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et Fiber-optics components technologies

e Fabrication of fiber-optics components
— Optical fiber tapers: fusion & pulling technique ~ — Fiber Bragg gratings and LPG

— In-Fiber acousto-optic devices

Horn

Transducer

e Applications:  — All-fiber light sources
— Optical communications and microwave photonics
— Optical fiber sensors
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Objective .
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e All-fiber dynamic devices

Silica cylinders have a good performance as acoustic waveguides

The simultaneous propagation of guided acoustic waves and light permits long interaction
lengths, enabling full transfer of power between optical modes of the fiber

The interaction is controlled by the RF voltage that generates the acoustic wave

Being all-fiber devices, they can handle high power optical signals

Excitation of the fundamental flexural Excitation of the fundamental
acoustic mode longitudinal acoustic mode
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e The wave equation for acoustic waves in isotropic homogeneous
media

(A+2u)V(V-0)— 1 Vx(Vx0)-

— Aand y are the Lamé coefficients:
A=Cyp and = Cyy (Where Cj; is the stiffness tensor)

Fused silica:
A=1.61x1010kg/m-s?
1=3.12x10'° kg/m-s2
p=2.2x10% kg/m?

Cp = 5975 m/s

¢, = 3764 m/s

E =7.3x10'kg/m-s?
o=0.17

— pis the density

— U is the vector displacement
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e The solution for a circular solid cylinder

Sln(n¢) ei(Qr— K z)
cos(ng)

cos(ng) JRICTEND
—sin(ng)

Sln(n¢) ei(Qr— K z)

cos(ng)

1 =U()

u, =W(r)

U(r)=Ax, J;(x,r)+Bx J.(x I’)+CEJn(Kt r)
r

V(r) = A%Jn(/cd )+ BK—:Jn(zq r)+Cx, J'(x,T)
Kt

W (r)=—i[Ax J,(x, 1)~ Bx;, J,(x, )}
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1.1. The fundamental acoustic modes

e The longitudinal acoustic modes

Laboratotio de Fibra

— Boundary conditions (the outer surface at r = a free of tractions):
Trr = Trz = Tr¢= 0
— Longitudinal modes correspondton=0and u,=0

0.8

0.6

04

0.2 :
OIOK% 0.5
0.17

f=10 MHz, 2a= 125 um
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amplitude (a.u.)

0.2
JLT 428-436 (1988)




|. Fundamentals and applications E
I.1. The fundamental acoustic modes Laborato#io de Fibras Opticas

e The flexural acoustic modes

— Boundary conditions (the outer surface at r = a free of tractions):
Trr = Trz = Tr¢= 0

— Flexural modes correspond to n > 0

— Only for n =1 there is one mode with no cutoff

JLT 428-436 (1988)

2.0 25 3.0
0.03
f=2 MHz, 2a = 125 pm
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e The fundamental flexural acoustic mode

RADIAL AZIMUTHAL AXIAL

[ m/2 phase difference

=
2

amplitude (a.u.)

[}
=
2

-1.0 : :
02 04 06 08 02 04 06 08 02 04 06 08

JLT 428-436 ( 1 988) r'a r'a r/a
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e The fundamental flexural acoustic mode
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e Maxwell equations far from the sources

ot
Aoz =k y, 20 k= oo
o Separation of variables
- _ 2
HX(leiz!t) = hX(Xa y) f (Z)e_Jwt /4- hLvt2 hx + k2 +%§22f2 = 0

o

B {()=e® y [k ] h =g2h, H,(6Y,20)=h(xy)e e
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e The fiber mode spectrum

Conventional optical fibre H(x,y,z,t) _ h(X, y) efj/iz ejwt

p ——-
| 3\ h=(h,,h ,h.)
0j\9pmcore Y

-|(Ge-doped silica)

i3t .l-
VNIVERSITAT : IDVALENCIA]

125 um cladding|
(silica)

a8,z =2, 3, (k,p) cos(ng) e )"
L(pp,2)=b I (k,p)sen(ng) e el U, }p <@
2 (0,6, 20=[8,3, (ko) +a,Y, (ko p)] cos(ng) e 7 eie"
2 (P42 =[b,J, (k,p) +b,Y, (k,p)]sen(ng) e 7 )"
s(op,2t)=a, K (hp) cos(ng) e ¥* el [,

