AS-pump and Stokes-pump configurations in the BOTDA, this three-wave interac-
tion is explained here for the first time. It allows the system to conduct a complex
energy transfer between the Stokes wave, AS waves and the transverse acoustic waves

responsible for GAWBS generated by the pump. It manifests itself as a distinct Bril-
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louin gain peak for the Stokes wave at 7.4 GHz, in addition to the conventional 7.6
GHz and 7.8 GHz. The distortion of the SBS spectrum can be explained as coupling
of the longitudinal mode to transverse waves near the 200 MHz range, which arises
due to differences in the acoustic impedance between the core and the cladding. This
is the first report of such phenomenon in hybrid microtaper waveguides.

Second, I provide a thorough analysis of the high Brillouin frequency shifts in a
60 cm AsySe3-PMMA hybrid microtaper with 2 um AssSes core and 100 pm PMMA
cladding diameters under transverse load, which has not been studied before. The
finite element analysis of stimulated Brillouin scattering (SBS) under the influence
of contact stress from the loading fixture shows that strain induced at the elastic
PMMA edge is still traceable towards the chalcogenide core. This chalcogenide core
serves as further enhancement of the dielectric tensor fluctuations arising from this
strain due to its high refractive index properties. As a result, the SBS profile gains
traceable frequency shifts, which offers promising application prospects. There is an
excellent agreement between the experimental values and theoretical predictions of
the magnitude of these shifts. I also demonstrate high birefringence exhibited by these
tapers in the presence of load, manifesting itself as a large difference in propagation
constant for each polarization, which affects the uncertainty of the frequency shifts.

Last, I extended the understanding of the Brillouin profile for the single-core
AsySe3-PMMA microtapers and its high birefringent properties under waveguide
asymmetries by characterizing the Brillouin profile of a Dual-Core Chalcogenide-
PMMA microtaper for the first time. The results of a BOTDA measurement sup-
ported with numerical simulations demonstrate a Brillouin peak difference of 14 MHz
between an even or odd optical mode. Based on this, I demonstrate numerically a
novel transverse stress sensor that determines the magnitude as well as the orienta-
tion of a transverse load applied to the fiber. Such a system is able to exhibit a linear
relation between the net load applied to the fiber and the average Brillouin peak fre-
quency shifts of the even and odd eigenmodes. Moreover, strong Brillouin shifts for

the eigenmodes, especially due to the stress in the x-axis of the fiber, play a vital role
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in designing novel sensor setups. It allow for retrieving complex characteristics within
the fiber under transverse load using simple BOTDA measurements of the individual
eigenmodes of the waveguide. This is the first report on such application prospects

for Dual-Core Chalcogenide-PMMA microtapers.

1.8 Thesis Outline

Chapter 2 presents a detailed description of the numerical simulations that are nec-
essary to describe the electrostriction in a optical fiber. This is achieved by first
calculating the optical modes of the microwire, followed by the calculation of the
displacement in the microwire due to electrostriction with the inclusion of both lon-
gitudinal and shear waves. The numerical model is then tested to represent SBS as
well as GAWBS within SMF28 so that the results, and hence, the numerical code, is
in agreement with the existing literature on SMF28.

Chapter 3 gives the detailed description of the fabricating process for these hybrid
microtapers. This chapter describes how one should prepare the chalcogenide fiber
and polymer tubes, fusing the polymer tubes over the chalcogenide fiber, draw the
hybrid PMMA into a preform, polish and couple the ends of the preform with the
SMFE28 and UV epoxy curing, and finally taper the preform down to the desired
diameter for testing.

Chapter 4 discusses the SBS occurring inside a single-core hybrid microtaper.
A thorough experimental and theoretical analysis of the SBS profile is conducted
in order to validate our experimentation technique with the numerical simulations
before we expand on our model by including transverse stress. Experimental results
for the Pump-Stokes and Pump-Antistokes configuration in the BOTDA were also
conducted to build the basic understanding of these processes, prior to exploring the
novel physical phenomena in the next chapter.

Chapter 5 demonstrates the simultaneous generation of SBS and GAWBS from
electrostriction of optical waves in a 60 cm AsySez-PMMA microtaper waveguide [30].

BOTDA [8] on these microtapers was conducted by simultaneously pumping weak
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Stokes and Anti-Stokes continuous waves in the presence of a high power pulsed
pump wave in counter-propagating directions. Detailed explanation of these process
is provided and their relation to the BOTDA traces of the Pump-Stokes and Pump-
Antistokes configuration (chapter 4) is demontrated.

Chapter 6 includes a thorough analysis of the high Brillouin frequency shifts in a
60 cm AsySes-PMMA hybrid microtaper with 2 um AssSes core and 100 pum PMMA
cladding diameters under transverse load. The finite element study of SBS under
the influence of contact stress from the loading fixture shows that the SBS profile
gains traceable frequency shifts, and there is an excellent agreement between the
experimental values and theorical predictions of the magnitude of these shifts.

Chapter 7 includes a detailed numerical and experimental study of the eigen-
modes of a dual-core AssSes-PMMA microtaper and its electrostrictive properties
when subjected to a BOTDA setup. The chapter then discusses possible applications
of transverse load sensing by demonstrating high Brillouin peak frequency shifts for
the individual eigenmodes of the microtaper that vary linearly with respect to the

transverse load applied to it.



Chapter 2

Model for Electrostriction in

Optical Microwires

In this chapter, we present the methods used in analyzing the electrostriction in opti-
cal microwires. The aspects that are of interest in this analysis include the calculation
of the microwire optical modes, and the simulation of the displacement in microwires
due to electrostriction with the inclusion of both longitudinal and shear waves. Such
a technique plays a strong role in predicting the spectra of the acoustic wave energy
as a function of the detuned frequency between two optical modes that are either
co-propagating or counter-propagating. Furthermore, such a technique allows us to
retrieve an explicit energy density profile of the acoustic wave throughout the cross
section of the profile, allowing us to get more insight in estimating the energy transfer

between the two optical fields and the acoustic wave.

2.1 Electromagnetic Field Analysis Using Vector

Finite-Element Method

As discussed by [98], full vector field analysis is required in complex fiber waveg-
uides with composite structures and sub-wavelength dimensions due to inaccuracies

in scalar field approximation such as the finite-difference method [99], the boundary-

20
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integral method [100], and the finite-element method [101-103]. In our case, a tangen-
tial finite-element method, based on edge elements, has been used to eliminate spu-
rious solutions that result from standard vector finite-element methods [103]. This
method comprises of a combination of scalar basis function for the longitudinal z-

component and vector basis functions that represent the tangential component of the

field.

2.1.1 Variational Formulation

The boundary value problem for a waveguide is given by

1
[V X (—Vx) —kger} E=0inQ (2.1)
Lo
nxE=0onl, (2.2)
where () represents the cross section of the waveguide whose boundary is composed
of the electrical wall 'y, i.e. zero electromagnetic field around the boundary. The

equivalent variational problem for this problem with a real dielectric constant €, and

permeability p,. is given by dF(E) = 0, and n x E = 0 on I'; where [98,103]

F(E) = %//Q B (VXE) - (VXE) —kie,E- E} dQ (2.3)

Assuming E(z,y, 2) = E(z,y)e”%*=* where k. is the propagation constant, equation
(2.3) can be written as
F(E { (Vi xEy) - (Vi x Ey)" — kie, E - E] dQ (2.4)

{ (Vi x E, +ik,Ey) - (Ve x E, + z‘szt)*} dQ
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0. 0= R -
where V, = —i+ —j and E, = E,i+ E,j. Using the substitution €, = k,E, and

ox oy
e, = —iE, , and multiplying by k2, the functional becomes
]. 1 * 2 *
F (E) = 5 Iu— (Vt X et) . (Vt X et) — koeret + €t dQ2 (25)
Q T

1
+ kg [— (Vixe, +e) (Vixe, +e)— k(Q)ET‘?zeZ} de2

T

This functional can now be discretized to yield an eigenvalue system that can be

solved for k? given a known k2.

2.1.2 Domain Discretization

Discretization of the variational formulation along a waveguide, is achieved by de-
signing a mesh of triangular element as shown in Fig. 2.1. The nodes n; with
1 € 1,2,3 on the elements are numbered in anti-clockwise orientation, and the edges
ey with i € 1,2, 3 in each element are numbered as illustrated in 2.1. An open source

mesh [104] allows one to generate a mesh for a microwire with a finite cladding (Fig.

2.2).

Figure 2.1: Schematic of a single triangular element for the Finite Element Method
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Figure 2.2: Sample of a mesh for the cross-sectional area of microtaper with a finite

cladding.

Since approximations of the electric field are determined by first-order interpola-
tion within each element, one requires increased density of the triangular elements in
and around the core to guarantee adequate representation of the electric field distri-
bution. The boundary of the mesh is assumed to be a perfect conductor such that
the electric field at the outer boundary edges of the mesh is zero. Due to the large
refractive index change between the chalcogenide core and the PMMA, the actual
diameter of the PMMA cladding is sufficient at ensuring zero field at the boundary,

as most of the field is ultra-confined near the core.
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2.1.3 Basis Functions

The first order two-dimensional interpolation functions inside each triangular element

of a node n;, with ¢ € 1,2, 3 is given by the relation [98,103]

T 2A,
where a;, b; and ¢; are given
ay = Toyz — Y23 by =1yr—y3 ¢ =3 — 1 (2~7)

ay = T3Y1 —YoT1 by =yYs—y1 Co =1 — T3

a3 = T1Yo — 1Tz b3 =y1 — Yo 3 =120 — 11

where (x;,y;) is the location of each node n;, and the area of the triangular element

A, is given by

Iz
1 1
Ae = 5 1 Ty Yo| = 5(6162 — bgcl) (28)
I x3 ys3

With these expressions, the scalar basis function L; which represents the z-component

of the electric field inside an element e for each node i is given by [98,103]

3
e. =y Liet, = {L}" {ec} = {e}" {L} (2.9)
i=1
Similarly, vector basis functions N, = l,(L;VL; — L;VL;) represent the tangential
component of the electric field that are defined inside an element e for each edge

k connecting node ¢ to node j. Here, [ is the length of the edge ey and VL; =
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(1/2A,)(bi + ¢;j). These basis functions satisfy the following identities [98,103]:

VN, =0, (2.10)
N, = -~
VX k Aea

The tangential component of the electric field in the cross-section can then be ex-

pressed using vector basis functions N; as follows

= 30 Neey = {Ne} {ei) = {5y { e} (2.11)

=1

2.1.4 The Ritz Formulation

Using e, = {e¢}" {L¢} and ¢ = {e¢}” {]\_fe}, we discretize the functional to the

z

following summation [98,103]

T *
M
1 ef B, By, ef
D=5 (e ey Ry e T (2.12)
e=1 es| |Bs: Bl |

where the elemental matrices are given by

il = [ e (T v (T} —ige (9} {5} a2y

i = [ AN} {5} 0o (2.14)
1By =//Qui{ el {9,2:) ag (2.15)
B =//Qj${ﬁtﬁ} e} ag (2.16)
Bl = [ (T} {9} sy a0 (2.17)

Here, ), represents the area of the element e, with (€%, ut) being the relative permit-

tivity and permeability of the element. By using the global notation, the functional
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can then be written as

T *

. 1 . 1 €4 By B, €t
F(e) = B {e-}" [Au] {e:}" + 5’?2 (2.18)
€z th Bzz €z
Finally, applying the Ritz procedure [98,103], one obtains the generalized eigenvalue
problem
Ay 0 €t _ —k§ By B €t (2.19>
0 0 €y th Bzz €z
This can be solved directly using the Krylov-Schur algorithm, which is ideal when

when one is only looking for a finite number of eigenvectors.

2.2 Characteristic Equation for Step-Index Fiber
Waveguides

In this section, we present an analysis of step-index cylindrical fiber waveguides used
for modelling microwires with a refractive index profile as shown in Fig. 2.3. From
this analysis, we obtain the effective propagation constant of the modes that are

propagating in the microwire.

-

r
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@N
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Figure 2.3: Schematic of a step-index with an infinite cladding.
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The propagation of an optical field is governed by the Maxwell equations, which
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take the form

VX E=—— 2.2
V x T (2.20)
~ - - -3D
V-D=p (2.22)
VxB=0 (2.23)

where E and H are the electric and magnetic field vectors, respectively, and D and B
are the corresponding electric and magnetic flux densities. The current density vector
J and the charge density p represent the sources for the electromagnetic field. In the

absence of free charges, J =0 and p = 0. The flux densities D and B are given by

P (2.24)

M (2.25)

with P and M being the induced electric and magnetic fields respectively. In the case
of dielectrics, M = 0. Applying the curl to equation (2.20), and using (2.21), we get
the following expression

02D
Ho 912

L. L Y S
VxVxE:MOW(VxH): (2.26)
Applying the vector identity Vx V x E = V(V-E)—V2E, and since V(V-E) = 0 for

a homogeneous medium where the refractive index is the same everywhere, equation

(2.26) becomes

_ O*E 0P
’F = —_— —_— 2.2
\% Ho€o o2 + Mo o2 (2.27)

When written in the frequency domain, the equation takes form of the Helmholtz
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equation:
V2E(F,w) = ——€(w)E(F,w) (2.28)

where ¢ = 1/ppeo and €(w) = 1+ x'(w). x*(w) is the Fourier transform of the linear
susceptibility, allowing us to relate the linear polarization ﬁ(f",w) and the electric
field E(F,w) as P(F,w) = X (w)E(F,w).

In order to solve the Helmholtz equation for the step-index optical fiber, it is
convenient to rewrite the equation in cylindrical coordinates p, ¢ and z [1]

PE 10E 180°E 0*E  n*w? .
— 1+ = E=0 2.29
0p? * p Op * p? 0¢? * 022 * c? (229)

We can express a similar equation for the magnetic field H (r,w). Since E and H
also satisfy Maxwell’s equations (2.20), (2.21), only two components out of six are
independent. It is adequate to choose H, and F, as the two independent components
and derive the remaining components F,, By, H,, H, in terms of H, and E,. The wave
equation for E, can be solved easily by using the method of separation of variables,

resulting in the following general solution:
E(F,w) = A(w)F(p)e™?ei?= (2.30)

where [ is the propagation constant, m is an integer, and F'(p) is a radial function

that satisfies the following condition:

e2F 1d2F [, m?
o Ropg o) p = 2.31
d2p2+pd2p+<n 0= pz) ! (231)

2

where k;% = w?/c®. The refractive index n = n; for p < a for a fiber core radius a,

and n = n, otherwise. This differential equation is satisfied by the well-known Bessel
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functions. Hence, the general guided solution is [1, 98]

O S (2.32)

Kn(qp), p>a

where p = /n?k? — 82 and ¢ = /% — n2k3. Since both FE, and H, satisfy the same

wave equations, we can represent both the electric and magnetic fields as follows:

Adp(pp)e™ee* p<a BJ,(pp)e™oefz p<a

E, = H, = B (2.33)
CKn(gp)e™®e*  p>a DK,,(qgp)e™®e=  p>a

The boundary condition that the tangential components of E and H be continuous
across the core-cladding interface requires that all six components be the same at
p = a from the inside and outside. This leads to a characteristic equation whose
solutions determine the unknown propagation vector 3 for the fiber modes. The

procedure is well defined in [1], and leads to the following characteristic equation:

Julp®) | K0,(00) ] [ Tulpa) | n Kpfga) | _ (mBko(nd —ni))?

There are several general solutions for § for a given m, and they are written
as Bmn. BEach f,,, eigenvalue corresponds to two specific modes supported by the
fiber, designated as the HE,,, and FH,,, modes. When m = 0, the eigenmodes
are analogous to the transverse-electric (TE) and transverse-magnetic (TM) modes
that consist of a zero axial contribution of the fields. However, this condition is only
possible due to the analytical condition when V(V-E) = 0 [1]. If these conditions are
not imposed, as it is the case in our finite-element methods, the fundamental mode
of the fiber is a hybrid, i.e., all six components of electromagnetic field are non-zero.
Single mode fibers only support the H F';; mode., known as the fundamental mode of

the fiber [1].
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Hence, we will be using the propagation constant derived using the Vector Finite-
Element method and compare it with the propagation constant 3;; derived from the
characteristic equation in order to validate our computational method, as well as
characterize the Brillouin gain profile that arises from the electrostriction within the

microwires.

