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ZUSAMMENFASSUNG

Ziel dieser Arbeit ist es, die Wechselwirkung von Schallwellen und Faser-Bragg-Gittern
(FBG) in Standard- und mikrostrukturierten Fasern (sog. ,,suspended core fiber* (SCF)) zu
untersuchen, um dadurch die Reflexionseigenschaften der Faser-Bragg-Gitter zu modulieren
und den Modulationswirkungsgrad zu erhohen. Zundchst werden dazu die akustischen
Resonanzmoden und das Frequenzverhalten eines niederfrequenten akustooptischen
Modulators (f< 1.2 MHz) numerisch unter Verwendung der Finite-Elemente-Methode
untersucht. Daraus wird die Wechselwirkung von akustischen Langswellen und Faser-Bragg-
Gittern in mikrostrukturierten optischen Fasern abgeleitet. Unter Verwendung der Finite-
Elemente-Methode und der Transfermatrixmethode werden in Abhédngigkeit von
verschiedenen Fasergeometrieparametern die Reflexionseigenschaften simuliert. Die
Untersuchungen zeigen, dass zunehmende Luftanteile in mikrostrukturierten optischen Fasern
wegen des damit verringerten Siliciumdioxid-Anteils im Faserquerschnitt eine wesentlich
verstirkte akustooptische Wechselwirkung im Kern ermdglichen. Die erheblich vergrof3erte
Modulation der Reflektivitdit von Faser-Bragg-Gittern kann experimentell in zwei
unterschiedlichen mikrostrukturierten optischen Fasern nachgewiesen werden. AuBerdem
wird ein Verfahren vorgestellt, um eine dynamische Phasenverschiebung in einem gechirpten
Faser-Bragg-Gitter unter Verwendung einer optimierten Gestaltung des akustischen
Modulators zu induzieren. AnschlieBend wird als Anwendungsbeispiel die Nutzung der
akustooptischen Modulation der Reflexion eines Faser-Bragg-Gitters in einer 3-Loch-Faser
zur Modenkopplung in einem Ytterbium-Faserlaser zur Pulsgeneration gezeigt. Abgeleitet aus
den Erfahrungen des Anwendungsbeispiels werden anschliefend zwei weitere verbesserte
Anordnungen des Modulatordesigns vorgestellt, mit denen die akustooptische
Wechselwirkung verbessert und die Frequenz auf bis zu 10 MHz erhoht werden kann. Eine
besonders hohe Modulation der Reflektivitit konnte mit einer sich im Durchmesser
verjiingenden Faser erreicht werden. Dariiber hinaus wurde eine erhohte Modulations-
Bandbreite (320 pm) fiir einen Modulator basierend auf der Interaktion eines akustisch
induzierten radialen Gitters mit langer Periode und einem Faser-Bragg-Gitter in einer
Standardfaser erzielt. Zusammenfassend zeigen die Ergebnisse, dass durch eine geeignete
Faserstrukturierung und eine angepasste Gestaltung von piezoelektrischen Wandlern die
akustooptische Wechselwirkung mit Faser-Bragg-Gittern wesentlich verbessert werden kann.
Dies kann auch mit kiirzeren Fasergittern und mit kleineren Modulatorelementen erreicht
werden, was zu kompakteren Anordnungen und schnelleren Wechselwirkungen fiihrt. Eine
erhohte Frequenz und Bandbreite kann beispielsweise die Pulsdauer bei modengekoppelten
Faserlasern reduzieren und ist auch fiir andere Konzepte der faseroptischen
Signalverarbeitung von Vorteil.



ABSTRACT

This thesis aims to investigate the interaction of acoustic waves and fiber Bragg gratings
(FBGs) in standard and suspended-core fibers (SCFs), to evaluate the influence of the fiber,
grating and modulator design on the increase of the modulation efficiency, bandwidth and
frequency. Initially, the frequency response and the resonant acoustic modes of a low
frequency acousto-optic modulator (f < 1.2 MHz) are numerically investigated by using the
finite element method. Later, the interaction of longitudinal acoustic waves and FBGs in
SCFs is also numerically investigated. The fiber geometric parameters are varied and the
strain and grating properties are simulated by means of the finite element method and the
transfer matrix method. The study indicates that the air holes composing the SCF cause a
significant reduction of the amount of silica in the fiber cross section increasing acousto-optic
interaction in the core. Experimental modulation of the reflectivity of FBGs inscribed in two
distinct SCFs indicates evidences of this increased interaction. Besides, a method to
acoustically induce a dynamic phase-shift in a chirped FBG employing an optimized design
of modulator is shown. Afterwards, a combination of this modulator and a FBG inscribed in a
three air holes SCF is applied to mode-lock an ytterbium doped fiber laser. To improve the
modulator design for future applications, two other distinct devices are investigated to
increase the acousto-optic interaction, bandwidth and frequency (f > 10 MHz). A high
reflectivity modulation has been achieved for a modulator based on a tapered fiber. Moreover,
an increased modulated bandwidth (320 pm) has been obtained for a modulator based on
interaction of a radial long period grating (RLPG) and a FBG inscribed in a standard fiber. In
summary, the results show a considerable reduction of the grating/fiber length and the
modulator size, indicating possibilities for compact and faster acousto-optic fiber devices.
Additionally, the increased interaction efficiency, modulated bandwidth and frequency can be
useful to shorten the pulse width of future all-fiber mode-locked fiber lasers, as well, to other
photonic devices which require the control of the light in optical fibers by electrically tunable
acoustic waves.
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1. Introduction

The first approach of an all-fiber acousto-optic modulator (AOM) is based on the interaction
of flexural acoustic waves and optical modes in an optical fiber. The AOM is composed of a
piezoelectric transducer (PZT), an acoustic horn and an optical fiber segment [1]. The PZT
generates the acoustic waves which are amplified by the horn and propagate along the fiber.
The acoustic wave induces a periodic refractive-index perturbation coupling power of the
fundamental optical mode to higher-order modes. Such devices work as dynamic long period
gratings (LPGs) being usually employed as notch filters, frequency shifters and couplers with
high rejection efficiencies and relative fast switching times (~ 40 ps) [1-3]. However, the
AOMs in general require long fiber lengths or high powers to achieve the acousto-optic
modulation of an optical signal.

In contrast, the acousto-optic modulation of fiber Bragg gratings (FBGs) is suitable to
reduce the size, the switching time (~ 17 us) and power consumed by the acousto-optic
devices [4—10]. In particular, the interaction of flexural acoustic waves and FBGs enables the
switching of the Bragg wavelength by coupling power of the fundamental mode to higher-
order modes at shorter wavelengths [4,5]. However, this modulation in standard fibers is
limited to frequencies /< 10 MHz because the acoustic wave tends to propagate by the fiber
surface with the increasing frequency [11,12]. On the other hand, longitudinal acoustic waves
interacting with FBGs compress and extend the grating period inducing lobes on both sides of
the Bragg wavelength [6,7]. In general, modulators based on longitudinal waves operate with
higher frequencies and velocities compared to the devices employing flexural waves, which is
suitable to shorten the pulse width and mode-lock all-fiber lasers at twice the acoustic
frequency [13—15].

Fiber lasers provide various advantages over other types of lasers, such as high efficiencies
due to long interaction lengths, excellent beam quality in single mode operation and all-fiber
configurations. These features find applications in telecommunications, material processing,
sensing and medicine [16—19]. In particular, active mode-locking and Q-switching techniques
have been commonly employed in fiber lasers to generate very short pulse widths with high
repetition rates. However, the bulk components typically employed to generate the pulses, e.g.
electro-optic and acousto-optic modulators based on crystals, cause high cavity losses [20,21].

This requires higher pump energy to achieve the laser operation, which consequently reduces



the overall performance of the laser. Moreover, bulk components can also degrade the laser
beam quality, which requires fine alignment and good mechanical stability. On the other
hand, acousto-optic modulators based on optical fibers have been successfully employed in
Q-switched and mode-locked fiber lasers, offering an alternative solution to enable monolithic
fiber setups [13—15,22-24].

However, in standard optical fibers, the acoustic power is mostly distributed over the fiber
cross section reducing the interaction with the grating in the core with the increasing
frequency. Consequently, several approaches of AOMs using combinations of long grating
lengths and high modulation index (strong gratings), high acoustic powers, cladding-etched
and tapered fibers have been employed to increase the acousto-optic interaction. The
reduction of the fiber diameter by means of etching or tapering techniques makes the optical
properties susceptible to surface contamination and degrades the fiber mechanical stability.
Moreover, the inscription of long gratings is challenging and expensive, since it requires the
use of long phase masks or additional equipment to shift the fiber and the phase mask with
respect to the beam [25]. The use of long fiber or grating lengths also increases the switching
time of AOMs because the acoustic wave takes more time to travel along the fiber, reducing
in some cases, the maximum pulse repetition rate in Q-switched fiber lasers [22-24].

The present thesis intends to numerically and experimentally investigate the interaction of
longitudinal acoustic waves and fiber Bragg gratings in standard and suspended-core fibers to
evaluate how the fiber and the modulator design can be optimized to increase the modulation
efficiency, bandwidth and frequency. In addition, the study aims to investigate specific
acousto-optic interactions which can reduce the fiber or the grating lengths and, consequently,
the size and power consumed by the acousto-optic devices.

Chapter 2 provides the basic theory on FBGs and the numeric methods employed in the
simulations presented in this thesis. A brief review of the light guiding mechanism and of the
calculation of modal properties in standard step-index optical fibers by using the finite
element method (FEM) is also introduced. The properties of FBGs are reviewed by means of
the coupled mode theory and the transfer matrix method (TMM), which is employed to
simulate the FBG reflectivity in the subsequent chapters. Chapter 3 provides the basic theory
on the interaction of longitudinal acoustic waves and FBGs and discusses the influence of the
acousto-optic parameters on the modulation efficiency and frequency.

Chapter 4 discusses the numerical and experimental characterization of an acousto-optic
modulator excited at frequencies lower than 1.2 MHz. A piezoelectric transducer (PZT), an

acoustic horn and an optical fiber segment are modeled using the 3-D FEM. The frequency



response and the acoustic modes of the AOM are investigated. The reflectivity modulation of
a 5 cm long FBG is derived by the TMM. Experimental and simulation results are compared
to provide information on the design and characterization of acousto-optic devices.

The interaction of longitudinal acoustic waves and FBGs in suspended-core fibers (SCFs)
is numerically investigated in Chapter 5. The geometric parameters of two SCFs are varied,
and the strain and grating properties are simulated by means of the FEM and TMM methods,
respectively. The reflectivity and group delay modulation of a FBG in a four air holes SCF is
experimentally investigated. In addition, the coupling between orthogonal modes of a high
birefringence SCF induced by acoustic waves is also demonstrated. The experimental results
presented in Chapter 5 use a similar approach of the modulator as described in Chapter 4 to
compare the modulation efficiency of the SCFs to previous studies employing standard fibers.

Chapter 6 investigates the interaction of acoustic waves and chirped fiber Bragg gratings in
a standard fiber. A dynamic notch filter caused by an acoustically induced phase-shift is
experimentally investigated. The chapter also introduces an optimized and compact design of
AOM, which is used to increase the acousto-optic interaction compared to the devices
described in Chapter 4. The studies discussed in Chapters 3 - 6 are based in the 4 = 1550 nm
wavelength range and modulation at frequencies lower than 1.2 MHz, which might be
suitable for CW and Q-switched fiber lasers and other dynamic filters.

Chapter 7 studies the modulation of a FBG in three air holes SCF and its application to
mode-lock an ytterbium-doped fiber laser at the 1060 nm wavelength range. Acousto-optic
modulation at frequencies higher than 5 MHz is achieved by an optimized modulator design
based on two PZTs. The study also aims to investigate the influence of the reduction of the
grating length (1 cm) to shorten the pulse width of fiber lasers at a repetition rate of 10 MHz.

Chapter 8 describes the assembly and characterization of two approaches of acousto-optic
modulators being excited at frequencies higher than 10 MHz. The first AOM is based on a
combination of a tapered optical fiber and a high reflectivity grating. This combination allows
obtaining high modulation efficiencies and frequencies at the 4 = 1060 nm wavelength range.
The second approach investigates an output coupler modulator having a design for use in both
reflection and transmission. The interaction of an acoustically induced radial long period
grating (RLPG) and a FBG is also investigated. The RLPG couples power of the fundamental
mode to higher-order modes supported by the FBG. In summary, the results indicate an
increased modulation efficiency, bandwidth and frequency compared to previous studies,
which is suitable to shorten the pulse width of future fiber lasers at the repetition rates higher

than 26 MHz.



2. Fiber Bragg gratings

2.1 Light guiding in standard optical fibers

A step-index optical fiber is a cylindrical dielectric waveguide composed by a central core of
refractive index 7, embedded in an outer cladding of lower refractive index7,. The light is
guided in the core by means of the total internal reflection mechanism if the incidence angle

at the core-cladding boundary is larger than the critical angle &, =sin™ (n,/n,,) and n,>n,,.

Fig. 2.1 illustrates a step-index fiber of core radius 7,, and cladding diameter d..

r

cladding

d

x
cl 27’00

Figure 2.1: Geometrical and refractive index properties of a step-index optical fiber.

The core-cladding refractive indices have a small difference in an step-index fiber given

by [26],

2 2
nco _nC
A:—zn S 2.1

co

In axially symmetric optical fibers, the refractive index changes with the radial distribution

r and does not depend on angular variation, as illustrated in Fig. 2.1. Thus, n(r)=n,, in the

core (r<re ) and, n(r)=n, , in the cladding to (> r ). The components of the electric

and magnetic fields of the propagating light obey the Helmholtz equation,

VU +n’ (r)kiU =0, (2.2)

which is written in cylindrical coordinate as,
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PU 1oU 18U &U

et ”: o +n’(r)k,U =0, (2.3)

in which, U=U(r,p,z) represents the electric E.=E_(r,p)e’ @52 or magnetic
H_=H_(r,p)e’ " fields, @ is the angular frequency and k, =27/ A is the wave number

in vacuum. The guided modes present a periodic dependence in the angle , with the period

2, and travel in z direction with the propagation constant £, written as,
U(r,¢,z)=u, (r)e e/, (2.4)

in which / is a integer. The inclusion of Eq. (2.4) in Eq. (2.3) leads to a differencial equation

for the radial distribution profile u,(7), written as,

u. 1ou 2 2 2 I’
Lt ——L i (Nk - —— |u =0, 2.5
8r2 8r [ ( ) 0 IB ]"2 ¥ ( )
in which,
ky” =noky — B, (2.6)
&= —nk;, 2.7)

k, , is the transverse propagation constant describing the spatial distribution of the modes in

the core, and & is the decaying constant describing the modal distribution in the cladding.
The light is guided in the core if the propagation constant £ is smaller than the wavenumber

in the core and larger than the wavenumber in the cladding (7,k, < S <n_k,). Considering

the fiber is coated by a material of refractive indexn,,,, the light is guided in the cladding if

oat >

..k <B<n,k, oris radiated/damped out of the cladding if f<n

coat

k, . The solutions for

Eq. (2.5) are described by Bessel functions as,

J,(k,r), r<r (core)

co

K,(ér), r>r (cladding)

co

U.(r) OC{ (2.8)



2.1 Light guiding in standard optical fibers 10

in whichJ,(k,7) is the Bessel function of the first kind and order /, which oscillates similarly

to the sine or cosine function with a decaying amplitude in the core. K,(&r) is the modified

Bessel function of second kind and order /, which decays with increasing &r.

The transversal and decaying constants are normalized in terms of the core radius 7, as,

u= kTrcO’ (2.9)
w=¢r, , (2.10)
and can be related via,
w+w =12, (2.11)
in which,
27, 2 a\2
V=—"=(n"-—n , 2.12
/1 ( co cl ) ( )

is the normalized frequency, which is related to the number of fiber modes and their
propagation constants. In standard optical fibers, the optical modes are described by special
solutions with a distinct propagation constant, field distribution in the transverse plane and

two independent polarization states. The modes supported by a conventional step-index

cylindrical waveguide consist of TE(E,=0), TM(H,=0) and hybrid modes
(E,#0,H, #0) . Practical single-mode fibers for optical communication have a refractive

index difference A less than 1% caused by the addition of a small dopant concentration in the
core, such that n,/n, =1. This approximation simplifies the analysis of the optical fiber

classifying the modes in groups designated as linearly polarized (LP) modes, which is called
weakly guiding approximation since the light confinement into the core is not so tight. The

dispersion equations of the LP;,, modes are simplified as [27],

J) KW
wl, ) uK, (W)’

(2.13)

in which, the indices / and m describe the azimuthal and radial modal distribution,

respectively. For each azimuthal index /, the characteristic equation has multiples solutions

being related to the propagations constants /3, of the modes. Therefore, modes with the same
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parameters, m and /, have the same effective index and are degenerated. Table 2.1 shows the

main groups of conventional LP modes [28].

Table 2.1: LP modes designation and equivalent group modes [28].

LP modes Group modes
LP O/ (m=0) HE 1/
TE 0/
LP 1/ (m=1) ™ 0/
HE 2!/

LPm/ (m>2)  EHm-1I
HE m+11

The effective index n,; = /k of an optical mode is related to the normalized propagation

constant, written as,

Y:M. (2.14)

2 2
n ncl

co

Considering Eq. (2.14), Egs. (2.9) and (2.10) are simplified as u=V{y1-Y , w=VY ,
respectively. The zeros in the characteristic Eq. (2.13) satisfying u# and w relations correspond
to the normalized propagation constants in the dispersion curve, which is solved numerically
and illustrated in Fig. 2.2 for ' < 3.5. Note in Fig. 2.2, that there is no cutoff value for the
LPy; fundamental mode. The cutoff V-value of the second-order mode LP;; is Vc=2.4048

determining the single-mode condition.

o
o
T

©
~
T

Propagation constant y

0.0 I I I
0 1 2 3

Normalized frequency V

Figure 2.2: Dispersion of LPy fundamental and LP;; second-order modes in a step-index optical fiber.
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2.2 Modal simulation using the finite element method

The finite element method (FEM) is an efficient numerical tool to study and solve complex
physical phenomena in the frequency domain or time. The FEM has been widely used in the
design and characterization of microstructured optical fibers mainly to determine the optical
parameters, such as, the effective index, effective area, chromatic dispersion, confinement
loss, modal birefringence and coupled elasto or termo-optical properties [29-34]. The basic
equation for the FEM is given by the previous Helmholtz equation Eq. (2.2), here written in

terms of the electric field £ as,

Vx([u]'VxE)—ki[e ]E=0, (2.15)

in which, k,is the free-space wavenumber and, [£] and [#, ] are the relative dielectric

permittivity and relative magnetic permeability tensors, respectively. The division of the fiber
cross section (xy plane) into hybrid elements allows obtaining from Eq. (2.15) the eigenvalue

equation [35,36],
[KI{E} = kynzy [M]{E}, (2.16)

in which, the eigenvector {E } is the discretized electric field vector, n off is the effective index

and, [K] and [M ]are the finite element matrices, which are solved by high performance

numeric solvers. The variation of the refractive index caused by the silica chromatic dispersion

is calculated by using the Sellmeier equation,

3 m[ﬂﬂ/Z
n(4)= HZW—Q) @.17)

i=l —q;
in which, m; and g; are the silica coefficients listed in Table 2.2 [37].

