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Abstract

Stimulated Brillouin scattering (SBS), the interaction between two optical waves and an
acoustic wave, has been extensively studied in optical fiber sensors and random fiber lasers
over the previous three decades. Brillouin fiber sensors are essential for structural health
monitoring. Brillouin fiber sensors provide high resolution, distributed detection, and ab-
solute strain and temperature measurements over a wide dynamic range. Brillouin sensing
has mostly been studied in conventional single-mode fibers (SMF). The low nonlinearity
and large Young’s modulus of SMFs have limits in many applications. Chalcogenide fibers
with high nonlinearity and low Young’s modulus are of particular interest for Brillouin scat-
tering investigations and sensing applications. Coherent laser sources with small frequency
drift and low intensity noise are essential for optical communication, sensing, and metro-
logy. SBS with high gain and narrow linewidth in optical fibers contributes to single-mode
Brillouin random fiber lasers (BRFL) working with a low threshold. Previous studies of
BRFLs with weak scattering distributed feedback have failed to address frequency drift and
intensity noise. Random fiber grating (RFG) distributed feedback with strong scattering
can manipulate mode dynamics of BRFLs. In this thesis, we demonstrate that chalcoge-
nide microfibers can improve Brillouin sensing, and that RFG distributed feedback can
stabilize Brillouin random fiber lasing. Furthermore, we present the detection of acoustic

waves using chalcogenide microfiber sensors.

In the first part of this thesis, we explore SBS characterizations and Brillouin sensing
in chalcogenide microfibers. Chapter 4 describes the fabrication and simulation of poly-
methyl methacrylate (PMMA) coated chalcogenide (AseSes) microfibers. Chalcogenide-
PMMA (AsySes-PMMA) microfibers are mechanically robust enough for regular handling,
allowing for Brillouin strain and temperature sensing. We present a SBS model to cal-
culate the Brillouin gain spectrum of chalcogenide microfibers. Chalcogenide microfibers
with ultrahigh nonlinearity give rise to Brillouin sensing under low pump power. Chap-
ter 5 investigates wide-range strain sensing in single-core chalcogenide microfibers based on
Brillouin frequency shift and bandwidth. SBS sensing is characterized using the Brillouin
optical time domain analysis (BOTDA) technique. Chalcogenide-PMMA microfibers with
lower Young’s modulus than SMFs lead to a larger strain measurement range. Chapter 6
explores SBS characterizations and Brillouin sensing in high-birefringence chalcogenide mi-
crofibers with dual-core and elliptical-core shapes. Different responses in two polarization
axes of the high-birefringence microfibers are used to distinguish two parameter variations.
Different pairs of pump-probe modes in elliptical-core fibers allow for both intermode SBS

and intramode SBS to be experimentally measured.

In the second part of this thesis, we show that the frequency drift of SBS random fiber
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lasers can be reduced by a random fiber grating array (RFGA), a random fiber grating ring
(RFGR), and acoustic wave coupling. RFGs have strong scattering due to high refractive
index modulations by an external femtosecond pulse laser. Chapter 7 demonstrates that
the strong scattering RFGA-based BRFL has a long-lived lasing mode of 12 s and slight
frequency drift of 51 kHz/s at high pump power. This is enabled by light localization in
the RFGA resulting from wave interference and multiple scattering. Photon trapping in
the same path over thousands of round trips offers coherent lasing without mode hop-
ping. Chapter 8 presents the frequency-stabilized BRFL based on the RFGR distributed
feedback. The RFGR consisting of a RFG and a high split ratio coupler exhibits narrow
linewidth due to the circulating propagation of light within the ring. Taking the advan-
tages of self-adjusting random states with slight frequency differences to small thermal
and acoustic variations and self-injection locking through the high-Q RFGR, the BRFL
has mode hopping free operation over 14.9 s with a small frequency drift of ~340 kHz.
Chapter 9 investigates the dynamics of the dual-wavelength orthogonal polarized BRFL
based on polarization-maintaining (PM) fibers. Acoustic wave coupling is introduced in the
all-PM BRFL when the pump light is aligned at 45 degrees from the slow axis of the PM
fiber due to the changed polarization and overlapped gain spectrum in the birefringence
fiber-based laser. Due to the higher peak in the overlapping gain region, the frequency drift
in the BRFL with acoustic wave coupling is reduced by around 1 MHz compared to the
BRFL without acoustic wave coupling. The multi-peaks of Pearson’s correlation coefficient

and replica symmetry breaking confirm acoustic wave coupling in the BRFL.

Appendix A investigates acoustic wave sensing in dual-core chalcogenide microfibers.
The acoustic wave is driven by the mechanical stress from a piezoelectric transducer, which
leads to pressure on the dual-core microfiber. The phase change of the propagating light
in the dual-core microfiber is detected by intensity variations. The chalcogenide fiber with
low Young’s modulus has large strain sensitivity, leading to a high-frequency ultrasound
measurement. The ultrasound sensing range is increased in the microfiber with a small core
diameter and close core separation because of the steep spectral slope of the interference
spectrum. The fused dual-core microfiber achieves a broadband ultrasound range of 20 kHz

to 80 MHz with an average signal-to-noise ratio of 31 dB.
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Introduction

1.1 Overview

Since Léon Brillouin first proposed the theoretical prediction of Brillouin scattering in
1922 [1], Brillouin scattering has been considered to be fundamental in optical physics and
applications. Stimulated Brillouin scattering (SBS), involving the interaction between in-
tense lasing beams and an acoustic wave, was first experimentally demonstrated in quartz
and sapphire crystals in 1964 [2]. SBS is an inelastic scattering process that enables the in-
cident wavelength to be shifted by a certain amount. The optical fiber produced by Charles
Kao in 1966 provided a new platform to investigate SBS [3]. SBS in optical fibers was ex-
perimentally measured several years later by Ippen and Stolen [1]. Due to the transverse
geometry of the fiber, the directions of the scattered light are both forward and backward.
The backward Brillouin scattering can generate a high-intensity Stokes wave in the di-
rection opposite to the incident light, while the forward Brillouin scattering is extremely

weak [5].

Over the past few decades, there has been a significant increase in the investigation of
Brillouin fiber sensing. Brillouin fiber sensors have many advantages, such as high accuracy
due to the frequency revolved interrogation, high spatial resolution, and distributed sensing
ability. SBS in single-mode fibers (SMF) has proved its eligibility for monitoring oil and
gas pipelines, and civil engineering health, such as bridges, tunnels, and dams [0, 7]. SBS
is a nonlinear process governed by the nonlinear parameter (). The nonlinear parameter
is given by v = kona/Acss, where ny is the nonlinear refractive index, A,y is the effective
mode field and ky = 27/ is the wave-number with A being the wavelength. The value of
in the silica-based SMF is too small to be used in applications requiring short lengths [5].

The weak Brillouin scattered signal in short SMFs leads to limits in sensing. To solve this



problem, highly nonlinear chalcogenide fibers consisting of one or more chalcogen elements
such as sulfur (S), selenium (Se), and tellurium (Te) have been developed [%]. The most
popular chalcogenide AssSes fiber has a nonlinear refractive index 600 times larger than
the silica-based SMF at 1.55 um [9]. The high nonlinearity of the AsySes fiber gives rise
to SBS generation in a short length under low pump power, allowing for practical sensing

applications.

The SBS process produces high Brillouin gain in the opposite direction of the inci-
dent light resulting in the amplification of the optical wave with the resonant Brillouin
frequency. Brillouin gain can be used to fabricate lasers by placing the gain fiber inside
well-defined resonant cavities (conventional fiber lasers), or disordered cavities (random
fiber lasers). Compared to stimulated Raman scattering (SRS) in SMFs, SBS has a higher
gain coefficient and narrower gain bandwidth [5]. Therefore, SBS-based RFLs can achieve
a single lasing mode and a low threshold. The first Brillouin fiber laser was studied based
on a Fabry-Pérot (FP) resonator geometry in 1976 [10]. Since then, Brillouin cavity lasers
with narrow linewidth in advanced configurations and their applications in sensing have
been developed [11, 12]. In contrast to conventional lasers with well-defined cavities, ran-
dom lasers (RL) are achieved by multiple light scattering in disordered gain media. The
RL with non-resonant feedback was achieved by replacing one mirror of the FP cavity
with a scattering surface [13]. The random nature of RLs creates a new class of optical
lasing. The combination of Brillouin scattering and random lasing in optical fibers, so-
called Brillouin random fiber lasers (BRFL), is particularly interesting because the simple
and cost-effective lasing system exhibits high efficiency, suppressed self-pulsations, good

frequency stabilization, and low intensity noise.

In this thesis, we investigate SBS in chalcogenide microfiber sensing and polarization-
maintaining (PM) random fiber lasing. The first objective of this thesis is to investigate
SBS and its sensing characterizations in chalcogenide microfibers. The second objective of
this thesis is to study the dynamics of Brillouin random fiber lasers in PM fibers based on
different distributed feedback and light propagation mechanisms to reduce frequency drift

and intensity noise.

1.2 Motivation and Thesis contribution

1.2.1 Motivation

SBS has been widely used in optical fiber sensors and fiber lasers. SBS sensors are

primarily concerned with widely-used communication fibers, such as SMFs. However, silica-
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based SMFs have limits in many SBS sensing applications due to their low nonlinearity,
large Young’s modulus, and low sensitivity to environmental variations. High nonlinear
chalcogenide fibers allow for short-length SBS sensors at low pump power. Chalcogenide
microfibers with low Young’s modulus and high design flexibility offer a method to measure
large strain and multiple parameters. The motivation of SBS sensing in this thesis is to

develop wide-strain and multi-parameter Brillouin sensing in chalcogenide microfibers.

Brillouin fiber lasers have attracted attention due to the narrow gain bandwidth and
high gain coefficient of SBS. In Brillouin fiber lasers with resonant cavities, the round-trip
accumulated phase after reflectors must equal some integer multiple of 2. The frequencies
of cavity modes satisfy ¢/(2nl), where ¢ is the light velocity in a vacuum, n is the fiber’s
refractive index, and [ is the cavity length. Therefore, the lasing emission exhibits discrete
modes at specific resonant frequencies. Additional devices with the narrow filter effect
should be added to a resonant cavity to suppress multiple modes. Resonant cavities based
on Bragg fiber gratings or ring structure make all reflections at the same peak of longitu-
dinal modes. Any disturbance from temperature or vibration induces mode hopping and
large frequency drift. BRFLs based on non-resonance feedback can suppress self-pulsations
thanks to many random modes with different phases, wavelengths, and amplitude. BRFLs
based on kilometers-long Rayleigh scattering (RS) distributed fibers generate many ran-
dom modes with large frequency separations leading to strong intensity fluctuations and
high relative intensity noise (RIN). RS-based BRFLs also exhibit large frequency drift due
to hopping between different modes. We need to manipulate random modes in the BRFLs
with short random feedback. The motivation of SBS random fiber lasing in this thesis is to

reduce frequency drift and RIN using random fiber grating (RFG) distributed feedback.

1.2.2 Thesis contribution

This thesis introduces SBS in chalcogenide microfiber sensing and PM random fiber

lasing. Major contributions of this thesis include :

(1) We present a wide-range strain sensor based on a single-core chalcogenide microfiber
using Brillouin optical time-domain analysis (BOTDA). The chalcogenide microfiber with a
core diameter of 2.5 nm enables a strain measurement as high as 15000 pe. The chalcogenide
fiber exhibits a linear change in Brillouin frequency shift (BFS) and a nonlinear change
in Brillouin linewidth with increasing strain. In contrast to polymer optical fiber sensors,
chalcogenide microfiber sensors do not have the strain memory effect due to the larger
Young’s modulus. Chalcogenide microfiber sensors can monitor civil infrastructures such
as railways and bridges with steel structures that need to withstand a larger strain than
the breaking strain of silica fibers (1%).



(2) We explore a dual-core chalcogenide microfiber for simultaneous strain and tempera-
ture Brillouin sensing. Brillouin gain spectra are measured experimentally in the dual-core
microfiber with a core diameter of 2 nm, which agree with the calculated results. The tem-
perature coefficients are -3.83 MHz/°C and -3.33 MHz/°C, and the strain coefficients are
-0.061 MHz/pe and -0.035 MHz/pe in two axes. The dual-core microfiber can be used for
simultaneous temperature and strain sensing because of the decorrelated temperature and
strain coefficients in two polarization axes. The maximum temperature and strain measu-
rement errors are estimated to be 1°C and 33 pe, respectively. We also investigate SBS in
high-birefringence elliptical-core chalcogenide microfibers. The birefringence is tailorable
by tapering the elliptical-core chalcogenide fiber to different core diameters. Both expe-
rimental and numerical results demonstrate that a high birefringence of ~1073 to ~1072
and a large BFS difference of ~6 MHz to ~30 MHz are achieved as the core diameter of
the minor axis of the microfiber is decreased from 1.50 pm to 0.87 um. The high nonlinear

chalcogenide microfibers enable Brillouin sensing at a low pump power of 9 dBm.

(3) We demonstrate that the frequency drift of the SBS random fiber laser is reduced
using strong scattering random fiber grating array (RFGA) distributed feedback. Wave
interference and multi-scattering of light between RFG pairs in the RFGA lead to photon
localization. The RFGA exhibits high finesse peaks at high pump power due to wave inter-
ference in multiple FP cavities formed between RFG pairs. Multiple modes are suppressed
by the high finesse peaks. The change of mode number confirms the power-dependent band-
width change of the reflection spectrum as a function of pump power. Single-mode lasing
is achieved when the pump power is higher than 20 mW. The spectrum evolution of the
beat frequency between the pump laser and the BRFL is continuously measured to show
the stabilization of the BRFL. A long-lived lasing mode of 12 s with a small frequency drift
of 620 kHz and a low correlation coefficient change of 4.5% is achieved at the pump power
of 117 mW due to photon localization in the RFGA, in which the photon follows the same
path length. The weak RS-based BRFL shows a larger frequency drift (6 MHz) with faster
mode hopping (0.3 s) compared to the REFGA-based BRFL, confirming the contribution of
photon localization of strong scattering feedback in frequency stabilization. Weak intensity
fluctuations with Gaussian distribution and maintained replica symmetry at high pump
power indicate the long-lived single-mode lasing operation in the RFGA-based BRFL. Our
research provides a novel approach to passively stabilizing the frequency of BRFLs wi-
thout the need for active phase locking laser mechanisms, resulting in a straightforward

and reasonably priced system.

(4) We investigate the frequency-stabilized BRFL based on the random fiber grating
ring (RFGR) resonator. The reflection spectrum of the RFGR shows narrow linewidth
peaks due to the recirculating light propagating in the ring, which is confirmed by ex-

4



perimental and calculated results. The high-Q RFGR works as a narrow filter to select
one mode within the Brillouin gain bandwidth. Many random modes with small frequency
differences in the RFGR compensate for small external variations. The Brillouin random
lasing receives optical feedback from the high-Q RFGR leading to self-injection locking.
Therefore, the BRFL has a small lasing frequency drift of ~340 kHz without mode hopping
over 14.9 s. Compared to the low-Q RFG-based BRFL, the side-mode suppression ratio
(SMSR) is increased by 20 dB in the high-Q RFGR-based BRFL. Due to the suppression of
multiple modes and the reduction of gain competition, The BRFL exhibits low frequency
noise and low intensity noise at high frequencies. The high-() RFGR distributed feedback

provides an all-optical locking mechanism for stabilizing the frequency of optical lasing.

(5) We present acoustic wave coupling in the dual-wavelength orthogonal polarized
BRFL based on the PM fiber. The dual-wavelength BRFL is generated by pumping the
light at 45 degrees from the slow axis of the PM fiber. Acoustic wave coupling occurs
because the BFS difference of 5 MHz between two principal axes (corresponding to the
birefringence difference of 107*) is smaller than the Brillouin gain bandwidth of 20 MHz,
resulting in the overlapping of two acoustic modes within the gain bandwidth. The fre-
quency drift is reduced by around 1 MHz through acoustic wave coupling because of the
high gain peak in the overlapping region. The multiple peaks of Pearson’s correlation co-
efficient spectra and replica symmetry breaking are measured due to the acoustic wave
coupling induced mode coupling. The exploration of spectra correlation, intensity fluctua-
tion, and frequency drift in the random laser with acoustic wave coupling has an influential
effect on the future design of random fiber lasers for practical applications in coherent light
sources and optical sensing.

(6) We study broadband ultrasound sensing in dual-core chalcogenide microfibers. The
chalcogenide microfiber has a high strain sensitivity due to its low Young’s modulus. The
wavelength-dependent refractive index difference between two modes in one polarization
axis increases with decreased core diameter, allowing for the increased spectral slope of
the interference spectrum. The detected signal is proportional to the spectral slope of the
interference spectrum. As a result, the dual-core microfiber with a high spectral slope has a
large ultrasound sensing range. The ultrasound sensing from 20 kHz to 80 MHz is measured

using the dual-core chalcogenide microfiber with a core diameter of 0.5 pum.

1.3 Thesis outline

This thesis is structured as following :

Chapter 1 introduces an overview of Brillouin scattering, thesis motivation, thesis

5



contribution, and thesis outline. Chapter 2 reviews the background of Brillouin fiber sensors
and random fiber lasers based on different mechanisms. Chapter 3 presents the fundamen-
tals of Brillouin scattering and Brillouin scattering sensing measurement. The theory of
Brillouin random fiber lasers is presented. Light propagation in strong scattering artifi-
cial random fiber grating feedback and weak scattering Rayleigh scattering feedback are
discussed. The applications of Brillouin random fiber lasers and the characterizations of

BRFL are discussed and summarized in detail.

Chapter 4 presents the theoretical calculation of SBS and the fabrication of chalcogenide
microfibers. The SBS model is built based on the elastodynamic equation. The Brillouin
gain spectrum of the chalcogenide microfiber is calculated. The fabrication of chalcogenide-
PMMA microfibers is presented.

Chapter 5 investigates wide-range strain measurement based on SBS in single-core
chalcogenide microfibers. The strain sensor is characterized by measuring the Brillouin
gain spectrum, such as Brillouin frequency shift and Brillouin linewidth. Chapter 6 explores
SBS in high-birefringence elliptical-core and dual-core chalcogenide microfibers, and the
application of the dual-core microfiber for simultaneous strain and temperature Brillouin

sensing.

Chapter 7 investigates a stabilized BRFL with photon localization enabled by RFGA
distributed feedback. Photon localization in the strong scattering RFGA leads to a long-
lived lasing mode with small frequency drift. The weak Rayleigh scattering distributed
feedback-based BRFL with fast mode hopping within a large frequency range is also dis-

cussed.

Chapter 8 studies a BRFL with reduced frequency fluctuation based on a RFGR re-
sonator. The narrow linewidth of the RFGR is confirmed experimentally and numerically.
The mode evolution, frequency noise, and intensity noise of the BRFL are discussed when

the Brillouin random lasing frequency is and is not in resonance with the peak frequency
of the RFGR.

Chapter 9 presents acoustic wave coupling in a dual-wavelength orthogonal-polarized
Brillouin random fiber based on a PM fiber. The intensity statistics, intensity noise, fre-
quency drift, Parisi overlap parameter, and Pearson’s correlation coefficient are measured

for the random lasers with and without acoustic wave coupling.

Chapter 10 summarizes the main results of this thesis and proposes possible perspectives
for future research with chalcogenide microfiber sensing and noise-reduced Brillouin random
fiber lasing. Appendix A presents broadband acoustic wave sensing based on dual-core

chalcogenide microfibers.



Background

This chapter introduces the background and fundamental concepts of Brillouin scat-
tering. Section 2.1 gives a brief overview of acoustic waves, including the generation of
acoustic waves driven by optical waves and the generation of acoustic waves driven by
electric fields. In section 2.2, Brillouin fiber sensors based on different mechanisms and
Brillouin sensing in chalcogenide fibers are reviewed. In section 2.3, random fiber lasers
based on various gain and feedback mechanisms and temporal and spectral dynamics are
discussed.

2.1 Acoustic waves

Acoustic waves are mechanical waves generated by the displacement of atoms or par-
ticles over time in materials. Due to the 3D response of acoustic wave propagation in
media, acoustic wave propagation is expressed by tensor quantities. Acoustic waves can be
generated and enhanced by optical waves in an optical medium (non-piezoelectric material)
through electrostrictive stress or by electric fields in a piezoelectric material via mechanical
stress. The acoustic wave generated in an optical medium by light pumping through elec-
trostriction enables stimulated Brillouin scattering (SBS). The acoustic wave generated by
a piezoelectric transducer induces mechanical stress, which affects the physical quantities

of optical fibers and modulates the optical phase of propagating light.



2.1.1 Acoustic waves in non-piezoelectric materials

Modes of acoustic waves

Acoustic waves propagating in non-piezoelectric materials mainly consist of longitudinal
and transverse acoustic waves. For the longitudinal acoustic wave, the motion of particles
in a medium is parallel to the direction of wave propagation, as shown in Fig. 2.1(a).
For the shear acoustic wave, the motion of particles in a medium is perpendicular to the
direction of wave propagation, as shown in Fig. 2.1(b). The expansion and contraction in
the z-direction caused by the motion of particles of the longitudinal wave lead to density
fluctuations, while there is no density change for the shear wave. Another type of acoustic
wave, called the surface acoustic wave, is caused by the vibrations of many particles at the

surface of a medium.
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FIGURE 2.1 — (a) Longitudinal and (b) shear acoustic waves propagation [11]

Displacement, stress and strain

When an external force is applied to a solid, it produces stress on its surface. Stress
results in strain, which causes atoms or particles in the solid to move away from their
equilibrium positions. Displacement is the distance of a particle from its original position.
In order to generalize the physical quantities of acoustic waves to include all possible
components in solids, it is necessary to use tensor quantities. Displacement is typically
represented by the vector u, which has components in the z, y, and z directions (uy, u,,
and u,), and each of components can be a function of three Cartesian components z, y,
and z of the vector r. Therefore, strain will be a tensor S with nine components. Strain

components are defined as [17]

(9ui

Sy = 5 (2.1)
Sij = 2( 9 + ) (2.2)



where 7,5 = x,y,2. S;; represents the symmetric component, and therefore S;; = 5j;.
Contracted notation has been introduced to reduce the number of indices from two to
one : (11) < (1), (22) «< (2), (33) + (3), (23) = (32) « (4), (13) = (31) < (H),
(12) = (21) <> (6). The strain tensor is expressed as

S:L":E Sxy Sacz Sl %Sﬁ %55
S — S?ﬂ Syy Syz — %S@ SQ %514 (23)
Szx Szy Szz %‘85 %'54 53

A stress tensor is required to represent the state of stress in a solid. Each element of the
stress tensor T;; represents the 4, component of force per area acting on the infinitesimal

Jen surface
F;

X:

J

T = (2:4)

where F; is the applied force and A; is the plane of action. Tj; and T;; represent longitudinal
stress and shear stress, respectively. Shear stress components 7T;; = T}; because internal

stress does not raise any net rotation of the solid. The stress tensor is given by

TJ}J} Ta:y sz Tl TG T5
T=|T, T, Tp- |=|Ts T Tu (2.5)
Tz:}c sz Tzz T5 T4 T3

Strain is linearly proportional to stress for a small deformation, known as Hooke’s law.
The relationship between stress and strain can be generalized to non-piezoelectric solids
using tensors : \

Ty = > CijiSu (2.6)

k=1
where the elastic constant c;jp; characterizes the elastic behavior of a solid in a small
deformation. The four indices of the ¢;j; result in 3* = 81 elements in the elastic tensor.
Since both strain tensor Si; and stress tensor T;; are symmetric, at most six of the nine

elements can be unique. Using contracted notation, Eq. (2.6) is rewritten as

6
T] = Z C]JSJ (27)
J=1



where the elastic tensor is given by

C11 C12 €13 Ci4 Ci15 Cis

C21 Ca2 C23 C2q4 Co5 C26
C31 C32 (€33 C3q4 C35 C36

Crj = (28)

Cq1 C42 C43 C44 C45 C46

C51 C52 Cs3 Csa C55 Csg

Ce1 Ce2 Ce3 Cea Co5 Co6

In an elastic and isotropic material, such as an optical fiber, it looks the same in the
x, —x, Yy, =y , 2z, and —z directions, which indicates c¢;; = c99 = ¢33 and ¢y = ¢c55 = Cg6,
and all other diagonal terms are zero because of mirror symmetry. Thus, the stress-strain

relation in optical fibers reduces to only 3 components as follows :

Ty cii ¢z ci2 0 0 0 Si
15 ci2 ¢cnn c2 0 0 0 Sy
T3 _ ci2 ci2 ci1 0 0 0 Sy (2.9)
T, 0 0 0 ecqa 0 O Sy
15 0 0 0 0 cyg O Sy
i Ts | i 0 0 0 0 0 cy 1L Se |

Wave propagation equation

Considering a material subjected to an external force, the force acting on each surface
ds is given by T -n, where n is the unit vector of surface normal. Then the integral surface
force acting on particles is [, T -n ds. In addition, the force on the body is the summation
of internal force f acting on each infinitesimal volume dV', which is expressed as [, f dV.
According to Newton’s law of motion, the relationship between forces in equilibrium is

given by [10]

/T nds+/de—/ Ou (2.10)
s 1% T '

where p is the mass density of the material. If the particle volume is sufficiently small,

Eq. (2.10) is rewritten as

J*u
T=p— —f 2.11
\Y P (2.11)
where [T nd
. I -nds
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which is equivalent to
ou; T o

(2.13)

Equation (2.13) is known as the wave propagation equation in an elastic material.

2.1.2 Electrostriction driven by optical waves

Electrostriction, also known as the electrostrictive force, describes the generation of
acoustic waves in the presence of optical waves in an optical medium. Electrostriction
changes the medium’s density resulting in a third-order nonlinear optical response that
gives rise to SBS. Electrostriction grows by the fourth power of the material’s refractive
index, producing strong nonlinear effects in chalcogenide fibers [17]. SBS refers to the inter-
action of optical waves and the acoustic wave. The Brillouin scattered light is shifted to a
higher frequency known as the anti-Stokes wave and a lower frequency known as the Stokes
wave by the electrostriction-induced refractive index grating. In quantum mechanics, the
scattering process for the Stokes wave and the anti-Stokes wave can be seen as phonon ge-
neration and phonon annihilation, respectively. For Stokes wave scattering, a pump photon
(with the frequency of w, and the wave number of ky, ) is converted to a low-frequency Stokes
photon (with the frequency of ws and the wave number of k) through the scattering from an
acoustic wave and creating a phonon (with the frequency of Q2 and wave number of ¢). For
anti-Stokes wave scattering, a pump photon is converted to a high-frequency anti-Stokes
photon (with the frequency of w,s and wave number of k,s) through the scattering from
an acoustic wave and absorbing a phonon. Stokes wave scattering and anti-Stokes wave
scattering must satisfy the conservation of energy and momentum, as shown in Fig. 2.2.
SBS has enabled distributed optical sensing [18-20], Brillouin lasing [21-23], the generation
of slow and fast light [24,25], microwave photonic filters [26,27], Brillouin gyroscopes [25],

and the generation of frequency combs [29].

(a) (b)
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FIGURE 2.2 — Phase matching conditions and scattering directions of backward (a) Stokes
Brillouin scattering; (b) anti-Stokes Brillouin scattering.
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2.1.3 Acoustic waves in piezoelectric materials

Mechanical stress driven by electric fields

Piezoelectric materials lack a center of inversion symmetry, where the positive charge
does not coincide with the negative charge in the center. When an electric field is applied
to a piezoelectric material, two nearby atoms that are not identical will not travel the same
distance leading to the material’s mechanical deformation. The effect is reversible in the
piezoelectric material. The mechanical stress applied to the material is converted into an
electrical signal because dipole moments form a charge distribution in the medium. The
relationships between strain, stress, and electric field are given by piezoelectric constitutive
relations [30)]

Tr = cF;S; — el E; (2.14)

Di = EZ-E]' + BIJSJ (215)

where ey; is the piezoelectric stress constant, £ is the electric field, D; is the electrical
displacement, and ¢;; is the permittivity constant. The most popular ultrasonic transducers

that can translate an electrical signal into mechanical stress are piezoelectric transducers.

Detection of acoustic waves

Acoustic waves that impinge on an elastic medium, such as an optical fiber, can be
measured because they induce strain on the medium, which causes the density change of the
material. The density change of the material modulates the phase of the propagating light
in the medium. which can be detected by optical fiber sensors. Acoustic wave measurements
are crucial for non-destructive structural monitoring and biomedical imaging. Optical fiber-
based acoustic sensors have many advantages over traditional piezoelectric acoustic sensors,

such as high sensitivity, nonconductivity, and resistance to electromagnetic interference.

For a sinusoidal acoustic wave emitted from a piezoelectric transducer, the stress along

an optical fiber due to acoustic pressure is given by [31]
stress stress 2m
T (t) = T3 cos T wst (2.16)

where 75" is the acoustic wave stress amplitude, and A; and w, are the wavelength
and frequency of the acoustic wave, respectively. In elastic and isotropic materials, the

stress-strain relation from Eq. (2.9) is rewritten as [32]
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N 1 —v —v 0 0 0][Ty]
Sy —-v 1 —v 0 0 0 T,
S3 _ l —-v —v 1 0 0 O T3 (2.17)
Sy E 0 0 0 G 0 O Ty
S5 0 0 0 0 G 0 Ts
| S | 0 0 0 0 0 G||Ts)

where E and v are Young’s modulus and Poisson’s ratio, respectively, and G = 2(1 + v).

The strain in the direction of fiber axis is expressed as

1-2 2
S(t) = Tgres (Eq}) Ccos <>\7Tz - wst> (2.18)

The phase of light propagating in the fiber is expressed as ¢ = L3, where L is the fiber
length and g is the propagation constant. The phase is changed due to the variation of

fiber length and refractive index. The stress-induced phase modulation is given by
A¢ = BAL+ LApS (2.19)

where Af is the propagation constant change and AL is the fiber length change.

The propagation constant change depends on the refractive index change An through

the elasto-optic effect. The refractive index change is given by [33]

A <1)Z = ipijsj (2.20)

2
n =

where p;; is the strain-optic tensor. Because the acoustic wave propagates longitudinally
along the fiber axis, shear strain elements 54,55 and Sg are zero. Therefore, the change in

the refractive index is expressed as

1 1-2 2
An = —3 tress (EU) cos (;L - wst) (2p12 + p11)(n?) (2.21)

where p11 and pqo are elasto-optic coefficients and n is the refractive index of the fiber.

The mechanical strain induces a deformation along the z axis of the fiber. A point z is

translated into a new position 2’ under the acoustic wave, which is given by [31]

S =zt /0 T S(6)de (2.22)
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Then, AL caused by the mechanical effect is expressed as

1—2v) A 2
AL = Tyt (EU)Q; [sin (;L — wst> + sin (wst)} (2.23)

Acoustic sensors based on fiber Bragg gratings (FBG), Fabry-Pérot interferometers
(FPI), and Mach-Zehnder interferometers (MZI) have been demonstrated [35—37]. Mecha-
nical stress-induced phase modulation causes a wavelength shift in the spectrum, which
induces periodical intensity change at the same frequency as the acoustic wave. Due to
the large Young’s modulus and low strain sensitivity, high-frequency ultrasound sensing is

limited in silica fiber-based sensors.

2.2 Brillouin fiber sensors

Optical fiber sensing is crucial in various applications, including structural health mo-
nitoring, chemical and biological sensing, and medical diagnosing. Fiber sensors can be
categorized into Rayleigh scattering sensing, Brillouin scattering sensing, and Raman scat-
tering sensing based on scattering mechanisms. The diagram of Rayleigh, Brillouin, and
Raman backscattering in optical fibers is shown in Fig. 2.3. Rayleigh scattering induced
by the inhomogeneity of the fiber core is an elastic scattering, which means the frequency
of scattered light is the same as the incident light. Brillouin and Raman are inelastic scat-
terings leading to the shifted frequency of the scattered light. Brillouin scattering shifts
the frequency of the incident light by a few GHz in the opposite direction in optical fibers.
Raman scattering resulting from the interaction of light and molecular vibrations enables
the frequency shift of tens of THz in optical fibers [5]. On both sides of the Rayleigh scat-
tering peak, there are two peaks associated with the Stokes wave and the anti-Stokes wave

for Raman and Brillouin scatterings.

2.2.1 Classes of Brillouin fiber sensing

SBS-based optical fiber sensors have gained significant attention in recent decades.
The frequency shift of Brillouin scattered light is proportional to the local velocity of the
acoustic wave and material’s refractive index, which is linearly dependent on temperature
or strain [38]. Any thermal or acoustic disturbance along the optical fiber will cause the
change in BFS, which can be demodulated using Brillouin gain spectra. There are four

types of Brillouin fiber sensing based on different mechanisms :
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FIGURE 2.3 — Scattering phenomena used in optical fiber sensing.

Distributed SBS fiber sensing

Distributed sensors have been demonstrated in single-mode fibers (SMF) based on dif-
ferent Brillouin scattering technologies. Spatial resolution is a crucial factor that determines
the small-size events associated with temperature or strain variation. Distributed tempe-
rature sensing with 100 m spatial resolution in the 1.2 km silica fiber based on Brillouin
optical time-domain analysis (BOTDA) was first demonstrated in 1990 [39]. The spatial
resolution and measurement range of BOTDA-based sensors have significantly increased
over the past few decades [10,11]. The spatial resolution of the BOTDA technique is
limited to 1 m because the acoustic wave lifetime is around 10 ns. Several techniques
associated with BOTDA have been proposed and demonstrated to overcome the spa-
tial resolution limit, including differential pulse-width pair Brillouin optical time-domain
analysis (DPP-BOTDA) [12] and pulse prepump Brillouin optical time domain analysis
(PPP-BOTDA) [13]. High spatial resolution on the order of centimeters was achieved by
measuring the differential Brillouin gain signal rather than the Brillouin gain spectrum.
Compared to BOTDA techniques, spatial resolution is improved significantly based on the
correlation technique known as Brillouin optical correlation domain analysis (BOCDA).
The first BOCDA with 40 cm spatial resolution based on the frequency-modulated pump
and probe waves was proposed and demonstrated in 2000 [14]. Later, 3 mm spatial re-
solution was experimentally demonstrated in a more advanced optical fiber system using
the same technique [15]. Recently, 200 pm spatial resolution was demonstrated on a sili-
con—chalcogenide photonic waveguide using BOCDA [16]. The high-resolution technique

provides a method for characterizing photonic-integrated devices.
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Brillouin dynamic grating sensing in high-birefringence fibers

In a high-birefringence fiber, optical waves in the slow and fast axes experience different
BFS owing to their refractive index difference. A Brillouin dynamic grating (BDG) is
produced by two counter-propagating pump waves with a frequency difference of Brillouin
frequency shift (BFS). When two counter-propagating waves in the slow (fast) axis are
pumped into the birefringence fiber, a probe wave in the fast (slow) axis of the high
birefringence fiber can be scattered by the BDG. The maximum efficiency of the four-wave

mixing (FWM) process is obtained when the phase-matching condition is satisfied [17]

2V, 2np(v+ Av)V,
c c

12423 (224)

where n; and ny are the refractive indices in the slow and fast axes, respectively, and V,
is the acoustic wave velocity. The frequency offset (Av) between pump and probe waves is
expressed as

An
= —v

Av (2.25)

n
where An = ng, — ny is the fiber birefringence. The frequency difference between the
pump wave and the probe wave is proportional to the fiber birefringence. The distributed
birefringence of the fiber can be directly estimated using the local value of the frequency
offset. Distributed birefringence measurement with 40 cm resolution in a 3 km polarization-
maintaining (PM) fiber was demonstrated [18]. The BDG technique can be utilized for fiber
sensing because the local birefringence linearly changes with external variations. Distribu-
ted temperature measurement with 1.2 cm spatial resolution was investigated in a PM fiber
by using a long pump pulse in one polarization axis to excite the BDG and a short probe
pulse in the orthogonal polarization axis to read out sensing information [19]. Distributed

transverse load and salinity sensors were demonstrated based on BDG [50,51].

Forward Brillouin scattering fiber sensing

Forward stimulated Brillouin scattering (FSBS), also known as guided acoustic wave
Brillouin scattering (GAWBS), is another Brillouin scattering process involving the in-
teraction of optical waves and transverse acoustic waves. The frequency shift of FSBS is
on the order of megahertz, depending on the fiber geometry. Transverse acoustic modes
responsible for forward light scattering in optical fibers are classified into the polarized
radial mode (Ry,,) and depolarized torsional-radial mode (T'Rz ). The radial mode pro-
duces the phase modulation of light via strain-induced refractive index change, whereas

the torsional-radial mode produces the phase modulation of light via both strain-induced
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refractive index change and strain-induced birefringence change. The cut-off frequency of
Ry, modes is given by [52]

with
(1= 0a%) Jo(&) = a®1a(€) (2.27)

where V; is the longitudinal acoustic velocity, a is the radius of the fiber cladding, &, is
the m order solution of Eq. (2.27), a = V;/V; with V; being the shear acoustic velocity,
and Jy and J, are the zero- and second-order Bessel functions. The cut-off frequencies for

T'Rj,, modes are expressed as
fm = Vibm/(2ma) (2.28)

with ) )
(3 — %) Jo (Ozfm) (6 - %";) Ja <€m> o 3€mJ3 (gm)
2

T2 (06n) = abnds (@) (2= 5) Jo (Gn) + EmTs (6m)

where Js is the third-order Bessel function.

=0 (2.29)

Acoustic impedance sensing has been proposed using FSBS because the acoustic im-
pedance difference between the fiber material and the external medium determines the
acoustic reflectivity at the fiber’s boundary. As a result, the acoustic impedance of ex-
ternal medium can be detected optically by measuring the decay rate and linewidth of

transverse acoustic modes [53].

Surface and hybrid Brillouin sensing in microfibers

Different from Brillouin scattering in conventional optical fibers, where the light guided
into the core is only sensitive to shear and longitudinal acoustic waves, sub-wavelength
diameter microfibers exhibit rich dynamics of photon—phonon interactions. Light propa-
gating in sub-wavelength microfibers can generate surface acoustic waves due to strong
coupling with the boundary [54]. In microfibers, both the photo-elastic effect and the
moving-boundary effect dominate the interaction of optical and acoustic fields. Acoustic
strain induces the material refractive index change due to the photo-elastic effect. The
strength of photo-elastic effect is given by 1. = —n®p11mdus/4, where d is the fiber diame-
ter and uy is the surface acoustic wave displacement [55]. The strength of moving boundary
effect is proportional to the refractive index difference and radius of the fiber as expressed
by Nmb = (Nglass — Nair) Tdus. Therefore, the optical field experiences the vibrating boun-
dary effect in small diameter waveguides with larger surface-to-volume ratio and higher
index difference [56]. The relation between the Brillouin gain coefficient and the optical

and acoustic mode fields is given by [57]
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Gr(Q) = m2t_v;m ‘ / Fondl + / Foe (2.30)

where Q,, is the acoustic energy quality factor, meg = [ p|un|?/ max|u,,|>dA is the
effective linear mass density of the acoustic mode with displacement profile u,, and the
mass density p, and fi, and f,. are the line and area overlap integrals representing the
moving boundary and photo-elastic effects, respectively. The moving boundary overlap in-
tegrand, photo-elastic overlap integrand, and the associated deviation and simplification
can be found in [57]. The Brillouin gain coefficient can be calculated by adding the cou-
pling coefficient of two effects. The calculated Brillouin gain map for silica microfibers
with a diameter ranging from 0.5 pm to 2.3 pm is plotted in Fig. 2.4(a). The black curve
depicts acoustic frequencies under the phase-matching condition for the pure longitudinal
acoustic wave. The microfiber with a small diameter generates both surface and hybrid
acoustic waves. The strength of the surface acoustic wave increases with decreasing diame-
ter as expected. The mode profiles of the surface and hybrid acoustic waves are shown in
Fig. 2.4(b). The energy of the surface acoustic mode is mainly on the surface of the micro-
fiber, while the hybrid acoustic wave exhibits mechanical ripples in the microfiber because

of the interference between transverse and longitudinal acoustic waves in the microfiber.