2.3 Derivation of Electrostriction in
Cylindrical Waveguides

In this section, we investigate the direct generation of acoustic phonons from elec-
trostriction in optical fibers, based purely on the knowledge of the fiber geometry
and material properties, and of the particular incident guided optical waves. Specif-
ically, we will be using finite-element calculations to solve elastodynamic equations
for a fiber with an arbitrary cross-sectional profile in the presence of an optical force.
Lastly, we derive the computed phonon energy as a function of the detuned optical
frequency in order to explain both the backward and the forward electrostriction and

provide an estimation for the efficiency of the process.

2.3.1 Elastodynamic Equation

The elastodynamic equation describing the electrostriction of an acoustic phonon

wavepacket in the presence of two optical fields is written as follows [28, 74]:

82“1’ 3ukl .
P o | CiakUkl + nijkla—t’ = [€oXkiij Ex E; ]J. (2.35)
J
with
Xklij = €im€jnPkimn (236)

where u; is the displacement field, FE; is the incident optical field contributing to

the electrostriction in the acoustic waveguide, p is the material density, €; = n?d;;
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is the relative dielectric tensor, and c¢;jm , Mijii and prm, are the rank-4 elastic,
viscosity, photoelastic tensors respectively (Note: A;;; = >°;0A;;/0z;) . Note that
the transverse variations of the two incident optical waves are fully taken into account
when defining the electrostriction stress tensor TS = eoxrigErEf - The electrostrictive

force is defined as the divergence of the electrostriction stress tensor, T,

Assumptions for the Optical and Acoustic Fields in SBS and GAWBS

Brillouin scattering processes are third-order nonlinear parametric processes involving
two optical fields and one acoustic field. Hence, phase-matching conditions must be
achieved in order for the interaction to build constructively. In our case, a pump
optical field with central frequency w; and wavenumber k; can produce a down-
shifted Stokes optical field characterized by a central frequency ws and wavenumber
ko when scattering by an acoustic wave of frequency w = w; — wy and wavenumber
k = ki — ko. The incident optical field is a superposition of two monochromatic waves

with frequencies w; and wy and wavevectors k; and ko:
E(r, zit) = E'(r, 2)e' @02 4 E2(r, 2)eilwst—ke2) (2.37)

Since we are considering acoustic waves, w is much smaller than w; and w,. However,
the wavenumber for the acoustic wave can be classified into two separate cases. If
the optical waves are counter-propagating, then the phase-matching conditions for
SBS are achieved, with k; &~ —ks, so that the wavenumber of the acoustic wave is
k ~ ki + ko = 2k;. However, if the two optical fields are co-propagating, the phase-
matching conditions describe a GAWBS, with k; &~ —ky and k£ &~ 0. Since there is
only one source term at frequency detuning w = w; —wy and wavenumber k& = k| — ko,

the following ansatz is assumed for the acoustic wave:

i(r, z;t) = (r)e @) (2.38)
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where the displacement field @;(r) represents the transverse profile of the acoustic
wave. We solve for this unknown field by setting k£ and scanning over the detuned fre-
quency w. Since the displacement fields are supposed to be a continuous field defined
on a arbitrary configuration of various materials with exact boundary conditions, a

finite element model is a natural choice.

Dielectric Tensor Assumption

We assume the refractive index to be a constant: €;; = n?4;;, which simplifies equation

(2.36) to:

Xklij :n4pklij (2.39)

Assumptions for the Elastic and Viscosity Tensors

The elastic tensor c;;i; is a rank-4 tensor that relates all the components of the

stress tensor linearly to the strain tensor, and is used to generalize the linear Hooke’s

Law [4,104]

Oij = Cijkl€kl (240)

where 0;; and €, are the rank-2 stress and strain tensors respectively. Although c¢;j
is allowed to have 81 independent constants, several of these constants will be the
same due to the symmetry of the rank-2 tensors o;; = 0;; and €;; = €;;, reducing c;jx

down to only 36 components. By exploiting these symmetries, we can write down the
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stress-strain relations for a linear elastic material as follows

011

022

033

023

031

012

C1111

C2211

C3311

C2311

C3111

C1211

C1122

C2222

(3322

C2322

C3122

C1222

C1133

C2233

(3333

C2333

C3133

C1233

C1123

C2223

C3323

C2323

C3123

C1223

C1131

C2231

(3331

C2331

C3131

C1231

C1112

C2212

C3312

C2312

C3112

C1212

€11

€22

€33
2€93
2e31

2612

33

(2.41)

Since the tensor notation is impractical to use for an equation that is now defined with

a matrix, we introduce what is known as the Voigt notation (or contracted notation)

for the stress-strain equation

01

02

g3

04

05

O¢

C11

C21

C31

C41

C51

Ce1

C12

C22

C32

C42

C52

C62

C13

Ca3

C33

C43

Cs53

C63

C14

C24

C34

Cq4

Cs4

Ce4

C15

C25

C35

Cy45

Cs5

Ceés

C16

C26

C36

C46

Cs6

Ce6

€1

€2

€3

€4

€5

€6

(2.42)

where the pair of indices have been combined as follows: ()11 — ()1, ()22 = ()2, ()33 —

O3, 023 = 04, 031 = O35, 012 = ()6; and the new shear strains are the sum of the

symmetric components: €4 = €3 + €395 = 2¢o3.

These 36 components ¢;; can again be reduced down to a much smaller number

of parameters as we take into account the symmetries of the internal structure of the

material. The more the symmetries, the simpler the structure of the elastic tensor.

For our case, we assume our materials to consist of a cubic linear elastic tensor, which
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reduces the stress-strain relations to only 3 components as follows:

cii ¢z ci2 0
ci2 ci1 ci2 0

ciz2 ¢z ¢ 0

(2.43)

Cij

0 0
0 0
0 0
0 0 0 ca O O
0 0 0 0 cuu O
0 0 0 0 0 cu

In order to simulate the Brillouin interaction, elastic losses need to be incorporated
into the elastodynamic equation by considering a a complex elastic tensor ¢;; + iwn;;
where 7;; is the viscosity tensor. In our case, we assume 7;; = ¢;;/Q f where Q f is the
product of the quality factor ) and frequency f. This Q) f product is assumed to be
a constant for a given material. Since the quality factors are hardly available in the
literature for most materials, the Qf product is the only parameter that is adjusted

in our model.

Assumptions for the Photo-elastic Tensor

Brillouin Scattering in large core silica and chalcogenide waveguides has been broadly
documented and demonstrated experimentally in past literature [6]. With the pho-
toelastic tensor written p;; in contracted notation (I and J being integers with values
between 1 and 6) the literature generally attributes SBS to the large p;5 value, that
is favourable for longitudinal waves [2,6]. Although the electric field is very nearly
transverse in large core diameters, this is not necessarily true for smaller core waveg-
uide. However, we can still assert that the transverse components dominate. As a
result, only the values for I, J = 1,2 and 6 have to be regarded among tensor compo-
nents pr;. For our case, pr; also has the same symmetries as ¢;; and n;;, thus only

having three independent constants [74].
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2.3.2 Finite-Element Model for the Elastodynamic Equation

Here, we describe how a finite element model can be derived from the elastodynamic
equation subject to an electrostrictive force. We first obtain the fundamental optical
mode from the Tangential Vector Finite Element Formulation for electromagnetic

waveguide as described in section [28,74]. Equation 2.35 is expanded to:
—pwmeF— [(Cijkl + Wik (Uke_ikz) J = [€0n4pk:lijE11 (EZQ)* e_iKZ} j (2.44)
b 7] I,

We will now construct this into a variational problem by left-multiplying a virtual

displacement (@e_iK 2)* and integrating over the cross-section of the waveguide.

—w? // do pviw; — // do 77 eti? [(Cijkl + 1wk (er’iK”) z] . (2.45)

o 4

— ' [ [ drmie® gL (B)

We will now apply product rule, followed by Green’s Theorem:

// do a; [bij],j = // do [aisz],j - // do [ai],j bij :f; doo aibijnj - // do [ai]’j bij

(2.46)
which gives us:
—u? // do pvju; + // do [vje™?] 5 (Cijut + iwnjjra) (ﬂke_iKZ)J
st [[ o [ pag B (5) e
= jg déo e (cijp + iwniju) (ﬂke’mz)’l n;
- 60n4j{ 60 e o pyyi EL (B2)" e=n, (2.47)
5o

The boundary integral is along o and 77 is the outward normal. The above equations

can be simplified using the following definitions:

o Stress Tensor Tje %% = (cij + iwnw) (Tpe™5?)



CHAPTER 2. MODEL FOR ELECTROSTRICTION 36
e Electrostrictive Tensor T e % = —eqn*pp;; B (E7)" e752

We can also now apply the natural boundary condition 7;; — T3 = 0 along the closed

loop do, meaning that the total stress vanishes on the boundary of the waveguide.

Hence, this gives us:

_w2/da /ﬁ?m—ir/ [@;keiw} J (Cijkt + 1wkt (@kefiKz)’l

. | | 0,
+ / do [77eF] TiPe ™" = ]{ ddo 77 ™ (T —FT)e ;= 0

oo
(2.48)

Further calculation can be conducted to remove the e**%* terms by explicitly

separating the partial derivatives with respect to z. This finally gives us:

—w2 / do pﬂ?ﬂrl- / do @zj (Cijkl + iwnijkl) ﬂkJ
+iK / do [0 (Cisk + iwnisw) Ung — Uy (Cijus + iwnijus) U
+ K2 / do F;‘ (Cigkg + in]igkg) U = /dO’ U;jﬂejs + K / do U:jjfgs

(2.49)

Converting the integral into a linear equation is achieved by writing U and T
as the vectors of the nodal values of u; and T and applying the Galerkin FEM

procedure on the discretized domain [74]:
(C+iKCi+ K?Cy —w’M) U = (Xo +iKX1) Tos (2.50)

where each of the matrices comes from the linearization of the integrals in equation

(2.3.2).
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2.3.3 Determining Energy of Photon Wavepacket.

Upon obtaining the displacement fields, we find it useful to calculate the total energy
of the phonon wavepacket. First, we find the kinetic energy of the acoustic wave, as

defined by

B = 211 / /g dr pous(r)ui(r) (2.51)

Next, the elastic or potential energy is

1
E, = 1 // dr w; j(r)*cijrur (1) (2.52)

If the solution were a normal mode, then the elastic energy would be equal to the
kinetic energy. As the internal energy is the sum of the kinetic and elastic energies,

we estimate the acoustic wave energy as [28,74]
E = E,+ E, ~ 2E, (2.53)

We thus have access to both the Brillouin spectrum and spatial distribution of the
three displacement components. Both the forward and backward interaction config-
urations can be considered, as well as any value of the k-vector. In addition to this,
the electrostriction force and the generated acoustic wave are obtained right where
the interaction takes place. Hence, the model is capable of calculating the Brillouin
gain characteristic for any structure with any arbitrary refractive index and material

composition.

2.4 Parameters for Simulating the EM Waves and
Electrostriction in custom microwires

Simulation for deriving electromagnetic fields, as well as the electrostriction between

two optical fields using Finite-Element Methods was carried out using the FEniCS en-
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vironment on Python [104]. The parameters used for the partial differential equations

in equation 2.35 are as follows:

Parameter PMMA | As;Se; | SMF28 core | SMF28 cladding
n 1.481 2.674 1.4492 1.4444
p (kg/m?) 1187 4640 2254 2203
P11 0.30 0.314 0.12 0.12
P12 0.297 0.266 0.27 0.27
Daa 0 0.024 —0.073 —0.073
c11(GPa) 3.03 23.5 76 78
c12(GPa) 5.46 9.5 16.15 16.5
cuu(GPa) 0 6.99 29.9 30
Qf product (GHz) 70 2000 5000 5000

Table 2.1: AsySes, PMMA and SMF28 parameters used for electrostriction calcula-

tions [27,28,105,106]

For the simulations, we will be using the standard silica fiber (SMF28) as a bench-
mark to verify the results for both the electromagnetic field and the acoustic phonon

energy with the literature that is currently available for this fiber.

2.5 Testing Finite-Element Method Simulations on

SMF28

This section focuses on the results obtained from the Finite-Element Method for both
the optical field for a cylindrical step-index waveguide, as well as the acoustic energy
derived from the elastodynamic equation that is driven by two counter-propagating
or co-propagation frequency detuned optical fields. Although our primary goal is to
determine the profile of the optical and acoustic waves for our hybrid microtapers, we
have also conducted similar simulation for the standard silica optical fiber (SMF28) to

provide the reader with a benchmark for how accurate the results are with comparison
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to what is known in the literature.

2.5.1 Verification of the Electromangetic Field

Figures 2.4 and 4.1 show the spatial distribution of the fundamental mode HE;; for
the SMF28 and the hybrid microtaper that have been derived using the finite element

model mentioned in section 2.1.
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Figure 2.4: Spatial distribution of the (left) magnitude and the (right) z component
of mode HE;; in standard SMF28.

As expected for the SMF28, the derived HE;; mode is weakly guided, and a large
portion of the field penetrates through the 4.2 pym core into the cladding. Also, the
field is predominantly transverse in nature, as the magnitude of the E, component is
almost 2 orders of magnitude smaller when compared to the tangential components
E, and FE,, making its contribution almost negligible.

Another way to confirm the accuracy of the simulation is to compare the calculated
effective refractive index n.;; = B/k of the fundamental mode with the exact value

derived using equation (2.2). The results are shown in Table 2.2.
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| n(exact) _ n(FEM) |
Fiber Neore Nejga nS:J;cad) ni?fEM) error = e];{core — necj;jd
SMF28 || 1.4492 | 1.4440 | 1.4461 1.4462 0.019

Table 2.2: Comparison between predicted and calculated value of n.sy for SMF28

using known parameters for n.,.. and ng.q

2.5.2 Results for Electrostriction Model in SMF28

Here, we have calculated the forward (k = 0) and the backward (k = 2k;) electrostric-
tion spectra for the single mode-fiber SMF28 as shown in figures 2.5.(a) and 2.6.(a)
respectively. These spectra have been obtained by evaluating the kinetic energy of
k

the acoustic beam (i.e. w? |, ¢ P | ui|* as a function of the detuning frequency between

the two optical fields of the fundamental mode.
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Figure 2.5: (left) Numerical results for the backward scattered spectra for SMF28 as

a function of detuning frequency. (right) Computed acoustic energy density at 10.85
GHz.

In the backward case, the results are in good agreement with the standard SBS
spectrum that are obtained in SMF28, with a single dominant Lorentzian peak
centered around 10.85 GHz which is close to what is obtained using the relation
Qp = 2mneffu,/A [1,2] (where v, is the speed of sound in silica) and a known

linewidth of around 20 MHz [2,3]. The acoustic energy density at this resonance is
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shown in figure 2.5.(b). The acoustic beam is mostly confined to the core of both
fibers. The displacement is dominantly longitudinal, although transverse displace-

ments do not vanish.
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Figure 2.6: (left) Numerical results for the forward scattered spectra for SMEF28 as
a function of detuning frequency. The theoretical peaks for the first few TRy, are
indicated in blue, and the first few RM,, are indicated in red. (right) Computed
acoustic energy density at 0.082 GHz, which contains contributions from both the
radially asymmetric TRs 4 mode (resonant at 0.08165 GHz) and the symmetric mode
RMj o (resonant at 0.08204 GHz).

In the forward case, the simulation gives rise to several resonant peaks which cor-
respond to the Radial Acoustic Modes Ry ,, and the Torsional-Radial Modes TRy ,.

The cut-off frequencies for the Ry, modes are determined by [13]

fom = 1mVa/(2ma) (2.54)

where Vj is the longitudinal acoustic velocity, a is the radius of the fiber cladding,

and 7,, is the m** order solution to the equation

(1—a?)Jo(n) —a®Ja(n) =0 (2.55)

where o = V;/V; with V; being the acoustic shear velocity, and .J,,, being the m'"
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order Bessel functions. On the other hand, the small side peaks arise due to the
TRs,, modes. These modes not only perturb the refractive index, but also take
part in the birefringence of the fibers. The cut-off frequencies for these modes are

determined by [13]

fom =nnVs/(2ma) (2.56)
where in this case, 7,, is the m** order solution to the equation

(3 — %2> Jo(am) (6 — %Z) Ja(n) — 3nJ3(n)

() = andatan) (25 ) )+ 30.(0)

=0 (2.57)

For SMF28, with V; = 3740 m/s, V; = 5996 m/s and a = 62.5 pm, the first 5 R,
frequencies are 30.51 MHz, 82.04 MHz, 130.72 MHz, 179.00 MHz and 227.15 MHz,
and the first 3 TRy, frequencies are 22.32 MHz, 39.46 MHz and 70.72 MHz, which are
in very good agreement with the peaks that were calculated in figure 2.6.(a). These
results of simulations for the SMF28 are in good agreement with the theoretical and
experimental values that have been derived from literature, which allows us to study
the electrostrictive properties for the Hybrid Chalcogenide-PMMA microtapers and

compare them with the experimental results.