Table 2.2: Sellmeier coefficients for the silica [37].

m; =0.6961663 g1 =0.0684043
m, =0.4079426 q.=0.1162414
m3=0.8974794 q;=9.896161




2.2 Modal simulation using the finite element method 13

To evaluate the confinement of leaky modes, a perfectly matched layer (PML) is employed
as a boundary condition at the computational window edges. The PML is a fictitious
absorption layer which truncates the computational domain avoiding the eletromagnetic field
to reflect at the window edges. The layer is often used to calculate the propagation constant
with the imaginary part, allowing to estimate the confinement loss of the optical modes.

Considering an anisotropic PML, the wave equation in Eq. (2.15) is written as [35],
Vx([s,]'Vx E)~kn’[s,]E =0, (2.18)

in which,

[s.]=| O s /s 0 | (2.19)

The parameters s, and s, for an anisotropic rectangular PML are defined in [35], in

which, s, and s are complex values written as,

s =1—jal = |, 2.20
f2) o

—

in which, & is the maximum value of the attenuation constant, = is the distance between the
fiber central axis up to the internal PML interface and Il is the PML thickness. The
simulations presented in the next sections are performed using the commercial package
COMSOL Multiphysics® 3.5, which is based on the finite element method. The fiber
modeling and design consist of three main steps: pre-processing, processing and post-
processing, which are subdivided into smaller steps as shows in the diagram of Fig. 2.3. The
core-cladding reflective indices are calculated using the Sellmeier equation and attributed to

the subdomains.

Pre-processing —_— Processing | ——> Pos-processing |
geometry
solve matrix
\ ‘ equations ‘
‘material properties \ | visualization of
\ results
PML setup | effective index and

field calculation

| element mesh
setup

Figure 2.3: Methodology for the simulation of optical modes using the FEM (Comsol).
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The FEM divides the physical problem in smaller subdomains (elements), which are often
squares or triangles defining a mesh. In the processing step, the software solves the matrix
equations and calculates the effective index and the field components.

Fig. 2.4 illustrates the electric field vector (black arrows) and the transversal distribution of

the time average power flow in z direction (Poynting vector in W/m?) for the fundamental
mode LPo;(HE;;) and second-order cladding mode group LPy,(7E,,TM,,HE,) in a

standard optical fiber, considering that the cladding is exposed in the air.

LP, LP

HE,,

Figure 2.4: Poynting vector for the fundamental mode LPy, (HE,,) and second-order cladding mode group LPy,
(TE,, M, HE,,)

2.3 Refractive index modulation of the grating

The refractive index change induced by light in a photosensitive fiber was first demonstrated
by Hill et. al. in 1978 [38]. In this experiment, an Argon laser at 488 nm was launched into a
germanium doped fiber and partially reflected at the opposite fiber end. The resulting standing
wave pattern in the core induced a permanent modulation of the refractive index. In 1989,
Meltz et. al. produced the periodic index change using the transverse holographic method and
the single photon absorption at 244 nm ultraviolet (UV). In this method, the light from a
coherent source is split into two beams using an amplitude splitting interferometer. The beams
are transversally superposed on the fiber to produce an interference pattern in the core, which
results in the index modulation. The holographic method enables the grating inscription at
distinct wavelengths because the grating period depends on the angle between the two

interfering beams [39].
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A fiber Bragg grating (FBG) is a periodic modulation of the refractive index along the
fiber length being formed by exposing the core to an optical interferometric pattern [25]. The
index modulation couples light of a forward-propagating mode to a backward-propagating
mode, with propagation constants, f; and f,, respectively. A FBG is considered as a
diffraction grating in which the interaction between the forward and backward modes are

described by [40],

B+ B =m—, (2.21)

B

in which, A, is the grating period and m =1 is the first-order diffraction. A FBG couples

modes in reflection and transmission if two conditions are satisfied: (1) phase matching and
(2) sufficient modal overlap in the grating. The phase matching condition is written from

Eq. (2.21) considering, B =(2z/A)n,, , in terms of the effective index ney [25],

eff >

. tn, =—, 2.22
AR P A, (2.22)

in which, A4 is the optical wavelength. Considering the coupling between two identical

optical modes in an uniform grating, n,, =n,, =n,, the resonant wavelength at the center

reflection band is given by the Bragg condition, written as,
Ay =21, A, (2.23)

Fig. 2.5 illustrates an uniform Bragg grating, in which the sinusoidal refractive index
modulation in the fiber core is merely represented by planes separated by the period A, . An
optical mode propagating in the core interacts with each plane. At the Bragg condition, the
guided light is reflected in phase between the adjacent planes resulting in a reflected band

centered at Az. On the other hand, if the condition is not satisfied, the reflected light is out of

phase between the planes, causing the incident light to be completely transmitted.
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Figure 2.5: Illustration of the index modulation of an uniform Bragg grating into the core of a step-index optical
fiber.

Fiber gratings present distinct properties for sensor applications since external parameters,

such as, temperature and mechanical deformation can be used to change the grating effective
index 7, and/or period A, , and consequently, the Bragg resonance Ay . According to

Eq. (2.23), the Bragg wavelength shift caused by strain and temperature, is written as [41],

eff eff oT
p

on, oA on, ON
AAB=2|:ABa—g+n aLB:|AL+2|:AB a]ff +n B:|ATP, (224)
P

in which, the first term is related to the strain effect changing the grating period and the mode

effective index. The Bragg wavelength shift caused by an isotropic and homogeneous axial

strain S, =AL/ L into a grating of length L, is given as [42],
Ady=2,(1-p,)S., (2.25)
in which,

2

n
P. :%I:plz _V(pn +p12)]a (2.26)

is the effective elasto-optic constant, which is related to the strain-optic tensor coefficients pi;
and p,, and Poisson ratio v. The second term in Eq. (2.24) is related to the temperature effect
on the optical fiber. The Bragg wavelength shift is caused by changes in the grating period
caused by the thermal expansion of the fiber and, changes of the refractive index caused by

the termo-optic effect, written as,

Ay =2, (9+&)AT,, (2.27)
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in which, 3=(1/A;)(0A,/0T,), is the thermal expansion coefficient ($=0.55x 107 for

silica) and, ¢ =(1/n)(0n/0T,), is the thermo-optic coefficient (& ~ 8.6x10™° for germanium-

doped silica fiber) [43].

Acoustic waves are useful to dynamically change the Bragg wavelength shift in Eq. (2.25)
inducing a periodic strain in the fiber. The modulated spectrum in the simulations discussed in
the next sections is calculated by means of the transfer matrix method, which is based on

solutions of coupled mode equations, as described in the following section.

2.4 Coupled mode theory

The coupled mode theory is a useful tool to describe the properties and spectrum of FBGs.
The transverse component of the electric field is written as a superposition of modes in an

ideal waveguide without grating modulation [40,44],
— iﬁjz —iﬁjz —ii
E, (x,p,z,t)= Z[Aj (z)e( )4 B, (z)e( )}//f (x,y)e( ), (2.28)
j
in which, f;is the propagation constant of different modes,  is the angular frequency and,

Aj(z) and Bj(z), are the amplitudes of the jth mode traveling in the +z and — directions,

respectively. The variable z//f (x, y)describes the transverse modal fields in the core or

cladding. The periodic index modulation couples energy between the modes causing variation

in 4;(z) e Bj(z) field amplitudes, given as,

0A. —i(B.+p.)z
a—;:i;Ak(K,g+K,fj) fi- +IZB ( K,fj)e (55)) , (2.29)

=Y 4, (K] - K )e en ) ~i¥.8(K] vK;)e PR (2.30)

in which, K’ (z) and K?(z) are the transverse and longitudinal coupling coefficients

between the j and k modes. K7 (z) is usually neglected and K (z) is written as,

Ky (2 ”Ag (.2 ()] (x, ) dxdy, (2.31)
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which is related to the permittivity modulation Ae = 2n, A7, , considering the induced index
modulation A7, (x,y,z) is uniformly distributed only in the core cross section with

reflective index n.,. Consequently, the “DC” coupling coefficient and the “AC” coupling

coefficient are defined, respectively as,

o, (z) == “’A_ (2) [[wi (x.2)w] (x,y)dxdy, (2.32)

core

K (z)z%akj (2). (2.33)

Consequently, the transverse coupling coefficient is given as,

K (z)=0,(2)+ 2, (z)cos(i—ﬂz+¢(z)j. (234)

B

Based on this approach, a fiber Bragg grating is described as a periodic modulation in the

effective refractive index of the guided mode as,

An,(z) = Aneﬂ( )[1+ucos[i—ﬁz+¢(z)ﬂ, (2.35)

B
in which, AE is the “DC” index change averaged over a grating period Ay, U is the fringe

visibility of the index modulation and ¢(z) is the grating chirp. As previously discussed, an

uniform FBG couples a forward-propagating mode to a backward-propagating mode with
electric fields amplitudes 4(z) and B(z), respectively. The interaction between incident and

reflected modes is described by the solution of the coupled-mode equations, given as [40],

0A

a—=ic§A(z)+il{B(z), (2.36)
‘g}j = i6B(2)-ix"A(z), 2.37)

in which A = A(z)exp(idz—¢/2) and B = B(z)exp(-idoz+¢/2) are the amplitude fields,
6 =6 +o is the “DC” self-coupling coefficient and « is the “AC” coupling coefficient,

written as

(2.38)
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which is related to the “DC” coupling coefficient,

2r  —

oc=—»A»An

Ay (2.39)

The dependence of the coupling between the incident and reflected mode with the

wavelength is measured by a parameter named as detuning, given as,

1 1
0=2 | 2.40
ﬂ-neﬂ(i iDj ( )

in which, 4, =2n,A; is the “design wavelength” which considers the effective index of the

optical mode without changes induced by the grating refractive index modulation in the core.

2.5 Transfer matrix method

The transfer matrix method (TMM) is a numerical method based on solutions of the coupled-
mode equations employed to calculate the spectrum of FBGs. A grating of length L, is
divided into m uniform sections of length Az, and for each section a 2x2 matrix is attributed.
The field amplitudes, A; and B, after propagating each j section, are given as [40],

A B A
s FF (2.41)

J Jj-1

in which,
cosh(yBAz)—izsinh(yBAz) —iﬁsinh(j/BAz)
F) = & S , (2.42)
iﬁsinh(yBAz) cosh(yBAz)Hisinh(yBAz)
e g
with,
ys = (> =67)". (2.43)

The result is a single 2x2 matrix obtained by the multiplication of m matrixes

F? =F, F,;_..F, represented by the matrix coefficients,
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FB:|:gll g12:| (2.44)
Sy S» .

Fig. 2.6 illustrates the interaction between the forward and backward amplitude fields for a

segment of an uniform FBG.

cladding A
e I
- core -
B(L,)

Figure: 2.6: Forward and backward amplitude fields in a segment of a uniform FBG.

Considering the incident amplitude to be A(O) =1 at the grating input, and the reflection to

be null B (L g) =0 at the grating output, the resultant matrix can be written as,

(%]

By solving Eq.(2.45) in terms of the coefficients in Eq. (2.44), the reflected and

transmitted amplitudes are given, respectively, as,

== (2.46)

1(2)= = S (2.47)

The reflectivity (ratio between the reflected and incident power) and transmissivity (ratio
between the transmitted and incident power) of a uniform FBG are therefore obtained as,
sinh®(V&* - &7 L,)

R(2)=|z [ = e (2.48)

cosh’(Vx? =62 L)- 0—2
K

2 A2

K -6
= . 2.49
«* cosh’(V&* -6°L,) - 67 (249)

‘2
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The maximum reflectivity is obtained from Eq. (2.48) for6 =0 as,

9%max (/lmax ) = tanhz(KLg)’ (250)
in which,
Any
A = 1+—— 4, (2.51)
Ney

The maximum reflectivity is described replacing Eq. (2.38) in Eq. (2.50) as a function of

the “AC” part of the induced index modulation UAE =An, ,as [39],

max

mAn,,
R ax (/Imax,Lg ) = tanh’ (—/1 Lg} (2.52)

The bandwidth of a uniform Bragg grating defines the type of grating according to the

index modulation amplitude An,_ and grating length L,. A FBG is called “weak-grating” if

An, <A,/ L,. However, the grating is called “strong” if An, > 4,/L,. In this case, the

bandwidth is length independent and proportional to the induced index change. Fig. 2.7 shows
an example of the simulated spectrum of a weak (red) and a strong (blue) uniform FBG

calculated by the TMM.
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Figure 2.7: Reflectivity of a strong (blue) and a weak (red) uniform Bragg grating.
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3. Interaction of longitudinal acoustic waves and

fiber Bragg gratings

3.1 Acousto-optic modulation of distinguished side lobes

The interaction of longitudinal acoustic waves and Bragg gratings enables the dynamic
change of the reflectivity and the wavelength of reflection bands on both sides of the Bragg
resonance, which is useful for the control of tunable reflectors, modulators and fiber
lasers [6,7,13,24,45]. Fig. 3.1 illustrates the acousto-optic modulation with longitudinal
waves. Fig. 3.1(a) illustrates an optical mode with effective index ncgr interacting with a non-
perturbed FBG of period A, resulting in a reflected band at the Bragg wavelength Az = 2n4A.
Fig. 3.1(b) illustrates a longitudinal acoustic wave producing a periodic strain, which
compresses and stretches the grating. The strain modulates the mode effective index n.4(z)
and the grating period A(z), inducing lobes on both sides of the Bragg wavelength. The

normalized side lobe reflectivity # is given as [6,7,46],

An T A
—tanh?| 2’ f g [ L g ],

Here, S is the peak strain, J, is the Bessel function of the first kind of order m, An,. is the

grating index modulation amplitude, L, is the grating length, 4, is the acoustic period and I" is
the fraction of the optical power into the propagating mode that overlaps with the grating
(confinement factor). For a step-index single-mode optical fiber (SMF), the peak strain S is

approximated as [7],

S = 2B (3.2)
YAv ‘

s ext

in which, P,. is the acoustic power, Y is the Young’s modulus, A; is the silica fiber cross
section and v, is the extensional acoustic velocity in silica. Note in Egs. (3.1) and (3.2) that
for a specific value of P, the reflectivity # is increased by increasing the index modulation

An,, or the grating length L, as well, by reducing the fiber cross section A;.
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Figure 3.1: Behavior of the fiber Bragg grating (a) without and (b) with longitudinal acousto-optic modulation.

3.2 Acousto-optic modulation of overlapped side lobes

Reflectivity and bandwidth modulation of FBGs is of interest for applications in dispersion
compensators, fiber lasers, optical pulse sources and bandpass filters [47-51]. Temperature
based techniques have been proposed to induce dynamic chirp in FBGs since they allow the
electrical control of the grating properties [48,50]. However, the device response time is also
limited because the material heating-cooling process is relatively slow. In addition, the low
sensitivity of the silica thermo-optic coefficient requires high temperatures to produce small
spectral variations in the nanometer range.

Although the grating excitation with longitudinal waves with distinguished side lobes has
been fully described and understood, the excitation of the modulator at lower frequencies,
which is clearly marked by the increase of the spectrum bandwidth, has not been discussed in
detail so far. Here, it is considered as “low frequencies” the frequency range in which the side
lobes are not resolved in the reflection spectrum or the separation A4 between the lobes is
small enough to make them overlap each other. Fig. 3.2(a) illustrates this acousto-optic
modulation. The side lobe separation A/ is described as [6],

2
Ad= SA

- (3.3)

E‘X[

which is related with the acoustic frequency f, the Bragg wavelength Az, the extensional
acoustic velocity in silica vy, , and the effective index n.4. For weak gratings, the m order side

lobe A, has a full width at half maximum (FWHM) bandwidth written as [6],

1. 391,2

Aspwing = 3.4)
7wL,n
eff
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Note in Eq. (3.3) that the decrease of frequency f reduces the distance between the side
lobes, while the reduction of the grating length L, in Eq.(3.4) increases the side lobe
bandwidth. For frequencies in the order of kHz and short gratings, this combined effect makes
the side lobes to overlap resulting in a broader overall grating spectrum. Previous works have
demonstrated that the Bragg wavelength reflectivity is reduced by increasing the acoustic
power or, in other words, the reflected power at Az is coupled to higher-order side lobes [24].
As a result, the total grating reflectivity is reduced and the spectrum bandwidth is broader, as

illustrated in Fig. 3.2.

Ap

tension  compression
WTINDHTRAT 7
A A

strain ‘ bandwidth

Figure 3.2: Behavior of a fiber Bragg grating with longitudinal acousto-optic modulation indicating the
reflectivity and bandwidth modulation caused by the acoustic wave.

The increased bandwidth has been mainly observed for frequencies lower than f= 600 kHz
which satisfy the conditions above discussed [52—54]. In addition, two other factors are
relevant to strengthen the acousto-optic effect. The first is the interaction length between the
grating and the acoustic wave. The grating length should support the extension and
compression zones induced by the acoustic-wave (e.g. a grating with length of at least the half
of the acoustic period). Second, the piezoelectric transducer (PZT), which is used as an
acoustic driver, should work at low frequencies in which the side lobes overlap. For this case,
the first resonances of PZTs with circular geometry are useful to increase the spectrum
bandwidth, since they provide stronger mechanical deformations at lower frequencies to
generate the acoustic waves. Consequently, the broader spectra has been noticed in the

frequency range f= 50 kHz — 250 kHz.
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4. Low frequency acousto-optic modulators

An acousto-optic modulator is composed of a piezoelectric transducer (PZT), an acoustic horn
and an optical fiber segment. The PZT deformations are amplified and coupled in the fiber by
the acoustic horn. Fig. 4.1 illustrates a coaxial acousto-optic modulator, in which the PZT,
horn and fiber are connected into an axial configuration [55]. The PZT is commonly fixed to a
metal support that also works as a heat sink. This setup is suitable for the excitation of
longitudinal acoustic waves and modulation of Bragg gratings [6].

