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Resumen en espanol

Motivaciéon de este trabajo

En aplicaciones en areas como sensado, telecomunicaciones o laseres, los dispositivos
fabricados enteramente en fibra 6ptica ofrecen interesantes ventajas con respecto a
aquellos fabricados en bulk. Una de las principales ventajas consiste en evitar la
necesidad de extraer la luz guiada por una fibra éptica para procesar la senal en el
dominio del tiempo, lo que se traduce en menores pérdidas. Por otra parte, comparados
con los dispositivos de optica en espacio libre, los dispositivos fabricados enteramente
en fibra no requieren alineamiento, lo que proporciona una mayor estabilidad desde el

punto de vista mecéanico.

Una cualidad deseable para los componentes 6pticos es la habilidad de cambiar sus
propiedades dindmicamente, lo que permite al usuario reconfigurar las funciones de
dichos componentes de manera externa y en tiempo real. En el mas favorable de los
casos, las propiedades de los dispositivos se controlan mediante senales eléctricas. Es
en estos dos atributos, dados al mismo tiempo, donde radica el interés de la interaccion

acustooptica en fibra éptica.

Un método bien conocido para interaccionar con la luz guiada por una fibra optica,
dentro de la propia fibra, consiste en producir una perturbacién peridédica del indice
de refraccion a lo largo de una seccion de fibra. Esto, en el caso de las redes de Bragg

y las redes de periodo largo, se consigue mediante la irradiacion de fibras fotosensibles
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Resumen en espanol

con luz ultravioleta. Las propiedades espectrales de estos dispositivos dependen de las
caracteristicas de la modulacién del indice de refracciéon, principalmente la amplitud
y el periodo. Estas caracteristicas estan definidas por las condiciones de fabricacion,
y, aunque pueden ser ligeramente modificadas a posteriori, por ejemplo mediante
estiramiento o temperatura, estas posibles modificaciones estdn muy limitadas. Otro
método para producir una modulaciéon peridédica del indice de refraccion es el uso de
ondas elésticas o acusticas, en lo que se denomina interaccién acustodptica. Una fibra
Optica inmersa en aire constituye una guia para ondas elasticas, capaces de producir
una modulacién del indice de refracciéon a lo largo de la fibra. Los parametros de
la modulacién, y por tanto las caracteristicas espectrales de los dispositivos basados
en interaccion acustodptica, pueden ser modificados dinamicamente cambiando las
propiedades de la onda elastica. El método més empleado para generar ondas elasticas
y propagarlas a lo largo de una fibra consiste en el uso de materiales piezoeléctricos,

usados para este propoésito desde 1978.

Una onda elastica es capaz de producir acoplamiento entre modos 6pticos guiados
por una fibra en diferentes condiciones. El primer caso de interés es el acoplamiento en
fibras monomodo, tipicamente producido entre el modo fundamental y un modo de la
cubierta. En el caso de fibras de varios modos, el acoplamiento se puede producir entre
el modo fundamental y un modo de orden superior del niicleo. En fibras birrefringentes,
el acoplo se puede producir entre modos con diferente polarizacién, empleando ondas
acusticas de torsion. En este dltimo caso, la respuesta espectral se puede elegir segin
la polarizacion eliminada tras la interaccién acustodptica, desde una respuesta pasa

banda hasta una elimina banda.

En el caso del acoplamiento entre el modo fundamental y un modo de orden superior,
si se elimina la luz acoplada y solo se detecta la luz guiada por el modo fundamental,
la consecuencia es un pico de pérdidas en el espectro. La profundidad, anchura y
posicién espectral del mismo se pueden controlar mediante la frecuencia e intensidad
de la onda actstica y las condiciones de la interaccién. La aplicaciéon mas directa de

la interaccién acustodptica, por tanto, es la implementacién de atenuadores 6pticos



Motivacion de este trabajo

variables y sintonizables. La interaccion acustodptica también se ha usado clésicamente
para el desarrollo de filtros pasa banda, acopladores 6pticos, filtros de polarizacion,
conmutadores o ecualizadores para fuentes ASE. La interaccién acustodptica induce
un desplazamiento de frecuencia en la luz acoplada, que es la base de aplicaciones

como desplazadores de frecuencia y laseres mode-locked basados en ellos.

Siendo las aplicaciones de la interacciéon acustooptica de gran interés por si mismas,
las posibilidades de expanden cuando se combinan con otros dispositivos de fibra
optica. Particularmente, es de especial relevancia la interacciéon de ondas elasticas

longitudinales con redes de Bragg.

Un campo en el que las fibras 6pticas resultan interesantes es en la fabricacién de
sensores. Una caracteristica interesante de los sensores de fibra dptica es la ausencia de
corriente eléctrica o voltaje, lo que permite su uso en entornos eléctricamente hostiles.
Debido a la baja reactividad de la silice, estos sensores son ttiles cuando es necesario
realizar medidas en presencia de sustancias reactivas. La interaccién acustodptica tiene
aplicaciones en este campo, puesto que es sensible a la diferencia del indice efectivo
entre los modos épticos que se acoplan y las caracteristicas de la onda acistica. Debido
a su efecto en las propiedades actisticas de las fibras 6pticas, la tensiéon mecénica es
una magnitud especialmente interesante para ser medida con este tipo de sensores.
Los sensores basados en acustooéptica son particularmente ttiles para la medida de
magnitudes que modifican las propiedades elasticas de las fibras, como es el caso de
la viscosidad. Para la medida de otro tipo de magnitudes, como la temperatura o el
indice de refraccion, existen otras soluciones de fibra mas adecuadas, como pueden ser

las redes de Bragg o los interferometros.

Otra aplicacion de la interacciéon acustodptica que ha producido numerosa investi-
gacion recientemente es la generacion de haces de luz portadores de momento angular
orbital, basada en la excitacion de vortices 6pticos mediante ondas acisticas. El interés
de estos haces de luz especiales radica en su potencial aplicacién en campos como el

control de particulas a escala nanométrica o las telecomunicaciones 6pticas.
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Resumen en espanol

Muy relacionado con el propésito de esta tesis, la interacciéon acustodptica tiene apli-
caciones en la caracterizacion de las propiedades de las mismas fibras. Las propiedades
de los modos guiados por las fibras, como el indice efectivo, el indice de grupo o la
dispersion cromética, son de especial interés, ya que son criticas en muchas aplicaciones.
Un ejemplo clasico de esto es la implicacion de la dispersion cromatica en sistemas de
telecomunicaciones 6pticas, al controlar el ensanchamiento de los pulsos de senal tras
viajar largas distancias. Aunque existe una gran diversidad de métodos para la medida
del indice de grupo y la dispersion cromética, muchos menos son capaces de medir
directamente el indice efectivo. La interaccién acustodptica, gracias a su sensibilidad

a este parametro, es una herramienta tutil para este tipo de caracterizacion.

En el contexto del actual estado de la investigacion en interaccion acustooptica, el
objetivo de esta tesis ha sido la buisqueda de nuevas aplicaciones para la implementacion
clasica de la interaccién acustooptica, usando ondas actusticas armoénicas, asi como
desarrollar y explorar las posibilidades del uso de la interaccién acustooptica de una

manera diferente, a través de ondas actsticas en paquetes cortos.

En el caso de la interaccién acustooptica con ondas armonicas, teniamos interés
en explorar su potencial en la caracterizacion de las propiedades de guiado de las
fibras, en particular el mencionado indice efectivo. Otro objetivo ha sido explorar las
posibilidades de la interaccién acustooptica en aplicaciones orientadas a la fabricacion
de dispositivos. En este sentido, hemos buscado usos practicos para la capacidad
de la interaccién acustooptica de excitar selectivamente los modos guiados por las
fibras, con la intencién de aprovechar sus particulares propiedades espaciales y de
polarizacién. Orientado a la fabricacion de dispositivos, hemos pretendido explorar
vias para evitar la fragilidad de las implementaciones tradicionales de la interaccion

acustoodptica, causada por la presencia de fibras sin recubrir.

El otro objetivo principal de esta tesis ha sido explorar las posibilidades de la
interaccion acustooptica en fibras épticas monomodo en una manera diferente a las

investigadas hasta el momento, y probar sus posibilidades para la caracterizacion

xii
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de fibras con resolucion axial. La propuesta se basa en el uso de ondas acusticas
en paquetes cortos, para limitar la regién de interacciéon. La principal intencion,
atendiendo a este objetivo, ha sido estudiar el potencial de la técnica, ya que no ha

sido empleada con anterioridad.

Fundamentos de acustodptica en fibras épticas

La interaccion acustodptica en fibras 6pticas consiste en el acoplo entre los modos
opticos guiados por una fibra causado por una onda elastica. Las principales carac-
teristicas de este fenémeno, es decir, la eficiencia del acoplo y la longitud de onda de
resonancia, estan determinadas por los modos 6pticos y aciisticos, y por tanto por las
propiedades Opticas y elasticas de la fibra. Hemos revisado los principales aspectos
teoricos de esta interaccion, centrandonos en aquellos méas relevantes para este trabajo.
En primer lugar, estudiamos las propiedades de los modos 6pticos guiados por fibras
oOpticas realistas. En segundo lugar, analizamos el comportamiento de las fibras opticas
como guias de ondas acusticas, con especial atencion al modo fundamental de flexion,
al ser éste el modo elastico excitado en todos los experimentos reportados en esta tesis.
El efecto de una onda elastica en las propiedades opticas de las fibras, consistente en
una modulaciéon del indice de refraccion, también es analizado. Por tltimo, resumimos
la teoria de modos acoplados aplicada al caso especifico de modos 6pticos acoplados

por ondas elasticas.

Desde el punto de vista de sus propiedades electromagnéticas, una fibra optica es un
cilindro dieléctrico con una cierta distribucion de indice de refracciéon que conduce al
guiado de la luz. Los modos 6pticos guiados por fibras 6pticas con simetria cilindrica
y un perfil de salto de indice pueden calcularse resolviendo las ecuaciones de Maxwell
con las condiciones de contorno correspondientes. Debido a la simetria cilindrica,
las soluciones de los campos son separables en coordenadas cilindricas, siendo el
producto de una funcién dependiente del dngulo azimutal y una dependiente de la
coordenada radial. La parte dependiente del angulo azimutal son funciones armonicas

dependientes de dicho angulo multiplicado por un niimero entero, el orden angular del
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Resumen en espanol

modo. La parte radial es una combinacion de funciones de Bessel. La aplicaciéon de las
condiciones de contorno lleva a una ecuacion caracteristica, cuya solucién proporciona
los factores de propagacion (o indices efectivos) de los diferentes modos. En una fibra
optica de salto de indice encontramos soluciones de tipo TE, T'M e hibridos. Los
modos TE y TM son aquellos cuyo orden angular es 0, y todos los modos de orden
angular 1 o superior son modos hibridos. Cada modo tiene una longitud de onda de
corte, por debajo de la cual el valor de su indice efectivo se encuentra entre el del
nucleo y el de la cubierta y sus campos estan confinados principalmente en el niucleo.
Se dice en este caso que es un modo guiado por el niicleo, o simplemente un modo
del nucleo. Por encima de la longitud de onda de corte, su indice efectivo es inferior
al de la cubierta, y sus campos se extienden por ella, siendo llamados modos de la
cubierta. La tnica excepcion es el primer modo HF, el modo fundamental, que no

tiene longitud de onda de corte y es siempre un modo guiado por el nicleo.