(00, 2) =D, K (hp)sen(ng) e ¥? eI [ } p>b

— Boundary conditions — characteristic equation
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e Step index optical fiber: core modes

Medium 1: core radius a, Kn(¥)a; =Jn(y)a =0
gand sy e,
X

a . wega
Kn(x)a2+ L

" npga npa
3,a +%Kn<x>bz+y—/§an(y)bl =0

Medium 2: cladding radius

b>>a, gand Lﬂza K, (X)a, +@Jn(y)al + w/,)l(za K. (x)b, +
X y

a .
ZEE 3, (y)by =0

Kn ()b, =35 (y)y =0
o Characteristic equation: determinant of the system equals to zero
Kn (X) =Ja () 0 0
SR R0y K0 "y@anw)
=0
MR MRy a2 5
X y X
0 0 Kn(X) =Jn(y)

' wpha
Ky (%) (o]

o Characteristic equation:

¥ : 3.(Y) Ka(X)
(ng) (1 1) _ Mg = n F =—0 x=ha y=Kka
[‘grlGn+£r2 Fn][ﬂrlGn-'—ﬂrz Fn] [?0] (F"—?) =0 " an(y) " XKn(X) y

X2 +y?=V? V =wasu-&u ﬂ:\/m

—Modes TE,,,, TM,,, and hybrid (HE,,, and EH,, with n > 0)

Om> Om nm>
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e Step index optical fiber: LP approximation

Medium 1: core radius a : : < —
g o 'y . << . =
& and 4 LP aproximation: o Nhdcleo and =t

2 2
Medium 2: cladding radius Kn( X ) — J n( y ) V = ko a\/ Moucieo — Neubierta

b>>a, gand u, XKn+1(X) an+1(y) - =
2 2 _wi2 :ﬂ:\/koncubierta"—(x/a)
X“+y- =V

- Nomenclature:
HE,, - LP,
TMy,;, TEy,, HEy; — LPy,
HE,,, EH,, - LP,,
HE,, > LP,,
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o The fundamental optical core mode
Gaussian approximation
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e Step index fiber: cladding modes

Medium 1: cladding of radius b,

2 2
1 1
gand g [g” G,+é, Fn][ﬂrl G, + 4y Fn]_[nﬂ] (7+ 2] =0
k, )\ x* y

- 2 2 _y\y2
External medium 2: &, and x, X +y =V

Tyt XK
V =obeu—eu, f={N’+a’eu,

- Silica rod in air (¢4 = 1)

(1]
silica rod

10
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e Representation of the field itensity

LPOI LPH LPZI LP(D

o Some basic properties
— The modes define a basis of the vector space
— Modes are orthogonal: no transfer of power between
modes is possible
— The eigenvalues, i.e., the propagation constants, determine
the phase velocity, de mode index, the group velocity and
the group index of the modes
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e Effects of strain on the propagation of the optical modes

Conventional optical fibre Fl(X,y,Z,t) _ FI(X, y) e—jﬁz e jot
N
I

9 pm core
(Ge-doped silica)

125 pm cladding
(silica)

g_AL—Eg db = k, (zdn

d
L 7

mode mode

dn_,.=dn=-np e and dz=zse = dO=D[I-p,Je

mode

Effective refractive index n : Effective length 7 4

mode dZeff - dZEff = [1_ pE]g
Zeff

dn,
d® =k,z dn,, — ne“ =[1-p,]e @d® =k,n

eff
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e Effects of strain on the propagation of the optical modes

Flexural waves Longitudinal waves

Horn

RF Transducer

supply RF generator (.')
u(t,z)=u, cos ((At—kz) £(t,2)=¢, cos (At —k2)
on, =on, cos (At —k.2) on, =on, cos (At—k.z)
oy =, (1-p)k; Uy on =n, (1-p)
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e Basis properties of the modes of a waveguide