Chapter 3

Fabrication of AsoSes-PMMA

Tapers

This chapter describes the fabrication of hybrid chalcogenide-polymer microwire com-
posed of an As;Sez core and a PMMA cladding as proposed in [30] using the heat
brush approach [29]. Here, I will demonstrate the steps necessary to first prepare the
AsySes fiber and PMMA tubes, followed by the preparation of PMMA microtubes,
fusing of the two materials, and drawing of the fiber to its desired diameter. I will

finally describe the polishing and coupling of the sample.

3.1 Preparation of the Chalcogenide Fiber

and Polymer Tubes

3.1.1 AsySe; Fiber

I first begin with a commercial Coractive IR-SE-100 AsySes fiber, which consists of
typical refractive index of 2.7. For preparation, 7 cm samples of the Coractive fiber
are cut and placed in an oven of temperature 150°C for 2 hours inside a metal tube.
This is done in order to partially straighten the fiber sample from the coil. Next, the
heated sample is immersed in an acetone solution for at least a day in order to loosen

and dissolve the polymer coating on the fiber provided by the manufacturer. If not
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completely dissolved, one can use a custom fiber stripper to aid with the removal of

the polymer coating.

3.1.2 Polymer Tubes

The PMMA tubes provided from the industry have a inner diameter of 5 mm, and
an outer diameter of 9.5 mm. These tubes inherently possess internal stresses during
fabrication, which remain as dormant forces. In addition to these stresses, PMMA
has a tendency of absorbing water from its surrounding due to its porous nature.
Upon reheating such a tube to its softened state, the tube will suffer from severe
deformations due to the combination the dormant forces, as well as the formation of
bubbles that arise from the evaporation of the water.

In order to prevent such deformations, the polymer tube is first dried by keeping
it for several days in an oven at a temperature of 80°C before being heat softened at
190°C. Following this drying process, the tube is annealed by suspending the tube
vertically inside an oven heated at 150°C with a dead weight pulling the fiber from
the bottom. This process ensures that the polymer is free of all the internal stresses

that were frozen during manufacturing, and is now able to freeze at its relaxed state.

3.2 Drawing PMMA Microtubes

Before we can begin fusing the AsySes fiber with the PMMA, an intermediate step
of creating PMMA microtubes is required in order to create a support mechanism to
hold the AssSes fibers in place during the fusing process. In this process, the PMMA
preform is slowly inserted at constant velocity into a electrical resistive crucible that
heats the preform to a softening point at 210°C, while the microwire is drawn at
a higher velocity from the other side of the furnace. This causes the soft part to
elongate and a microtube with a scaled down cross-section pattern is formed. The
schematics used for drawing the microtube is shown in Figure 3.1. The setup consists

of two motorized translation stages and a resistive heater attached to the crucible.



CHAPTER 3. FABRICATION OF AS,SE;-PMMA TAPERS 45

The temperature of the crucible is controlled with a temperature controller with the

thermocouple set in direct contact with the crucible.

Temperature
Controller
| _— Translation
Resistive Stage 2
Heater —]

Fiber Sample —|

Translation
Stage 1 ™

Figure 3.1: Schematic for drawing microtubes and microtapers. Translation stages 1

and 2 are moving at velocities vy and vy respectively, so that the draw ratio for the

fiber sample 7, /1, = \/v¢/vq + V¢

The ratio of the microtube diameter and the initial tube diameter is given by

Uy
rfry = [ (3.)

where r,,, and r,, are the radii of the PMMA microtube and the preform respectively,
vy is the velocity of the preform fed into the crucible, and v, is the velocity at which
the microtube is drawn out. For our case, we desired the ratio r,,/r, to be 0.3, as
this would create a microtube small enough to fit the PMMA preform as needed
for the fusing process. The drawing velocity vg was taken to be 182 pum/s and vy

was adjusted to 18 pum/s. These slow velocities were necessary to ensure that the
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PMMA was always in the softened state before drawing, and also to make sure that

the crucible was never in direct contact with the PMMA itself.

3.3 Fusing of the PMMA onto the AssSe; Fiber

Fusing of the AsySes preform, the PMMA preform, and the PMMA microtube is
done using a rod-in-tube method. As shown in Figure 3.2, the As,Ses fiber is first
inserted into the PMMA microtube, which is then inserted into the PMMA preform.
The assembly is mounted horizontally on a lathe that is in rotation at a rate of 3
rotation/min. This PMMA assembly is softened using an electric resistive heater at
a temperature of 210 °C, which is moving back and forth along the PMMA tube at a
velocity of 1 um/s. With the aid of gravity and surface tension, over time, the PMMA
preform begins to collapse onto the PMMA microtube, and then the microtube begins
to collapse onto the AsySes fiber. The fusing process is done using such slow velocities
to ensure that the PMMA is softened thoroughly during the collapse and that no air
bubbles are trapped during the process. Complete fusion between the two materials

is achieved in 10 hours.
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Figure 3.2: Schematic for fusing the PMMA with the Chalcogenide fiber.

3.4 Drawing of the Hybrid As;Se;-PMMA Pre-
form

The AsySes-PMMA preform is drawn using the same procedure as discussed in section
3.2. However, in order to maximize the coupling efficiency between the fundamental
mode of the standard single-mode silica fiber, we require the core diameter of the
fused AssSes to be around 12 pum, and the cladding diameter to be around 21.25
pm. This can be achieved by scaling down the diameter of the preform by a factor of
0.125. This significantly small ratio of r,,/r, = 0.125 can be obtained by a two stage
tapering process to ensure that the hybrid preform is thoroughly softened before the

drawing is conducted. We first draw the preform to a ratio of 0.3, using the same
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velocities as mentioned in section 3.2. We then draw this sample again to a ratio of
0.42, which is achieved by setting vy = 164.72 pm/s and vy = 35.28 pm/s. At this
point, the PMMA has a diameter of 1.2 mm, and is strong enough to allow handling,

polishing and coupling with silica fibers without damage.

3.5 Polishing

The polishing apparatus, as shown in Fig. 3.3, consists of a rotating polishing stage
with a groove to hold a disk surface, and a fiber holder to hold the fiber perpendicular
or at a certain angle to the polishing disc surface. The fiber holder is placed on a
translation stage that is provided to allow the fiber tip to approach the rotating
disk below. Polishing paper of various particle sizes are glued to a disk surface,
allowing one to polish the same fiber tip several times with different polishing papers
to achieve superfine polishing fiber tips that are adaquate for optical coupling between
two different waveguides. The polishing process is performed for six stages in which
polishing paper with particle sizes of 30 pum, 9 pm, 3 pm, 1 pm, 0.5 gm and 0.1 pm
are used. A digital camera is placed in line with the disk surface and the fiber to
monitor the entire process. Figure 3.4 shows the final polished end of the hybrid fiber
with the fused AsySes core surrounded by the PMMA cladding.
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Fiber holder

Hybrid Fiber
Polishing Paper

Polishing
Stage Camera

Figure 3.3: Schematic for polishing the hybrid fiber at arbitrary angles.

Figure 3.4: Cross-sectional view of the chalcogenide core (21.25 pum diameter) sur-

rounded by PMMA cladding (1100 pum diameter) after polishing the surface.

3.6 Coupling

In order to ensure that there are no Fresnel reflections between the silica single-mode
fiber and the Chalcogenide-PMMA | we took the approach of using a custom angle-

cleaved coupling procedure. The elimination of the Fresnel reflection assures that no
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Fabry-Perot cavities are created, and light is only allowed to pass once through the
medium. This becomes important in the presence of nonlinear gain mechanisms, such
as SBS, as any sort of back-reflection can possibly lead to lasing.

The angled coupling between a standard silica SMF and our hybrid Chalcogenide-
PMMA microwires was achieved in a three-stage process. The apparatus to couple
consists mainly of two alignment stages, an IR camera, a microscope, and a UV lamp,
as shown in Figure 3.5. The signal from the IR camera is connected to a screen to
monitor the alignment, and is simultaneously transmitted onto a data-acquisition
card to plot the cross-section and measure the peak power of the beam profile passing

through the fiber.

Microscope
UV Lamp

Silica fiber\ IR Camera

Laser (1550nm) .-

Monitor

Hybrid Fiber

Alignment Stages

Figure 3.5: Schematic for coupling a standard silica fiber with the hybrid fiber.

In the first stage, the SMF and the hybrid fiber are flat polished (i.e. the polished
surface is perpendicular to the axis of propagation), and are aligned using the align-
ment stage in order to launch light at A = 1550 nm from an SMF into the core of
the hybrid fiber. The output end of the fiber is observed using an infrared camera,
and further fine-tuning of the alignment stage is performed to maximize the power
measured at the power meter. Finally, UV-cured epoxy is then used to permanently
fix the input end of the hybrid fiber to the launching SMF. During the curing process,
the hybrid fiber must be covered to avoid the UV exposure because the UV destroys
the PMMA polymeric structure, making it unfeasible to taper to smaller diameters.

At this point, we have achieved the optimal coupling into and out of the hybrid fiber
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using just the flat polished surface, and is used as a reference to further optimize the
coupling using angle-polished surfaces.

The second stage of coupling is quite similar to first stage, except this time, the
SMF' is angle-polished at 10°, while the hybrid fiber is angle-polished at 5°. These
angles were derived simply using the Snell’s law of refraction for light passing from
glass to chalcogenide. This technique works as a really good approximation to ensure
that the transmission between the glass and chalcogenide interface is closely aligned
to the fundamental mode of the cylindrical waveguide, while the angle of the reflected
light is much larger than the critical angle for either waveguide, preventing it from
total internal reflection. Alignment for this angled-polished fiber was conducted on
a second alignment stage with a custom design that allowed one of the fibers to be
tilted away from the principal axis of the alignment stage. Also, this time, since
the first end of the hybrid fiber was already coupled to the SMF, we determined the
optimal alignment by simply measuring the optical power that was accumulated into
the SMF using a power meter.

The third stage of coupling required us to break the first flat-coupled SMF-
Chalcogenide port, and couple the same ends again using the angled-coupling mech-
anism as done in the second stage. With the most optimal configuration, such a
coupling process allows one to achieve a single-pass transmission loss of only 2 dB,
while simultaneously providing a back-reflection loss of at least 40 dB, making it an

ideal configuration for coupling two fibers for a single-pass transmission.
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Chalc-PMMA (Cleaved at 5°)

Figure 3.6: Final configuration for an angle-coupled Single mode fiber (SMF) and
Chalcogenide-PMMA hybrid fiber (angles not drawn to scale)

3.7 Microwire Fabrication

Once the hybrid fiber is coupled with the SMF from both ends, we move forward
with the fabrication of a hybrid microtaper. Figure 3.7 is a schematic for a hybrid
microtaper. It comprises a waist where most of the nonlinear effects occur, and a
transition region between the hybrid fiber and the microwire section. The tapering
apparatus to achieve these microtapers is exactly the same as described during the
fabrication of the preform in sections 3.2 and 3.4. However, unlike before, the drawing
technique requires a very precise control for each motorised stage in order to ensure
that the taper fabrication is done under adiabatic conditions. A fiber taper is con-
sidered adiabatic when the system transition region eliminates loss in power of the

fundamental mode propagating in the microtaper.
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Transition | Waist region | Transition
Region Region

Figure 3.7: Schematic of a microtaper with a uniform waist and two similar transition

regions

As discussed in [98], loss in power of the fundamental mode in microtapers can arise
due to two main reasons: 1) Breaking down of the total internal reflection criteria
between the core and the cladding, 2) Transfer of power between the fundamental
mode HE;; to the higher order modes with the same symmetry, mainly HE5. In
step-index fibers, both criteria are automatically eliminated if the following criterion

is satisfied along the direction of propagation z:

’d¢clad’ _ (bclad
dz 2

(Bi1 — Bra) (3.2)

where ¢gqq is the diameter of the cladding, and (;; and Bi» are the propagation
constant for the HE;; and HE;5 modes respectively.

The precise control of the cladding diameter was achieved through tapering the
fiber over multiple sweeps of the heater. Given a specific microtaper profile, a MAT-
LAB code generated the set of files containing information describing each tapering
sweep as described in [30,98]. This file was then loaded onto a LabVIEW interface,
which used the set of parameters from the file to control the motorized translation
stages and fabricate the microtaper with the prescribed profile. For our case, the
microtaper consists of a 60 cm long microtaper region, and an adiabatic transition

region of 10cm on either side of the microtaper.
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SBS in Single-Core AsySe;-PMMA

Microtapers

In this chapter, I compare the numerical as well as the experimental results for SBS
within a single-core AssSes-PMMA microtaper. I first discuss the numerical results
for the electromagnetic field, and its impact on the Brillouin spectrum when used as
a source of electrostriction in the elastodynamics model mentioned in section 2.3.1.
Then, I focus on measuring SBS for the microtaper with two coherent optical waves
through Brillouin optical time-domain analysis (BOTDA) using a range of optical
pump pulse widths. Finally, I demonstrate the agreement between the numerical,
and the experimental results for SBS for such microtapers in both the Pump-Stokes

configuration, as well as the pump-Anti-Stokes configuration for the BOTDA setup.

4.1 Electromangetic Field in Chalcogenide-PMM A
microtapers

Contrary to the weakly-guided mode in SMF28, the large refractive index difference
between the PMMA cladding and the chalcogenide core in the hybrid microtaper
forces the optical field to be ultra-confined within the 1 pym chalcogenide core. Also,

the E, component for such waveguides is non-negligible as compared to the tangential
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components F, and E,. This would have resulted in discontinuities and inaccuracies

had the solution been derived using either the weakly-guided approximations or the

scalar-field approximation.

guided SMF28 suggests that the vectorial approach to the Finite Element simula-

tions is definitely the ideal choice for deriving Maxwell’s equations for any arbitrary

waveguide.
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In order to confirm the accuracy of the simulation we compare the calculated

effective refractive index n.;; = (/k of the fundamental mode with the exact value
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derived using Eq. (2.2). The result are shown in Table 4.1.
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—0.08

(ezact) (FEM) ’
SMEF28 1.4492 | 1.4440 | 1.4461 | 1.4462 0.019
AsySeg-PMMA || 1.481 | 2.674 | 2.6554 | 2.6155 0.033

Table 4.1: Theoretical vs. numerical results for the effective refractive index within

silica and Chalcogenide-PMMA tapers

We can see that the values of n

FEM
eff

agreement with the theoretical values n¢4

that were calculated numerically are in close

derived using the characteristic equation
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with only ~ 3% error w.r.t. the range n.sf can take between ng,.. and n.qq.

4.2 Results for SBS in Microtapers using Elec-
trostriction Model

Here, I show the calculation of the backward (k = 2k;) electrostriction spectra for the
chalcogenide microtaper as shown in Fig. 4.2. These spectra have been obtained by
evaluating the kinetic energy of the acoustic beam (i.e. w? [¢p | u; |*) as a function

of the detuning frequency between the two optical fields.
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Figure 4.2: (left) Numerical results of the energy spectra for a 2 micron Chalcogenide-
PMMA microtaper. (middle,right) Energy distribution over the cross-section of the
hybrid microtaper for a frequency detuning of 7.622 GHz and 7.76 GHz of the two

optical fields

Unlike for the case in SMF28, such a fiber gives rise to multiple acoustic modes.
Using the acoustic and optical parameters for both the chalcogenide core and the
PMMA cladding given in [28,105], the resulting spectra show two dominant peaks at
7.622 GHz and 7.76 GHz.. The main peak is at 7.622 GHz detuning frequency with a
FWHM of 38 MHz. This bandwidth indicates that most of the acoustics are confined
in the chalcogenide core, which has a bandwidth with a FWHM of 13.2 MHz, and not
suppressed by the PMMA cladding, which has a bandwidth 120 MHz [27]. This is
confirmed by the acoustic energy distribution for both acoustic modes shown in Fig.