The surface Brillouin scattering is sensitive to environmental variations because the
waves travel along the surface of microfibers. A Brillouin refractive index sensor in a silica
microfiber has been demonstrated [53]. Experimental results show that BFS linearly de-
pends on the external refractive index. Multiple Brillouin peaks corresponding to different
acoustic waves were observed, which agrees with the calculated results. The Brillouin peaks
of hybrid acoustic waves have different frequency responses, allowing simultaneous tempe-
rature and gas pressure sensing [9]. Temperature and strain sensing based on surface

Brillouin scattering in silica microfibers were numerically demonstrated [60].
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FIGURE 2.4 — (a) Calculated Brillouin gain as a function of diameter in the single-mode
microfiber. (b) Surface acoustic mode and hybrid acoustic mode.
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2.2.2 Chalcogenide fiber Brillouin sensing

Chalcogenide fibers with a high nonlinear coefficient and low Young’s modulus have
been good candidates for investigating Brillouin scattering and its applications in sensing
and lasing [01,62]. AssSes has garnered interest among chalcogenide compositions because
of its high nonlinearity at 1550 nm. SBS in single-mode AssSes fibers has been demons-
trated, showing a ~134 times larger Brillouin gain coefficient than that of silica-based
SMFs [63]. High Brillouin gain of AsySes fibers gives rise to Brillouin amplification and
Brillouin lasers [6]. The nonlinearity was increased by 60 times by tapering the As;Ses
microfiber to a diameter of 1.2 um owing to the small effective mode area [65]. The un-
protected chalcogenide microfiber can not be utilized in sensing applications because it
is extremely fragile and cannot be removed from its tapering apparatus without ruptu-
ring. The As;Ses microfiber with a core diameter of 0.8 um was fabricated by coating a
polymethyl methacrylate (PMMA) cladding on an As,Ses fiber, achieving an ultrahigh
nonlinearity of 133 W~'m™! [(6]. The schematic of the AsySe3-PMMA microfiber is shown
in Fig. 2.5(a). The thick PMMA cladding gives sufficient mechanical robustness for normal
handling. SBS was investigated in the PMMA coated AsySes microfiber [67]. Tailorable
Brillouin gain spectra at different core diameters are plotted in Fig. 2.5(b). The AsySes
microfiber with PMMA cladding offers a new approach for Brillouin sensing applications
that have never been done in fragile chalcogenide microfibers. Transverse load sensing was
proposed and demonstrated theoretically and experimentally in the AsySez-PMMA micro-
fiber [68]. The high sensitivity of 0.0840.02 MHz/N was achieved in the load range of 0 to
4 kg. The temperature, strain, and salinity sensing based on wavelength shift in dual-core
AsySes-PMMA microfibers was demonstrated [69, 70]. Similarly, many Brillouin sensing

applications with a high resolution of MHz can be achieved in AsySes-PMMA microfibers.
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FIGURE 2.5 — (a) Schematic of the AsySes-PMMA microfiber. (b) Brillouin spectra mea-
sured in three chalcogenide microfibers [67].
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2.3 Random fiber lasers

Random lasers (RL) in disordered media have attracted much attention in recent years.
The schematic of the conventional cavity laser and the RL is shown in Fig. 2.6. Conven-
tional lasers consist of a gain medium and a fixed cavity that provide coherent feedback to
the gain medium. RLs with a disordered cavity take advantage of the multiple scattering
of photons. Compared to conventional lasers, RLs have more complicated scattering paths.
The random nature of light propagation in RLs gives rise to unique properties and many
potential applications in imaging, sensing, and secure communication [71-741]. RLs with
various disordered structures, such as powders, dyes, planar waveguides, and porous glass,
have been demonstrated [75-78]. Random fiber lasers (RFL) with transverse confinement
imposed by the fiber geometry have a low threshold and stable lasing. The RFL was first
demonstrated in a hollow core photonic crystal fiber [79]. The 250 nm rutile particles in
a Rhodamine 6G solution were selectively inserted into the hollow core as the scattering
gain medium. Due to the quasi-one-dimensional geometry, the lasing efficiency is two or-
ders of magnitude higher than high-dimensional RLs. Later, RFLs based on distributed
feedback in SMFs were proposed and demonstrated [30-82]. In distributed RFLs, randomly
scattered light from the distributed feedback medium traveling in the gain medium gives
rise to complex light paths, producing many modes with exotic wavelengths, phases, and
amplitude. There are three main types of random distributed feedback fibers : RS fibers,
random FBG arrays, and random fiber gratings (RFG). RFLs can be divided into three
main categories based on gain mechanisms, such as SBS, stimulated Raman scattering
(SRS), and erbium-doped fiber (EDF).
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FIGURE 2.6 — Schematic of (a) the cavity laser; (b) the random laser [33].
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2.3.1 Different random distributed feedback fibers

RFL based on RS distributed feedback

Rayleigh scattering (RS) in optical fibers is induced by the thermodynamically fro-
zen inhomogeneity with a scale that is smaller than the incident wavelength. Photons are
elastically scattered by RS along the fiber. The RFL with RS distributed feedback has
attracted attention since it was first experimentally reported in a 83 km long SMF-based
random open cavity [30]. Figure 2.7 shows the schematic of the RS-based RFL. Backscat-
tered RS in the distributed feedback fiber is relatively weak (backscattering coefficient of
4.5x107° km™! [30]) because the majority of the scattered photons leak out of the fiber
core, as shown in the inset of Fig. 2.7. As a result, a long fiber is necessary to achieve high-
efficiency RFLs based on coherent RS distributed feedback because the accumulation of RS
provides enough feedback strength. Rayleigh scattered photons are continuously amplified
by Raman gain in the fiber. Random lasing occurs when the gain in the random cavity
is larger than the loss. Low pump power is required in the RFL due to the accumulated
Raman gain and RS feedback strength in the tens of kilometers long random cavity. Ho-
wever, the ultra-long random cavity supports many random modes in the random system.
More random modes are excited at higher pump power. High-density modes compete for
the same gain resulting in strong intensity and frequency fluctuations. In addition, the
long fiber is sensitive to external variations. Any disturbance will change the propagation
of light in the random cavity leading to fast mode hopping and high intensity noise. RFLs
based on RS feedback with different structures have been demonstrated [$1,85]. The length
of distributed feedback fiber is limited to hundreds of meters due to the intrinsic weak RS.

RFLs with short feedback are necessary to reduce frequency and intensity fluctuations.
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FIGURE 2.7 — The schematic of the RFL with a distributed RS fiber [30].
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RFL based on random FBG distributed feedback

Fiber gratings have higher refractive index fluctuations and stronger scattering than
RS optical fibers. Random distances between adjacent FBGs add the random nature of a
FBG array. The RFL based on the random FBG array in an Er/Ge co-doped SMF was first
demonstrated in 2009 [37]. The schematic diagram of the random FBG array-based RFL is
shown in Fig. 2.8(a). A pump laser with 980 nm is utilized to generate the random lasing at
1535 nm in the Er/Ge gain medium. The random FBG array was fabricated in the fiber core
by exposing it to ultraviolet (UV) light. The random FBG array consists of tens of FBGs
with random spaces ranging from 4.2 mm to 5.8 mm between neighboring FBGs. Such a
low degree of randomness generated by tens of random FBGs allows a few low-() random
peaks within the narrow FBG bandwidth as plotted in Fig. 2.8(b). The number of peaks
increases with increasing gratings due to light interference in more gratings, which leads
to more modes with random phase, amplitude, and wavelength in the RFL. The large gain
bandwidth (tens of nanometers) in the Er/Ge gain medium allows multiple modes to be
amplified to overcome the loss in the random cavity. Mode coupling in the gain bandwidth
induces large intensity and frequency fluctuations. Wave interference in the random FBG
array gives rise to light localization, in which the localization length is smaller than the
length of the random medium. Light localization in the random FBG array is confirmed

by the wavelength-dependent intensity map calculated using the transfer matrix method.
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FIGURE 2.8 — (a) Schematic of the random FBGs based RFL. (b) Reflection spectra of
FBG arrays with seven, fourteen, twenty, and thirty one gratings from bottom to top [37].

To increase the degree of randomness in fiber grating-based RFLs, a continuous fiber
grating based on randomly distributed phase errors was fabricated [$8]. The new technique
increases the number of gratings to around 1000 without increasing the grating length. The
grating-based RFL exhibits a low threshold of 3 mW due to the strong scattering of the
grating. The single-mode operation is possible by changing the grating length and pump

power. The random grating with low-Q peaks can be utilized as the random distributed
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feedback of the short-cavity RFL with broad gain bandwidth and low density of modes in
the short random cavity. RFLs with a cavity length of kilometers and a narrow gain band-
width, such as SBS-based RFLs, have high-density modes with small frequency separations.
After scattering from the low-Q) random grating distributed feedback, many modes will be
amplified in the gain medium. The RFL will be similar to the cavity laser showing multi-
mode lasing at a fixed separation of kHz. High-Q) random distributed feedback is required

to demonstrate the single-frequency RFLs with narrow gain and long cavity length.

RFL based on RFG distributed feedback

Fiber gratings with random periods, so-called RFGs, were fabricated by the plane-
by-plane inscription method. The fiber’s refractive index is modulated spot by spot with
random periods by the exposure of a femtosecond-infrared pulse laser. The fabrication
setup and the detailed fabrication procedure of the RFG are provided in [389]. The scattering
points of the RFG are significantly increased over a short length. There are around 10° index
modulation spots in a 5 cm long RFG. The random fiber grating array (RFGA) consisting
of tens of RFGs with a similar distance between two gratings was fabricated to increase
the scattering points and scattering strength further. Figure 2.9(a) shows the schematic of
the RFGA. The modulation periods in each RFG are randomly varied between 0.5180 pm
and 0.5464 nm corresponding to a broad backscattering wavelength range from 1500 nm
to 1580 nm. The modulation spots in each 5 mm-long RFG are around 10*. The RFGA
with tens of RFGs has a total modulation spot of greater than 10°, which is more than
two orders of magnitude larger than the random FBG. Many modification spots give rise
to a large ensemble of random states with small differences in the cavity length (so-called
random modes). Figure 2.9(b) shows the reflection spectrum of the single RFG and the
RFGA. The reflection spectrum of the RFGA shows narrower linewidth peaks with 10 dB
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FIGURE 2.9 — (a) Schematic of RFGA. (b) The reflection spectrum of the RFGA and the
single RFG [90].
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higher reflection than the single RFG because of wave interference in more Fabry-Pérot
(FP) cavities formed between RFG pairs in the RFGA. The high-Q RFGA distributed
feedback with the narrow filter effect can select modes in the Brillouin gain bandwidth. In
addition, wave interference and multi-scattering in the strong scattering RFGA give rise
to light localization, which will be discussed in the next chapter.

The RFG-based RFL has been demonstrated as plotted in Fig. 2.10(a). Two pump
lights with equal power from the same laser source are launched into two ends of the 12 km
gain SMF to generate the Brillouin Stokes wave. Due to the stronger scattering of the
RFG than RS in the SMF, the random feedback induced by the RFG pair dominates the
scattering of the Stokes wave. Without the RFG pair, RS within the effective amplification
length near both ends of the fiber provides random feedback of the Stokes wave. The
RFG consisting of many FP interferometers acts as the narrow filter for filtering out some
modes. Figure 2.10(b) shows the relative intensity noise (RIN) of the RFLs with and
without the RFG pair. Compared to the RS feedback-based RFL, the RFL with the RFG
pair suppresses RIN due to reduced longitudinal modes. In addition, the RFG has a weaker
dependence on thermal and acoustic variations than the RS fiber, leading to low intensity
noise in the frequency range below 1 kHz [91].
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FIGURE 2.10 — (a) Configuration of RFL with random grating-based FP resonator, (b)
RIN of the RFLs with random grating and without random grating [92].

2.3.2 Different gain mechanisms

RFL based on EDF gain

The EDF is made by incorporating rare-earth element erbium ions Er** in the fiber
core. Er®* ions can absorb light at one wavelength and emit it at other wavelengths because
the ions have a variety of excited states. Figure 2.11 shows the energy level diagram of Er3*

ions. Lasing wavelengths commonly used as the pump light of the EDF are 980 nm and
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1480 nm. When the pump laser at 980 nm is injected into the EDF, Er** ions will be
excited from the ground state to the higher state level, where Er** ions only stay for
around 1 us and make a non-radiative decay to the metastable state. The long lifetime of
10 ms in the state is enough to accumulate the ions for the buildup of population inversion,
which leads to optical amplification by the emission of photons at a wide wavelength range
from 1520 nm to 1570 nm to the low energy level. The scheme of 1480 nm pump light is
known as in-band pumping. The pump preferentially raises ions to the high sublevels of
the metastable state, and fall to the lower sublevels where they are available for stimualted
emission [93]. Since the process of absorption and emission access to different levels within

metastable state, population inversion can be achieved.

Short lived level
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FIGURE 2.11 — Energy level scheme of ground and first two excited states of Er** ions.

The RFL based on the randomly distributed FBG array in the EDF was first proposed
in 2007 [94]. The experiment was then thoroughly illustrated in random FBG arrays with
different lengths [37]. The laser system pumped at 980 nm shows a typical laser threshold
behavior at the wavelength of 1535.5 nm. Single-mode lasing was achieved by changing the
number of the random FBG array and the pump power. Later, half-open cavity EDF-RFLs
based on RS distributed feedback were demonstrated [32,95]. The schematic diagram of
the RS-based EDF-RFL is plotted in Fig. 2.12. The EDF is pumped by a 980/1480 nm
laser through a wavelength division multiplexer (WDM). The narrow bandwidth FBG
with a central wavelength at the high gain position of the EDF is utilized to reflect the
selected wavelength from the amplified emission of the EDF. The reflected light is sent to
the RS random distributed feedback fiber. The EDF-RFL with RS distributed feedback
shows a single peak around 1550 nm with a signal-to-noise ratio (SNR) of 40 dB and a
3 dB linewidth of 0.23 nm [96]. A low threshold power of 10 mW is achieved thanks to the
FBG-based half-opened cavity and the efficient EDF gain fiber. The frequency noise of the
EDF-RFL with RS distributed feedback was demonstrated and theoretically analyzed [97].

The thermal frequency noise is suppressed due to the Lorentzian envelope attributed by
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Rayleigh scattering in the long fiber cavity. A compact EDF-RFL was demonstrated by
replacing the kilometers-long RS feedback fiber with the short COs-laser-processed random
grating feedback [98]. The RFL presents a lower RIN due to the reduced mode density
and low acoustic and thermal sensitivities. In contrast to the single-wavelength RFLs we
discussed above, the EDF gain with a typical bandwidth of tens of nanometers is a good

candidate for wide-range tunable RFLs and multi-wavelength RFLs [99, 100].
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FIGURE 2.12 — Schematic of the RFL based on EDF a with half-opened cavity [101].

RFL based on SRS gain

SRS is a nonlinear interaction between the pump and the vibrational modes of molecules
in a medium. During the scattering process, as the molecule makes a transition to an
excited vibrational state, the scattered Stokes photon with energy hwy is red-shifted with
respect to the pump photon with energy hw,. When the pump light with high power
is injected into the medium, the energy of the pump wavelength is transferred to the
frequency-downshifted Stokes wave via the scattering process, which can be used for light
amplification and lasing. The SRS gain of SMFs has a frequency range of 40 THz with a
peak frequency of 13 THz [5]. The RFL based on SRS gain was first proposed in 2010 [30].
The setup of the RFL is similar to Fig 2.7. Two equal-power pump lasers with a wavelength
of 1455 nm are pumped into the center of a SMF in opposite directions. Lasing is generated
when the amplified backscattered light in the Raman gain bandwidth is larger than the
loss of the distributed cavity. After the lasing threshold of 1.6 W, the output power linearly
increases with pump power, as shown in Fig. 2.13(a). Compared to the observable mode
structure in the Raman cavity fiber laser with two FBGs at the ends of the gain fiber [102],
no mode structure was observed in the random Raman RFL at the pump power well above
the threshold (2.4 mW), leading to flat amplitudes without large intensity fluctuations
over 2.5 ms. The lasing output spectra at the powers above the threshold are plotted in
Fig 2.13(b), showing two narrow peaks (less than 1.5 nm) with stable lasing frequencies
at high gain positions of the Random gain bandwidth. Thanks to the broad Raman gain

bandwidth on the order of THz, the lasing wavelength can be tuned over a large wavelength
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range. The tunable wavelength range of 35 nm with nearly the same SNR (~50 dB) for all

wavelengths was demonstrated experimentally [31]. SRS-based RFLs have been designed
to improve the characterizations including multi-wavelength operation [103], high-power
emission [104], and narrow bandwidth [105], offering an approach to achieving distributed
amplification [106] and optical fiber sensing [107].
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FIGURE 2.13 - (a) Raman RFL power as a function of input pump power, (b) Laser
spectra at different input pump powers [30)].

RFL based on SBS gain

Compared to SRS, SBS has a much narrower linewidth (tens of MHz) and a higher
gain coefficient in optical fibers, which causes a lower threshold and lower noise in SBS-
based RFLs. The BRFL with a configuration of cooperative SBS and distributed RS in
a high-loss SMF was first demonstrated [108]. The Stokes wave generated in the 300 m
SMF is backscattered by the RS in the same fiber, which acts as the seed of Brillouin
amplification. The BRFL with Brillouin gain and random distributed feedback in the high
loss fiber leads to a high threshold and strong intensity fluctuations. The BRFL with a
half-open cavity has been proposed and demonstrated [109]. The working principle of the
BRFL is shown in Fig. 2.14(a). The backscattered Stokes wave is generated when the pump
light is injected into the SBS gain fiber. The Stokes light from the SBS gain fiber is then
sent into the distributed feedback fiber. The Rayleigh-scattered Stokes wave is then routed
back to the SBS gain fiber to produce a random cavity. The Brillouin gain and distributed
feedback fibers are a 25 km SMF and a 5.4 km nonuniform SMF, respectively. The high
Brillouin gain and strong distributed scattering in the long fibers lead to a low threshold, as
shown in Fig. 2.14(b). The BRFL with RS distributed feedback exhibits a frequency drift
of 10 MHz because of the narrow gain bandwidth. Lasing modes are randomly generated
at the high gain position of the Brillouin bandwidth leading to a Gaussian distribution
frequency drift over a long time. Due to complex paths in the weak RS fiber-based RFL,
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it is challenging to reduce frequency drift further. In addition, the BRFL shows a few
narrow linewidth spikes at high pump power, which leads to mode coupling and significant
intensity fluctuations [109].
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FIGURE 2.14 — (a) Schematic of the BRFL. (b) Laser power versus pump power [109].

Different narrow linewidth filters, such as FPI and double-coupler fiber ring [1 10, 111],
are inserted into the open cavity of BRFLs to suppress the number of modes. The reduced
gain competition gives rise to stabilized frequency and low intensity fluctuations. Tem-
perature and acoustic variations change the polarization state of lasing light in the SMF
random cavity. Therefore, BRFLs based on SMFs still suffer from high intensity and fre-
quency noises due to polarization-sensitive Brillouin gain. BRFLs with all PM fibers have
been demonstrated to eliminate the effect of external disturbances on laser characteriza-
tions [112, 113]. PM fiber-based BRFLs have some advantages over SMF-based BRFLs :
1) the preserved polarization state of linear polarized light in the PM fiber suppresses fre-
quency and intensity fluctuations under external perturbations, 2) the PM gain fiber has
a smaller effective mode field diameter of 6.48 pm than that of the SMF (10.4 um), which
provides a higher Brillouin gain coefficient and low lasing threshold, 3) two-dimensional
stresses from Boron-doped-silica rods introduce different BFSs in the slow and fast axes,
providing a unique way to generate the dual-wavelength orthogonal polarized BRFL. All-
PM BRFLs provide an approach to studying the role of the acoustic wave in the noise
contribution [114]. FWM is introduced in the all-PM BRFL to measure noise properties
with time. The working principle of acoustic wave detection in the BRFL is shown in
Fig. 2.15. The BRFL is generated by pumping the incident light in the slow axis of the
PM fiber. A probe wave in the fast axis of the PM fiber is utilized to detect the acoustic
wave in the BRFL. When the frequency of the probe wave satisfies the phase matching
condition, it is possible to measure the dynamics of the generated acoustic wave in the
BRFL. The distributed detection of the acoustic wave in the all-PM BRFL was also de-

monstrated [115]. Both static and dynamic acoustic measurements were achieved based on
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BOTDA and optical time domain reflectometry (OTDR) techniques, revealing the phase
noise of the BRFL.
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FIGURE 2.15 — Operation principle of acoustic wave detection in BRFL [114].

2.3.3 Temporal and spectral properties

RFLs with complex paths have presented rich spectral and temporal properties, pro-
viding a new platform for underlying laser physics exploration. Lasing emission in both
time and frequency domains is an essential gateway to understanding the buildup process
and lasing characterizations of RFLs. The temporal and spectral properties are power-
dependent because of different mode distributions in the random system at different pump
powers. Spectral dynamics, intensity statistics and replica symmetry breaking (RSB) in

RFLs are reviewed :

Spectral dynamics

Observation of spectral dynamics provides a method to reveal the complex nature of
lasing spectra in RFLs. There are different ways to measure the real-time spectro-temporal
evolution of RFLs with various gain mechanisms. In the RFL based on SRS [116], the real-
time spectro-temporal evolution was proposed and demonstrated by scanning a FPI with
a sampling rate of 180 Hz and a resolution of 2 pm. The spectral evolution exhibits many
narrow spikes with varying powers and wavelengths, as shown in Fig. 2.16(a). Spectral cor-
relation between different spectra was demonstrated for the first time by calculating the
Pearson correlation, as shown in Fig. 2.16(b), revealing the existence of mutual dependence
between lasing modes. The spectral evolution of the EDF-based RFL with random distri-

buted FBGs was performed using a Finisar 1500 s spectrum analyzer with an acquisition
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rate of 10 Hz and a spectral resolution of 1.2 pm. The spectral evolution shows narrow lines
at several specific wavelengths varying over time [117]. Each line corresponds to a locali-
zed mode enabled by light localization in the strong scattering random FBG-based RFL.
The large EDF gain bandwidth of tens of nanometers allows hopping among many modes
over time. The above methods with a spectral resolution of picometers are inadequate to
measure the narrow linewidth SBS-based RFLs. The heterodyne method was proposed for
the spectral evolution measurement of SBS-based RFLs. The high resolution of less than

1 kHz allows for measuring the mode dynamics of the narrow-linewidth SBS gain-based

RFL [118]. The BRFL with RS distributed feedback shows fast mode hopping because of
complex lasing paths in the weak RS feedback.
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FIGURE 2.16 — (a) Real-time spectro-temporal evolution. (b) Spectral correlations [116].

Intensity statistics

Stable distribution, also called a-stable Lévy distribution, was proposed by Lévy in 1925
during the investigation of the behavior of sums of independent random variables [119]. In-
tensity statistics in RLs were characterized by a-stable Lévy distribution, showing different
possible fluctuations [120-122]. Lévy index a € (0, 2] governs the intensity fluctuation. The
probability distribution exhibits the Lévy behavior in the range of 0 < a < 2 and the Gaus-
sian behavior at the boundary value a = 2. The Lévy distribution with heavy tail indicates
the high probability of extreme events and strong intensity fluctuations, while the Gaus-
sian distribution suggests weak intensity fluctuations. In the one-dimensional erbium-doped
RFL [123], different statistical regimes of intensity fluctuations were measured with increa-
sing pump power. An initial Gaussian regime at the pump power below the threshold is
followed by a Lévy regime at the pump power near the threshold, and the Gaussian regime

is recovered again at the pump power well above the threshold. The probability density
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functions of three distributions are shown in Fig. 2.17. Different intensity distributions are
attributed to complex mode structures in the RFL, which strongly depend on pump po-
wer. The intensity statistics in the SRS-based RFL were also investigated, showing similar
statistical behaviors to the EDF-based RFL [124].
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FIGURE 2.17 — Intensity spectra for each input power (a) below, (b) around, and (c) above
the threshold. (d)—(f) PDFs of maximum intensities [123].

Replica symmetry breaking

RLs have many random states produced by the complex random cavity. Multiple ran-
dom modes will be excited over the loss to compete for the limited gain at high pump power.
Strong coupling between random modes leads to the glassy behavior of RLs, while no gain
competition and the independent oscillation of modes make RLs in the paramagnetic re-
gime. RSB was first proposed and demonstrated in RLs to reveal the glassy behavior and
the nature of randomness. RSB is characterized by the Parisi overlap parameter (q), which
represents the correlation of intensity fluctuations of spectral emission between traces [125].
The position of the maximum probability of ¢ distribution ¢u,., is introduced to characte-
rize the glassy behavior. The distributions of ¢ and the values of qu.x at different pump
energies were measured as shown in Fig. 2.18. The values of ¢, are centered around zero
at pump energies below the threshold because random modes from spontaneous emission
are independent and do not interact in the paramagnetic regime. The values of ¢., are
around one when increasing pump energies above the threshold. Many random modes are
excited above the noise level in the gain bandwidth by stimulated emission. Mode coupling

in the gain bandwidth induces the glassy phase behavior and RSB. The transition from
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the photonic uncorrelated paramagnetic to the photonic spin-glass phase with increasing
pump power was demonstrated in the erbium-doped RFL by calculating the Parisi overlap
parameter, suggesting RSB and the glassy behavior [126]. Multiple modes attributed to
mode coupling and the glassy behavior in the RFL were confirmed by speckle contrast mea-
surements. RSB was also measured in the RFG-based BRFL under the pump power above
the threshold [127]. The RFG with enhanced scattering centers induces strong coupling

between many random modes.
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Theory of SBS in fiber
sensing and random fiber
lasing

This chapter presents the theory of stimulated Brillouin scattering (SBS) and its ap-
plications in fiber sensing and random fiber lasing. Section 3.1 introduces the fundamental
physics of Brillouin scattering, including spontaneous Brillouin scattering and SBS. Sec-
tion 3.2 studies the SBS sensing principle in optical fibers and SBS measurement based
on different techniques. Section 3.3 presents the theory of different distributed feedback
fibers, characterizations of Brillouin random fiber lasers (BRFL), and a summary of BRFL

applications.

3.1 Brillouin scattering in fibers

3.1.1 Spontaneous Brillouin scattering

Brillouin scattering occurs in optical fibers as a result of fluctuations in the dielectric
constant caused by changes in the macroscopic thermodynamic quantities such as density
(p), entropy (s), pressure (p), and temperature (7). By assuming that p and T are in-

dependent thermodynamic variables in the variation of the dielectric constant (Ae), we

Oe Oe

Temperature variation-induced Ae can be ignored in comparison to density fluctuation-

obtain :

induced Ae because it only accounts for about 2% of the total Ae [128]. We can relate
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density to pressure and entropy using thermodynamics :

0 0
Ap = ((%ﬁ) Ap + ((95) As (3.2)
s P

The first term describes pressure fluctuations known as acoustic waves, which gives rise
to Brillouin scattering. The second term stems from entropy fluctuations corresponding
to Rayleigh scattering. We will discuss the first term that causes Brillouin scattering. By
substituting the first term in Eq. (3.2) into Eq. (3.1), we obtain :

e 3p> Ye <8p>
Ae=| — — | Ap=—|—=—| Ap 3.3
<8p>T<0p ; o \0p )/ .
where v, = po (g—;)T is the electrostrictive constant with py being the mean density of the

fiber material. The equation of motion for an acoustic wave is given by [129]

62Aﬁ o F/vQ aAﬁ

e 5 V2VEAp =0 (3.4)

where tilder denotes a quantity that varies rapidly in time, V, is the acoustic velocity in

the fiber material and I is the damping parameter that is given by
, 1
F=;HB%+%+%KM7—U] (3.5)

where, 1, and 7, are the shear and the bulk viscosity coefficients, respectively, « is the
thermal conductivity, C, is the compressibility and - is the adiabatic index. One solution

of Eq. (3.4) can be written as

Ap = Ape = 4 ¢ ¢, (3.6)

By substituting the expression for Ap given by Eq. (3.6) into Eq. (3.4), the wave

equation is transformed into :

—? —iT'@PQ+V,? =0 (3.7)

We rewrite this equation in a more general form :

5 Q2 N g 2 1+QF/ (38)
TTv—ira T\ vz '

a
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The acoustic wave has a complex propagation constant g that describes the attenuation.

The phonon lifetime is related to the acoustic attenuation, which is given by 7, = 1/¢*T".

We calculate the scattered light by acoustic waves using the following wave equa-

tion [129] :
PE n?PE 1 0P
_n — (3.9)
022 2 ot? €oc? Ot?
where the polarization P is given by
~ ~ Oe\ (O ~
P= EOAGEO = € <8p> (a]p?> ApEO (310)

We assume that the incident optical field with a angular frequency w and wavenumber

k in the medium is expressed as

Eo(z,t) = Ege'®*=D 4 cc. (3.11)

By substituting the expressions of Egs. (3.6), (3.10) and (3.11) into Eq. (3.9), we obtain :

PE n®d*E Ye ,Op A
- - _ = _ __'e ZF s -0 2E Ap* i((k—q)z—(w—Q)t)
022 2 ot? p002<0p) [ JEolpre - (3.12)

(w + Q)2EyApellath)z=(@=)t | ]

Two frequency components, including the Stokes wave with a frequency of w — 2 and
the anti-Stokes wave with a frequency of w + €2, are obtained during the interaction of the
incident electromagnetic wave and the acoustic wave. For the Stokes wave, it must satisfy

energy and momentum conservation :
Wy = ws + €2 (3.13)

ky,=Fks+q (3.14)

where w, ; and k, ; are the frequencies and wave vectors of the pump and Stokes waves,
respectively, and €2 and ¢ are the frequencies and wave vectors of the acoustic wave. The
dispersion relationship between the wave vector and angular frequency of the optical wave

is given by
2mn

A:[)78

where A\, and A are the wavelength of pump and Stokes waves, respectively. The dispersion

|kip,s| = (3.15)
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relationship for the acoustic wave is expressed as

2r Q
_ AT 3.16
=2 =1 (3.16)
Eq. (3.16) can be rewritten as :
Q= |q|V, = 2V, |k,|sin(0/2) (3.17)

where 6 is the angle between pump and Stokes waves. Figure 3.1 shows the phase matching
conditions of the Stokes wave in backward and forward Brillouin scattering. In single-mode
fibers (SMF), the relevant Brillouin scattering directions are the backward scattering with
6 = 180° and forward scattering with 6 = 0.
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FIGURE 3.1 — Phase-matching diagrams for the Stokes wave in (a) backward Brillouin
scattering and (b) forward Brillouin scattering.

3.1.2 Stimulated Brillouin scattering

Spontaneous Brillouin scattering stems from the thermal fluctuation of density in the
presence of incident light with low power ; while SBS is caused by the high pump power
above the threshold or launching another light at the Stokes frequency from the opposite
end of the material in addition to the pump light. The counter-propagating Stokes wave and
pump wave with a frequency difference of the Brillouin resonance lead to electrostriction.
Molecules will restructure themselves under the electrostrictive force, changing the density
of the material. The variation of dielectric constant is related to the density change, which
is given by Ae = (0e¢/dp) Ap. Hence, the field energy density change of a material is

expressed as [129]

1 1 Oe
Au 260 Ae 260 (p) Ap (3 8)

The work required to compress the material must be equivalent to the change in energy

density according to the first law of thermodynamics. Consequently, the work done per
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unit volume is given by

Ap

Hence, the electrostrictive pressure (pg) is written as

1 Oe 1
Pst = —§€OP <67,0> E? = —§€O’VeE2 (3.20)

Using the density change Ap = —(9dp/Idp)Ap, we find that the change of the material
density is :
1
Ap = §€0pC%E2 (3.21)

where C' = (0p/dp)/p is the compressibility.
The SBS process by electrostriction is illustrated in Fig. 3.2. If the pump wave and the

signal wave are counter-propagating in the fiber, whose frequency difference is equal to the
Brillouin resonant frequency in the medium, a beat signal with variable intensity will be
created. The generated acoustic wave with the Brillouin resonant frequency will change the
material density through electrostriction. The changed density will result in a refractive
index grating moving through the material at the speed of sound due to the electro-optic
effect. Finally, the interference can be strengthened by the energy transfer between the

pump and signal waves caused by the diffraction of the grating.

Pump wave

Diffraction Interference

Slgnal wave Energy transfer

Refractive index modulation Beat signal intensity

AAAA—

Acoustic wave
I I I I I I I Electrostriction
Electro-optic effect
FiGURE 3.2 — Illustration of the SBS process.

To derive equations that govern the evolution of the acoustic wave during the SBS
process, we first consider the electric waves (Ep and E,) and the acoustic wave (represented

by the material density fluctuation p) involved into the process :
Ey(2,t) = Ay(z,t)eFr==er) 1 cc. (3.22)
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Ey(z,t) = Ay(z,t)elks==wst) e e (3.23)

pz,t) = po + p(z, 1)’ =M e (3.24)

For the present of the external electrostrictive force during the SBS process, the equation

of motion of the acoustic wave in Eq. (3.4) is rewritten as

*p 0p
B 0 v R VS vo 3 SR v A 9
5~V VAV =Y (3.25)
with
V£ =V (Vpa) = c0req” [ApAe™ ™M 4 cec. (3.26)

Substituting Eqs. (3.24) and (3.26) into Eq. (3.25), and applying slowly varying ampli-
tude approximation, the steady-state solution of acoustic amplitude is given by

A AL
t — v 2 /4 S

(3.27)

where 0p = w, — w, is the Brillouin frequency shift of the medium and I'g = ¢*T" is the
Brillouin linewidth, which is the inverse of the photon lifetime. The nonlinear polarization

under the electric fields is given by
P, = eyyepy L pAseitriment) e, (3.28)
P, = eofyepalpApei(ksz’wst) + c.c. (3.29)

Substituting Eqs. (3.22), (3.23) and (3.28), (3.29) into (3.9), we obtain the steady-state

solution :

dl,
—L = _gI,I, 3.30
d= 9ip ( )
dl
— = —glI, 3.31
d= 9ip ( )
where the intensity is expressed as I; = 2negcA; A with ¢ = p, s and the SBS gain factor ¢
is given by
(Up/2)
= 3.32
I, P+ (T2 532
with 5 5
VeW
S [ e — 3.33
go nVacpol's ( )

Hence, the Brillouin gain has a Lorentzian spectral shape with the gain bandwidth of

Avg = I'g/(27). In optical fibers, the phonon lifetime Tp = 1/I'g is typically less than
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10 ns.

3.2 Brillouin fiber sensing measurement

3.2.1 Principle of Brillouin fiber sensing

Using Eq. (3.17) at # = 180° for counter-propagating optical waves in SBS, we obtain
Brillouin frequency shift (BFS) (vp) :

_ 2nepfVa
= Zheita

3 (3.34)

where X is the pump wavelength and n.ss is the effective refractive index. The acoustic

velocity V, is related to the physical quantities of the fiber material :

l—0o E
Vo= \/(1 —20)(1+o)p (3:35)

where o is the Poisson’s ratio, E is the Young’s modulus and p is the density of fiber.

Within a small range, BF'S is linearly dependent on strain and temperature :
UB(T, E) = U30+CT (T—To) —{—Ca (8—80) (336)

where C7 is the temperature coefficient, C. is the strain coefficient and vpgg is the Brillouin
frequency shift at the reference temperature 7y and strain . Any thermal or acoustic
disturbance will affect the effective refractive index and acoustic velocity, which can be
demodulated by the change of BFS. Temperature and strain coefficients are dependent on

the fiber material and geometry.

3.2.2 Heterodyne detection

Brillouin scattering measurement based on the heterodyne detection technique is shown
in Fig. 3.3. The light from a pump laser is injected into one end of the fiber under test (FUT)
through a circulator to generate the Stokes wave. The beat signal is created by combining
the pump laser (local oscillator) with the Stokes wave via a coupler. The beat optical signal
is converted to an electric signal by a photodetector (PD), and the Brillouin gain spectrum
is measured by an electrical spectrum analyzer (ESA). This method is commonly used for
Brillouin scattering measurement owing to its simple configuration. However, it can not be

utilized for distributed Brillouin sensing along the fiber.
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FIGURE 3.3 — Heterodyne detection setup. EDFA : Erbium doped fiber amplifier; FUT :
fiber under test; PC : polarization controller; PD : photodetector ; ESA : electrical spec-
trum analyzer.

For distributed Brillouin sensing, the pulsed light after an electro-optic modulator
(EOM) is launched into the FUT as plotted in Fig. 3.4. This setup is known as Brillouin
optical time-domain reflectometry (BOTDR). Since Brillouin scattering occurs at any po-
sition along the fiber, Stokes signals from different positions reach the coupler at different
instances of time. The position of each Stokes signal can be calculated using the speed
of light in the FUT. By measuring the distributed BFS, it is possible to determine the
variation at a particular location. The record time ¢ and interaction location z are given
by

z=(c/n) ; (3.37)
where ¢ is the speed of light in vacuum and n is the refractive index of the fiber. The

spatial resolution is determined by the pulse duration At, which is expressed as

At

Az = (c¢/n) B} (3.38)

The spatial resolution of BOTDR is limited to 1 m for SMFs due to the 10 ns lifetime of
the acoustic wave. A pulse duration of less than 10 ns will induce a broadened Brillouin

gain spectrum and less accurate measurement.

EDFA  Circulator
Pump laser EOM ’
L= 3 FUT
Tl

—— Single mode fibe:

----- Electrical wire Pulse
Coupler 2 PD
OO0 . ...... DAQ
PC @

F1GURE 3.4 - BOTDR setup. EOM : electro-optic modulator ; FG : function generator.
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3.2.3 Brillouin optical time-domain analysis

Another technique for distributed Brillouin scattering measurement is Brillouin optical
time-domain analysis (BOTDA). A short pump pulse and a continuous wave (CW) probe
are injected into two ends of the FUT, as illustrated in Fig. 3.5(a). When the CW probe
wave is downshifted by the Brillouin resonant frequency of the FUT, the pump and probe
waves interact, resulting in the SBS process. The CW probe wave in the Brillouin resonant
frequency is amplified due to energy transfer from the pump pulse. The Brillouin gain
spectrum at any position along the fiber can be obtained by sweeping the frequency of the
CW wave. In contrast, if the probe wave has an up-shifted Brillouin resonant frequency
compared to the pump wave, which is the anti-Stokes frequency, the probe wave gives

energy to the pump pulse, and the detected CW signal experiences a Brillouin loss.

The experimental setup of BOTDA is shown in Fig. 3.5(b). The CW light from a pump
laser is split into two branches by a coupler. In the lower branch, the short pump pulse
is generated after an EOM driven by a function generator (FG). In the upper branch, the
probe wave with two sidebands is generated, and the lower frequency sideband is selected
as the Stokes wave after a narrow bandwidth filter. The amplitude of the probe wave at
different frequencies can be obtained by sweeping the frequency using a radio-frequency
(RF) source around the estimated BFS. The continuously changing amplitude of the probe
wave is measured using a PD and an oscilloscope (OSC). The local Brillouin gain spectrum
at each fiber section can be reconstructed according to amplitude variations at different

frequencies.

(a) Pump pulse
—I I— Acoustic wave
—> Continuous wave
<

EOM Filter

| | | | Pulse
OO

Stokes response to the input
pulse

(b)

Pump laser

Coupler
Circulator

PC

— Single mode fiber : EDFA
----- Electrical wire

FIGURE 3.5 — (a) BOTDA mechanism (b) BOTDA setup. RF : radio-frequency.