Desde el punto de visto de sus propiedades mecanicas, una fibra éptica constituye
una gufa cilindrica para ondas actusticas. En principio, esta gufa tiene una estructura
multicapa debido a la configuracién de nicleo y cubierta. Sin embargo, las propiedades
elasticas de ambos son similares, por lo que pueden ser tratadas como cilindros de silice
homogéneos, lineales e is6tropos cuando se las considera como guias actisticas. Las
soluciones de los modos actsticos siguen, por tanto, las ecuaciones elasticas para este
tipo de sistemas. Las soluciones del desplazamiento de las particulas son separables en
coordenadas cilindricas, siendo, como en el caso de los modos 6pticos, el producto de
una funcién dependiente de la coordenada azimutal (funciones armonicas del angulo
azimutal multiplicado por el orden angular) y una dependiente de la coordenada radial
(combinacién de funciones de Bessel). Las soluciones de orden angular 0 son los modos
longitudinales y de torsién, y las de orden angular mayor que 0 son los modos de
flexion. Para cada una de estas familias hay un modo fundamental, que se propaga a
cualquier frecuencia. El resto de modos tienen una frecuencia de corte, por debajo
de la cual dejan de guiarse. En nuestro caso, el modo actstico de interés es el modo
fundamental de flexion en el régimen de baja frecuencias, pues es el que excitamos en

nuestros experimentos.
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Procedimientos experimentales

Una onda elastica, al propagarse por una fibra 6ptica, produce compresiones y
estiramientos locales en la misma, lo que causa una modulacién peridédica del camino
optico que recorre la luz. Este cambio se debe a dos contribuciones. En primer lugar,
el indice de refraccion de la silice cambia con la tension mecanica debido al efecto
elastooptico, y en segundo lugar, la distancia recorrida por la luz cambia debido a
los cambios geométricos en la fibra. Ambas contribuciones se pueden agrupar en una
modulacion efectiva del indice de refraccion, cuyo periodo espacial es igual al de la

onda eléstica.

La perturbacion periédica del indice de refraccion produce el acoplamiento entre los
modos Opticos guiados por la fibra, que se puede analizar mediante teoria de modos
acoplados. Dicho acoplamiento sucede a las longitudes de onda que satisfacen el ajuste
de fases, llamada longitud de onda de resonancia, que depende de la diferencia entre
el indice efectivo de los modos que se acoplan y de la longitud de onda acustica. La
eficiencia del acoplamiento depende de las propiedades de la onda acustica y de la
superposicion de los campos de los modos 6pticos. La simetria de la onda elastica
supone una regla de seleccion para los modos 6pticos cuya integral de superposicion

no es cero, y que por tanto pueden acoplarse.

Procedimientos experimentales

El montaje bésico para los experimentos realizados en esta tesis consiste en un
trozo de fibra sin recubrimiento pegada a la punta de un cono de aluminio, unido a
un disco piezoeléctrico con movimiento normal al plano del disco. El piezoeléctrico
estd alimentado con una senal de radiofrecuencia (generalmente alrededor de 2 MHz),
generada mediante un generador de senales y un amplificador. El piezoeléctrico vibra a
la frecuencia de la senial eléctrica, perpendicularmente al eje de la fibra, generando una
onda elastica de flexién que se propaga a lo largo de la misma. En los experimentos,
generalmente, la luz entra en la region de interacciéon acustoodptica en la forma del
modo fundamental (HE11), y tras la region de interaccion la luz acoplada a un modo

de orden superior se elimina.
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Resumen en espanol

Con este sistema experimental hemos realizado dos tipos de experimentos. El primer
tipo consiste en la implementacion tradicional de la interaccién acustodptica, usando
ondas acusticas armoénicas. En este caso, la fibra se ilumina con una fuente de banda
ancha, y el espectro de la luz transmitida tras la interacciéon acustooptica se mide con
un analizador de espectros 6pticos. Como tnicamente la luz en el modo fundamental
se detecta, el espectro de la luz transmitida presenta bandas de atenuacién a las
longitudes de onda que satisfacen la condiciéon de ajuste de fases de un acoplamiento.
De esta manera, a partir de la longitud de onda de resonancia, se puede obtener la
diferencia entre los indices efectivos de los modos que intervienen en el acoplamiento.
El segundo conjunto de experimentos se basa en la implementacién de la interaccion
acustooptica empleando ondas actusticas en paquetes cortos. En este caso, la senal
aplicada al piezoeléctrico es una onda armoénica con un nimero determinado de ciclos.
La fibra se ilumina con una fuente de banda estrecha cuya longitud de onda solapa con
una banda de atenuaciéon producida por la interaccién acustooptica. La luz transmitida
se detecta en el dominio del tiempo mediante un fotodiodo y un osciloscopio. El
analisis temporal de esta senial proporciona informaciéon distribuida de las propiedades

de la fibra.

En el caso de los experimentos basados en ondas actsticas en paquetes cortos, la
region de interaccion es la seccion de fibra a lo largo de la que se extiende el paquete,
que va cambiando con el tiempo conforme el paquete viaja a lo largo de la fibra. Si
diferentes regiones de la fibra tienen propiedades diferentes, y por tanto longitudes
de onda de resonancia diferentes, la potencia de la senal transmitida fluctuara con
respecto a un valor promedio, y su transmision seréa diferente en cada punto, y por
tanto en cada instante temporal. De esta manera, una medida de la transmision en
funcién del tiempo puede proporcionar informacién sobre la fibra con resolucion axial.
La sensibilidad de la medida depende del valor de la longitud de onda de la luz con la
que se ilumina la fibra, y por tanto se puede ajustar segin los requerimientos de cada
experimento particular. Cabe mencionar que la resoluciéon axial de la técnica es la
longitud espacial de los paquetes actuisticos. En nuestro caso, la longitud minima esté

determinada por el comportamiento resonante del piezoeléctrico, cuyos transitorios
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tienen una duracién minima que no se puede reducir disminuyendo la duracion de la

senal eléctrica. En nuestros experimentos, la resoluciéon axial minima es 9 cm.

Resultados y conclusiones

Como hemos mencianodo, el trabajo desarrollado en esta tesis ha consistido en la
realizacion de dos grupos de experimentos, el primero basado en la implementacion
de la interaccion acustooptica en fibra o6ptica empleando ondas actusticas armoénicas
y el segundo empleando ondas actsticas en paquetes cortos. Con respecto al primer
grupo, hemos empleado la interaccion acustodptica en fibra clasica para el desarrollo
de nuevas aplicaciones. En lo que se refiere al segundo grupo de experimentos, hemos
desarrollado y probado con éxito esta nueva técnica empleando dicha interaccién de

una manera diferente a las reportadas hasta el momento.

En el capitulo 2 se describe el marco tedrico de la interaccién acustodptica en
fibras oOpticas, que nos permitira analizar e interpretar los resultados obtenidos en los
experimentos realizados. Los aspectos generales de los procedimientos experimentales
empleados en estos experimentos, tanto con ondas elésticas armoénicas como en paquetes

cortos, se detallan en el capitulo 3.

Los experimentos realizados usando ondas acusticas armonicas estan descritos en el
capitulo 4. En primer lugar hemos estudiado el efecto del didmetro en la interaccion
acustooptica, realizado experimentos con fibras con una seccion cuyo didmetro habia
sido reducido mediante un proceso de ataque acido con HF. Hemos analizado el
desplazamiento de las resonancias acustodpticas debido a los cambios en el didmetro,

que ha resultado estar en acuerdo con los célculos tedricos.

Por otra parte, hemos estudiado la interaccion acustooptica en fibras 6pticas recu-
biertas con polyimida, demostrando por primera vez la viabilidad del uso de este tipo
de fibras 6pticas para aplicaciones acustoopticas. Desde el punto de vista tecnologico,

este avance supone la posibilidad de implementar dispositivos acustodpticos con fibras
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Resumen en espanol

Opticas con proteccion externa, lo que evita las dificultades en la fabricacién de este
tipo de dispositivos debidas a la fragilidad de las fibras desprovistas de proteccion
en las que tradicionalmente se produce la interacciéon acustooptica. Las cubiertas
de polyimida incrementan la atenuaciéon actustica, que aumenta conforme aumenta
el grosor de la cubierta. Sin embargo, capas lo suficientemente gruesas como para
proporcionar proteccion suficiente permiten acoplo acustooptico eficiente, con la tinica
limitacién de una longitud de interaccién maxima de aproximadamente 70 cm, lo que
puede abrir las puertas a implementaciones mas robustas de la interaccion acustooptica

en dispositivos de fibra optica.

Por otro lado, hemos utilizado la interacciéon acustodptica de una manera clasica,
mediante ondas elasticas armoénicas para la caracterizacion de dos tipos de fibras
comerciales de telecomunicaciones. Hemos demostrado que esta técnica puede ser
usada para la caracterizacion, con precision y en una banda ancha de longitud de onda,
de fibras monomodo y fibras de varios modos, siendo particularmente interesante la
region de la longitud de onda de corte, no facilmente caracterizable por otros medios.
Estos experimentos han demostrado que la precisiéon obtenida con el método es suficien-
temente buena como para caracterizar individualmente los modos quasidegenerados
que forman los modos LP. Los resultados obtenidos mediante esta caracterizacion
estan en buena concordancia con los calculos teoricos empleando un modelo de escalon

de indice.