4.2, as most of the acoustics are contained within the chalcogenide core, and aren’t
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protruding into the PMMA cladding. This happens by a combination of the acoustic

impedance mismatch between core and cladding (Z = v/E(1 —v)p/(1 + v)(1 + 2v))
and the optical force. The rippling behaviour in the acoustics energy density is a
consequence of the interference between the transverse and the longitudinal acoustic
modes that are both generated in this microtaper, unlike the purely longitudinal mode
that is dominant in SMF28. The generation for both longitudinal and transverse
acoustic modes are again a consequence of the acoustic impedance and the ultra-
confinement of the electric field inside the core (leading to non-zero axial contributions

of the electric field).

4.3 Brillouin Optical Time Domain Analysis

BOTDA is a distributed optical fiber sensing mechanism that exploits the SBS pro-
cess formed by two counter-propagating waves in order to determine the change
in the refractive index of the fiber due to strain or temperature fluctuations along
the fiber [7-9]. This two-wave mechanism is quite unique when compared to most
passive distributed sensing mechanisms, such as Optical Time-Domain Reflectome-
try (OTDR) and Brillouin Optical Time-Domain Reflectometry (BOTDR) that only
shine light through one side of the fiber, as the two-wave interaction allows the gen-
eration of a stimulated scattering for sensing purposes, while the other one-wave

processes rely on the spontaneous scattering that are produced intrinsically from the

fiber.

Pulsed Pump (1W, 20 ns)

> Acoustic Wave
Continuous Stokes wave

Figure 4.3: Visual representation of the BOTDA sensing mechanism.

Stokes' response to pulsed input
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A pump pulse light and a continuous wave probe, injected at the two ends of
the fiber, are required to generate SBS, as shown in Fig. 4.3. When two counter-
propagating waves that are separated by the Brillouin frequency are launched at
the two ends of the fiber, they interact with each other, resulting in the transfer of
energy from the pump wave to the down-shifted Stokes wave through the interaction
with localized phonons. This leads to an amplification of the Stokes wave, which is
measured as an impulse response to the incoming pulsed pump wave.

Although known practically for optical fiber sensing, in my case, however, BOTDA
was implemented to make sure that high pump peak powers were achieved without the
deterioration of the microtaper through Two-Photon Absorption (TPA) near the 1550
nm range [57,107], as well as to prevent damage at the chalcogenide-silica coupling
interface due to residual cured epoxy used for coupling, as described in section 3.6.
These deteriations are clearly noticed when the system is introduced to high power
continuous wave pump waves, thus restricting us to work with an pulsed pump.

However, pulse widths are still kept longer than the entire length of the fiber, as we
require a quasi-continuous wave SBS behavior between the pump and the Stokes, and
are not interested in the transient effects for either of the optical fields. By conducting
BOTDA with a quasi-continuous pulse, we will be able to retrieve a continuous-wave
SBS gain profile of the chalcogenide microtaper that is partially convolved by the
broad bandwidth of the pulse. This result can then be compared with the numerical
gain spectrum that assumes a continuous wave by artificially convolving the spectrum
with the broadened spectrum of the pulse, giving us an adequate description of the
electrostrictive properties of the chalcogenide microwire. Hence, by tuning the pulse
width and the pump peak power, we can find a balance between the lowest pump
linewidth and the power damage threshold to adaquetly represent a quasi-continuous

wave SBS process in the microtaper.
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Figure 4.4: BOTDA setup for hybrid fiber microtapers. EOM: Electro-Optic Mod-

Frequency
Sweep (7-8 GHz)

ulator. HP-EDFA: High-Power Erbium-Doped-Fiber-Amplifier. FUT: Fiber Under
Test. PD: Photo-Diode. OSC: OSCilloscope.

The apparatus for measuring the BOTDA spectrum for our hybrid fiber micro-
tapers is shown in the Fig. 4.4. In this setup, the pump signal is kept at the same
frequency, while the Stokes is tuned between 7 GHz to 8 GHz away from the pump
frequency. A sample trace of the amplified Stokes wave as a function of time and
detuning frequency is shown in Fig. 4.5. The contour represents the time-varying
gain profile for the detuned Stokes wave as an input pump pulse with period of 10 ns
passes through the 60 cm hybrid microtaper (which corresponds to ~7 ns time delay).
The gain profile is clearly longer than the length of the fiber. This is because the gain
first ramps up as the pulse enters the fiber. Then, when the pulse fully covers the
entire fiber length, quasi-CW interaction between the pulse and the fiber take place,
thus providing the optimal gain that can be derived from the microtaper. Lastly, as
the pulse exits the fiber, a delayed impulse response follows as the phonons slowly get

depleted inside the microtaper.
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Figure 4.5: Sample trace for a BOTDA system. The contour represents the gain

profile for the Stokes wave in dB.

4.4 BOTDA Traces from the Pump-Stokes Con-
figuration for Different Pump Pulse Widths

BOTDA traces for the Stokes wave in a Pump-Stokes configuration with three differ-
ent pump pulse widths of 10 ns, 17 ns and 20 ns are shown in Fig. 4.6. Two features
about the BOTDA traces become apparent as the pulse width is increased. Firstly,
the bandwidth of the Brillouin Spectrum gets narrower. This mainly occurs due to
narrowing of the pulsed pump bandwidth, hence reducing the convoluted representa-
tion of the true SBS profile for the hybrid microtaper. Secondly, as the pulse is kept
longer inside the medium, larger number of phonons are produced until the entire
fiber approaches saturation, allowing us to acquire maximum Brillouin gain from the
fiber. Both these effects result in a narrower and sharper Brillouin gain profile as the

pump pulse width is increased. Lower Brillouin gain for the 20 ns pulse, however, is
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an artifact arising from the two-photon absorption of the 1550 nm pump laser that
deteriorates the performance of the fiber after being exposed with high powers for too
long, even though the narrower Brillouin gain bandwidth suggests a stronger Brillouin
amplification.
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Figure 4.6: BOTDA traces for the Stokes wave in a 60 cm hybrid microtaper with

input pulsed pump with peak power of 9 dBm and pulse width of 10 ns (left), 17 ns

| Ag + as(w,t) |?
| Ag |2

where Ay is the continuous wave amplitude and ay is the small varying resulting from

(middle) and 20 ns (right). The contour represents the signal power

Brillouin gain. Contour units are in dB scale.

Figure 4.7 shows the evolution of the Stokes spectrum as a function of the pump
peak power with two different pulse widths. In either case, we see two peaks, one at
7.62 GHz, and the other at 7.8 GHz, that arise from the interaction of the pump with
the Stokes wave through SBS. In comparison to what is seen in Fig. 4.6, the doubling
of the pulse width effectively narrows down the Stokes spectrum, and enhances the
Stokes signal by a factor of ~2 dB, suggesting that as the pump pulse width is

extended, the sample is induced to a quasi-CW SBS process. A schematic for both
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the processes is shown in Fig. 4.8. When the Stokes is detuned by either the 7.62 GHz
or the 7.8 GHz, there is an effective power transfer from the pump to the individual
Stokes wave through the means of SBS that arises from the electrostriction, thus
giving rise to acoustic waves that resonate with a frequency of 7.62 GHz or 7.8 GHz
respectively. In case of such an SBS process, the acoustic waves formed are travelling
in the direction of the pump wave, and the back-scattered field becomes a seed for

the amplification of the Stokes wave.

b)

a)

Peak Pump Power (dB) 6 7 Frequency (GHz) Peak Pump Power (dB) T Frequency (GHz)

Figure 4.7: Evolution of the Stokes gain profile for the hybrid microtaper as a func-
tion of peak power of a) 10 ns and b) 20 ns pulsed pump. Frequency domain traces
are derived from a single time slice of the BOTDA traces where the Brillouin gain
is maximum. Traces for each peak power were repeated 5 times. Ay is the continu-
ous wave amplitude and a, is the small varying signal resulting from Brillouin gain.

Contour units are in dB scale.

Figure 4.9 shows the Stokes gain (dB) as a function of the input pump peak power
(dBm). A clear competition for SBS gain between the 7.62 GHz peak and 7.8 GHz
peak is observed as the pump power is increased. Since the SBS process at 7.62 GHz is
the dominating process inside the SBS fiber, the Stokes gain stays relatively constant
with respect the pump power, as most of the power from the pump is transferred to
this Brillouin peak. On the other hand, the SBS process for 7.8 GHz Brillouin peak is
relatively weak, and is effectively saturated since most of the power gets transferred

to the 7.62 GHz peak. This is why we see a decline in the 7.8 GHz Stokes gain, as
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Figure 4.8: a) Schematic of the SBS occurring between the pump and the Stokes wave
when the Stokes wave is detuned to 7.62 GHz and 7.8 GHz below pump frequency.
Length of arrows represents frequency (not to scale). b) shows the transfer of power
from the pump to the Stokes wave through the means of SBS for each case. Frequency
is shown on horizontal axis, and length of arrows represents power.

the pump cannot transfer enough energy to the secondary peak.
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Figure 4.9: Stokes gain represented as the ratio of the Stokes peak power Pgopes With
respect to input pump peak Power P, with pulse width of 20 ns. Traces are plotted
in dB scale.

4.5 BOTDA Traces for Pump-Anti-Stokes Config-
uration

In order to ensure no asymmetric SBS processes in the Pump-Anti-Stokes configura-
tion are occurring with respect to the Pump-Stokes configuration, a BOTDA trace
for the loss in the Anti-Stokes in the presence of a pulse pump has been shown in

Fig. 4.10. For a high pump peak power of 10dBm, we see a dominant dip in the
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Anti-Stokes signal at a frequency detuning of 7.62 GHz. This shows that the pump
interacts with the Anti-Stokes through the dominant longitudinal wave that is present
during SBS. There are also traces of a secondary dip at the same 7.8 GHz as detected

in the Pump-Stokes configuration.
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Figure 4.10: BOTDA traces for the Anti-Stokes wave in a hybrid microtaper with
input pulsed pump with peak power of 10dBm and pulse width of 10 ns (left), 17 ns
(center) and 20 ns (right). The contour represents the loss profile for the Stokes wave
in dB.

Figure 4.11 shows the Brillouin spectrum of the Stokes wave in the Pump-Stokes
configuration and the Anti-Stokes wave in the Pump-Anti-Stokes Process. In the
Pump-Anti-Stokes configuration, we see that the power is transferred from the Anti-
Stokes into the pump through the means of a longitudinal acoustic mode, resulting
in a net loss in intensity of the Anti-Stokes, and hence a negative value in the dB
scale. Also, since the Stokes and the Anti-Stokes are seeded into the sample at a
power of -10 dBm each, and the pump wave has a peak power greater than 7 dBm,
the energy transfer between the pump and the Stokes is much more efficient than the
power transfer between the Anti-Stokes and the pump, as more acoustic waves are

generated by the pump than by the Anti-Stokes wave. This is why the net loss in the
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Anti-Stokes is not able to match the net amplification in the Stokes wave.
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Figure 4.11: Comparison of the spectra between the SBS process between the pump-
Stokes configuration and the pump-Anti-Stokes configuration. In both cases, pump
peak power was set to 13 dBm with a pulse width of 20 ns, and the Stokes, or,
anti-Stokes waves were seeded with a steady power of -10 dBm

Despite the different magnitudes of the gain and loss in the Pump-Stokes and
Pump-Anti-Stokes configuration respectively, both the Anti-Stokes and Stokes signals
are only excited by the pump wave when the detuning for either waves is set to 7.62
GHz and 7.8 GHz with respect to the pump frequency. This definitely confirms that
in fact the pump is interacting with both the Stokes and the Anti-Stokes only through
an SBS process with longitudinal acoustic waves that resonate at 7.62 GHz or at 7.8
GHz, and no secondary Brillouin process is being excited in either case.

A schematic for SBS between the pump and the Anti-Stokes is shown in Fig.
4.12. When the Anti-Stokes is detuned by either 7.62 GHz or the 7.8 GHz, there is
an effective power transfer from the individual Anti-Stokes wave to the pump through
the means of SBS that arises from the electrostriction, hence giving rise to acoustic
waves that resonate with a frequency of 7.62 GHz or 7.8 GHz respectively. In the
case of such an SBS process, the acoustic waves formed are travelling in the direction
of the Anti-Stokes wave, and the back-scattered field is seeded into the pump, which

is usually negligible in this case due to the already high peak power.
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Figure 4.12: a) Schematic of the SBS occurring between the pump and the Stokes
wave when the Anti-Stokes wave is detuned to 7.62 GHz and 7.8 GHz above pump
frequency. Length of arrows represents frequency (not to scale). b) shows the transfer
of power from the pump to the Stokes through the means of SBS for each case.
Frequency is shown on horizontal axis, and length of arrows represents power.

4.6 Experimental vs Numerical simulations for SBS
in Chalcogenide-PMMA microtaper

In Fig. 4.13, we overlay the Brillouin profile from the BOTDA traces over the sim-
ulation results that are derived using the Finite-Element Method for the hybrid mi-
crotaper using continuous-wave pump and Stokes fields. Frequency domain traces
are derived from a single time slice of the BOTDA traces where the Brillouin peak is
maximum.

As seen in the figure, the trend of the measured Brillouin spectra is in agreement
to the numerical results, as the main Brillouin peak at 7.62 GHz coincides with the
dominant peak in the simulations. The model also demonstrates a secondary peak
at around 7.76 GHz, which is in agreement with experimental results at around 7.8
GHz. Uncertainty in the core diameter, which is about 10% results in an uncertainty
of 0.05 GHz for our experimental results. This concludes there is no discrepancy
between the finite-element method and the experimental results. Also, the broadening
of the experimental traces with respect to the numerically derived spectra are the
consequence of broadening of the Brillouin gain from a pulsed pump input. This
broadening is noticeably reduced as the pulse width is elongated. Ideally, if the
optically field is continuous wave, the spectrum should resemble with what is derived

numerically, with the theoretical bandwidth of 38 MHz.
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Figure 4.13: (left) Overlay of the Linear Optical Power spectra from the BOTDA
traces for 10 ns and 20 ns (red) pump pulse widths with the numerical results of the
energy spectra for a 2 micron Chalcogenide-PMMA microtaper (black).



Chapter 5

Simultaneous Generation of
GAWDBS and SBS in Single-Core
AsySes-PMMA Microtapers

In this chapter, I demonstrate simultaneous generation of SBS and GAWBS from
electrostriction of optical waves in a 60 cm AsySes-PMMA microtaper waveguide.
The GAWBS in the microtaper couples with SBS through a complex energy transfer
between weak Stokes and Anti-Stokes (AS) continuous waves in the presence of a
high power pulsed pump wave, which results in an amplification of the Stokes wave
at 7.4 GHz. The additional peak originates due to modulation of the optical fiber
by GAWBS at 211 MHz generated by the pump, which interplays with Stokes peaks
at 7.62 GHz and 7.8 GHz formed by SBS for a 2 um As,;Ses core radius (as shown
in chapter 4). Generation of the GAWRBS is also demonstrated experimentally which
shows excitation of a high spectral density of transverse waves near the 200 MHz

range that are responsible for the distortion of the SBS spectrum.
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5.1 Measurements for GAWBS in Chalcogenide-

PMMA microtapers

Figure 5.1 shows the experimental setup for observing depolarized guided acoustic
wave Brillouin scattering as conducted in [13]. The light source is a fiber laser oper-
ating at 1550 nm with an input power of 15 dBm. The beat signal of the GAWBS
light and the pump light emitted out of the fiber is detected by a photodetector placed
after an analyzer. The polarization of the input and output light is adjusted by the
two polarization controllers and a polarizer so as to maximize the resonance peak
monitored on a spectrum analyzer. In this case, the fiber under test was a 60 cm-long

AsySes-PMMA taper with a core diameter of 2 um and a cladding of 100 pm.

PC PC

Laser FXXQ o 1 X0 — | PD ESA
FUT LP

Figure 5.1: Schematic of setup for observing depolarized guided acoustic wave Bril-
louin scattering. PC, polarization controller; LP, linear polarizer; PD, photodetector;

ESA, electrical spectrum analyzer.

5.2 Experimental vs numerical results for GAWBS
in chalcogenide-PMMA microtapers

An overlay of the experimental results for the GAWBS spectrum with the numerical
simulations for the acoustic energy for two co-propagating waves (k = 0) is shown in
Fig. 5.2. Clearly, there is a dominant peak at around 210 MHz. This suggests that a
strong pump laser is able to excite both the longitudinal and transverse acoustic field

within the 60 cm microtaper.
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Figure 5.2: a) Overlay between numerical acoustic kinetic energy spectra (black) and
experimental optical power detected by the photodetector(red) for the GAWRBS for
the Chalcogenide-PMMA microtaper. b) Energy density for a transverse acoustic
wave at a frequency of 211 MHz, which correponds to the peak with the highest

resonance for the numerical results of the GAWBS spectra.