41



3.2.4 Brillouin optical correlation domain analysis

In pulse-based Brillouin scattering measurement methods, the detected spectrum is
given by the convolution of the acoustic resonance spectrum and the pulse spectrum.
With decreasing pulse width below the phonon lifetime, the detected gain spectrum broa-
dens, which limits measurement accuracy. The spatial resolution can be improved by the
position-resolved Brillouin response, which can be obtained through the correlation bet-
ween counter-propagating pump and probe waves. Figure 3.6 shows the position selecting
measurement by Brillouin optical correlation domain analysis (BOCDA). The pump and
probe waves are counter-propagating in the fiber. SBS occurs when the frequency diffe-
rence between the pump and probe waves satisfies the Brillouin resonant frequency of the
FUT. When modulation frequency (f,,) is applied to those two waves, SBS only occurs
at the correlation peak point, where two waves are highly coherent because the frequency
difference is constant in one specific position. At other positions, the frequency of the
pump wave changes continuously relative to the probe wave, resulting in a suppression of
Brillouin interaction. When the laser frequency f,, is changed, distributed measurement
becomes possible because the correlation peak point is shifted. For BOCDA, the spatial

resolution is determined by the width of the correlation peak :

A’UB

C
A2 = AT

(3.39)

where Af is the modulation amplitude and Awvg is the Brillouin gain bandwidth. The

measurement range (dy,) is limited by the interval of correlation peaks, and is given by

1

&
T (3.40)
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FI1GURE 3.6 — BOCDA setup.
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3.3 Brillouin random fiber lasers

3.3.1 Light localization in strong scattering random media

The concept of localization for electrons in disordered solids was first proposed by
Anderson [130]. Coherent scattering of electrons from the disorder can bring transport to a
complete halt due to quantum mechanical wave interference. Light localization is an effect
that stems from coherent multiple scattering and wave interference in extremely strong
scattering optical random media [131]. Light localization in various dimensions of random
lasers (RL) has been widely demonstrated over the last two decades. Light localization in
three-dimensional RLs is difficult to observe because it requires very large refractive index
contrasts that are not available in low-loss optical materials, while light localization in
one- and two-dimensional RLs is possible due to the controlled localization length by the
index contrast, the size of the particles, and the amount of disorder [132, 133]. Random
modes exhibit higher () values in one-dimensional strong scattering RLs because they are
more localized and have fewer propagation paths. Lasing modes in the one-dimensional
RL are long-term stable around their localization positions. In order to observe Anderson
localization of light, the localization length should be smaller than the system length. The

localization length £ in one-dimensional media is given by [70]

L

~2In(T(L)) (341)

&~
where L is the system length and (T'(L)) is the average transmission. It has been shown that

light localization is possible in one-dimensional RLs with strong scattering media [37,134].

3.3.2 Random distributed feedback mechanisms

There are two types of random distributed feedback in BRFLs ; one with localization in
the scattering enhanced random fiber grating (RFG) and the other without localization in
the weak Rayleigh scattering (RS) fiber. Due to the inhomogeneity of the fiber core, optical
fibers have variations in density and refractive index, leading to Rayleigh backscattered
light with random amplitude and phase. The backscattered RS depends on the scattering
coefficient and fiber length. The backscattering coefficient in SMFs is 4.5x107° km ™! [30].
The calculated reflectivity is approximately —47 dB for a 200 m SMF. The BRFL based on
weak RS feedback exhibits low-Q resonances and a high threshold. The RFG with random
refractive index modulation periods can be utilized as the distributed feedback of BRFLs.

The randomly changed periods along the short RFG allow the generation of many random
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modes with a small frequency difference. Refractive index fluctuations of each scatter in
RFGs are around 107 to 107°, which are three orders of magnitude higher than intrinsic
refractive index fluctuations in RS fibers [91]. A high-efficiency BRFL can be achieved
using the RFG distributed feedback. The random fiber grating array (RFGA) consisting
of tens of single RFGs with similar separation between neighboring RFGs can be seen as
a stack of Fabry-Pérot (FP) cavities, which leads to the multiple interference of light. The
BRFL based on the RFGA can exhibit high-Q resonances and a low threshold.

The reflection spectra of a 200 m RS fiber, a 5 ¢cm single RFG, and a 8 m RFGA
are measured as shown in Fig. 3.7. The RFG and RFGA exhibit reflection over a broad
wavelength range owing to the index modulation planes with the random spatial inter-
val from 0.5180 pm to 0.5464 pm. RFGA shows a strong reflection of -8 dB, as plotted
in Fig. 3.7(a). Many RFGs with high refractive index modulation spots enables strong
backscattering of the RFGA. The random separations between inscription spots reduce
interference and increase diffraction, leading to many high-Q random modes, which are
critical in random fiber lasers (RFL). The combination of interference and diffraction leads
to discrete FPI elements that hold photons. Therefore, the reflection spectra of the RFGA
shows a complex interference pattern with a random fluctuation of ~10 dB. The RFGA
exhibits much narrow peaks, as shown in the inset of Fig. 3.7(a), due to multiple wave
interference between more FP cavities formed by many strong scattering RFG pairs with
similar distance in the RFGA. The RFGA with sharp interference peaks is a type of FP
narrow linewidth filter, which can suppress modes in BRFLs. The RFGA distributed feed-
back with tens of RFGs provides a large number of random modes with small frequency
difference. The reflection spectrum of the single RFG shows a reflection of -30 dB, which is
more than 20 dB lower than that of the RFGA. Therefore, photons confine in the random
medium for a shorter time. The broad reflection bandwidth of the RFG allows multiple

modes operation in a random cavity, which leads to increased gain competition. Fast mode
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F1GURE 3.7 — The reflection spectra of the 8 m RFGA, 5 cm RFG, and 200 m RS fiber.
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hopping over a certain time and many modes propagation in the gain region are expected
because of the large bandwidth of the RFG feedback. The 200 m RS fiber has a much
smaller refection of -47 dB due to the weak backscattering coefficient of the PM fiber. The
weak interference fluctuation of the RS fiber is attributed to the averaging smoothing by

numerous ultra-weak Rayleigh scatters with random phase.

Figure 3.8 shows the working principle of weak scattering in the RS fiber and strong
scattering in the RFGA. The schematic of a single RFG with thousands of sub-gratings is
plotted in the inset of Fig. 3.8(b). Light localization in strong scattering random media has
been demonstrated, in which multi-scattering waves in forward and backward directions
follow the same path leading to constructive wave interference [135]. Similarly, photons can
be confined inside the disordered strong scattering RFGA because wave interference in the
multi-scattering random medium gives rise to photon localization. The RFGA-based BRFL
is in the regime of Anderson localization, and photons follow the same path in the BRFL,
which prolongs the lasing lifetime. For the weak RS distributed feedback without light
localization, photons propagate by means of a random-walk process for each round trip.
The random modes with random phases compete for the available gain until the modes

with the highest gain over the loss survive for lasing.

(a) (b) thousands of sub-gratings
| S
Weak scattering in RS fiber Strong Scattering in RFGA

FIGURE 3.8 — The schematic of (a) weak scattering in PM RS fiber; (b) strong scattering
in PM RFGA.

Weak Rayleigh scattering from the inhomogeneity of media

RS is an elastic scattering given by much smaller molecules than the wavelength of
incident light, which can be described by the model of induced dipole radiation. The
incident electromagnetic wave causes the sinusoidal change of charge distribution over time
inside the molecule generating a vector potential. The electromagnetic radiation induced by
the vector potential drives a dipole oscillation. As a result, the molecule re-emits multiple

radiation components with the same frequency as the incident light. When the molecule is
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much smaller than the wavelength of incident light, the oscillating dipole fields are given

by [136]

ikr

= 2 € . _ i _ % ikr
oL {k mxp)x 0"+ 3n(n-p) - p (Tg T2>e } (3.42)
ck? eikr 1
= gy X P (1 - m) (3.43)

where p is the dipole momentum, k is the scattered wave number and r the distance from
the dipole to the observed point. Considering the radiation zone (kr > 1), Eq. (3.42) and
Eq. (3.43) can be rewritten as

]{72 ikr
H=""(mxp)"
47

- (3.44)

E=Z7Hxn (3.45)

where Zy = \/€ojio is the impedance of free space. The time-averaged power radiation per

unit solid angle by the dipole momentum is given by

P 1 ) .
m:§Re[rm.ExH] (3.46)

Substituting Eq. (3.45) and Eq. (3.44) into Eq. (3.46), we obtain :

dP . C2ZO
a0 327

0220
327

k*|(n x p) x n|* = k* [p|* sin(6)? (3.47)

If the components of p have the same phase, Eq. (3.47) can be rewritten as

dP . CQZO

o _ 4102 N2
70 327rk |p|” sin(6) (3.48)

where 6 is angle between n and p. The total power radiated by the field, which is inde-

pendent of the relative phases of the components of p, is expressed as

. C220k4 ’ ’2
127

(3.49)

Equation (3.49) reveals that the scattering power is proportional to wave number k* (or
in wavelength (1/X)*). This dependence on frequency is known as Rayleigh’s law and the
dipole scattering is known as RS. In BRFLs, the Brillouin signal can be scattered randomly
by RS from the random scattering centers and amplified in the gain fiber, generating the
Brillouin lasing with random nature. Light follows different paths over time in the RS
distributed feedback fiber without photon localization owing to the single scattering of

ultra-weak RS. In the RS-based RFL, lasing modes hop randomly on each round trip,
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resulting in a short lasing lifetime and large lasing frequency drift [1 18]. Long fiber lengths
are required for the RS distributed feedback-based high-efficiency BRFLs owing to the
weak scattering strength and accumulation nature of RS. The long RS fiber induces a
large density of modes with small frequency separations in the gain bandwidth, which
increases the gain competition. In addition, the long fiber is sensitive to external variations
such as thermal and acoustic fluctuations, leading to large lasing frequency drift and strong

intensity fluctuations.

Strong multi-scattering in enhanced random grating media

RFGs with random periods and high refractive index modulation spots display ran-
dom nature and strong scattering. Fiber Bragg gratings (FBG) with the same modulation
period introduce negligible phase change of photons in grating spots, whereas RFGs with
random periods cause different phases in grating spots. High index modulation spots with
random periods produce many Fresnel reflection boundaries to hold photons. They can
be represented as many matrices with different phase and amplitude values. In contrast
to single scattering in the weak RS fiber, multiple scattering occurs in the strong scatte-
ring RFG. Wave interference in the multiple scattering RFG leads to light localization.
Since photons can be trapped in the RFG with light localization, the photon lifetime of
the RFG-based BRFL is expected to increase. Light propagation in random gratings with
multiple scattering centers can be understood based on the work of Berry and Klein [137].
The transmission amplitude of RFG can be calculated from the stack recursion equation.
The transmission amplitude for the first two random grating scattering centers (7}5) is the

coherent sum of all the multiplied reflected and transmitted waves

s

T =TT +T1Ro R _T5 + T Ro Ry _Ro Ry _To + -+ = ————~
1—-Ri_Ry

(3.50)
where T} and R; represent the transmission and reflection amplitudes of forward waves for
14, random grating centers, respectively, and 7i_ and R;_ of backward waves for i;, random
grating centers. The quantities in Eq. (3.50) have random phase owing to the random
grating periods of the RFG. The average of any function of the transmitted intensity over

the random phase is given by [137]

2 I T, 2 15 2
() =5 oot (e -
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The average logarithmic transmitted intensity over random phase is expressed as

2\\ 2 2 I 2 .
(log (IT2f?) ) = log (|T1[?) +log (IT2[?) — %/o dolog (1+|R[* —2|R| exp{i¢})
(3.52)
where R = Ry_Ry. Because of |R;_Ry| < 1, the integral in Eq. (3.52) is given by

/0% délog (1+|RI — 2 |R| expfig}) = 2 (10g (1 +|RP +y/(1 +Q|R\2)2 —(2 |R!)2>)

=0
(3.53)
Therefore, Eq. (3.52) is rewritten as

<log (|T12|2)> = log (\Tﬁ) + log (|T2|2) (3.54)

Assuming 7,=|T}|? is the intensity transmissivity of the ky, scattering center, the effec-

tive transmission of the whole random grating is given by

N
TNeff = €Xp {Z log Tk} = exp[—Nlog(1/7)] = T,ﬁv (3.55)
k=1

The above equation illustrates the exponential decay of transmissivity with increasing
scattering centers, which follows light localization in the strong scattering fiber random
grating array [138]. Photons take a long time to leave the medium because the transmission
is exponentially small in the localization regime [139]. The extremely strong scattering
disordered RFGA with light localization offers opportunities for realizing highly coherent

emission with small frequency drift in Brillouin random lasing systems.

3.3.3 Characterization of Brillouin random fiber lasers

Lasing mode evolution measurement

Spectral dynamics reveals the complex nature of random lasers. The high-resolution
heterodyne-based method can measure the complex mode behavior of narrow linewidth
BRFLs. The output of the BRFL is combined with a local oscillator through a coupler, as
shown in Fig. 3.9. The beat signal with a frequency difference between two lasers can be
continuously detected by a high-speed PD and recorded on an ESA. There is a trade-off
between the time interval of traces and the detected frequency range. The interval can be

shortened to milliseconds by setting the frequency range to tens of MHz. The frequency
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drift of modes and the coherent properties of the BRFL can be characterized by measuring
the mode evolution over a long time. The beat signal can also be continuously measured

by an OSC to observe the mode behavior within milliseconds.

BRFL Coupler

oscillator

FIGURE 3.9 — Experimental setup of the lasing mode measurement of BRFL.

Relative intensity noise measurement

Relative intensity noise (RIN), which describes optical power fluctuations, is a crucial
parameter in lasers. The temporal trace of the output intensity of an ideal laser is flat
without intensity fluctuation. However, all lasers are subject to spontaneous emission,
which results in variations in output intensity due to the random wavelength, polarization,
and phase of photons. Another limit is shot noise caused by the conversion of photons into
electrons when measuring optical power using a photodetector. Due to electrons having
discrete energy levels, the energy of electrons obtained from photon absorption in the
photodetector is a discrete process. Shot noise is produced by the randomness of discrete
photons and electrons. Thermal noise is generated in the photodetector, even in the absence
of an input signal, because thermal agitation of electrons induces small current variations.
In RFLs, intensity noise is dominated by two factors : 1) mode competition. In RFLs with
strong scattering feedback and high gain, some photons can return to their initial locations
more often than others, which allows many modes to co-exist in the gain bandwidth. High
noise peaks at high frequencies over hundreds of kHz (corresponding to kilometers-long
cavity length) are generated owing to mode coupling in the gain bandwidth, 2) external
variations. The amplitude and phase of light scattered by the distributed feedback medium
and amplified in the gain medium are susceptible to temperature change and vibration,
which results in high intensity noise at low frequencies around tens of kHz. RIN is expressed
e (AP)

RIN = 5 (3.56)
where P is the average optical power, AP is the optical power fluctuation, and () denotes

the time average. The spectral density of intensity noise can be calculated through the
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Fourier transform of the autocorrelation function of the power fluctuation :

RIN(f) = ;2 [ +;(AP(t)AP(t +7))e?™ T dr (3.57)

The temporal intensity trace of the BRFL is measured using a PD and an OSC, as shown
in Fig. 3.10. RIN is calculated manually by the Fourier transform of the temporal trace.

BRFL

F1GURE 3.10 — Experimental setup of laser RIN measurement.

Frequency noise measurement

Frequency noise is used to describe the level of fluctuations of the instantaneous lasing

frequency. The electric field of the incident laser is given by
E(t) = Eyellwote)] (3.58)

where FEj is the magnitude of the electric field, wy is the angular frequency of the laser,
and ¢(t) is the time-dependent phase noise of the laser. The instantaneous frequency is
obtained by calculating the deviation of the phase in Eq. (3.58) :

1 dwet + (1)) 1 de(t) 1.
v(t) = g W + o g = V0 + %gb(t) (3.59)

where vy = wy/27 is the optical frequency of the laser and ¢(t)/27 is the time-dependent
frequency fluctuation. Considering a time delay interferometer system, the detected output
returns a signal with a noisy phase ¢(t 4+ 7) — ¢(t), where 7 is the interferometer delay. We
are interested in the frequency noise of Av(t) = (¢(t + 7) — ¢(t))/(27). The time-shifting

property of the Fourier transform is given by

Sv(f) _ Sw (2 o eZm’fT . 672m'f'r) _ 4sin2(7rf7')5w (360)
with
S = 1 < ] —2mifr
w= 1 /_ (Ot TS0 dr (3.61)
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where S, is the frequency noise spectral density. The relationship between the phase noise
and frequency noise is given by [110]

1 sin?(m f7)

5¢(f)=ﬁ5v(r>(f>=4 I Suw (3.62)

We convert the phase noise to frequency noise by dividing out the response function,

4?72 sinc?(w f7), where sinc(z) = sin z/z.

The frequency noise spectrum is measured using an imbalanced symmetric 3x3 coupler
fiber interferometer based on the demodulation of the phase difference reflected by Faraday
rotator mirrors (FRMs) [I11]. The experimental setup is shown in Fig. 3.11. The BRFL
output is injected into a 3x 3 coupler after the circulator. Two of the three output parts are
reflected by two FRMs with a delay time of 7, and one of them is reflection-free by tightly
bending. The FRM reflects light with 90° rotation of the polarization state to remove the
polarization fading of the interferometer. Interference fringes are measured by detecting the
signal from the left ports of the coupler. Following the derivation in [1412], the differential
phase fluctuation A¢(t) = ¢(t + 7) — ¢(t) of the laser under test accumulated in the delay
time 7 can be obtained by measuring the three intensity outputs I;(t), Io(t) and I3(t) as

following
X5(t) X5(t)
A¢ = arctan | o | — arct 3.63
¢ = arctan <X{(t)> arctan (X{(t) ( )
where X|(t) and X} are given by
-1
Xi(t) m s & Ii(1)
X0 [=] m @ & I(t) (3.64)
X3(t) ns s & I5(t)

where 1, = 2r,¢p1Cn0 €08 (05 + 01 — 0/ — 011), G = 2r,CpiCnasin (05 + 0o — 0/, — 617),
& =Ty [(Cnl)z + (Cn2>2:| and ¢um = Pmmb,,bm1 with n = 1,2,3 is the output port number
of the interferometer, and m = 1,2 is the interference arm port number. p,,,, is the trans-

mission loss of the interference arm, b,,, and 6,,, are the splitting ratio and phase delay

/

from the port n to port m of the coupler, b,

and 0/ are the splitting ratio and phase
delay from the port m to port n of the coupler, and r, is the responsivity of PDs. The
parameters 1,, G,, &, are constant for the setup once the devices and structure are deter-
mined. The power spectral density of differential phase fluctuation A¢(t) and differential
frequency fluctuation Av(t) can be calculated by the power spectral density estimation

method [143].
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F1GURE 3.11 — Experimental setup for the laser phase and frequency noise measurement.

Linewidth measurement

The delayed self-heterodyne (DSH) technique is a high-precision method to characterize
the laser linewidth [111]. The DSH method is based on the unbalanced Mach-Zehnder
interferometers (MZI) with a larger delay time between two paths than the coherent time
of the laser to ensure uncorrelation between two traces. A schematic of the experimental
setup is shown in Fig. 3.12. The lasing output is split into two paths by the 50/50 fiber
coupler. The optical frequency of one path is shifted with respect to the other path using
an acousto-optical modulator (AOM) with a driving frequency of 200 MHz, and the other
path is delayed by a time interval of 7 using a 200 km fiber. An optical attenuator and a
PC are inserted into the MZI to obtain the optimum contrast of the beat signal. The beat
signal of two paths is detected by a PD and recorded on an ESA.

Attenuator

Coupler 1

Delay fiber PC

FI1GURE 3.12 — Experimental setup of laser linewidth measurement.

The total electric field received on the PD is given by
Eq(t) = Ere'((wo + Q)t + ¢(t)) + Eae’ (wo(t + 10) + d(t + 10)) (3.65)

where Ej is the electric field of laser, wq is the laser frequency, 7y is the time delay of

one arm with respect to the other arm, and 2 is the offset frequency between two arms.
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Assuming stationary fields, the autocorrelation of the photocurrent depends only on the

intensity correlation function of the detected total field [115, [10]

Ri(r) = enGP(0)6(t) + 112G () (3.66)
with
G (1) = (B EX() Eg(t + T)ES(t + 7)) (3.67)

where Gg) is the optical intensity correlation function, e is the electronic charge, ¢ is
the detector sensitivity and d(¢) is the Dirac delta function. The intensity autocorrelation

function is written as

6—27TAUT’ |T’ <7

6—271'AU7'0’ |,7_‘ > 7

G%(T)::(Ef%—Eg)2+—2EfE§(DS(2WﬁMT){ (3.68)

where Av is the intrinsic linewidth of laser under test. The power spectral density of the

delay self-heterodyne signal is derived by the Fourier transformation of Eq. (3.68) :

5 (w—Q) + 1+(1/7r [e27m0—

2 2 w—0)2
Silw) =1 (B3 + E3)'§ (= ) + B2ggemd ) ) (3.69)
27 sm(—27 )47 T w_0 9
— 2 o—— —CO0S (—27 ) ¥70)

where 27 = 2rAv. When the fiber delay line in longer than the coherent length of laser

under test (79 > 27/7), the power spectral density can be written in Lorentzian function
1/m
2
w—E
1+ (47) (3.70)

— <(Ef +B3)’s (;) + BB /Sz/f Z/i Q)2>

w

2
Sr(w) = n? (E12+E22) 5(27> + EiFE;

The above equation indicates that the beat spectrum has a true Lorentzian linewidth

of 2Awv, which is twice the linewidth of the laser under test.

3.3.4 Brillouin random fiber laser applications

BRFLs with narrow lasing linewidth and complex random nature have attracted atten-
tion in random number generation and high-resolution laser linewidth measurement. Due
to stochastic intensity fluctuations with unpredictable amplitude in the BRFL, random
number generation with a bit rate of 5 Mbps was demonstrated [117]. The schematic dia-

gram of random bit sequence generation in the BRFL is shown in Fig. 3.13. The intensity
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statistics show the Gaussian distribution as plotted in Fig. 3.13(c), which means that the
time series of power fluctuations are independent of both recent history and the current
one. Simple post-processing with exclusive or (XOR) was used after collecting the output
intensity data to remove the residual bias in the BRFL, which improves the randomness of
the obtained data and increases the probability of passing the National Institute of Stan-
dards and Technology (NIST) statistical test. The bit rate is limited to a few MHz owing
to the narrow Brillouin gain bandwidth of SMFs. Random bit generation with a bit rate
of 71 MHz was demonstrated by employing a nonuniform tapered fiber with a broadband
Brillouin gain bandwidth of 350 MHz as Brillouin gain and distributed feedback of the
BRFL [148]. The truly random number generator is achieved in real-time without requi-
ring post-processing procedures thanks to benefits from various Brillouin frequencies and
strong inhomogeneity of the nonuniform fiber. The physical random number generator has
the potential to be used in practical real-time security communication systems because of

its high speed without post-processing steps.
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FI1GURE 3.13 — Schematic diagram of the random bit sequence generation using the
RBFL [147].

BRFLs with narrow linewidths can be used to characterize lasing linewidth without
the hundreds of kilometers-long delay fiber in the DSH method. The experiment setup for
lasing linewidth measurement based on the BRFL is plotted in Fig. 3.14 [119]. The laser
under test is split into two paths via the 50/50 coupler. One path is the output of the laser
under test, and the other is injected into the gain fiber for the generation of the BRFL with
a linewidth of ~1 kHz as the local oscillator. The BRFL is combined with the laser under
test through another 50/50 coupler to generate a beat signal. The laser under test with
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a linewidth larger than the BRFL linewidth can be detected. The measured linewidths of
the NP photonics laser and the ECL laser are 2.79 kHz and 15.40 kHz, respectively, which
agree with the values obtained by the traditional DSH approach.

TF-“BR F1 "h“f'"__' dnewidth measurement

- -

—

Laser Under Test e iy
Isolator ““UP ir " Tapered fiber (TF)

(a) NP photonics
(b) ECL

I
|
|
|
! 3 \ Isolator
|
I
I
I
\

EDFA 50 150%
LY pg—
coupler

FD ESA

FIGURE 3.14 — Tapered fiber-BRFL based laser linewidth measurement setup for (a) the
NP fiber laser; (b) the external cavity laser (ECL) [119].
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Simulation and fabrication
of chalcogenide-PMMA
microfibers

In this chapter, we present a theoretical model of stimulated Brillouin scattering (SBS)
and the fabrication of chalcogenide microfibers. The SBS model is built by solving the
elastodynamic equation. Brillouin gain spectra and acoustic wave profiles are calculated
by solving the kinetic energy of the phonon wavepacket at different phase match condi-
tions. The theoretical model will be used in the two following chapters as a theoretical
reference. The fabrication processes of AsySes-PMMA microfibers are introduced, and the

corresponding setups and fibers in all steps are given.

4.1 Numerical SBS model

4.1.1 Elastodynamic equation

Electrostriction in the SBS process is described by the elastodynamic equation [150]

0?u; Oug es
P |Gkt + nijklait’ = —[T3]4 (4.1)

5

where u; is the displacement field, p is the material density, c;ji; and 7, are the elastic
tensor and elastic viscosity, respectively, and T3 = —eoxnijErE] 18 the electrostriction
stress tensor in the presence of electrical fields of the optical pump wave E) and the Stokes
wave B With Xkij = €im€jnPrimn the susceptibility tensor, €;; = n?d;; the relative dielectric
tensor, and P, the photoelastic tensor. Indices placed after a comma indicate partial

derivatives are taken, e.g., A;;; = >; 0A;;/0x;. Elastic losses are incorporated into the
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elastodynamic equation by considering a complex elastic tensor ¢;; + iwn;;. We assume 1;;

= ¢;;/Qy, where @y is the product of quality factor () and frequency f.

SBS is the third-order parametric process involving two optical fields and one acoustic
field. For Brillouin scattering, a pump optical field with central frequency w; and wavenum-
ber k; can produce a downshifted Stokes optical field characterized by a central frequency
wy and wavenumber ky when scattering by an acoustic wave with a frequency w and wave-
number k. Conserved energy and momentum should be required under the phase matching
condition. The frequency and wave vector of the acoustic wave are given by w = w; — ws
and k = k; — ko. The total optical field is the superposition of two magnetoelectric waves

with the frequency of w; and ws :

E(r, z;t) = E'(r)e'@1t=F2) 1 B2 (p)eiwat=k22) (4.2)

The counter-propagating pump and Stokes waves in optical fibers give rise to SBS with

k ~ 2k;. The co-propagating optical waves in fibers lead to forward stimulated Brillouin

scattering (FSBS) with k1 & ks and k &~ 0. The following ansatz is assumed for the acoustic

wave because there is only one source term at the frequency w = w; — w, and wave vector
k=Fk —ko:

w(r, z;t) = w;(r) et =) (4.3)

where the displacement field @;(r) is the transverse profile of the acoustic wave. A finite

element model (FEM) is used for the calculation because the displacement field is supposed

to be a continuous field defined on an arbitrary configuration of different materials with

precise boundary conditions.

The FEM can be derived from the elastodynamic equation. By substituting Eqs. (4.2)
and (4.3) into Eq. (4.1), we obtain :

—pwiie” M — [(Cijkl + Wik (ﬂkefikz) J = —[Ti?‘s@fikz],j (4.4)
7450

The elastic equation is written in a variational form by left-multiplying the virtual

displacement (7;e~%*#)* and integrating over the cross-section of the fiber :
—w /dO'p’U uz —/dO"U* zkz zkz —_ —/dO"U* ikz Tes 'Lkz]?j (45)
with
ﬂje_ikz = (Cijkl + iwmjkl) (ﬂke_ikz> ; (46)

)

Green’s theorem is applied to transform integrals involving a divergence operator to
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integrals involving the gradient of the test function :
/dcra, il /da a; bw /da aZ bij; = ¢ déoa;b;n, —/da [ai]jbij (4.7)
oo o ’
Thus, Eq. (4.5) is rewritten as

—w / dopv;; + / do [07e™] ; (Tiye ™) + / do [07e™?] (Tge™)
’ (4.8)

_ d(SO'U* zkz(r_sze—zkz n] _|_j{ d(SO'U*szZTes —zkznj
do

The natural boundary condition T;; — T = 0 is applied along the closed loop do, which
means that the total stress disappears on the boundary of the fiber. Hence, Eq. (4.8) is

transformed into :

wQ/da,oz?;‘ﬂi—i—/d [U*ezkz}j(ﬂj oik2 —|—/da - zkz] '/Tiejse—ikz

=9 ddov;e ikz (Tij — TZ‘;S) e_’kznj =0

(4.9)

Under this condition, the boundary integral vanishes. The weak formulation of the
elastodynamic equation can be coded using a finite element method language. By exploiting

the dependence on k, we obtain :
—w2 / dO’pQ_):ﬂZ—F/ d0'1_}>-k4 Cijkl + iwnijkl) ’L_kal
+ Zk/ d(f Clgk[ + anlgkl) ’Lbkl Uik : (Cijkg + iw77ijk3) ak} (410)
+ R / 0T (cigns + iwizgs) T = / o T + ik / doTi TS

For practical computations, the Galerkin nodal finite element method is then employed

to convert the integral into a linear equation. The converted linear equation is given by [150]
(C— M) U = (Xo + kX)) T (4.11)

with the stiffness matrix C' = Cy 4 ikC, + k2C, the mass matrix M, and X = X, + ik X;.

U and T are the vectors of the nodal values of u; and T}, respectively.

The kinetic energy of the phonon wavepacket is determined by the calculated displace-

ment field. The kinetic energy of the acoustic wave is given by [150]
1 2 *
Ee = Z/drpw wi(r) w;(r) (4.12)
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The elastic or potential energy is expressed by
1 *
By =1 [ drui(r)cgn () (4.13)

The elastic energy would be equal to the kinetic energy if the solution was in a normal

mode. The internal energy is the sum of the kinetic and elastic energies :

E = Ep + E, = 2E}, (4.14)

Acoustic mode distributions at certain frequencies can be obtained by calculating the
kinetic energy, and Brillouin gain spectra can be calculated by scanning the detuning

frequency w. SBS and FSBS are calculated by setting k=2k; and k = 0, respectively.

4.1.2 Mode profile and Brillouin gain spectrum

The parameters used for calculating the Brillouin spectrum of AssSes-PMMA microfi-
bers are shown in Table 4.1. The optical mode of the single-core AssSes-PMMA microfiber
with a core diameter of 2 um is calculated using the tangential vector finite element mo-
del [151]. The acoustic field of SBS is then calculated using the optical field by setting
k=2k;. Figure 4.1(a) shows the fundamental optical mode of the single-core microfiber at
the wavelength of 1550 nm. The acoustic mode profiles and the Brillouin gain spectrum
are calculated using the kinetic energy. The acoustic mode LO01 at 7.65 GHz is shown in
Fig. 4.1(b). The acoustic mode L02 induced by the acoustic impedance mismatch between
the AssSes core and PMMA cladding is shown in Fig. 4.1(c). The rippling behavior in the
acoustic modes suggests interference between transverse and longitudinal acoustic modes.
Unlike the Brillouin peak of the longitudinal acoustic wave in SMF, boundary conditions
in the microfiber with a much smaller diameter induce strong coupling between shear and
longitudinal acoustic waves, resulting in richer dynamics of light interaction. The hybrid

and surface acoustic modes were experimental and theoretically demonstrated in microfi-

TABLE 4.1 — AsySe; and PMMA parameters for SBS calculation.

1 2 2 2 3
n P P11 P12 Paa C11 C12 Ca4 Qf

AssSe;  2.674 4640 0.314 0.266 0.024 235 9.5 6.99 7000

PMMA 1481 1187 0.3 0.297 0.0015 6.63 4.34 1.145 20

' p: Kg/m®
2 ¢11,¢12 and cqq : GPa
3 Qr: GHz
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bers [51]. Surface Brillouin scattering is the interaction between optical waves and a surface
acoustic wave via electrostriction. Figure 4.1(d) shows the calculated field of the surface
acoustic wave in the AssSe3-PMMA microfiber. The energy is mainly localized below the
surface of the microfiber. The calculated Brillouin gain spectrum is plotted in Fig. 4.1(e).
Brillouin peaks appear when the detuning frequency satisfies the phase-matching condition.
The secondary peak with a small amplitude indicates the low acousto-optic coupling coef-
ficient between the high-order acoustic mode and fundamental optical mode. High pump
power is required when measuring the surface acoustic mode due to the low gain of the

surface acoustic wave as plotted in the inset of Fig. 4.1(e).
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FIGURE 4.1 — (a) Optical mode. (b) Acoustic mode LO01. (c¢) Acoustic mode L02. (d)
Surface acoustic mode. (e) Calculated backscattering Brillouin gain spectrum for a single-
core AsySes-PMMA taper with a core diameter of 2 um. Inset : the gain spectrum of surface
acoustic wave.

4.2 Fabrication of chalcogenide-PMMA microfibers

4.2.1 Preparation of the chalcogenide fiber and PMMA tube

The AsySes-PMMA fiber is fabricated by coating PMMA on the AsySes fiber. The
As,Ses fiber with a core diameter of 100 pm, a cladding diameter of 170 pm and a numerical
aperture of 0.18 is provided by Coractive High-Tech company. The As,Ses fiber is immersed
in acetone for several hours to remove its coating material (acrylate). The PMMA tube
with an inner diameter of 3.6 mm and an outer diameter of 9.7 mm is placed in an oven
at 80 °C for two weeks to remove moisture due to PMMA’s hydrophilic nature. If the
moisture is not removed, bubbles arise in the PMMA when it is softened at 220 °C; this

leads to inconsistencies which break the AssSes fiber core during the tapering process.
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The moisture-removed PMMA tube is annealed in the oven at 150 °C for one hour to
eliminate internal stresses. The elongated PMMA microtube with an inner diameter of
around 400 pm is fabricated by tapering the PMMA tube. Photos of the initial PMMA
tube, elongated PMMA microtube, and As,Ses fiber are shown in Fig. 4.2.

FIGURE 4.2 — Photos of the PMMA tube, PMMA microtube and AsySes fiber.

4.2.2 Fabrication of the chalcogenide-PMMA preform

The AssSes-PMMA preform is fabricated by the rod-in-tube drawing technique. The
AsySes fiber without coating is inserted into the elongated PMMA microtube. The item
is then inserted into the PMMA tube to form an assembly with a core-cladding struc-
ture. The assembly is mounted on two spinning mandrel stages with a rotating rate of
3 rotations/min, as shown in Fig. 4.4. The assembly is heat-softened for 12 hours by a
resistive heater that moves back and forward to obtain the AsySes-PMMA preform. The
temperature of the heater is 220 °C. The moving velocity of the heater is 12 um/s, which
is controlled by stage 3. Due to the collapse of the PMMA tube on the core at the tem-
perature, we obtain the single-core AssSes-PMMA preform with the As,Ses core and the
PMMA cladding. Two As,Ses fibers are inserted into the PMMA microtube to fabricate the
dual-core AsySes-PMMA preform. The PMMA microtube allows two cores to be connec-
ted, suggesting high contrast of the transmission spectrum when light travels between two
AsySes cores. The assembly with two AssSes fibers is heated for four days to fabricate an
elliptical-core AsySes-PMMA preform. The long heating period ensures that two As;Ses

fibers are fused to obtain an elliptical core shape.

The preform is drawn to fibers using the setup as shown in Fig.4.4(a). There are three
stages, a thermocouple probe and a heater in the setup. Drawing velocities of two stages

(stage 2 and stage 3) are given by

D2 (Vy+Vy) = DV (4.15)
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FIGURE 4.3 — Preform fabrication setup.

where D,, and D, are the diameters of AsySes-PMMA fiber and As;Ses-PMMA preform,
respectively, and V; and V; are the velocities of stage 2 and stage 3, respectively. The
preform is fixed on stages 1 and 2 and heated at 220 °C when drawing it to a small diameter.
AsySeg-PMMA fibers are fabricated by drawing the preform to 1/4 of the original diameter.
In our case, the drawing velocity V; is 187.5um/s and the feed velocity Vy is 12.5 pm/s.
The fiber is drawn again to reduce by half the diameter, which enables the maximum
coupling efficiency between the As,Ses fiber and the SMF. Figure 4.4 shows images of the
AsySes-PMMA preform and As,Ses-PMMA fibers with different diameters.

FIGURE 4.4 — (a) Drawing setup. (b) Photos of AssSe;-PMMA preforms.

4.2.3 Polishing the chalcogenide-PMMA fiber

Fiber polishing determines fiber loss and transmission properties. Figure 4.5 shows the
polishing setup consisting of a fiber hold, polishing papers, and two cameras. There are two

polishing methods : flat polishing and angle polishing. Due to the large Fresnel reflection
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at the end of the hybrid fiber using flat polishing, the backscattered Stokes signal from the
hybrid fiber is weaker than the pump signal, which limits Brillouin scattering sensing. To
suppress Fresnel reflection, the ends of the hybrid fiber are angle polished. The hybrid fiber
is fixed on the fiber holder, whose angle can be adjusted. The polishing paper is placed
on a rotating stage to polish the ends of the hybrid fiber. The polishing papers with the
particle size of 30 pm, 9 pm, 5pm, 3pm, 1 pm, and 0.3 pm are utilized to get a clean fiber
end. An optical microscope image of a polished single-core AsySes-PMMA fiber end facet

is shown in the inset of Fig 4.5.

FI1GURE 4.5 — Polishing setup. Inset : an optical microscope image of a polished single-core

AsySes-PMMA fiber end facet

4.2.4 Coupling the chalcogenide fiber and SMF

The AsySes-PMMA fiber is coupled with SMFs using UV glue.The coupling setup
consists of two stages, a camera, a microscope, and a UV lamp, as shown in Fig. 4.6.
The end-polished AsySes-PMMA fiber is fixed on stage 1 and aligned to the camera by
moving stage 2. One polished end of SMF is fixed on stage 1, and the other is connected to
a broadband light source. Transmission loss can be minimized by aligning the SMF and the
AsySe3-PMMA fiber using stage 1, which is monitored by a power meter connected with
the camera. The butt-coupling interfaces are permanently fixed using UV-cured epoxy.
The insertion loss of the coupled As,Ses-PMMA fiber is around 2 dB due to the Fresnel
reflection from hybrid fiber-SMF interfaces.
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FIGURE 4.6 — Coupling setup

4.2.5 Tapering the chalcogenide-PMMA fiber

Figure 4.7 presents the fiber tapering setup. It consists of three linear bearings, three
motorized translation stages, and a resistive heater. Each end of the fiber is clamped onto
a mount to keep it in place during the tapering process. The mounts are made to be
parallel and level before the tapering process. The temperature of the heater is 220°C
at the beginning of the tapering process. The temperature is automatically reduced with
decreasing core diameter. Stage 1 and stage 2 are utilized to stretch the fiber at a given
velocity, and stage 3 moves back and forward to sweep the heater along the fiber. For a
given taper profile, a Matlab program generates files containing the information of swee-
ping velocity and pulling velocity. A Labview program reads the information to control the
movement of the stages. The tapered fiber with a core diameter of micrometers is repea-
table because the motorized translation stages are precisely controlled by the Labview and
Matlab programs. The profile of the tapered AssSes-PMMA fiber with a waist region of

FIGURE 4.7 — Tapering setup
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Ly, = 10cm and a core diameter of Dag,ge, =1.5 um is plotted in Fig. 4.8(a). The position
from 2.2cm to 12.2 ecm and from 12.2 ¢cm to 15.6 cm corresponds to the waist section and
transition section as shown in Fig. 4.8(b). The microfiber has a thick cladding diameter
of Dpyma =88.5 um, which increases mechanical robustness and reduces the chances of

breaking during operation.
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FIGURE 4.8 — (a) Tapered fiber profile. (b) An image of a tapered fiber.
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Summary

We have seen in the previous chapter the fabrication of chalcogenide microfibers coated
with PMMA. The thick PMMA cladding on the chalcogenide core provides mechanical
strength for sensing applications. Brillouin strain sensing based on the single-mode fiber
(SMF) has been demonstrated [152]. To increase the sensing range for applications in rail-
ways and bridges that need to withstand larger strain than the strain limit of 1% in SMFs,
polymer optical fiber (POF) Brillouin sensing with a wide strain range (linear Brillouin
frequency shift change within 3%) was experimentally demonstrated owing to its small
Young’s modulus [153]. However, POFs with large Brillouin bandwidth (around 150 MHz

,155].