The acousto-optic modulator excites standing acoustic waves by fixing the two fiber ends.
In this way, the PZT, horn and fiber, form a resonant acoustic cavity exciting acoustic waves
at resonant frequencies. The frequency and amplitude of the acoustic wave depend on the
horn-fiber setup [56], as well, of the resonances and the deformation pattern of the vibration
modes of the PZT.

In this section, the numerical and experimental characterization of an acousto-optic
modulator using an FBG usually employed at frequencies lower than 1.2 MHz is investigated.
This device is useful to decrease the reflectivity of the Bragg wavelength and increase the
bandwidth by means of acoustically induced overlapped side lobes, as discussed in Sec. 3.2.
Such modulators generally employ a relatively large PZT (25 mm in diameter and 2 mm
thickness) which makes it easier the connection between the PZT and the acoustic horn, as
well, the device assembly. In addition, conventional soldering techniques can also be
employed to connect the transducer to the electrodes, since a large part of the PZT surface is
generally available. The connection between the PZT-support, PZT-horn and horn-fiber can
be made by employing commercial adhesives (e.g. super glue).

PZT

optical fiber
— acousticwave |

metallic | o ]
support

clamp

(o~ )

Figure 4.1: Illustration of a coaxial acousto-optic modulator.
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4.1 Piezoelectric transducers

The control of modal properties in optical fibers by acoustic waves often requires a
piezoelectric transducer (PZT) as an acoustic driver. The analysis of the piezo material and its
mechanical deformation is necessary for the operation of acousto-optic devices, because the
acoustic wave depends on the vibration modes and frequency of the transducer. However, the
PZTs commonly employed in the modulators do not respond to any excitation frequency, but
only to narrow bands of resonances in which the vibration modes manifest larger and specific
mechanical displacements [57-59]. The excitation of the transducer at non-resonant
frequencies implies higher electric power consumption and reduction of the device lifetime.
Although the piezo resonances can be measured by impedance-phase methods, the frequency
response itself is not sufficient to characterize the mechanical behavior of the acoustic modes,
which depend on other parameters, such as, material anisotropy, electric polarization and
geometric dimensions. In this section, a PZT is modeled using three-dimensional finite
element method (3D-FEM) to investigate the effect of the vibration modes on the excitation

of acoustic waves in a fiber segment.

4.1.1 Numerical modeling

Fig. 4.2(a) illustrates a PZT disc. A metallic thin film is deposited on transducer surfaces to
compose two polarization electrodes. The transducer is compared to a capacitor because of its
high dielectric constant and the electric polarization of the electrodes. Therefore, the PZT can
be represented by an equivalent circuit illustrated in Fig. 4.2(b), known as Butterworth-Van
Dyke [60,61]. The circuit is composed of a Z£LC series and a parallel circuit (2£C//C,), in
which the resistor, &, the inductor, £ and the capacitor, C, represent the damping, mass and
the elastic constant of the PZT, respectively. C, is the electric capacitance between the
electrodes. A transducer based on this circuit with angular frequency @ =2nf is modeled
using only electrical parameters. The frequency response of the transducer is obtained solving

the ZLC circuit in terms of the impedance Z, written as,

: 1
Z:ﬁ+][a)£——cj. (41)

9,
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The series resonance frequency f; is obtained from Eq. (4.1) at the condition of irrelevant

losses (&= 0) and null impedance (Z= 0),

I = 1
S_Zm/ﬁic' 4.2)

A similar interpretation applied to the parallel circuit (££C//C,) in Fig. 4.2(b) allows to

obtain the parallel or anti-resonance frequency f,, written as,

[ cc, |
fp:(zﬂ- £C+Co] ’ (43)

Fig. 4.2(c) illustrates the PZT frequency response in terms of the impedance magnitude |Z]

and phase in degrees. The resonance frequency, f;, and anti-resonance frequency, fp,
correspond to the condition of minimum and maximum impedance, respectively. At these
frequencies, the effect of the inductance £ and the capacitance C cancel each other making
the phase null. Since the mechanical deformation is proportional to the electrical current
flowing across the piezo, the lowest impedance Z causes a maximum current flow 7, inducing

a maximum PZT deformation at the resonance f;.

(@) (b) (c)

R % C _
. electrodes N |~
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Figure 4.2: (a) PZT lateral illustration, (b) equivalent electric circuit and (c) impedance response.

Piezoelectric transducers excite vibration modes oscillating in each resonance with a
particular behavior. The behavior and magnitude of the deformation manifested by the modes
depend on the direction of the electric field polarization, dimensions and geometric shape, and
material anisotropy. If these materials are subjected to an electric field E, they are
mechanically deformed by a stress 7 or strain S. However, if a mechanical deformation is
applied to the material, an electric field £ is induced, resulting in an electric displacement D.

For PZTs based on piezoceramics, the stress-charge relationship is written as [57],
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E
T, ,=c,S,—e,E,
s
D =e,S, +¢,E,
or in matrix form as
L] [a e a; 0 0 01s7] [0
T, ¢, ¢ ¢ 0 0 0S5, 0
L oy a3 ¢ 0 0 0}5 0
T, | 0 ¢, 0 0S| 1]0
T; 0 ¢y 05 €s
i ] | 0 0 0 ¢S] |LO
s
S,
D, 0 0 0 0 ¢, O < ;
D=0 0 0 ¢, O 0S3+0
D, e e; e; 0 0 0 ) 0
Ss
_Sé_

S O

M =

M =

“

(4.4)

(4.5)

(4.6)

(4.7)

in which, c; , is the elastic stiffness at constant electric field, ¢, and e, are the piezoelectric

5 Cpg o

stress constants and, &; , is the dielectric permittivity at constant strain. The indices i, j = 1, 2,

3 and p, ¢ = 1..6 indicate the directions of the material constants in 3-D xyz planes in Fig. 4.3.

PZT

x (1)

/

y (2)

=

\

z(3)
/

Figure 4.3: PZT disc illustration in 3-D xyz planes indicating the indices 7, j = 1, 2, 3 and the directions of the

material constants.
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E
pq 2 epi ? er’p

The constants ¢ and &, are defined in terms of two subscripts. The first provides

the direction of the electric field associated with the voltage applied to the electrodes. The
second provides the stress or strain direction. This approach is based on transversely isotropic
materials, in which the elastic properties are invariant with respect to the rotation of any angle
about a given axis [62]. For example, an electric field £ polarized in direction 3 results in
displacements along directions 1 and 2 (e.g. e3; = e32).

A real PZT disc (2 mm in thickness and 25 mm in diameter) is modeled using the coupled
electromechanical relations and material constants included in Egs. (4.6) and (4.7), which are
solved by the commercial 3-D FEM package Comsol Multiphysics v3.5. The PZT has
~10 um thickness silver electrodes deposited on its polarization surfaces. The electrodes are

also modeled in the simulations considering isotropic elastic properties such as, density, p ,

Young modulus, Y, and Poisson ratio, v. The material constants are obtained from the
manufacturer (PZ26 model [63]). The PZT is set free of loads and simulated initially alone to
calculate the impedance response and the displacements of the natural resonant modes. The
disc is excited by a 500 mV harmonic voltage in a frequency range of /' = 1 kHz - 1200 kHz,
in 0.5 kHz steps, and the corresponding impedance-phase values are calculated for each
frequency value. Later, the impedance-phase response of the real PZT is measured using an

impedance analyzer to verify the accuracy of the simulation.

4.1.2 PZT resonance response and vibration modes

Figs. 4.4(a) and 4.4(b) show, respectively, the measured and simulated PZT response in terms
of the impedance magnitude and phase, as a function of the excitation frequency. The piezo
presents vibration modes spaced by series frequencies f;, obtained by the condition of
minimum impedance and null phase. The amplitude difference in the impedance magnitude
and phase responses is because the distinct losses for each resonance, since each pair
composed by, f; and f,, is associated with a specific £ZC circuit. For modes with small
damping values, the resonances become sharper and show high amplitudes. Experimental and
simulated PZT impedance responses are compared in Fig. 4.4(c). The simulated response
shows larger impedance and phase amplitudes compared to experimental values. This is
because the material constants considered in the simulations include only real values and do
not consider the entire piezoelectric losses of the transducer. However, a good agreement

between experiment and simulation is obtained in terms of the resonances, mainly at low
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frequencies. The resonances in terms of the simulated PZT displacements (sum of the
displacements in xyz directions) are seen in Fig. 4.4(d), indicating the localization of the

modes by the maximum displacements.
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Figure 4.4: PZT impedance response: (a) measured, (b) simulated, (c) mesuared-simulated and (d) simulated
displacement [64].

The displacement behavior of the vibration modes is shown in Fig. 4.5 in yz and xy planes,
for the resonances calculated in Fig. 4.4. The displacements are magnified to facilitate the
observation of the maximum (red) and minimum (blue) displacements. The PZT analysis of
these profiles allows the verification of the longitudinal and radial deformations, respectively.
It is observed that all modes have points of longitudinal displacements at their polarization
surfaces, which is useful for the excitation of longitudinal waves in the fiber. The deformation
of the modes shows that the displacements are not perfectly uniform and axial. The
displacement along z is predominant at 958 kHz, 1049 kHz and 1058.5 kHz resonances, in
which the maximum deflection is located at the disc center.

Fig. 4.6(a) shows the x and z displacements of the PZT for the frequency range of
f=1kHz — 1200 kHz. Note in Fig. 4.6(a), the /=88 kHz vibration mode has a higher x
displacement (radial deformation) compared to all other modes. In addition, the x and z

displacements decrease with the increasing frequency.
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Figure 4.5: Displacement behavior of the piezoelectric transducer vibrations modes in resonances [64].

Fig. 4.6(a) shows the radial (xy plane) and the thickness (yz plane) deformations of the
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Fig. 4.6(b) shows the x and z displacements for the frequency range of /=200 kHz -

1200 kHz and the radial and the thickness deformations of the 1049.5 kHz vibration mode.

Although the displacements of the 1049.5 kHz mode are predominant in z direction compared
to the /= 88 kHz mode, the study indicates that modes at lower frequencies can also be useful

to excite longitudinal acoustic waves in an optical fiber, since they also show relevant

thickness deformations.
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Figure 4.6: Simulated frequency response of the x (radial) and z (longitudinal) displacements of the PZT,
indicating the deformation behavior (arrows) of (a) radial and (b) thickness modes [64].
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4.2 Characterization of longitudinal acousto-optic resonances

In this section, the analysis of the modulator response and displacement behavior of
longitudinal acoustic waves is numerically investigated, and the experimental characterization
of the resultant acousto-optic effect in a Bragg grating is assessed. The device is numerically
modeled using the transfer matrix method (TMM) and the 3-D finite element method (FEM),
as discussed in Sec.2.5 and Sec. 4.1.1, respectively. The fiber displacements and the
modulated FBG spectrum are evaluated. Simulations are compared to experimental
measurements of the wavelength shift for the grating under the excitation of resonant acoustic
modes. The numerical approach allows the investigation of the electrical, mechanical and

grating properties of an acousto-optic device.

4.2.1 Numerical modeling

Fig. 4.7 shows the 3-D design of the acoustic-optic modulator which is composed of a PZT
disc, a silica horn and a standard single-mode fiber being modeled as a solid rod. Details of
the device in the yz, xyz and xy planes are shown in Figs. 4.7(a), 4.7(b) and 4.7(c),
respectively. The PZT has silver electrodes deposited on its polarization surfaces, as
illustrated in the detail of the Fig. 4.7(a). Further geometrics dimensions are included in

Fig. 4.7.
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Figure 4.7: Acousto-optic modulator design and geometric properties: (a) yz, (b) xyz and (c) xy views.
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Fig. 4.8(a) shows the modulator with details of the real device and the acoustic horn.
Fig. 4.8(b) shows the modulator with the finite element mesh that consists of 2 946 205
tetrahedral elements distributed in an approximated regular way, as seen in the detail of
Fig. 4.8(c). A detail of the electrode and the fiber are seen in Figs. 4.8(d) and 4.8(e),

respectively. The PZT and the fiber end are fixed for the calculation of the acoustic modes

supported by the device. The simulations are performed using a computer with 8 x 2.8 GHz

Intel® processor cores and 96 GB RAM.

Figure 4.8: (a) acousto-optic modulator design and (b) FEM mesh, with details of the (c) PZT, (d) electrode and
(e) optical fiber.

The PZT is modeled using the methodology described in Sec. 4.1.1., which includes the PZT
anisotropy to simulate the impedance-response. The PZT is polarized in z direction and
excited by a sinusoidal electric field. The resulting longitudinal wave causes a periodic strain
S(z) = Socos(2mfz) in the fiber core, in which a uniform Bragg grating is inscribed. The

variation of the design wavelength 4, =2n,, A, caused by the strain S(z) is written as [53],

2 (8(2)) = Apo[1+(1-2,) S (2) ] (4.8)

in which, 4, , is the wavelength for the grating at rest, and p, is the elasto-optic constant.
The device is excited with a voltage of 10 V in the /=600 kHz — 1200 kHz frequency range,
with 1 kHz steps, and the fiber axial (z direction) and the transversal displacements (xy
directions) are solved for each frequency. Later, 1000 samples of the acoustically induced
strain along the fiber z axis are obtained at the fiber cross section center for the longitudinal
resonances (acoustic modes with a larger displacement in z direction). The strain samples are

used as an input parameter in Eq. (4.8) for deriving A,. With A, inserted in Eq. (2.40) the

detuning parameter 6 can be applied to simulate the modulated spectrum of the FBG by using

the TMM, as discussed in Sec. 2.5.
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4.2.2 Experiment and discussion

The modulator is assembled considering the components and boundary conditions previously
discussed in Sec. 4.2.1. The device includes a 5 cm long grating with a reflectivity of ~ 99%,
and with a Bragg wavelength at 1z~ 1538.42 nm. Fig. 4.9 illustrates the experimental setup
used for the characterization of the modulated FBG. The FBG is characterized with a
broadband source (SLED) and the reflection spectrum is obtained by means of a circulator
and an optical spectrum analyzer (OSA) with a 60 pm wavelength resolution. The PZT is
excited by a 10V maximum sinusoidal signal from a signal generator (SG) in the
f=600kHz - 1200 kHz frequency range. By fixing the PZT base and the fiber tip, the
modulator works as a resonant acoustic cavity for exciting standing acoustic waves at certain
resonant frequencies. The grating spectrum is recorded for the frequencies in which a relevant
modulated side lobe is observed.

PZT

fixed FBG

base . L e i O
R A

| longitudinal acoustic wave

SG (~) clamp

Figure 4.9: Experimental setup used to characterize the FBG acousto-optic interaction.

circulator

Fig. 4.10(a) shows the measured-simulated PZT responses in terms of the impedance
magnitude and phase as a function of the excitation frequency, as previously discussed in
Sec. 4.1.2. (Fig. 4.4) and repeated here for convenience. The PZT response in terms of

displacements indicates the localization of the modes by the maximum values in Fig. 4.10(b).
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Figure 4.10: (a) Measured-simulated PZT electric frequency response and (b) simulated displacements in
resonances.
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Some resonances of the relevant longitudinal modes are indicated with arrows in
Fig. 4.10(b). In the lower frequency range, the PZT has strong radial modes which are useful
to acoustically induce overlapped side lobes, as discussed in Sec. 3.2. However, in this
section, only resonances inducing distinguished side lobes are investigated (> 600 kHz).

Fig. 4.11(a) shows the modulator response in terms of fiber displacements (x, y, z), which
are decomposed into axial (z direction) and transversal displacements (xy directions). The
longitudinal acoustic waves are characterized by a larger displacement along the in z
direction. The transversal displacements are composed by lower amplitude flexural
oscillations polarized in xy plane transversally to the fiber axis. Note that Fig. 4.11(a) shows
an increase in the number of resonances compared to PZT resonances in Fig. 4.10. The
modulator response shows that the device only works at certain frequencies, which limits the
wavelength shift step of the induced side lobe. Fig. 4.11(b) shows the ratio between axial and
transversal displacements (z/x and z/y), providing an improved distinction of the longitudinal
acoustic resonances. The agreement between some PZT-fiber resonances in Figs 4.10(b) and
4.11(b) indicates the dependence of the fiber deformations originated by the PZT. The
variations in displacement amplitude are caused by the distinct vibration modes of the PZT.

Such amplitude variations also cause variations of the reflectivity of the modulated side lobe.
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Figure 4.11: (a) Modulator frequency response in terms of the fiber transversal and axial displacements and (b)
longitudinal acoustic resonances obtained by the ratio between axial (z direction) and transversal displacements
(xy directions) [65].

Fig. 4.12 shows the simulation of the 3-D modulator displacement behavior for the
688 kHz and 1013 kHz longitudinal resonances, respectively. These resonances are excited by
the 683 kHz and 1014 kHz modes of the PZT. However, the mode in Fig. 4.12(a) shows a
stronger and more uniform axial displacement if compared to the one in Fig. 4.12(d). This is

because the resonance in Fig. 4.12(e) is affected by the transversal and backward acoustic
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reflections. Figs. 4.12(b) and 4.12(e) show the horn displacement field (red arrow), and Figs.
4.12(c) and 4.12(f) show the strain in the fiber for the considered modes. Fig. 4.12(b) shows
that the acoustic wave is strongly coupled and amplified by the horn causing the maximum
strain in the fiber (red color) in Fig. 4.12(c). However, Fig. 4.12(e) shows that the acoustic
reflections in the horn reduce the strain in the fiber (Fig. 4.12(f)).
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Figure 4.12: Longitudinal acoustic modes. (a) and (d) 3D model and xy horn section representing the
displacements at 688 kHz and 1013 kHz, respectively. (b)-(c) yz section of horn displacement and fiber strain at
688 kHz. (e)-(f) yz section of horn displacement and fiber strain at 1013 kHz [65].