La tltima aplicacién que hemos desarrollado para la interaccién acustodptica medi-
ante ondas elasticas armonicas ha sido la fabricaciéon de un convertidor de modos, capaz
de generar haces con una distribucién de intensidad espacial anular y una estructura
de polarizacion radial mediante el acoplo del modo fundamental de una fibra de varios
modos a modos de orden superior. Hemos empleado este convertidor de modos para la
fabricacion un laser de fibra de Yb para la generacion de haces de luz cilindricos. La
eficiencia del laser fabricado ha sido del 13.5%, con una potencia maxima de 65 mW,
y la pureza modal y de polarizacién de los haces cilindricos generados ha sido superior

al 98%.
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Resultados y conclusiones

Con respecto a los experimentos usando la implementacion de la interaccion acus-
tooptica usando ondas acusticas en paquetes cortos, descritos en el capitulo 5, hemos
demostrado que dicha técnica es capaz de detectar fluctuaciones axiales en el factor
de desintonia tan pequefias como 0.05m~' en fibras monomodo, con una resolucién
de pocos centimetros a lo largo de secciones de fibra excediendo 1 m. Esta sensibilidad
en la medida de la desintonia permite la detecciéon de fluctuaciones de didmetro con
resoluciéon nanométrica, o cambios por debajo de una parte por millén en el indice de

refracciéon del niacleo.

En lo que se refiere a este bloque de experimentos, hemos realizado en primer
lugar experimentos empleando ondas acusticas en paquetes cortos para analizar la
uniformidad geométrica axial de diferentes fibras. Particularmente, una seccion de
1.5m de fibra SMF-28, asumiendo que el origen de la fluctuaciones en la desintonia
son debidas a fluctuaciones en el radio de la fibra, encontrando fluctuaciones de radio
siempre menores que 10 nm. Hemos comparado los resultados con una fibra dopada con
Yh, que esperabamos que fuese menos homogénea, midiendo mayores fluctuaciones de
desintonia. Estos fluctuaciones, si fuesen debidas a cambios en el radio, se traducirian
en inhomogeneidades del radio de alrededor de 300 nm, mientras que si fuesen debidas a
cambios en la distribucion de dopante, y por tanto en el cambio del indice de refraccion
del nucleo, las fluctuaciones de indice del ntcleo serfan 4 x 10~%. También hemos
analizado la uniformidad axial de fibras con cubierta de polyimida y fibras atacadas
con HF, encontrando que las inhomogeneidades en la escala de cm eran del mismo

orden que las encontradas en fibras SMF-28.

Por otra parte, hemos realizado experimentos empleando esta técnica para la
deteccion de inhomogeneidades sutiles localizadas en secciones cortas de la fibra.
En particular, estos experimentos demostraron que es posible detectar la presencia
de un empalme de fusion, de capas de nanoparticulas depositadas en la fibra y de
capas poliméricas de 100 nm de grosor, demostrando que la técnica tiene sensibilidad
suficiente para detectar inhomogeneidades muy pequenas. Estos resultados demuestran

el potencial de la técnica para aplicaciones potenciales en sensado distribuido.
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Resumen en espanol

Finalmente, hemos empleado la técnica para el analisis del perfil axial de la absorcion
del bombeo en una fibra dopada con Yb. En este experimento hemos caracterizado
como se produce la absorcion del bombeo a lo largo de la fibra activa y como varia
éste en funcion de la potencia de bombeo. Ademés, este método nos ha permitido
determinar el cambio del indice de refraccion del nicleo de la fibra producido por
el bombeo. Hemos encontrado que el cambio méaximo de indice del niicleo inducido
por el bombeo es 3.5 x 1076, un valor que est4 en buen acuerdo con las predicciones

tedricas.
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1 Introduction

1.1 Interest of acousto-optic interaction in optical

fibres

For applications in areas such as sensing, telecommunications or lasers, devices
fabricated entirely in fibre offer interesting advantages with respect to those fabricated
in bulk. In all-fibre components, it is not necessary to extract the light guided by an
optical fibre to process the signal in the electric domain, and consequently lower losses
are introduced. Compared to light processing in free air, in-fibre processing eliminates

the need of aligning, resulting also in a higher mechanical stability.

A desirable feature for optical components is the ability of dynamically change their
spectral properties, which allows the user to externally control the specifications of
such devices in real-time. In the best scenario, these properties are controlled through
electric signals. These two attributes, given at the same time, are where the interest

of in-fibre acousto-optic interaction lies.

A well-known procedure for interacting with the light guided by an optical fibre,
inside the fibre itself, consists in producing a periodic perturbation of the refractive
index along a section of fibre. This, in the case of fibre Bragg gratings (FBGs) and
long period gratings (LPGs), is achieved by means of the irradiation of photosensitive
fibres with UV light [1, 2]. The spectral properties of such devices depend on the

characteristics of the refractive index modulation, primarily the modulation amplitude
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and period. These characteristics are set by the conditions in which they are fabricated,
and while they can be slightly modified afterwards, for example by means of strain or
temperature, these possible modifications are very limited. Another way to produce a
periodic modulation of the refractive index is propagating an acoustic or elastic wave
along the fibre, giving rise to the so-called acousto-optic interaction. As discussed
in section 2.2, an optical fibre immersed in air constitutes a waveguide for elastic
waves, which are able to produce a periodic refractive index modulation along the fibre.
The parameters of the modulation, and hence the spectral characteristics of devices
based on acousto-optic interaction, can be dynamically modified through changing the
elastic wave properties. The most classic procedure for generating an elastic wave and
propagating it along an optical fibre involves the use of piezoelectric transducers and

metallic horns, which have been used for this purpose since 1978 [3].

As discussed below in section 3.2, an elastic wave is capable of producing coupling
between the optical modes guided by a fibre in different conditions. In single-mode
fibres, the coupling is typically produced between the fundamental core mode and
a cladding mode [4]. In the case of few-mode fibres, the coupling can be produced
between the fundamental mode and a higher-order core mode [5, 6]. In birefringent
fibres, the coupling can be produced between modes with different polarisation, by
means of torsional acoustic waves [7-9]. In all cases, the type of spectral response
depends on the characteristics of the acoustic wave, that can be changed in a short
time through an electronic system, which is a very interesting feature for practical
purposes. In the case of torsional waves propagating along birefringent fibres, the
spectral response can be chosen by means of the polarisation that is removed after the

acousto-optic coupling, from a band-rejection [10] to a band-pass [11] response.

In the cases in which the coupling is produced between the fundamental mode and a
higher-order mode, if the light that has been coupled by the acoustic wave is removed
after the interaction region, an only the remaining light guided by the fundamental
mode is detected, the effect on the spectrum of the light is a notch. The depth of this

notch, its spectral position and its bandwidth can be controlled choosing the frequency
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and intensity of the acoustic wave and the conditions of the acousto-optic interaction.
The most direct application of this interaction is thus the implementation of tunable
and variable optical attenuators [12]. In-fibre acousto-optic interaction has also been
classically used for the fabrication of other kinds of devices, such as pass-band filters
[6], optical couplers [4], polarisation filters [8], switches [13] or equalizers for ASE
light sources [14]. The acousto-optic interaction introduces a frequency shift in the
coupled light, that, even though it is not relevant for the results presented here, it has
applications in frequency shifters [9, 13, 15] and mode-locked lasers based on them

[16, 17], and it is the base of some characterisation techniques [18].

While acousto-optic implementations are of big interest by themselves, their possi-
bilities expand when used in combination with other in-fibre devices, whose properties
can be modified in real-time through the acoustic wave. One example of this are those
devices that make use of the interaction between longitudinal acoustic waves and fibre
Bragg gratings. In these devices, the period and intensity of the Bragg grating is
modulated, and therefore its spectral response. In this way, it is possible to produce
the dynamic version of super structured [19, 20] or apodized [21, 22] FBGs, whose
index modulation is not harmonic, having special spectral properties. The spectral
properties can be very different depending on the characteristics of the acoustic wave
travelling along the FBG. For example, elastic waves whose wavelength is much larger
than the period of the grating cause a shift in the reflection band [23], while if the
acoustic period is much shorter than the period of the grating, new reflection bands
appear [24, 25]. FBGs with these special spectral features have driven attention for
applications in optical signal processing and optical communications systems based on
wavelength division multiplexing (WDM), for which it is not always convenient the
use of acoustic waves, and static devices are preferred. Acoustic waves can also be
used for the fabrication of FBGs with static complex profiles, when used during the
UV writing process [26]. Other applications of acoustic waves in combination with
FBGs are, for example, their use in short pulses to create dynamic defects on the
grating, leading to a very narrow transmission band within the reflection band [27], or

the control of the chromatic dispersion in FBGs, where the acousto-optic interaction
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leads to a broadening of the grating while a flexural acoustic wave is guided, changing
the group delay and the chromatic dispersion with a response time of approximately
17 ps [28]. This has been reported to be achieved also with thermal tuning [29], yet

with significantly slower responses.

A field where the application of optical fibres is interesting is sensing, in which
numerous kinds of sensors, for the measure of different magnitudes, have been reported.
One of the interesting features of fibre sensors is the lack of electric current or voltage
at the sensing point, which allows them to perform in harsh electric environments.
Additionally, fibre sensors are made of silica, which has a very low chemical reactivity,
and this is an interesting feature in applications where sensing in the presence of
reactive substances is required. Acousto-optic interaction has applications in fibre
sensors, since the acousto-optic coupling depends on the difference between the effective
indices of the coupled optical modes and the characteristics of the acoustic wave, and
therefore it is sensitive to magnitudes that change any of these parameters. Due to
its effect on the acoustic properties of optical fibres, strain is a magnitude whose
measurement is specially interesting with these methods. Strain sensors based on
acousto-optic interaction perform in a similar way to LPG sensors [30], eliminating the
need of a LPG writing setup and adding versatility thanks to their tunable features
[31, 32]. Sensors based on acousto-optic interaction are of special interest for the
measure of magnitudes that do not directly affect the optical modes guided by a fibre,
but affect the acoustic modes, such as viscosity [33]. Of course, there are many other
types of fibre sensors not based on mode coupling. One of these kinds are sensors
based on interferometry, which are suited for the measure of, for example, temperature

or refractive index [34, 35].

One application of in-fibre acousto-optics that has produced many recent results is
the generation of cylindrical vector beams [36, 37] and light beams carrying orbital
angular momentum, based on the excitation of optical vortices by acoustic waves
[36, 38, 39]. The interest of these special light beams lies in their potential applications

in fields that rise a lot of interest, such as the manipulation of particles in the
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nanometric scale (optical tweezers) [40] or advanced optical communications [41].