In this chapter, we propose and demonstrate wide-range strain Brillouin sensing based on

without strain) and the memory effect lead to a significant strain inaccuracy |

the single-core chalcogenide-PMMA microfiber. The chalcogenide microfiber has Young’s
modulus (17.8 GHz) lower than that of SMFs (72 GHz) while larger than that of POFs
(3.5 GPa), leading to the wide-range sensing of 15000 pe without the memory effect.
Brillouin frequency shift (BFS) and Brillouin linewidth are utilized to characterize strain
measurement. Low pump power is required in the tens of centimeters-long chalcogenide-
PMMA microfiber because of its ultra-high nonlinearity. The chalcogenide-PMMA micro-
fiber with a narrower gain bandwidth (60 MHz without strain) and no relaxation behavior
compared to POFs provides more accurate strain measurement. In POFs, broad Brillouin
bandwidth was investigated with increasing strain, but no explanation for the change
was provided. Similar broad bandwidth is measured in the strain sensor based on the
chalcogenide-PMMA microfiber. Deformation occurs in certain positions of the microfiber
at large strain, leading to the non-uniformity of the microfiber. The coexistence of nume-
rous frequency components along the non-uniformity microfiber causes a broad Brillouin
bandwidth, which is confirmed by measuring the distributed Brillouin gain spectra along

the microfiber using the Brillouin optical time-domain analysis (BOTDA) technique.
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Abstract: We propose a wide-range strain sensor based on Brillouin frequency and linewidth
in a 50 cm-long As;Ses-polymethyl methacrylate (As;Se;-PMMA) hybrid microfiber with a
core diameter of 2.5 um. The distributed information over the hybrid microfiber is measured
by a Brillouin optical time-domain analysis (BOTDA) system. The wide dynamic range strain
from O to 15000 e is enabled by measuring the Brillouin frequency and linewidth due to the
low Young’s modulus of As;Ses core and the high mechanical strength of PMMA cladding.
The deformation of the As;Se3-PMMA hybrid microfiber is observed when the strain is greater
than 1500 ue by measuring the distributed Brillouin frequency and Brillouin linewidth over
the 50 cm-long hybrid microfiber. The measured errors based on the Brillouin frequency in
the range of 0-1500 ue and 1500-15000 ue are 42 ue and 105 ue, respectively. The measured
error based on the Brillouin linewidth is 65 ue at 0-1500 ue and the maximum error is 353 ue
when the tensile strain is 15000 ue. No strain memory effect is observed compared with the
polymer optical fiber due to Young’s modulus in A spSes is larger than that in p olymer. Numerical
simulations are developed to accurately predict the strain dependence of Brillouin frequency in
the As,Se3-PMMA hybrid microfiber.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical fiber strain measurement plays an important role in structural health monitoring [1-3]
and human motion detection [4]. Optical fiber sensors for measuring wide-range strain have been
extensively demonstrated in the last few decades. A strain sensor with a wide-range of 20000 ue
and an uncertainty of 33 ue has been proposed in a polymer optical fiber (POF) based on the
multi-mode interference [5]. The POF sensor was measured based on an optical spectrum analyzer
(OSA) which has limited resolution leading to low strain resolution of 1.73 pm/ue corresponding
to 0.22 GHz/ue. The wide-range strain was also measured based on Brillouin scattering in POF
to improve the measurement resolution [6—8]. The POF has broad Brillouin spectrum linewidth
as it is a multi-mode fiber, which requires high pump power; in addition, the POF strain sensor
has a memory effect at wide dynamic range due to the low Young’s modulus, which affects
its strain accuracy [9]. Recently, chalcogenide-PMMA hybrid optical fiber fabricated by using
chalcogenide (As;Se3) as the core and PMMA as the cladding is attracting lots of attention.
Coating PMMA on As;Ses provides sufficient mechanical robustness and flexibility, which
allows the fabrication of tapers with As,Se3 core diameters at the sub-wavelength scale. The
fabrication of AsySe3-PMMA taper was proposed due to its ultrahigh nonlinearity y=133 (W)~
[10]. The tapered As,Sez-PMMA hybrid fiber has been reported for measuring ultrasound [11],
transverse load [12], stimulated Brillouin scattering (SBS) [13], and supercontinuum [14]. Here,
we are exploring the possibility of using As,Se3-PMMA hybrid microfiber based on BOTDA
for wide-range strain sensing. As Young’s modulus for As,Ses is 17.8 GPa [15], while the POF
is 3.5 GPa [16], we do not observe the strain memory effect over the 15000 pue range. This
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means the strain measurement is repeatable, even though the uncertainty is higher. Taking the
advantages of the high refractive index of As;Ses for strong SBS amplification and low peak
power requirement due to small core size fabrication for the single-mode operation has not been
explored yet. The ultrahigh nonlinearity of As,Ses also enables low peak power of pump pulse for
SBS generation. The PMMA with mechanical flexibility protects the As;Ses core and allows the
wide-range strain sensing. To the best of our knowledge, the Brillouin frequency shift (BFS) and
Brillouin linewidth dependence on strain over wide-range strain sensing in the As,Se3;-PMMA
hybrid microfiber has not been demonstrated yet. Due to the ultrahigh nonlinear coefficient and
the small core size of the As;Se3-PMMA hybrid microfiber compared with POFs, the low power
requirement in pump pulse for SBS generation makes it a promising candidate for wide-range
strain sensing, which can be applied for monitoring civil infrastructures such as railway and
bridge with steel structures that require large strain beyond that of SiO; limited to less than 1%.

In this paper, we demonstrate a wide-range strain sensor based on Brillouin frequency and
linewidth in an As;Se3-PMMA hybrid microfiber of 50 cm long with a core diameter of 2.5 ym.
BOTDA setup is employed for tensile strain sensing as it provides the location information. The
fabrication process, Brillouin strain sensing principle, and the numerical simulations of the hybrid
microfiber are introduced. Experimental results show that SBS is excited using only 8 dBm peak
power of the pump pulse, and a wide-range strain up to 15000 ue is measured based on BFS and
Brillouin linewidth. When the strain is larger than 1500 pe, the hybrid microfiber is deformed
which is detected by measuring the distributed BFS and Brillouin linewidth. The strain errors
based on BFS measurement in the range of 0-1500 ue and 1500-15000 we are 42 pe and 105 e,
respectively. For strain dependence of Brillouin linewidth, the error is 65 ue at 0-1500 pe and
the maximum error is 353 ue when the tensile strain is 15000 ue.

2. Fabrication and sensing principle
2.1.  Fabrication of As,Se;-PMMA fiber

The As>Ses3-PMMA fiber is fabricated by the rod-in-tube drawing technique [17]. The fabrication
requires the following steps. A 7 cm-long As;Ses fiber is inserted into an elongated PMMA
microtube before inserting it into a 13 cm-long PMMA tube which is placed in the oven before
fabricating to eliminate moisture. The assembly is then heat-softened by a resistive heater at a
constant temperature of 220 °C to obtain an As;Se3-PMMA preform. Finally, the preform is
drawn to a fiber with the As;Ses core diameter of 21.25 um and the PMMA cladding diameter
of 1.2mm. The photos of the initial PMMA tube, the elongated PMMA microtube, and the
As,Ses fiber are shown in Fig. 1(a). Figure 1(b) shows an optical microscope image of a polished
AsySes-PMMA fiber end facet without tapering.

As,Se,
PMMA
1
=50 cm !
T
1 f SMF
Dagses=2.5 um  Dpyma=141 pm

Fig. 1. (a) Photos of the PMMA tube, the elongated PMMA microtube and the As;Sej fiber.
(b) Cross-section of an end polished As,Se3-PMMA fiber without tapering. (c) Schematic
of 50 cm-long angle-coupled AsySe3-PMMA hybrid microfiber with a core diameter of
2.5 um.
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2.2. Coupling and tapering of the As, Se;-PMMA fiber

The hybrid fiber is then angle coupled with single-mode fibers (SMF) before the tapering process.
To suppress the undesired Fresnel reflection of the hybrid fiber/SMF interfaces and maximize
the transmission coefficient, the end faces of the hybrid fiber and SMFs are polished at the angle
of 5 degrees for the As,Se3-PMMA fiber and 10 degrees for SMFs. The butt-coupling interfaces
are permanently fixed using UV-cured epoxy. The As;Se3;-PMMA fiber is further tapered to a
50 cm-long microfiber with a core diameter of 2.5 ym using the heat-brush method [18]. The
total loss of the tapered fiber is ~4 dB, including a ~2 dB insertion loss at hybrid fiber/ SMF
interfaces and a ~ 2 dB propagation loss over 50 cm length. Figure 1(c) shows the schematic of
the coupled As,Se3-PMMA hybrid microfiber, including a tapered waist-length of L,, = 50cm, a
core diameter of Dyy,s., = 2.5 um and a cladding diameter of Dpypa = 141 pm.

2.3.  Principle of Brillouin strain sensing

The relationship between the BFS (vp) experienced by scattered light in the SBS process and
longitudinal acoustic velocity (V1) in the AsySe3-PMMA hybrid microfiber is given by [19]

6]

2neg Ve 2ngp \/ -0 E
VB = =

L, 4 NA-20)1+0)p

where A, is the pump wavelength, n.g is the effective refractive index, o is the Poisson’s ratio,
E is Young’s modulus and p is the density of the As,Ses as the SBS occurs in the core of the
hybrid fiber. The hybrid microfiber can be used for strain sensing based on BFS as the n.y and
V1 are dependent on the strain variation. The linear dependence between strain variation (Ag)
and the change of BFS (Avp) is expressed as

1 aneﬁ" 1 aVL

A = J— - =
v(#) VB(neﬁr e * Vi de

)Ae 2

where dn./de is the photo-elastic coefficient and 9V /0« is the acousto-elastic coefficient.

3. Numerical simulations

An analytical model, refined by numerical simulation, is developed to predict strain dependence
of BFS using the finite-element method (FEM). Here, fundamental optical mode and acoustic
modes are calculated at the operating wavelength 4, = 1550 nm by solving optical propagation
and mechanical equations. These are written as [20]

2
V2E + (7)(;12 —neg?)E =0 3)
Q2
Vzbtj + (—zj —,Ban)Mj =0 (4)
Vi

where E and u; are the spatial distribution of optical field and acoustic field, respectively, n.g is
the effective refractive index of the optical mode, V. ; and S, are the longitudinal velocity and
propagation constant of the jth acoustic mode, and €2; is the Brillouin frequency shift of the jth
acoustic mode. The phase-matching condition leads to the relation S, ; ~ 2f3,,;, where S, is the
propagation constant of the optical mode. The parameters for calculating the optical and acoustic
modes are shown in Table 1. The profiles of fundamental optical mode and two acoustic modes
(LO1 and LO02) in the hybrid microfiber with the core diameter of 2.5 um are plotted in Fig. 2(a).
The large acoustic impedance difference between the As;Ses core and the PMMA cladding
confines the acoustic fields in the core (1.044x107 kg/m?/s for As,Ses and 1.86x10° kg/m?/s
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for PMMA [21]). We also observe that the distribution of acoustic mode L0O2 tends to spread
to the interface between the As,Ses core and PMMA cladding. Since the longitudinal acoustic
velocity of PMMA is greater than that of the core, the acoustic mode .02 has larger acoustic
velocity than that of the acoustic mode LO1, as shown in Fig. 2(b). Then the overlap between

the fundamental mode and the jth acoustic mode is calculated using the acousto-optic coupling
efficiency given by [22,23]

_ (JUEN?u; = dxdy)*
JUE|Ydxdy [(|u;|)2dxdy

The calculated acousto-optic coupling efficiencies of four acoustic modes are /; =0.423, I, =0.076,
I3 =0.024 and I, =0.0005. Finally, the superposition of the Brillouin gain spectrum of each
acoustic mode is calculated using Lorentzian function [22,23]

J
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where the Brillouin gain is given by g3=4nn§ﬁp%2 / (c/ls pV.I') with pj, being the photo-elastic
tensor, I" is the Brillouin linewidth and is set to 60 MHz for the As;Se;-PMMA fiber [12].
Figure 2(c) shows the simulation of the Brillouin spectrum of the hybrid microfiber. The result
shows two peaks at 7.726 GHz and 7.854 GHz for acoustic modes LO1 and LO2, respectively. The
calculated gain peaks induced by other acoustic modes are not considered as their contributions to
the Brillouin gain spectrum are negligible due to small acousto-optic efficiencies. The intensity of
the peak at 7.726 GHz is higher than that of 7.854 GHz as the acoustic-optic coupling efficiency

is larger which results in a higher gain from the acoustic mode LO1. The field patterns of two
acoustic modes are shown in Fig. 2(e)-2(f).
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Fig. 2. (a) Profiles of optical mode (blue) and acoustic modes LO1 (black) and LO2 (red). (b)
The acoustic velocity of acoustic modes LO1 (black) and LO2 (red). (c) Simulated Brillouin
spectrum of the hybrid fiber. (d) The electric field of the fundamental mode. (e,f) Acoustic
mode LO1 at 7.726 GHz and acoustic mode L02 at 7.854 GHz.
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Table 1. As,Se; and PMMA parameters used for Brilloin gain spectrum calculation.

n[12] p (Kg/m3) [24] Vi, (m/s) [15,25] E (GPa) o [12] P12 [24]
As;Ses 2.674 4640 2261 17.8 0.202 0.266
PMMA 1.481 1187 2690 35 0.327 0.297

According to Eq. (2), the change of effective refractive index n.; and longitudinal acoustic
velocity V, is considered when calculating the strain dependence of BFS. For the isotropic
material, such as fibers, subjected to the tensile strain &, the longitudinal acoustic velocity VL'S is
given by [26]

Ve = V(1 + KEe) (7

where Vg is the longitudinal acoustic velocity without strain and longitudinal acousto-elastic
coefficient K is given by

1 A+ pu
K= 42+ 10 +4m) + A1 + 21 8
ST TS T potdm) ) ®)
where m and [ are the Murnaghan’s third order elastic constant (m = —4.2 x 10'°Pa and

[ =-5.0x% 10" Pa for chalcogenide glass [27]), and the Lame'’s elastic constant A and u are
calculated by

Eo
= - 9
K= 0o =20) ©)
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A= —1o 10
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The strain dependence of refractive index is obtained using [28]

ng =nyg— CEe 1)

where ny is the refractive index without strain, and C is the photo-elastic coefficient (for As,Ses,
C=-30x10"12Pa~! [29]). The product of acoustic-elastic coefficient and Young’s modulus is
KE = —=3.5 x 107/ e and the product of photo-elastic coefficient and Young’s modulus is
CE = —5.3 x 1077/ ue. The shift of BFS under different strain values is then calculated using the
new effective refractive index and longitudinal acoustic velocity. The calculated BFS decreases
with increasing strain as the negative change of longitudinal acoustic velocity is larger than the
positive change of effective refractive index. The calculated strain coefficient is -0.0255 MHz/ue.
The calculated strain dependence of BFS will be discussed in the next section to compare with
experimental results.

4. Experimental results
4.1. Experiment setup and Brillouin spectra

To obtain location information and improve the accuracy of strain measurement, experiments
are conducted by employing a BOTDA system. The strain sensor based on BFS and Brillouin
linewidth can be measured at an accuracy of ~ MHz/ue instead of the OSA accuracy of ~ GHz/ue
[30]. The spectrum of each location of the As;Se3;-PMMA hybrid microfiber is measured using
the distributed system, which allows us to measure the strain at which the microfiber is deformed.
Figure 3 illustrates the BOTDA setup. The light source is a tunable optical fiber laser, and
the operating wavelength is set to 1550 nm. The continuous wave (CW) light is divided by a
50:50 coupler into two paths. The upper path transfers light into a 20 ns pump pulse with a
high extinction ratio (ER) using two electro-optic modulators (EOM) driven by a dual-channel
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function generator (FG). The signal to noise ratio of the BOTDA sensor system can be increased
by using the high ER pump pulse. An Erbium-doped-fiber-amplifier (EDFA) is used to amplify
the pulse to 8 dBm peak power. The amplified spontaneous emission (ASE) is then filtered out
by a tunable filter. The pump pulse is injected into one end of the 50 cm-long microfiber through
an optical circulator. In the lower path, the EOM generates two sidebands with a frequency shift
from 7.5 to 7.9 GHz, corresponding to the BFS of the As;Se;-PMMA microfiber. The power of
two sidebands is amplified by an EDFA, and then selected by a 2 GHz narrow bandwidth filter
as the probe wave, whose frequency can be swept by a radio frequency (RF) generator. The
probe wave is injected into the FUT opposite to the propagation direction of the pump. The two
polarization controllers (PC) are used to change the polarization states of both of pump pulse and
probe wave to make sure that they are co-polarized along with the microfiber. The FUT is fixed
by two clamps to linear translation stages to induce the axial strain. The resulting backscattered
signal is detected using a photodetector (PD), and the Brillouin spectra are recorded using an
oscilloscope (OSC) with a 5 GS/s sampling rate.

FG osc
l_'_\ Filter pc Circulator  PD E——
EOM — EOM ——EDFA — o7 L1 17 \‘3_@_ | B

! ) T

J-LI-Lﬂ_ — stage

Pump pulses

Coupler
Source laser

FUT
v

o —_—
v,~Av v, AV L.H_AFI Probe wave
k PC stage

EOM —— EDFA m—e| /7 —li
[}

RF Generator "\,/ Filter Isolator

Fig. 3. Experimental setup for strain measurement based on BOTDA in an As;Se3-PMMA
hybrid mcirofiber. The abbreviations here denote: EOM, Electro-Optic Modulator; FG,
Function Generator; EDFA, Erbium-Doped-Fiber-Amplifier; PC, Polarization Controller;
RF, Radio Frequency. FUT, Fiber Under Test; PD, Photo Detector; OSC, Oscilloscope.

The backscattering trace is recorded in the time domain and is converted to frequency and
length information using the sweeping range of RF generator and the sampling rate of OSC. All
experimental results are measured at the room temperature of 22 °C and the room humidity of
38%. Figure 4(a) shows the Brillouin spectrum in the 25 cm position of the As;Se;-PMMA
microfiber with a core diameter of 2.5 um without strain. The Brillouin spectrum is excited using
only 8 dBm peak power of the pump pulse due to the ultrahigh nonlinearity and the small core
size of the AsySe3;-PMMA hybrid microfiber. The main peak of BFS is 7.728 GHz which is
slightly different from that of the numerical simulation result of 7.726 GHz as the fabrication
process gives the 10% error of the core diameter [13]. Figure 4(a) also shows a secondary peak
at 7.848 GHz arising from the acoustic mode L02. Figure 4(b) shows the time-varying gain
profile of the 7.728 GHz probe wave when the pump pulse with 20 ns linewidth passes through
the 50 cm-long hybrid microfiber. The gain exists in the position from 0.5 to 1.5 m because of
the 20 ns pump pulse corresponding to 1 m length. Although the pulse length is longer than that
of the hybrid microfiber, the BFS and Brillouin linewidth difference in each position over the
50 cm-long hybrid microfiber can be clearly identified due to the non-uniformity of the microfiber.
The distributed BFS and Brillouin linewidth are obtained from the Brillouin spectra by sweeping
the frequency of the probe wave, as plotted in Fig. 4(c). The Stokes trace of the main peak is
clearly shown in the distributed Brillouin spectrum, while the Stokes trace of the secondary peak
is too weak to be seen as its small Brillouin gain.
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Fig. 4. (a) Experimental normalized Brillouin spectrum in the 25 cm position of the
microfiber with a core diameter of 2.5 um (black circles) and Lorentzian fitting (red solid
trace). (b) Stokes trace at 7.728 GHz. (c) Distributed Brillouin spectrum when sweeping the
probe frequency from 7.5 to 7.9 GHz.

4.2. Strain dependence of Brillouin frequency and linewidth

The 50 cm-long As;Se3-PMMA microfiber is fixed by the two clamps to the linear translation
stages with a resolution of 1 um. The tensile strain is then induced by using the linear translation
stages at steps of 100 um, which corresponds to the tensile strain of 2000 ue for the fiber length
of 50 cm. The experimental and simulated normalized Brillouin spectra at the 25 cm position of
the As,Se3-PMMA microfiber with a core diameter of 2.5 um for an increasing strain from 0 to
15000 ue are plotted in Fig. 5. We can observe that the experimental BES (circles) decreases with
increasing strain. It is related to the fact that increasing tensile strain reduces the longitudinal
acoustic velocity as we expected in simulation. Remarkably close agreement on the strain
dependence of BFS is obtained between the experimental and simulated results. Since the
maximum difference of BFS between simulation and experiment in the range of 0-1500 pe is
2.5 MHz, the error is 95 ue in the comparison between numerical and the experimental results.
The maximum difference of BFS is 10.4 MHz in the range of 1500-15000 ue, which means the
maximum error is 388 pe. The plots in Fig. 5 also show that Brillouin gain shape is dramatically
changed, and the Brillouin linewidth is broadened with increasing strain, unlike the SMF which
has the constant linewidth with strain [31]. The linewidth of the spectra is constant in simulation
as we did not consider the change of linewidth caused by the deformation of the microfiber.
The measured distributed BES of the As,Se3;-PMMA hybrid microfiber for increasing tensile
strain is plotted in Fig. 6(a). The BFS in each position of the microfiber can be measured for
the 20 ns pump pulse due to the non-uniform waist region of the microfiber. The horizontal
dash lines represent the average values of the BFS over the 50 cm-long microfiber. The BFS in
different positions of the hybrid microfiber without strain has tiny fluctuation, and the standard
deviation is only 0.3 MHz due to the small non-uniformity of the As;Ses core. The difference in
BFS over the 50 cm-long microfiber can be clearly seen at 3000 ue as the great difference in core
diameter in some positions resulting from the deformation of the microfiber at large strain. The
microfiber is deformed at large strain due to low Young’s modulus of the As,;Se; and PMMA
materials and the non-uniformity of the microfiber. The difference is noticeable at 9000 ue& in
which the standard deviation reaches 5.3 MHz. The standard deviations as a function of strain in
the AsySe3-PMMA hybrid microfiber with core diameters of 2.5 um and 2.3 pum are plotted in
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Fig. 5. Experimental normalized Brillouin spectra (circles) and simulated Brillouin spectra
(solid traces) of the hybrid microfiber with a core diameter of 2.5 um for O ue (black),
3000 pe (red), 7000 ue (blue), 11000 pe (green) and 15000 ue (yellow).

Fig. 6(b). The microfiber with a core diameter of 2.3 ym has a greater standard deviation than that
of 2.5 um even without strain as the large end-face reflection between the As,;Se;-PMMA fiber
and SMFs, which induces the gain fluctuation when measuring the Brillouin spectra. In Fig. 6(a),
we observe that the BFS has a small difference at the center of the hybrid microfiber. Thus the
Brillouin spectra at the 25 cm position of the hybrid microfiber with increasing axial strain are
used for analyzing the BFS. Figure 6(c) and Figure 6(d) show the tensile strain dependence of
the BFS in the As;Se;-PMMA microfiber with different core diameters in two strain ranges.
Both of core diameters show that the BFS decreases linearly with the strain increases in the
two ranges. The linear relation between strain and BFS can be related to the deformation only
occurs at certain position of the microfiber and may not be reflected at central frequency. Strain
coefficients of BFS in two ranges are shown in Table 2. The slopes in two ranges have a small
difference of 0.0004 MHz/ue for the fiber with a core diameter of 2.5 um, which may be induced
by the gain fluctuation at large strain and fitting errors.
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Fig. 6. (a) Distributed BFS over the 50 cm-long microfiber with a core diameter of 2.5 um
in different strain values (circles), and the average BES (horizontal dash lines). (b) Standard
deviation for the increasing strain in the microfiber with the core diameter of 2.3 ym and
2.5 um. (c) BES versus the strain increase from 0 to 1500 pe in 25 cm position of the fiber
with core diameters of 2.3 yum and 2.5 um. (d) BFS versus the strain increase from 1500 to
15000 pe in 25 cm position of the fiber.
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Table 2. Strain coefficients and errors of Brillouin frequency and linewidth of the As,Se3-PMMA
microfiber with core diameters of 2.5 um and 2.3 um, respectively. C: Coefficient, BF: Brillouin
frequency, BW: Brillouin linewidth.

Core diameters 2.5 um 2.3 um
Parameters C (MHz/ue) Error (ue) C (MHz/ue) Error (ue)
BF (0-1.5k ug) -0.0264 42 -0.0265 47
BF (1.5k-15k ue) -0.0268 105 -0.027 210
BL (0-1.5k ue) 0.0023 65 0.0029 113
BL (1.5k-15k g) 8.6E-7A&-0.0014 353 1.08E-6A£-0.0017 515

Figure 7(a) shows the distributed Brillouin linewidth over the 50 cm-long As;Ses;-PMMA
hybrid microfiber at different tensile strain values. The Brillouin linewidth decreases in the same
trend along the tapered fiber over the strain of 0-1500 ue. There are two contributing factors
for this decrease: 1) the PMMA cladding is non-uniform along the fiber during fabrication and
tapering processes. The PMMA plays the role of an acoustic damper due to its large elastic loss
and low density [13]. Thus, the large diameter of the PMMA induces small Brillouin linewidth;
2) the intensity of the pump pulse affects the Brillouin linewidth. The large Brillouin linewidth
can be obtained for the low intensity of the pump pulse. When the pump pulse is launched
into the fiber, the intensity of the pulse is gradually increased, which means the decrease of the
Brillouin linewidth along the fiber. We observe that the linewidth broadens in a different trend
at 3000 ue and it is obvious when the strain is 15000 ue. This can be related to the combined
effect of the decreased power with increasing strain and the deformation of the microfiber in large
strain. For the As;Se;-PMMA microfiber, there are internal stress between As,Ses core and
PMMA cladding as PMMA has a large thermal coefficient comparing with the AspSe;. When
the microfiber is elongated with small strain, it is not deformed. In the case, the power decreases
linearly with strain due to PMMA cladding induced the stress on the As,Se; core, which is similar
to that in panda fiber where stress rods are pressed into the core leading to increased attenuation
with strain [32]. The linear decreased power in the fiber under small strain from O to 1500 ue
results in a linear increase of linewidth, as shown in Fig 7(b). The dependence between strain and
linewidth in the range of 1500-15000 pe for two core diameters of the As;Se;-PMMA hybrid
microfiber are shown in Fig. 7(c). The nonlinear relationship means that the hybrid microfiber
is deformed in large strain. The non-uniform localized strain induced by the deformation of
the hybrid microfiber enlarges the localized strain range resulting in the nonlinear broadened
Brillouin linewidth. Strain coefficients and errors of Brillouin linewidth of the As;Se;-PMMA
hybrid microfiber with core diameters of 2.3 ym and 2.5 um are shown in Table 2.

4.3. Relaxation and hysteresis measurement

The BFS as a function of time is measured at 7000 pe and 15000 pe in the As;Se;-PMMA
microfiber with a core diameter of 2.5 um, as shown in Fig. 8(a). We can see that the BFS at
7000 we is constant with time, while the BFS at 15000 ue has a fluctuation with time induced by
the Brillouin gain fluctuation at large strain. In two cases, no relaxation behavior is observed,
which is different with the large strain sensor based on the POF as Young’s modulus in As;Se;
is larger than that in polymer. Figure 8(b) shows the BFS for both increasing and decreasing
strain in the microfiber with a core diameter of 2.5 um. The strain is increased to 15000 ue
and then decreased to 0 ue in a step of 1000 ue. It can be seen that the BFS shows the same
value for both increasing and decreasing strain at < 9000 ue; above this value, there is a slight
difference in the strain cycle. The difference is due to the fluctuation of the BFS at large strain,
as illustrated in Fig 8(a). The maximum difference is 4 MHz corresponding to the maximum
error of 149 ue, which is < 1% of the strain we measured. The error in the increasing and
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Fig. 7. (a) Distributed Brillouin linewidth over the 50 cm-long microfiber the As,Ses-
PMMA fiber with a core diameter of 2.5 um for an increasing strain. (b) Linewidth versus the
strain increase from 0 to 1500 e in 25 cm position of the hybrid fiber with core diameters
of 2.3 ym and 2.5 ym. (c) Linewidth versus the strain increase from 1500 to 15000 e in 25
cm position of the hybrid fiber.

decreasing cycle is close to the error induced by the linear fitting of BFS at large strain range.
Thus, the As;Se;-PMMA microfiber shows hysteresis free behavior and good repeatability for
the wide-range strain measurement.
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Fig. 8. (a) BFS as a function of time at 7000 ue and 15000 e in 25 cm position of the
hybrid fiber with the core diameter of 2.5 um. (b) BFS versus the increasing and decreasing
strain in 25 cm position of the hybrid fiber with the core diameter of 2.5 um.

4.4. Temperature dependence of Brillouin frequency and linewidth

The dependence of Brillouin frequency and Brillouin linewidth on temperature variation is also
investigated. Figure 9(a) shows the linear change of BFS with increasing temperature from
25°C to 55 °C. The temperature sensitivity is -1.25 MHz/°C, which is similar to the temperature
measurement in the tapered dual-core As;Se3-PMMA fiber [33]. Figure 9(b) shows the Brillouin
linewidth as a function of temperature. We can see that the Brilloin linewidth remains constant
over the temperature range of 25 - 55 °C as the AsySe3-PMMA microfiber is not deformed, which
is different from the Brillouin linewidth change at large strain. Due to the different thermal
expansion coefficient between the As,Ses core and PMMA cladding, the strain is induced on the
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core by the cladding along the fiber. The fluctuation with a standard deviation of 0.4 MHz may
be due to the thermally induced strain on the As;Ses core.
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Fig. 9. (a) BFS and (b) Brillouin linewidth as a function of temperature in 25 cm position
of the hybrid fiber with the core diameter of 2.5 um.

5. Conclusion

In conclusion, we have calculated and experimentally demonstrated a strain sensor based on
Brillouin frequency shift and linewidth in a 50 cm-long As;Se3;-PMMA microfiber with a core
diameter of 2.5 um for wide-range strain measurement. Experimental results have demonstrated
the linear strain dependence of the Brillouin frequency shift and nonlinear dependence of the
linewidth in a wide-range strain up to 15000 ue. The deformation of the hybrid microfiber is
measured when the strain larger than 1500 pe by measuring the distributed Brillouin frequency
shift and linewidth over the 50 cm-long hybrid microfiber. The calculated errors of strain
dependence of BFS in range of 0-1500 ue and 1500-15000 ue are 42 pe and 105 pe, respectively.
The errors of strain based on linewidth are 65 pe from 0 to 1500 pe and 353 pue when the axial
strain is 15000 ue. In general, the As;Se3-PMMA hybrid microfiber provides huge potential for
wide-range strain sensing.
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6.1 SBS in a dual-core chalcogenide-PMMA microfi-
ber for simultaneous temperature and strain sen-

sing

Summary

The previous chapter demonstrated the single-core chalcogenide-PMMA microfiber for
wide-range strain Brillouin sensing. The single-core microfiber with one dominated acoustic
mode can only be utilized for single parameter sensing. The chalcogenide-PMMA micro-
fiber is sensitive to temperature variation. Temperature change affects the accuracy of
strain measurement owing to the strain—temperature cross-sensitivity effect on Brillouin
frequency shift (BFS). Discrimination of strain and temperature Brillouin sensing requires
different responses of two acoustic modes, which can stem from two polarization axes of
birefringence fibers. High-birefringence dual-core microfibers can be produced thanks to
the design flexibility of chalcogenide-PMMA fibers. Due to an order of magnitude diffe-
rence in thermal-expansion coefficients between the chalcogenide cores and the PMMA
cladding [156], temperature and strain sensitivities are decorrelated by thermally induced
strain on the cores. The asymmetric core geometry of the dual-core microfiber indicates
different BF'S responses to temperature or strain in two polarization axes. The following
section presents stimulated Brillouin scattering (SBS) in the dual-core chalcogenide mi-
crofiber and its application in simultaneous temperature and strain Brillouin sensing. SBS
characterizations in dual-core microfibers can be analyzed using the Brillouin model pre-

sented in Chapter 4 as a reference.
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Chalcogenide fibers are currently being widely used in
nonlinear optical signal processing as they exhibit ul-
trahigh nonlinearity. Here, we propose a sensor based
on stimulated Brillouin scattering (SBS) for simulta-
neous temperature and strain measurement in a dual-
core tapered As;Se;-Polymethyl methacrylate (As;Ses-
PMMA) fiber using a Brillouin optical time-domain
analysis (BOTDA) system. Different Brillouin fre-
quency responses under temperature and strain varia-
tions and the separation of Brillouin frequency shifts
(BFS) in two principal polarization axes are demon-
strated experimentally over a 50 cm-long tapered dual-
core hybrid microfiber. The temperature coefficients
are -3.8272 MHz/°C and -3.3302 MHz/°C, and the strain
coefficients are -0.06143 MHz/jie and -0.03463 MHz/je.
Due to the different temperature and strain depen-
dences of Brillouin frequency peaks in two polariza-
tions, temperature and strain resolutions of 1°C and
33 pe are realized respectively. Numerical simulations
are also reported to account for the BFS difference in
two polarization axes. © 2022 Optical Society of America

http://dx.doi.org/10.1364/a0.XX. XXXXXX

1. INTRODUCTION

As)Se; glass has nonlinearity hundreds of times larger than that
of silica [1]. Hybrid fibers achieved by coating PMMA on the
AsySe3 wire to provide sufficient mechanical robustness and
flexibility allow the fabrication of taper with diameters at the
sub-wavelength scale [2, 3]. Hybrid As;Se3-PMMA microtapers
were fabricated and ultrahigh nonlinearity up to y=133 (Wm)~!
was measured in [4]. Beugnot et al. investigated SBS in PMMA-
coated As)Se3 optical microfibers and reported both the reduc-
tion and control of the Brillouin shift [5]. The As,Se;-PMMA
hybrid fiber is also a good candidate for load measurement
due to the lower value of Young’s modulus. Transverse load
sensor based on SBS in a single-core As;Se3-PMMA microta-
per was reported by Saxena et al. [6]. However, the sensing
performance of the single-core hybrid fiber sensor can be af-
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fected by cross environmental variations such as temperature
and strain. Some solutions based on SBS have been proposed
for multi-parameter sensing to improve sensing accuracy. A
multi-parameter sensor based on the unique sharp index profile
of an inverse-parabolic graded-index fiber (IPGIF) was achieved
due to multiple spaced Brillouin peaks which provide the avail-
ability of abundant choices of different sensitivities to environ-
mental variables [7]. Another multi-parameter fiber sensor was
reported by using SBS in a microstructure fiber (MSF) due to
the dependence of the Brillouin spectrum of the high birefrin-
gence on optical polarizations [8]. Dual-core hybrid microtapers
for two parameters sensing by measuring wavelength shifts for
a particular minimum in both axes have been demonstrated
in [9, 10]. Those measurements are based on the optical spec-
trum analyzer (OSA), which has limited resolution leading to
a lower temperature and strain resolution (~ 60 GHz/°C and
~1GHz/pe). On the other hand, Brillouin frequency can be
measured by the accuracy of 1 MHz, which has a resolution of
hundreds of times better than the OSA accuracy of 0.02 nm cor-
responding to 2.5 GHz. Here, we are exploring the possibility of
SBS for both temperature and strain in tapered dual-core As;Ses-
PMMA fiber based on BOTDA. To the best of our knowledge,
the dual-core hybrid fiber has never been reported in sensing
based on SBS. Due to the ultrahigh nonlinear coefficient of dual-
core AspSez-PMMA microtaper compared with IPGIF and MSF,
the low power requirement in pump and Stokes waves for SBS
generation makes it a promising candidate for dual-parameter
Brillouin sensing.

In this letter, we demonstrate the dependence of Brillouin
frequency responses on two principal polarization axes to re-
alize simultaneous temperature and strain measurement in
a 50 cm-long tapered dual-core As;Se3-PMMA hybrid fiber
with a core diameter of 2 um based on a BOTDA system. The
experimental results show that the temperature coefficients
are -3.8272 £ 0.08586 MHz/°C and -3.3302 £ 0.05673 MHz/°C,
and the strain coefficients are -0.06143 £ 0.00042 MHz/ e and
-0.03463 £ 0.00145 MHz/ ie. The maximum errors for temper-
ature and strain measurements are calculated to be 1°C and
33 ue, respectively. Numerical simulations, including the mode
profiles, kinetic energy densities and the separation of BFS in
two polarizations, are also demonstrated.
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2. FABRICATION

The dual-core hybrid taper is fabricated from an assembly, in-
cluding two As,Ses fibers and a PMMA tube, which is heat-
softened by a heater. The PMMA tube is collapsed caused by the
surface tension on the As,Sejs fibers to obtain an As;Se;-PMMA
perform, which is drawn to a hybrid fiber. The cross-section of
a polished dual-core As;Se3-PMMA fiber is shown in Fig. 1(a).
The ends of SMFs are angle polished and butt-coupled to one
core of the dual-core hybrid fiber with different polished angles.
The butt-coupling interfaces are permanently fixed using UV-
cured epoxy. Angle coupling can suppress Fresnel reflection at
the interfaces between SMFs and the hybrid fiber, and maximize
the transmission coefficient. The hybrid fiber is then tapered
using heat-brush method [11]. Figure 1(b) shows a dual-core
As;Se3-PMMA taper, including a waist length of L = 50cm, a
core diameter of D 45,5,, = 2um and a cladding diameter of
Dpyma = 113 um. When the light launches into one of the
two cores, they continuously couple between the cores; as a
result, both of the symmetric (even mode) and antisymmetric
(odd mode) supermodes are excited in the fiber, and they have
different propagation constants.

=2um D,,,,=113 um

As2Se3

Core-2

Fig. 1. (a) Cross-section of a polished dual-core As;Se3-PMMA
hybrid fiber; (b) Configuration of angle-coupled tapered dual-
core As;Se3-PMMA hybrid fiber and SMFs.

3. SIMULATION

Finite-element method (FEM) simulations of a dual-core As;Ses-
PMMA microtaper with a core diameter of 2 um are demon-
strated. Figure2(a)-(d) show four supermode profiles of the
dual-core fiber, including even mode and odd mode for each of
two polarization axes. The odd mode and even mode in slow
axis exhibit effective refractive index nd = 2.6150 and n¢ = 2.6197,
respectively, and the two modes in fast axis exhibit effective
refractive index n;’( =2.6141 and n; =2.6198, respectively. The

frequency shift in the SBS process is given by

2n;iv,,
vg; = (1)
) )\p

where Vg, is the BFS, i is the odd or even mode, j is the fast
axis or slow axis, V; is the acoustic phase velocity (for As;Ses,
V, = 2250 ms~! [12]) and Ay is the pump wavelength. The SBS
spectrum originates from the interaction of even mode and odd
mode with acoustic field through electrostriction as two modes
in the same polarization propagate in the fiber. The separation
of BFS in two polarization axes Avg ~ 2.2 MHz.

SBS spectra based on elastodynamics equation that governs
the interaction of optical fields with acoustic field are calculated,
as defined by

ou;? ou .
Pﬁ = leijuug) + ’Yijkl%],/‘ =T @
where p is the material density, u; is the displacement field, ¢;j
and 77;jy are the rank-4 elastic and viscosity tensors respectively,

Tfjs = —¢€ XklijEkEz* is the electrostriction stress (ES) tensor in
the presence of electrical fields of the optical pump and Stokes
wave Ey and Ej, with Xgjij = €im€juPkimn and Priyy is the rank-4
photoelastic tensor. Here, elastic losses are incorporated into the
elastodynamic equation by considering a complex elastic tensor
cij + iwn;j. Assuming 1;; = c;j/ Qf, where Qy is the product of
quality factor Q and frequency f. This Qr product is assumed
to be a constant for a given material. For SBS, both energy and
momentum must be conserved. The frequency and wave vector
of acoustic wave are given by w = wy —wp and k = k; — ko,
where w; and k; are the central frequency and wave vector of
the pump and w, and k; are the central frequency and wave
vector of the Stokes. If the pump and Stokes wave are counter-
propagating in the fiber, a situation of SBS, k ~ 2k;. As there
is only one source term at frequency w and wave vector k, the
following ansatz is assumed for the acoustic wave.

ui(r,z;t) = u;(r)el k=@t 3)

where the displacement field u;(r) is the transverse profile of the
acoustic wave. The elasticdynamtic equation can be simplified
using Green'’s theorem and Galerkin FEM procedure in [13]. The
field is calculated by setting k = 2k;. The Brillouin spectra for the
dual-core AsySe3-PMMA microtaper are obtained by calculating
kinetic energy of the acoustic wave as a function of detuning
frequency between the two optical fields, as defined by

E= i // pw?ui(r) u;(r)dr @)

The kinetic energy distributions for selected frequencies of
the dual-core AsySe3-PMMA fiber, shown in Fig. 2(e)-(h), are con-
fined within two As;Se3 cores because the acoustic impedance
mismatch between As;Ses cores and PMMA cladding (for
PMMA, V, = 2690 ms~! [14]). The light interaction is com-
plex for the hybrid taper with a core diameter of 2 yum because
a strong coupling of shear and longitudinal displacements is
induced in such a fiber at sub-wavelength scale [15]. The me-
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Fig. 2. Numerical simulations of the daul-core micortaper: (a)-
(d) Four optical supermodes; (e)-(h) Kinetic energy density for
selected frequencies in the presence of different modes; (i) SBS
spectra of four modes; (j) SBS spectra in two polarization axes.
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chanical ripples in the cores are due to the interference between
the transverse and longitudinal acoustic waves that are both gen-
erated in this microtaper. The kinetic energy distributions are
the same due to the elastodynamic model mainly relies on the
nonlinear electrostrictive force Tj; = xy;jExE] . Figure 2(i) shows
the simulation SBS spectra of the four supermodes as a function
of detuning frequency. Due to both of even and odd modes
propagate in the fiber, the resulting spectra are the combination
of the two modes in each of the fast and slow axes. The overlap
spectra in two polarization axes are plotted in Fig. 2(j). We can
see the Brillouin frequency separation in two polarization axes
Avp = 2MHz. Figure 2(j) also shows secondary peaks around
7.75GHz as a result of acoustic impedance mismatch between
As)Ses cores and PMMA cladding.