Fig. 4.13(a) shows the measured FBG spectrum for the acoustic modulation at 679 kHz
and 1019 kHz resonances, respectively. The experimental result is compared to the simulation
in Fig. 4.12. The differences in reflectivity and bandwidth between measured-simulated
results are caused by grating variations originated the grating inscription process and the OSA
resolution that cannot accurately distinguish the side lobes. Note that the measured 679 kHz
resonance (which corresponds to the strongest longitudinal mode in Fig. 4.12(a)) has a side
lobe reflectivity higher than the 1019 kHz resonance. The measured-simulated side lobe
wavelength shift A4 is compared to calculated values by using Eq.(3.3) and shown in
Fig. 4.13(b). The results show a good agreement between measured-simulated values,
indicating the grating modulation takes place only at specific frequencies, which depend on

the PZT and horn-fiber resonances.
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Figure 4.13: (a) FBG measured-simulated spectrum and (b) spectral response in resonances [65].
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5. Acousto-optic modulation of fiber Bragg gratings

in suspended-core fibers (SCFs)

In a standard single-mode fiber, the acoustic power is evenly distributed over the whole fiber
cross section. This reduces the overlap between the acoustic power and the Bragg grating in
the core causing the reduction of the side lobe reflectivity #. Cladding-etched fibers with
strong gratings or tapered fibers with long gratings enhance the acousto-optic interaction and,
hence, the reflectivity # [6,24]. However, the inscription of strong gratings requires higher
power densities, germanium dopants or hydrogen loading [46]. In addition, a higher grating
modulation index An,. can also limit the side lobe operation wavelength, because the FBG
bandwidth should be kept smaller than the distance between the main Bragg wavelength and
the side lobe to avoid overlap. The inscription of long gratings is limited by the spatial and
temporal coherence of interferometry techniques (e.g. Talbot interferometer) or implies the
use of long phase masks or additional equipment to shift the fiber or the laser beam [46,66].
Moreover, the experimental realization of tapers is laborious, mainly due to the relatively long
fiber transitions required to efficiently increase the acousto-optic interaction. The reduction of
the fiber diameter also makes the optical properties more susceptible to surface contamination
and affects its mechanical stability [67].

One promising option, besides the above mentioned techniques, is the use of suspended-
core fibers (SCFs) [68—72]. These fibers present a very small core in size of a few
micrometers suspended by thin radial walls, and surrounded by a single ring of large air holes.
This causes a significant reduction of the amount of silica in the cladding, which leads to a
larger acousto-optic interaction between the acoustic wave and the grating in the core.

The interaction between longitudinal acoustic waves and fiber Bragg gratings in
suspended-core optical fibers is numerically investigated. The fiber core size and the air hole
size are varied, and the strain and grating properties are simulated by means of the finite
element method and the transfer matrix method, respectively. Changes of the effective index,
confinement factor, silica area, strain and wavelength shift induced by the acoustic wave are
evaluated, and the resultant side lobe reflectivity is estimated. Experimental results are also
shown. A larger reduction of the required acoustic power for achieving the acousto-optic

modulation points out to more efficient modulator devices in suspended-core fibers.
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5.1 Numerical modeling

The simulations are conducted by means of a 3D finite element method (FEM) and the
methodology used to evaluate the strain induced in the core by the longitudinal acoustic wave
is described in Sec. 4.2.1. For the simulation of the acoustic wave, Young’s modulus
Y=72.5GPa, Poisson ratio v=0.17 and the density p=2200kg/m’ for silica are
considered [73]. The FEM is also used to simulate the modal properties, such as the effective
index ng; of the fundamental mode and the confinement factor I The FBG spectrum is
simulated by means of the transfer matrix method (TMM) considering an initial grating of
index modulation Ang. =10, a reflectivity of ~99% and a Bragg wavelength centered at
Ag = 1550 nm. The FBG and the fiber length is 25 mm in both cases.

Fig. 5.1 shows a cross section of two SCFs fabricated at IPHT which served as the initial
models for the simulations. Fig. 5.1(a) shows a three air holes SCF (SCF3) composed of holes
¢ =27 um in diameter separated by silica bridges of # = 360 nm thickness, which form a solid
core of d = 2 um incircle diameter. Fig. 5.1(b) shows a four air holes SCF (SCF4) of holes
¢ =25 um in diameter separated by silica bridges of =900 nm thickness, forming a solid
core of d=3.3 um incircle diameter. A solid SMF with the same outer diameter of
D =125 um, a core diameter of d=8.2 um and a refractive index contrast of An =0.0036 is
simulated for comparison to evaluate the effect of the SCF geometry on the acousto-optic

interaction.

Figure 5.1: Cross section of the suspended-core fibers with (a) three and (b) four air holes used as model for the
simulations.

The acoustic excitation is applied upon the area corresponding to the incircle core diameter
d directly at the end face of the fibers using a sinusoidal mechanical force with amplitude
F=1.225x10"N at the frequency /= 1.091 MHz. This frequency f is an acoustic resonance
of the SMF with a strong longitudinal component. By considering this approach, the acoustic

power is efficiently coupled into the SCF. The acoustic power P,. = 6.05 mW is estimated for
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the SMF considering a side lobe reflectivity 7 = 50% and the above parameters by means of
Egs. (3.1) and (3.2).

Figs. 5.2(a) and 5.2(b) show a 3D simulation of the displacement distribution for SCF3 and
SCF4 samples excited by a longitudinal acoustic wave. The maximum (red color) and
minimum (blue color) displacements illustrate the extension and compression regions of the
standing acoustic wave, respectively. Although the acoustic wave is coupled into the core
only, the mechanical deformations are spread in the cladding, leading to a field amplitude of

the acoustic wave that spreads uniformly over the fiber cross section.
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Figure 5.2: Exemplary 3D simulation of the displacement distribution for (a) SCF3 and (b) SCF4 excited in the
core by a longitudinal acoustic wave.

5.1.1 Effect of the core size

The incircle core diameter is changed to values of d=1.5 pm, 2 um, 3 pum, 4 um, 5 um and
6.6 um to study the effect of the SCF3 core size. For the SCF4 samples, d = 1.5 um, 2 pm,
3.3 um, 4 um, 5 um and 6.6 um are employed. Figs. 5.3(a)-(f) and Figs. 5.3(g)-(1) show the
fundamental mode intensity distribution over the modeled cross sections of SCF3 and SCF4

considering the core size variation.

Figure 5.3: SCF cross sections with the fundamental mode intensity distribution of: SCF3 for the incircle core
diameter values of (a) d=1.5 um, (b) 2 pm, (¢) 3 pm, (d) 4 pm, (e) 5 pm, and (f) 6.6 pm. SCF4 for the incircle
core diameter values of (g) d = 1.5 um, (h) 2 um, (i) 3.3 pm, (j) 4 um, (1) 5 um, and (m) 6.6um [74].
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The smallest d value is chosen to keep a minimum radius of curvature at the core-air
boundary. The maximum value is defined considering the saturation of the confinement
factor. The air holes and bridges are kept constant in the simulations for both fibers

Figs. 5.4(a) and 5.4(b) compare the modulated FBG spectra of the SMF with the
modulated spectra of the smallest and largest SCF3 and SCF4 core sizes, respectively. The
relative increase in reflectivity # compared to the SMF varies between Ay = 1.4% and 9.4%
for the SCF3 and between An = 11.6% and 18.1% for the SCF4. In addition, the smallest core

diameters in both SCFs induce a larger side lobe separation A4 than in the SMF case.
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Figure 5.4: (a) Modulated FBG spectra for d = 1.5 um and 6.6 um SCF 3 samples compared to the SMF. (b)
Modulated FBG spectra for d = 1.5 pm and 6.6 pm SCF 4 samples compared to the SMF [74].

Fig. 5.5(a) shows the side lobe reflectivity variation for the SCF3 and SCF4 with the
increasing core diameter compared to SMF. The reflectivity increase is because of the
increased confinement factor I', as shown in Fig. 5.5(b). Oppositely, the reduced core
diameter induces the optical field to propagate partially in the air holes, reducing the overlap
with the FBG in the core, and consequently, the side lobe reflectivity.

However, Figs. 5.5(c) and 5.5(d) show that the strain S, and the silica area A5 (amount of
silica in the fiber cross section) is nearly constant with the increasing core diameter. The
strain variation for both SCFs is small compared to the confinement factor effect, which
means that the confinement factor is predominant compared to the strain effect for the core
size variations in the investigated range.

Fig. 5.5(e) shows the dependence of the side lobe separation A4 with the core diameter.
The largest shift A1 is achieved for the smallest diameter. The increase in A/ is because the
lower effective index n.; with decreased core diameter, as shown in Fig. 5.5(f). The reduction
of ngyis also related to the confinement factor, since the reduced core diameter increases the

optical field in the air holes.
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Although the silica bridge effect on the strain and optical parameters is not considered in
this study, it is expected that variations of the silica bridge thickness induce an effect similar
to that of the core variations. An increase in the bridge thickness produces larger silica

transition regions around the core increasing the confinement factor.
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Figure 5.5: (a) Side lobe efficency #, (b) confinament factor I', (¢) strain S,, (d) silica area A;, (e) side lobe shift
AJ and (f) effective index n,; variation for the SCF 3 and SCF 4 as a function of core diameter [74].

5.1.2 Effect of the air hole size

The air hole diameter is increased in steps of 5 um, from ¢ =27 to 52 um for the SCF3 and,
from ¢ =25 to 50 um for the SCF4, to study the effect of the air hole size. The corresponding

cross sections are shown in Fig. 5.6. The core diameter and bridge thickness are kept constant.
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Q0000
000000

Figure 5.6: SCF cross sections for the investigation of the influence of the air hole diameter. (a)-(f) SCF3
diameter values from ¢ = 27 um to 52 um. (g)-(I) SCF4 diameter values from ¢ = 25 pm to 50 pm. The
increment is 5 um in both cases [74].

Figs. 5.7(a) and 5.7(b) show the modulated spectra of the FBG for the SCF3 and SCF4
compared to SMF, for the smallest and largest air hole diameter. The reflectivity of the side
lobes in the SCF is significantly higher than in SMF in both cases. The relative increase in
reflectivity # compared to the SMF varies between Ay = 5% and 48% for SCF3 and between
An=16% and 66% for SCF4. A higher reflectivity for the SCF4 is due to a larger

confinement factor I' and a smaller silica area 4; compared to the SCF3.
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Figure 5.7: Modulated FBG spectra of (a) SCF3 of air hole diameters ¢ =27 and 52 um, and (b) SCF4 of air
hole diameters ¢ =25 and 50 um compared the modulated FBG spectra of the SMF [74].

Fig. 5.8(a) shows the side lobe reflectivity # variation for the SCFs with increased air hole
diameter compared to the SMF. Note that the confinement factor I' remains unchanged
(Fig. 5.8(b)) and the increase in reflectivity is now caused by the strain variation, as shown in
Fig. 5.8(c). The strain increases with the increasing air hole diameter which reduces the
amount of silica area in the fiber cross section. As a result, the interaction between the

acoustic power and the grating increases in the core, increasing the side lobe reflectivity.
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The dependence of the side lobe separation A4 on the air hole diameter is shown in
Fig. 5.8(e). Although the outer diameter effect on the strain and optical parameters is not
considered in this study, it is expect that variations of outer diameter induce a similar effect
compared to air hole variations. An increase in the outer diameter results a larger overall silica

area decreasing the strain in the core.
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Figure 5.8: (a) Side lobe efficiency #, (b) confinement factor I', (c) strain S, side lobe shift AL and effective
index n.y variation for the SCF air hole diameter range. All figures are at the same scale as in Fig. 5.5 to improve
comparability [74].
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The influence of the SCF air holes is compared to typical SMF parameters to estimate the
importance of the increased reflectivity # in SCFs for the development of acousto-optic
devices. Figs. 5.9(a)-(d) show, respectively, the equivalent modulation index An,., grating
length L,, acoustic power P, and cladding diameter D required for a modulated FBG in the
SMF to achieve the same side lobe reflectivity obtained for the SCFs in Fig. 5.8(a). The
parameters are calculated using Egs. (3.1) and (3.2) and data provided in Sec. 5.1. The initial
SMF parameters for 7 = 50% are shown in insets of Fig.5.9. The SCF4 sample with the
highest reflectivity # =83% (50 um air hole diameter) is compared to the SMF, in the
following analysis, for example.

In summary, the results indicate that the use of the SCF with the largest air hole allows a
reduction of the modulation index n,. (75%), of the fiber/grating length (75%) and of the
acoustic power (230%) to achieve the same modulation compared to the SMF in Figs. 5.9(a),
5.9(b) and 5.9(¢c), respectively. In addition, the modulation in the SCF is equivalent to a SMF
with a diameter reduced up to 45% (Fig. 5.9(d)).
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Figure 5.9: Equivalent FBG and SMF parameters required to achieve the same side lobe reflectivity #n for
variation of SCFs air holes. (a) SMF-FBG modulation index An,, (b) SMF-FBG length L,, (c¢) SMF acoustic
power P, and (d) SMF diameter D [74].
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In summary, the interaction between longitudinal acoustic waves and fiber Bragg gratings
in suspended-core optical fibers is numerically investigated to evaluate the influence of the
core and air hole sizes on side lobe reflectivity and side lobe separation.

A relative increase in side lobe reflectivity up to 66% compared to the SMF case is
obtained with the largest simulated air holes. This suggests that fibers with large air holes
reduce the amount of silica in the cladding increasing the induced strain in the core. However,
a minor decrease of the side lobe separation by increasing the air hole size is verified.

On the other hand, a higher side lobe reflectivity is achieved with larger cores because of
an increased overlap of the guided mode with the Bragg grating. The possibility to induce
higher efficiencies with larger fiber cores makes the SCF fabrication process easier and
increases the mechanical stability of the acousto-optic interaction. Furthermore, the increased
core diameter facilitates coupling between the acoustic horn and the fiber, and the optical
coupling with standard fibers. However, a larger core size increases the number of supported
optical modes and decreases the difference of the effective indices of the modes. An upper
boundary of the core size is reached if the modulated FBG spectrum of the fundamental mode
is superimposed by the modulated FBG spectrum of the next higher order propagating mode.

The side lobe separation increases with decreasing core size, which is caused by a decrease
of the effective index. Therefore, the side lobe reflectivity and the wavelength separation are
properties changing oppositely if the SCF core size is changed.

The increase of the side lobe reflectivity compared to the one in the SMF allows a
reduction of the modulator size and the acoustic power required to excite the acoustic waves.
Moreover, the SCF provides better mechanical stability compared to fiber taper techniques
and protects the acoustic wave in the core, due to the acoustical shielding by the cladding
against external acoustic noise.

An additional simulation by exciting transversely both fibers with the same force (=1 N)
and frequency (f=1.091 MHz) is performed to compare the acoustic efficiency between the
SCF and the SMF to generate acoustic-tunable long period gratings (LPGs) [75]. The
amplitude of the flexural acoustic wave in the SCF is 83% higher compared to the SMF,
indicating a lower acoustic power is required to generate acoustic LPGs in SCF. However, for
the modal coupling efficiency, a more detailed study of the modal beat length and its

dependence on the acoustic frequency is required.
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5.2 Reflectivity modulation of a FBG in a four holes SCF

The acousto-optic modulation of a fiber Bragg grating in a four holes suspended-core fiber is
experimentally demonstrated. Modulations with a reflectivity amplitude decrease of 67% in
the Bragg resonance are obtained. The reduction of the grating length and the acoustic power
for achieving the acousto-optic modulation compared to previous studies employing
conventional solid core single mode fibers points to more efficient modulator devices in

suspended-core fibers.

5.2.1 Experiment and discussion

Fig. 5.10 illustrates the experimental setup used for the characterization of the modulated
FBG spectrum with a detail of the cross section of the SCF used in the modulator. The SCF
fabricated at Leibniz Institute of Photonic Technology (IPHT) is composed of four air holes
of ¢ ~24 um in diameter separated by silica bridges of # ~ 700 nm thickness, which form a
solid core of d =5 um incircle diameter. The fiber cross section diameter is D =100 pm. A
grating of 1 cm length is inscribed in the SCF by means of a femtosecond laser and two-beam
interference using the Talbot interferometer arrangement according to the methodology
described in [66,76]. The FBG is not apodized. The grating 3-dB bandwidth is 0.26 nm and
the maximum reflectivity is ~ 99%.

The acoustic waves are excited by an acousto-optic modulator being composed of a
piezoelectric transducer (PZT disc of 2 mm thickness with diameter of 25 mm), a 5 cm long
acoustic silica horn and a 5 cm long SCF with the inscribed FBG. The grating is characterized
by a broadband source (LED) and the reflection spectrum is recorded by means of an optical
spectrum analyzer (OSA) with a 50 pm wavelength resolution.

The SCF and SMF at the circulator are spliced by using an arc-discharge fusion splicer
(Sumitomo F36) and a modified method to prevent the collapse of the core and the
bridges [77]. The PZT is excited by a 1 V-9 V sinusoidal signal from a signal generator at
f=216 kHz, 343 kHz, 360 kHz and 497 kHz resonances, respectively.
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Figure 5.10: Experimental setup used to characterize the modulated FBG spectrum with a detail of the cross
section of the four air holes SCF used in the modulator.

Fig. 5.11(a) shows the modulated FBG spectrum for the acoustic resonance at /=216 kHz
and the 1 V -9 V voltage range applied to the PZT. The bandwidth change is not evaluated
for this grating since the spectrum changes asymmetrically. The spectrum is normalized in
linear scale in relation to the maximum reflectivity at Az ~ 1538.46 nm for the grating without
acoustic excitation. The reflectivity variations for the modulated spectra are evaluated only at
this wavelength. The side lobes on the short wavelength range of the Bragg resonance are
caused mainly by the non-uniform average refractive index along the grating resultant of the
inscription process and influence of overlapped higher-order modes [76,78].

Fig. 5.11(b) shows the FBG reflectivity variation for the f=216 kHz, 343 kHz, 360 kHz
and 497 kHz resonances and 1 V — 9 V voltage range applied to the PZT. The modulation is
reduced at higher frequencies mainly because of the natural behavior of this acousto-optic
modulation (Eq. (3.1)) and the decrease of the PZT deformations with the increased
frequency, as discussed in Sec. 4.1.2. No relevant effect is observed at frequencies higher than

£=500 kHz.
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Figure 5.11: (a) Modulated FBG spectra for a 1 V — 9 V voltage range applied to the PZT at the resonance of
f=216 kHz. (b) Reflectivity modulation of the FBG for the considered resonances and voltage range [79].
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Fig. 5.11(a) shows that the modulated reflectivity is higher at the shorter wavelength range.
This is because the non-modulated grating already has intrinsic lobes on the left side. As a
result, the acoustically induced lobes cause also higher reflectivity on the left side of the
Bragg resonance, resulting in an asymmetric spectrum.