Waveguide: H(x.y,zt) = h(x, y)e #? el
g(X,y) h=h+h, y h =(h.h)

e There is no transfer of power between modes propagating along
a waveguide

oH . *
EZ—LBH !eti ><htj dsS = P.5;;
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e Coupling between two modes by introducing a perturbation

Introducing a perturbation | & (x,y) # &,(X,Y)

|:|1(X,y,2,t) = H1(Xe y) o i ejml L2 = jk,h,(2) AL

HZ(X|y1zlt) = ﬁz(xg y) e—jﬁzl eja)t Z2\"J — jk21,ﬁl(z) ej(ﬁzfﬁl)z
Z

~

== Transfer of power between the original modes of the waveguide
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e Qualitative derivation of the coupling coefficient k;,

Introducing a perturbation || £ — & +J¢

s |. Fundamentals and applications
VNIVERSITAT © m‘ﬂ}“mcm 1.3. Acousto-optic interaction: coupled modes theory 1.

e Coupling coefficient

SN =M, cos (At -k 2)

atorio de Fibras
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e Coupling coefficient

Bragg condition (phase matching): 5, — 5, = =K,

Conservation of energy: o, —w, = £Q

Kip o [ 0n,(x, )€ dxdy
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e The fundamental flexural acoustic mode

Bragg condition (phase matching): 5, —f, =~ £k

Conservation of energy: ®, —@, ==

u(t,z)=u, cos (Qt-kz) :
on, =on, cos (QUt—Kk.z) s ®)

L L L
1540 1550 1560

8ny =ny (1= Pk Uy y A (am)
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1.4. Flexural waves: applications
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Horn

Transducer

15 Vpp

20 Vpp

LPy - LPy
[=192)Hz

1540 1550 1560
A (nm)

HE,, LEAF

1330 1535 1540 15 1550 1555 1560 163

Acoplamiento LP,, - LP,
= Aum

=0.826 Mz

£-0.802 MHz  £-0.776 MHz LP,,-LP,,

L 1 L

1530 1540 1550 1560 1570

Resonance wavelength (nm)

150 175 200
A, (nm) Acoustic frequency (MHz)
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RF generator

Piezoelectric

— e SME-28
taper 70 pm
—— HF T0um

—-— SMF-28
= —  HF 70 pm
= taper 70 pm

Integrator (x 10°) (m™)

Radius (pm) Wavelength (pm)
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e Periodic transfer of power with flexural waves

I
||
20V

—

Transmission (dB)
Transmission (dB)

) ) ) LINL]
1520 10 15

Wavelength (nm) f voltage amplitude (V)
(i) 4V, (ii) 10 V and (iii) 20 V




f {! s
1.4. Flexural waves: applications Laboratofio de Fit s

Transmission (a.u.)
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e Dynamic add & drop multiplexer

# it
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Emision laser (u.a.)

|. Fundamentals and applications

e Q-switched fiber lasers

L

Er fiber

4 — L) ——n
o o

2# 1550 nm el >
Er: 300 ppm, L ~1.4 m
Detector RF 7 FBG1: 60%, 0.15 nm
generator FBG2: 99%, 0.25 nm

Intensity (a.u.)

100

Time (us)

0 30 E
t(ps) Opt. Commun., pp. 315-319, 2005
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Grating pitch (nm)

Reflectivity
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LI.5. Longitudinal waves: applications

(a) unperturbed grating (b) Ag>Lp

2 3

z(cm)

15447 15450 15453 1544.7 15450 15453 153447 13450 1345,
A (nm) A (nm) A (nm)
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A=Ao

Grating pitch (nm)

2

A>Ao
t=T4 | ||]]]]

z {cm)

r=

Reflectivity

15447 15450 15453
A (nm) A< Ao AB<ho

t=3T/4
50=[2PS/EAVQS]1/2 i
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A=Ao

T

5f=14 Hz,
Q =1300

mechanical —

'Irpmrvul

.
3
P4
; 1
3
7.’ t\Q
| _e— - Q-.__.__
R 0.0 L L
20030 : 18.65 18.70 18.75
(solid line) 14V, Time (ps) Frequency (kHz)
(dashed lines) 4.2 V

reflected

—e—

Amplitude modulation (a.u.)
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Holder

A=Ao

Amplitude modulation (%)