4. EXPERIMENTAL RESULTS

Before testing SBS, the interference spectra are measured to en-
sure that the coupling between cores in the dual-core fiber. The
transmission spectra of the microtaper in two polarization axes
are plotted in Fig.3. The minimum is observed when the ef-
fective refractive index difference of even mode and odd mode
satisfies the condition pg(A) = 27AnfrLyw/A = (2m + 1),
where An,y is the effective refractive index difference between
the even mode and odd mode, Ly, is the taper length and m
is an integer. Due to the difference in propagation constants
between odd and even modes in two polarization axes, two
spectra exhibit different periodic oscillations.
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Fig. 3. Interference spectra of fast and slow polarization axes
in a 50 cm-long dual-core taper with a core diameter of 2 ym.

Since OSA can only measure continuous wave response of
dual-core tapered fiber for its temperature and strain responses
without location information, a BOTDA system is used for tem-
perature and strain sensing. Here, we are exploring BOTDA
for two purposes: 1) Pulse signal gives location information;
2) The Brillouin frequency can be measured at an accuracy of
1 MHz instead of the OSA accuracy of ~ GHz. BOTDA setup
is illustrated in Fig. 4. Incoming light from a laser operating at
1550 nm is split into two paths by a fiber coupler (FC). The up-
per branch transfers light into high extinction ratio pump pulse
with 20 ns bandwidth using two electro-optic modulators (EOM)
driven by a dual-channel function generator (FG). The pulse is
then amplified by an Erbium-doped-fiber-amplifier (EDFA) and
then amplified spontaneous emission (ASE) is filtered out by a
tunable filter. The tapered dual-core As;Se3-PMMA fiber allows
only 8 dBm peak power for SBS generation due to its small core
diameter and ultrahigh nonlinear coefficient. The EOM in the
lower branch generates two sidebands and the higher frequency
sideband is then filtered out by a narrow filter, and only the
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lower frequency sideband remains as the Stokes wave whose
frequency can be swept by a radio frequency (RF) generator.
The two polarization controllers (PC) are used to change the
polarization states of pump pulse and Stokes wave to make sure
that they are copolarized along the microtaper in two principal
polarization axes.

FG

JL

(for Pump)  pc1

— Filter
PD

. FUT
Frequency sweep Filter >

PC2
(778 GHz) r\/ (for Stokes)lso i

Fig. 4. BOTDA Setup for tapered dual-core As;Se3-PMMA
fiber; FC: Fiber Coupler; EOM: Electro-Optic Modulator; FG:
Function Generator; EDFA: Erbium-Doped-Fiber-Amplifier;
PC: Polarization Controller; ISO: Isolator; FUT: Fiber under
test; PD: Photo-diode; OSC: Oscilloscope.

Figure 5(a) shows Brillouin gain spectra in two polarization
axes of the dual-core tapered As,Se3-PMMA fiber. As can be
seen, the Brillouin frequency separation between two polariza-
tion axes is Avg = 3MHz, in good agreement with the sim-
ulation result; in addition, the spectral width of the Brillouin
gain is ~75MHz (FWHM) in dual-core microtaper which is
broader than that of single-core microtaper with the same core
diameter(~ 60 MHz) [16]. This can be understood by noting that
the resulting spectrum is the overlap of different SBS spectra orig-
inating from the electrostriction through individual even mode
and odd mode in each polarization axis. The secondary peaks
shown in simulations are not measured in two polarization axes
as the low peak power of the pump pulse and most of the power
from the pump is transferred to the main Brillouin peak. Mea-
sured and simulated shifts of the two Brillouin frequency peaks
in two polarization axes of the dual-core As;Se3-PMMA mi-
crotaper are shown in Table1. The BFS between simulations
and experimental results are slightly different as 10% error for
the core diameter and the distance between cores when fabri-
cating the dual-core fiber. Figure 5(b) and Figure 5(c) show the
distributed Brillouin spectra in fast axis and slow axis, respec-
tively, obtained by controlling the state of polarizations of pump
pulse and Stokes wave. We can identify the Brillouin frequency
shifts at any position of the fiber over the taper length from
the two distributed spectra. The intensity is the largest at the
center range because the 50 cm-long dual-core fiber is fully cov-

(a) s :
76
77
05
Posmon [m]

+ Fastaxis
Lorentzian fitting
*  Slowaxis

Lorentzian fitting

Frequency [GHel

RS

7.
7.
74

o

~
3

Normalized SBS spectrum [Norm. unit]

Frequency [GHz]

~
o2

75 76 7.7 7.8
Frequency [GHz]

Posmon m

Fig. 5. (a) Experimental Brillouin spectrum of the dual-core
AsySe3-PMMA fiber; (b) BOTDA trace for the Stokes wave in
fast axis; (c) BOTDA trace for the Stokes wave in slow axis.
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ered by the pump pulse with 20 ns bandwidth. The dual-core
AsySe3-PMMA taper can measure temperature variation due to
the large thermally induced strain on the As;Ses cores by the
PMMA cladding. The taper can be applied for strain sensing
due to the lower value of Young’s modulus. Two polarization
axes have different Brillouin frequency responses to temperature
and strain because of the asymmetric geometrical structure of
the dual-core hybrid fiber. We can thus use the dual-core fiber to
measure temperature and strain simultaneously.

Table 1. Measured and simulated Brillouin frequency peaks,
and temperature and strain coefficients in two axes of the
dual-core As,Se3-PMMA taper.

Fast axis  Slow axis
Measured Brillouin peak (GHz) 7.616 7.619
Simulated Brillouin peak (GHz) 7.631 7.633
Temperature coefficient MHz/°C)  -3.8272 -3.3302
Strain coefficient (MHz/ ji€) -0.06143  -0.03463

The dual-core As;Se3-PMMA microtaper is placed in the
oven to measure the temperature sensing performance and the
strain is induced by fixing the fiber in the linear translation
stages which can be adjusted at steps of 15 ym corresponding
to the strain of 300 ye for the fiber length of 50cm. The de-
pendence of BFS on temperature and strain variations in two
polarizations are plotted in Fig. 6. Figure 6(a) shows the tem-
perature coefficients in fast and slow axes are -3.8272 MHz/°C
and -3.3302MHz/°C, respectively. The BFS of the dual-core
taper under temperature variation are due to the large thermally
induced strain on cores by cladding resulting from the large di-
ameter difference in core and cladding (1/56), and the different
thermal expansion coefficients between As;Sez core and PMMA
cladding (@ as,50,=0.2x107#/°C [17] and appp14=2.02x10"4/°C
[18]). The Brillouin frequency decreases as the temperature
increases due to the negative strain optic coefficient of chalco-
genide glass [19]. Figure 6(b) shows the similar BFS under strain
variations and the strain coefficients in fast and slow axes are
-0.06143 MHz/ pe and -0.03463 MHz/ i€, respectively. The strain
measurement verifies that the BFS under temperature variation
is dominated by thermally induced strain. The temperature
and strain coefficients in fast and slow axes are shown in Ta-
ble 1. The errors of the temperature in two polarization axes are
+0.08586 MHz/°C and =+ 0.05673 MHz/°C and the errors of the
strain are = 0.00042 MHz/ jie and +0.00145 MHz/ pie.
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Fig. 6. Measured BFS as a function of (a) temperature and (b)
strain in fast and slow axes of the dual-core hybrid As;Ses-
PMMA microtaper.

The BFS in fast axis and slow axis can be expressed as
Avg; = CiTAT + CfAe, where i=f or s. A character matrix Mr e
is defined to express these relations

Av AT cTt ce AT
B,f — MT,E — f f (5)
Avg s Ae cr ce Ae

where Avp ¢ and Avg s represent the frequency shift of Brillouin
gain spectra in fast and slow axes, AT and Ae are temperature
and strain variations, CT and CI are temperature sensitivity

coefficients, and Cj( and C§ are strain sensitivity coefficients. The

character matrix Mt . can be used for simultaneous temperature
and strain sensing because of the decorrelated temperature and
strain coefficients in the two polarization axes. The maximum
errors for temperature and strain are then estimated to be 1 °C
and 33 pe, respectively.

In conclusion, We have calculated and experimentally demon-
strated a Brillouin sensor for simultaneous temperature and
strain measurement in a tapered dual-core AsySe3-PMMA fiber
based on BOTDA. Due to the asymmetric geometrical structure
of the dual-core hybrid fiber, different Brillouin frequency re-
sponses are measured in two principal polarization axes, which
can be applied to realize simultaneous temperature and strain
sensing. This dual-core As;Se3-PMMA hybrid microtaper opens
another way based on stimulated Brillouin scattering for simul-
taneous temperature and strain measurement.
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6.2 SBS in elliptical-core chalcogenide-PMMA micro-
fibers

Summary

The previous section demonstrated SBS in dual-core chalcogenide-PMMA microfibers.
It is challenging to observe the relationship between birefringence and BFS owing to the
high-order modes of the dual-core microfiber. High-birefringence elliptical-core chalcogenide-
PMMA microfibers can be designed to study the effect of birefringence on Brillouin gain
spectra and BFS difference. The birefringence can be tailored by tapering the elliptical-
core microfiber to different diameters. The following section presents SBS characteriza-
tions in high-birefringence elliptical-core chalcogenide microfibers. The birefringence and
polarization-extinction ratio of the elliptical-core microfibers with different core diameters
are measured. We compare the calculated BFS difference to the measured BFS difference
for the elliptical-core microfibers. Brillouin gain spectra can be shaped and controlled in
elliptical-core chalcogenide microfibers, as demonstrated in the following section. Both ex-
perimental and numerical results show that high birefringence induces large BFS difference
between two polarization axes for the intramode SBS of LP01-LP01. Furthermore, the in-
termode SBS of LP01-LP11 is demonstrated in the elliptical-core microfiber with a large

core diameter.

87



Letter ‘

Optics Letters 1

Stimulated Brillouin scattering in high-birefringence
elliptical-core As;Ses;-PMMA microfibers

HAIYANG WANG!, CHAMS BAKER!, LIANG CHEN!, AND XiA0oYI BAo!

LUniversity of Ottawa, Department of Physics, Ottawa, Ontario K1N 6N5, Canada

Compiled September 9, 2022

In this paper, we design and fabricate elliptical-
core (ECORE) chalcogenide-polymethyl methacrylate
(AsySe3-PMMA) microfibers to explore birefringence
impact on stimulated Brillouin scattering. Numerical
simulations based on the finite-element method and
elastodynamic equation are utilized to calculate the
phase and group birefringence and Brillouin gain spec-
tra of the fundamental mode in three ECORE As,Ses-
PMMA microfibers at different core diameters. Experi-
mentally measured and numerically calculated results
show that as the core diameter of the minor axis of
an ECORE microfiber with a ratio of 1.108 is reduced
from 1.50 um to 0.87 um, a high group birefringence of
~10% to ~1072 and a large Brillouin frequency shift
difference of ~6 MHz to ~30 MHz are achieved, while
the Brillouin gain spectra are broadened significantly
from ~70 MHz to ~140 MHz. The high-birefringence
ECORE As;Se3-PMMA microfiber is important for Bril-
louin sensing due to the tailorable high birefringence
and ultrahigh nonlinearity. © 2022 Optical Society of America

http://dx.doi.org/10.1364/20. XX. XXXXXX

1. INTRODUCTION

Polarization-maintaining fibers (PMF) have attracted attention
in optical fiber sensors and fiber lasers due to the strong bire-
fringence and the ability to preserve the polarization state of
propagating light. The high birefringence of PMFs is achieved
by making the core shape elliptical or by adding stress rods
on both sides of a circular core as is the case in PANDA fibers
[1] and bow-tie fibers [2]. Stimulated Brillouin scattering (SBS)
has been investigated in elliptical-core (ECORE) PMFs [3] and
stress-induced PMFs [4-6] made from silica glass. Sensing based
on Brillouin dynamic grating (BDG) has been proposed and
demonstrated in silica-based PMFs [7, 8]. Due to the small non-
linearity of silica glass, a high pump power >20 dBm is required
for SBS generation. To investigate SBS at a low pump power,
PMFs with high nonlinearity materials are required. Recently, an
ultrahigh nonlinearity of =133 (Wm)~! has been demonstrated
in an AsySe3-PMMA microfiber with a core diameter of 0.8 um
[9], which is ~ 10* times larger than that of silica-based fibers.
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SBS generation in 50 cm long AsySez-PMMA microfibers has
been achieved at a low pump power of 8§ dBm [10, 11]. To the
best of our knowledge, Brillouin scattering in ECORE chalco-
genide microfiber has never been reported. Here, we design
and fabricate a high-birefringence ECORE As;Se3-PMMA fiber
with sub-wavelength diameters to characterize the Brillouin gain
spectra. The ECORE microfiber with a high birefringence is good
for dual-parameter sensing based on fast and slow axes detec-
tion using the Brillouin spectrum, as it has less spectral shape
distortion due to the large BFS separation between fundamental
mode and high order modes. For low-birefringence silica-based
ECORE fiber, its small BFS separation leads to distorted Brillouin
spectrum. In addition, the ECORE microfiber with tailorable
Brillouin gain spectra and ultrahigh nonlinearity is helpful in
improving Brilloin sensing resolution at a low pump power.

In this letter, we experimentally characterize and numeri-
cally investigate birefringence impact on SBS in tapered ECORE
As)Se3-PMMA microfibers using Brillouin optical time-domain
analysis (BOTDA) and the finite-element method (FEM). Three
ECORE As;Se3-PMMA microfibers with a ratio of 1.108 at differ-
ent minor-axis core diameters of 1.50 um, 1.05 pm and 0.87 um
are designed and fabricated, and the group birefringence and
Brillouin gain spectra for the fundamental mode of LP¢; are ex-
perimentally measured and numerically calculated. Both experi-
mental and numerical results show that the group birefringence,
BFS difference, and Brillouin linewidth increase as the core di-
ameter decreases. A high group birefringence of ~1072 and a
large BFS difference of ~30 MHz are calculated and measured
for the ECORE As;Se3-PMMA microfibers at the minor-axis core
diameter of 0.87 um.

The fabrication of the ECORE As,Se3-PMMA fiber is similar
to that of dual-core AspSe3-PMMA fiber reported in Ref. [12]. To
fabricate an ECORE As;Se3-PMMA preform, an assembly with
two AsySej fibers and a PMMA tube is placed on a spinning man-
drel and heated at 220 °C for four days. The long heating time en-
sures that two As,Se; fibers are fused together to obtain a single
fiber with an elliptical shape. Figure 1(a) shows the cross-section
image of the polished end of an ECORE As;Se3-PMMA fiber.
The major and minor axes of the fabricated ECORE fiber with-
out tapering are a = 29.13 um and b = 26.30 um, respectively,
and the ratio is a/b = 1.108. The ECORE fiber is angle-coupled
with single-mode fibers (SMF) to minimize Fresnel reflections
from the interfaces between the SMFs and the ECORE fiber. The
ECORE fibers are then tapered to three different diameters using
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the heat-brush method [13]. There are two tapering processes
to make the ECORE fiber at sub-wavelength scale with a 50 cm
waist length; 1) an ECORE As;Se3-PMMA fiber with a core diam-
eter of b =26.30 um is tapered to b =8 um, as shown in Fig. 1(b);
2) the tapered fiber is drawn again to sub-wavelength scale, such
as b =1.50 um, as shown in Fig. 1(c). ECORE microfiber A has a
core diameter of 2 =1.66 um and b =1.50 um, a cladding diame-
ter of D =73.3 um, and a waist length of Ly, =50 cm. The param-
eter values for ECORE microfiber B are a« =1.16 pum, b =1.05 um,
D, =55.6 um, and L;,=50 cm, and for ECORE microfiber C are
a =0.96 um, b =0.87 um, D, =41.8 um, and L,=50 cm. The total
transmission loss of microfibers A, B, and C are ~5.5dB, ~7 dB,
and ~9 dB, respectively. These microfibers are stable in air due
to the large diameter of PMMA cladding, which allows SBS
measurement at different temperatures and strains.
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Fig. 1. (a) Cross-section image of the end of an elliptical-core
AsySe3-PMMA fiber: a =29.13 pm and b =26.30 pm. (b) First
tapering process. (c) Second tapering process.

The effective refractive index, phase and group birefringence,
BFS and BFS difference of the LPy; mode of ECORE microfibers
with different minor-axis core diameters are calculated based
on the FEM. The phase birefringence (Byjs) is defined by
Byhase=Tslow — M fast, Where nigjo, and 1, are the effective re-
fractive indices in slow and fast axes, respectively. The Bjjse
is calculated as a function of b at a ratio of a/b = 1.108, as
shown in Fig. 2(a). The value of By, is significantly increased
from 2x1073 to 2.5x10~2 when b is decreased from 1.8 um to
0.6 um. The elliptical-core microfiber at sub-wavelength scale
has a large birefringence due to the light propagates in both core
and cladding, which induces a rapid change of effective refrac-
tive index with small core diameter difference. Effective refrac-
tive index (11,f¢) includes the contribution of the waveguide and
material. When the boundary condition is changed, even though
a/b is constant, 11 ¢45; /1514 is NOt constant, as it dependents on
the eigenvalue of the modes for the core and cladding boundary
instead of the ratio of elliptical core size. As a result, the birefrin-
gence will change accordingly, so does the Brillouin frequency
separation between two polarization axes. The calculated By,

for ECORE microfibers A, B, and C are 2.5x1073, 6.7x1073,
and 1.17x1072, respectively. The group birefringence (Bgroup)
is defined by Beroup=rig stow — Mg, fast = Bphase — A(dBphase/dA),
where 11g 510, and 1y ¢ are the group indices in slow and fast
axes, respectively. The calculated Bgroup for ECORE microfibers
A,B,and C are —4.4x1073, —1.01x1072, and —1.59x 1072, re-
spectively. The relationship between the BFS (vp) and Neff is
given by

_ 2efsVa

Ay @

UB

where V, is the acoustic velocity (V, = 2261 m /s for As;Sez [10])
and A, is the wavelength of the pump laser. The BFS difference
(Avp) is then calculated from Byjgs, using Avg = 2B a5, Va/ Ap.

A numerical model of the interaction between optical fields
and acoustic waves in Brillouin scattering is developed based
on elastodynamic equation. The elastodynamic equation is

2

Pal% = leijprug + UijkI%],j = leoxmiiExEf]; @
ot ot

where p is the material density, u; is the displacement field,
cijrr and 17; are the rank-4 elastic and viscosity tensors, the
right-hand side term is the electrostriction stress tensor with Ej
and E; being electrical fields of pump and probe waves, and
Xklij = €im€jnPkimn With Py, being the rank-4 photoelastic ten-
sor. In the SBS process, the displacement field of an acoustic
wave is calculated by setting the wave vector of the acoustic
wave to k = ki — ky = 2kq, where ki and k, are the wave
vectors of pump and probe waves. Kinetic energy given by
E = 1 [, pw?u;(r)*u;(r)dr is utilized to obtain SBS gain as a
function of optical frequency. The simplification of the elastody-
namic equation is presented in Ref. [14]. The parameter values
of As;Sez and PMMA used for the calculation are obtained from
Ref. [15]. Figure 2(b) shows the numerically calculated BFS in
fast and slow axes (circles) and BFS difference (squares) as a
function of b obtained by solving Eq. 2. Figure 2(b) also shows
the analytically calculated BFS in fast and slow axes (solid lines),
and BFS difference (dashed line) obtained using Eq.1. With
increased b, the BFS increases due to the increased effective re-
fractive index, while the BFS difference decreases as large core
diameter gives rise to low phase birefringence.
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Fig. 2. (a) Calculated effective refractive index of fast and slow
axes, and phase birefringence in ECORE microfiber as a func-
tion of core diameter b. (b) Calculated and measured FBS and
BFS difference as a function of core diameter b.

Figure 3(a) presents a schematic setup for the measurement of
group birefringence. Linearly polarized light after a polarization
beam splitter (PBS) is aligned at 45 ° from the slow axis using
a polarization controller (PC1) to excite equal power in two po-
larization axes. An interference spectrum is generated when
the light passes the ECORE microfiber due to the wavelength-
dependent phase difference in two polarization axes. The mea-
sured interference spectra are plotted in Fig. 3(c-e). The wave-
length difference (A)A) between two adjacent interference troughs
for ECORE microfibers A, B and C are 1.05nm, 0.5nm and
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0.27 nm, respectively. Group birefringence is calculated from AA
using Beroup = A2/ (AALy). The measured group birefringence
for ECORE microfibers A, Band C are 4.5x 107%,9.5% 1073, and
1.77x 1072, respectively. The measured and calculated group
birefringence are summarized in Table 1. As the measured group
birefringence using the interference spectrum is an absolute
value, the measured and calculated group birefringence have
opposite sign. The slight difference between the measured and
calculated group birefringence is due to the error of the core
diameter and the waist length induced by the tapering process.
The polarization extinction ratio (PER) of the ECORE microfiber
is investigated before measuring its Brillouin gain spectra. The
PER is given by PER=10l0og(Pyax / Pyin ), where Pyay is the maxi-
mum optical power in one polarization axis and P,,;, is the min-
imum optical power in the other polarization axis. Figure 3(a,b)
show a schematic of the experimental setup for measuring the
PER of the ECORE microfibers. Linearly polarized light after the
PBS is aligned with the slow axis or the fast axis of an ECORE mi-
crofiber using PC1. PC2 is utilized to align the polarization of the
ECORE microfiber output with that of the free space polarizer
which is set to 0° or 90 °. In this case, the minimum contrast of
the interference spectrum and the maximum power in the slow
axis or the fast axis are measured. The minimum output power
in the slow axis or the fast axis is then measured by adjusting
the polarizer to 90 ° or 0 °. The PERs in the fast and slow axes
are 16.1dB and 16.6 dB for ECORE microfiber A, 16.9dB and
16.5 dB for ECORE microfiber B, 15.0 dB and 15.3 dB for ECORE
microfiber C, respectively. In all cases, the PER is greater than
15 dB, which is large enough to maintain the polarization state
of the propagating light in the ECORE microfibers.
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Fig. 3. (a,b) Experimental setup for measuring group birefrin-
gence and PER; EDFA: Erbium-doped-fiber-amplifier; PC:
polarization controller; FUT: fiber under test; PBS: polariza-
tion beam splitter; OSA: optical spectrum analyzer. (c-e) The
interference spectra of microfibers for different core diameters.

Figure 4 presents a schematic of the BOTDA setup for measur-
ing the Brillouin spectra of the ECORE microfibers. The red path
is utilized for the generation and amplification of high extinction
ratio pump pulses with 20 ns duration and 9 dBm peak power.
The blue path is utilized for the generation of the probe wave
whose frequency is swept by controlling the radio frequency
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Table 1. Measured and calculated BFS difference and group
birefringence of three elliptical-core microfibers for b of
0.87 um, 1.05 um and 1.50 um at a ratio of 1.108.

Core diameter b (um) 0.87 1.05 1.50
Measured birefringence Bg,oup(l()*?‘) 17.7 9.5 45
Calculated birefringence Bgroup (10*3 ) -159 -101 -44
Measured BFS difference (MHz) 6 16 30
Calculated BFS difference (MHz) 7 19 33

generator. The pump pulses and probe wave are injected into
the opposite ends of the microfiber, and the SBS amplification is
observed and measured using an oscilloscope (OSC).

RF Generator ()
|

PC

Filter Isolator
EOM —>»—EDFA »— /7 —>-—+

Probe wave

—

Coupler

(o

FUT

Pump pulse —3

Filter pC  Circulator

EOM > EOM —>-EDFA > /7 3L

FG PD

_ osc
L

Fig. 4. BOTDA setup for measuring the SBS of the microfibers.
EOM: electro-optic modulator; FG: function generator; RF:
radio frequency; PD: photodetector; OSC: oscilloscope.

The experimentally measured Brillouin gain spectra of the
LPy; mode and their Lorentzian fittings in two polarization axes
of the tapered ECORE As;Se3-PMMA microfibers at different
core diameters are shown in Fig. 5 using circles and solid lines,
respectively. The numerically calculated Brillouin gain spectra
of the LPy; mode of the ECORE microfibers based on the elasto-
dynamic equation are added into Fig. 5 using dashed lines. The
red and black colors represent the data in the fast and slow axes,
respectively. The measured BFSs of ECORE microfiber A with
b =1.50 um are 7.532 GHz and 7.538 GHz in the fast and slow
axes, respectively, and the BFS difference is 6 MHz, as shown
in the solid lines of Fig. 5(a). The measured BFS difference for
ECORE microfibers B and C with b =1.05 pm and b =0.87 um
are 16 MHz and 30 MHz, respectively. The BFS difference in-
creases with decreased core diameter due to the increased phase
birefringence. The Brillouin gain spectra of the LP1; mode of
ECORE fiber demonstrated in Ref. [3] were not observed in this
experiment as the small SBS efficiency between LP;; modes
and the low input pump power of 9 dBm, which is not enough
to excite the SBS of LP1; mode. The numerically calculated
BFS difference is 7 MHz, 19 MHz, and 33 MHz for the ECORE
AsySe3-PMMA microfibers at b of 1.50 um, 1.05 um, and 0.87 um,
respectively. The measured BFS (triangles) and BFS difference
(stars) of the ECORE microfibers are added into Fig. 2(b) for com-
parison. Figure 2(b) shows that the numerically calculated BFS
(circles) and BFS difference (squares) obtained by solving Eq.2
are in better agreement with the experimentally measured BFS
and BFS difference than the analytically calculated BFS (solid
lines) and BFS difference (dashed line) obtained using Eq. 1. The
analytically calculated BFS using Eq. 1 has a larger error as the
change of the acoustic velocity for the ECORE microfibers at
different core diameters is not accounted for. The experimen-
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tally measured and numerically calculated BFS difference for the
ECORE As;Se3;-PMMA microfibers at b of 0.87 um, 1.05 pm and
1.50 um are presented in Table 1. Due to the tailorable higher
birefringence on the order of ~1072 to ~10~3 in the ECORE
AsySe3-PMMA microfiber, the LP1; mode has a larger BFS sep-
aration with the LPy; mode, thus the ECORE microfiber has a
better Brillouin spectrum fitting for BFS measurement, which
has a better potential for optical sensing applications, such as
dual-parameter sensing based on fast and slow axes measure-
ment, compared with the sensing in silica-based ECORE fibers
with a birefringence of ~1074.
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Fig. 5. Measured and calculated Brillouin gain spectra of the
fast and slow axes of the ECORE microfibers at the core diame-
ter of (a) b =1.50 um; (b) b =1.05 um; (c) b =0.87 um.

Figure 5 shows that the Brillouin gain spectra of the ECORE
microfibers are broadened with decreased core diameter. The
Brillouin linewidth of the fast and slow axes as a function of b
are experimentally measured and numerically calculated, and
obtained values are plotted in Fig. 6. The phonon lifetime is ac-
counted for by incorporating a complex elastic tensor, ¢;; + iwry;j,
into the elastodynamic equation, where 77;; = ¢;;/Qf with Qy
being the product of quality factor (Q) and frequency (f). The
value of Q '+ is 2000 and 70 for AspSez and PMMA, respectively
[15]. The broadening of the Brillouin linewidth is calculated for
an ECORE microfiber with a small core diameter. The measured
Brillouin linewidth is broadened from ~70 MHz to ~140 MHz
as b decreases from 1.50 um to 0.87 um. The measured and
calculated Brillouin linewidths sharply increase when b is re-
duced to 0.87 um. A similar trend was reported for circular-
core As;Sez-PMMA microfibers, as plotted in Fig. 6 using solid
line [16]. The Brillouin spectra of small-core As;Se3-PMMA mi-
crofibers are significantly broadened due to the large elastic loss
and low density of PMMA cladding. As the inverse relation
between Brillouin linewidth and Brillouin frequency shift mea-
surement accuracy, the high sensing accuracy can be obtained
in the microfiber with a large core diameter corresponding to

small linewidth. The sensing resolution can be further improved
using Brillouin dynamic grating for distributed measurement in
the high-birefringent ECORE microfiber.
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s . @ - Calculated data for fast axis
= 140 | S - - Calculated data for slow axis
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Fig. 6. Measured and calculated Brillouin linewidth of fast and
slow axes of the ECORE microfibers as a function of b.

In conclusion, we have designed and fabricated three
elliptical-core AsySe3-PMMA microfibers and investigated the
birefringence and Brillouin gain spectra of fundamental mode.
Both experimentally measured and numerically calculated re-
sults show that as the core diameter decreases, the birefringence
and BFS difference in two polarization axes increase, while the
Brillouin spectra are broadened. A large group birefringence on
the order of 1.77x10~2 and a large Brillouin frequency shift dif-
ference of 30 MHz are measured in the elliptical-core microfiber
with 2=0.96 um and b=0.87 um, which agrees with the calculated
results. The elliptical-core AsySez-PMMA microfiber is a good
candidate for Brillouin sensing due to the high birefringence,
tailorable Brillouin gain spectra and low operational power.
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Intermode and intramode SBS

Due to several optical modes of the elliptical-core fiber, Brillouin gain spectra with mul-
tiple peaks based on different pairs of pump-probe modes in the elliptical-core fiber have
been demonstrated [157]. Intramode SBS between LP01 mode and LP01 mode (LPO1-
LPO01) or between LP11 mode and LP11 mode (LP11-LP11) and the intermode SBS bet-
ween LP01 mode and LP11 mode (LP01-LP11) can be excited in the fiber. The silica-based
elliptical-core fiber has limitations in Brillouin sensing because the maximum BFS diffe-
rence between different pump-probe mode pairs is only 25 MHz leading to the distortion

of the Brillouin gain spectrum.

Measured Brillouin gain spectra in two polarization axes of the elliptical-core chalcoge-
nide microfiber with a core diameter of a =1.99 um and b =1.80 um are shown in Fig. 6.1
using circles, where red and black colors are the data of the fast and slow axes, respectively.
Unlike one Brillouin peak discussed above, two peaks are measured in the microfiber with
a diameter of b =1.80 um. Because the symmetry breaks seriously in the elliptical-core
fiber with a small core, many high-order modes are excited, and each has low power. LP11
mode has less power for the microfiber with a small core than a large core. As a result,
SBS related to the LP11 mode is not excited, and one-peak Brillouin gain spectrum of
the intramode SBS of LP01-LP01 is measured. The dual-peak Brillouin gain spectrum is
measured in the microfiber with a large core diameter because both the intramode SBS
of LP0O1-LP01 and the intermode SBS of LP01-LP11 are excited. The BFS difference is

~156 MHz, which is six times larger than the elliptical-core silica fiber.

1.0+ *  Measured data
Lorentzian fitting
= Measured data
Lorentzian fitting
08} = = -Calculated data
= = -Calculated data

6 Fa=1.99 pm N v

Normalized gain spectra
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FIGURE 6.1 — Measured and calculated BGS of the fast and slow axes of the tapered e-core
fiber with a core diameter of a =1.99 um and b =1.80 um

Brillouin gain spectra for mode pairs LP01-LP01 and LP11-LP11 in two polarization
axes of the elliptical-core microfiber are calculated as shown in Fig. 6.1 using dashed lines.

Effective refractive indices of LP01 and LP11 modes in the microfiber with a diameter of
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b =1.8 um are calculated. Effective refractive indices of LP01 and LP11 in the slow (fast)
axis are 1oy, 510w =2.6097 (101, fast=2.6082) and n11 510, =2.5219 (n11 fast=2.5111), respecti-
vely. The BFS of the intermode SBS of LP01-LP11 (vg) is given by [157]

(no1 +n11) Va

VB = f (61)

where ng; and nq; represent the effective refractive indices of LP01 and LP11 modes, res-
pectively, the acoustic velocity is V, = 2261 m/s and the laser wavelength is A = 1550 nm.
The calculated BFSs of the intermode SBS are 7.485 GHz and 7.467 GHz in slow and fast
axes, which agree with the measured results ( 7.468 GHz and 7.462 GHz in slow and fast
axes). The amplitude of the second peak is smaller than that of the main peak because
of the lower SBS efficiency of LP01-LP11 than that of LP01-LP01. The intramode SBS of
LP11-LP11 is not measured due to the lowest SBS efficiency.
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Summary

Brillouin random fiber lasers (BRFL) based on stimulated Brillouin scattering (SBS)
gain and distributed Rayleigh scattering (RS) feedback fibers presented large frequency
drift due to randomly amplified modes and fast mode hopping in the random cavity with
complex paths [109]. Tt has been demonstrated that photon localization in random lasers
(RL) based on strongly scattering disordered media can increase lasing lifetime [139]. This
chapter demonstrates that the BRFL with strong scattering random fiber grating array
distributed feedback achieves a small frequency drift and a long-lived lasing mode. Light
localization occurs in the strong scattering random fiber grating array (RFGA) due to wave
interference and multi-scattering between random fiber grating (RFG) pairs. Light follows
the same path in the BRFL due to photon localization, which acts as a seed for Brillouin
lasing modes being amplified before dropping to the noise level leading to the long lifetime.
Due to light multi-scattering and coherent interference, the RFGA shows high-Q peaks,
which can suppress the multi-mode behavior of the random laser. We compare the strong
scattering RFGA distributed feedback to the weak scattering RS fiber distributed feedback
in a Brillouin random system. The BRFL based on RFGA shows a small frequency drift
of sub-MHz and a long-lived mode of 12 s, while the BRFL based on the RS distributed
feedback without photon localization exhibits a large frequency drift of a few MHz and fast
mode hopping over tens of milliseconds. The spectral evolution is measured by optical hete-
rodyne between the BRFL and the phase-locked laser. The long-lived mode and stabilized
frequency in the BRFL induced by photon localization means that it is equivalent to good
locking conditions in the phase-locked pump laser. The highly coherent BRFL enabled by
light localization offers a new way to reduce optical frequency drift in an all-optical domain

without using the additional electrical scheme for active phase locking.
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Abstract: Strong scattering random media can localize light and extend photon lifetime through
multiple scattering, which offers opportunities for stabilizing random lasers. Here, we demonstrate
a frequency stabilized Brillouin random laser with high coherence enabled by photon localization
in random fiber grating array (RFGA). Photon trapping is realized due to wave interference
in multi-scattering Fabry—Pérot (FP) cavities between random fiber gratings e nabling light
localization to prolong photon lifetime. The formation of the high finesse peaks of RFGA
suppresses multi-longitudinal modes, which offers single-mode operation at high pump power.
The RFGA distributed feedback-based Brillouin random fiber laser (BRFL) maintains a small
frequency drift with the pump laser (a phase-locked laser with a linewidth of 100 Hz) at 51 kHz/s
for a total change of 620 kHz over 12 s. Note there is no locking between the two lasers, and
the beat frequency is measured by the optical heterodyne method. The correlation coefficient
change of the measured optical beat frequency is maintained at 4.5%. This indicates that the
BRFL is capable of maintaining a small optical frequency difference with the phase-locked pump
laser over 12 s thanks to the RFGA capable of trapping photons in the same path, which is a
remarkable feature for a random fiber l aser. Furthermore, we confirm the single-mode lasing with
a long lifetime in the stabilizing BRFL by the replica symmetry behavior and ultralow intensity
noise at high pump power. Our findings explore a new approach to stabilize the frequency of
Brillouin random lasers passively without commonly used active phase locking laser themes,
which makes a simple and cost-effective system.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Random lasers (RLs) with disordered scattering feedback media have attracted a great attention
due to random lasing nature. Anderson localization, a phenomenon of light confinement in
strong scattering random media, has been predicted and demonstrated in RLs [1-3]. Light can be
confined in the regime of Anderson localization owing to wave interference in multiple-scattering
random media. RLs with high quality factor and long lifetime based on the localization effect
have been revealed [4,5]. Random lasing emission in high-dimensional RLs leads to multi-
directionality [6]. Recent experiments have shown the reduced threshold and improved lasing
efficiency in one dimensional RLs with strong scattering media [7,8]. However, a major challenge
for these RLs is multi-mode lasing emission. Multiple lasing modes coexisting in the random
system induce broad bandwidth on the order of nanometers and large frequency drift, even though
the suppressed mode interaction in the localized regime of the multi-mode RLs is introduced by
the reduced spatial overlap of modes [9].

Random fiber lasers (RFL) with transverse confinement imposed by fiber geometry have
been demonstrated showing more stable lasing frequency and narrower linewidth [10,11] in
comparison to RLs. Different from one-dimensional hollow-core fiber random lasers with filled

#460736 https://doi.org/10.1364/OE.460736
Journal © 2022 Received 8 Apr 2022; revised 14 May 2022; accepted 14 May 2022; published 24 May 2022
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dyes in air holes of the fiber as gain medium [12,13], the gain of RFLs with all-fiber configuration
is based on stimulated Brillouin scattering (SBS) [14,15], stimulated Raman scattering (SRS)
[16,17], and Erbium-doped fiber (EDF) [18,19]. The light localization in a random grating array
in a single-mode fiber has been experimentally demonstrated by measuring the exponential decay
of transmissivity along the disordered fiber gratings [20]. Later, EDF gain random lasers based on
Bragg gratings via Anderson localization were demonstrated [21-24]. Due to multi-mode lasing
emission and broad lasing linewidth of picometers (hundreds of MHz) in the EDF-based RFLs,
however, they exhibit large frequency drift and short lifetime of nanoseconds, which impose limits
for fiber sensor technologies and optical communications. Brillouin random fiber lasers (BRFL)
with a linewidth of kHz have been demonstrated [25,26]. The narrower bandwidth of Brillouin
gain (tens of MHz) than EDF gain enables fewer modes with smaller drift in the Brillouin random
laser system. Light follows different paths without localization effect in Brillouin random laser
systems with weak Rayleigh scattering (RS) random feedback media, leading to a short lifetime
of milliseconds and large frequency drift of 10 MHz [27,28]. Random fiber grating (RFG) with
large refractive index contrast as distributed feedback medium in BRFL have been investigated
[29,30]. The weak multi-scattering of the RFG with random spatial periods of micrometers
over several centimeters is not adequate to localize photons for a long time of seconds. Little
is known about the characterizations of Brillouin random lasing emission in strong scattering
random media. To understand limits in noise features of a Brillouin random laser system with the
light localization effect, a strongly scattering disordered random fiber grating array (RFGA) as a
distributed feedback of a BRFL is investigated in the current paper. The focus of this work is to
characterize the BRFL with the strong scattering RFGA by detecting the lasing modes evolution,
frequency drift, and intensity fluctuation.

In this paper, we demonstrate a stabilizing Brillouin random laser with photon localization
enabled by strong scattering RFGA. Light is localized in the RFGA due to wave interference in
multi-scattering Fabry—Pérot (FP) cavities between random fiber grating pairs. Once a single
longitudinal mode lasing is established in the BRFL via the high finesse filter formed between
FP cavities at high pump power, a long-lived lasing mode of 12 s is achieved because the light
is trapped in the multiple FP cavities. Note, there is no active phase-locking mechanism in the
random laser. The established random mode maintains the lasing because the small frequency
difference between multiple random modes from RFGA ensures lasing continuously under
resonance condition, even though the thermal and acoustic effects induce slight laser frequency
drift. The long-lived mode with a small correlation coefficient change of 4.5% and frequency
change rate of 51 kHz/s over 12 s leads to the stabilized random lasing with a small frequency drift
of 620 kHz. The correlation coefficient change remains constant with time in the RFGA-based
BRFL, while it is varied significantly in other weak scattering feedback-based BRFLs, which
confirms the frequency stabilized random laser with RFGA enabled by photon localization. The
stabilizing BRFL shows replica symmetry behavior at high pump power and ultralow relative
intensity noise, which is another indicator of single-mode lasing with a long lifetime.