It is verified from previous works that a similar reflectivity modulation has been obtained
by employing a SMF and a similar setup [56]. In that case, the grating inscribed in the SMF
is 2 cm long and the PZT is excited at the resonance of /=230 kHz. A RF signal amplifier is
used to increase the voltage applied to the PZT up to 150 V. The maximum side lobe
reflectivity modulation is 68% at 150 V. In comparison, a similar maximum modulation of
67% at f =216 kHz is obtained. However, the grating inscribed in the SCF is 1 cm long (half
the length) and the voltage used is 9 V (16x lower than the voltage applied in the SMF
modulator). In summary, these previous results point to new possibilities to reduce the size

and the power consumed by the acousto-optic devices.

5.3 Acousto-optic modulation of the FBG group delay in a four holes
SCF

In this section, the acoustic modulation of the group delay of a broad FBG inscribed in a four
holes suspended-core fiber is investigated. The grating bandwidth is increased, while
adjusting the spectrum envelope to an almost Gaussian shape. An almost linear group delay
response is obtained over a wavelength range larger than 0.7 nm. The tuning of the grating

dispersion is also evaluated for a 6 V— 10 V voltage range.

5.3.1 Experiment and discussion

Fig. 5.12 illustrates the experimental setup used for the characterization of the modulated
group delay and spectrum of the FBG. The PZT, acoustic horn and SCF are the same as
described in Sec. 5.2.1. A grating of 1 cm length is inscribed in a 4.5 cm long SCF. The FBG
spectrum has a 3-dB bandwidth of ~1 nm and a maximum reflectivity of 99%. The PZT is
excited by a 6 V—-10V voltage range with a signal generator at f=282 kHz. For other
frequencies no relevant effect is noticed. The grating is characterized by means of an optical

network analyzer (ONA) with a 5 pm wavelength resolution.
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Figure 5.12: Experimental setup used to characterize the modulated group delay and spectrum of the FBG with
a detail of the cross section of the four air holes SCF used in the modulator.

Fig. 5.13(a) shows the FBG spectrum without acoustic modulation (blue line) and with
acoustic modulation (red line) for the resonance at /=282 kHz and 10 V applied to the PZT.
The non-modulated grating has intrinsic lobes on the left side, which are caused probably by
the non-uniform average refractive index along the grating resultant of the inscription process
and influence of overlapped higher-order modes [76,78].

However, the modulated spectrum shape is changed to a more Gaussian shape. The
reflectivity amplitude is decreased 24% and the 3-dB bandwidth is increased 57% at 10 V.
The side lobes composing the wider bandwidth are not resolved in the grating spectrum.

Fig. 5.13(b) shows the group delay for the grating without acoustic modulation (blue line)
and with acoustic modulation for the resonance at /= 282 kHz and 10 V. The non-modulated
grating shows a complex group delay response mainly in the wavelength range from
1539.6 nm - 1540.8 nm. Note in Figs. 5.13(a) and 5.13(b), the group delay varies rapidly with
wavelength near the grating bandwidth edges and side lobes. This behavior of the delay and
dispersion may be explained comparing the side lobes with separated uniform FBGs. For
wavelengths outside the lobe bandwidth, the boundaries of the grating work as abrupt
interfaces forming a Fabry-Perot cavity. The minima in the reflection spectrum are
comparable to Fabry—Perot resonances, in which the light is trapped inside the cavity for
many round-trips experiencing enhanced delay [40]. On the other hand, the acoustic wave
induces side lobes overlapping in between the grating resonances causing an almost linear
response of the group delay.

Fig. 5.13(c) shows the group delay in the wavelength range of 1539.6 nm — 1540.8 nm.
This response is noticed over a 0.7 nm wavelength for the considered voltage range. It
indicates a longer wavelength range compared to previous works employing solid standard

fibers [9]. Since the modulated grating reflectivity and phase are changed by the amplitude of
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the acoustic wave, the slope of the group delay in Fig. 5.13(c) is also changed due to the
applied voltage.

Fig. 5.13(d) shows that the dispersion response of the grating has also an almost linear
behavior for the 6 V—-10V voltage range. The group delay wavelength range and the
dispersion slope could be increased by increasing the voltage applied to the PZT or improving
the modulator design. Other parameters as group delay ripple, time response and PZT
frequency dependence are not investigated in this study. However, the results indicate good
possibilities to compensate dispersion of optical channels in wavelength division multiplexing
systems (WDM) or for application in fiber lasers or other dynamic filters requiring gratings

with a tunable bandwidth.
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Figure 5.13: Modulated (a) spectrum and (b) group delay of a FBG in SCF at /= 282 kHz and 10 V. (c) Detail
of the group delay response for the 1539.6 — 1540.8 nm wavelength range. (d) Dispersion modulation fora 6 V -
10V voltage range applied to PZT.
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5.4 Reflectivity modulation of a FBG in a high birefringence SCF

Multi-wavelength erbium-doped fiber lasers employing birefringence optical fibers have
attracted considerable interest because of their potential application in wavelength division
multiplexing (WDM) fiber communication systems and optical fiber sensors. In optical fibers
with linear birefringence, the two orthogonal axes are associated with two polarization modes
with different effective indices n.; . These modes are usually named as “fast Y and “slow X”
polarizations because they propagate in the fiber with different phase velocities (vy=c/nepy >
vx=c/nepx). The interaction of the two orthogonal modes with a FBG results in two reflected
bands centered at wavelength resonances Ay and Ax, which are separated according to the
Bragg condition Adxy = 2An.gxy/A, in which, Anggxy, 1s the modal effective index difference
between the two orthogonal modes and, A, is the grating period. For application in fiber
lasers, external perturbations may change the properties of a grating inscribed in a low
birefringence fiber, consequently, changing the wavelengths of laser emission. In addition,
anisotropies in the refractive index of the active fiber can also induce a difference between the
two orthogonal modes resulting in variations of the laser output [80]. For gratings in high-
birefringence (Hi-Bi) fibers, the influence of external perturbations on the refractive index is
small and the output of the laser is fixed by the spectral characteristics of the grating.
Moreover, the cavity losses for both polarization modes can be adjusted by a polarization
controller compensating the difference of reflectivity between the two grating peaks. Based
on this approach, fiber lasers with single or dual-wavelengths tuned by means of a
polarization controller have been demonstrated [81]. The use of two Hi-Bi FBGs in an
erbium-doped fiber laser with two overlapping cavities allows to obtain simultaneous four-
wavelength laser output by adjusting the polarization losses, the pump power and the EDF
lengths in the laser cavities [82]. A multi-wavelength erbium-doped fiber laser by using only
one cavity and FBGs inscribed in a few-mode Hi-Bi elliptical core fiber has also been
reported [83].

In this section, the acousto-optic modulation of a Bragg grating in a high birefringence
double-core suspended-core fiber (HB-SCF) is experimentally investigated. The grating
reflectivity and bandwidth is strongly modulated at the resonance of f'= 289 kHz. In addition,
the superposition between the orthogonal modes by an acoustically induced central lobe at
f=2874 kHz is also demonstrated. The results indicate high acousto-optic modulation in SCFs

and new possibilities of dynamic filters for multi-wavelength applications.
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5.4.1 Experiment and discussion

Fig. 5.14(a) shows the D ~ 124 um diameter cross section of the HB-SCF fabricated at the
IPHT and used in the experiment. The fiber is composed of a rectangular solid silica region
(14 um length x 7.7 pm width) with an central air hole (6 um length x 2 pm width)
surrounded by four air holes of ¢ ~ 40 - 43 um in diameter separated by silica bridges of
t~2.7 um thickness. The larger air holes and the central air hole form two similar
birefringent solid cores, as shown in Fig. 5.14(a). A grating of 1 cm length is inscribed in the
HB-SCF by means of a femtosecond laser and two-beam interference, using the phase mask
interferometer arrangement according to the methodology described in[66,76]. The
birefringence of the HB-SCF is estimated of the grating spectrum as Angpxy ~2.2 X 107,
Fig. 5.14(b) illustrates the setup used for the characterization of the modulated spectrum. The
acoustic waves are excited by an acousto-optic modulator being composed of a piezoelectric
transducer (PZT disc of 2 mm thickness with diameter of 25 mm), a 5 cm long acoustic silica
horn and a 4.4 cm long SCF with the inscribed FBG (this modulator is composed of the same
PZT and horn employed to characterize the four holes SCF described in Sec. 5.2.1 to compare
with previous results). The HB-SCF and the SMF connecting the circulator are spliced by
using an arc-discharge fusion splicer (Sumitomo F36) and the method described in [77]. The
fibers are carefully aligned and the coupling power is monitored in transmission by means of
a power meter. The simultaneous power coupling between the SMF core to both HB-SCF
cores 1 and 2 induces high insertion losses. Therefore, the SMF core is aligned only to one
HB-SCF core. The PZT is excited by 1 V — 10 V sinusoidal signal of a signal generator (SG)
at the /=289 kHz and /= 874 kHz resonances. A polarization controller (PC) is employed to
align the polarization directions to the fast (pol Y) and slow (pol X) axes of the HB-SCF.
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Figure 5.14: Illustration of (a) the HB-SCF cross section used in the modulator and (b) the experimental setup
used to characterize the modulated FBG spectrum.
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The modulated spectrum is characterized for the X, Y, and XY polarizations (45° between
the orthogonal modes) by a tunable laser diode (LD) with an integrated photodiode with a
5 pm wavelength resolution (Agilent 8164A Lightwave Measurement System).

Fig. 5.15 shows the FBG spectrum for the polarizations (a) Y, (b) X and (c¢) XY for the
grating without and with acoustic modulation at the resonance of =289 kHz and the
maximum voltage of 10 V applied to the PZT. Fig. 5.15(d) shows the reflectivity modulation
for the fast Y (dy ~ 1540.7 nm) and slow X (ix ~ 1540.9 nm) modes for the 1 V-10V
voltage range applied to the PZT. Note in Figs. 5.15(a), 5.15(b) and 5.15(d), that the decrease
in the grating reflectivity is almost the same for both X and Y polarizations achieving a
maximum of 84% at 10 V. Although a smaller reflectivity decrease is obtained for the XY
polarization (72%), both X, Y and XY polarizations have almost the same 3-dB bandwidth
increase (the bandwidth of the non-modulated grating increases from 0.07 nm to 1.7 nm at
10 V). The frequency response is not investigated in this study; however, it is observed during
the experiment a decrease of the modulation strength for higher frequencies, as discussed in

Sec. 3.1.
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Figure 5.15: FBG spectrum for the polarizations (a) Y, (b) X and (c) XY for the grating without and with
acoustic modulation at the /= 289 kHz resonance and 10 V. (d) FBG reflectivity modulation response for X, Y,
and XY polarizations for the 1 V - 10V voltage range applied to the PZT.
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A modulation of the reflectivity of 84% of a 1 cm long grating in HB-SCF indicates higher
modulation efficiencies compared to previous studies employing standard single-mode fibers
(~68% modulation at 150 V for a 2 cm long grating [56]), cladding etched fibers (~80%
modulation at 30V for a 1.5 cm long grating in a fiber with the diameter reduced to
30 um [84]), and the four holes SCF discussed in Sec. 5.2 (~67% modulation at 9 V for a
1 cm long grating).

Fig. 5.16 shows the FBG spectrum for the polarizations (a) Y, (b) X and (c¢) XY for the
grating without and with acoustic modulation at the f= 874 kHz resonance and 10 V applied
to the PZT. The longitudinal acoustic wave induces side lobes on both sides of the fast and
slow modes. A maximum reflectivity modulation of ~42% is obtained at the Y and X peaks
for the maximum 10 V. Fig. 5.16(e) shows the modulation of the reflectivity for the Y, X and
XY polarizations fora 1 V — 10 V voltage range. Note in Fig. 5.16(e), while the reflectivity at
the peaks Ay and Ax decreases, the reflectivity of the induced side lobes increases up to a
maximum of Az = 16% compared to the non-modulated grating.

Note in Fig. 5.16(c), that the non-modulated grating has an intrinsic lobe centered at
Axyc ~ 1540.8 nm overlapping the reflectivity of the fast and slow modes. It indicates the
modes have the same effective indices and travel in phase at this wavelength. The PZT
resonance f= 874 kHz is purposely chosen to induce side lobes at coupling wavelength Axyc,
as indicated in Figs. 5.16(a) and 5.16(b). Consequently, the induced side lobes couple power
from the fast and slow modes to a superposed central lobe, as seen in Fig. 5.16(c). Note in
Fig. 5.16(d), the central lobe is almost unchanged for both polarizations. Fig. 5.16(e) shows
that the reflectivity of the fast and slow modes decreases by increasing the central lobe for the
considered voltage range. Consequently, the fast, slow and superposed mode achieves the
same reflectivity at 10 V.

The coupling to the central lobe is limited by the maximum of 10 V of the signal generator.
However, it is expected that higher voltages applied to the PZT can couple a higher level of
power to the superposed lobe. In addition, a higher reflectivity modulation could be obtained
by improving the modulator design.

The frequency response is not investigated in this study. However, a reduction of the
reflectivity of the central lobe is expected for acoustic excitation at frequencies in which the
side lobe separation does not match with the coupling wavelength Axyc. Nevertheless, this

detuning might be useful to adjust the reflectivity of the central and side lobes to the same



5.4 Reflectivity modulation of a FBG in a high birefringence SCF

95

power level. In this case, an increase of voltage might induce five flat wavelengths, which is

suitable for applications requiring multi-wavelength channels and fiber lasers.
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Figure 5.16: FBG spectrum for the polarizations (a) Y, (b) X and (c) XY for the grating without and with
acoustic modulation at the resonance of /= 874 kHz and 10 V. (d) Comparison of the modulated spectrum for Y,
X and XY polarizations at 10 V. (e) Reflectivity modulation for both modes for a 1 V — 10 V voltage range

applied to the PZT.
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6. Notch filter acoustically induced in a chirped fiber

Bragg grating

Notch filters based on optical fibers are suitable for applications as gain equalizers in fiber
amplifiers, as attenuation filters and band-rejection filters in fiber lasers [55,85,86]. Long
period gratings (LPGs) inscribed permanently in optical fibers have been employed because
their transmission parameters can be tuned by temperature and strain [86]. LPGs can also be
obtained by mechanically pressing an optical fiber between a flat plate and a periodically
grooved plate [87]. Other approaches to the fabrication of notch filters are implemented by
introducing a permanent or dynamic phase-shift in a uniform fiber Bragg grating (FBG) or in
a chirped fiber Bragg grating (CFBG). For example, the phase-shift in the grating structure is
introduced by inserting ferrofluids in capillaries of microstructured optical fibers in which the
grating is inscribed [88] or by transversally pressing a fiber in a very short region of the
grating [89]. Nevertheless, such passive components are not appropriate to handle dynamic
variations of the input optical power. Temperature-based techniques employing thermal
heating provide an electrical control for dynamically inducing a phase-shift in FBGs [90].
However, the device response time is limited because of the slow material heating/cooling
process.

In contrast to these known methods, acousto-optic devices permit a fast control of the
modal and elasto-optic properties of optical fibers by electrically tunable acoustic waves. A
device normally employed as a notch filter is based on the interaction of flexural acoustic
waves and optical modes in a single-mode or multi-mode fiber. Although this approach
provides relatively high rejection efficiencies (-34 dB) and reasonable switching times
(~ 40 ps), the devices in general require high electric power and long fiber lengths to achieve
the acousto-optic modulation [2,3]. The interaction of acoustic waves with FBGs and LPGs is
a good alternative for reducing the size, the switching time and the power consumed by the
acousto-optic devices [10,85]. In particular, the interaction of flexural waves with long LPGs
(~ 5 cm length) allows the dynamic tuning of the grating transmission properties, which is
suitable to equalize the gain of optical channels in erbium-doped fiber amplifiers
(EDFAs) [85]. As discussed in Sec. 3.1, in standard single-mode fibers (SMFs), the acoustic
power is distributed over the full fiber cross section, which reduces the overlap between the

acoustic wave and the grating inscribed in the core.
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The reflectivity modulation of a chirped fiber Bragg grating by acoustic waves is
experimentally investigated in this section. To increase the interaction of the acoustic wave
and the grating in a standard fiber, the modulator design is optimized by reducing the size of
the PZT, of the acoustic horn and the optical fiber. The notch reflectivity significantly
decreases by changing the electrical power compared to results of previous studies [3,85,87—
89]. In addition, the notch bandwidth is also tunable. The results indicate strong acousto-optic
interactions in short lengths of standard fibers, which is attractive for reducing the size and the

power consumed by acousto-optic devices.

6.1 Physical principle

Fig. 6.1(a) illustrates the period variation and the resulting reflection spectrum of a chirped
fiber Bragg grating (CFBG). An optical mode with effective index n.y is propagating in z
direction in a non-perturbed grating with a period varying linearly from A; to A,.
Consequently, the mode is reflected in different positions in the grating at the wavelength

An(2)= 2nq\,(2). The grating reflectivity and period variation are approximated as [41],

7’ An’
R=1- | 6.1
eXp£2n3ﬁ C] (6.1)
A, (z)=A0 +C(z-2z,), (6.2)

in which, An,, is refractive index modulation and, C = d A(z)/0z, is the chirp parameter being
usually expressed in nm/cm. Fig. 6.1(b) illustrates the grating reflection properties with
acoustic modulation. The acoustic wave causes a periodic strain S(z) = Spcos(2nfz) in the
grating with a maximum amplitude Sy. The variation of the grating period caused by the

induced strain S(z) and the grating chirp in Eq. (6.2), is written using Eq. (2.25) as,

A(z)=A,(2)[1+(1-2.)S(2)], (6.3)

in which, p, is the elasto-optic constant. Note in Eq. (6.3), if the acoustically induced strain
S(z) is null or has a low amplitude, the grating period variation is mainly caused by the grating
chirp. However, if the induced strain S(z) achieves a maximum amplitude Sy, the variation of
the grating period d A(z)/0z along the grating is mainly caused by the acoustic wave, reducing
the grating reflectivity in Eq. (6.1). In other words, the acoustic wave induces a dynamic

period variation in the grating (phase-shift) at the position of maximum strain Sy, which
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decreases the grating reflectivity at the optical wavelength 4, The acoustic period 4, is longer
than the grating length, as illustrated in Fig. 6.1(b). The periodic strain S(z) also changes the
adjacent grating periods A, resulting in a rejection filter centered at the notch wavelength 4,,
The notch reflectivity/bandwidth and position of /4, are tuned by the amplitude and position of
the maximum strain Sy in the grating. For acoustic excitation at frequencies in which the
grating supports two or more acoustic wave peaks, more notches can be induced in the grating
spectrum, which is suitable for multi-wavelength rejection filters.
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Figure 6.1: Behavior of a chirped fiber Bragg grating (a) without modulation and (b) with an acoustically
induced phase-shift.