Very related to the purpose of this thesis, acousto-optic interaction has applications
in the characterisation of the properties of fibres themselves [42, 43|. The properties
of the optical modes guided by the fibres, such as the effective index, the group index
or the chromatic dispersion, are of special interest, since they are critical in many
applications. One classic example of this is the implication of the chromatic dispersion
in optical telecommunications systems, since it controls the broadening of signal pulses
after travelling long distances. Two classic methods for measuring the chromatic
dispersion are time-of-flight [44] and phase shift modulation [45], which have the
limitation of requiring long sections of fibre. A method for the measure of the group
delay that avoid this limitation is white light interferometry [46, 47]. While numerous
techniques for the measure of the group delay and the chromatic dispersion have been
developed, many less methods for the characterisation of the effective index (or phase
velocity) have been reported. The few reported techniques for these measures are based
on the evanescent coupling between guided and not-guided (radiation) modes using a
high-index prism close to the cladding [48], the change in interferograms while applying
axial strain to the fibre [49] and the coupling between modes using variable-period fibre
gratings [50]. Due to the sensitivity of the acousto-optic interaction to the effective
index difference between the coupled modes, it is a suited non-interferometric method
for this kind of characterisation. The advantage of the use of acousto-optic interaction
is the high sensitivity, which allows, by deriving with respect to the wavelength, to
obtain the effective index, group delay and chromatic dispersion in the same set of

measurements [51].

Also regarding the properties of fibres themselves, the characterisation of their axial
homogeneity is crucial in many applications, particularly those in which a phase-
matching condition must be satisfied. In the last decades, several methods have
been reported for the axial characterisation of optical fibres, such as the measure of
backscattered light through optical time domain reflectometry [52, 53| or the mismatch

of four-wave mixing [54]. These methods directly measure the chromatic dispersion,
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and are not able to provide measurements of phase velocity (or effective index). A
technique that can be use for the measure of this parameter with axial resolution is
based on Brillouin scattering [55, 56], typically used in sections of fibre of the order
of km, with resolutions longer than 1 m. Acousto-optic interaction has been used for
axial characterisation of the phase velocity in birefringent fibres [18, 57], with axial

resolution of few cm.

1.2 Aims of this thesis

In the context of the current state of research in in-fibre acousto-optic interaction
mentioned above, the aim of this thesis was to find new applications for classic acousto-
optic implementations, employing harmonic acoustic waves, and to develop and explore
the possibilities of the use of acousto-optic interaction in a different way, through

acoustic waves in short packets.

In the case of acousto-optics with harmonic waves, we were interested in exploring
its potential in the characterisation of guiding properties of fibres, in particular the
effective index of the modes, since, as we said before, there are not many methods for
its direct measure. We expected that one important advantage with respect to other
methods would be the ability to perform in different wavelength regions, regardless of
the guiding regime of the modes (core or cladding). Additionally, we aimed to explore
the potential of acousto-optic interaction for the generation of optical beams with

special properties.

Another objective of this work was to explore the suitability of acousto-optic
interaction for other applications more focused on the fabrication of final devices. In
this way, we aimed to find practical uses for the ability of acousto-optic interaction to
selectively excite the different optical modes guided by fibres, in order to exploit their
particular spatial and polarisation properties. Oriented to the fabrication of devices,
we intended to explore ways to avoid the fragility of traditional in-fibre acousto-optic

implementations, caused by the presence of uncoated fibres.



1.2. Aims of this thesis

In-fibre acousto-optics has been traditionally implemented with harmonic excitation,
and the number of reports and applications using acoustic waves with different temporal
shape is very low. In this framework, one of the main objectives of this thesis was to
explore the possibilities of the acousto-optic interaction in single-mode optical fibres
in a different way than in the previously reported research, and to test its potential
in the characterisation of fibres with axial resolution. This proposal is based on
the use of acoustic waves in short packets, typically a sinusoidal wave with a finite
number of periods, to limit the fibre region in which the acousto-optic interaction is
produced. In this way, as the packet travels along the fibre, the coupling is produced
at different points of the fibre at different times, and a temporal measure could provide
the capacity of exploring the coupling at every axial point of the fibre, and from it, its

local properties.

The main aim of this thesis, regarding the mentioned technique, was to study its
potential, since it had not been reported before. In order to do so, we intended to
analyse the axial fluctuations in the properties of different kinds of fibres, to investigate

the resolution, sensitivity and accuracy of the method in different conditions.
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2 Acousto-optics fundamentals

Acousto-optic interaction in an optical fibre consists in the coupling between fibre
optical modes caused by an elastic wave. The main features of this phenomenon, what
is to say the coupling efficiency and the resonance wavelength, are set by both the
optical and elastic modes, and therefore by the optical and elastic properties of the fibre.
In this chapter, we review the main theoretical aspects of this interaction focusing on
those that are more relevant for this work. First, the properties of the optical modes
guided by realistic optical fibres are studied. Second, we analyse the performance of
an optical fibre as an acoustic waveguide, paying special attention to the fundamental
flexural mode, since it was the elastic mode excited in all the experiments reported in
this thesis. The effect of an elastic wave in the optical properties of fibres, consisting
in a modulation of the refractive index, is also analysed. Finally, we summarise the
coupling mode theory applied to the specific case of optical modes coupled by means

of elastic waves.

2.1 Optical modes of optical fibres

From the point of view of its electromagnetic properties, an optical fibre is a dielectric
cylinder with a certain distribution of dielectric constant that leads to light guidance.
The guidance properties of dielectric systems is well discussed in the literature, and
a complete analysis of them can be found, for example, in [1]. In this section, we
summarise the basics of light guidance in optical fibres, focusing on the aspects more

relevant to this work.
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2. Acousto-optics fundamentals

. (b)
ni
na +
ns +
a5

Figure 2.1: (a) Scheme of a step-index optical fibre, with the coordinate system employed,

and (b) the step-index profile.

In Fig. 2.1 it is shown an scheme of the fibre with the coordinate system employed
in the following analysis, and the refractive index profile. Some of the most common
optical fibres, and also those concerning the experiments discussed in this thesis,
are fibres with cylindrical symmetry and a step-index profile. In this case, the fibre
has three different regions with constant refractive index: the core of the fibre, for
r < a, with refractive index ni; the cladding, for a < r < b , with refractive index no,
immersed in an external medium (typically air) with refractive index ngz for r > b,

being ni; > ny > ns.

The optical modes guided by this kind of fibres can be calculated by solving
Maxwell’s equations with the corresponding boundary conditions. For harmonic fields
of frequency w, the modes of the fibre are those electromagnetic waves that propagate
with a defined propagation factor, k. In this case, the electric (E) and magnetic (H)

fields can be written as

E = e(r, ¢) e/ =) o)
2.1
H = h(r, ¢) e/ k=D

with components

e=er+e,d+e,z
(2.2)

h=h.r+hgdp+h.z,
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2.1. Optical modes of optical fibres

being r, ¢ and z the unitary vectors in the directions r, ¢ and z.

In general, depending on their components, the electromagnetic modes can be
classified into different families. The modes whose e, component is equal to zero
are called transverse electric modes, TE, and the modes without h, component are
the transverse electric modes, TM. Modes with zero e, and h, components are the
transverse electric and magnetic modes, TEM, and the modes with both e, and h,

components different from zero are called hybrid modes.

Due to the axial symmetry of the fibre, it is useful to write the field amplitudes as

e—=e;t+e,2
(2.3)
h=h, +h.z,

in which e; and h; are the transversal components of the electric and magnetic fields.

In the same way, it is useful to define the transversal nabla operator as

Vt:gr+1£

or r O¢ 2 (2:4)

and the transversal propagation factor at the region i as
k? = n?k2 — k2, (2.5)

being n; the refractive index of the region ¢ and ky = w/c. With these definitions,
from Maxwell’s equations it is possible to find the relation between the longitudinal

and transversal components of the electric and magnetic fields:

A

€ k (k:VteZ — Wiz X Vthz)
' (2.6)

h; = — (kVih, + wez x Vie,).

o~
[

N

To obtain the longitudinal components of the fields, the Helmholtz equation must be

solved:

(V2 + ke, =0 27
(V2 + k;j)h, = 0.
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2. Acousto-optics fundamentals

The cylindrical symmetry of the system makes the field solutions separable in
cylindrical coordinates, being the fields the product of a function depending on the
radial coordinate r and a function depending on the azimuthal coordinate ¢. The
solutions for the ¢-dependent part of the fields are harmonic functions, and the
solutions for the r-dependent part are combinations of Bessel functions of first and

second kind. With all these considerations, the electric and magnetic fields result in

e = Ro(r) sin(ng) b = R(r) —cos(ng)
cos(ng) sin(ne)
cos(no) sin(ng)
ey = Se(r he = Sh(r) (2.8)
’ — sin(ng) ¢ " cos(ng)
e. = T,(r) —sin(ne) he = To(r) cos(ne)
— cos(ng) — sin(ng)

being n an integer number, which results from the solution of the differential equation

for ¢, and indicates the angular order of the modes.

To find the solutions for the r-dependent part of the fields with physical meaning,
we must take into account that the electric and magnetic fields have to take a finite
value at every point of the space, and must tend to zero when r tends to infinite. This
constrains the kinds of Bessel functions that are solution of the fields at each region
of the fibre. Taking this into account, the expression for the r-dependent part of the
fields at the region 1 (the core of the fibre) results in

_ kO [ k / . Zon
Re1 = i Ay o Jn(kjﬂ‘) + ]Bl Tor Jn(lﬁ’l“):|
v = B0 [ 4, K s ) + 1By Zo (k)
el—kl-lkoklrn 1r JDB14odp\R1T
Te1 = AvJn(kar)
ko [ . k n2n (2.9)
_ A . 1
Rhl = kl _Bl ko Jn(k‘l’l") +jAlek1TJn(k17"):|
ko[, kn _on?
Shl = kil _B]mJn(klr) +]A1?0Jn(k17")

Thl = BlJn(klr)a
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2.1. Optical modes of optical fibres

where .J,, are the Bessel functions of first kind and order n, and J/, are their derivative
with respect to the argument. In this region of the fibre, which contains the value
r = 0, the Bessel functions of second kind are not allowed, since they do not take a
finite value at that point and therefore they are not solutions of the fields with physical

meaning.

In the region a < r < b, the fields are allowed to have terms with Bessel functions
of second kind and order n, Y,,, which take a finite value in the whole cladding, as
r = 0 is out of this region. Also, it is possible for the transversal propagation factor to
take an imaginary value, and in that case it is more convenient to use the modified
Bessel functions. If we define h; = jk;, we can also define the functions f,(¢;r) and
gn(¥ir), representing respectively the Bessel functions J, (k;r) and Y,,(k;r) when k;
is real, and the modified Bessel functions I,,(h;r) and K, (h;r) when k; is imaginary.
Using these definitions, the r-dependent part of the fields in the cladding of the fibre

can be written as

Reo = i% f{Azafn (Yar) + Asvgn (ar)} + ]@{AQafn (har) + A2bgn(¢27")}}
Se2 = Ko |_kn {Asa fr(2r) + A2vgn (W2r)} + 5 Zo{Baa fr, (1) + B2b92(1/)27“)}}
Y2 | kotar

Teo = [Aza fr(2r) + A2pgn ()]

r 2
Rpo = i% —{Agafn (o) + Aspgn (har)} + iz n2n {Agafn(%?“) + Azbgn(d)z?“)}]
Sha = i% k:kq/) {Baa fn(3p2r) + Bapgn (2r)} +37{A20fn(¢27') +A2b9n(w27“)}}

Tho = [Baafn(2r) + Bavgn (tar)],
(2.10)

where the upper sign must be used in the case when k; takes a real value, and the

lower sing should be taken when k; is imaginary.