Electric voltage (Vp_p)
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LI.5. Longitudinal waves: applications
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Transmission

0.0
13432 15433

Wavelength (nm)

output grating

Output
SBO/1550

Low Q-factor

FBG 1

1545 1546
\Wavelength (nm)

High Q-factor

1545 1546
Wavelength (nm)
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e Longitudinal waves + fiber Bragg gratings: A, > Lggg

-y
no

00 02 04 06 08 10
Time (us)

o
o

Laser emission (a.u.)
o
=
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e Longitudinal waves + fiber Bragg gratings: A, << Lggg

Bragg grating: N 25'10 COS{KZ+¢}

Bragg grating perturbated by a longitudinal wave: N= 5’10 COS{ K(Z +0 Z) +¢}

P

22
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1543 1544
A (nm)

I (MHz)

a8 g
VMNIVERSITAT -[D\Z\LENClh 0 dina 210) 0 0
. 0 0 i i c . c » dld O i 0 B
f,=1MHz
1 1,01 T
;}3 RO T X TR+ N
= %;3 A RNV
— - . R1 0,38 . .
K -
[ .
s R2 el o . . .
04 | o . .
0,2 A
0,0 . . ,
0,0 0,5 1,0 1,5
10
08} [
06} A L
Koat [
A4V, | A,~0,75V,,
0.2 u H
% 1543 1542 1542 1543 1544 1542 1543 1544
A (nm) A (nm) A (nm)
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e Tunable microwave optical filter based on a broadband source
sliced by an acousticaly modulated FBG

]
=
)
A
2
S|

Wavelength

Group
Delay Time

Broadband

Tapping Coupler fiber length

Element

Opt. Lett., pp. 8-10, 2005

Tap Power

Wavelength
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e The reflection from the acousticaly modulated FBG provides the
taps required to form the transversal filter

=

Tapered
fiber Transducer

Reflectivity (dB)
=

]
=]

Circulator

Broadband
Source

Reflectivity (dB)
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e Tunable: the wavelength separation between taps is adjustable
with the frequency of the acoustic wave

e Reconfigurable: the amplitude of the taps can be controlled with
the amplitude of the acoustic wave

Wavelength
shift (nm)

Reflectivity

f=4
L
1
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41 J.Iupf‘.

|ll||

1.444 Mlﬂ

f(GHz)

Constant amplitude: acoustic power 2.4 mW
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S
i MJer L
1542 1543
A{nm) f(GHz)

Constant frequency: 1.444 MHz
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e Wavelength switchable fiber laser

Al Ay Ay e

Piezoelectric

N

FBV
Horn /
RF

supply

Photon. Technol. Lett., pp. 552-554, 2005.
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(ii) Laser Emission

|

A

1543 1544 1545 15425 1543.0 1543 5 1544.0

A (nm) A (nm)
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(11) Laser Emission

1543 1544 1545 15425 1543.0 15435 15440

A (nm) A (nm)
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Intensity (a.u.)

a
=
o

=
7
=
3]

2
=

=
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e Q-switched fiber laser

Erdopadﬁbew

Er fibre : 300 ppm, L ~1 m, FBG2: 60%, 0.05 nm, FBG1: 99%, 0.25 nm

2.66 MHz I l
I | | I

il ﬁ ™ warll 1 sﬁ'ﬁ e
1545 1 1544 1545

Wavelength (nm) Wavelength (nm)

5.5 MHz
J\ jL A | Wave OFF 2 Low Q-factor Wave ON 2 High Q-factor |
1542 1544

1543 1545
Wavelength (nm)

Opt. Express, pp. 1106-1112, 2006.
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e Spectrum, peak power and pulse width

1kHz

//—;’/ i
33 kHz

0.1 /"'/'" 62.5 kHz

. goe”
50 100 150 200

Pump power (mW)

Intensity (dB)
Peak power (W)

=,

1543.0 15435

Wavelength (nm)

o

1000
- s 10 P,= 180 mW
3 —
L 5 £ s
z 2 1
'E 8_
2 w 100
= & o1
20 40 60 80 0.1 1 10 100
time (us) Repetiton rate (kHz)

Pulse width (ns)
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