In case of GAWBS, we notice the energy spectra gradually decreasing with increas-
ing frequency within the same range as derived experimentally, although the resonant
peaks do not seem to be accurately predicted. These discrepancies can be explained
by the uncertainty in the diameter of a significantly large PMMA cladding, as well as
the constant competition between several discrete acoustic modes (as shown by the
simulation) that are competing for the same energy from the pump source, all leading
to a direct influence on the transverse acoustic resonances. Nevertheless, both the
experimental results and the numerical simulations have been able to demonstrate an
electrostriction spectrum that is occurring in the frequency range that will aid in the
amplification of the Stokes wave for a three-wave BOTDA experiment.

The acoustic energy distribution for the peak at 211 MHz indicates a torsional-
radial mode that is radially asymmetric. Because of the mismatch in the acoustic
impedance between the core and the cladding, and the high confinement of the electric
field, the acoustics are still dominant within the chalcogenide core. However, unlike

the case for SBS, there is a non-zero component of the displacement vector that is



CHAPTER 5. GAWBS AND SBS IN AS,SE;-PMMA MICROTAPERS 71

now present in the PMMA.

5.3 BOTDA Results for Pump-Stokes-Anti-Stokes

Configuration
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Figure 5.3: BOTDA traces for the Stokes wave in a hybrid microtaper with input

pulsed pump with peak power of 10 dBm and pulse width of 10 ns (left), 17 ns

(center) and 20 ns (right). The contour represents the gain profile for the Stokes

wave in dB.

BOTDA traces for the Stokes wave in a Pump-Stokes-Anti-Stokes configuration with
three different pump pulse widths of 10 ns, 17 ns and 20 ns are shown in Fig. 5.3. As
mentioned in section 4.6, the Pump-Stokes configuration demonstrates Brillouin reso-
nant peaks at 7.62 GHz and 7.8 GHz that were contributed only by the interaction of
the pump and Stokes waves through longitudinal acoustic modes in an SBS process.

These features are still present when the Stokes and Anti-Stokes are both interacting
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with the pump wave. However, in addition to this process, there is a noticeable am-
plification of the Stokes wave when the Stokes and the Anti-Stokes wave are detuned
at 7.4GHz below and above the pump frequency respectively. Such a process cannot

be possible due to SBS that only resonates at 7.62 GHz and 7.8 GHz.

FPump Peak Power (dB) B 7 Frequency (GHz)

Figure 5.4: Evolution of the Stokes gain profile for the hybrid microtaper as a function
of peak power of a 20 ns pulsed pump. Frequency domain traces are derived from a
single time slice of the BOTDA traces where the Brillouin gain is maximum. Traces

for each peak power were repeated 5 times.

The amplification at a detuning of 7.4 GHz arises because of a complex interaction
of the Anti-Stokes, Stokes and pump waves with the longitudinal acoustic mode at
7.62 GHz through SBS, as well as the transverse acoustic waves at 210 MHz through
GAWRBS. The schematics for such a process are shown in Fig. 5.5. In comparison
to the Anti-Stokes and the Stokes waves that are continuous with input power of -10

dBm each, the pump is the most dominant optical field that attains a peak power
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ranging from 7 to 15 dBm. Hence, it is the only field responsible for the generation
of the transverse GAWBS that resonates in the range of 210 MHz (as demonstrated
in section 5.1). As the pulse travels the fiber, it generates these transverse waves
along the entire medium, resulting in an overall modulation of the pump, producing

side-bands that are 210 MHz apart from the nominal frequency (fig. 5.5 a) and b)).
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Figure 5.5: Schematic for the nonlinear three-wave interaction between a high power
pump and weak counterpropagating Stokes and Anti-Stokes. a),b) generation of side-
bands detuned at ~ +200 MHz from pump wave through GAWBS. ¢),d) Interaction
of up-shifted GAWBS (+0.2 GHz) from the pump with Stokes(rs) wave detuned at
7.4 GHz through SBS with 7.62 GHz resonance (£);). e),f) Interaction between the
Anti-Stokes (v,) and the down-shifted GAWBS (-0.2 GHz) from the pump.

The interaction of the GAWBS process with the detuned Stokes and Anti-Stokes
is as follows: 1) the Anti-Stokes that is detuned 7.4 GHz above the pump frequency
first interacts with the down-shifted GAWBS initiated by the pump through SBS,
and this interaction further stimulates the GAWBS process and the SBS process in
the direction of the Anti-Stokes wave (Fig. 5.5 e) and f)); 2) The up-shifted GAWBS
from the pump is now enhanced by the Anti-Stokes wave and therefore it is able to
interact with the Stokes wave that is detuned 7.4 GHz below the pump frequency
through the means of SBS. This finally results in an amplification of the Stokes wave
(Fig. 5.5 ¢) and d)).

Support for this theory can be demonstrated with the evolution of the Brillouin

frequency spectrum as a function of the pump peak power in Fig. 5.4. Threshold for
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the resonant peak at 7.4 GHz is clearly observed as the pump peak power exceeds 10
dBm. Also, simultaneously, there is a slight decrease in the net gain of the SBS process
at 7.62 GHz, suggesting that at this point, both the longitudinal and transverse waves
are competing for the finite amount of energy provided by the pump. Only when the
pump power is exceeded beyond the threshold of 13 dBm can both the SBS and the
GAWRBS processes be further amplified, as shown by the re-emergence of the SBS

gain beyond the pump threshold of 13 dBm.
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Figure 5.6: Stokes gain represented as the ratio of the Stokes peak power Pgores With
respect to input pump peak Power P, with pulse width of 20 ns (bottom). Traces
are plotted in dB scale.

Evidence for a threshold for the GAWBS-SBS process at a Stokes and Anti-Stokes
detuning of 7.4 GHz can be clearly shown in Fig. 5.6. We see that below 11dBm, the
three-wave Brillouin process and the standard SBS process are competing, as neither
can be completely stimulated by the same pump power. A threshold for GAWBS in
the three-wave process is visible at pump power of 11 dBm, with a reduction in the
Stokes gain at 7.62 GHz, and an ascent in the Stokes gain at 7.4 GHz.

One also notices back in Fig. 5.3 that the secondary peaks at 7.4 GHz only occur
~5 ns after the pumped pulse begins to interact with the hybrid microtaper. Such a
delay suggests that the amplification of the 7.4 GHz peak can only follow once the

fiber attains sufficient SBS gain at 7.62 GHz, hence supporting the claim that this
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process indeed requires the interaction of multiple acoustic waves to occur. Thus,
we can say with certainty supported by exprimental and numerical evidence that
the forming of novel secondary peaks is a consequence of the complex three-wave

interaction that has been depicted in Fig. 5.5.



Chapter 6

High Birefringent Brillouin
Frequency Shifts in Single Mode
AsySes-PMMA Hybrid Microtaper

under Transverse Load

In this chapter, we demonstrate high Brillouin frequency shifts in a 60 cm AsySes-
PMMA hybrid microtaper with 2 pm AssSes core and 50 yum PMMA cladding di-
ameters under transverse load. Through finite element analysis of SBS under the
influence of contact stress from the loading fixture, I demonstrate that strain induced
from the edge reaches towards the centre due to the elastic nature of the PMMA.
The chalcogenide core enhances the dielectric tensor fluctuations arising from this
strain due to its high refractive index properties, resulting in measurable shifts in the
Brillouin frequency using a standard BOTDA for the first time. Numerical predic-
tions of 0.1 & 0.02 MHz/N mm™"! are in accord with the measured value. Differences
in the dielectric tensor along the fast and slow axis further demonstrate the high

birefringence exhibited by these tapers in the presence of load.
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6.1 Measurement of Transverse Stress due to Con-

tact Stress.

Support Fiber FUT :

Figure 6.1: a) Schematic for loading fixture to induce strain in Chalcogenide-PMMA
microtapers (fiber under test - FUT) due to transverse load. b) Diagram of contact
mechanics between glass slab and PMMA rod. F = load, b = contact half-width,

o.(x) = contact stress over the region —b < x < b.

Measurement of Brillouin peak shifts due to contact stress from a transverse load were
conducted as shown in Fig. 6.1a) by placing the taper into a loading fixture adapted
from [76,77] . This fixture is designed to only apply plane strain (e, = 0, de;/,/0z = 0)
onto the fiber under test (FUT). The test fiber and an identical support fiber are
loaded between two flat glass plates, allowing for a contact length of 60.0 mm. Load
in the form of steel plates is applied incrementally to the top plate, ensuring that there
is no microbending on the glass plates. Measurements of the Stokes response swept
over the Brillouin frequency range of 7 - 8 GHz were obtained for each of the loading
conditions (between 0-4 kg at 1 kg increment) using the BOTDA setup. Polarization
controllers (not included in Fig. 4.3) on both the pump arm (after EDFA) and the
Stokes arm (before FUT') were rotated at each loading to make sure there was maximal

transmission of the Stokes response at the photodetector (PD).
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6.2 Theory and Numerical Simulations for SBS in
the Presence of Transverse Load

In order to numerically calculate the SBS spectrum in the hybrid microtaper in the
presence of transverse strain from two glass slabs that are in contact with the PMMA,
we first calculate the deformation u; of a cross section profile of the microtaper using

the linear elastic equation [4,108]

—0455=fi=0 (6.1a)
Oij = Cijk1Ski (6.1b)

1
Sk = 5 ( kil T+ uhk) , (6.1(3)

where the stress tensor o;; is expressed as a tensor product of the elastic and
strain tensor c;;,; and Sy respectively, o;;; is the divergence of o;; written in Ein-
stein summation convention (o;;; = 0 i 0ij /0z;) and f; is known as the force per
unit volume that is distributed throughout the entire cross-section of the waveguide.
However, since the forces are only applied on the boundary, and since the impact of
gravity is negligible in this case, we assume f; = 0 over the entire surface. By applying
an inner product of the elastic equation with a test function v; and integrating over

the fiber cross-section A, we obtain the variational formulation of Eq. (6.1)

_/Uij,jvi dsS =0. (62)
A

Due to second order derivatives present in Eq. (6.1a)), we apply an integration by

parts

—/O’Z‘jJ‘UZ‘dS:/UUUz‘J dS—/ (aijnj)vidS, (63)
A A 0A

where n; is the outward unit normal at the boundary and o;;n; is the derived stress
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vector, known as the traction, at the boundary of the waveguide, and is treated as a
boundary condition for the finite element analysis. We know by the experiment that
the traction is only applied in the regions A7 which are the regions where the glass

slab is in contact with the fiber rod.

/aijvmdS:/ TividS, (64)
A OArT

while the integral around the remaining part of the boundary is treated as Dirichlet
condition. In our case, T = j:ac(r)j is the traction resulting from the contact stress
distribution o.(r) that is applied at the boundary along a contact half-width b at the
region of interaction (Fig. 6.1b). The contact stress due to the load from the glass

slab in contact with two PMMA rods with radius R and length L is expressed as:

F x?
2FR (1—12 1—12\1"?
b= : 2 :
|: 7TL < E1 + E2 >:| ’ (6 6)

where E; =70 GPa, Ey =6.08 GPa, 11 = 0.212 and v, = 0.327 are the elastic
moduli and the Poisson ratios for glass slab and fiber rod respectively. Because of the
compressive nature of the traction applied to the fiber rod, T = —oc(r)j for the region
in contact with the top of the fiber rod, and T = o.(r)j for the region in contact with
the bottom.

The variational form described above for o;; in Eq. (6.4) essentially leads to
solving for the displacement vector field u;, which is the true unknown. This can be

explicitly expressed as follows:

1
/ §Cijkl (uk,l + uLk) U@jds == / Tlv,dS (67)
A 0AT

Once wu; is solved using finite element methods, it enables us to determine the
distributed change in the dielectric tensor ¢;; along the cross-section of the waveguide

[4]:
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€ij = €1 + 0€;; (6.8a)
G?j = nzéij (68b)
5613’ = _E?kpklmnﬁ?jsmn = _n4pijmn8mn> (68(;)

where p;j; is the photoelastic tensor and n is the refractive index of the material.
From this, we derive the perturbed electric field F; and the propagation constant k,
for an anisotropic dielectric tensor €;; using the variational formulation of Maxwell’s

equations as represented in vector finite elements (Section 2.1) [103]:

. 1o

V x (—V X E) — kgei;E; = 0. (6.9)
1

With the derived electric field, propagation constant and the anisotropic dielectric

tensor, we finally derive the effect of the contact stress on the stimulated Brillouin

scattering of the hybrid microtaper in the presence of two counter-propagating optical

fields Ei(l) and E](-Q) (i,j = x,y, z) detuned by frequency €2 by using an elastodynamic

equation as presented in Section 2.3.1 [27,74,106],

—p U — [cijrupg + Q] ; = [eoeimejnpklmnE](gl)El@)* . (6.10)
7]

Upon obtaining the displacement field for a given €2, we calculate the SBS spec-
trum by calculating the kinetic energy of the displacement field u;(r,t), as defined
by [27,74,106]:

F(Q) = i /A A8 pQ2us(r) us(r), (6.11)

using the parameters as provided in Section 2.3.1 [27,28,106].
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6.3 Results

Table 6.1: Calculated mechanical and optical properties for AsySez-PMMA microta-
pers [27,28] and SMF28 [106] inside the glass plate loading fixture with transverse

load of 4 kg. An.y; represents the shift in refractive index due to the transverse load.

SMF28 core(clad) | AsaSes(PMMA)
Density p (kg/m?) 2254(2203) 4640(1187)
Elast. mod. E (GPa) 70.43(72.55) 33.62(6.08)
Poisson Ratio v 0.178(0.170) 0.202(0.327)
Contact Stress o (MPa) 307.22 125.97
Half-width b (um) 0.83 2.02
Refract. ind. n 1.4492(1.4440) 2.674(1.481)
nefs (w/o load) 1.446314 2.6155
Anf; ¢ (with load) 1.10 x 107° 8.5x 107*
AnZ,, (with load) —3.38 x 1076 2.6 x 1074
Avj, (MHz) from Anf, 0.083 2.61
Avg (MHz) from Ang,, -0.025 0.87

Finite element calculations for the strain and dielectric tensor Sy, and de,, in response
to transverse load of 4 kg are shown in Figs. 6.2 and 6.3. Mechanical and optical
deviations due to load for the microtaper are summarized in Table 6.1. From Table
6.1, we realize that significantly low elastic moduli (i.e. more elasticity) for the PMMA
allows for a relatively low contact stress applied on a much larger contact half-width in
comparison to SMF28. This elastic nature of the soft PMMA cladding allows for more
expansion of the strain throughout the microtaper as shown in Fig. 6.2a), eventually
providing a significant contribution of the strain within the chalcogenide core. On
the other hand, the strain distribution for the SMF28 under the same conditions
is relatively weak, as the stiff nature of the material prevents the strain to expand

towards the core, hence reducing the strain around the core by almost a factor of 10.
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Figure 6.2: Calculated strain distribution S, for: a) chalcogenide-PMMA microtaper

with core and cladding radius of 1 ym and 100 um respectively; b) SMF28 with core

radius of core and cladding radius of 4.2 ym and 62.5 pum respectively
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Figures 6.3a)-b) show the change in the dielectric tensors de,, and de,, which are
evaluated using Eq. (6.8a)-c)) using the strain distribution derived in Fig. 6.2a). Eq.
(6.8c)) shows an n? dependence on the dielectric tensor for a given strain. This means
that the effect of any strain in the chalcogenide core is immediately amplified by a
factor of 2.674* ~ 51.12 leading to a significantly higher value for de,, in the chalco-
genide core. In comparison, since the factors p;;i; for both silica and chalcogenide are
relatively the same [28,106], the effect of strain in SMF28 can only be amplified by a
factor of 1.4492* ~ 4.41. This eventually leads to a tenfold increase in Anzf 7 between
the chalcogenide-PMMA taper and SMF28 in the presence of a 4 kg load as shown
in Table 6.1.

Oeyy
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(a) (b)
Figure 6.3: Calculated distribution of the dielectric tensor a) de,, and a) de,, for the

chalcogenide-PMMA microtaper with core radius of 1 pm.