6.2 Experiment and discussion

Fig. 6.2 illustrates the setup used for the characterization of the modulated CFBG spectrum.
A CFBG of 1cm length is inscribed in the SMF by means of a chirped phase mask
interferometer, based on two beam interferometry and a lateral nonhomogeneous beam
splitter arrangement, according to the methodology described in [66,91]. The modulator is
composed of a piezoelectric transducer (PZT) disc of 2 mm thickness and 5 mm diameter,
which excites the acoustic waves by means of a solid silica horn of 2.3 cm length (tapered
from 1 mm to 125 um in diameter) and of the SMF with the inscribed CFBG. The whole
modulator is 6.9 cm long. The PZT basis is fixed on a metallic support which is connected to
a signal generator. Conductive glue is used to make the electrical connection between the PZT
and the metallic support. By using this technique, conventional soldering methods which may

cause undesired loads on the PZT are avoided.

PZT
| splice
CFBG ! -
P L — -] OVA
metallic horn T SMF
support |
clamp

| signal generator (~)

Figure 6.2: Illustration of the experimental setup used to characterize the modulated CFBG spectrum.
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The fiber tip and PZT basis are fixed and the modulator works as a resonant acoustic
cavity. The PZT is excited by a 6 V-10V sinusoidal signal at the f=456 kHz and
f=665kHz resonances. The grating is characterized by an optical vector analyzer (Luna
OVA-5000) with a 1.6 pm wavelength resolution. The SMF of the modulator is spliced to the
SMF connecting the optical vector analyzer by use of an arc-discharge fusion splicer, and the
fiber with the grating is spliced to the silica horn.

Fig. 6.3(a) shows the CFBG spectrum without acoustic modulation and with acoustic
modulation at the resonance of /=456 kHz for a maximum voltage of 10 V applied to the
PZT. The non-modulated grating has the center wavelength at Az~ 1535nm, a 3-dB
bandwidth of ~10 nm and a maximum reflectivity of ~ 99.9%. No relevant notch effect in the
CFBG spectrum is noted for voltages lower than 6 V. However, a notch filter is induced in the
spectrum by increasing the voltage. The grating reflectivity is reduced from -5.8 dB to -32 dB
by increasing the voltage from 6 V - 10 V. The notch wavelength is 4, ~ 1534 nm for the
maximum voltage of 10V. The acoustic wavelength of A =1.3cm 1is estimated by
considering the longitudinal acoustic velocity in silica as v, =fA;,= 5740 m/s [73] and the
resonance of /=456 kHz. As seen in Fig. 6.1(b), the acoustic wavelength A,=1.3 cm is
longer than the 1 cm grating used in this study, which supports only one acoustic wave peak.

Fig. 6.3(b) shows the modulated CFBG spectrum at f= 665 kHz. Since the estimated
acoustic wavelength is 4;= 0.86 cm, the 1 cm grating now supports two acoustic wave peaks
inducing two notches in the grating spectrum. The notch wavelengths are 4,; ~ 1533.1 nm and
Ap2~1536.6 nm. The reflectivity in the notches decreases with almost the same level from
-3.7 dB to -22 dB for the 6 V - 10 V voltage range. However, a few lobes are noted in the
second notch in the longer wavelength range. Note in Egs. (6.2) and (6.3) that the grating
period is longer with the increasing z. Therefore, the maximum strain Sy probably increases
the grating period A making the grating at this region to work as a Fabry-Perot cavity,
reflecting narrowband resonant wavelengths on the longer wavelength range. This effect may
be reduced by choosing proper grating and fiber parameters or by inscribing the grating for a
shorter wavelength range.

Figs. 6.3(c) and 6.3(d) show the decrease of the reflectivity and of the 3-dB bandwidth
with the voltage at the notch wavelength 4, for the resonances at /=456 kHz and /= 665 kHz.
The notch bandwidth is reduced from 2.2 nm to 1.3 nm at /=456 kHz and, from 1.3 nm to
0.9 nm at = 665 kHz.
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Figure 6.3: CFBG spectrum: without acoustic modulation (blue curve) and with acoustic modulation (red curve)
at the (a) =456 kHz and (b) f= 665 kHz resonances and 10 V. (c¢) Notch depth and (d) bandwidth responses for
the resonances and a 6 V — 10 V voltage range applied to the PZT.

Note that in Figs. 6.3(b) and 6.3(d), the frequency increase also narrows the bandwidth of
the notches in the grating spectrum, because the shorter acoustic wavelength interacts with a
shorter region of the grating with the increasing frequency. It is expected that higher
frequencies can induce more notches in the grating spectrum, which might be limited by the
grating bandwidth and the reduction of the induced strain. An increase of the notch depth
could be obtained by the application of higher voltages to the PZT (in this study, the voltage
is limited to a maximum of 10 V) or improvement of the modulator design, acoustic horn and
PZT, or use of techniques already mentioned, such as, cladding etched, tapered fibers or
suspended-core fibers.

The tuning of the wavelength /, is not investigated because of the discrete behavior of the
PZT resonances used in this study. However, by employing acoustic drives with a broader
frequency response, it is expected that variations of the acoustic frequency f (acoustic period)

can sweep the phase-shift along the grating and, consequently, the notch wavelength 4,.
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7. Acousto-optic modulation of fiber lasers

Fiber lasers were reported for the first time just three years after the fabrication of the first
laser [92]. However, they only received the appropriate attention after 1985 with the
fabrication of rare-earth doped silica fibers and the development of the preform technology
through modified chemical vapor deposition (MCVD) [93]. After the emergence of the first
erbium doped fiber amplifier (EDFA), the optical sources based on fibers had significant
progress [94]. Since then, fiber lasers with various dopants have been investigated, such as
ytterbium, neodymium, aluminum and phosphorus [95-97]. In addition, novel types of hosts
were developed, allowing the development of lasers for telecommunications, material
processing, sensing and medicine [16—19]. Fiber lasers provide various advantages over other
types of lasers, mainly due to intrinsic fiber characteristics, such as longer active media,
compact and stable setup, and compatibility with the traditional optical fiber systems. The
intrinsic low losses of the waveguide and the possibility of producing fiber cavities using
Bragg grating reflectors have allowed lower pump thresholds and higher laser
efficiencies [98].

Fiber lasers are stable and robust. As the light is guided in a flexible medium, it is easy to
move the fiber end mechanically without the need for additional transport and directing optics
which requires fine adjustment and alignment. Since the lasing is produced in a small
diameter fiber core, the high beam quality allows for focusing the light in small spots, which
is useful for applications such as micromarking, laser welding or metal microdrilling [17].
Optical fibers can also provide very high optical gain because the active medium can extend
many kilometers long, e.g. in optical fiber amplifiers. Thus, several configurations supporting
high power levels using CW or pulsed fiber lasers have been obtained, achieving in some
cases, GWatt power levels [99]. Moreover, fiber lasers can be combined to build fiber sensors
to monitor specific external parameters and, in many cases, with superior performance over
other systems. Remote or inaccessible areas can be monitored by fiber sensors, since they
allow remotely detecting the signal and transmitting it. In addition, they allow the detection of
a huge volume of data, including real-time monitoring and quasi-distributed sensing [18].
Fiber sensors can be used in environments with high electromagnetic noise due to their

electromagnetic immunity.
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Fiber lasers are based on the stimulated emission to obtain coherent, collimated and
frequency selected light. The simplest setup uses an optical fiber segment doped with an
active element, a resonant cavity and a pump source. The optical pump energy is absorbed by
the active region exciting its atoms to an upper energy state. The atoms can decay to the initial
state emitting the stored energy in the form of optical radiation after a specific life time
(spontaneous emission). These atoms are then stimulated (stimulated emission) by photons
trapped in the resonant cavity generating amplified light (laser). The fiber laser must provide
enough pump power to exceed the threshold and allow the laser operation. The gain must
overcome the total loss, originated in the cavity, active medium, tuning elements and output
laser.

Active mode-locking and Q-switching techniques have been commonly employed in fiber
lasers to generate pulsed laser output. However, the bulk components typically employed to
generate the pulses (e.g. electro-optic and acousto-optic modulators based on crystals [20,21])
cause high cavity losses. This requires higher pump energy to achieve the laser operation,
which consequently reduce the overall performance of the laser. Moreover, bulk components
can also degrade the laser beam quality, which requires fine alignment and good mechanical
stability. On the other hand, acousto-optic modulators based on optical fibers have been
successfully employed in Q-switched and mode-locked fiber lasers, enabling monolithic fiber
setups [13—-15,22-24]. In this context, FBGs and acousto-optic devices offer distinct
properties to reduce the pump threshold and increase the laser efficiency, since that induce
very lower loss.

In particular, longitudinal acoustic waves interacting with FBGs compress and extend the
grating period inducing lobes on both sides of the Bragg wavelength [6,7,65]. AOMs
employing standing longitudinal acoustic waves are suitable to mode-lock all-fiber lasers
inducing amplitude modulated side lobes at twice the acoustic frequency [10,13—-15]. An
increase of the acoustic modulation frequency f,, and bandwidth B,, are important to shorten

the pulse width 7 of mode-locked fiber lasers, as described in [100],

2n4mﬂ12[ B j (7.1)
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in which, m, is the modulation depth, f,,, is the modulation frequency and, B,, is the full width
at half maximum (FWHM) bandwidth of the modulator in Hz unit. For an acoustically mode-
locked fiber laser, fn, is twice the modulator frequency f and m is a parameter related to the
maximum and minimum reflectivity R, and R,;, of the induced side lobe, calculated as
(Rmax = Rmin)/Rmax 10 linear scale [15]. However, the narrowband wavelength range modulated
by the acoustic wave imposes a strong filtering in the very broad ytterbium bandwidth
(FWHM > 40 nm [101]), resulting in a small wavelength range (axial modes) of the gain band
for mode-locking. Since the modulated bandwidth increases by reducing the interaction length
L, between the acoustic wave and the grating (see Eq. (3.4)), the use of short Bragg gratings
in the modulator is favorable to shorten the pulse width z.

However, as discussed in Sec. 3.1, in standard single-mode fibers (SMF), the acoustic
wave is mostly distributed over the whole fiber cross section As, reducing the interaction
between the acoustic wave and the grating in the fiber core. Consequently, acousto-optic
modulators (AOM) using long gratings L., high acoustic powers P, cladding-etched and
tapered fibers, have been employed to increase the acousto-optic interaction. For example,
gratings of L, =12 cm length and voltages of Vpzr=16V applied to the piezoelectric
transducer (PZT) have also been used in AOMs to produce mode-locking with 780 ps pulses
width at a 9 MHz repetition rate [13]. High voltages Vpz1=20V and long gratings of
L, =10 cm have also been employed to increase the acousto-optic interaction and produce a
740 ps pulses at 11 MHz in mode-locked ytterbium fiber lasers [14].

In this section, the interaction of acoustic waves and a Bragg grating in a three holes SCF
is investigated, and its application in a mode-locked ytterbium-doped fiber laser is
demonstrated. The use of suspended-core fibers is discussed in Sec.5 indicating a good
option to increase the acousto-optic modulation of Bragg gratings. The proposed modulator
design permits a reduction of the grating length and the electric voltage applied to the PZT,
which is desirable to shorten the pulse width and reduce the size and the power consumed by

modulators.

7.1 Modulation of a FBG in three holes suspended-core fiber

Fig. 7.1(a) shows the ¢ = 127 um diameter cross section of the SCF fabricated at the IPHT
and applied in the experiment. The fiber used in the modulator is 6.2 cm long and composed
of a solid core of d =6 pum incircle diameter surrounded by three air holes of D ~ 44 um in

diameter separated by silica bridges of 7~ 1.5 um thickness. A FBG of 1 cm length is
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inscribed in the SCF by means of a femtosecond laser and two-beam interference, using the
phase mask interferometer arrangement according to the methodology described in [66,76].

Fig. 7.1(b) illustrates the experimental setup used for the characterization of the modulated
FBG spectrum. A piezoelectric transducer composed of 2 layers (discs of 400 um thickness
and 5 mm in diameter) excites the acoustic waves by means of a solid silica horn (length of
1.8 cm with the cross section diameter tapered from 1 mm to 200 um) and the SCF with the
inscribed FBG. The two PZT layers are electrically connected in a stack configuration to
increase the mechanical displacement of the horn, and, consequently, the amplitude of the
acoustic wave [102]. The basis of one PZT is fixed on a metallic support connecting to a
signal generator. Conductive glue makes the electrical connections between the two PZTs and
between one PZT and the metallic support. Conventional soldering techniques which might
cause loads on the PZT are avoided with this approach, increasing the strain induced by the
acoustic wave in the fiber. The acoustic horn is attached to the PZT by means of a commercial
adhesive being resistant to temperatures up to 100° degrees centigrade.

The SCF is spliced to a SMF using an arc-discharge fusion splicer and a method to prevent
the collapse of the core and the bridges [77]. The splice loss is ~5 dB. On the opposite end,
the SCF is spliced to the horn with the air holes and the core being intentionally collapsed, to
increase the fused silica area at the SCF-horn interface and to reduce acoustic and optical
reflections. The modulator works as a resonant acoustic cavity that allows exciting standing
acoustic waves at certain resonant frequencies by fixing the PZT basis and the fiber tip. The
PZTs are excited at 10 V sinusoidal signal at the f'=5.0995 MHz longitudinal resonance. The
grating is characterized with the aid of a broadband superluminescent light source, and the
reflection spectrum is recorded by means of an optical spectrum analyzer (OSA) with a 20 pm

wavelength resolution.
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Figure 7.1: Illustration of (a) the SCF cross section used in the modulator and (b) the experimental setup used
to characterize the modulated FBG spectrum.
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Fig. 7.2 shows the FBG spectrum without acoustic modulation (dashed curve) and with
acoustic modulation (solid curve). The non-modulated grating has the Bragg wavelength at
Ag=1065.8 nm, a 3-dB bandwidth of 0.36 nm and a maximum reflectivity of ~99.9%. The
asymmetric spectrum caused by side lobes on the shorter wavelength range is caused by the
high grating reflectivity and influence of higher order modes [76]. The PZT is excited with a
signal amplitude of 10V at f=5.0995 MHz inducing reflection lobes on both sides of the
Bragg wavelength. The side lobe reflectivity falls and rises at twice the frequency of the
electrical signal applied to the PZT, which is caused by the stationary oscillation of the
acoustic wave. The laser resonator is designed on the basis of the side lobe on the longer
wavelength range at 4 = 1066.24 nm to avoid interactions with higher-order modes in the
multimode fiber. Fig. 7.2 shows the modulated side lobe, indicating its separation of
AA~350 pm in relation to the Bragg wavelength and the increase of the reflectivity of
An ~11 dB compared to the non-modulated grating. The effective lobe reflectivity is ~8%.
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Figure 7.2: FBG spectrum: without acoustic modulation (dashed curve) and with acoustic modulation (solid
curve) if the modulator is excited at 10 V and f'= 5.0995 MHz. Short dashed lines show details of the side lobe
separation AA and modulation depth Ay [10].

7.2 Acousto-optic mode-locked fiber laser

Fig. 7.3(a) illustrates the setup of the mode-locked fiber laser. The laser cavity is basically
composed of two gratings, a delay line and an ytterbium-doped fiber providing the gain. An
inset in Fig. 7.3(a) shows the cross section of the double D-shape doped fiber fabricated at the
IPHT, with a length of 4.25 m and a core diameter of 10 um. FBG 2 is inscribed in a double-
clad fiber (Nufern FUD-3950). This grating has the Bragg wavelength at 13 = 1065.8 nm, a 3-
dB bandwidth of 0.39 nm and a maximum reflectivity of ~ 50%. The reflection wavelength of

FBG 2 is fine-tuned to the induced side lobe of FBG 1 by using a translational stage and a
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Peltier element to control the temperature. The delay line is implemented with a standard
single-mode fiber (Thorlabs 1060XP). The fiber length of 2.3 m is selected to match the
cavity round-trip time to the reciprocal of the side lobe modulation frequency, which is twice
the PZT resonance. The doped fiber is pumped by a pigtailed laser diode at 976 nm through a
pump signal combiner. An electrical spectrum analyzer (ESA) is used to adjust the length of
the delay line to match the cavity length L., ~ 10 m with the reciprocal of the modulation
frequency /' ( 2Le= c(nes2f)", in which, ¢, is the speed of the light in vacuum and, Nefr, 18 the

averaged effective index).
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Figure 7.3: (a) Acousto-optic mode-locked fiber laser setup with a detail of the Yb-doped fiber cross section. (b)
Spectra of the modulated FBG 1 (dash curve) and the laser output power (solid curve) [10].

The shortest pulse width is observed by means of a 2.5 GHz oscilloscope (OSC Tektronix
TDS7254) and a 2 GHz photodiode (FD), with the modulator being excited by a maximum
voltage of 10 V and fine-tuned at f'=5.1054 MHz. Fig. 7.3(b) shows the laser output with a
maximum amplitude power at 4 = 1066.24 nm (solid curve) almost matching the induced side
lobe of FBG 1 (dashed curve). A slight decrease of the side lobe reflectivity is observed due
to the fine tuning needed to match the modulation frequency to the cavity round trip (the PZT
frequency is slightly shifted away from the resonance). However, no relevant effect is noticed
in the laser pulses.

Fig. 7.4(a) shows the emitted pulse train of the mode-locked fiber laser generated for the
10 V electrical signal applied to the PZTs. The repetition rate f.er = 10.2 MHz equals twice
the acoustic frequency. Fig. 7.4(b) shows a single pulse with its Gaussian fit. The pulse width
(full width at half maximum — FWHM) is less than 550 ps. The actual pulse width in this
measurement is expected to be shorter because the measured value is close to the resolution

limit of the photodiode (2 GHz) and the oscilloscope (2.5 GHz).
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Figure 7.4: (a) Mode-locked fiber laser pulse train with repetition rate of 10.2 MHz generated for a 10 V
electrical signal applied to the PZTs at f'=5.1054 MHz. (b) Measurement of a single laser pulse with a width less
of than 550 ps (FWHM) [10].