In the third region, that is the medium that extends to infinity, k3 always takes an
imaginary value, as ng is the lowest refractive index (commonly ng = 1, if the fibre is
immersed in air). Due to this, it is more convenient to express the fields of this region
using the modified Bessel functions, with h3 in their argument. The modified Bessel

functions of first kind, I,,, grow exponentially with the radial coordinate, while those of
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2. Acousto-optics fundamentals

the second kind, K, decay exponentially. Therefore, the only solutions with physical
meaning are those involving K,,, and the fields in the third region are described by

the following expressions:

ko [ k . Zon
vy = 0| 4 g By 2K, (h
Res hs [k n(har) + 3 5 st (hsr)
S 5o [ 4y K" . (hr) + jBs Zo K (o)
3 = —— —— K, (hsr T
3 hs | Fohar 3 ]3071,3_
Teg = AgKn(hg’l“)
L , _ (2.11)
0 / . 71371
- Mgt A K
Ry B | 3k0Jn(h3r)+J 8 7o har n(h37“)_
ko [ kn .. n
= —— |Bs——K, A=K’
Sh3 B | 3 Tohiar n(har) +j 57 7 (har)

Thg = BgKn(hgT‘).

To obtain the constants A; and B;, and the propagation factor of the modes, it
is necessary to apply the boundary conditions. In absence of electric current, the
boundary conditions of electromagnetic fields require the components of the fields
parallel to the interfaces to be continuous. This, in the fibre we are analysing, results

in the following conditions:

Se1(a) = Sea(a) Sea(b) = Ses(b)
Te1(a) = Tea(a) Tea(b) = Tes(b)
(2.12)
Shi(a) = Sha(a) Sha(b) = Shs(b)
Thi(a) = Tha(a) Tha(b) = T3 (b),

being Se n; and T¢ p; the r-dependent part of ey, e, hg and h., as defined in Eq.
2.8, at the ¢ region.

Applying the boundary conditions leads to a homogeneous 8 x 8 equation system,
that can be solved to obtain the A, B and C constants. To have solutions for the
constants different from the trivial solution, the 8 equations can not be independent
between them, hence the determinant of the equation system must be zero. This

condition leads to the characteristic equation, that provides the propagation factor of
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2.1. Optical modes of optical fibres

the modes. In the case of the fibre we are analysing, this characteristic equation takes

the form:

J (kla)

kon
Zcfklla Jl (kla)
0

0

J(’ﬂa)2

0
JIn(k1a)
0
0

J(kla Ju(k1a)
0
0
Jn(kra)
oo g3, (kya)
0
0

_fn (1112 a)
Z’?ﬁ;a fr(2a)
_fn ("/J2 b)
kgn2

Z0w2bf/ (¢2 )
0

F e n(V20) Figapgn(20)

_gn(¢2a)
RO o (2a)
—gn (1/12 b)

k
+ Z()O;L;bgn(wQ )

0

0 0
:F%f" (v2b) :F%gn(ﬂéb)
0 0
nk nk
£ 50ae fn1 o g
0 0
iﬁfn(lﬁzb) ij(d, b) o072 In (Y2b)
—fu(i20) —gn(1h20)
+ li/(;)fao n(¢2a) + ]iZ)ZZaO g;L(sza)
— fn(12b) —gn (1)2b)
TR0 1 (b)) FEZag! (iyh)

0
0
K, (hsb)
Je K (hab)
0
0
0
~ sty Kn (hab)

J(k b) —0.

0

0

0
Kn(hat) (2.13)
0

0

~ 20 K, (hsb)

In the particular case of the fibre we are describing, TE'M modes are not allowed.

TFE and T'M modes are allowed, and are the solutions for the case n = 0, so their fields

are axially symmetric. All the modes with n > 0 are hybrid modes, and attending

to their field distribution are called HE or EH modes. The modes that propagate

with effective indices between n; and no are called core modes, and their fields are

mainly confined to the core. The modes that propagate with an index between nq

and ng are referred as cladding modes, and their fields extend through the whole fibre,

including the cladding area. The modes behave as core modes for short wavelengths,

and above a certain wavelength, referred as the cut-off wavelength (different for each

mode), they behave as cladding modes. The only exception is the fundamental mode,
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2. Acousto-optics fundamentals

HF41, that is the mode propagating with the higher effective index, which is a core
mode for every value of the wavelength, not having cut-off wavelength. However, it is
worth to note that the fields of the fundamental mode spread across the fibre as the
wavelength increases, and for large values of A they can spread through a significant
portion of the cladding. For n = 0, the upper set of trigonometric functions of Eq.
2.8 gives rise to modes with azimuthal polarisation, having only ¢ component for the
electric field, and r and z components for the magnetic field, being those T'E' modes.
The lower set of trigonometric functions leads to modes with radial polarisation,
having the electric field r and z components, and the magnetic field only ¢ component,
making those modes TM. For n > 0, the hybrid modes, both the upper and lower
set of trigonometric functions of Eq. 2.8 can be used, being each of these modes two
orthogonal and degenerated modes. This degeneration comes from the axial symmetry
of the fibre, and disappears in fibres in which the axial symmetry is broken. This is

the base, for example, of polarisation-maintaining fibres.

The characteristic equation (Eq. 2.13), for a certain angular order n, has more than
one solution. In a given family of modes with same n, the modes can be classified into
two types, with different field structure. In the case of n = 0, these are the TM and
TFE modes, and for n > 0, the HE and FH modes. Within each of these types of
modes, the modes are differentiated by their radial order, m, which is the number of
modal rings in the fields, having the modes lower effective index as m increases. The
usual nomenclature, and the one used in this thesis, to refer to the modes contains
two subindexes, the first indicating the angular order and the second the radial order.

In this way, the modes can be T'Eg,,, T Mo, HE,;, and EH,,p,.

The most useful representation of the dispersion relation for experimental work
is the effective index of the modes, n.sy, as a function of the wavelength, A, being
nefs = k/ko. Usually, the properties of optical fibres are given with two parameters:
the numerical aperture, NA = m, and the cut-off wavelength of the first
higher-order mode, A.. Considering that the index of the cladding, ns, is the index of

silica, and that we know the index of the external medium and the external radius, it
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2.1. Optical modes of optical fibres

is possible to calculate the dispersion relation of the different modes. In the following
examples, the calculation of the dispersion relation has been done using the parameters
of a standard telecommunications fibre, Corning SMF-28, which has been the most
used fibre in our experiments. We considered A, = 1.4um, NA = 0.12, the fibre

immersed in air (ng = 1), and a fibre diameter 2b = 125 um.

1.45

Neff

1.44 - —— Fundamental mode (HE11)

—— Higher order modes
\ \ \ \
1.0 1.2 1.4 1.6 1.8 2.0

A/nm

Figure 2.2: Modal index as a function of wavelength for the first modes of an optical

fibre with A\ = 1.4 um, NA =0.12, 2b = 125 ym and nsz = 1.

Figure 2.2 shows the first modes of a fibre as the SMF-28 described. It is possible to
see how the effective index of the fundamental mode is contained between ni and no,
while the other modes, cladding modes, propagate with n.ys < no. In this example,
the second mode propagates with n.ss > ny for wavelengths below A, (by definition
its cut-off wavelength), being a core mode, and above X, it propagates with n.s¢ < no,

evolving to a cladding mode.

For more clarity, in Fig. 2.3 it is depicted n.ss — ng of the first modes, organised
by the angular order n. Notice that, in the particular case of n = 1, the first mode,
which is the fundamental mode, does not lay within the scale of the figure (it can be
seen in Fig. 2.2). For the case n = 0, the modes appear in pairs of quasi-degenerated

modes, and studying their fields it can be concluded that the two modes of each pair
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Figure 2.3: Dispersion curve of the first modes of the different families of modes with

different angular order n, for the fibre described in the text.
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2.1. Optical modes of optical fibres

are a T Ey,, and the corresponding T'Mj,, mode. In the case n = 1, the H F1,, modes
appear alternately with the E'H1,, modes, being the first the fundamental H Fy; mode
(not shown in this figure). This is also true for n > 1, however it must be taken into
account that the cut-off of a mode can affect the dispersion curves of other modes,
modifying the mentioned sequence. In the represented range of wavelength, this effect
can be seen for n = 2. In the depicted range, the H F5; mode has its cut-off, influencing
the dispersion relation of the higher H Fs,,, modes. This leads to anticrossings between
the H Esp, and the EHy(,_1) modes for m > 1, creating regions in which the modes
have mixed properties between them. This feature is particularly relevant in our case,
since one of the family of modes that can be excited with acousto-optics is the H Eo,,
(m=1,2...). On the contrary, FH,,, modes are very difficult to be excited through a
coupling from the fundamental mode, since the field intensity at the core is very small
(at least in the case of low angular order n), and therefore the overlapping between

their fields and those of the fundamental mode is also small.

Figure 2.4 (a) shows a detail of Fig. 2.3 for the case n = 2 , at the region where the
second and third modes have most similar effective indices, which shows an anticrossing.
These particular modes have the combined properties of the HE and EH modes. The
second mode behaves as the H Eoo for wavelengths far below the anticrossing, and
as the FHy, far above, while the third mode shows the complementary behaviour.
At the region of the anticrossing, the modes are not longer HE/EH, having mixed
properties of both.

The change in the properties of the modes can be clearly understood by looking
at the fields of the two branches. Figure 2.4 (b)-(c) shows the average intensity of
the fields as a function of the radius of the second and third modes respectively. In
both, dotted lines represent the radial intensity distribution of the T'Ey; mode, that
has been included as a reference. As discussed below, in a fibre as the one we are
describing, the properties of the H E55 mode, with the exception of the polarisation
structure of the fields, are very similar to those of the T'Eys and T' My modes, and the

EH modes are characterised by guiding almost all the intensity by the cladding (for
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Figure 2.4: (a) Detail of the dispersion curve of the second and third modes with n = 2
at the wavelength range around the anticrossing. Normalized intensity I as a function
of the fibre radius for the second (b) and third (c) modes at different wavelengths.