Another aspect worth noting is the large birefringence for the chalcogenide-PMMA
microtaper in the presence of transverse load. As shown in Table 6.1, even though
Ang; is found to be in the same order of magnitude as Anzf s» the difference between
the two is 5.9 x107%, which results in a difference of 1.6 MHz between the Brillouin
peaks from each polarization. This characteristic is also evident in Fig. 6.3a), where
even though the strain distribution for Ae,, is non-zero, it is much lower in magnitude

to that found in Aey, for Fig. 6.3b).
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Figure 6.4: Comparison between a) numerical and b) experimental Brillouin frequency
spectrum shift from 0 kg load (blue) to 4 kg load (red) at 1 kg increment. ¢) Numerical

(red) and experimental (blue) values for Brillouin peak shift vs load.

The numerical results in Fig. 6.4a) represent the calculations for Eq. (6.11)
as a function of Brillouin frequency detuning under the influence of transverse load
ranging from 0 to 4 kg at 1 kg increments. The effects of the large dielectric tensor de;;
near the chalcogenide core result in significant changes in the propagation constant
which then lead to observable shifts in the Brillouin peak as also shown in Fig. 6.4c).
Uncertainties in the refractive index error on the numerical calculation in Fig. 6.4c)
represent the fluctuation in the effective Brillouin peak due to the superposition of
the individual Brillouin spectra contributed by each polarization [87]. This occurs
due to: 1) lack of control of the light polarization inside a single-mode fiber [87]; 2)
inability to rotate the optical field from the SMF28 to the fast axis of the chalcogenide

core using a fixed angled coupling between the two. Thus, the Brillouin peak in the
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presence of a given tranverse load for a single BOTDA reading can be represented

as [87]

[(vy +va) £ (vy — va)] - (6.12)

VTotal =

N | —

A linear fit for the data presented in Fig. 6.4c) shows that the slope of the Brillouin
frequency shift under load is around 0.06 + 0.01 MHz/Nmm™".

The curves in Fig. 6.4b) are the measurements of the Brillouin spectrum from the
Stokes response of the BOTDA measurement under the presence of transverse load of
0 to 4 kg at every 1 kg increment. Despite the broad line-width due to the convolution
effect of the pulsed pump wave as well as the damping acoustic effect of the PMMA
cladding [27], the linear shift in the Brillouin peak frequency w.r.t. transverse load
is still apparent. These shifts are further analyzed in Fig. 6.4c), showing a slope of
0.08 £ 0.02 MHz/Nmm ™!, which is within the range of what is expected numerically.
Lack of asymmetry in the Brillouin spectrum for both experimental and numerical
results suggest that electrostriction is only dominant within the chalogenide core, and
is in complete isolation from the strain and the change in dielectric that is induced
around the PMMA. This highlights the benefit of having ultra-confined electric and

acoustic fields due to the drastic mismatch between refractive indices and the acoustic

impedance (Z = \/E(1 — v)p/[(1 + v)(1 + 2v)]) between the two materials. As such,
the Brillouin frequency shift as a function of the transverse load can vary linearly
until plasticity effects in the PMMA or fracture thresholds are reached. In the case
of experimental results, the symmetry in the Brillouin peak also indicates that the
deformation induced on the fiber from the glass slab is planar in nature, and axial
strains from microbending are negligible.

In conclusion, I demonstrated high birefringent Brillouin frequency shifts exhib-
ited by the single-mode hybrid As;Se3-PMMA hybrid microtaper in the presence of
tranverse load on a glass slab loading fixture, surpassing the responses attained by

standard silica fibers by about factor of 27.



Chapter 7

Electrostriction in Dual-Core

AsySes-PMMA Microtapers

In this chapter, I present the results of studies on the Brillouin profile and birefringent
properties of the dual-core Chalcogenide-PMMA microtapers. Finite element anal-
ysis for such a dual-core microtaper demonstrates that under intrinsic variations in
the effective refractive indices imposed by the four dominant optical supermodes, the
Brillouin peak from an even or odd optical mode differ by 14 MHz . In experiment,
excitation of both the Brillouin profiles is achieved by angle-coupling of an SMF28
with only one of the cores of the dual-core microtaper. BOTDA measurements con-
ducted on this coupled microtaper demonstrate the asymmetry in the SBS profile due
to the overlap of intrinsic SBS spectra originating from the electrostriction through
individual even and odd optical modes. In addition to this, through simulations, I
demonstrate a novel transverse stress sensor that determines the magnitude as well as
the orientation of a transverse load (applied as described in chapter 6). This system
exhibits a linear relation between the net load applied to the fiber and the average
Brillouin peak frequency shifts of the even and odd eigenmodes that is sufficient to

retrieve the magnitude and orientation of the load.

86
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7.1 Fabrication and Coupling of Dual-Core Chalcogenide-

PMMA Microtaper

The fabrication and coupling methods for dual-core microtapers are similar to what
is mentioned in chapter 3, as demonstrated in Fig. 3.2 and 3.5. However, inclusion
of a second chalcogenide core imposes modifications in fusing and coupling of these

microtapers, which I describe below.

Figure 7.1: Cross-sectional view of the chalcogenide dual-core (21.25 pm diameter

each) surrounded by PMMA cladding (1100 pum diameter) after polishing the surface.

7.1.1 Fusing for Dual-Core Fibers

Fusing of the dual core AsySes preform with the PMMA preform and the PMMA mi-
crotube is done in the same manner as for the single core As,Ses preforms as shown in
Fig. 3.2. However, in this case, we place two As,Ses fibers into the microtube instead
of just one. Also, the duration of time the fibers are kept in the lathe determines how
close the two AsySes cores are fused to each other. In my case, in order to have the
two 2 pum diameter cores separated by 1.98 um, the dual-core sample was kept in the

lathe for 10 hours.
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7.1.2 Coupling of the SMF28 to the Chalcogenide Dual-Core

Fiber

As mentioned in 3.6, the most effective method of coupling between the SMF28
and the chalcogenide core is through custom angled coupling that maximizes the
transmission coefficient while preventing Fresnel reflections. Moreover, the coupling
is secured by a UV cured epoxy for easier portability of the sample to the tapering
or measurement setups. Coupling for a dual-core sample, on the other hand, requires
that the light is maximally coupled to only one of the cores of the microtaper, while

the second core is left uncoupled, as shown in Fig. 7.2.

\ \

Chalc-PMMA (Cleaved at 5°)

Figure 7.2: Schematic for coupling a standard silica fiber (SMF28) with the hybrid
dual-core microtaper.

Such technique allows for excitation of all the even and odd modes of the micro-
taper, enabling me to excite asymmetric SBS profiles. They are formed through the
overlap of intrinsic SBS spectra originating from the electrostriction through individ-
ual even and odd optical modes.

Following these modified procedures, the dual-core sample is further tapered down
to an individual core radius of 2 pum using the heat-brush tapering method, as de-
scribed in section 3.7, followed by SBS measurements using BOTDA as shown in

section 4.3.
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7.2 Numerical Simulations for the Electromagnetic

Field of a Dual Core Microtaper
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Figure 7.3: Dominant electric field amplitudes and the effective refractive indices of
the four orthogonal states derived for a dual core Chalcogenide-PMMA microtaper
with an individual core diameter of 2.00 ym and separation of 1.98 pm

Finite-element simulations for a dual-core chalcogenide-PMMA microtaper with
a core diameter of 2 ym and separation of 1.98 ym are demonstrated in Fig. 7.3.
As predicted, the first four eigenmodes of the waveguide do exhibit even and odd
mode profiles for each of the individual x and y polarizations. Large variations in
the propagation constant between the odd and the even eigenmodes arise due to the
large refractive index difference between the core and the cladding material, and how
much the field interacts with each of the materials. The even modes E Ef exhibit an

effective refractive index of 2.6198 and 2.6197 respectively, while the the odd modes
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ES Ej exhibit an effective refractive index of 2.6150 and 2.6141 respectively, which is
quite close to the effective refractive index of 2.6155 for a single-core chalcogenide-
PMMA microtaper. This suggests that most of the electric field stays confined within
the chalcogenide region which has an intrinsic refractive index of 2.674, and doesn’t
penetrate much into the PMMA cladding and the coupling region between the two
cores. The refractive index difference between the even and the odd modes arises due
to the intrinsic node along the y axis of the waveguide for the odd modes. This forces
the fields on either side of the node to penetrate further towards the cladding of the
microtaper, resulting in a drop in the effective refractive index for these odd modes
as the PMMA has an intrinsic refractive index of 1.481.

As mentioned in Section 1.5, relative difference in the effective refractive index
between the even and odd modes for the dual-core fiber results in a mismatch of
the phase velocities, resulting in a sinusoidally varying intensity profile between the
two cores with a period of A = A/ | n¢;; — ng;, |. This allows the field to couple
between the two cores. For the dual-core chalcogenide cores, the spatial period for
light at around 1550 nm is ~250 pym. Thus, two orthogonal supermodes, characterized
by different phase velocities, lead to a periodic switching of power between the two
cores along the fiber. The strength of the coupling between the cores depends on
the spatial overlap of the two excited supermodes. In our case, the effective overlap
between the two modes is quite strong, as most of the light is contained within the

chalcogenide-cores for either of the supermodes.

7.3 Modelling of Electrostriction inside a Dual-
Core Microtaper

Here, I present the numerically obtained SBS spectra for a cross-section of a dual
core chalcogenide microtaper as shown in Fig. 7.4. These spectra have been obtained
by evaluating the kinetic energy of the acoustic beam as shown in Fig. 7.5 (i.e.

w® [¢p | u; |*) as a function of the detuning frequency between the two optical
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Normalized Energy

Frequency GHz

Figure 7.4: Numerical results of the energy spectra for a 2 micron diameter dual-core
Chalcogenide-PMMA microtaper. Large differences in n.s¢ between the supermodes
result in a peak shift of 14 MHz in the Brillouin spectrum for the even mode (black)
and the odd mode (red).

fields. The results indicate that the Brillouin shift between two given supermodes is
predominantly based on the difference in the effective refractive index. For example,
the largest variation in the Brillouin peaks is obtained between the Ef and E7, which
is about 14 MHz. Taking into account the effective refractive indices nj = 2.6198
and nj = 2.6141, the classical Brillouin shift Avg = 2(n; — nj)v./A ~ 16.54 MHz,
which is close in order to the numerical value obtained through the elastodynamics
equation. What is also intriguing is that the Brillouin spectrum obtained for each
supermode is not symmetric in nature. This indicates the rich acoustic dynamics
that are present due to the complex shear modes that are generated alongside the
dominant longitudinal mode in such hybrid microtapers. Also, similar to the single-
core tapers, there are traces of the secondary Brillouin frequency peak near the 7.8
GHz region, further contributing to the asymmetry of the Brillouin spectra for the
supermodes.

The distribution for the acoustic energy for Ef and Ej is demonstrated in Fig.
7.5a)-b). In either case, the energy distribution is almost identical, as the elastody-
namic model mainly relies on the magnitude of the field due to the nonlinear elec-

trostrictive force Tj; = YimErE; = X | E |2, This means that the electrostriction
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Figure 7.5: Energy distribution for the acoustic wave in the presence of an a) even
and b) odd supermode.

process between either supermode is relatively quite similar, even if one of the modes
is intrinsically asymmetric along the y-axis.

Similarly as for the single core microtapers, the combination of the acoustic
impedance between core and cladding and the optical forces produces a rippling be-
haviour in the acoustics energy density. It is due to interference between the trans-
verse and the longitudinal acoustic modes that are both generated in this microtaper,
unlike the purely longitudinal mode that is dominant in SMF28. The generation
for both longitudinal and transverse acoustic modes is a consequence of the acous-
tic impedance mismatch between the two materials and the ultra-confinement of the

electric field inside the core.
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7.4 Experimental Results for Electrostriction in-

side a Dual-Core Microtaper
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Figure 7.6: BOTDA traces for the dual-core chalcogenide fiber aligned to excite
electrostriction from an even (left) optical supermode and an odd (right) optical

supermode.
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Figure 7.7: Experimental results of the peak BOTDA spectrum for a 2 micron diam-
eter dual-core Chalcogenide-PMMA microtaper. Voigt fitting over the experimental
results for the even mode (red) and odd mode (blue) are conducted to demonstrate
a shift of 19 = 3 MHz between the two Brillouin peaks.

Figures 7.6 and 7.7 show the BOTDA traces as well as the BOTDA frequency

sweeps that are taken for the same dual-core chalcogenide-PMMA microtaper under

two different polarization alignments of the pump and Stokes wave. It is to be noted

that although the even and odd modes are almost independent of polarization axis
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(Fig. 7.4), in our case, a realignment has allowed for the pump and Stokes to interact
through different eigenmodes of the microtaper. The angled coupling interface be-
tween the chalcogenide and SMF, for this particular case, has the ability to alter the
relative phase difference between the pump and Stokes field when the polarization is
changed. Hence, variation of the SBS profile under the presence of different configu-
rations of pump and Stokes field input demonstrates the ability of the fiber to induce
electrostriction individually for an even or odd mode.

As mentioned in section 7.2, the beat period due to the supermode phase velocity
mismatch is A = 249 pym. Such a period would be only detectable if the pulse width
of the optical pump wave is less than T'= nA/c ~ 2.33 ps. However, since the pulse
width for the pump wave in the BOTDA experiment is 20 ns, the Stokes response
obtained in the BOTDA experiment is an accumulated response of the electrostriction
occurring at individual points along the fiber. This averaging process filters any
oscillatory trends in the BOTDA traces in Fig. 7.6 that arise due to the large Brillouin
peak differences between the even and odd supermodes.

Voigt fitting for each of the SBS measurements in Fig. 7.7 allows us to determine
an SBS peak at 7.639 + 0.002 GHz for the even mode and 7.620 £+ 0.002 GHz for
the odd mode, resulting in a SBS peak difference of 19 + 3 MHz. Discrepancies in
the theoretical and experimental Brillouin peak differences can be interpreted as: 1)
the uncertainty in the microtaper diameter during the tapering procedure, as well as
the separation between the two cores during the fusing process, which is estimated to
about 10%; 2) Inability of maintaining a dominant supermode during measurements in
the dual-core fiber, leading to asymmetries and multiple peak profiles in the BOTDA
traces as seen in the trace for an odd supermode in Fig. 7.7; 3) Inability to explicitly
manipulate the polarization, the mode profile and the relative phase of the optical
field inserted into the microtaper from the SMF28 due to the fixed angled coupling
between one core of the microtaper and SMF28. Nevertheless, it is evident that
under different configurations, the dual-core chalcogenide-PMMA microtaper is able

to produce two distinct SBS profiles that are a result of the electrostriction arising
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from one of the two dominant supermodes (even or odd) of the electric field.

7.5 Numerical Prediction for Dual-Core Chalco-
genide Microtapers under the Presence of Trans-
verse Stress

In this section, I demonstrate high Brillouin frequency shifts in a 2 ym AssSes core
diameter dual-core and 100 gm PMMA cladding diameters under transverse load.
Similar to the finite element calculations conducted in chapter 6, I demonstrate that
strain induced from the edge is still traceable towards the centre. It is so due to the
elastic nature of the PMMA, followed by the enhancement of the dielectric tensor
fluctuations in the chalcogenide core arising from its high refractive index proper-
ties. However, unlike in chapter 6, radial asymmetry in the dual-core fiber allows one
to measure the angle at which the transverse load is applied. Finite-element mea-
surements indicate that the fiber provides a linear relation between the load applied
onto the fiber and the average of the Brillouin shifts for (Ef,E;) and (Ej,E7) modes
respectively.