2. Experimental section
2.1.  Principle and simulation

RFGA provides distributed feedback for the Brillouin random fiber laser. RFGA is fabricated
along a polarization-maintaining (PM) fiber by the plane-by-plane inscription method. The
refractive index of the PM fiber is modulated spot by spot with random periods by the exposure
of a femtosecond (fs)-IR pulse laser through the method [31]. A few dB loss is introduced in
the RFGA during the inscription process. The parameters of RFGA, including the length of
each grating and distance between two gratings, are characterized by optical frequency domain
reflectometry (OFDR). There are 38 random gratings in the RFGA with a distance between
two gratings of 15 cm + a couple of millimeters and the length of each RFG is 5 mm. The
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intrinsic refractive index modulation spots in each 5 mm-long grating of the RFGA are around
9400. The refractive index modulation periods are randomly varied between 0.5180 um and
0.5464 um, corresponding to a broad backscattering wavelength range from 1500 nm to 1580
nm. Wave interference between multi-scattering grating pairs in the RFGA plays a key role in
improving spatial trapping and lasing stability. The schematic of light propagation in the RFGA
with increased pump power is plotted in Fig. 1(a). When light with low pump power transports in
the RFGA, it can not pass through all the sub-gratings before it drops below the noise level due
to scattering loss suggesting no wave interference between grating pairs. By increasing pump
power, light propagates in one FP cavity formed between two gratings, where photons travel back
and forward leading to the coherent interference of waves. The spectrum of the RFGA exhibits
narrow linewidth with a high finesse #. Light propagates in more FP cavities under higher pump
power indicating a higher finesse FN contributed to the product of the finesse of N individual
resonators with the same resonant frequency. Longitudinal lasing modes in the Brillouin gain
region can be remarkably suppressed and a single longitudinal mode emission can be realized in
the random laser system at high pump power due to the high finesse of the RFGA. The reflection
spectra of the RFGAs with different numbers of random fiber gratings are simulated based on
the transfer matrix method. The narrower spectral peaks owing to multiple scattering between
gratings confirm the high finesse and quality factor of the RFGA (see Section 1 Figure S1 in the
Supporting Information). Reflection and transmission spectra of the RFGA are measured by an
optical spectrum analyzer (OSA) with a resolution of 5 MHz as shown in Fig. 1(b). The average
transmission at the wavelength of 1550 nm is -20 dB corresponding to the transmittance of 0.01.
The reflection spectrum presents a large number of peaks with narrow linewidth as expected. In
a strongly scattering disordered medium, wave interference in multi-scattering paths leads to
photon localization. The localization length ¢ is given by [8]

&~ —L/2In(T(L)) 6]

where L is the RFGA length and (T(L)) is the average transmission of the RFGA. The localization
length is ¢ = 0.1L, well within the length limit of the RFGA. Wave interference in many FP
cavities gives shorter localization length than the fiber length. Photons are confined in the RFGA
when transported in the random laser, which leads to long-lived lasing modes. In addition, there
are multiple random modes with small frequency differences due to the scattering paths with
small difference, especially under high pump power, where more random modes are survived over
the cavity loss. The random modes can be selected to compensate for the small frequency drift
due to temperature and acoustic variations, leading to a long-lived modes without mode-hopping.
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Fig. 1. (a) Schematic of light propagation in the RFGA with increased pump power. Photons
are localized in the RFGA due to wave interference between many FP cavities at high pump
power. (b) Reflection and transmission spectra of RFGA. Multiple narrow peaks with high
finesse confirm wave interference between FP cavities in the RFGA.
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2.2. Experimental setup

The schematic of the BRFL setup is described in Fig. 2(a). A NKT laser with a linewidth of
100 Hz is used as the pump light, which power is controlled by an erbium-doped fiber amplifier
(EDFA). The state of polarization of the pump light is aligned to the slow axis of a polarization
beam splitter (PBS) by adjusting a polarization controller (PC). The pump light is injected into
the Brillouin gain medium through polarization-maintaining (PM) circulator 1. A 2km-long
Panda-type PM fiber is used as the Brillouin gain medium. The pump light in the Brillouin
gain medium stimulates backward Stokes light, which travels anticlockwise in the cavity after
Rayleigh scattering provided by a PM random fiber grating array. The lasing output is sent to
an OSA for spectrum analysis, an oscilloscope for temporal intensity dynamics analysis and an
optical heterodyne system by combining the lasing output of the BRFL and the pump laser after
a PM coupler for beat spectral evolution analysis. The beat spectra are detected by a high-speed
photodetector with 20 GHz bandwidth and recorded by an electrical spectrum analyzer (ESA).
The preserved state of polarization of light in the all PM random fiber laser system leads to a high
degree of stability in linear polarization against external perturbations during its propagation,
which is beneficial for the Brillouin random lasing with low intensity fluctuation and frequency
drift. Furthermore, the PM gain fiber has a smaller effective mode field diameter of 6.48 um than
that of SMF (10.4 um), which provides a higher Brillouin gain coefficient for the BRFL. More
gain from the PM fiber ensures that multiple random modes can sustain the multiple cavity trips
to increase the total effective length. This is important to maintain resonant laser condition under
the temperature drift and acoustic disturbance from the environment by multiple random modes
with small mode frequency differences. Figure 2(b) shows the output power of the BRFL based
on RFGA as a function of pump power. At pump power above 7.2 mW, Rayleigh scattering from
the RFGA provides the necessary back-scattered Stokes light to enable the gain in the random
laser system higher than the loss in a round trip, which leads to laser oscillations. After the lasing
threshold, output power linearly increases with pump power. A sharp peak with a red-shift of
~10.34 GHz from the pump laser, corresponding to the Brillouin frequency shift in the slow axis
of the PM fiber [32], appears on the output spectrum at the pump power above the threshold as
shown in the inset of Fig. 2(b). The side peaks with small amplitudes are attributed by the side
modes of the optical local oscillator inside the high-resolution OSA.
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Fig. 2. (a) Schematic of the experimental setup for the BRFL based on RFGA. EDFA:
erbium-doped fiber amplifier; PC: polarization controller; PBS: polarization beam splitter;
RFGA: random fiber grating array; PM: polarization-maintaining. (b) The output power
of BRFL as a function of pump power. Inset: optical spectrum with a sharp peak at the
Brillouin resonant frequency of ~10.34 GHz away from the pump laser.
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3. Results

3.1. Lasing mode characterization and spectral evolution

The output lasing spectrum of the BRFL is measured using the heterodyne-based method. We
count the number of modes according to the mode amplitude within 20 dB of the maximum value
at each pump power. The number of modes as a function of pump power is plotted in Fig. 3(a).
The sharply increased lasing modes with increased pump power below 9 mW indicate that more
longitudinal modes above the noise floor are excited in the Brillouin gain bandwidth. However,
the low finesse of the RFGA is not enough to suppress the lasing modes at the low pump power.
Higher pump power enables wave interference in more FP cavities leading to increased finesse of
the reflection spectrum of the RFGA. As a result, one mode is selected and other longitudinal
modes are suppressed at the pump power above 20 mW. The variation in the number of lasing
modes confirms the power-dependent light transportation in the RFGA as expected. Figure 3(b)
shows several beat spectra at different pump powers. The bottom four spectra show multi-mode
lasing emission with envelopes of quasi-Lorentzian shape, which suggests the lasing modes
located at the high gain region of Brillouin bandwidth (20 MHz for the PM gain fiber). The
longitudinal mode spacing of 0.1 MHz corresponds to the cavity length of around 2 km. The top
spectrum shows a single longitudinal mode lasing with a high signal-to-noise ratio of 60 dB,
which suggests the reduced frequency and intensity fluctuations of the random laser.
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Fig. 3. (a) Number of modes of the BRFL as a function of pump power. Single longitudinal
mode operation in the random system above 20 mW. (b) Beat spectra of the RFGA-based
BRFL with different pump powers. Mode frequency of around 10.34 GHz corresponds to
the Brillouin frequency shift in the slow axis of the PM gain fiber.

To illustrate photon trapping via time dependent frequency drift of the random laser with
RFGA, we exploit the spectral evolution of the beat signal between the pump laser and the BRFL
in a continuous time, which adds a new dimension to show the trapping time and frequency
stability of lasing modes for a random laser. The beat spectra at different pump powers are
monitored continuously over 15 s in a time interval of 15 ms, as shown in Figs. 4(a-c), in which
the color bar represents the power of beat spectra. The frequency resolution of the beat spectrum
is 10kHz. The frequency of beat spectra is normalized to f — (f). The frequencies of the lasing
modes over their lifetime at different pump powers are plotted in Fig. 4(d). The lifetime of the
lasing mode is found to be prolonged to 12 s with increased pump power to 117 mW. When the
light with higher pump power transports in the Brillouin random laser system, photons survive
for a longer time due to localizing light in more multi-scattering FP cavities of the RFGA, which
leads to a longer-lived lasing mode. It is found that the lasing mode at each pump power has
a positive chirp over its lifetime as plotted in Fig. 4(d). The mode chirp can be understood
through the mode-pulling effect in the stimulated Brillouin scattering process. Mode-pulling is
induced by nonlinear phase shift as a result of strong dispersion in the narrow Brillouin gain.
As a result, the Stokes lasing mode is pulled away from the Brillouin resonant frequency of the
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cold cavity by an amount during lasing operation [33-35]. The frequency change range of lasing
modes depends on the Brillouin gain spectrum and the relative position between the gain peak
and the lasing frequency. The same gain spectrum and small change of frequency separation
between the Stokes signal and the pump light at different pump powers indicate that the lasing
mode moves in a similar range. To prove the stabilization of the BRFL enabled by the RFGA
distributed feedback, no external temperature insulation chamber is added to the system. The
lasing mode with small difference in chirp rate over 12 s owing to the temperature variation. The
sensitivity of Brillouin frequency shift is ~1 MHz/°C. The slight temperature change induces
the small Brillouin peak shift. As a result, the different chirp rates over time under the same
pump power are achieved as shown in Fig. 4(c). The same lasing mode is kept at around 5 s even
with small disturbance because the random fiber laser has a stabilization mechanism enabled by
random modes, which shows the self-stabilization ability of the random fiber laser with feedback
of RFGA to ignore the small disturbance from environmental change. The frequency drift is
620 kHz over the lifetime of 12 s at the pump power of 117 mW. Compared with demonstrated
BRFL based on the Erbium-doped fiber loop, which exhibits a mode-hopping free operation
over 0.8 s with the frequency drift of 1.2 MHz owing to the photonic memory in EDF [36], the
frequency drift of the long lifetime mode hopping free BRFL enabled by photon localization
in RFGA (~40 kHz in 0.8 s) represents a factor of 30 improvement. Figure 4(e) shows that the
frequency change rate of lasing modes decreases from 194 kHz/s to 51 kHz/s with increased
pump powers from 20 mW to 117 mW. The decreased frequency drift rate is attributed by photon
confinement in the specific random mode, which overcomes the loss from the RFGA in one trip
as a seed to get the gain from the 2 km Brillouin gain fiber. Such a process is repeated with more
cycles because the mode survives for a longer time in the RFGA at higher pump power. As a
result, the correlation coefficient has a smaller change (4.5%) at higher pump power as shown in
Fig. 4(e). The role of slightly changed scattering length from RFGA over the fixed 2 km gain
length is to maintain the resonance condition of random laser under slight temperature variation.
Similar to phase-locked cavity change to be adaptable to the laser cavity length change from
temperature, here we have many slight different random modes from the RFGA to be selected
to match the temperature change simultaneously, rather than sequentially changed round trips
with 27 phase shift in phase-locked feedback cases, which takes a longer time to reach 27 of
constructive mode addition. At the beginning and end of each lasing mode (transient regimes),
we observe mode-hopping with a frequency jump of hundreds of kHz. A short-time spectral
evolution in the transient regime at the pump power of 117 mW is shown in Fig. 4(f). The
mode hopping is because the lasing mode moves to the frequency at which Brillouin gain is
not enough to support the lasing mode imposed by the mode-pulling effect. As a result, the
random lasing process is rebuilt up and the lasing mode randomly hops to a favorable mode in the
high gain position, where the random system can continue to single-mode lasing operation. We
observe the multiple longitudinal modes at transient regimes as plotted in the inset of Fig. 4(f).
Because of the reconstruction of lasing action at transient regimes, each longitudinal mode has an
opportunity to be excited and multiple longitudinal modes suddenly appear in the gain bandwidth
leading to an unstable laser system. The multi-mode emission indicates that the random laser
approaches and recovers from transient regimes. The stabilization of the RFGA-based BRFL is
not affected by the nonlinearities, such as four-wave mixing and cross phase modulation, owing
to single longitudinal mode operation in the linearly polarized random system and the 40 dB
lower reflected pump wave compared with the Stokes wave.

To confirm the stabilized frequency in BRFL enabled by RFGA, two different distributed
feedback fibers such as RS fiber and single RFG are investigated by replacing the RFGA in the
BRFL. Spectral evolution of the BRFL based on 500 m-long RS fiber (PM fiber) at the pump
power of 90 mW is measured as plotted in Fig. 5(a). We observe a lasing mode rapidly hops to
another random mode on the order of milliseconds, even though a few modes survive for a longer
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Fig. 4. Real-time spatio-temporal evolution of the BRFL based on RFGA at the pump
power of (a) 20 mW; (b) 67 mW; (c) 117 mW. (d) Frequency of lasing modes over their
lifetimes at different pump powers. The frequency axis is the relative value at 0.5 MHz
per division. (e) Frequency change rate and normalized correlation coefficient change as
a function of pump powers. The frequency change rates are evaluated by fitting the mode
chirps shown in Fig. 4(d) with a linear function. Correlation coeflicient is calculated between
two neighboring traces over 15 s. (f) Close-up of Fig. 4(c) during the mode-hopping event.
Inset: the multi-mode spectrum in the transient regime at 13.8 s.

time of 0.3 s as shown in Fig. 5(b). This is contributed by weak scattering in the 500 m-long
RS fiber owing to the nonuniform density induced small refractive index fluctuation. Photons
can not be trapped in the weak scattering distributed feedback fiber and escape promptly from
the random laser system. As a result, the lifetime of lasing mode in the RS fiber-based BRFL is
over 40 times shorter than that of the RFGA-based BRFL. Instead of the small frequency drift in
RFGA-based random laser owing to the narrow filter effect and photon localization, lasing modes
are randomly selected by the weak RS fiber and amplified in the high gain region of the Brillouin
bandwidth in each round trip. The lasing mode drift over 10 s shows a Gaussian distribution in a
frequency range of 6 MHz as plotted in Fig. 5(c). The Gaussian distribution of the frequency
drift shows that the lasing RS-based system is a random process without mode trapping. Spectral
evolution of 5 cm-long polarization-maintaining RFG-based BRFL is presented in Fig. 5(d)
showing an unstable random lasing condition with several lasing modes. The lasing lifetime
of the RFG-based BRFL is longer than that of RS-based BRFL due to higher refractive index
modulation formed frozen scattering centers, which enables photons to be trapped for more time
in the RFG compared with RS fiber. However, the weak multi-scattering of light between the
sub-gratings of the RFG leads to low quality factor (see Section 1 Figure S2 in the Supporting
Information). The lasing modes follow different scattering paths after certain time due to the
broad linewidth peaks of the single RFG with weak localization, which leads to the fast mode
hopping in a large frequency range of 4 MHz. The longest lifetime of a lasing mode is 1.2 s, as
shown in Fig. 5(e). Compared with the single RFG as distributed feedback, the RFGA with 38
RFGs demonstrates 10 times longer lasing lifetime with a smaller frequency drift of 15.5%. The
long lifetime in the BRFL based on RFGA is contributed by the light confinement in FP cavities,
which acts as a seed for Brillouin lasing modes being amplified before dropping to the noise
level. In addition, the high finesse of the RFGA leads to the single-longitudinal mode operation
within a small frequency range, while the random laser shows the multi-mode operation in the
single RFG-based BRFL owing to the broadband filter effect. As a result, the BRFL based on
RFGA with 38 RFGs is free of mode-hopping with single-mode operation over a long time.
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The small correlation coefficient change of 4.5% for the optical beat frequency between the
BRFL and the phase-locked laser and the frequency change of 51 kHz/s indicate the potential
of self-stabilization capability for the random fiber laser. The upper limit of the grating array
number is the balance of the Brillouin gain and RFGA induced loss, which makes the seeded
random modes above the lasing threshold level to ensure sustained random modes for low noise
random laser operation. The multiple longitudinal modes with an amplitude of around -95 dBm
in the RFG-based BRFL as shown in the inset of Fig. 5(e) is over 20 dB higher in comparison to
the lasing emission in RFGA-based BRFL at high pump power. This confirms the broadband
filter effect of the single RFG. The normalized correlation coefficient change in a step of 1 s over
10 s for RFGA, single RFG and RS fiber-based BRFLs is plotted in Fig. 5(f). The maintained
correlation coefficient change over 10 s and small value in each time for the RFGA-based BRFL
suggest the stabilized lasing frequency drift due to photon localization. The RS fiber-based BRFL
without photon localization and single RFG-based BRFL with weak localization show the large
correlation coefficient change with strong fluctuation over time as expected.
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Fig. 5. (a) Real-time spatio-temporal evolution of the BRFL based on 500 m RS fiber at
pump power of 90 mW. (b) Close-up of Fig. 5(a). (c) Histogram of frequency drift in the RS
fiber. (d) Spectral evolution of the BRFL based on 5 cm RFG at pump power of 90 mW.
(e) Close-up of Fig. 5(d). Inset: the lasing spectrum at 5.5 s. (f) Normalized correlation
coefficient change for three distributed feedback fibers-based BRFLs in a step of 1s over
10 s. The correlation coefficients of the random laser with RFGA are calculated from the
beginning of the long-lived lasing mode. The coefficient change in each time is calculated
during 1 s.

3.2. Intensity fluctuation

The intensity dynamics and statistical features are investigated in the BRFL with RFGA. The
intensity probability is identified with a-stable Lévy distribution (see more details in the
Supporting Information Section 2). The Lévy index « as a function of pump power is plotted
in Fig. 6(a). There is a transition between statistical behaviors, from Gaussian distribution at
the power below the threshold (@ = 2 at 6 mW) to a Lévy distribution at the power around the
threshold (0<a <2 at 16 mW), and the intensity fluctuation is returned to Gaussian distribution
at the power well above the threshold (@ = 2 at 24 mW). Due to the thermal noise in the
prelasing regime, Gaussian distribution at the power below the threshold is expected. The
transition from the prelasing Gaussian distribution to the Lévy distribution is a signature of
random lasing. The low finesse of the RFGA at the pump power near the threshold indicates
multi-mode lasing operation as we discussed in Fig. 3. The strong coupling of longitudinal modes
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in the Brillouin gain bandwidth induces large energy exchange between Stokes photons and
phonons, which increases the probability of extreme events. Thus the intensity fluctuation follows
Lévy distribution. Unlike the prelasing Gaussian behavior for the power below the threshold,
Gaussian behavior at the power well above the threshold indicates a random lasing process with
coherent emission. Intensity change range of the BRFL as a function of pump power is shown in
Fig. 6(b). By increasing the power above 24 mW, we observe the sharp decrease of intensity
fluctuation, which is consistent with the statistical transition from Lévy regime to Gaussian
regime, confirming a coherent single-mode lasing operation in the random system. Relative
intensity noise (RIN) of the random laser system is characterized at different pump powers as
shown in Fig. 6(c). At the pump power of 16 mW, the large RIN with high resonant noise peaks
in the frequency range from 0.1 MHz to 1 MHz corresponding to inverse of round trip time of
light in the laser shows the coupling of multiple longitudinal modes. High pump power enables
one longitudinal lasing mode with high gain to overcome the loss via the RFGA formed high
finesse filter. As a result, the number of longitudinal modes and spontaneous scattering from
the gain medium are suppressed. The strong intensity fluctuation induced by modes competing
for the available gain is alleviated. Thus, we observe the RIN of the random lasing emission
operating at the pump power of 117 mW is around 100 dB lower than that at the pump power of
16 mW in the frequency range from 1 Hz to 1 MHz. The RIN of the commercial NKT laser is
measured for comparison, which is around 10 dB lower than that of the Brillouin random laser
with a pump power of 117 mW. The optimized RIN in the RFGA based BRFL is over 30 dB
lower than that of BRFLs with 500 m RS fiber and 5 cm RFG as distributed feedback media (see
the Supporting Information Section 3 for detailed discussion and direct comparison).
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Fig. 6. (a) a value as a function of pump power. An initial Gaussian regime (@ = 2) is
followed by Lévy regime (0<a<2), and Gaussian regime (@ = 2) is recovered at high pump
power due to power-dependent modes in the random laser. (b) Intensity change range versus
pump power. (c) RIN comparison at different pump powers.

We consider the replica symmetry or replica symmetry breaking determined by the distribution
of Parisi overlap parameter to demonstrate the characterization of intensity fluctuation in the
BRFL with RFGA. Parisi overlap parameter ¢ is given by [37-39]

N A (K)Ap(k
ppp—— AL L @)

VEL RYEY, A2
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where N is the number of spectral points, a and b are two traces with being a, b=1,2,..., N;
and N; = 100, A,(k) = I,(k) — I(k) is the intensity fluctuation, and I(k) = Zgil I(k)/Ny is the
average intensity at the frequency indexed by k. The intensity fluctuations from trace to trace
are uncorrelated if the values of ¢, are around zero, which implies the photonic uncorrelated
paramagnetic and replica symmetry; otherwise, the intensity fluctuations are correlated between
traces, which indicates spin-glass phase and replica symmetry breaking. Fast Fourier transform
of the temporal traces is applied to calculate the spectra of the intensity fluctuation and Parisi
overlap parameter. The histogram of ¢ is calculated at different pump powers as plotted in
Figs. 7(a-d). ¢ value distributions are centered around zero at the pump power below the threshold,
which indicates the uncorrelated emission between different traces in the paramagnetic regime
(Fig. 7(a)). The spontaneous emission from thermal noise in the gain medium confirms the replica
symmetry behavior. By increasing the pump power above the threshold, multiple longitudinal
modes are activated in the Brillouin gain bandwidth. Mode competing for the limited gain
leads to the correlated intensity fluctuation from trace to trace. The consequence of these strong
intensity correlations is a bimodal distribution with the maximum probability at ¢ = +1 and
replica symmetry breaking (Figs. 7(b-c)). Similar transition from replica symmetry to replica
symmetry breaking with increased power has been demonstrated in random lasers [37,40,41]
and Erbium-based random fiber laser [42,43]. However, different from these random lasers with
maintained replica symmetry breaking at high pump power, the Brillouin random laser based on
RFGA shows the transition from replica symmetry breaking back to replica symmetry (Fig. 7(d)).
This indicates the suppressed multi-modes and low intensity fluctuation. The replica symmetry
behavior at high power is contributed to the reduced number of longitudinal modes and the
frequency stabilized lasing mode due to the high finesse filter of the RFGA and long-time mode
trapping by the light localization effect in the RFGA. The absolute value of g at the maximum
probability (|gmax|) as a function of pump power is plotted in Fig. 7(e). The maintained replica
symmetry behavior (|gmax| = 0) in high power regimes shows the long-lived lasing with low
noise of the stabilizing BRFL with RFGA. The ¢ value distribution for the random lasing system
without RFGA is measured as shown in Fig. 7(f). The values of ¢ are centered around zero,
which means that the intensity fluctuation spectra from trace to trace are independent of the
system noise without distributed feedback. The distribution of g values with the smallest range
around zero indicates that the random distributed feedback adds uncertainty to the laser system.
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4. Conclusion

In summary, we have demonstrated a stabilizing Brillouin random laser system with a long-lived
lasing mode enabled by photon localization in RFGA. More FP cavities in the RFGA at higher
pump power lead to higher finesse. As a result, multiple longitudinal modes are suppressed. More
strikingly, wave interference in the multi-scattering FP cavities indicates the light localization,
which leads to photon trapping in the RFGA based random laser. We have shown that the random
laser supports a long-lived lasing mode of 12 s in the BRFL at high pump power. The long
lifetime of the localized lasing mode leads to the small frequency shift of 620 kHz over 12 s
indicating the stabilized frequency of the RFGA-based random laser with photon localization.
We confirm the stabilizing BRFL with the light localizing RFGA feedback by comparing it with
the feedback of RS fiber and RFG commonly used in random fiber lasers. Two feedback-based
BRFLs exhibit unstable lasing modes with faster mode hopping in larger frequency range and
larger correlation coefficient change with stronger fluctuation owing to no light localization
in the weak scattering RS fiber and weak light localization in the weak multi-scattering RFG.
The photon trapping induced long-lived modes and stabilized frequency in the random laser is
equivalent to good locking condition in phase locked laser. The key for the nearly constant lasing
frequency is that minor changed cavity length due to the temperature or acoustic wave can always
find a "matched length" among many random modes with small spatial separation over long
cavity length at given time. Hence the "seeded photons" sustained lasing condition, i.e. long
lifetime is achieved. The stabilizing BRFL enabled by RFGA also gives rise to an low intensity
noise and replica symmetry behavior at high pump power. Our contribution helps to understand
mode propagation and noise properties in localized photons in Brillouin fiber lasers with random
distributed feedback and constitutes an important step towards the design of frequency stabilized
random fiber lasers with high coherence and low noise without the need for active feedback and
locking on the laser cavity.
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1 SIMULATION OF RFGA AND RFG BY TRANSFER MATRIX METHOD

Stabilizing Brillouin random laser with
photon localization by feedback of
distributed random fiber grating array:
Supporting Information

1. SIMULATION OF RFGA AND RFG BY TRANSFER MATRIX METHOD

A. Simulation of RFGA

The reflection spectrum of the random fiber grating array (RFGA) is calculated by the transfer
matrix method [1-3]. The amplitude of the reflected and transmitted waves before and after the
ny, uniform region of the random fiber grating (RFG) is represented in a matrix M, which is

given by
+ +
=My | (1)
a; anfl

where a;7 and a,_; are the amplitude of transmitted and reflected waves of the ng, uniform
region of the RFG, respectively. Based on the coupled-wave equation of the counter-propagating
waves, the transfer matrix M, of an uniform region of the grating can be written as:

A-i%fB  —i%B
Mn = . AB (SZ)
igB A+i<B

where A = cosh (SLg) and B = sinh (SLg) with Ly being the length of each uniform region,
x is the coupling coefficient between the counter-propagating beams in the grating, which is
determined by the refractive index modulation (An), AB = B1 — B2 — 71/ Ay is the wave-number
deviation from the Bragg wavelength with A, being sub-grating period, ; = 27n/A; and
B2 = 271tn/ Ay being propagation constants of forward and backward waves, respectively, and
S2 = (|x|? — AB?). The transfer matrix of the RFG can be written as the product of the transfer
matrix of each uniform region, which is expressed as G; = M1 M,...M,,_1 M;,. The transfer matrix
for a space of length d; between two gratings is given by

exp (iKd; 0
Ny = | P UKD (83)
0 exp (—iKd;)
where K = 27tn/ A. The transfer matrix of the RFGA is given by
By Fpo
F = GiN1GyN; ... G;_1N;_1G;N; = (54)
By Fxn
Reflection coefficient of the RFGA are expressed as
b |2
Rrrca = rﬂ (S5
2

Reflection spectra are calculated using the above equations. In simulations, the core refractive
index is n = 1.456, the laser-induced index change is An = 1 x 10~° and the period of sub-
gratings A, follows uniform distribution from 0.5180 um to 0.5464 pm. The uniform length of
each RFG is Ly = 25.9um. The distribution of gratings in the RFGA and reflectivity of each
grating are characterized by optical frequency domain reflectometry (OFDR) with a resolution
of 8 pum. The distance between neighbor graiciflés is obtained as shown in Figure S1(a), which
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Fig. S1. Fig. S1. (a) Measured reflectivity versus distance of RFGA. (b) Measured reflectivity
versus distance of one RFG.

changes in the range of 15 cm + a couple of millimeters. Each grating has a length of 5 mm
as plotted in Figure S1(b). The reflection intensity fluctuation indicates the random period
change of sub-gratings of the RFG. We calculate the reflection spectrum of the REGA according
to the parameters of the RFGA we fabricated and measured. The reflection spectra of the RFGA
with different grating numbers are calculated with a spectral resolution of 5 MHz, as shown in
Figures S2(a-e). Due to the periodic variation of the sub-gratings being 28.4 pm, the spectrum
shows a wide reflection range for the single RFG as plotted in Figure S2(a). Unlike the spectrum
for one grating, the spectra for RFGAs present much narrower peaks induced by the wave
interference between grating pairs as shown in Figures S2(c-d). We observe the higher finesse for
the RFGA with more gratings due to the product of the finesse of more FP cavities with the same
length between grating pairs. The spectrum of RFGA with 38 gratings (Figure S2(e)) is consistent
with the measured data (Figure S2(f)), confirming the narrow filter effect of the REGA from its
high finesse and quality factor. The free spectral range (FSR) of the REGA corresponds to the
distance between grating pairs.
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Fig. S2. Simulated reflection spectra for the RFGA with (a) single RFG in a large wavelength
range. (b) Close-up of Figure S2(a). Simulated reflection spectra for the RFGA with (c) 10 RFGs;
(d) 38 RFGs. (e) Close-up of Figure S2(d). (f) Measured reflection spectrum of the RFGA with
38 gratings.

B. Simulation of 5 cm-long RFG

The reflection spectrum of a 5 cm-long RFG is calculated as shown in Figure S3. The ten times
increase of the refractive index modulation points enables higher reflection and narrower spectral
peaks of the reflection spectra as presented in Figs. S3(a-b) than that of the 5 mm-long RFG (RFGA
with one RFG) as plotted in Figures S2(a-b). The spectrum of the 5 cm-long RFG shows broader
linewidth peaks with lower quality factor than that of the RFGA with 38 gratings, suggesting
weaker multi-scattering between sub-gratings in the RFG.
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Fig. S3. (a) Simulated reflection spectrum for a 5 cm-long RFG. (b) Close-up of Figure S3(a).

2. INTENSITY FLUCTUATION AND «-STABLE DISTRIBUTION FITTING

The temporal intensity fluctuation is measured in a time scale of 1 s. Time series (left), intensity
probability (center) and phase portrait (right) of the random lasing emission at different pump
powers are calculated as plotted in Figure S4. The intensity is normalized to the maximum value.
The phase portrait is calculated by plotting Iy versus Iy with a delay of k = 1, which exhibits
motion on an outward spiraling and folding trajectory. The N in phase portraits is 1x107 in
the temporal trace of 1 s corresponding to the resolution of 100 ns, indicating the minimum
response time of 100 ns of the random laser, which is much shorter than the cavity trapping time
of tens of ps showing in Figure 6(c) in the main document for the low power of 16 mW. At high
pump power, the laser is limited by white noise in MHz frequency range, which means it will
ignore ns disturbance. Because spontaneous scattered light generated by random thermal noise
dominates the Brillouin scattering process at low pump power below the threshold (6 mW), the
intensity presents stochastic behavior with large fluctuation and phase portrait shows chaotic
trajectory as plotted in Figure S4(a). We find an asymmetric behavior with a long-tailed statistic
in probability distribution and a more centered phase portrait at the pump power above the
threshold (16 mW) as shown in Figure S4(b). We conclude that some longitudinal lasing modes
dominate the intensity change of the random system. When the BRFL is pumped at 24 mW,
however, the large intensity fluctuation is significantly reduced, as shown in Figure S4(c). This is
because the number of longitudinal modes is reduced by the high finesse of the RFEGA at high
pump power. The weak fluctuation of intensity with symmetry distribution indicates single-mode
lasing in the random system. The phase portrait with a well-confined cycle signature is expected
as the successive temporal points are coherently related in phase relation in single-mode lasing
operation. By further increasing the pump power, less intensity and phase changes are achieved
(Figure S4(d)), which means the reduced background noise for the lasing emission owing to the
narrower filter effect of the RFGA with a higher quality factor.

By analyzing the data in Figure S4, the intensity probabilities are identified with a-stable Lévy
distribution, which is given by [4]

P(k) = exp {—|vk|*[1 — iB sgn(k)D] + iké} (S6)

where Lévy index & € (0,2] governs the intensity fluctuation. The probability distribution
follows Lévy behavior in the range of 0 < & < 2 and Gaussian behavior at the boundary value
a=2.p€[-1,1],6 € (—oo,00),and y € (0, 00) are the skewness, location and scale parameter,
respectively. ® = tan(7ma/2) if o # 1, whereas ® = —(2/k) In |k| if « = 1. The fitting curves of
the intensity probability are shown in red dashed lines in the center of Figure S4. The fitting
values of the parameters are listed in Table S1.

3. INTENSITY FLUCTUATIONS IN DIFFERENT DISORDERED FEEDBACK MEDIA

Relative intensity noise (RIN) is characterized by calculating the power spectral density of
intensity trace of 1 s. Figure S5(a) and Figure S5(b) show RIN for the BRFLs based on 5 cm-
long RFG and 500 m-long Rayleigh scattering fiber at different pump powers, respectively. We
observe reduced RIN with increased pump power in the RFG-based BRFL indicating less mode
competition. The high-noise peaks at high frequencies from 0.1 MHz to 1 MHz for all powers
confirm the mode competition in the RFG-based BRFL in a time scale of 1 s. Different from
RFG and RFGA-based random lasers, which have low RIN at high pump power, the Rayleigh
scattering fiber-based BRFL has low RIN at loTrpolmp power as plotted in Figure S5(b). When the
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pump power increases to 33 mW, we observe a sharp increase at low-frequency range from 1 Hz
to 10 kHz and several noise peaks at high-frequency above 10 kHz. Similar RIN has been reported
in the BRFL with a 10 km-long Brillouin gain fiber /RS fiber [5, 6] and in the multi-wavelength
BRFL [7]. The normalized temporal trace of intensity fluctuation at the pump power of 67 mW is
plotted in the inset of Figure S5(b). We find several intensity peaks with large fluctuation. Unlike
the high finesse RFGA at high pump power, which supports one longitudinal mode owing to
narrow filter effect, the multiple modes are coexisted in the random laser based on RS feedback
fiber at high pump power. In addition, the nonlinear effects are excited in the long RS fiber at
high power of the Stokes wave in the gain fiber under high pump power. The back-scattered
Stokes wave is affected not only by the linear Rayleigh scattering but also by nonlinear effects
in the RS feedback fiber leading to more modes in the gain bandwidth. The gain competition
of modes at high pump power leads to large intensity fluctuation and high intensity noise. The
RINs of the RFG and RS-based BRFLs are over 30 dB higher than REGA-based BRFL due to the

Table S1. Summary of the fitting parameters for the intensity probability in the BRFL at
different pump powers

Pump power x B Y 6

P =6 mW (P/Py=0.83) 2 0017 012 0.042

P =16 mW (P/Py,=2.22) 083 098 0.02 012

P =24 mW (P/Py,=3.33) 2 0.08 0.018 0.87

P=117 mW (P/Py=1625) 2 0985 0.006 0.96
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mode competition contributed by their low-finesse and nonlinear effects.
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Summary

The previous chapter demonstrated the stabilization of the Brillouin random fiber laser
(BRFL) based on the strong scattering RFGA enabled by light localization. This chapter
presents another frequency drift reduction technique achieved by a random fiber grating
ring as distributed feedback of the BRFL. The random fiber grating ring (RFGR) consists
of a 5 cm long polarization-maintaining random fiber grating (PM-RFG) and a PM fi-
ber coupler with a high split ratio of 95/5. Narrow linewidth peaks are generated due to
light confinement in the low-loss RFGR. Due to scattering paths with small differences
from the RFGR, many random modes with small frequency differences are excited in the
BRFL. Random modes can be chosen to compensate for the small frequency drift caused by
temperature and acoustic variations, which provide the resonant condition without mode
hopping. Optical injection locking is achieved between the high-Q RFGR and Brillouin ran-
dom lasing. The frequency stabilized BRFL is demonstrated by taking advantage of the
self-injection locking and self-adjusting random modes in the high-Q RFGR. We compare
the BRFL with injection locking through high-Q RFGR to the BRFL without injection
locking in the RFG distributed feedback. The BRFL with injection locking shows the long-
lived single lasing mode operation with a small frequency drift, while the BRFL with the
ultra-low-QQ RFG shows multiple lasing modes with a small side-mode suppression ratio,
leading to fast mode hopping within a large frequency range. The following manuscript
provides evidence for the frequency stabilized BRFL via the RFGR in the all-optical lo-
cking mechanism. The main drawback of this mechanism is that the RFGR is sensitive to

surrounding variations, leading to high intensity noise at low frequencies.
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Frequency fluctuation is a major problem in high preci-
sion metrology as real-time optical frequency measure-
ment is not available with commercial photodetectors,
alternatively, frequency stabilized lasers as a reference
are also not accessible in most Labs. In this study, we
proposed and demonstrated a polarization-maintaining
random fiber grating ring (PM-RFGR) resonator in a PM
Brillouin random fiber laser (BRFL) to achieve sub-MHz
frequency drift, which is measured by the optical beat
of the random laser and the pump laser. Experimental
results show that longitudinal modes are suppressed in
the BRFL owing to the feedback of the RFGR resonat-
ing with one longitudinal mode of the random laser.
The BRFL shows mode hopping free operation over
14.9 s due to the self-adjustment of random modes with
small frequency difference to thermal and acoustic vari-
ations and self-injection locking through RFGR. As a
result, a small frequency drift of ~340 kHz with single-
longitudinal mode is achieved in the BRFL enabled by
the RFGR, which offers an all optical locking mecha-
nism for optical frequency stabilization. © 2022 Optical
Society of America

https://doi.org/10.1364/0OL.464434

1. INTRODUCTION

Random fiber lasers (RFLs) with distributed feedback media
have attracted attention in the last few decades [1-3]. Randomly
scattered light from distributed feedback media traveling in
gain media gives rise to more complicated paths compared with
light propagation in conventional lasers, which makes unique
features for applications in sensing [4] and secure communica-
tion [5]. RFLs are accompanied by large frequency drift owing to
the variable cavity length. Erbium-doped fiber (EDF)-based RFL
with frequency stabilization based on the light localization in
distributed grating array has been demonstrated [6]. However,
the frequency stabilization is on the order of pm corresponding
to hundreds of MHz owing to the large EDF gain bandwidth of
tens of nm. Stimulated Brillouin scattering with tens of MHz
bandwidth as the gain of RFL, so-called Brillouin random fiber

laser (BRFL), has been demonstrated to reduce frequency drift.
Few modes from the feedback fiber are amplified above the
noise level in the BRFL resulting in several lasing spikes with a
frequency drift of 4 MHz [7]. The self-inscribed transient popu-
lation grating through an EDF loop in BRFL was demonstrated
showing a frequency drift of 1.2 MHz over 0.8 s owing to the
milliseconds of photonic memory in EDF [8]. Instead of the com-
plex setup by incorporating additional devices to the random
cavity, the frequency stabilized BRFL can be achieved in existing
components, such as distributed feedback media. Random fiber
grating array as distributed feedback with a small frequency
drift of 620 kHz over 12 s under high pump power was pro-
posed and demonstrated owing to the light localization and high
finesse peaks in the strongly scattering disordered distributed
feedback medium [9]. Considering the high density of random
mode numbers and insensitivity of external variations of the
random fiber grating (RFG) [10] and the narrow bandwidth of
the fiber ring [11], the random fiber grating ring (RFGR), formed
by inserting a RFG into a fiber ring, can be utilized as distributed
feedback to achieve a frequency stabilized BRFL based on the
self-injection locking mechanism. Because of multiple reflection
planes (~ 10%) in the RFG of 5 cm, the effective length of the sin-
gle ring resonator is enhanced, which is equivalent to increased
round trip rings. Instead of a single trip in a ring, this is critical
for many longitudinal modes rejection and single lasing mode
selection. The role of the RFG compared with the fiber Bragg
grating (FBG) is to allow multiple random modes lasing with
small frequency separation. Whenever temperature or acoustic
wave is changed, the resonant lasing condition will be main-
tained among existing random modes. Hence optical wave will
be maintained over many round trips without the need of re-
establishment as that in cavity laser or fixed frequency peak in
FBGs, which makes all reflections at the same peak of the mode.