Dotted lines are the intensity of the T'Fyp2 mode at the same wavelengths.

low mode orders). In these figures it can be seen how, for wavelengths far below the
anticrossing, the second mode has a radial intensity distribution very similar to the
T Ey> mode, indicating H Foy properties, and the third mode behaves as the FHoq,
with no intensity in the core. The profile then changes at the region of the anticrossing,
and above it is the third mode the one that has an intensity profile similar to the T'Eys

mode, and the second the one that guides almost all the intensity by the cladding.
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2.1. Optical modes of optical fibres

Some of the modes depicted in 2.3 are quasi-degenerated, having a very similar
dispersion relation. This is the case, for example, of the T Ey,,, T My,, and HFEj5,,
modes, which also share a very similar intensity distribution but different polarisa-
tion properties (see Fig. 2.5). In work with standard optical fibres, in which this
degeneration is strong, it is common to employ the linearly polarised LP modes. In
this way, in the LP approximation, L P modes are quasi-linearly polarised modes,
combination of quasi-degenerated TE, TM, EH and HE modes. The combination

and usual nomenclature are as follow:

LPOm — HElm
Lle — HE2m7 TEOm; TMOm (214)

LP,, — HE(n—i—l)mv EH(n—l)mv (TL > 2)7

taking into account that each HE and FH mode is, in fact, two orthogonally polarised

degenerated modes.

As discussed below in section 2.4, another highly relevant characteristic of the
modes for acousto-optic interaction is the field distribution across the fibre. Figure 2.5
shows the transversal electric and magnetic field vectors, and the transversal intensity
distribution, of different modes. The calculations have been made considering the
SMF-28 fibre previously described (A, = 1.4 um, NA = 0.12, 2b = 125 ym, n3z = 1).
The optical wavelength was A = 1550 nm, a standard wavelength at which the SMF-28
is designed to operate. This wavelength is above the cut-off wavelength of the fibre,
and hence lies in the single-mode range of the fibre. Therefore, in the modes depicted

in Fig. 2.5, only the fundamental mode (HE;7) is guided by the core.

Figure 2.5 exemplifies the properties of the different families of modes. TE and T'M
modes, with n = 0, are axially symmetric. As we already discussed, T'F’ modes have
azimuthal electric field and radial magnetic field, while in TM modes the magnetic
field is azimuthal and the electric field is radial. The intensity profile of these modes
partially overlaps the core region, and for the wavelength used in the calculations, the

highest intensity takes place inside the core, near the interface.

27



2. Acousto-optics fundamentals

HE11 HE12

Figure 2.5: Electric field (black arrows), magnetic field (red arrows) and intensity (max-
imum value in red, zero in white) of different optical modes. Inner black circumference

represents r = a (core), and outer circumference represents r = b (cladding).
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2.1. Optical modes of optical fibres

EHa

Figure 2.5: Electric field (black arrows), magnetic field (red arrows) and intensity (max-
imum value in red, zero in white) of different optical modes. Inner black circumference

represents r = a (core), and outer circumference represents r = b (cladding).
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HFE4,, modes are quasi-linearly polarised, giving rise to the LP,,, modes by them-
selves, and also carry intensity in the core. As the polarisation near the nodal rings
becomes less linear, increasing the radial order decreases the quasi-linearly polarised
character of the modes. These modes are the only case in which the intensity is
different from zero at strictly » = 0. A special case is the H E1; mode, the fundamental
mode, always guided by the core, and after the interface r = a its intensity decays
exponentially. Due to this, the scale used to depict this mode is different than for the
others, and the black circumference represents the core of the fibre. This mode has a
Gaussian-like intensity profile, being the only one whose maximum intensity lies at

r=20.

The fields of HFE,,, modes are radial for an angle and azimuthal for that angle
plus 7/(2n). The characteristics of H Es,,, as we discussed, are similar to the T Eq,,
and T My,, modes, being with them part of the LP;,, modes. Similarly to TE and
TM modes, HFE5,, modes carry intensity in the core of the fibre, mainly in the area
close to the interface r = a. For the modes that compose the LP;,, modes, the ratio
of intensity carried by the core with respect to the total intensity increases with the
radial order of the mode. This has repercussions in the acousto-optic interaction, as

discussed in section 2.4.

FE H modes exhibit a more complex polarisation structure. They have a number
of poles equal to double their azimuthal order, going the field lines from one to
another. The most important characteristic of these modes, concerning to acousto-
optic interaction, is the low intensity carried by the core. However, this occurs only
for FH modes with low angular orders. As the angular order increases, so does the

overlapping between the fields and the core area.

For all modes, the ratio of intensity carried by the core with respect to the cladding
depends on the wavelength, specially around the cut-off wavelength of the fibre. In
our experiments this is more relevant in the case of the modes that form the LP;;

mode, as the cut-off wavelengths of higher-order modes were far below the wavelength
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2.2. Elastic modes of optical fibres

employed in our experiments. Figure 2.6 shows the radial intensity profile of the H Eo;
mode at different wavelengths, below and above the cut-off wavelength (1.4 pm). This
figure shows how, for wavelengths far below the cut-off wavelength, the light is highly
confined in the core. At the cut-off wavelength, the fraction of energy carried by the
cladding is higher, and for wavelengths above the cut-off, the majority of the intensity
is guided by the cladding, but still a relevant fraction of the fields is confined at the

core area, as it corresponds to an HF cladding mode.
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Figure 2.6: Intensity carried by the H F2; mode as a function of the radius, for different

wavelengths. The curves have been normalized to the same total intensity (same area).

2.2 Elastic modes of optical fibres

From the point of view of its mechanical properties, an optical fibre constitutes a
cylindrical waveguide for elastic waves. In principle, this cylindrical waveguide has a
multilayer structure, due to the core and cladding configuration. Nevertheless, since
the acoustic wavelength of the elastic waves that we will propagate along fibres in our
experiments is much larger than the core radius, and the elastic properties of core
and cladding are very similar, optical fibres can be treated as homogeneous silica rods

while considering them as acoustic waveguides, showing isotropy due to the amorphous
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structure of the silica. Therefore, the propagation of elastic waves in silica optical fibres
will follow the solutions of the elastic equations in solid, cylindrical, homogeneous and
isotropic rods, largely discussed in the literature [2—6]. In this section, we summarise
the theoretical analysis of the guidance of elastic waves in optical fibres, focusing in
those results that concern the acousto-optics experiments discussed further in this

thesis.

As in the electromagnetic case solved in section 2.1, due to the cylindrical symmetry
of fibres, the cylindrical coordinate system is the most suited for this problem, being r
the radial, ¢ the azimuthal and z the axial coordinates, and b the radius of the fibre

cladding.

Figure 2.7: Cylindrical coordinate system in an optical fibre.

If u is the displacement vector that describes the movement of the particles caused
by the acoustic wave, and u,, ug and u, its cylindrical components, for an homogeneous,
isotropic and linear medium, the wave function that elastic waves follow in optical

fibres is

0%u

(A+2u)V(V~u)—qu(qu)—pw

=0, (2.15)

in which A and p are the Lamé coefficients. Because of the cylindrical symmetry, the
displacement vector is separable in cylindrical coordinates. The azimuthal functions

are harmonic functions, and the radial functions are a combination of Bessel functions
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of first kind:

sin(ng) I (K 2—9t)

u, = U(r)
cos(ng)

ug = V() d O ea—an (2.16)
— sin(ng)

e = W(r) sin(ng) QI

cos(ng)

where () is the acoustic angular frequency, K is the propagation factor and n is an
integer indicating the azimuthal order of the wave, resulting from the solution of the
differential equation for the angular part of the displacement. The radial functions
U(r), V(r) and W (r) satisfy that

Ur) = AKqJ,(Kar) +j BK J,(Kyr) + C = J, (Kq )

n . Kn ,
Vi(r)= A;Jn(KdT) +]BEJn(Kt r)+C Ky J, (K¢ r) (2.17)
t
Wr)=—-jAK J,(Kqr) — BK; J, (K r),

in which K; and K; are the dilatational and transversal propagation factors, given by

Ki=—-K°
C
¢ (2.18)
2 Q 2
Kt - 5 —K .
C

cq and ¢; are the dilatational and transversal velocities, and are related to the Lamé

coefficients and the density p of the material, satisfying that

[x+2
o= 22 = B (2.19)
p p

For silica, at room temperature and pressure, the value of the Lamé coefficients
are A = 16.1 GPa and p = 31.2GPa, which result in a value of the velocities of
cg = 5975m/s and ¢; = 3764m/s. It is also common to express the mechanical
properties of materials with the Young’s modulus, F, and the Poisson’s ratio, o, both
related with Lamé coefficients through

3+ 2p > A
PN E e T )

(2.20)
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For silica, E = 73 GPa and o = 0.17.

The coeflicients A, B and C of Eq. 2.17 must be obtained by applying the boundary
conditions. In a rod in free air, these boundary conditions are given by the stress-free
boundary assumption, implying that there is not radial traction at the surface of the
cylinder. The stress tensor 7;; is defined by

OF;

Ti' = 4O
17 94,

(2.21)

being F; the ¢ component of the force applied by the acoustic wave over the area in the
direction j, A;. With these definitions, the stress-free boundary assumption implies

that

Ty =Tpo =Tpp =0 (2.22)

at r = b. According to [2], these components of the stress tensor take the following

form in cylindrical coordinates:

1 ou,. 18u¢ ou,, B
1 Ou,  Ouy\
TTZW”(@Z * 87")0 (2.23)
B i 1 0u, 8u¢ Cug)
T,,.¢ = 'U, (7" a¢ + , > - 0

The substitution of the displacement fields (Eq. 2.16) in Eq. 2.23 leads to a 3 x 3
system of equations. Since this is an homogeneous system, if there must be solutions
different from the trivial, the determinant of the system should be equal to 0. By
manipulating the determinant it is possible to find a compact form of the characteristic

equation as follows,

n—1-qg(X -1 n*-1-¢2X-1) 2(n*—1)[ym(q)—n]—@2X -1)
Yn(gqa) —n — 1 Ynlgqe) —n —1 2n? — 2 [yn(q) —n] — g3 (2X — 1) | =0,
Yn(qa) —n (1= X) [yn(g:) —nl n?
(2.24)
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in which the following definitions have been used:

@ =bK,
qa =bKqy
P sz (2.25)
2¢;
_ Jn-1(q)

The solutions of Eq. 2.24 can be classified into three families of modes, attending
to the displacement of the particles while an acoustic wave propagates along the rod.
These families are the longitudinal, torsional and flexural modes, and a scheme of the

movement that they produce in a rod can be found in Fig. 2.8.