Similar to results presented in chapter 6, these calculations were done assuming the
sample was loaded using a glass fixture as shown in Fig. 6.1. In chapter 6, simulations
along the y-axis were sufficient as the fiber was radially symmetric. For the dual core,
however, the response of the Brillouin shift varies depending on the alignment of
the load from the glass fixture with the fiber rotation. Figure 7.8 shows each strain
distribution S,,, S, and S,, for a load of 2 kg applied on a 66 mm sample by the
glass fixture along the x-axis, at an angle of 45°, and from the y-axis respectively.
Although all three strain tensor components are comparable in magnitude, the tensor
components S, for the load in the x-axis, S,, for the 45° angle, and Sy, for the
y-axis exhibit the largest deformation within the core. Although some configurations
effectively only provide a rather constant deformation to the chalcogenide core, the

uniformity is diminished when one derives the fluctuation in the dielectric tensor
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d¢;; for each of the configurations shown in Fig. 7.9. The effect is visible as the
spatially varying deformations from the other components of S;; begin to interfere
with the more uniform deformations in the core. As seen in all configurations, de,,
is perturbed the most, followed by de,,, and de,, being the least contributing factor.
The intercalating of the elastic PMMA material between the two stiff chalcogenide
cores placed in the line of stress from the cladding effectively enhances the sensitivity
of the material near the centre of the dual-core, leading to large perturbations in the
dielectric tensor near this region. Moreover, large refractive indices of the chalcogenide
core further enhance the perturbations in the core even further by a factor of ~ 51.12

as mentioned in section 6.3.
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Figure 7.8: Distribution for a) S,,, b) Sy, ¢) S, for a transverse load of 2 kg on 66
mm sample in the x-axis; d) S,,, €) Syy, f) Sz for a load in the y-axis; g) Syz, h) Sy,
i) Syy for a load at 45°.
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Figure 7.9: Distribution for a) de,,, b) deyy, ) deyy for a transverse load of 2 kg on a
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We now calculate the shifts in the Brillouin peak frequency for each of the eigen-
modes of the dual-core microtaper in presence of transverse load in the x and y axis
respectively. I will also show how they can be manipulated to derive linear relations
that determine the orientation of the stress. We introduce new variables v%, which
represents the Brillouin peak frequency due to stress along the axis b = x,y for the
individual modes E¢ where a = e, o represents an even or odd mode with polarization
¢ = x,y. Although, individually, each of the variables generally exhibit a nonlinear

relation with respect to the applied load, by defining new average variables
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Figure 7.10: Evolution of the Brillouin peak shifts for even and odd modes for the
dual-core microtaper in the presence of transverse load at a) x-axis and b) y-axis. c)
Overlay of the numerically simulated Brillouin peak shift due to transverse load at
45° from the x-axis with the weighted average of the individual Brillouin shifts.

we can retrieve the linear dependence. Variables shown in Eq. 7.1 represent the

average of the Brillouin peak shifts for each even and odd mode under stress in the

x-axis and y-axis respectively. A linear relation between the average Brillouin shifts

and the tranverse load is obtained as shown in figures 7.10a) and 7.10b). To be more

specific, for a load in the individual x or y axis:

The values derived from the simulations for the constants in Eq. 7.2 and 7.3 are

given in Table 7.1.
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Similarly, a generalized representation for the Brillouin peak shifts for a net trans-
verse load L applied at an arbitrary angle 6 from the x-axis can be expressed as

follows:

Ve K¢ K¢ Vs
(@ — cos® 0 + sin20 | + | (7.4)
V;(av) K7 Kg Vg

Table 7.1: Calculated values for variables introduced in Eqgs. 7.2 and 7.3
K¢ (MHz/Nmm~1) | 0.071

K° (MHz/Nmm™') | 0.064
K¢ (MHz/Nmm~™") | 0.009
K¢ (MHz/Nmm™?) | 0.015
v§ (GHz) 7.6255
ve (GHz) 7.6168

Comparison between the equation above and the actual simulation done at 6 =
/4 is shown in Fig. 7.10c). The linear curves v¢ (45°) and v2,(45°) are derived
using the weighted sum of the individual curves in Eqs. 7.2 and 7.3 with weights
cos? § = sin?§ = 1/2, while the dotted lines Viso(av) Viso(aw) 8¢ the simulated results
for a load applied at angle # = 7/4. Both the results are in agreement, suggesting
that the dual core fiber is successfully able to determine the magnitude as well as the
orientation of the net transverse load using a simple linear combination of the Brillouin
peak frequency shifts for the individual eigenmodes of the waveguide. Moreover,
significantly large values for the constants K in Table 7.1 show that such Brillouin
shift should be easily detectable using a standard BOTDA setup. Therefore, provided
that one is able to couple each of the eigenmodes into the dual-core fiber individually
and conduct a thorough BOTDA measurement for each mode, one should be able to
determine the orientation of a load that is applied onto the fiber.

With these results, it is evident that these microtapers can be considered as new
candidates for high resolution measurement devices that can retrieve complex char-
acteristics within the fiber under transverse load using simple BOTDA measurements

of the individual eigenmodes of the waveguide. By implementing similar simulations
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with dual-core tapers of different diameters and separations between chalcogenide
cores, we can determine what range of core diameters and separation distances are
necessary to maintain such linearities, and whether the effect can be enhanced before

the PMMA cladding suffers from plastic deformations [43,44]



Chapter 8

Conclusion

The primary goal of this thesis was to narrow the gap between the experimental results
and numerical simulations for SBS spectra in Asy-SeAs3-PMMA hybrid microtapers
that were fabricated using the techniques demonstrated by Baker et. al. [29,30].
Upon successfully deriving the SBS spectra numerically using finite element analysis
of the elastodynamics equation as demonstrated by Beugnot [27], and measuring the
SBS in our optical fiber using a BOTDA scheme, the SBS gain profile in both the
experimental and numerical regime were in accordance. This was evident by the
characteristic peak in the SBS profile at 7.64 GHz followed by a secondary peak at
7.8 GHz that were attained in both regimes. Previous work conducted by [27, 28]
showed discrepancies in both regimes since the simulations assumed coherent pump-
Stokes configuration, while experiments relied on spontaneous Brillouin scattering
generated solely from a pump. Morover, in my case coherent detection of SBS in
these microtapers was only possible because of the novel angled-coupling between the
SMF28 and chalcogenide core that allowed for ~40 dB backreflection loss with atmost
2 dB transmission loss at each interface.

Beyond the characterization of the Chalcogenide-PMMA fibers, I also presented
results that reveal new complexity of the Brillouin phenomena in these microtapers.
I demonstrated simultaneous generation of GAWBS with SBS and high Brillouin
shifts due to stress-induced birefringence in a 2 pym core and 60 cm long single-core

microtaper. The GAWBS in the microtaper couples with SBS through a complex

101
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energy transfer between weak Stokes and Anti-Stokes (AS) continuous waves in the
presence of a high power pulsed pump wave. This results in an amplification of
Stokes wave at 7.4 GHz due to modulation of the optical fiber by GAWBS at 211
MHz generated by the pump in addition to a strong SBS Stokes peaks at 7.62 GHz
and 7.8 GHz. This is also the first time that GAWBS was generated experimentally,
which shows excitation of a high spectral density of transverse waves near the 200 MHz
range that are responsible for the distortion of the SBS spectrum. The experimental
results are in accordance with the simulations that have been conducted using the
elastodynamics model assuming two detuned copropagating optical waves.

I then presented a comprehensive study of the microtaper for high-birefringent
Brillouin shifts in the presence of transverse stress from a glass slab loading fixture.
It involved developping a novel theoretical approach, combining the linear elastic
model and the elastodynamic equations, used to numerically solve for the shift in
Brillouin peak frequency under the influence of contact stress from the loading fixture.
The common link that combines these two equations is the dielectric tensor that
is perturbed under stress. This tensor provides perturbations to the propagation
constant of the electric field which makes solving Maxwell’s equations quite non-
trivial. This also provides a perturbation to the electrostrictive stress tensor when
solving for the elastodynamics equations. These studies advanced our knowledge of
the strain behaviour in these microtapers. I demonstrate that strain induced from the
edge is still traceable towards the centre due to the elastic nature of the PMMA. The
chalcogenide core enhances the dielectric tensor fluctuations arising from this strain
due to its high refractive index, resulting in high shifts in the Brillouin frequency that
for the first time are traceable on a standard BOTDA measurement setup. Such shifts
of 0.08 £ 0.02 MHz/Nmm ™! are in accordance with the measured value. Differences
in the effective refractive index for the fast and slow axis from the perturbations in
the dielectric tensor under stress further demonstrate the high birefringence exhibited
by these tapers in the presence of load.

I think what you mean is that perturbations to the propagation constants , and
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lead to complicated wave solutions

Lastly, I characterized the Brillouin profile of a Dual-Core Chalcogenide-PMMA
microtaper. Finite element analysis demonstrates large complexity of the Brillouin
response of these microtapers. I showed that under intrinsic variations in the effective
refractive indices imposed by the four dominant electric supermodes, the chalcogenide-
PMMA dual-core microtaper produces a Brillouin peak difference of 14 MHz when
subjected to electrostriction from an even or odd optical mode. BOTDA measure-
ments conducted on this coupled microtaper demonstrate asymmetry in the SBS
profile due to the overlap of intrinsic SBS spectra corresponding to even and odd op-
tical modes. With these experimental results on the electrostrictive processes in the
dual-core fiber I was able to model a novel transverse stress sensor that determines the
magnitude as well as the orientation of a transverse load that is applied to the fiber
using a glass fixture as demonstrated for the high birefringent single-core material.
Such a system exhibits a linear relation between the net load applied to the fiber and
the average Brillouin peak frequency shifts of the even and odd eigenmodes, which
proves sufficient at retrieving the magnitude and orientation of the load. Moreover,
strong Brillouin shifts for the eigenmodes, especially due to the stress in the x-axis
of the fiber, play a vital role at designing novel sensor setups capable of retrieving
complex characteristics within the fiber under transverse load, and do so using simple
BOTDA measurements of the individual eigenmodes of the waveguide.

Despite the novelty that has been demonstrated in this thesis, there are several
practical fundamental research problems open for further investigation. Firstly, and
most importantly, there is still a considerable need for optimization of the coupling
interface between the SMF28 and chalcogenide core. Although the technique is suffi-
cient for achieving high transmission coefficients with minimal back-reflection, there
is still more work required to understand exactly how the wavefront is perturbed as it
travels from the SMF28 to the chalcogenide core. Proper finite element analysis of an
electric field interacting with an infinite plane of two different materials can possibly

give us a better understanding of the wavefront that couples into the chalcogenide
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core. Eventually, one would like to eliminate the problem completely by designing the
entire experiment using opto-electronic devices that are built using only chalcogenide
fibers. Secondly, such a coupling scheme should also be modified to properly allow
coupling between SMF28 and dual-core chalcogenide fibers without any significant
loss in transmission. In other words, we require explicit control of the supermode
that is inserted into the microwire. At present, the coupling technique only allows
for coupling of one SMF28, and makes it impossible to attach two SMF28 cores to
each of the cores of the dual-core microtaper. With such an advent, we would then
be able to insert phase locked wavefronts in either core that are either in phase, or
out of phase from each other, resembling an even or odd mode within the microtaper.

Thirdly, highly birefringent eccentric-core microwires could be used to maintain
the input polarization of the electric field, and also apply intrinsic birefringence in the
material for better sensing applications. This would be possible if AsySes core is placed
at the edge of the PMMA cladding layer, making the microwire more sensitive to the
surrounding environment. The supporting polymer layer makes the overall structure
robust enough for placement in a fluid to measure refractive-index changes [40].

Fourth, with the enhanced Brillouin properties relative to silica demonstrated in
this thesis, chalcogenide tapers could be used to make ultra-short Brillouin lasers.
Before this can be acheived, one should eliminate or reduce the deterioration of the
microtaper due to TPA and optimizes the coupling mechanism between SMF28 and
the chalcogenide glass. Such lasers would enable us to reduce the damping of the
bandwidth due to the PMMA cladding, and also make the Brillouin peak more sen-
sitive to external perturbations if using in sensing applications.

Lastly, although the numerical model is quite accurate at describing the nonlinear
phenomena for a cross-section of a microtaper, it completely neglects the effect of these
nonlinear processes due to perturbations in the axial component of the material. A
model that can predict the evolution of the gain profile along the longitudinal axis
of the microtaper would make a huge impact at understanding how to achieve lasing

condition in tapered fibers with large transition regions. Such models will also clarify
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the evolution of the supermodes along the axis of a dual-core fiber, and also aid in
investigating the effect of Brillouin processes under the presence of axial and shear

stress, which are currently neglected in current work.



Appendix A

Python (FEniCS) Code.

A.1 Mesh generation.

1 # mesh_builder.py

3 from dolfin import *

4 from mshr import *

5 import mshr

¢ from numpy import sqrt,cos,sin,double
7 from mpid4py import MPI

9o def Fiber_Waveguide_Mesh (r_core,

18

19

20

r_clad,

single = True,
d_core = 0.99,
ratio_core = 0.02,
ratio_clad = 0.01):

This is a function to create a circular mesh with a cladding
radius of
r_clad, and one of the two core configurations (toggled by s_or_d)

1) Single Core of radius r_core. The core is declared as a
subdomain

of the cladding to make sure there are enough cells that take care
of the

discontinuity at the boundary.

2) Two cores of radius r_core each, separated by a distance d_core
Variable y represents the height at which the secondary circles

are made
above the dual core for smoothening the interaction region.
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APPENDIX A. PYTHON (FENICS) CODE.
if single:
#Creating Single core
core = Circle(Point (0.0, 0.0), r_core, int(r_core*x100))
else:
#Generating Dual core region
core = Circle(Point(d_core, 0.0), r_core, int(r_corex100)) \
+ Circle(Point(-d_core, 0.0), r_core, int(r_corex*x100))
# Creating cladding region
clad = Circle(Point (0.0, 0.0), r_clad, int(r_cladx*50))
#Labelling the core as a subdomain of cladding
clad.set_subdomain (1, core)
#Generating Mesh
mesh = generate_mesh(clad,1)
#Generating markers for the core and cladding
markers = MeshFunction(’size_t’, mesh, 2, mesh.domains ())
#~ # Refine Core
mesh, markers = Proper_Refine(mesh, markers, 1, ratio_core*r_core)
#~ #mesh, markers = Proper_Refine (mesh, markers, 2, ratio_corex*
r_core)
#~ # Refine Cladding
mesh, markers = Proper_Refine(mesh, markers, O, ratio_clad*r_clad)

#Returning the refined mesh and markers
return mesh, markers

def Proper_Refine(mesh, markers, index, limit_radius):

) ) )

This function finds all the cells in subdomain labelled ’index’,
finds the

cells within the subdomain with inradius() greater than the
limiting radius,

and keeps refining those cells until the 1limit is achieved.

) ) )

n_unrefined = 2 # Tag to count the number of unrefined cells

while (n_unrefined > 0): # loop breaks till all cells are refined

n_unrefined 0O # set to zero
cell_markers MeshFunction("bool", mesh, 2, mesh.domains ())
cell_markers.set_all (False)

for cell in cells(mesh):

if (markers[cell] == index) and (cell.inradius() >=
limit_radius):

cell_markers[cell] = True
n_unrefined += 1 # increment n_unrefined if unrefined cell
is found
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refine (mesh,cell_markers)
adapt (markers, mesh)

mesh

markers

return mesh, markers

def refine_maxvalue(cf, mesh, expr, threshold):

W = FunctionSpace(mesh, dolfin.FiniteElement ("DG",
, 0))

u = project (expr.magnitude, W)

uv = u.vector ()
dofmap = W.dofmap ()
for cell in dolfin.cells(mesh):
cell_index = cell.index ()
cell_dofs = dofmap.cell_dofs(cell_index)
val = np.amax(np.abs(uv[cell_dofs]))
if (val >= threshold):
cflcell] = True

return cf

108

mesh.ufl_cell ()

A.2 Solving Maxwell’s equations on Mesh Waveg-

uide.

#eigen_builder.py

from dolfin import x*

from petsc4py import PETSc
from parameters import *
from tensor_funcs import *

def EM_Function_Generator (mesh):

# Define function space using FEnICS
nedelec_order = 1

lagrange_order = 1

V_N = FiniteElement ("Nedelec 1st kind H(curl)",
nedelec_order)

V_L = FiniteElement ("Lagrange", mesh.ufl_cell(),
combined_space = FunctionSpace (mesh,V_N*V_L)

# Define basis and bilinear form
(N_i,L_i) = TestFunctions(combined_space)
(N_j,L_j) = TrialFunctions (combined_space)

return combined_space, N_i, L_i, N_j, L_j

def curl_t(w):
return Dx(w[1],0) - Dx(wl[O0],1)

26 def eps_ij_EiEj(N_v, N_u, disp, P, e_r):

mesh.ufl_cell (),

lagrange_order)
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D_DIM = 2
S =0
for i in range(D_DIM):
for j in range(D_DIM):
S = S + e_rx*2%eps_ij(disp,i,j,P)*N_v[il*N_ulj]
return S

def delta(i,j):
if 1 == j:
return 1
else:
return O

def EM_Variational_Matrices(mesh, marker, N_i, L_i, N_j, L_j,
material, lamb=1.55, disp = 0):

PR

Setting up the variational formulation for Maxwell’s equation on
a 2D

cross-section for an arbitrary waveguide
)2 )

-, _, P, = get_params (marker , material)

# Define Wavevector for light of lambda = 1.55 microns
k_o_squared = Constant ((2*pi/lamb) **2)

# Relative permiability of Chalc_PMMA (=1)
one_over_u_r = Constant (1.0)

S_tt = one_over_u_r*dot(curl_t(N_i), curl_t(N_j))

if disp != 0 :

t_tt = e_rxdot(N_i, N_j) + eps_ij_EiEj(N_i, N_j, disp, P,
e_r)
else:

t_tt = e_r*dot(N_i, N_j)
one_over_u_rx*dot (grad(L_i), grad(L_j))
e_rxL_ixL_j

s_zz
t_zz

b_tt = one_over_u_rxdot(N_i, N_j)
b_tz = one_over_u_rxdot(N_i, grad(L_j))
b_zt = one_over_u_rxdot(grad(L_i), N_j)

b_zz = ( s_zz - k_o_squared * t_zz)
a = ( s_tt - k_o_squared * t_tt )
b = ( b_tt + b_tz + b_zt + b_zz )

return a,b, e_r

class Zero_Boundary (SubDomain) :
def inside(self, x, on_boundary):
return on_boundary

def Eigenvalue_Solver(combined_space, a, b, e_r, n_eigen, dirichlet
= True):

) )

Solving the eigenvalue problem A*u = lambda B using PETSc
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APPENDIX A. PYTHON (FENICS) CODE.