In this study, we demonstrate a frequency stabilized
polarization-maintaining (PM) BRFL enabled by a PM-RFGR
resonator. Longitudinal modes are suppressed by the narrow
filter effect of the RFGR leading to a single longitudinal mode
operation. The random modes with a small frequency difference
from the variable cavity length suggest a smooth frequency drift.
In addition, the self-injection locking through the RFGR main-
tains the lasing frequency. Taking the advantages of the RFGR,
the BRFL shows a low frequency drift of ~340 kHz without
mode hopping during 14.9 s for the BRFL in the ring resonant
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peak, which is reduced by a factor of 28 than the frequency drift
of BRFL out of the ring resonant peak (the reflected signal only
from the RFG). The RFGR-based BRFL exhibits 15 dB lower rel-
ative intensity noise (RIN) at high frequencies over 1 kHz and
10 dB lower frequency noise compared with those of only RFG
as distributed feedback thanks to suppressed mode coupling.
The REGR consists of a 2x2 PM coupler and a PM-RFG as
plotted in Fig. 1(a). For the coupler, light propagates from port 3
to ports 4/2 and from port 4 to ports 3/1, where port 1 and port
2 are tap ports. Figure 1(b) shows the working principle of the
RFGR-based BRFL. Due to the recirculating propagation of light
in the RFGR, the reflection spectrum shows narrow peaks with a
fixed free spectral range (FSR). The BRFL with strong scattering
distributed feedback exhibits many longitudinal modes in the
Brillouin gain bandwidth. Self-injection locking of the BRFL
is achieved through the narrow reflection peaks of the RFGR
when the frequency of the RFGR reflected back to the random
laser is in resonance with the gain bandwidth. The longitudinal
modes are suppressed when the BRFL is self-injection locked to
the peaks of the RFGR as shown in Fig. 1(b). The self-injection
locking enabled by the RFGR forces lasing frequency to the ring
resonant peak enabling stable lasing operation. More strikingly,
many cavities with a small difference in length (so-called random
modes) in the BRFL can keep lasing resonance around a small
frequency range of one longitudinal mode under small thermal
and acoustic variations. The established random modes and the
self-injection locking reduce lasing frequency drift.

 FSRof RFGR |

PM-RFG

)
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PM coupler 5/95

Brillouin
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L
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Fig. 1. (a) Schematic of a RFGR. (b) The operation scheme of
RFGR in a BRFL.

The reflection spectrum of the RFGR is calculated by the
transfer matrix and scattering matrix methods [12, 13]. The RFG
consists of n grating elements with random periods, and each
of them has a uniform length Ly. The amplitude of reflected
and transmitted waves before and after the n, uniform region
is represented in a matrix (M)

A-i%fB  —ikB
Mn = A 1)
kB A+i%B

where A = cosh (SLy) and B = sinh (SL), K is the coupling
coefficient, which is determined by the refractive index mod-
ulation (An), AB = 2B — /A, is the wave-number deviation
from the Bragg wavelength with A, being grating period of ny,
uniform region and B = 27tn/A being propagation constant,
and S2 = (|K|> — AB?). The transfer matrix of the RFG (MgFrg)
is the product of the transfer matrix of each uniform region

My My
Mgrg = MiMp..M; 1My = (V)
My My

The relations between the fields E3, E4, Eg, and Ey of the circulat-
ing waves in the ring can be calculated via scattering matrix

Es _ Mn M E4 3)
E7 My Mp Eg

where the relations between the optical waves inside the ring
and the reflected wave Es are given by

Ey = —itE1ePl1 4 rE5elPL,
E7 = VE5€iﬁL, 4)
Es = —itEgePl,

where L = L + L, is the ring length, and t and r are trans-
mission coefficients of the coupler in port 4 and port 2, with
#2112 = x : 1 — x being the split ratio and > + > = y < 1 by
considering the loss of the RFGR. v = 0.91 for the RFGR with
a loss of 0.4 dB. The imaginary —i in front of t means the 71/2
phase shift between the two ports. By solving the Egs. (1-4), the
reflected field is expressed as

E5 B 152]\/121 eZiﬁLl

5 : . (5)
E1 My + Myqr2e?BL — 2reiPL

The reflection coefficient of the RFGR is given by R = |E5/Eq |*.
In the simulation, the core refractive index is n = 1.456, the
laser-induced index change is An = 1 x 107°. The 5 cm long
RFG consists of around 2000 uniform gratings with the random
period A, which follows uniform distribution from 0.5180 pm
to 0.5464 pm, and each uniform grating is Ly = 25.9 pm.

The reflection spectrum for the coupler with the split ratio
of x = 0.05 corresponding to 5/95 is calculated and plotted in
Fig. 2(a). The reflection coefficient reaches the maximum when
the phase of light traveling in the ring satisfies BL = 27tm. The
reflection spectrum shows a narrow linewidth of 2.2 MHz and
a FSR of 118.8 MHz. The non-uniform amplitude of peaks is
contributed by the interference pattern of the reflection spectrum
of the RFG as shown in the inset of Fig. 2(a). Figure 2(b) shows
the linewidth and finesse as a function of the split ratio. The
linewidth (finesse) increases (decreases) with an increased split
ratio. This is becasue the less portion of light propagates in the
ring for each round trip and light propagates with fewer round
trips for the coupler with a larger split ratio before dropping to
the noise level. The coupler with a small split ratio is preferred
for the BRFL as the narrow linewidth and large finesse suppress
longitudinal modes and alleviate mode competition.
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Fig. 2. (a) Calculated reflection spectrum of the RFGR with
a split ratio x = 0.05. Inset: calculated reflection spectrum of
RFG. (b) Calculated linewidth and finesse as a function of «.

The PM coupler with the split ratio of ¥ = 0.05 is selected
in the experiment instead of the smaller split ratio of x = 0.01
because the resonant peaks are not experimentally observed for
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the RFGR with x = 0.01 at the same pump power. The power is
inadequate to support photons over many round trips in the ring
with ¥ = 0.01 owing to the loss of the RFGR. The RFGR with
x = 0.05 is characterized using a frequency scanned laser with
a sweeping rate of 100 MHz/ms. The laser is injected into the
RFGR by an optical circulator and the back-scattered light is sent
to a photodetector (PD) and recorded on an oscilloscope. The
reflected signal is shown in Fig. 3(a). The time interval between
two resonant peaks is 1.17 ms corresponding to the measured
FSR of 117 MHz, which is consistent with the calculated result.
Figure 3(b) shows that the measured linewidth is 2.1 MHz, which
agrees with the calculated result.
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Fig. 3. (a) Measured reflection spectrum for the RFGR with a
split ratio of x = 0.05. (b) Measured linewidth.

The schematic of the BRFL setup is shown in Fig. 4. The pump
light from a NKT laser is split into two paths by a coupler. The
light in one path is utilized to beat with the BRFL. In the other
path, the frequency of pump light is modulated using an EOM
driven by a RF source. The up-shifted frequency is selected by a
narrow filter, which is adjusted around 4 GHz to align the Bril-
louin lasing frequency with one of resonant peaks of the REGR.
The amplified pump light after an erbium-doped fiber amplifier
(EDFA) is aligned with the slow axis of a polarization beam
splitter (PBS) and injected into the 2 km PM Brillouin gain fiber.
Backward Stokes light from the gain fiber is launched into the
RFGR, which is placed in a sealed box to reduce temperature and
acoustic fluctuations, and the reflected Stokes light is sent to the
other end of the gain fiber. The heterodyne-based method is uti-
lized to measure the spectral evolution of the narrow linewidth
lasing emission. The spectra are detected by a high-speed PD
with 20 GHz bandwidth and recorded by an electrical spectrum
analyzer (ESA). As the preserved state of polarization of light in
the all PM devices -based BRFL, the birefringence effect induced
frequency difference of modes is eliminated, which is beneficial
for the BRFL with lower frequency drift.

PBS PM circulator 1

Slow axis 1 ,=y2

3 Brillouin gain
fiber

EDFA

Fast axis

PM circulator 2
1

-1 RF source

Coupler

PM fiber
——  Single mode fiber
- Electrical wire

RFGR

Pump laser

PM coupler

Fig. 4. Schematic of the RFGR-based BRFL.

To evaluate the frequency stability of the BRFL, the real-time
spatio-temporal evolution of the beat signal between the pump
laser and the BRFL is measured in a time step of 22 ms. The
BRFL in and out of the ring peaks are characterized to verify that
the reducing frequency fluctuation in the BRFL is attributed by
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RFGR as distributed feedback instead of RFG. The BRFL in the
ring peak means the resonant peak frequency of the RFGR (vg)
is equal to the Brillouin lasing frequency (vp) that is vg = vp
corresponding to the RFGR as distributed feedback, while BRFL
out of the ring peak means vg # v, corresponding to only the
RFG as distributed feedback. The two cases are measured by
changing the Brillouin lasing frequency, which is controlled by
changing the pump frequency via driving frequency of EOM.
Figure 5(a) and Figure 5(b) show the spectral evolution for the
BRFL out of and in the ring peaks, respectively, in which the
color bar represents the power and red lines show the frequency
drift at peak values. The frequency of beat spectra is normalized
to f — (f). The BRFL shows a large frequency drift of ~9.6 MHz
with rapid mode hopping (the longest mode hopping free time
is 2.2 s). This is because the broadband peak of the RFG al-
lows the co-existing of many longitudinal modes within the gain
bandwidth. The scattering in the RFG is not enough to realize
photon localization and the modes randomly hop over a short
time. The beat spectrum without normalization at 12 s is plotted
in Fig. 5(c) showing multiple longitudinal modes operation with
a side-mode suppression ratio (SMSR) of 35 dB. The multi-mode
structure confirms the broadband peak of the reflection spectrum
of the RFG. For the BRFL in the ring resonant peak, the evolu-
tion spectrum shows a single-longitudinal mode with mode
hopping free lasing operation over 14.9 s as plotted in Fig. 5(b).
The BRFL exhibits a small frequency drift of ~340 kHz during
14.9 s enabled by self-injection locking through the RFGR and
self-adjustment of random modes to slight thermal and acous-
tic variations. The frequency drift is reduced by a factor of 28
compared with the RFG as distributed feedback. The standard
deviation (STD) of frequency drift is reduced from 3.19 MHz to
0.10 MHz due to the smooth change of the lasing mode. The
beat spectrum without normalization at 5 s of Fig. 5(b) is plot-
ted in Fig. 5(d). The narrow peak of the RFGR indicates that
longitudinal modes are suppressed and one lasing mode with a
SMSR of 55 dB is obtained, which is 20 dB higher than RFG as
distributed feedback.
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Fig. 5. (a) Real-time spatio-temporal evolution of the RFGR-
based BRFL for (a) BRFL out of the ring resonant peak; (b)
BRFL in the ring resonant peak. (c) The beat spectrum at 12's
of Fig. 5(a). (d) The beat spectrum at 5 s of Fig. 5(b).

Frequency noise is characterized using an imbalanced sym-
metric 3x3 coupler fiber interferometer [14], in which a 1 km
single mode fiber as the delay line is inserted into one arm.
The frequency noise spectra of the BRFLs at the same output
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power are shown in Fig. 6. The BRFL in the ring peak exhibits
10 dB lower frequency noise than that of BRFL out of the ring
peak. The stable frequency drift with single-mode operation
enabled by RFGR suggests the reduced mode coupling in the
gain bandwidth leading to low frequency noise. The frequency
noise spectrum of the BRFL with RFGR is comparable at frequen-
cies below 10 kHz and lower at high frequencies over 10 kHz
compared with the phase-locked pump laser. The same level
of the frequency noise at low frequencies is attributed by the
multiple random modes with small frequency difference from
the RFGR, which can keep lasing resonance around a small fre-
quency range without mode hopping under small thermal and
acoustic variations. The random modes add a phase averaging
effect that mitigated the temperature and acoustic impacts in low
frequency range. The lower frequency noise at high frequencies
is attributed by the Lorentzian envelop of the random phase
noise in the BRFL with distributed Rayleigh scattering [15].

Exu

—Pump laser
BRFL in ring resonant peak
BREL out of ring resonant peak

> 3
S >

SN

Frequency Noise (I1z /’IIzl"z)

10! 102 10° 10 10°
Frequency (Hz)

Fig. 6. Frequency noise spectra for the BRFL out of ring reso-
nant peak, the BRFL in ring resonant peak and the pump laser.

The RIN of the BRFL is analyzed by applying the Fourier
transform of intensity traces as shown in Fig. 7(a). The RIN of
the pump laser is measured for comparison. The RIN of BRFL
in the ring peak is up to 15dB lower than that of BRFL out of
ring peak over 1 kHz. The noise peaks in the high frequency
range from 100 kHz to 1 MHz correspond to the inverse of the
round trip time of light in the random system being reduced.
The multiple longitudinal modes are suppressed by the narrow
peaks of the RFGR and the gain competition is alleviated leading
to the low RIN with weak noise peaks in the high frequencies.
However, the RIN at frequencies below kHz is higher for the
BRFL in of ring peak than that of BRFL out of ring peak. The
small frequency drift under the external noises induces large
intensity fluctuation because of the narrow linewidth of the
RFGR, which is hundreds of times smaller than that of RFG.
The small frequency drift due to thermal and acoustic variations
(slow process) induces the lasing mode deviation from the nar-
row resonant peak of the RFGR with steep slope for frequency
change conversion to intensity change, which leads to the large
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Fig. 7. (a) RIN for the BRFL out of ring resonant peak, the
BRFL in ring resonant peak and pump laser. (b) Linewidth for
the BRFL out of ring resonant peak and in ring resonant peak.

intensity noise at low frequencies (slow event). The high RIN
below 1 kHz can be reduced by inserting a EDF into the REGR
because the millisecond photonic memory of EDF [8], which will
be investigated in the following experiment. Figure 7(b) shows
the averaged linewidth, which is measured using the delayed
self-heterodyne method [16] with a 200 km delay fiber and a
200 MHz acousto-optical modulator in two paths. The one domi-
nant peak confirms the single-longitudinal mode propagation in
the RFGR-based BRFL. The 20 dB bandwidth of the RFGR-based
BRFL is 21.2 kHz corresponding to a 3 dB linewidth of 1.06 kHz.

In conclusion, a frequency stabilized BRFL enabled by REGR
in an all polarization-maintaining system has been proposed and
demonstrated. Using the RFGR with narrow reflection peaks,
a large number of random modes, and self-injection locking
as distributed feedback, the BRFL shows a mode hopping free
single-mode operation with a low frequency drift of ~340 kHz
over 14.9 s, which is 28 times smaller than those of the multi-
modes BRFL with RFG as distributed feedback. Moreover, the
BRFL shows lower RIN at high frequencies over 1 kHz and lower
frequency noise enabled by RFGR compared with those of REG
thanks to the suppressed modes coupling. The proposed BRFL
with the significant reduction of frequency fluctuation paves the
way for applications in optical metrology.
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Summary

The two previous chapters demonstrated frequency-stabilized BRFLs based on RFG
distributed feedback by controlling the mode behavior and light propagation. We are consi-
dering to manipulate lasing behavior in weak Rayleigh scattering fibers. In polarization-
maintaining (PM) fibers, two-dimensional stresses from Boron-doped-silica rods introduce
birefringence. Therefore, linear polarized light in the PM fiber gives rise to the preserved
polarization state. Compared to BRFLs based on single-mode fibers (SMF), all-PM fiber-
based Brillouin random fiber lasers (BRFL) shows lower intensity and frequency noises
due to the immunity to external disturbances [112,113]. We can achieve a orthogonal po-
larized dual-wavelength BRFL due to the birefringence of the PM fiber. Acoustic wave
coupling can be achieved in the BRFL when the pump light is aligned at 45 degrees from
the slow/fast axis of the PM fiber. This is because the frequency difference of 5 MHz
between two acoustic waves in both polarization axes (corresponding to birefringence of
10~%) is smaller than the Brillouin gain bandwidth of 20 MHz, leading to the overlapping
of Brillouin gain spectra. This chapter presents the effect of acoustic wave coupling on the
lasing dynamics of the dual-wavelength BRFL. Acoustic wave coupling leads to higher gain
in the overlapped Brillouin spectral region than in other positions. Since the lasing mode is
selected in high gain positions of the BRFL, the lasing frequency moves towards the side of
the overlapped gain region, and there is little possibility for lasing mode on the other side
of the lower gain associated frequencies. Compared to single-wavelength BRFL without
acoustic wave coupling at the pump light of 0 degrees or 90 degrees from the slow axis
of the PM fiber, the dual-wavelength BRFL with acoustic wave coupling exhibits reduced
frequency drift. However, strong mode competition occurs due to acoustic wave coupling,

which leads to replica symmetry breaking and high intensity fluctuations.
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Acoustic wave coupling in dual-wavelength
orthogonal polarized Brillouin random fiber laser
using polarization-maintaining fiber

Haiyang Wang, Zichao Zhou,

Abstract—Acoustic wave coupling in dual-wavelength orthog-
onal polarized Brillouin random fiber laser (BRFL) based on
polarization-maintaining (PM) fiber is characterized experimen-
tally for the first time. Dual-wavelength BRFL is generated when
the pump light is injected to the Brillouin gain PM fiber at
45 degrees from the slow axis. The dynamics of intensity and
frequency of dual-wavelength and single-wavelength BRFLs are
investigated. The spectrum of Pearson’s correlation coefficient be-
tween different frequencies of the dual-wavelength BRFL shows
several correlation peaks due to gain competition of two spatially
overlapped coupled modes induced by acoustic wave coupling.
The dual-wavelength BRFL presents a lower laser frequency
drift with a standard deviation of 2.55 MHz and a larger relative
intensity fluctuation with a standard deviation of 0.54 compared
with that of single-wavelength BRFL (3.68 MHz and 0.32), which
is attributed by increased photon-phonon coupling over the
Brillouin gain fiber resulting from the coupling of acoustic waves
in fast and slow axis due to 45 degrees pumping. In addition,
replica symmetry breaking (RSB) is observed in dual-wavelength
BRFL due to the increased gain competition of more random
modes from acoustic wave coupling, which leads to correlated
intensity fluctuations from trace to trace. The exploration of
the internal spectral correlation, intensity fluctuation, RSB and
frequency drift exposes the acoustic wave coupling in the dual-
wavelength Brillouin random lasing process.

Index Terms—Random fiber laser, Brillouin scattering, acous-
tic wave coupling.

I. INTRODUCTION

N random fiber laser, the fixed cavity length in nor-

mal lasers is replaced by random distributed feedback of
Rayleigh scattering (RS) over long fibers. M ultiple scattering
of photons in random medium increases mean free path length
leading to long effective length and narrow-spectrum spikes,
especially for high Brillouin gain random laser [1], as high
Brillouin gain enables many random modes lasing. Many
spikes in random laser represent many random modes co-
existing due to the random distributed feedback from RS
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fiber[2], [3] or random fiber grating [4], [5], [6]. The char-
acteristics of the random fiber lasers show the Lévy distribu-
tion [7], [8], [9], replica symmetry breaking (RSB) [10], [11],
turbulence hierarchy [12] and optical rogue wave [13]. Several
gain mechanics, such as stimulated Raman scattering [14],
[15], [16], Erbium-doped fiber [17] and stimulated Brillouin
scattering (SBS) [18], [19] based random lasers have been
investigated. SBS with a typical gain bandwidth of tens of
MHz [20] acts as an optical filter as well as Brillouin gain,
which enables the narrow linewidth peaks with a high Q value;
however, the Brillouin random fiber laser (BRFL) enables
many random modes for lasing, which results in a high relative
intensity noise (RIN) due to the gain competition. A BRFL
with a configuration of cooperative stimulated Brillouin and
Rayleigh back-scattering was proposed in a SMF with a high
loss [21]. The BRFL using only one fiber as Brillouin gain
and random feedback has a higher threshold, larger linewidth
and higher intensity noise compared with the BRFL with
separated gain and feedback fibers [22]. The BRFL based
on separated gain and feedback fibers using a ring cavity
was demonstrated with a linewidth of ~3kHz under single-
frequency lasing operation [23]. A dramatic decrease of the
lasing linewidth (~10Hz) was then achieved [1] via coherent
random oscillation, in which the random multi-scattering cen-
ters were separated from the Brillouin gain medium leading
to multiple frequency components. In SMF-based BRFL, the
gain competition of different polarization modes introduces a
high RIN. BRFL based on all polarization-maintaining (PM)
fiber was introduced [24] with reduced RIN.

To study the role of the acoustic wave in the noise contri-
bution of BRFL, four-wave mixing is introduced in PM fiber
to measure the phase-matching condition change with time
due to the establishment of the BRFL [25]. The reflection
spectrum of the BRFL formed dynamic grating is a few kHz
for stimulated acoustic wave (phonon) compared with a few
MHz of thermal phonon field without BRFL operation. The
process of the excited phonon to reduce random laser linewidth
is due to the coherent addition of excited phonon from pump
wave and Stokes photon. To increase the SBS gain in PM
fiber, we propose to use 45 degrees pumping to excite phonons
in fast and slow axes so that more Stokes waves will get
energy from the pump wave via excited phonons in both fast
and slow axes. Such a process will impact the frequency and
intensity noises of BRFL in PM fiber. The 45 degrees pumping
leads to the generation of two acoustic waves within the gain
bandwidth, which induces the coupling of acoustic waves in
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two polarizations varying intensity fluctuation and frequency
drift over time. The acoustic wave coupling can be verified by
measuring statistical intensity distribution, fluctuation spectra
correlation using Parisi overlap parameter and frequencies
correlation using Pearson’s correlation coefficient.

In this paper, acoustic wave coupling enabled by dual-
wavelength polarization-maintaining BRFL is demonstrated.
Acoustic waves are coupled because the overlapping of acous-
tic modes in two polarizations results from the smaller fre-
quency spacing of a few MHz than Brillouin gain bandwidth
of tens of MHz. For dual-wavelength BRFL, the spectra of
Pearson’s correlation coefficient exhibits correlation peaks and
the spectra of Parisi overlap parameter show replica symmetry
breaking indicting the acoustic wave coupling in two polariza-
tions of the PM gain medium. In addition, the dual-wavelength
BRFL exhibits a higher intensity fluctuation with a standard
deviation (STD) of 0.54 and a smaller frequency drift with a
STD of 2.55 MHz than that of single-wavelength BRFL (0.32
and 3.68 MHz) due to increased photon-phonon coupling that
results from acoustic wave coupling. It is not surprising to see
replica symmetry breaking in dual-wavelength BRFL, which
is attributed by the correlated intensity by the coupling process
in Brillouin gain bandwidth from acoustic waves in both axes,
while single-polarization BRFL maintains replica symmetry
due to no coupling between acoustic waves in two axes.

II. EXPERIMENTAL SETUP AND PRINCIPAL

The experimental setup of the dual-wavelength orthogonal
polarized BRFL is shown in Fig.1. The pump light from a
3.5kHz linewidth NP fiber laser is amplified by an erbium-
doped fiber amplifier (EDFA). After the EDFA, the polariza-
tion of the pump light is adjusted by a polarization controller
(PC). Then, the pump light is split into two paths by PM
coupler 1. One path is utilized to monitor the polarization
of the pump light after the PC using a free space polarizer
and to generate a beat signal with the BRFL, and the other
path is injected into the Brillouin gain medium of the BRFL
through circulator 1. The linear orthogonal light with equally
distributed power in x and y polarizations is obtained when the
output of the polarizer has the maximum power at 45 degrees
by adjusting the polarization of the pump to 45 degrees from
the slow axis of the PM fiber. The polarization of the lasing
output is confirmed. As the polarization preserved light in
the all PM random laser, the lasing output also shows the
equal power at x and y polarizations, which is monitored
by changing the polarizer to 0 degree and 90 degrees. A
2 km-long Panda-type PM fiber with a birefringence of An ~
6.94 x 107* [25] and a mode field diameter of 6.48 um at the
wavelength of 1550 nm is utilized as Brillouin gain. The pump
light in the Brillouin gain medium stimulates backward Stokes
light which travels anticlockwise between PM circulator 1
and PM circulator2. The Stokes light experiences Rayleigh
scattering (RS) provided by a 500 m-long PM fiber with the
same type as the Brillouin gain fiber. The RS fiber acts as
a narrow bandwidth filter to select longitudinal modes. The
Rayleigh scattered Stokes light is then injected back to the
Brillouin gain medium, providing feedback for the BRFL.
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Fig. 1. (a) Experimental setup of the dual-wavelength BRFL. The schematic
of Brillouin gain spectra distributions in (b) x polarization and (c) y polariza-
tion in dual-wavelength BRFL.

The BRFL is emitted from the RS fiber. The heterodyne-
based method is utilized to measure spectral properties of the
BRFL, in which the output of the BRFL at port A is combined
with the pump light by another PM coupler. The spectra are
detected by a photodetector (PD) with a 20 GHz bandwidth
and collected by an electrical spectrum analyzer (ESA). The
intensity characterization of x and y polarizations in the dual-
wavelength BRFL are obtained using a polarization beam
splitter (PBS) after the lasing output at port B. The utilization
of PM fibers and components offers a unique way to generate
dual-wavelength BRFL with orthogonal polarization. As the
PM gain fiber has a smaller effective mode field diameter of
6.48 um than that of SMF (10.4 um), it provides a higher
Brillouin gain coefficient for the BRFL. In addition, two-
dimensional stresses from Baron-doped-silica rods in the PM
fiber introduce different Brillouin frequency shifts in the slow
and fast axes, providing dual-wavelength Brillouin random
lasing with orthogonal polarization. When pumping a lasing
light to the PM fiber at 45 degrees from the slow axis, the state
of polarization (SOP) of pump and Stokes waves in Brillouin
gain and RS feedback PM fibers changes as the birefringence
difference at different positions of the PM fiber [25]. The
changed SOP in pump and Stokes lights makes the interaction
of pump and Stokes waves in different polarizations. The
acoustic modes in two polarizations overlap with each other as
the Brillouin frequency shift difference of ~5 MHz between
two axes is smaller than the Brillouin gain bandwidth of tens
of MHz, which enables acoustic wave coupling in the Brillouin
gain fiber. Figure 1(b) and Figure 1(c) present the schematic
of lasing gain spectra in x and y polarizations, respectively,
showing asymmetric shapes with higher gain between two
Brillouin peaks under lasing conditions due to the overlapping
of the gain spectra with different gain amplitudes. The acoustic
wave coupling increases the relative intensity noise due to gain
competition of more random modes and reduces the lasing
frequency drift due to the gain overlapping at two frequencies
induced higher gain peak.
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III. EXPERIMENTAL RESULTS

A. Spectral Evolution

The spectral evolution of the beat spectra between the
pump laser and the dual-wavelength BRFL is continuously
measured, as shown in Fig.2(a), which is the top view
of three-dimensional beat spectra measured within 2s in a
time interval of 2.18 ms. The beat spectra are recorded in
a frequency resolution of 10kHz. Several instances of the
spectra are shown in Fig.2(b). It is seen that the BRFL
spectra comprise two narrow-bandwidth lasing wavelengths,
differing in the frequency of each polarization and frequency
difference between two polarizations. The Brillouin frequency
shift difference between two axes is a few MHz, correspond-
ing to position-dependent birefringence in PM fiber on the
order of 10™*, which agrees with the birefringence of the
PM fiber. Figure2(a) shows that the two frequencies change
in the same manner and the frequency difference remains
relatively stable with time. There are mainly three reasons
that lead to the spectral fluctuation of the dual-wavelength
BRFL. Firstly, the temperature variation of the SBS gain fiber
caused by environmental perturbation provides fluctuating gain
spectrum in the Brillouin gain medium, which is the main
reason for the frequency fluctuation of the BRFL. As the
same temperature perturbation in both x polarization and y
polarization, the Brillouin gain spectra in both polarizations
fluctuate in the same manner. Secondly, the Rayleigh scattering
fiber provides feedback for BRFL, which acts as a narrow
linewidth filter. Any perturbation, such as thermal and acous-
tic variations, on the Rayleigh scattering fiber leads to the
change of the filter property, which causes the random lasing
frequency fluctuation. Thirdly, the Brillouin gain spectrum
of each polarization is different at different locations of the
PM Brillouin gain medium as the distributed non-uniform
refractive index; hence, the gain competition from different
Brillouin frequencies at different locations induce unstable
lasing frequency. The changed refractive index makes position-
dependent birefringence between two polarizations in the PM
fiber leading to the fluctuated frequency difference between
two wavelengths. As the NP Photonics laser has a frequency
drift of +20 kHz [26], the pump light from the laser has
little influence on the frequency fluctuation of the beat spectra

between the pump laser and the BRFL.

dBm ()

-105

-110

X polarzation

¥ polarization

-115

Time (s)

Power (20 dBm/div)

-120

-125

IR Y A

10.345
Frequency (GHz)

10.335 10340 10.350

-130
10.35

10.335 10.. 10.345

Frequency (GHz)

0
10.33

Fig. 2. (a) Dynamic beat spectra evolution of the dual-wavelength orthogonal
polarization BRFL. (b) Several instances of the single-record spectrum of the
BRFL.

B. Spectral Correlation

The ensemble-averaged beat spectra are further studied
to show the average statistical temporal-spectra as plotted
in Fig.3(a). To discriminate the beat spectra from different
polarizations, the power of pump light in the slow axis
(y polarization) is decreased to be slightly lower than that
in the fast axis (x polarization). Therefore, the intensity of
beat spectra from y polarization is lower than that from x
polarization. In the BRFL, the narrow-band peaks appear and
survive even though the total average time of the beat spectra
is on the order of seconds, which is much longer than the
time of flight in the 2km Brillouin gain fiber. In contrast,
the ensemble-averaged spectrum of coherent random laser is
a smoothed curve [27], which is similar to the spectrum of the
random laser with non-resonant feedback. Comparing with the
spontaneous Brillouin gain spectrum, the ensemble-averaged
spectrum carries the intrinsic signature of the Brillouin gain
profile. To characterize spectral correlations between modes
of A; and A, in BRFLs, Pearson’s correlation coefficient is
calculated, which is given by

i A (4)) A ()
VN, A5, A2

where A;(4;) = I; (4;) — I (2;) with being 7 (1;) indicates the
average over the ensemble given by N analyzed spectra. A
zero of coefficient C represents uncorrelated behave between
modes. The negative or positive value means the statistical
fluctuations in the intensity of two modes are correlated,
indicating the gain competition of the spatially overlapped
coupled modes over time. Pearson’s correlation coefficient has
been used to describe underlying spectral correlations between
sidebands in modulation stability [28], spectral correlations
in supercontinuum generation [29] and in Raman random
fiber lasers [30], which are combined with real-time spectral
measurement based on dispersive Fourier transformation or
Fabry-Perot interferometer (FPI) based configuration. As the
spectral resolution of FPI-based configuration is not ade-
quate to measure linewidth of sub kHz and the dispersive
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Fig. 3. (a) Averaged beat spectra of the BRFL. Pearson’s correlation

coefficient of the spectra of (b) dual-polarized BRFL; (c) fast axis of single-
polarized BRFL; (d) slow axis of single-polarized BRFL.
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Fourier transformation method can only be used in pulse
regime, the heterodyne method is adopted for the measurement
in ultra-narrow linewidth continuous-wave BRFLs. Fig.3(b)
shows the correlation matrix plot of the beat signal between
dual-wavelength BRFL and pump light. The diagonal line
represents the autocorrelation peak. The positive Pearson’s
coefficient up to 0.5 is obtained from the correlation spectra.
The coefficient beyond the diagonal line has discrete positions
regarding the frequency difference of the dual-wavelength
BRFL. These discrete positions are due to the narrow linewidth
spectral generation and strong spectral correlations between
two lasing wavelengths induced by the acoustic wave coupling,
in which the orthogonal polarized modes share the same gain
over time. When the frequency of BRFL jumps from one
position to another, the frequency difference changes and cre-
ates multiple peaks in Pearson’s correlation coefficient matrix.
The estimation of Pearson’s correlation coefficient aided by
heterodyne spectral measurement method offers a simple and
straightforward method to check spectral correlations in BR-
FLs. The Pearson’s correlation coefficient of the spectra in fast
and slow axes of single-wavelength BRFL is also measured
and plotted as shown in Fig. 3(c) and Fig. 3(d) by adjusting the
polarization of the pump light to the corresponding principal
axis of the PM fiber. We note the anti-correlation as the
negative Pearson coefficient with a value of -0.07 in the single-
wavelength BRFL cases. In the single-wavelength BRFL,
many random modes compete with the Brillouin gain and only
one dominant lasing mode with random frequency in the gain
is selected and propagated along the PM fiber BRFL. The
small anti-correlation is induced by the gain competition of
random modes in the Brillouin gain region. Similar small anti-
correlated dynamics have also been observed in the random
fiber laser [30], in which the spectral components compete
for gain arising from a single vibrational mode. There is no
correlation between the lasing modes of two polarizations with
a Brillouin frequency difference of a few MHz in the single-
wavelength BRFLs as one acoustic wave is generated that
results from the preserved state of polarization, and hence no
acoustic wave coupling [22].

C. Frequency Drift

The frequency drifts of dual-wavelength and single-
wavelength BRFL ares measured and recorded over a time
scale of 1200s in a step of 0.2s, and the results are analyzed
statistically by calculating the relative frequency variation. The
relative frequency variation denotes fy — (fx) in X polarization
and f, — ( fy> in y polarization, respectively. Figure4(a)
and Figure4(c) show the fluctuation of the beat frequency
in two polarizations of the dual-wavelength BRFL and two
axes of single-wavelength BRFL, respectively. The frequency
fluctuation of the BRFL arises from acoustic and thermal
variations, which shift the Brillouin gain spectra at different
positions of the gain medium. The 500 m-long PM feedback
fiber acting as a filter also selects different lasing frequencies
at external perturbations. In addition, the RS feedback fiber
leads to large mode frequency spacing change due to its
500m length, which results in a frequency fluctuation. The
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Fig. 4. (a) Frequency drifts of two polarizations of dual-wavelength BRFL.
(b) Histogram of frequency drifts. (c) Frequency drifts of two axes of single-
wavelength BRFL. (d) Histogram of frequency drifts.

TABLE I
Frequency drift of dual-wavelength and single-wavelength BRFLs

Dual-wavelength BRFL
x polarization y polarization
2.55MHz 2.75MHz

Single-wavelength BRFL
slow axis fast axis
3.55MHz 3.68 MHz

STD

probability distributions of the relative frequency variation of
dual-wavelength and single-wavelength BRFLs are plotted in
Fig. 4(b) and Fig. 4(d), respectively. The relative frequencies of
dual-wavelength BRFL are random fluctuated within +4 MHz
and the probability distributions present Gaussian distributions
with a STD of 2.55MHz and 2.75MHz at x and y polar-
izations, respectively. The Gaussian distributions result from
the amplified random frequency light after the 500 m-long RS
distributed feedback fiber. Comparing with dual-wavelength
BRFL, single-wavelength BRFL exhibits a larger frequency
drift (+6 MHz) and the Gaussian distributions follow larger
standard deviations at fast and slow axes (3.68 MHz and
3.55MHz). The frequency shift of dual-wavelength BRFL
and single-wavelength BRFL is shown in Tablel. Acoustic
wave coupling under 45 degrees pumping enables the electric
field of pump projected to two polarizations interacts with
electric field of Stokes waves of two polarizations. Because
the phonons in both of fast and slow axes are excited si-
multaneously, which gives higher Stokes power attributed by
excited phonons in fast and slow axes. The large Brillouin
gain from the increased photon-phonon coupling introduces a
higher Q value for the random laser, which gives higher gain
around peak values, and hence those modes are less frequency
shift. In addition, the random lasing gain is different from
the Brillouin spectrum of x or y polarization, and the highest
random mode in each polarization is imbedded it as shown in
Fig. 2(b). Such a mode drifts with temperature and acoustic
wave is shown in Fig. 2(a). The lasing gain is not a Lorentzian
shape, rather it is an asymmetric spectrum with a higher gain
between two Brillouin peaks under lasing conditions as shown
in Fig. 1(b) and Fig. 1(c). The lasing mode moves to higher
gain of the overlapped Brillouin profile, which is responsible

126



JOURNAL OF LIGHTWAVE TECHNOLOGY

for random lasing process of either x or y polarization as
evidenced by Fig. 2(b) of two separated sharp peaks. Hence
the lasing frequency is more centered with smaller frequency
drift in dual-wavelength BRFL showing in Fig. 4(a) than the
lasing frequency drift in single-wavelength BRFL showing
in Fig. 4(c). For single-wavelength BRFL, the pump only
interacts with the Stokes wave with the same polarization [22],
[31], leading to a large frequency shift as the low gain in
single-frequency random laser without acoustic wave coupling.

D. Intensity Fluctuation and Statistics

To comprehensively characterize the temporal dynamics
of the BRFLs under the effect of acoustic wave coupling,
relative intensity fluctuation and statistical features of dual-
wavelength BRFL and single-wavelength BRFL are measured
and recorded by an oscilloscope as plotted in Fig. 5. Figure 5(a)
shows the intensity fluctuation of dual-wavelength BRFL at
two polarizations and single-wavelength BRFL at two axes
within 0.1s. The relative intensity fluctuations of two lower
time-domain series show straight lines indicting the single-
mode operation of the BRFL, while two upper time-domain
series exhibit large intensity fluctuations with several asym-
metric intensity spikes due to the co-existing of many lasing
modes. The statistical intensity probabilities of the four cases
are plotted as shown in Figs.5(b-e). The output intensities
for two axes of single-wavelength BRFL follow a Gaussian
distribution, while the cases for two polarizations of dual-
wavelength BRFL exhibit a quasi-Gaussian distribution due
to the intensity fluctuation with several intensity spikes. The
Gaussian distribution happens for an initial partially random
signal passing many random lengths [32]. When modes created
by the random lengths of frozen scattering centers are matched
to a lasing mode of the BRFL, the lasing mode reaches the
highest gain with maximum output intensity. The deviation
of the lasing mode from the localized mode created by the
random scattering medium reduces the output intensity of the
lasing peak. The Gaussian distribution of the relative intensity
fluctuation of BRFLs manifests that the frequency variation of
the lasing peak is a random process induced by environmental
perturbation and random mode competition for limited SBS
gain. The standard deviation o of the Gaussian fitting in
dual-wavelength BRFL is 0=0.55 and ¢=0.54 for y and x
polarizations of dual-wavelength BRFL, respectively, which is
larger than the values for slow axis and fast axis of single-
wavelength BRFL (0=0.33 and 0=0.32). The relative inten-
sity change of dual-wavelength BRFL and single-wavelength
BRFL are summarized in Table II. Two modes with different
Brillouin frequencies in fast and slow axes compete for the
overlapped total Brillouin gain in dual-wavelength BRFL.
More phonons are excited in the fast and slow axes from 45
degrees pump wave, which gives energy to Stokes waves in
fast and slow axes simultaneously for a certain time period.
More energy exchange between phonons and Stokes photons
in dual-wavelength BRFL enables a larger standard deviation
of intensity fluctuation than single-frequency BRFL. By doing
Fourier transform to the intensity series of the BRFLs, the
RIN of dual-wavelength BRFL and single-wavelength BRFL

are calculated, as plotted in Fig. 5(f). Compared with the RIN
of the fast axis and slow axis of single-wavelength BRFL, the
RIN of each polarization of dual-wavelength BRFL is signif-
icantly increased by ~10dB. The large intensity fluctuations
of dual-wavelength BRFL induced by the mode coupling and
increased energy exchange between phonons and photons in
the overlapped Brillouin gain increase RIN.
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TABLE II
Intensity change of dual-wavelength and single-wavelength BRFLs

Dual-wavelength BRFL
x polarization y polarization
0.54 0.55

Single-wavelength BRFL
slow axis fast axis
0.33 0.32

STD

E. Intensity Correlation

The intensity correlations in the dual-wavelength BRFL and
single-wavelength BRFL are calculated for demonstrating the
impact of acoustic wave coupling on time-domain traces. The
correlation of intensity fluctuation between trace to trace is
known as Parisi overlap parameter, which has been applied
for characterizing the RSB in random lasers [10], [33], [34].
Parisi overlap parameter g is defined as

Z]]cvzl Aa(k)Ah(k)
VEI 20y, A2 (k)

where N is the number of spectral points, a and b are
two traces with being a,b=1,2,.., Ny and N 100,
Ay(k) = 1,(k) — I(k) is the intensity fluctuation, and
I(k) = Z’av;l 1,(k)/Nj is the average intensity at the frequency
indexed by k. The values of g4, around zero imply that
the intensity fluctuations from trace to trace are uncorrelated
(no RSB) and the values of ¢,, around +1 indicate the
correlation of intensity fluctuation between traces (RSB).