For the L, =1 cm grating length used in this study, the measured side lobe bandwidth
Amrwnm = 200 pm, which is equivalent in frequency to 55 GHz. Since the cavity modes are
spaced 10.2 MHz apart, the modulator is able to lock a large number of axial modes
(55 GHz / 10.2 MHz ~ 5400 modes). Additionally, the lower modal effective index n.y
observed in SCFs compared to standard fibers also contributes to increasing the side lobe
bandwidth A,rpwam and reducing the pulse width. For the SCF investigated, the effective
index is estimated n.y~ 1.43. No relevant differences in the laser pulse shape are noticed in +
5 kHz range. However, the best results of pulse widths, observed in the 500 - 600 ps range,
are still far away from the theoretical lower limit around 0.315 /55 GHz = 6 ps, considering a
transformed limited laser pulse with an almost Gaussian shape in the time domain [14]. This
is because the pulse width also strongly depends on other modulator and fiber cavity
parameters which are not investigated in this study (e.g. side lobe reflectivity, modulation
depth, pump power dependence and dispersion of the fibers composing the cavity and the
active medium [100]). The use of fibers with high anomalous dispersion, such as SCFs, is also
desirable to narrow the pulse width [103].

A laser efficiency of ~2.3% is obtained at a maximum averaged output laser power of
35mW and a maximum of 2.4 W pump power supported by the modulator. Beyond this pump
power level, the power (which is not reflected by the modulated side lobe) being guided by
the silica horn, reaches and damages the adhesive and the PZT surface. This drawback could
be reduced or avoided by increasing the side lobe reflectivity by the application of higher
voltages to the PZT (in this study, the voltage is limited to a maximum of 10 V) or by
improvement of the modulator design, acoustic horn and PZT. Consequently, higher laser
efficiencies and the output powers may be achieved. In addition, an increase of the laser

efficiency could be obtained by reducing the losses at the splice between the SCF-SMF.
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8. High frequency acousto-optic modulators for

future fiber lasers

As previously discussed, the acoustic power is mostly distributed over the fiber cross section
in standard optical fibers reducing the interaction with the grating in the core with the
increasing frequency. For application at the 1060 nm wavelength range, devices operating at
frequencies of f=5.58 MHz employing long gratings lengths (L,=10cm) have been
reported [14]. However, the inscription of long gratings requires the use of long phase masks
or additional equipment to shift the fiber and the phase mask with respect to the UV
beam [66]. The use of long fibers or of long grating lengths increases the switching time of
acousto-optic devices because the acoustic wave takes more time to travel along the fiber.

As discussed in Sec. 7, an increase of the acoustic frequency f, modulation depth m and
the bandwidth is important to shorten the pulse width 7 of mode-locked fiber lasers [100]. The
results discussed in Sec. 7.2, with an ytterbium-doped fiber laser, show that a reduction of the
grating length is useful to increase the modulated bandwidth and, consequently, shorten the
pulse width. The modulation of a 1 cm grating in a SCF at 5.1 MHz has been demonstrated to
mode-lock pulses shorter than ~550 ps. However, the inscription of gratings in SCFs and their
fusion-splicing with standard fibers are a challenge and may require more elaborate
techniques.

On the other hand, an increase of frequency requires the use of small and very thin PZTs,
which are difficult to handle and manipulate. A reduction of the PZT thickness to increase the
resonance frequency also decreases the amplitude of the deformations of the acoustic modes,
being this effect more relevant with the increasing frequency. Consequently, it also reduces
the acousto-optic interaction in the grating, requiring the use of small and special acoustic
components to amplify the acoustic wave.

In this section, two distinct approaches of acousto-optic modulators of fiber Bragg gratings
at 1065 nm wavelength and frequencies higher than 10 MHz are investigated. The devices are
based on distinct components to increase the acousto-optic interaction and frequency. In
addition, the modulators setup could be employed as output couplers in future fiber lasers,
avoiding the heating and damage of the PZT caused by the remaining transmitted laser power

through the grating, and consequently, allowing higher pump and output laser powers.
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8.1 Interaction of longitudinal acoustic waves and a FBG in a tapered

optical fiber

As discussed in Sec. 3.1, the side lobe reflectivity # is increased by increasing the index
modulation An,. or the grating length L,, or by reducing the cladding cross section Aj.
Consequently, several approaches of modulators operating at the wavelength range of
A=1550 nm and the frequency range of /'~ 5 MHz have been proposed. Devices using long
grating lengths (L; = 12 cm) in combination with voltages of Vpzr =16 V applied to the PZT
achieve high reflectivity modulation [13]. Combination of gratings inscribed in tapered fibers
have allowed the reduction of the grating length (L, = 5 cm) while keeping higher voltages
(Vpzr =38 V) to achieve strong modulations [24]. For acoustic excitation at /'~ 5 MHz in the
A =1060 nm - 1090 nm wavelength range, the use of long gratings L, = 10 cm and voltages of
Vpzr =20 V have been convenient to achieve modulations of # ~ 55% [14]. Although the use
of long gratings is useful to increase the acousto-optic interaction, long gratings narrow the
modulated bandwidth increasing the pulse width of mode-locked fiber lasers. In addition, the
splice between the acoustic horn tip and the fiber (which is usually required to increase the
coupling of the acoustic power to the fiber) might induce optical reflections reducing the
maximum modulation depth, which is also important to shorten the pulse width.

In this section, an acousto-optic device modulating a 1 cm long FBG at 1065 nm
wavelength and with resonances at f=5.1 MHz, f=10.8 MHz and f=13 MHz is
experimentally investigated. The device is based on a high reflectivity grating inscribed in a
tapered optical fiber to enhance the acousto-optic interaction. A distinct side coupling
technique is applied to couple the acoustic wave from the horn to the fiber. High modulation

efficiencies at the f = 5.1 MHz resonance are obtained.

8.1.1 Experiment and discussion

Fig. 8.1 illustrates the acousto-optic modulator and the experimental setup used to
characterize the grating spectrum. The AOM is composed of a piezoelectric transducer (PZT)
disc, a solid acoustic horn and a single-mode optical fiber (SMF). The fiber diameter is
reduced from ~130 um to ~55 um along ~12 mm length by using the commercial machine

Vytran GPX-3200 and the technique describe in [104]. The taper transitions are ~10 mm long



8.1 Interaction of longitudinal acoustic waves and a FBG in a tapered optical fiber 70

and have an almost linear profile. Fig. 8.1(a) shows the scanned profile of the tapered
diameter. A grating of 1 cm length is inscribed in the tapered diameter by means of a
femtosecond laser and two-beam interference, using the phase mask interferometer
arrangement according to the methodology described in [66].

The acoustic horn is obtained by tapering a solid silica rod using a similar technique as
applied to the fiber taper. The silica rod diameter is reduced from 1 mm to ~50 um along a
~22 mm length. The horn tip is aligned on the side of the SMF and fused together along a
3 mm by using a conventional splice machine. The horn tip and fiber are carefully aligned
during the fusion process to avoid microbends and to increase the fused surface area. Later,
the fiber is characterized with a helium neon laser to check the coupling of the power from the
fiber to the acoustic horn through the fused region. No power transmitted through the horn is
noticed. Fig. 8.1(b) shows the fused region between the horn tip and the SMF with a helium
neon laser at the fiber end. Fig. 8.1(c) illustrates the PZT disc (0.2 mm thickness and 3 mm
diameter) in yz and xy planes. Fig. 8.1(d) illustrates the acousto-optic modulator with the PZT,

silica horn and the optical fiber indicating the tapered region. The whole modulator is ~8.3 cm

long.
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setup.
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Fig. 8.1(e) illustrates the experimental setup used to characterize the reflectivity spectrum
of the FBG. The PZT basis is fixed on a metallic support connecting to a signal generator
(SG). The electrical connection between the PZT and the metallic support is made by using
conductive adhesive, which avoids the use of conventional soldering methods which might
cause undesired loads on the PZT. The fiber tip and PZT basis are fixed and the modulator
works as a resonant acoustic cavity exciting standing acoustic waves. The PZT is excited by a
9V - 16 V sinusoidal signal at the resonances of f=5.1 MHz, /= 10.8 MHz and /= 13 MHz.
No relevant modulation is noticed for other resonances higher than 5 MHz. The grating is
characterized by using a broadband light source (SLED), and the reflection spectrum is
recorded by means of a circulator and an optical spectrum analyzer (OSA Yokogawa
AQ6370C) with 20 pm wavelength resolution.

Fig. 8.2 shows the FBG spectrum without acoustic modulation and with acoustic
modulation at the resonances of f=5.1 MHz, f=10.8 MHz and f= 13 MHz. The non-
modulated grating has the Bragg wavelength at 13 ~ 1065.05 nm, a 3-dB bandwidth of 0.7 nm
and a maximum reflectivity of ~ 99.9%.

Fig. 8.2(a) indicates the first order induced side lobes for a voltage of 16 V applied to the
PZT at the resonance of f= 5.1 MHz. Note in Fig. 8.2(a), the reflectivity of the right side lobe
achieves a saturation indicating also the modulation of second order side lobes. The absolute
reflectivity of the right side lobe is 7 ~ 72%. However, the side lobe overlaps with the Bragg
wavelength because of its wide bandwidth and a non-uniform spectrum. On the other hand,
the left side lobe remains resolved in the grating spectrum with an absolute reflectivity of 7~
30%. The modulation depth is A7 = 14 dB and the side lobe separation is A4~ 470 pm. The
difference of the reflectivity for the right and left side lobes might be caused by a difference
of positive and negative strains interacting with the grating. In other words, the grating length
supports a longer region of acoustic tension than compression, inducing a higher reflectivity
in the right lobe.

Fig. 8.2(b) shows the reflectivity variation of the right (R) and left (L) side lobes for a
6 V— 16 V voltage range applied to the PZT. Note the reflectivity of the right side lobe
achieves saturation at 15 V and slightly decreases for higher voltages. It is expected that
higher voltages applied to the PZT could decrease the reflectivity of the first order side lobes
while increasing the reflectivity of the second order side lobes, which is useful to avoid the

overlap with the Bragg wavelength.



8.1 Interaction of longitudinal acoustic waves and a FBG in a tapered optical fiber 72

Fig. 8.2(c) show the first order induced side lobes for a voltage of 16 V applied to the PZT
at the resonance of /= 10.8 MHz. The reflectivity of the right side lobe is # ~ 5%. A decrease
of the side lobe reflectivity is expected with the increased frequency, as discussed in Sec. 3.1.
The modulation depth is Ay ~2 dB and the side lobe separation is A4 ~ 800 pm. Fig. 8.2(d)
shows the reflectivity variation of the right (R) side lobe for a 6 V— 10 V voltage range. It is
expected that higher voltages applied to the PZT could increase the reflectivity of the first

order side lobes, since no saturation is noted in the reflectivity-voltage response.
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8.1 Interaction of longitudinal acoustic waves and a FBG in a tapered optical fiber

Fig. 8.2(e) shows the right side lobe for a voltage of 16 V at the resonance of f = 13 MHz.
No evident left side lobe is noticed on the shorter wavelength range, indicating that the side
lobe might be overlapped with low reflectivity reflection noise. The right side lobe has an
absolute reflectivity of # ~3.5%, a modulation depth of Ay~ 12 dB and a separation of
AL ~1nm. However, Fig. 8.2(f) shows that the reflectivity variation of the modulated side
lobe achieves saturation at a voltage of 14 V, which is different from the behavior at other
resonances. This effect might be caused by an induced radial strain decreasing the
longitudinal strain along the fiber with the increasing frequency (this effect is discussed in the
Sec. 8.2.1). Another reason might be associated with the PZT saturation at this resonance.
However, both resonances have a similar 3-dB bandwidth of Aspwnam ~100 pm indicating a
broader bandwidth compared to previous studies (Aspwpm = 3.6 pm) [14].

An unexpected DC wavelength shift of the grating spectrum with the modulated side lobe
is also noticed during the experiment with the increasing voltage applied to the PZT.
Fig. 8.3(a) shows the DC wavelength shift measured at the right side lobe for the considered
resonances. This effect might be caused by a constant longitudinal strain resultant of a
rearrangement of the grating structure compared to the grating state during the inscription
process. However, the grating spectrum and the modulated side lobe remain stable after the
voltage applied to the PZT is fixed. A maximum DC shift of 436 pm, 136 pm and 415 pm as
noticed at the resonances of /' =5.1 MHz, /' =10.8 MHz and f =13 MHz, respectively,
compared to a grating without modulation. Nevertheless, the effect might be useful to tune the
modulated side lobe to the reflection spectrum of the feedback grating employed in the laser
cavity, as discussed in Sec. 7.2, avoiding the use of the temperature/strain techniques to tune
the grating. The frequency dependence of the induced side lobe for the considered resonances

is almost linear and shown in Fig. 8.3(b).
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Figure 8.3: DC side lobe shift for a 9 V - 16 V voltage range applied to the PZT at the resonances of
f=5.1 MHz, f=10.8 MHz and /= 13MHz. (b) Dependence of the side lobe separation with the resonances.
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8.2 Modulation of a FBG by an acoustically induced radial long period

grating

Acoustically induced long period gratings (LPGs) are usually employed as notch filters with
high rejection efficiencies and relative fast switching times (~ 40 ps). The first approach of a
coaxial acousto-optic modulator to induce a LPG is based on the interaction of flexural
acoustic waves and modes in an optical fiber. The AOM is composed of an optical fiber
passing through a drilled piezoelectric transducer (PZT) and a cone-shaped capillary silica
horn axially aligned [55]. The acoustic wave creates bends along the fiber inducing a periodic
refractive-index perturbation which couples power of the fundamental mode to higher-order
modes. However, the AOMs in general require long fiber lengths or high powers to achieve
the acousto-optic modulation [2].

In contrast, the acousto-optic modulation of fiber Bragg gratings (FBGs) by means of
flexural acoustic waves enables the switching of the Bragg wavelength by coupling power of
the fundamental mode to higher-order modes at shorter wavelengths [4,5]. However, the
modulation of standard fibers with flexural acoustic waves is limited for frequencies
f <10 MHz because the acoustic wave tends to propagate on the fiber surface with the
increasing frequency, reducing the interaction with the optical modes in the core [11,12].

On the other hand, as discussed in previous sections, longitudinal acoustic waves
interacting with FBGs compress and extend the grating period inducing lobes on both sides of
the Bragg wavelength. In general, modulators based on longitudinal waves operate with
higher frequencies and velocities compared to the devices employing flexural waves [12],
which is suitable to shorten the pulse width of mode-locked fiber lasers. In addition, an
increase of the acoustic velocity v reduces the switching time of the acousto-optic devices,
because the acoustic wave takes shorter time to propagate along the grating.

In this section, an acousto-optic device modulating a 1 cm long FBG at A= 1065 nm
wavelength and f=10.9 MHz is experimentally investigated. The results indicate that the
acousto-optic interaction can be based on an acoustically induced radial long period grating
(RLPG) and a FBG. The RLPG couples power of the forward-propagating fundamental mode
to backward-propagating higher-order modes supported by the FBG. The device can be used
as an output coupler and exhibits a higher modulation frequency compared to previous studies
using flexural acoustic waves, which is suitable to shorten the pulse width of mode-locked

ytterbium-doped fiber lasers at the repetition rates higher than 20 MHz.
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8.2.1 Physical principle

Fig. 8.4(a) illustrates a fiber Bragg grating (FBG) without acoustic modulation. The forward
propagating mode with the effective index ng;, interacts with a grating of period A, resulting
in a reflected band at the Bragg wavelength 1z = 2nA. Fig. 8.4(b) illustrates an acoustically
induced radial long period grating (RLPG) composed by the superposition of radial and
longitudinal strains along an optical fiber. The distribution of the radial and longitudinal
strains changes over the fiber cross section with the radius » (» varies from the fiber axial
center (zero) to the maximum value a). Previous theoretical studies show that for acoustic
excitation in an optical fiber with diameter 2a = 125 um, at frequencies in general higher than
f >10 MHz, the distribution of the longitudinal strain is gradually reduced over the fiber
cross section with the ratio 7/a, giving place to a radial strain increasing with the same ratio
r/a [12]. The longitudinal strain is most concentrated in the fiber core compressing and
stretching the grating. The superposition of the longitudinal and radial strains causes a non-
symmetric perturbation along the fiber with a period Arrpg. It is expected that the RLPG
induces a very slight radial variation in the fiber cross section caused by the maximums and
minimums of the resultant superposition of the strains. Fig. 8.4(b) is a simple sketch based on
information in Ref. [12]. The real superposition of the radial/longitudinal strains might result
in a complex strain pattern, since radial/longitudinal strains intrinsically overlap over the fiber
cross section (it is illustrated in Fig. 8.4(b) as red arrows in the cladding). Fig. 8.4(c)
illustrates the different power coupling interactions between the forward and backward
propagating fundamental mode LPy; and the forward and backward propagating higher-order
mode LP;; induced by the FBG and the RLPG. The coupling between the forward-
propagating mode LP¢; and the backward-propagating mode LP;; at the coupling wavelength
An induced by the FBG satisfies the phase-matching condition, as previously discussed in Eq.

2.22),
A
n,, +ny, =X, (81)

in which, ng; and n;; are the effective refractive indices of the LPy; and LP;; modes,
respectively. Under ideal conditions the coupling between the symmetric LPy; mode and the
spatially anti-symmetric LP;; mode would be expected to be negligible for a symmetric index
modulation in the fiber core. However, in experimental grating structures asymmetries and
modal field deformations have been observed, which could provide such coupling effects

between LPy; and LP;; modes [105,106]. The modal coupling between the contra-



8.2 Modulation of a FBG by an acoustically induced radial long period grating 76

propagating modes, LPy;-LP¢; and LP¢,-LP;;, are indicated as ¢l and ¢2 and illustrated as
black dotted arrows in Fig. 8.4(c). On the other hand, the phase-matching condition for the
coupling between the backward-propagating modes LPy-LP;; (¢3) at the coupling
wavelength 4, induced by the RLPG, is given as [4,5],

A
ny, —ny ZT’ (82)

RLPG
in which, Agrrpg is the period of the RLPG. Eq. (8.2) satisfies also the condition for the
coupling between the forward (c4) and backward (c¢5) propagating modes LPy;-LP;; at the
Bragg wavelength Ap induced by the RLPG. These couplings are illustrated as red dashed
arrows in Fig. 8.4(c). Note in Fig. 8.4(c), if both phase-matching conditions in Egs. (8.1) and
(8.2) are simultaneously satisfied at the wavelength 4,, the energy of the higher-order mode
LP;; reflected by the FBG (¢2) is coupled to the mode LPy; by the RLPG (c3) resulting in a
reflected side lobe centered at 4,. Here, the coupling between LPy;-LP;; modes is only

considered. However, the principle is similar to the coupling with other higher-order modes.
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Figure 8.4: Illustration of a fiber Bragg grating (FBG) without acoustic modulation. (b) Acoustically induced
radial long period grating (RLPG). (c) FBG reflectivity modulation due to the mode-couplings (cx) between
LPg;-LP;; modes induced by the RLPG [107].