Save the eigenvector into a .pvd file
) I

# Test for PETSc and SLEPc

if not has_linear_algebra_backend ("PETSc"):
print ("DOLFIN has not been configured with PETSc. Exiting.
exit ()

if not has_slepc():
print ("DOLFIN has not been configured with SLEPc. Exiting.
exit ()

# Assembling the equations as Matrices
A = PETScMatrix ()

B = PETScMatrix ()

assemble (a, tensor=A)

assemble (b, tensor=B)

# Setting up dirichlet Boundary
if dirichlet:

zero = Constant( (0.0, 0.0, 0.0) )

dirichlet_bc = DirichletBC(combined_space, zero,
Zero_Boundary ())

dirichlet_bc.apply (A)

dirichlet_bc.apply (B)

# Create eigensolver with generalized Hermitian condition

# Documentation of Eigensolver : pydoc dolfin.SLEPcEigenSolver
eigensolver = SLEPcEigenSolver (A,B)
eigensolver.parameters["spectrum"] = "smallest real"
#eigensolver.parameters ["solver"] = "lanczos"

# Compute all eigenvalues of A = \lambda B_RHS x
print ("Computing eigenvalues. This can take a minute.")
eigensolver.solve (4)

fields = []

n_eff = []
for i in range(n_eigen):
try:
(1r, 1lc) = eigensolver.get_eigenvalue (i)

except RuntimeError:
print (> Aborting Mission ’)

110

II)

II)

exit ()

print ("Cutoff frequency:", lr, "n_eff:", sqrt(-1lr)*1.55/2/pi
)

## Extract eigenvector for cutoff frequency

(_, _, rx, _) = eigensolver.get_eigenpair (i)

#~ ur = Function(combined_space ,rx)

## Convert from e_t to E_t by diving each term by 1/sqrt(-1r
)

## Also neglecting axial component

#~ U = ur.vector ()

dofs_is = [combined_space.sub(i).dofmap().dofs() for i in
range (2) 1]

rx[dofs_is [0][:]1] *= 1/sqrt(-1r)
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rx[dofs_is[1][:]1] =*= 1

## Initialize function and assign eigenvector
ur = Function(combined_space, rx)

## normalize field to unit Power
factor = assemble(sqrt(e_r)*(ur [0]**2 + ur [1]1**2 + ur [2]**2)
*dx)

ur Function(combined_space, rx/sqrt(factor))
fields.append (ur)
n_eff.append(sqrt(-1r)*1.55/2/pi)

return fields, n_eff

A.3 Solving Elastodynamics equations.

#acoustic_builder.py
from dolfin import x*
import numpy as np

from parameters import *

def SBS_Variational_ Matrices (mesh, markers, EM, material, n_prop,

Omega, path=’’, lamb=1.55, s = False, disp = 0):

# Creating the Function Space for the Acoustic Vibrations
lagrange_order = 1

V = VectorElement ("Lagrange", mesh.ufl_cell(),lagrange_order,
dim=3)

ME = FunctionSpace (mesh,MixedElement ([V,V]))
v TestFunctions (ME)
TrialFunctions (ME)

u

# Defining Parameters
e_r, rho, C, P, Qf = get_params (markers, material)

# Permittivity in Free Space
e_0 = Constant (8.85E-12/1E-6)

# Momentum vector K for wavelength of 1.55 microns

K = Constant (4*xn_prop*pi/lamb)

A -rho * v_u(v,u)*dx

B = v_c_ijkl_u(v,u,C,0,K)*dx

C = v_c_ijkl_u(v,u,0,C,K)/Qf*dx

L = e_0 * v_T(v,P,EM,disp,K,e_r)*dx
N_iter = len(Omega)

Energy = np.zeros(N_iter)

# Dirichlet condition
Zero = Constant( (0.0, 0.0, 0.0, 0.0, 0.0, 0.0) )
dirichlet_bc = DirichletBC(ME, zero, Zero_Boundary())

U = Function (ME)
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38 # Solve for each energy E

39 for i in range(N_iter):

10 if i%10 == O0:

41 print (path + ’_’ + str(100.0*xi/N_iter)+’7%: ’+str(Omegali
1)+’GHz )

42 F = Constant (2*xpixOmegal[i])

43 M = F*xx2%xA + B + Fx*C

14 solve(M == L, U, dirichlet_bc)

15

16 Ac = rho*(U[0]**x2+U[1]**2+U [2] **2+U [3] **2+U [4] **x2+U [5] *x*2)

47 #~ I = sqrt(e_r)*(EM[0]**x2 + EM[1]x**2 + EM[2]*x2)

48 #~ U_n_I = assemble(sqrt (Ac)*Ixdx)

49 #~ U_norm = assemble (Ac*dx)

50 #~ I_norm = assemble (I**x2xdx)

51 #~ OVERLAP = U_n_I**2 / U_norm / I_norm

53 E = assemble (F**2%Ac*dx)

55 Energy[i] = E#*0OVERLAP

57 if s:
58 File(path + ’/Acoustic/’+str(Omegal[i])+’_GHz.xml’) << U

60 return Energy

62 ## Define Zero Boundary class

63 class Zero_Boundary (SubDomain):

64 def inside(self, x, on_boundary):
65 return on_boundary

66

67 # Calculus on tensors :S

6s def tensor_coeff(i,j,k,l,param):

69

70 if param == O:

71 return 0.0

73 if (i==j) and (k==1):

74 if (i==k):

75 return param[0]

76 else:

77 return param[1]

78 elif (i!=j) and (((i==k) and (j==1)) or ((i==1) and (j==k))):
79 return param [2]

80 else:

81 return 0.0

s3 def c_prod(c_r,c_i,v_r,v_i,u_r,u_i):

85 p_.r = v_r*xu_r - v_i*u_i
86 p_i = v_r*xu_i + v_i*u_r
87 pPr_r = c_r*p_r - c_i*p_1i
88 pr_i = c_r*p_i + c_i*p_r

90 return pr_r + pr_i
91

92 def Dr(v,K,i,j):

93

94 if j == 2:
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def

def

def

def

32 def
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return Kxv[1][il]
else:
return Dx(v[0][il,j)

Di(v,K,i,j):

if j == 2:

return -Kx*xv[0][i]
else:

return Dx(v[1][i],j)
EE_r (E,i,j):

return E[i]*E[j]

v_u(v,u):

VEC_DIM = 3

S = 0.0

for i in range(VEC_DIM):
S =

return S

v_c_ijkl_u(v,u,pr,pi,K):
VEC_DIM S
S =0.0
for i in range(VEC_DIM):
for j in range(VEC_DIM):
for k in range(VEC_DIM):

113

S + c_prod(1,0,v[0][i],-v[1][i],ul0][i],ul1]1[i])

for 1 in range(VEC_DIM):

S

S + c_prod(tensor_coeff(i,j,k,l,pr),\

tensor_coeff (i,j,k,1,pi),\
Dr(v,K,i,j),-Di(v,K,i,j),\

Dr(u,K,k,1),

return S

v_T(v,P,E,D,K,e_r):
VEC_DIM 3
S =10.0
for i in range(VEC_DIM):
for j in range(VEC_DIM):
for k in range(VEC_DIM):

Di(u,K,k,1))

for 1 in range(VEC_DIM):

S
)O)\

S + e_r**x2xc_prod(tensor_coeff(k,1l,i,j,P)

Dr(V)K’i,j)’_Di(V:K:i,j),\
EE_r (E,k,1),0)

if D !=

0:
D_DIM

2

for m in range(D_DIM):
for n in range(D_DIM):

S
eps_ij(D,j,n,P)\

’O’\

>\

S + e_r**x4xeps_ij(D,i,m,P)*
*c_prod(tensor_coeff(k,l,m,n,P)

Dr(V:Ksi)j),_Di(V:Ksi)j)
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# Ch
def

EE_r (E,k,1),0)
for m in range(D_DIM):
S =S + e_r*x*3*%eps_ij(D,i,m,P)\
xc_prod(tensor_coeff (k,1,m,j,P),0,\
Dr(v,K,i,j),-Di(v,K,i,j),\
EE_r(E,k,1),0)
for n in range(D_DIM):
S =S + e_r*x*3*%xeps_ij(D,j,n,P)\
xc_prod(tensor_coeff(k,1,i,n,P),0,\
Dr(v,K,i,j),-Di(v,K,1i,3),\
EE_r(E,k,1),0)
return S

ange in Dielectric eps_ij due to strain
eps_ij(u,i,j,P):

VEC_DIM = 2

S = 0.0

for k in range(VEC_DIM):
for 1 in range(VEC_DIM):
Skl = 0.5%x(Dx(ulk],1l) + Dx(ulll,k))
S = S + temnsor_coeff(i,j,k,1,P)*Skl
return -8

A.4 Calculating Strain Distribution due to trans-

#cal
from
from
from
from

def

verse load.

c_strain.py

dolfin import *

mesh_builder import *
parameters import x*

matplotlib import pyplot as plt

calc_strain(load, mesh, markers, fiber=’chalco’):
load = 1load

N = 2

# Creating the Function Space for the Strain

ME = VectorFunctionSpace (mesh, ’Lagrange’, 2)

v TestFunctions (ME)
TrialFunctions (ME)

u

# Defining Parameters
e_r, rho, C, P, Qf = get_params (markers, fiber)
if fiber==’chalco’:

print (fiber)

El = 70e9 # Pa, glass

E2 = 6.08e9 # Pa, PMMA
vi = 0.22 #[/]

v2 = 0.327 #[/]

g = 10 #m/s"2
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else:
print (fiber)
El = 70e9 # Pa, glass

E2 = 72.55e9 # Pa SMF clad
vi = 0.22 #[/]
v2 = 0.17 # [/]
g = 10 #m/s"2

r = 50e-6 # m
L = 0.06 # m

b = (4*load*g*r/pi/L/N * ((1 - v1*x2)/E1 + (1 - v2%%2)/E2))*%0.5

if b == 0:
Pressure = 0.0
else:
Pressure = (2 * load *g/pi/b/L/N)/1e9

print (b)
print (Pressure)

b = b/le-6

class Loadl(UserExpression):
def eval(self, value, x):
if x[0]**2<b**2 - DOLFIN_EPS and x[1] < O0:
value [0] = 0.0
value [1] Pressure*x(1 - x[0]**2/b**2) *xx0.5
else:
value [0] = O
value [1] = 0
def value_shape (self):
return (2,)

.0
.0

class Load2(UserExpression):
def eval(self, value, x):
if x[0]*%2<b**x2 - DOLFIN_EPS and x[1] > O:
value[0] = 0.0
value [1] -Pressure*x(1 - x[0]**x2/b*x*2) **x0.5
else:
value [0] = O
value [1] = 0
def value_shape (self):
return (2,)

.0
.0

# APPLY LOAD
Tl = Loadl(degree
T2 Load2 (degree

2)
2)

# LINEAR ELASTICITY
a = v_j_sig_ji(v,u,C)*dx

1 = (T1[1]1*v[1] + T2[1]*v[1])* ds # ds OVER BOUNDARY
U = Function (ME)
solve(a == 1, U)

return U
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# LHS of linear elasticity equation

7 def v_j_sig_ji(v,u,C):

VEC_DIM = 2
S =0.0
for i in range(VEC_DIM):
for j in range(VEC_DIM):
for k in range(VEC_DIM):
for 1 in range(VEC_DIM):

Sij = 0.5*x(Dx(v[il]l,j) + Dx(v[jl,i))

Skl = 0.5%(Dx(ulk],1) + Dx(ull]l,k))

S = S + Sij*xtensor_coeff(i,j,k,1,C)*Skl
return S

A.5 Assign Core and Cladding Parameters on each

Subregion of Mesh.

#parameters.py

# Copyright 2019 Eduard C. Dumitrescu, all rights reserved
from dolfin import *

import sys

version = sys.version_info

if version.major == 3:

class CellFunctionCases(UserExpression):

def __init__(self, user_shape, user_mapping, user_marker_map
, **kwargs):
self .user_shape = user_shape
self .user_mapping = user_mapping
self .user_marker_map = user_marker_map
super () .__init__ (x*kwargs)
def eval_cell(self, values, x, ufc_cell):
mapping = self.user_mapping
k = self.user_marker_map[ufc_cell.index]

vals = mappingl[k].values ()
for i in range(len(vals)):
values[i] = wvals[il]
def value_shape(self):
return self.user_shape

def Create_CellFunctionCases (markers, mapping, **kwargs):

shape = next(iter (mapping.values())).ufl_shape
return CellFunctionCases(
user_shape=shape,
user_mapping=mapping,
user_marker_map=markers,
degree=1, x*kwargs)

def get_param_func (markers, constants):
# wrapper around CellFunctionCases
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mapping = {k:

return Create_CellFunctionCases (markers,

else:
def Create_CellFunctionCases (markers,

shape =

class CellFunctionCases (Expression):
’>’?’2Given ‘cell_function‘ and

dolfin Expression
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Constant(v) for k,v in constants.items ()}

mapping)

mapping,
next (iter (mapping.values())).ufl_shape

‘mapping ¢,

**xkwargs) :

this object is a

which takes the value mapping[cell_function[current_cell

1] at every point. It

effectively plays the same role as \\cases does in

mathematics.’’’
def __init__(self, *xkwargs):
self.cell_function = markers

self .mapping = mapping

# we’re on purpose not calling superclass

# dolfin’s expression.py says so,

some black magic

def eval_cell(self, values, x,

cell):

mapping = self .mapping
k = self.cell_function[cell.index]
if k not in mapping:

k = None

mapping [k].eval_cell(values, x,

def value_shape (self):

return shape

return CellFunctionCases (degree=1,**xkwargs)

def get_param_func(markers, constants):
# wrapper around CellFunctionCases

mapping = {k:

def get_params (markers, material):

’silica’:
get_param_func (markers

if material ==
Dielectric =

(1.444%%2)1})

Density = get_param_func (markers
(2.203)})

Stress_Tensor = get_param_func (markers
29.9),

Photo_Tensor
-0.073),

get_param_func (markers

-0.073)1})
Qf _product
(2*xpix*x1e0)})

get_param_func (markers

’chalco’:
get_param_func (markers

if material ==
Dielectric =
(1.481%%2)})
Density

(1.187) 1)

get_param_func (markers

-

-

-

-

init

because it’s doing

cell)

Constant (v) for k,v in constants.items ()}
return Create_CellFunctionCases (markers,

mapping)

{1: (1.4492%%2), O0:
{1: (2.254), O:
{1: (76, 16.15,

0: (78, 16, 31)1})
{1: (0.20, 0.27,

0: (0.20, 0.27,
{1: (2*pix*6e3), O0:
{1: (2.674%%2), O0:
{1: (4.640), O:
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Stress_Tensor = get_param_func (markers,
6.99),
1.145)})

Photo_Tensor = get_param_func(markers,
0.024),
0.0015)})

Qf _product = get_param_func (markers,

(2*xpi*xT7el)})

return Dielectric, Density, Stress_Tensor,
Qf _product

{1: (23.5, 9.5,
0: (6.63, 4.34,
{1: (0.314, 0.266,
0: (0.30, 0.297,

{1: (2%pix2e3), 0:

Photo_Tensor,
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