—» 4

(b)

Figure 2.8: Scheme of the displacement caused by the propagation of the different

acoustic modes: (a) longitudinal, (b) torsional and (c) flexural.

2.2.1 Torsional and longitudinal modes

The first particular case of interest of Eq. 2.24 is the case of the modes with n = 0,
which do not have a dependency with the azimuthal angle and are axially symmetric.
These modes were not generated in any of our experiments, but we discuss their

properties here for a complete overview of the behaviour of an optical fibre as an
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acoustic waveguide. By using these Bessel functions relations,

2n +1

Jn-1(q) + Jny1(q) = Jn(q)

q (2.26)

it can be found that Eq. 2.24 factorises into two terms:

2
ala) { (X = 1Pntan) + (25X ~1) n(@) - X} =0 21)

d
The first equation, Ja(g:) = 0, gives the dispersion relation using the upper set of
trigonometric functions of Eq. 2.16. In this case, as n = 0, u, = u, = 0, and these
modes have only ¢ component. These are the torsional modes. The second term of
Eq. 2.27 gives the dispersion relation using the lower set of trigonometric functions,

case in which uy4 = 0, the longitudinal modes.

By numerically solving the characteristic equation, the dispersion curves can be
obtained. For the cases in which ¢; or ¢4 take imaginary values, the modified Bessel

functions of first kind, I,,, can be employed using that
Jn(iq) = i"I,(q). (2.28)

To represent the dispersion relations, it is useful to employ the normalized frequency,
Fb/c;, being F the acoustic frequency, F' = Q/(27). It is also convenient to express
the acoustic velocity with respect to the extensional velocity, ce,; = \/ﬁ , that is the
speed at which a longitudinal wave would propagate in the regime of low normalized
frequencies. In the case of silica, cep: = 5760m/s. Figures 2.9 and 2.10 show the

dispersion curves of the first torsional and longitudinal modes.

Every mode, with the exception of the fundamental longitudinal and torsional modes,
has a cut-off frequency. This implies that, in the regime of low normalized frequencies,
the rod is a single-mode guide for each family of modes. In the case of torsional
modes, the fundamental one is the only strictly non-dispersive mode, propagating at
exactly ¢ = ¢; at every frequency. The fundamental longitudinal mode behaves as a

non-dispersive mode only for low normalized frequencies, with ¢ = ceyy.
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Figure 2.9: Dispersion relation of the lowest order torsional modes.
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Figure 2.10: Dispersion relation of the lowest order longitudinal modes.

2.2.2 Flexural modes

The elastic modes with n > 0 have a displacement distribution with a dependency
on the azimuthal angle, and are called flexural modes. In this case, all the three
components of the displacement can be different from zero. Both the upper and
the lower set of trigonometric functions of Eq. 2.16 are solutions for the flexural

modes, and therefore for every solution of the dispersion equation there exist two
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orthogonally polarised and degenerated modes. This degeneration has its origin in
the axial symmetry of the rod, and would be broken in a non-cylindrical optical fibre.
However, for the application in optical fibres this is not usually a concern. Even though
some fibres, such as polarisation maintaining fibres, have a non-axially symmetric core,
their cladding is cylindrical. Since the core has very similar elastic properties than
the cladding, they can still be considered cylinders from the acoustic point of view.
However, highly optically birefringent fibres can exhibit a slight ellipticity in their

cladding, leading to acoustic birefringence [7].
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Fb/Ct

Figure 2.11: Dispersion relation of the lower order flexural modes for n = 1. Shade

shows the region in which the experiments discussed in this thesis were performed.

Figure 2.11 shows the first flexural modes for n = 1. All the flexural modes, with
the exception of the fundamental mode (the one with lowest velocity), have a cut-off
frequency, making the fibre single-mode for flexural modes in the low normalized
frequencies range, as in the case of the other families of modes. In the experiments
discussed in this thesis, the acoustic frequency was around 2 MHz, with the exception
of some cases in which it was higher, but never reaching 10 MHz. All the fibres
employed had a radius of 62.5 yum, making the largest normalized frequency 0.16. In
these conditions, the fibre is operating in its single-mode regime for flexural modes,

and only the fundamental flexural mode exists. Additionally, the only modes we

38



2.2. Elastic modes of optical fibres

generated were flexural modes, then the only acoustic mode involved in the experiments
was the fundamental flexural mode. In the mentioned low frequency region, the
fundamental flexural mode is a dispersive mode with a frequency dependent group
velocity. Particularly, in the case of F' = 2MHz, the phase velocity is ¢ = 1440m/s,
the group velocity ¢, = 2750 m/s and the dispersion dey/dF = 790 (m/s)/MHz.

5
< |
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=

0 .

Fbjey =3 ! Fb/c; =10
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Figure 2.12: Cylindrical components of the displacement of the fundamental flexural

mode as a function of r/b for different values of the normalized frequency.

Figure 2.12 shows the radial functions of the displacement, U, V and W (Eq. 2.17),
for the fundamental flexural mode and for different values of the normalized frequency.
The axial component, W, is represented multiplied by j because it is 7/2 out of phase
with respect to the transversal components. The transversal displacement distribution
of the fundamental flexural mode across the section of the rod, for the same values

of the normalized frequencies, can be seen in Fig. 2.13. It is important not to forget
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Figure 2.13: Transversal components of the displacement vectors for different normalized

frequencies, and intensity map (red represents the maximum value, and white zero).

that, in the case of flexural modes, these functions are the part of the displacement
components depending on the radius, and are modulated by a function dependent
on the azimuthal angle (Eq. 2.16). From Fig. 2.12 and 2.13 it can be seen how, in
the range of low normalized frequencies, the transversal displacement is quasi linearly
polarised, introducing a bending in the rod, stretching it in one side along the z
direction and compressing it in the other (see Fig. 2.8 (¢)). However, as the normalized
frequency increases, the radial component of the displacement starts to predominate

over the azimuthal component, and the displacement becomes less uniform in the cross
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section, being weaker in the centre of the fibre. In the limit of very high normalized
frequencies, the displacement has only radial component, and it is confined to the

surface of the rod, giving rise to a surface wave.

In the low frequencies regime, the displacement vector of the acoustic wave guided
by the fundamental flexural mode depends linearly on the y coordinate, and it can be

written as

u = ug 6i(Kzth)y T ug, % ei(Kz—QHw/z)z’ (2.29)

where we have chosen the y direction (unitary vector y) as the vibration direction, ug
is the transversal amplitude of vibration and ug, the axial amplitude of vibration at

r=>o.

As it will be discussed in the following section, a relevant quantity for the acousto-
optic interaction is the acoustic wavelength, A, being A = K/(27) = ¢/F. In the
regime of low normalized frequencies, the dispersion relation of the fundamental

flexural mode can be approximated by an analytical expression,

mb Cext
Ay = , 2.
- (2:30)

where A, in the approximated acoustic wavelength. Figure 2.14 shows the approxi-
mated acoustic wavelength calculated with Eq. 2.30 and the exact one calculated using
Eq. 2.24. In that figure, it can also be seen the error introduced by the approximation
as a function of the frequency. As Fig. 2.14 shows, the approximated expression
gives good results for low frequencies, but the error increases with the frequency,
and at 10 MHz it introduces already an almost 30% error. Most of our experiments
are performed with acoustic waves around 2 MHz, for which the error is close to 6%.
As the acoustic wavelength is a critical parameter in acousto-optics experiments, we
employed the exact calculations instead of the approximation given by Eq. 2.30. We
also experimentally proved the validity of the exact calculations, as shown below in

Fig. 3.2.
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Figure 2.14: Exact and approximated (calculated from Eq. 2.30) acoustic wavelength

as a function of frequency (left axis) and error of the approximation (right axis).

2.3 The effect of an elastic wave in an optical fibre

The propagation of the fundamental flexural mode in an optical fibre, in the low
normalized frequency regime, induces a periodic strain, whose periodicity corresponds
to the spatial periodicity of the acoustic wave, A. This strain causes a perturbation in
the phase of the fields through two contributions. First of all, there is a geometrical
contribution, the stretching and compression physically variate the length of the fibre,
and therefore the optical path of the guided light. On the other hand, there is a
contribution from the material, as the strain modifies the refractive index of the silica
due to the elasto-optic effect. The effect of both contributions on the modal phase
can be evaluated considering that both produce a change of an effective refractive
index, nefs. From the geometrical contribution, if we call s = AL/L the relative
stretching of the fibre in the axial direction, the effect of s in the effective index will
be dnery = ners s. The elasto-optic effect produces a variation of the refractive index

of the material, n, following én = —n s x, being x the elasto-optic coefficient (0.22 for
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silica), so the contribution to the effective index change will be dn.r; = —neys s x.

Taking both contributions into account, the change in the effective index results in
Oness _ (1-x)s, (2.31)
Neff

being the fist term the contribution of the increase of the optical path with the

stretching of the fibre and the second term the contribution of the elasto-optic effect.

A positive strain reduces the material refractive index elasto-optically, although the

change in the length of the optical path increases the effective index. This geometrical

effect, in the case of silica, predominates over the material contribution.

An acoustic wave of the form of Eq. 2.29 will produce a relative stretching equal to
s = so cos(Kz — Qt), then the variation of the effective index will take the form

5neff _

s0 (1 —x) cos(Kz — ), (2.32)
Neff

which can be rewritten as
Mess _ dng cos(Kz — Q). (2.33)
Neff
In a wave like the one described by Eq. 2.29, the relative stretching will satisfy
that sg = K ug, y/b, according to [2]. In the limit of very low normalized frequencies
of the fundamental flexural mode, the axial and transversal amplitudes satisfy that
ug, = b K ug, so the stretching can be written as a function of the transversal amplitude,
so = K2 yug. In the conditions of the majority of our experiments (F' = 2 MHz and
b = 62.5 um), this approximation introduces an error of 10%. Notice that this error
results in a constant multiplying the amplitude of the effective index variation, however
it will not be relevant in the analysis. Additionally, the linear dependence with the y
coordinate is also an approximation, and its validity is relevant in the further discussion.
Nonetheless, in the same conditions, the error in the effective index variation introduced

by assuming this linearity is negligible.

In cylindrical coordinates, the linear dependence with y (depicted in Fig. 2.15)

corresponds to a sinusoidal dependence with the azimuthal coordinate ¢, causing the
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Figure 2.15: Scheme of the effective index modulation caused by a flexural elastic wave.

perturbation to be anti-symmetric in the transverse plane of the fibre. This symmetry
constitutes a selection rule for the optical modes that could be coupled by the elastic

wave, analysed below.

2.4 Coupled mode theory

The perturbation in the refractive index caused by acoustic waves is small, and
then it can be treated using a perturbation theory [1]. As, in general, acousto-optic
interaction causes coupling from one mode to another, the problem can be tackled

considering a guide with only two modes.