8.2.2 Experiment and discussion

The acousto-optic modulator is composed of a piezoelectric transducer (PZT) disc, a capillary
acoustic horn and two pieces of distinct optical fibers. The acoustic horn is obtained by
tapering a silica capillary with the commercial machine Vytran GPX-3200. The capillary
outer/inner diameters are reduced from 1.06/0.81 mm to 0.18/0.13 mm along ~12 mm
length. Later, a multimode double clad optical fiber (DCF) (fabricated at the IPHT with
125 um cladding diameter) is inserted into the tapered capillary and fused together at the
capillary tip along ~0.8 mm. The capillary and fiber are carefully aligned during the fusion
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process to avoid microbends. The fusion is made by means of the commercial Vytran GPX-
3400, which has additional alignment functions compared to the GPX-3200 model. Fig. 8.5(a)
shows the scanned profile of the horn diameter indicating the fused region (dashed red circle).
Fig. 8.5(b) shows a detail of the fused region between the capillary and the fiber. The
capillary and DCF are doped with fluorine to decrease the refractive index in the cladding. It
prevents the leaking and absorption of power from the core to the cladding caused by fiber
bends into the capillary or along the fused region. Fig. 8.5(c) illustrates the PZT disc (0.2 mm
thickness and 3 mm diameter) in yz and xy planes, which has a longitudinal acoustic
resonance of ~10 MHz according to the manufacturer. The PZT is drilled in its center region
by means of a metal driller resulting in a hole of ~0.5 mm in diameter, as illustrated in
Fig. 8.5(c). Fig. 8.5(d) shows the DCF passing through the PZT and the horn and being
spliced to a commercial single-mode optical fiber (Nufern SM-GDF-10/125). A 1 cm long
FBG is inscribed in the SMF by means of a femtosecond laser and two-beam interference,
using the phase mask interferometer arrangement according to the methodology described
in [66]. Fig. 8.5(e) illustrates the experimental setup used to characterize the reflectivity
spectrum of the FBG. The PZT basis is fixed on a metallic support connected to a signal

generator (SG).
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Figure 8.5: (a) Scanned profile of the horn diameter indicating the fused region (dashed red circle). (b) Detail of
the fused region between the capillary and the double clad fiber (DCF). Illustrations of the (c) PZT, (d) acousto-
optic modulator and (e) experimental setup used to characterize the grating spectrum [107].
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The electrical connection between the PZT and the metallic support is made by using
conductive glue. An electrode is also glued to the opposite PZT surface to connect the signal
generator. By using this technique, the use of conventional soldering methods which cause
undesired loads on the PZT is avoided. The fiber tip and the PZT basis are fixed and the
modulator works as a resonant acoustic cavity exciting standing acoustic waves. The PZT is
excited by a 9V - 16 V sinusoidal signal at the resonance of f=10.9 MHz. The grating is
characterized by using a broadband light source (SLED), and the reflection spectrum is
recorded by means of a circulator and an optical spectrum analyzer (OSA Yokogawa
AQ6370C) with a 20 pm wavelength resolution. The SMF of the modulator is spliced to
another DCF segment. The whole modulator is 7.5 cm long.

Fig. 8.6(a) shows the FBG spectrum without acoustic modulation (thick curve) and with
acoustic modulation (thin curves) for a voltage range of 9 V - 16 V applied to the PZT at the
resonance of f=10.9 MHz. The non-modulated grating has the Bragg wavelength at
Ag~1065.3 nm, a 3-dB bandwidth of 0.6 nm and a maximum reflectivity of ~99.9%. The
RLPG induces a side lobe with a strong peak at 4,, = 1064.76 nm, as indicated with the arrow
in Fig. 8.6(a). Fig. 8.6(b) shows the variation of the side lobe reflectivity at 4, for the
considered voltage range. For voltages lower than 9 V, no relevant modulation is observed.
The spectra in Fig. 8.6(a) also show a non-modulated reflection band which is caused by the
high grating reflectivity and the influence of higher-order modes. Although the SMF is
specified as being single-mode in the wavelength range of interest, the increase of the
averaged reflective index to achieve the high reflectivity may induce multimode behavior
along the grating length.

The effective indices of the fundamental mode LPy; (ng; ~ 1.451) and the higher-order
mode LPy; (n;; ~ 1.450) are estimated from the Bragg wavelength Az and the side lobe peak
Am, considering the period used in the grating inscription A ~367 nm and the equation
A =2nqz\. Here, we consider only the coupling between the modes LPy;-LP;;, however, the
RLPG may also couple power to other higher-order modes with effective index close to
ni; ~ 1.45 at adjacent wavelengths of /,,. This effect is seen in Fig. 8.6(a) as a band of low
reflectivity lobes overlapping on the shorter wavelength range. No modulated lobe is noticed
on the right side of the grating spectrum indicating that the longitudinal strain in the core is
too weak compared to the radial strain composing the RLPG. The frequency dependence f of
the induced side lobe 4, is not investigated because of the discrete behavior of the PZT

resonances used in this study.
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Figure 8.6: (a) FBG spectrum: without acoustic modulation (thick curve) and with acoustic modulation (thin
curves) and (b) reflectivity variation of the modulated side lobe at the coupling wavelength 4,, fora9 V - 16 V
voltage range applied to the PZT at = 10.9 MHz [107].

The coupling wavelength A,=1064.67 nm is calculated by means of Eq. (8.1) with the
modal indices ny, n;1 and the grating period A, which agrees well with the measured value at
Anm = 1064.76 nm. The period of the RLPG A1 pg ~ 1065 um is calculated by means of Eq. (8.2)
considering the modal indices ny;, n;;, and the coupling wavelength 4,. The RLPG period
corresponds to the beat length of the modes LPy;-LP;; satisfying the phase-matching
conditions in Egs. (8.1) and (8.2) for a difference of effective indices (no; - 711 ~ 1x107).

For the frequency of f=10.9 MHz achieved in this experiment, the RLPG modulates a
FBG at a frequency 10 times higher compared to a modulator based on flexural acoustic
waves (f~ 1 MHz) (considering for the calculation the same modal coupling parameters and
equation Appg= [mavey / f 1% [11]). The results show that the long period of the RLPG can
couple power between modes with a very low difference of effective indices at higher
frequencies. Oppositely, the increasing frequency of flexural acoustic waves considerably
reduces the acoustic period, requiring a larger difference of the effective indices between the
coupled modes.

A maximum side lobe reflectivity of 16 dB is achieved at the voltage of 16 V compared to
the grating spectrum without modulation. The absolute side lobe reflectivity is ~1%. An
increase of the side lobe reflectivity could be obtained by the application of higher voltages to
the PZT (in this study, the voltage is limited to the maximum of 16 V provided by the signal
generator) or improvement of the modulator design, acoustic horn and PZT, e.g., reducing the
diameter of the hole in the PZT. Moreover, the side lobe reflectivity may also be increased by
the use of techniques previously discussed (e.g. cladding etched or tapered fibers, long FBGs

or the used suspended-core fibers with large air holes).
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In summary, acousto-optic modulation of a 1 cm long FBG at 10.9 MHz by means of an
acoustically induced radial long period grating is investigated. The modulated side lobe has a
reflectivity depth of 16 dB and a 3-dB bandwidth of 320 pm.

The reduction of the grating length and the modulator size indicates possibilities for
compact and faster acousto-optic devices, since the acoustic wave takes a shorter time to
propagate along the grating. A reduction of the grating/fiber length also prevents that low
frequency acoustic noise from the environment induces instabilities in the signal output. The
use of short gratings also relaxes the requirements to inscribe long gratings, which usually
employs long phase masks or additional equipment to shift the grating or the laser UV beam.

The acousto-optic modulator might be used as an output coupler avoiding the heating and
damage of the PZT caused by the remaining laser power transmitted through the grating and
guided by the acoustic horn. In addition, the output coupler setup reduces the requirements of
high reflectivity modulated side lobes, which are suitable in previous setups employing the
modulator as a high reflectivity mirror in the laser cavity. It is expected that this setup can
also be useful to tune the power level of the output laser by tuning the amplitude of an
electrical signal applied to the PZT. Moreover, the use of standard fibers provides better
mechanical stability compared to fiber taper and etching techniques.

As previously discussed in Sec. 7, an increase of the acoustic frequency f and the
modulated bandwidth A,pwim is important to shorten the pulse width of mode-locked fiber
lasers. The RLPG modulates a bandwidth of A,rwiv = 320 pm indicating a broader bandwidth
compared to previous studies discussed in this thesis (Ampwiamv = 100 pm for the tapered fiber
in Sec. 8.1.1, and Ampwam = 200 pm for the SCF in Sec. 7.2.). It shows that the RLPG can
induce a broader modulated bandwidth compared to the bandwidth induced by the
longitudinal acoustic waves, since the RLPG is able to interact with many optical modes with
close effective indices. In addition, the results indicate a higher modulation frequency in
standard fibers compared to previous studies using flexural acoustic waves, which are limited
to < 10 MHz, because the acoustic wave tends to propagate on the fiber surface with the
increasing frequency [11,12]. Moreover, the RLPG can couple modes with a very low
difference of effective indices, which is easily obtained employing slightly multimode optical
fibers. The combination of an output coupler setup with an increased frequency and
bandwidth is suitable to shorten the pulse width of all-fiber mode-locked fiber lasers at the

repetition rates higher than 20 MHz.
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9. Conclusion - outlook

This thesis aims to investigate the interaction of acoustic waves and fiber Bragg gratings in
standard and suspended-core fibers to increase the acousto-optic interaction, bandwidth and
frequency. Devices operating in the frequency range from f=200 kHz to f=13 MHz are
investigated to evaluate the influence of the fiber, grating and modulator design on the
reflectivity modulation. The work intends to provide useful information to the design and
assembly of acousto-optic devices for future applications in low frequency dynamic filters,
CW and Q-switched fiber lasers (f<1 MHz), and high repetition rate mode-locked fiber
lasers (f > 5 MHz).

Initially, modulators operating at frequencies lower than /= 1.2 MHz are investigated. In
this frequency range, the frequency effect is not so relevant on the modulation efficiency, and
the devices can be easily assembled by employing relatively large piezoelectric transducers
(PZTs), which consequently can generate stronger acoustic waves. These devices are usually
employed to modulate the reflectivity/bandwidth of the Bragg wavelength at frequencies
lower than /=600 kHz and to induce distinguished side lobes at higher frequencies. The
modulation of FBGs at this frequency range finds application in optical filters, gain
equalizers, dispersion compensators and Q-switched fiber lasers.

A numerical method based on the 3D - finite element method is proposed to simulate an
acousto-optic device considering a PZT and its anisotropy. The main purpose is the
characterization of the PZT acoustic modes and their influence to generate acoustic waves. In
particular, the study intends to evaluate the most relevant modes and resonances to excite
longitudinal acoustic waves in a fiber in the considered low frequency range. In addition,
experiments are performed to verify the accuracy of the simulations. A good agreement
between the experimental-simulation results indicates the grating modulation takes place only
at specific frequencies, which depend on the material and geometry of the PZT, acoustic horn
and optical fiber. The numerical method including the PZT allows a more accurate simulation
of the modulator and can assist the design of novel acousto-optic devices, since the PZT
modes strongly influence on the grating modulation.

The interaction of longitudinal acoustic waves and FBGs in suspended-core fibers is
numerically investigated to increase the overlap of the acoustic power and the grating in the

core. The fiber core and the air hole size are increased and the strain and grating properties are
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simulated by means of the finite element method and the transfer matrix method, respectively.
The results show that the side lobe reflectivity increases with larger fiber cores because the
increased overlap of the guided mode with the grating. However, a larger core size increases
the number of supported optical modes by the fiber. On the other hand, SCFs with large air
holes cause a significant reduction of the amount of silica in the fiber cross section, increasing
the interaction between the acoustic wave and the grating in the core. An increased
modulation efficiency of 66% compared to a SMF is obtained, which is equivalent in
reducing the grating modulation index or length in as much as 75%. The results indicate new
possibilities to increase the acousto-optic modulation in fibers without reducing the fiber
diameter, which makes the devices more stable compared to tapering and etching techniques.

A considerable modulation of the reflectivity of FBGs inscribed in two distinct SCFs
indicates experimental evidences of the increased interaction at the low frequency range. A
reflectivity modulation depth of 67% is obtained for a grating inscribed in a four holes SCF.
The results indicate a reduction of the grating length and the power applied to the PZT (16x
lower) compared to devices employing SMFs in previous studies. In addition, the modulation
of the group delay is also investigated. The grating bandwidth is increased and the spectrum
envelope is adjusted to an almost Gaussian shape. Linear responses of the group delay and
dispersion are obtained over a wavelength range larger than 0.7 nm.

The second SCF investigated is a high birefringence double-core suspended-core fiber
(HB-SCF). A reflectivity modulation depth of 84% is achieved by increasing the air holes
compared to the four holes SCF previously discussed. In addition, the acoustically induced
power coupling between the orthogonal modes supported by the fiber indicates a new
possibility of a multi-wavelength dynamic filter for WDM communication systems and fiber
lasers. In summary, the SCFs point to a higher acousto-optic modulation compared to solid
SMFs, being useful to reduce the fiber/grating length, the size and the acoustic power of the
modulator.

A method to acoustically induce a dynamic phase-shift in a chirped fiber Bragg grating is
experimentally demonstrated. The modulator design is also optimized by reducing the size of
the PZT, of the acoustic horn and the optical fiber. The strain peak caused by the acoustic
wave induces a dynamic variation of the grating period (phase-shift) decreasing the grating
reflectivity at specific wavelengths. A notch depth of 32 dB is achieved, showing a
considerable rejection efficiency compared to previous studies. In addition, two notches are

induced in the grating spectrum by increasing the frequency, which is suitable for multi-
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wavelength dynamic filters. It is expected that an increasing frequency can induce more
notches in the grating spectrum, which might be limited by the grating bandwidth and the
reduction of the acoustic amplitude.

A combination of a SCF with three air holes and an optimized modulator design allowed
an increase of the modulation frequency up to =5 MHz for application in a mode-locked
ytterbium-doped fiber laser. The laser emitted pulses with a pulse width shorter than ~550 ps
at a repetition rate of 10.2 MHz. The results indicate that short gratings can be useful to
increase the modulated bandwidth and to shorten the pulse width. However, the splice
between SCF-SMF inserts considerable losses in the laser cavity reducing the overall laser
efficiency. It may be solved by reducing the splice loss using transition tapered fibers. The
use of SCFs in the whole laser cavity might also reduce the insertion loss, while compensating
the cavity dispersion, which is also important to reduce the pulse width.

An increase of the modulation depth, bandwidth and acoustic frequency f are important
parameters of an acousto-optic modulator to shorten the pulse width of mode-locked fiber
lasers. However, a reduction of the PZT thickness to increase the frequency attenuates its
deformations and, consequently, the acousto-optic interaction. In addition, a reduction of the
PZT requires the use of small acoustic components to avoid loads and amplify the acoustic
wave, which are challenge and difficult to manipulate. To overcome these drawbacks, two
distinct approaches of modulators operating at 1065 nm wavelength range are investigated to
increase the acousto-optic interaction, bandwidth and frequency.

The first modulator is based on a high reflectivity grating inscribed in a tapered optical
fiber. A side lobe reflectivity saturation is achieved at the resonance of f= 5.1 MHz. The
modulator also exhibits high modulation frequencies (f= 10.8 MHz and f= 13 MHz), which
is suitable to shorten the pulse width at the repetition rates higher than 26 MHz. The use of
short gratings also indicates a broader bandwidth (100 pm) compared to previous studies with
standard fibers (3.6 pm [14]). In addition, a technique to couple the acoustic wave on the side
of the optical fiber avoids the heating caused by the remaining transmitted power through the
grating/acoustic horn, which can damage the PZT and limit the pump and the output laser
power. However, a DC wavelength shift has been noticed with the increasing voltage, which
might be caused by a rearrangement of the grating structure defined during the inscription
process.

For the second modulator, a new acousto-optic interaction based on an acoustically

induced radial long period grating (RLPG) and a FBG at 10.9 MHz is investigated. The
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modulated band has a bandwidth of 320 pm, which is broader compared to the previous
results discussed in this thesis. It indicates that the multimode coupling induced by the RLPG
can modulate a broader bandwidth compared to bandwidth induced by the longitudinal
acoustic waves. The use of standard fibers can also reduce the losses in the laser cavity, which
is suitable to increase the laser efficiency and provide a better mechanical stability compared
to fiber taper and etching techniques (no DC wavelength shift is noticed for this modulator).
The output coupler setup relaxes the requirements of a high modulated reflectivity avoiding
also the heating and damage of the PZT. In addition, the device indicates a higher modulation
frequency compared to previous studies using flexural acoustic waves, which is useful to
shorten the pulse width at the repetition rates higher than 20 MHz.

In summary, acousto-optic modulation of fiber Bragg gratings in standard and suspended-
core fibers is investigated. The study aims to increase the modulation efficiency, the
bandwidth and the acoustic frequency. The results indicate that the acousto-optic interaction
can be increased by using a combination of high reflectivity gratings in suspended-core fibers
or tapered fibers, and by reducing and optimizing the modulator design. The reduction of the
fiber/grating length increases the modulated bandwidth and reduces the modulator size, which
is suitable for compact and faster acousto-optic devices. Consequently, the increased
interaction efficiency, bandwidth and frequency might be useful to shorten the pulse width of

future mode-locked all-fiber lasers.
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