@
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127



JOURNAL OF LIGHTWAVE TECHNOLOGY

Fast Fourier transform of the temporal traces is applied to
calculate the spectra of the intensity fluctuation and the RSB.
Figure 6(a) and Figure 6(b) show the probability distribution
of the g values for y polarization and x polarization of the
dual-wavelength BRFL, respectively. Parisi overlap parameter
values in both polarizations of dual-wavelength BRFL show
bimodal probability in which the distribution of g have all
possible values in the range of [-1 1] and two peaks around
+1, which means strong correlation of intensity fluctuation
spectra from trace to trace. The bimodal probability manifests
the existence of RSB in the case of dual-wavelength BRFL.
The intensity correlation between traces is due to the coupling
of acoustic waves in two polarizations of dual-wavelength
BRFL. More modes are introduced by acoustic wave cou-
pling enhancing gain competition, which makes correlated
intensity fluctuations of modes over time and gives replica
symmetry breaking. The probability distribution of ¢ values
for the fast-axis single-wavelength BRFL is also calculated as
plotted in Fig. 6(c). The probability distribution of ¢ values is
around zero, which indicates independent intensity fluctuation
between any two traces in the replica-symmetric paramagnetic
regime. The distribution of g values for the slow-axis single-
wavelength BRFL is similar to that for the fast axis as reported
in [35]. The uncorrelated intensity fluctuation from trace to
trace in single-wavelength BRFL is because the RS fiber acts
as a narrow filter to randomly select a lasing mode generated
by the acoustic wave in the axis. The acoustic wave in the
other axis can not be excited leading to no acoustic wave
coupling. The difference of the g distribution between dual-
wavelength and single-wavelength BRFLs verifies the impact
of acoustic wave coupling on the correlation of intensity
fluctuation between traces over time.
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Fig. 6. Histograms of probability distribution of g values for (a) y polarization
of dual-wavelength BRFL; (b) x polarization of dual-wavelength BRFL; (c)
fast axis of single-wavelength BRFL.

IV. CONCLUSION

In conclusion, the acoustic wave coupling in a dual-
wavelength BRFL with orthogonal polarization based on

polarization-maintaining fiber is demonstrated. The spectral
correlation of the dual-wavelength BRFL reflects the acous-
tic wave coupling and potentially gives spatially dependent
spectral dynamics. In addition, the dual-wavelength BRFL
exhibits more stable lasing frequencies and high relative
intensity fluctuation. As higher gain leads to more mode
coupling by acoustic wave coupling, more intensity noise is
expected. On the other hand, higher gain with constant loss
of the fiber for random lasing process leads to higher Q
value, which makes smaller frequency fluctuation for random
laser. There is a trade-off between lasing frequency drift
and intensity fluctuation, that is, the reduced frequency drift,
while the increased intensity fluctuation. The detection of
replica symmetry breaking further illustrates the acoustic wave
coupling and gain competition in the dual-wavelength BRFL,
which leads to the correlation of intensity fluctuation spectra.
The exploration of the nature of spectra correlation, intensity
fluctuation and its correlation, and frequency drift can have
profound implications in the future design of random fiber
lasers towards practical applications in the fields of coherent
light sources and optical sensing.
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Conclusion and Further
work

10.1 Conclusion

This thesis presents a study of stimulated Brillouin scattering (SBS) in chalcogenide
microfibers from fundamental theories to practical applications, as well as SBS in frequency-
stabilized random fiber lasers. Unlike silica microfibers, chalcogenide microfibers coated
with PMMA have extremely high nonlinearity, low Young’s modulus, high mechanical
strength, and high design flexibility. Chalcogenide Brillouin sensors open the way for many
practical applications in structural health monitoring. SBS gain-based random fiber lasers,
also known as Brillouin random fiber lasers (BRFL), enable narrow linewidth random lasing
with a low threshold due to the narrow gain bandwidth and high gain coefficient. BRFLs
with weak scattering feedback have significant frequency drift and high intensity noise
due to complex paths and high density of random modes. It is necessary to manipulate
the random modes and their propagation in the BRFL to reduce frequency drift and
intensity noise. Random fiber gratings (RFG) with random periods and high refractive
index modulations have been developed. We controlled the mode behavior of BRFLs by
using the short RFG distributed feedback. Light interference in the multi-scattering RFG

distributed feedback is used to determine the dynamics of lasing modes.

We conducted the theoretical SBS calculation and fabrication of chalcogenide microfi-
bers. PMMA-coated chalcogenide microfibers provide high mechanical strength for normal
handling. Having the ultrahigh Brillouin gain and low Young’s modulus of chalcogenide-
PMMA microfibers, the focus then shifted to bringing the microfiber to high-performance
sensing applications. We designed a wide-range Brillouin strain sensor in the single-core
chalcogenide-PMMA microfiber using Brillouin optical time-domain analysis (BOTDA).
The chalcogenide-PMMA fiber enables a strain measurement as high as 15000 pe. Com-
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pared to previous polymer optical fiber sensors, no strain memory effect is observed in the
chalcogenide microfiber sensor because Young’s modulus of the chalcogenide (17.8 Gpa) is
larger than that of the polymer (3.5 Gpa). The Brillouin frequency shift (BFS) increases
linearly with strain with a sensitivity of 26.4 kHz /e, which is in consistent with theoretical
calculations. The nonlinear change of Brillouin linewidth appears in the high-strain region
(larger than 1500 pe) due to the deformation of the microfiber at certain positions. The
wide-stain sensor based on the chalcogenide-PMMA microfiber can potentially be used in

monitoring civil infrastructures.

We also investigated SBS in highly birefringent chalcogenide microfibers. In the first
part of our work, we measured simultaneous strain and temperature Brillouin sensing in
dual-core chalcogenide-PMMA microfibers. Because of the ultrahigh nonlinearity of the
chalcogenide, SBS in the 50 cm-long dual-core chalcogenide-PMMA microfibers is exci-
ted at a low pump power of 9 dBm. Temperature sensitivities are -3.83 MHz/°C and
-3.33 MHz/°C, and the strain sensitivities are -61.14 kHz/pe and -34.63 kHz/pe in two
polarization axes of the chalcogenide microfiber. Different Brillouin frequency responses in
two polarization axes enable two-parameter sensing. In the second part of our work, we
investigated SBS in high-birefringence elliptical-core microfibers. We measured and calcula-
ted the birefringence and Brillouin gain spectra in two axes of the elliptical-core microfibers
with different core diameters. The tailorable birefringence causes the tunable Brillouin fre-
quency differences between two polarization axes. The elliptical-core microfiber shows a
large frequency difference of 30 MHz at high birefringence of 1072, Overall, exploring chal-
cogenide microfibers with strong SBS is an important step for Brillouin-enabled compact

SENSOors.

We studied BRFLs with strong scattering (multiple scattering) and weak scattering
(single scattering) distributed feedback. For the strong scattering distributed feedback, we
chose the 10 m-long random fiber grating array (RFGA). By changing the pump power,
we controlled the lasing dynamics in the RFGA-based BRFL. The BRFL exhibits a long
lifetime of 12 s at high pump power. We clarified the physical mechanism of the BRFL using
light localization, which is generated by wave interference in multi-scattering Fabry-Pérot
(FP) cavities of the RFGA. Light localization enables photons to follow the same path when
propagating in the random cavity. As a result, we obtained a small correlation coefficient
change of 4.5% and small frequency drift of 620 kHz over 12 s. The replica symmetry
behavior at high pump power confirms the long lifetime of the single-mode BRFL. For
weak scattering distributed feedback, we chose the 500 m-long polarization-maintaining
(PM) fiber. Due to weak Rayleigh scattering (RS) in the PM fiber, light follows different
paths for each round trip. Furthermore, the long cavity of the RS-based BRFL significantly

reduces the frequency separation of lasing modes. The reduction of frequency separation
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increases the number of lasing modes in the Brillouin gain bandwidth. Due to random
modes following complex paths in the random cavity, the BRFL exhibits fast mode hopping
(less than 0.3 s) and significant frequency drift (6 MHz).

We investigated BRFLs with high-Q RFGR distributed feedback and low-Q RFG dis-
tributed feedback. We measured single-mode lasing emission when the frequency of the
high-QQ RFGR is in resonance with the Brillouin lasing frequency. The single-mode lasing
is attributed to the self-injection locking of Brillouin random lasing and the high-Q RFGR
resonator. Due to the self-adjustment of random modes with small frequency differences to
thermal and acoustic variations and self-injection locking, the BRFL shows small frequency
drift of 340 kHz and mode hopping free operation over 14.9 s. The relative intensity noise
is reduced at high frequencies over 1 kHz due to suppressed mode coupling. The low-Q
RFG-based BRFL without self-injection locking shows multi-mode emission with fast mode
hopping. Due to the broad linewidth of RFG feedback, many modes are amplified and hop-
ped in the gain bandwidth. Therefore, the frequency drift and relative intensity noise over
1 kHz are significantly increased. Our findings offer a new approach to stabilizing Brillouin

random lasers passively without using a commonly used active phase-locked laser.

Finally, we illustrated the acoustic wave coupling mechanism in the dual-wavelength
BRFL based on the PM fiber. The Brillouin frequency shift difference between two po-
larization axes is a few MHz in the PM fiber with the birefringence of 10~*. The BRFL
shows dual-wavelength lasing when the pump light is injected into the Brillouin gain PM
fiber at 45 degrees from the slow axis. Acoustic wave coupling is generated in the BRFL
by using the two lasing modes due to the smaller frequency difference between the two
modes than the Brillouin gain bandwidth. The acoustic wave coupling is used to control
the mode behavior. Two spatially overlapped modes compete for the Brillouin gain. This
leads to correlation peaks in Pearson’s correlation coefficient spectra and replica symme-
try breaking. The acoustic wave coupling causes a higher gain in the overlapping region.
Since the random lasing is possibly generated at high gain positions, the frequency drift of
the dual-wavelength BRFL mainly shows in the overlapping region. Therefore, the BRFL
with acoustic wave coupling shows less frequency drift than the single-wavelength BRFL
without acoustic wave coupling. Due to mode coupling in the dual-wavelength BRFL, the

relative intensity noise is increased.
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10.2 Further work

10.2.1 Chalcogenide microfiber Brillouin sensing

Chalcogenide microfibers with high nonlinearity are promising platforms for Brillouin
sensing applications. Surface acoustic waves generated in sub-wavelength diameter micro-
fibers are beneficial for sensing applications because the acoustic waves propagate along
the surface of the microfiber rather than longitudinal acoustic waves propagating in the
core of the microfiber. Brillouin scattering in microfibers is dominated by the photo-elastic
effect and the moving boundary effect owing to the vibrating boundary in sub-wavelength
microfibers. The moving boundary effect is proportional to the refractive index difference
between the core and cladding. PMMA can be removed to increase the refractive index dif-
ference, allowing surface acoustic waves to be observed. In addition, the microfiber without
PMMA is more sensitive to external refractive index variations. Refractive index sensing
can be achieved by measuring BFS in chalcogenide microfibers. Multi-parameter Brillouin
sensing can be achieved because of different responses of surface and longitudinal acoustic
waves to external environmental variations. Brillouin scattering in high-birefringence fibers
has been demonstrated. However, the birefringence effect on Brillouin sensing has never
been investigated. The birefringence-dependent Brillouin sensing can be investigated in the

elliptical-core microfibers with tailorable birefringence

10.2.2 Noise reduction in Brillouin random fiber lasers

Brillouin random fiber lasing with a low frequency drift enabled by RFGR resonator
has been demonstrated. However, the fiber ring resonator is sensitive to external variations
leading to large relative intensity noise at low frequencies. The intensity noise at frequen-
cies below 1 kHz can be reduced by inserting an Erbium-doped fiber (EDF) into the REFGR
because the millisecond photonic memory of the EDF can eliminate the intensity fluctua-
tions. The EDF with high doping gives rise to a large loss in the ring and broad peaks.
The EDF with low doping can be inserted into the random fiber ring to suppress intensity
fluctuations in the low-frequency range. In addition, the BRFL based on the random gra-
ting ring with a long-lived single lasing mode operation without mode hopping offers an
approach to investigating the mode behavior in two cases, including random mode change
with small frequency differences at one longitudinal mode and longitudinal mode change
by mode hopping. We can explore the mode behavior during the lasing establishment in

both temporary and frequency domains.
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Weak fiber Bragg grating arrays of tens of meters to hundreds of meters can be used as
the distributed feedback of BRFLs. The randomly changed distance between fiber Bragg
grating pairs in the grating fibers provides many high-Q interference peaks. The random
fiber Bragg grating array acting as a narrow-bandwidth mode filter can suppress multiple
longitudinal modes and alleviate the mode competition in the gain bandwidth. Single-
mode Brillouin random lasing can be achieved by adjusting the length of the gain fiber
and random fiber Bragg grating arrays. The short gain fiber length can lead to large mode
separation and reduce the mode density in the gain bandwidth. Therefore, the BRFL based
on the random fiber grating array resonator with the single mode and low noise can be

achieved.
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Summary

Unlike stimulated Brillouin scattering via electrostriction discussed in previous chap-
ters, acoustic waves driven by electric fields in a piezoelectric transducer (PZT) give rise to
mechanical stress, which is converted to strain on optical fibers by the elastic tensor. The-
refore, acoustic waves can be detected by high-sensitivity fiber sensors. The detection of
acoustic waves, especially ultrasound waves with high frequencies of tens of MHz, is limited
due to the small stress of high-frequency waves and the low strain sensitivity of acoustic
sensors. Compared to silica fibers, chalcogenide fibers have five times lower Young’s mo-
dulus, offering a high strain sensitivity. The acoustic sensitivity and ultrasound detection
range is proportional to the maximum-spectral-slope of the fiber’s spectrum. Ultrasound
sensing in polymer-based FBGs and multi-mode interferometers was limited to 25 MHz
due to the small spectral slope [158, 159]. The interference spectra of the dual-core chalco-
genide microfiber are tailorable. The maximum-spectral-slope is significantly increased in
the dual-core microfiber with a small core diameter and close core separation due to the
large refractive index difference between two modes in one polarization axis. As a result,
broadband ultrasound sensing is achieved in chalcogenide microfibers, as will be presented

in this chapter.

The ultrasound measurement in a dual-core chalcogenide microfiber is to detect the
power change at one of the output cores. Figure A.1 presents the principle of ultrasound
detection. The wavelength of a tunable laser source is adjusted to the quadrature point
of the transmission spectrum, where the detected signal with the maximum amplitude
is achieved due to the maximum-spectral-slope. The acoustic wave from a PZT induces
strain on the chalcogenide microfiber, which changes the microfiber length and the re-
fractive index. The phase change of the propagating light leads to the wavelength shift
of the transmission spectrum. The fast wavelength shift caused by acoustic waves can be

demodulated by measuring the variation of the laser output intensity.

A
Transmission spectrum of
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F1GURE A.1 — Principle of ultrasound detection based on a dual-core microfiber.
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Abstract: High-frequency ultrasound sensors are essential for high-resolution medical ultra-
sonic imaging and industrial ultrasonic non-destructive monitoring. In this paper, we propose
highly sensitive broadband ultrasound sensors based on fused dual-core chalcogenide-polymethyl
methacrylate (As;Se3-PMMA) microfibers. We demonstrate that ultrasound response is deter-
mined by the differential slope of transmission spectra in the dual-core microfiber, which is
verified by detecting the acoustic response in various microfibers of different tapering parameters.
A broadband ultrasound frequency range with a high signal-to-noise ratio (SNR) is achieved in the
fused dual-core microfiber (DCM) with a sub-micron core diameter and a close core separation
due to the large spectral slope at the quadrature points of the transmission spectrum. In addition,
we experimentally demonstrate the sensing of ultrasound waves propagating with and without an
aluminum plate in the DCM sensor. An ultrasound sensor with a broadband frequency range
from 20 kHz to 80 MHz and an average SNR of 31 dB is achieved in a compact fused dual-core
AsySe3-PMMA microfiber when it is directly placed on a piezoelectric transducer (PZT).

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Ultrasound sensors with tens of MHz frequency range and a high signal-to-noise ratio (SNR)
are sought-after for high-resolution biomedical imaging [1-3] and non-destructive industrial
monitoring [4-6]. Conventional piezoelectric ultrasound sensors have a narrow frequency range
with a low SNR, and are incapable of detecting high acoustic frequencies. Optical fiber-based
ultrasound sensors with high sensitivity are promising alternatives to piezoelectric ultrasound
sensors. Ultrasound sensors in polymer optical fiber (POF)-based fiber Bragg gratings (FBG)
[7,8] have been proposed and demonstrated, providing ultrasound detection at frequencies of
around 25 MHz contributed by the low Young’s modulus. However, they have limitations in
higher frequency ultrasound detection due to the large grating bandwidth from sub-nanometer
to several nanometers. The relatively small slope at the edge of the reflection spectrum and
large diameter of the POF-based FBG leads to low ultrasound sensitivity. Strain variations on
the order of nano-strain induced by high ultrasound frequencies can not be detected in such
grating-based sensors. Detection of weak ultrasound signals requires a fiber device with a steep
optical spectral response capable of producing measurable intensity changes from nano-strain

acoustic perturbation.
Tapered fiber-based ultrasound sensors have been proposed and demonstrated for the detection

of ultrasound frequencies up to 150 kHz [9]. With the core size of sub-micrometers, the nano-
strain variation induced intensity change becomes detectable, especially in dual-core microfibers
(DCM) with a small core-to-core distance, because the fractional change of core size induced by
ultrasound pressure results in a measurable change in the transmitted power. A DCM is analogous
to a Mach-Zehnder interferometer (MZI) where each of the even and odd modes represents an arm
of the MZI. The phase difference between the even and odd modes is modulated by ultrasound
signals leading to intensity variation at the outputs of the DCM, which allows for direct detection

#450734 https://doi.org/10.1364/OE.450734
Journal © 2022 Received 27 Dec 2021; revised 11 Feb 2022; accepted 14 Feb 2022; published 2 Mar 2022
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using a photo-detector and eliminates the need for phase recovery as is the case in single-core
taper-based acoustic sensing [10,11]. DCM-based ultrasound sensing with a frequency range of
several hundred kHz has been demonstrated by directly measuring the output intensity change
[12]. A multi-mode interferometer acoustic sensor based on single-mode fiber (SMF) taper was
proposed and demonstrated for the detection of acoustic signals with frequencies up to tens of
kHz [13]. The interference spectrum of multi-mode interferometers has low contrast over a large
free spectral range (FSR) leading to a relatively small maximum-spectral-slope, which reduces
the ultrasound detection sensitivity, and as a result, ultrasound signals with a frequency beyond
tens of kHz can not be detected. A frequency response around 25 MHz is detected by introducing
elliptical bubbles into the SMF taper to couple power into a larger number of modes and increase
the maximum-spectral-slope of the interference spectrum [14]. Ultrasound detection at high
frequencies beyond 25 MHz could not be detected as the maximum-spectral-slope is limited
by the large FSR of a few nanometers that results from the small refractive-index difference
between the modes. In addition, SMF tapers have a large Young’s modulus (73 GPa for silica
[15]), leading to low sensitivity as ultrasound waves induce a small variation to taper length and
refractive index. As SMF taper-based ultrasound sensors have a diameter of a few micrometers,
the SMF taper sensors are fragile making them difficult to operate in a harsh environment.

Recently, mechanically robust As;Se3;-PMMA tapers have been designed and demonstrated
for ultrasound sensing at frequencies up to 34 MHz [16]. As the lower Young’s modulus of the
As,Se; and PMMA (17.8 GPa for As,Ses and 3.5 GPa for PMMA [17]) compared to that of silica,
the strain sensitivity of the As;Se3;-PMMA taper is six times higher than that of silica-based
tapers [18,19], which allows the highly sensitive broadband ultrasound sensing. The maximum-
spectral-slope and FSR of the interference spectrum are tailorable by varying core size and
distance between two cores of the dual-core As;Se3-PMMA microfiber, which enables the design
and implementation of ultrasound sensors with a targeted sensing performance. In addition, the
design of the DCM of different parameters enables tailorable refractive index difference between
even and odd modes, which can be performed to have optical phase comparable to acoustic phase
modulation at high frequencies of tens of MHz, leading to detectable high-frequency ultrasound
waves.

In this paper, we demonstrate broadband ultrasound sensing based on fused dual-core
chalcogenide-PMMA microfibers. DCMs are designed and fabricated with submicron core
diameters for increased ultrasound sensitivity. Ultrasound frequency range and SNR of the
fabricated DCMs are measured using a piezoelectric transducer (PZT) as an ultrasound source
using two arrangements. In the first arrangement, the DCM sensor and the PZT are placed on a 2
mm-thick aluminum plate, and experimental results show a higher SNR and a larger frequency
range when the DCM has a smaller core diameter and a closer core separation. In the second
arrangement, the aluminum plate is removed and the DCM is placed in direct contact with the
PZT to eliminate acoustic attenuation due to propagation through the plate medium allowing
for the measurement of higher acoustic frequencies. Ultrasound sensing with an average SNR
of 31 dB and a broadband frequency range from 20 kHz to 80 MHz is achieved in a compact
dual-core As;Sez-PMMA with a core diameter of 0.5 pum, core separation of 0.445 um and waist
length of 1 cm. The obtained ultrasound response is compared with the PZT response that is
characterized by measuring electrical reflection coefficient S;;, validating the high sensitivity of
the fused dual-core As,Se3-PMMA microfiber sensor.

2. Fabrication, simulation and working principle

The fabrication of dual-core As,Se3;-PMMA fibers has been reported in [20,21]. To make an
AsySez-PMMA preform with a fused dual-core shape, an assembly with two As,Ses fibers and a
PMMA tube is placed on a spinning lathe and heated at 220 °C for 48 hours. Figure 1(a) presents
the cross-section image of the polished end of a fused dual-core As,Ses;-PMMA fiber. The ratio
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of the core separation (Dcore) and core diameter dcore iS Deore=0.89dcore. The fused dual-core
fiber is then tapered using the heat-brush method [22]. A sample profile of a fused DCM with
a waist length (Ly) of 1 cm and an As)Ses core diameter of 2 um is shown in Fig. 1(b). The
section between 2.5 cm and 3.5 cm along the microfiber corresponds to the waist region. One
As,Ses core of the dual-core As,Se;-PMMA fiber is butt-coupled with single-mode fibers and
the butt-coupling interfaces are fixed using UV-cured epoxy, as illustrated in Fig. 1(c). Four
fused dual-core microfibers with the same waist length of 1 cm and different diameters are
fabricated and utilized in this investigation. Images and dimensions of the four DCMs are shown
in Fig. 1(d). The four microfibers have an As,Ses core diameter of 4 um, 2 pm, 0.75 um, 0.5 um
and a PMMA cladding diameter of 225.9 um, 113.5 um, 42.4 um and 28.0 um, respectively.
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Fig. 1. (a) Optical microscope image of a fused dual-core As,Se3;-PMMA fiber. (b) The
relationship between a tapered core diameter and the fiber length. (c) Schematic of a coupled
DCM. (d) The side views of four DCMs.

Both the even and odd modes are equally excited when a laser is launched into one of the input
cores of the DCM. The electric field distributions of even and odd modes of a fused dual-core
microfiber are shown in Fig. 2(a) and Fig. 2(b), respectively. The calculated field distributions
are obtained using refractive-index values of 2.674 and 1.481 for As;Se; cores and PMMA
cladding, respectively. Light propagation along a DCM is simulated using the beam propagation
method (BPM), as shown in Fig. 2(c). The light power transfers back and forth between the
two cores with a constant period (A) when propagating along the DCM. The coupling length
is defined as the length required for the power to transfer from one core to the other given by
L. =A/2 = n/(B. — B,), where B, and B, are the propagation constant of the even and odd
modes, respectively. The coupling lengths are 4.0 ym, 9.2 ym, 98.9 um and 458.6 um for the four
samples with an As,Ses core diameter of 0.5 um, 0.75 pm, 2 pym, 4 um, respectively. The short
spatial period of 4.0 um gives rise to high-frequency ultrasound sensing. The difference between
the phases of even and odd modes (¢,) in the DCM is given by ¢4 = 2nzAn/A, where A is the
wavelength of light, z is the fiber length and An, given by An = n, — n,, is the refractive-index
difference with n, and n, being the effective refractive-indices of the even and odd modes. The
output power of the DCM is given by P = Py cos?[nzAn/A] in As;Se; core 1 when the input
light is injected in the same core, where Py is the input power. Due to the larger phase difference
change over wavelength in the slow axis of the dual-core taper in comparison to the fast axis,
the spectral slope at the quadrature point of the transmission spectrum is larger in the slow axis,
which leads to a higher sensitivity. The value of An in the slow axis of the DCM as a function of
A is calculated for different core diameters from 0.5 pm to 21.25 wm when the D¢ore/dcore=0.89
using the finite element method (FEM). The phase difference between even and odd modes
at each core diameter of the microfiber, including the core diameters in the waist region and
transition region, is calculated in a step of 0.1 um according to the tapered fiber profiles. The
¢4 is estimated by adding the calculated phase difference at each core diameter of the DCM.
Figure 2(d) shows the calculated transmission spectra of the four fused DCMs with the same
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waist length of 1 cm over core diameters of 4 um, 2 wm, 0.75 um and 0.5 um. The FSR of
transmission spectra shows a sharp decrease with reduced core diameter, as plotted in the red
curve in Fig. 2(e). The FSR of the transmission spectrum for the DCM with a core diameter
of 0.5 um is around 70 times smaller than that of the DCM with 4 um. The spectral slope is
calculated from the first derivative of the function P(1)/Py. The maximum-spectral-slope (Sy,)
at the quadrature point of the normalized transmission spectrum is presented by the black curve
in Fig. 2(e). The value of Sy, for the DCM with a core diameter of 0.5 um (Sy,=14.1) is around
74 times larger than that of the DCM with a core diameter of 4 pm (S;;,=0.19). The large value
of S, for the fused DCM with a small core diameter is contributed by the small FSR of the
transmission spectrum.
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Fig. 2. Numerical simulations of fused dual-core As,Se3-PMMA microfibers. (a) Even
mode profile. (b) Odd mode profile. (c) Field distribution of transmitting light. (d)
Normalized transmission spectra for four DCMs. (e) Calculated Sy, and FSR of the
transmission spectra as a function of core diameter.

Real-time ultrasound measurement in a dual-core As,;Se3;-PMMA microfiber is based on the
detection of power change instead of the spectral shift of the transmission spectrum at one of the
output cores. Using a photo-detector to measure the ultrasound induced power variation at the
output of the DCM, the measured AC voltage (V) is given by [23]

Vg = RAAsSPG (D

where R is the responsivity of the photo-detector, A is the spectral shift by strain perturbation,
S is the spectral slope at the lasing wavelength and G is the electronic amplifier gain of the
photo-detector signal. The detected AC output is determined by S and AAg in the case of a
constant Py, R and G. For a strain of 1 ue, the value of Alg is around 1.5 times smaller for the
dual-core microfiber with a core diameter of 0.55 um (A4s=-4.21 pm) compared with that of a
DCM with a core diameter of 2.5 pm (Ads=-6.23 pm) [18,20]. Unlike the relatively small change
in Adg, the spectral slope at the quadrature point increases by a factor of 35 as the core diameter
of the DCM is reduced from 2.5 pm to 0.55 um. Therefore, the dual-core microfiber with
submicron core diameter is designed and fabricated to achieve a higher ultrasound sensitivity.
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3. Experimental results and discussion

Figure 3 presents a schematic setup for ultrasound sensing using a dual-core As,;Se;-PMMA
microfiber. Light from an Erbium-doped fiber amplifier (EDFA) is linearly polarized using a
linear polarizer (LP) and is launched into one of the input cores of the DCM. The polarized light
is aligned to the slow axis of the DCM using a polarization controller (PC). The transmission
spectrum of the DCM is recorded by an optical spectrum analyzer (OSA). The transmission
spectrum represents the interference between the fields propagating in the even and odd modes of
the DCM and varies periodically with wavelength due to the different wavelength-dependence of
An. Wavelength dips of the transmission spectrum in the DCM are obtained when the phase
difference of two modes satisfies the condition ¢4(1) = (2m + 1)x. The normalized transmission
spectra of the four fused DCMs are plotted in Fig. 4(a). The value of FSR decreases with
reducing core diameter due to the large phase difference of even and odd modes. The FSR of the
transmission spectra for different core diameters is plotted by the red curve in Fig. 4(b). The
maximum-spectral-slope S, of the normalized transmission spectra at the quadrature points
for the four DCMs is measured as a function of core diameter, as shown in the black curve in
Fig. 4(b). The value of S, for the DCM with a core diameter of 0.5 um (S;,=20.3 nm™) is 72.5
times larger than one with a core diameter of 4 um (S;;=0.28 nm™!), in close agreement with the
numerical simulations in Fig. 2(e). The Sy, for the submicron core microfiber is tens of times
larger than that of gratings [23,24] and multi-mode tapers [25].
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Fig. 3. The schematic experimental setup of ultrasound sensing. EDFA: Erbium-doped fiber
amplifier; LP: linear polarizer; PC: polarization controller; AFG: arbitrary function generator;
PZT: piezoelectric transducer; PD: photo-detector; OSA: optical spectrum analyzer; ESA:
electrical spectrum analyzer; OSC: oscilloscope.
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Fig. 4. (a) Measured transmission spectra of four DCMs. (b) Maximum slopes (Sp,) and
FSR of the transmission spectra as a function of core diameter.
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For ultrasound detection, the EDFA is replaced by a continuous wave (CW) light from a
tunable laser, and the polarization of the laser is adjusted by the PC to align with the slow axis of
the dual-core microfiber. The pump power of incident light is 2 dBm. To get the highest SNR and
largest ultrasound frequency range, the wavelength of the CW light is tuned to the wavelength
of maximum-spectral-slope at a quadrature point of the transmission spectrum. A PZT with a
central frequency of ~3.8 MHz is glued onto a 2 mm-thick aluminum plate, and is driven by a
sinusoidal electrical signal with a peak-to-peak voltage (Vpp) of 10 V from an arbitrary function
generator (AFG). The fused dual-core is placed on the surface of the aluminum plate, 5 mm
away from the PZT. The acoustic wave propagation from the PZT results in a variation of the
refractive indices of the even and odd modes and the waist length, inducing a wavelength shift in
the transmission spectrum. The power of the CW light is changed by the acoustic wave-induced
spectral shift, which is detected by a photo-detector (PD) and recorded by an electrical spectrum
analyzer (ESA) and an oscilloscope (OSC). To reduced the acoustic attenuation when the acoustic
wave propagates through the aluminum plate and increase ultrasound detection range, the fused
dual-core As;Se;-PMMA microfiber is directly placed on the PZT without the aluminum plate.

Figure 5(a) presents the measured signals from the photo-detector as a function of time for
the four fused dual-core As;Se3;-PMMA microfibers when the PZT is driven by the function
generator with a frequency of 100 kHz and a voltage of Vpp=10 V. The output signals show a
sinusoidal waveform with a frequency of 100 kHz as the ultrasound wave induces a periodic
perturbation on the dual-core fiber when it propagates along the surface of the aluminum plate.
The peak-to-peak voltage of the measured sinusoidal signals is plotted in Fig. 5(b), showing a
sharp increase with decreasing core diameter. The peak-to-peak voltage for a fused DCM with a
core diameter of 0.5 um is 65 times greater than that of 4 um, which is close to the 72.5 fold
increase in the maximum slopes Sy,. The small difference between the increase of Vpp and the
increase of Sy, is due to the reduced AAg for a dual-core fiber with a large core diameter [18,20].
The large output voltage for the small-core microfiber ensures high-sensitivity ultrasound sensing.
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Fig. 5. (a) The ultrasound response of four DCMs with different core diameters in the
time-domain at the ultrasound frequency of 100 kHz. (b) Output voltage as a function of
core diameter.

To characterize the ultrasound sensing frequency response of the dual-core As;Se;-PMMA
microfibers, the frequency is varied from 20 kHz to 50 MHz in step of 100 kHz. SNR is measured
at each ultrasound frequency using ESA. The PD and ESA are placed in another room of 20
meters away to avoid the detection of radiated electromagnetic waves from an acoustic source
setup, in which the PZT is connected to the function generator by a SubMiniature version A
(SMA) connector. The SNR of the detected signal for each of the dual-core As;Se;-PMMA
microfibers is plotted in Fig. 6(a). The SNR shows several peaks at around 4.0 MHz, 12.5 MHz,
21.1 MHz, 29.2 MHz and 37.8 MHz, corresponding to the central frequency and high odd order
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harmonics of the PZT. The SNR increases as the core diameter of the DCM decreases, especially
at the low-frequency range below 5 MHz. The SNR of the DCM with a core diameter of 0.5 um at
hundreds of kHz is 3 orders of magnitude higher than the SNR of a DCM with a core diameter of
4 um. A maximum SNR of >80 dB for the DCM with a core diameter of 0.5 um and a cladding
diameter of 28.0 um is detected at 200 kHz as plotted in Fig. 6(b). The maximum detected
frequency as a function of core diameter is plotted in Fig. 6(c) showing an increase of maximum
detected frequency by 15 MHz as the core diameter decreases from 4 um to 0.5 um. This is
because high spectral slope at the quadrature point of the transmission spectrum for the dual-core
taper with small core diameter. The frequency range for the dual-core As;Se3-PMMA microfiber
ultrasound sensor is 30 MHz larger and SNR is up to 30 dB higher than those of silica-based
fiber microfiber sensor using the same PZT as an ultrasound source [26]. The larger detection
frequency range and higher SNR for the dual-core As,Se;-PMMA microfiber sensor are due to
the smaller Young’s modulus, the larger spectral slope at the quadrature point of the transmission
spectrum than that of the silica microfiber. Moreover, compared with the silica microfiber-based
ultrasound sensing, the dual-core microfiber with a core diameter of 0.5 um is coated by PMMA
cladding with a diameter of 28 um, which provides more mechanical robustness and reduces the
chances of breaking during operation.
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Fig. 6. (a) SNR as a function of frequency for four DCMs with different core diameters. (b)
Maximum SNR for the DCM with a core diameter of 0.5 pm at 200 kHz sine function. (c)
Maximum frequency response as a function of core diameter.

Ultrasound sensing SNR as a function of acoustic frequency is measured for 1 cm-long
dual-core As;Se3-PMMA microfibers with the same core diameter of deore=0.75 um and different
core separations of D¢ore=0.99dcore and D¢ore=0.89dcqre, and the results are plotted in Fig. 7. The
maximum detection frequency for the dual-core As;Se3-PMMA microfiber with a core separation
Of D¢ore=0.89dcore increase 7.8 MHz, compared with that of the DCM with a core separation of
Dcore=0.99dcore. The transmission spectrum of the DCM with D¢ore =0.89dore has a smaller FSR
and a sharper spectral slope at the quadrature point than those of the DCM with Do =0.99dore
as plotted in the inset of Fig. 7, due to the larger rate-of-change of ¢, with A for the DCM
with a smaller Dore. The value of maximum-spectral-slope for the DCM with D¢ore =0.89dcore
(Sm = 5.2 nm™!) is more than twice larger than that of the DCM with D¢ore=0.99dcore (Sm = 2.5
nm~!), which leads to a larger sensitivity resulting in a larger ultrasound frequency range for the
ultrasound measurement. To increase the ultrasound sensing maximum detection frequency, a
dual-core As;Sesz-PMMA microfiber with a submicron core diameter and a close core separation
is favorable.

Ultrasound acoustic waves from the PZT are attenuated when traveling through the aluminum
plate, and the attenuation increases as the ultrasound frequency increases resulting in a lower
SNR at higher frequencies, leading to the understated measurement of the actual frequency
detection range of the fiber ultrasound sensor. To eliminate the effect of acoustic attenuation on
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Fig. 7. SNR of two DCMs with different core separation D¢ore as a function of frequency.
Inset: Transmission spectra for the two microfibers.

the maximum ultrasound frequency detection of the sensor, the compact dual-core chalcogenide-
PMMA microfiber with waist length of 1 cm, core diameter of 0.5 um and core separation of
0.445 pm is directly fixed on the PZT without the aluminum plate avoiding the propagation
attenuation of acoustic waves. The SNR as a function of ultrasound frequency in the DCM is
measured, as presented by the red curve in Fig. 8(a), showing a broadband ultrasound range
from 20 kHz to 80 MHz with an average SNR of 31 dB. The frequency range for the SNR
above 10 dB is 68 MHz, and SNR is 5-10 dB for the frequency range of 68-80 MHz. Compared
with the ultrasound sensing with the 2 mm thick aluminum plate as plotted by the red curve in
Fig. 6(a), the maximum detection frequency increases by 40 MHz for ultrasound sensing without
the aluminum plate due to the elimination of the attenuation of acoustic waves. The ultrasound
detection with the maximum frequency of 80 MHz offers great potential for high-resolution
biomedical imaging.
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Fig. 8. (a) SNR of the fused DCM with a core diameter of 0.5 pm without the aluminum
plate, and Sy of the PZT for frequencies from 300 kHz to 80 MHz. Inset: Close-up of high
frequency range. Frequency response at 79.95 MHz (b) with connecting fiber sensor; (c)
without connecting fiber sensor. (d) Detected radiated electromagnetic waves and microfiber
sensor ultrasound response.

Furthermore, the amplitude of the generated ultrasound wave from the PZT reduces as the
frequency increases for the same driving voltage amplitude. Therefore, the frequency detection
range of the sensor must take into account the reduced amplitude of the generated ultrasound
signal from the PZT at higher frequencies. Acoustic waves with different frequencies from
the PZT are characterized by measuring electrical reflection coefficient S in a S-parameter
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network analyzer [27]. Sy is equal to the ratio of the power of a reflected electromagnetic wave
and the power of an incident electromagnetic wave on the PZT. S;;=0 dB implies that all the
power of the incident electromagnetic wave is reflected from the PZT and nothing is radiated.
The Sy, value for a frequency range from 300 kHz to 80 MHz is measured, as presented in the
black curve in Fig. 8(a). We observe the first dip at 4 MHz and several dips with a period of
~8 MHz corresponding to the central frequency and high odd order harmonics of the PZT. At
higher frequencies, PZT has little absorption to driving power as measured in S;; parameter,
as presented in the inset of Fig. 8(a), and acoustic periods decrease, resulting in a reduction
in the amplitude of the generated acoustic waves and the fiber sensor displacement. Indeed,
the SNR decreases at high frequencies due to the reduced phase change of the dual-core taper.
Figure 8(a) shows that the peaks of SNR coincide with the dips in the S;; frequency response
of the PZT confirming that the amplitude of generated acoustic waves from the PZT correlates
with the amplitude of the electromagnetic reflection from the PZT. Due to the non-zero radiated
acoustic wave of the PZT response at the non-resonant frequencies and the large acoustic wave
induced-strain at low ultrasound frequencies, the ultrasound signals with high SNR are obtained.
The weak amplitude of ultrasound waves from the PZT at higher frequencies indicates that a
wider ultrasound detection frequency range for the As;Se3;-PMMA microfiber sensor can be
measured in the presence of an ultrasound source that can produce waves at such high frequencies.

Finally, it is essential to ensure that the measured signal at the ESA does not include the
radiated signal from the acoustic source setup. The ultrasound responses at 79.95 MHz in the
cases with and without connecting the DCM sensor are measured as shown in Fig. 8(b) and
Fig. 8(c), respectively. The ultrasound response at 79.95 MHz is selected rather than 80 MHz
to eliminate the artifact harmonics that appear at integer multiples of the reference frequency
of 10 MHz of the function generator. The measured response in Fig. 8(c) shows that radiated
signal from the acoustic source setup is not captured by the ESA. The measurement is repeated
for ultrasound frequencies from 20 kHz to 80 MHz without connecting the DCM sensor, and
no signal is detected above the noise floor, which indicates that the radiated electromagnetic
wave from the acoustic source setup does not affect the ultrasound measurement. To further
ensure that the radiated electromagnetic waves from the acoustic source setup do not affect
the ultrasound measurement, the power of the radiated electromagnetic waves as a function of
frequency is measured by the ESA when PD is turned off, as presented by the blue curve in
Fig. 8(d). The power of the radiated electromagnetic waves from the acoustic source setup is
at least 15 dB below the noise floor measured when the PD is turned on, confirming that the
radiated electromagnetic waves do not affect the high-frequency ultrasound measurement using
the dual-core As,Se3;-PMMA microfiber sensor.

4. Conclusion

In conclusion, we have demonstrated broadband ultrasound sensing based on fused dual-core
AsySe3-PMMA microfibers. The ultrasound detection frequency range and SNR have been
measured in dual-core microfibers with different core diameters and core separations. The
dual-core taper sensor with a large spectral slope at the quadrature point of the transmission
spectrum contributes to high-frequency ultrasound sensing. Ultrasound sensing with a broadband
acoustic frequency range from 20 kHz to 80 MHz and an average SNR of 31 dB is achieved in
a compact, mechanically robust, dual-core microfiber with a waist length of 1 cm, an As;Ses
core diameter of 0.5 um and a core separation of 0.445 um. The fused dual-core As;Se;-PMMA
microfiber sensors with high-performance ultrasound detection can potentially be used for a
variety of practical applications including biomedical and industrial high-resolution imaging.
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