Let’s consider an electromagnetic waveguide described by dielectric permittivity e
and magnetic permeability pg, that guides two modes whose electric and magnetic

fields can be written as
E; = e;(z,y) /@ 7H)
‘ (2.34)
H, = hy(z,y) o/ 42),
where k; (i = 1,2) is the propagation factor of the mode i. When a small perturbation
is introduced, the new system is described by the dielectric permittivity € + de and
magnetic permeability pg, being de < e. We can assume that the fields of the new

system would be a linear combination of the fields of the original modes, and, in

principle, we can consider the general case when the frequency of the two original
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modes is different. The fields of the perturbed waveguide could then be written as

E = A(2) e /@HF12) 1 Ay (2) eg e (W2tH22) o)
2.35
H = Ay (2) hy &/ @F12) 4 Ay (2) hy el (W2t—k22)

where A; and As are the amplitudes of each original mode.

If the perturbation is harmonic in time and in z, as it is the case of interest, so it

can be described by

de = Jeg e/ (K=, (2.36)

and we assume w — wy < w and ) <K w, using Maxwell’s equations in Eq. 2.35 it can

be found a system of differential equations for the coefficients A; and As:

diAl — _je+j9t€+j(k1—k2—K)Z C A,
dz (2.37)
diAQ _ _je—the—j(kl—kg—K)z C* A17
z
being C the coupling coefficient, defined as
C= w/ 550 8192* dS, (238)
s

in which S is the infinite transversal section and the fields are normalized to satisfy

By solving Eq. 2.37 considering that the fields at z = 0 are equal to the fields of the

mode 1, so the initial conditions are A2(0)=0 and %(0) =0, it can be found that:

j6z
el
Al =

——— |—jdsen(v/C? 4+ 02z) + \/ C? + 52 cos(/ C? + 62z2)
VO? 62 { } (2.40)

; ; 1
Ay = —j C e~ i =302 m sen( /C2 + 522)7

in which the parameter § is the so-called detuning factor, defined as
1
0= §(k1 —ky — K). (2.41)
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From Eq. 2.40 it can be seen how the A; and A, coefficients, and therefore the
coupling between the modes 1 and 2, is maximum when §=0. This is the phase
matching condition, that comes from the conservation of momentum. As introduces a
time-dependent phase to the fields of the mode 2, resulting in a shift in the frequency
equal to €, which is the frequency of the index perturbation, coming from the
conservation of energy. Nonetheless, in the case concerning to this thesis, €2 is never
higher than a few MHz, while the optical frequency w is 8 orders of magnitude above.
The optical frequency shift was then never noticeable in our experiments, and we are
not taking it into consideration in further discussion. However, this frequency shift
can be measured with interferometric methods, and some applications are based on it

[8, 9].

Attending to Eq. 2.35, if the total power guided by the waveguide is Py, in the case
in which at z = 0 all the power is carried by the mode 1, the power carried by the
modes 1 (P;) and 2 (P) at z = L would be

Cc? . 9
P, =P, msm (L C? + (52)
o2 (2.42)
Pi=P - Pz 5 sin? (L\/CQ T 52) .

As said, the maximum coupling of power is produced when the phase matching
condition is satisfied, with § = 0. In acousto-optic interaction, the optical wavelength
at which this occurs is called resonance wavelength, Ag. From the definition of ¢ (Eq.

2.41), it can be conclude that the resonance wavelength follows the expression
)\R = A?’Leff A, (2.43)

where Ancyy is the difference between the effective indices of the two coupled modes,
and A = 27/K is the spatial period of the perturbation (in the case of acousto-optic
interaction, the acoustic wavelength). At resonance, Eq. 2.42 becomes

Py yes = Py sin?(C' L)

(2.44)
Pies =Py [1—sin*(CL)],
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which show a power transference periodic with C' L, being maximum for values of C' L

multiple of 7/2.
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Figure 2.16: Power carried by the modes 1 and 2 as a function of the detuning,
considering that at the beginning of the interaction region all the power is carried by

the mode 1.

Figure 2.16 shows P, and P> as a function of the detuning, considering that at
the beginning of the interaction region all the light is carried by the mode 1. It can
be seen how, for small values of the coupling coefficient, the coupled power is small,

increasing with C' until C' L = /2, when all the light that satisfies § = 0 is coupled to
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the second mode. If C' L increases, the light starts to be recoupled to the mode 1, in a

cyclic process.

In acousto-optics interaction, the perturbation de, which appears in the expression of
the coupled coefficient (Eq. 2.38), is produced by the acoustic wave, being deg = 2ndny,
with ng as defined in Eq. 2.33. In the particular case of an acoustic wave guided by
the fundamental flexural mode in the low frequency regime, as we discussed in the
previous section, dng can be written as dng = K2yug (1 — x). Therefore, for this
particular case, the expression of C' written in Eq. 2.38 can be expressed as:

C = wep2nep K2 up(l fx)/s ere;ydS, (2.45)

¥
where Sy is now the section of the fibre, the area to which the perturbation is limited.
The coupling coefficient, and hence the efficiency of the coupling, depends then on the
acoustic amplitude, the elasto-optic coeflicient, the frequency of the light, the effective
index and the overlapping between the acoustic and optical field distributions across

the fibre. In cylindrical coordinates, C' takes the form:

2 b
C=0C / / ey e r?sin(¢)drde, (2.46)
0 0

in which we defined Cy = ws()QneffK2 uo(1 — x).

As shown in Eq. 2.8, the electric fields are separable in cylindrical coordinates,
so would be their product. Therefore, e;e3 would have a r-dependent part, R(r),
multiplied by a combination of the trigonometric functions of Eq. 2.8. Depending
whether we use the lower or upper set of these trigonometric function, the angular
part of eje; can take different forms. However, some combinations cancel the angular
integral. The modes whose fields make the angular integral different from 0 are set
by the angular properties of the perturbation, which acts as a selection rule for the
optical modes between which the coupling can be produced. In the case of the acoustic
wave we are describing, the perturbation depends linearly on y (rsin(¢) in cylindrical
coordinates), so the angular integral of Eq. 2.46 can ounly be different from 0 if one of

the modes uses the upper set of trigonometric functions and the other the lower, or
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vice versa, what is to say that the coupled modes are 7/2 out of phase in the azimuthal
angle with respect to each other. In this case, the expression of the coupling coefficient
is

b 27
C=0C /0 r2R(r)dr /O sin(n1¢) cos(ng¢) sin(¢)de. (2.47)

In our experiments, all the light is guided at the beginning of the interaction region
by the fundamental mode, so the mode 1 is the HE1; (or LPy;) mode, and then ny = 1.
In this particular case, the angular integral of Eq. 2.47 results in 2 sin(27 ny)/(2n2 —n3),

and the only values of ny that do not cancel the angular integral are ny = 0 or ng = 2.

For the coupling coefficient to be different from zero, the radial integral of equation
2.47 must also be different from zero, implying that the r-dependent part of the modes
must overlap. Since the fields of the fundamental mode are mainly contained in the
core of the fibre, this implies that the mode to which the light is coupled also has to
carry intensity in the core. This excludes the FH modes, which, at least for low radial

orders, have approximately no field in the core, as discussed previously in section 2.1.

Under these considerations, the only modes to which the fundamental mode can
be coupled by the fundamental flexural acoustic mode are the T Ey,,, T My,, and
H Fs,,, modes, which are the modes that give rise to LP;,, modes. In Fig. 2.17 it
can be seen the coupling coefficient as a function of the optical wavelength, for the
coupling between the fundamental and the first higher-order modes, considering the
same fibre parameters used for the calculations in section 2.1 (A, = 1.4 um, NA = 0.12,
2b = 125 um, n3 = 1). The black line shows the coupling coefficient in the case of
the coupling between the fundamental mode and the three modes forming the LPq,
which is very similar for the three of them, being indistinguishable in the scale of
the figure. The coupling is strong for short wavelengths, in which the LP;; mode is
a core mode, and its fields are confined in the core, being its overlapping with the
fundamental mode larger. After the cut-off wavelength, the fields spread through the
cladding, decreasing the overlapping and therefore the coupling coefficient (see Fig.

2.6). Red lines show C for the modes forming the LPj5. In this case, C for T Eyy and
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Figure 2.17: C for the coupling between the fundamental and the first higher-order

modes as a function of wavelength.

T My modes, represented by the solid line, are smooth functions, but the coupling
coefficient for the modes with n = 2 show a different behaviour. As we analysed in
section 2.1, and demonstrated in Fig. 2.4, the second and third modes with n = 2,
depending on the wavelength, have the properties of the H E5; mode, the FHs; mode,
or mixed properties between them. The second mode, represented by the dashed line,
has the properties of the H Fo5 mode for short wavelengths, and therefore its coupling
coefficient is the one corresponding to the LPj5 mode, similar to the T'Eyo and T My,
modes. For high wavelengths, the mode has the properties of the EH15 mode, hence
the coupling coefficient is close to 0. For wavelengths around 1.59 um, the properties
are not pure HE nor EH, but a mix between them. The third mode, represented by
the dotted red line, has, as expected, the complementary behaviour. This discussion
is also valid for the modes that are part of the LP;3 mode, in blue lines, but in this
case the modes switch properties around A = 1.81 um, and the wavelength region in

which the switch is produced is wider.
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3 Experimental procedures: general

aspects

In this chapter, the basic experimental arrangement employed in the experiments
carried out in this work is described, as well as the particularities of the acousto-optic
interaction implementation using harmonic acoustic waves and acoustic waves in short
packets. In the case of experiments employing acoustic waves in short packets, the
procedures to obtain fluctuations in fibre parameters from transmission fluctuations

measurements are detailed.

3.1 Basic experimental arrangement

Figure 3.1 shows a scheme of the basic experimental setup employed in the exper-
iments discussed in this thesis. In our basic acousto-optic experiment, a section of
uncoated single-mode fibre is glued to the tip of an aluminium horn, attached to a
piezoelectric transducer disc with motion normal to the disc plane. The transducer
is driven by a radio-frequency signal, generated using a function generator and a
radio-frequency amplifier with a maximum output power of 75 W. The piezoelectric
vibrates at the frequency of the electric signal, perpendicularly to the axis of the fibre,
generating a flexural acoustic wave that propagates in the fibre with the frequency of
the electric signal. Piezoelectric discs have a resonant behaviour, and the transverse
resonance frequency is set by its thickness. The fibre is illuminated, making use of

a mode stripper to ensure that only the fundamental mode is excited. After the
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3. Experimental procedures: general aspects

interaction region, part of the light is coupled to a higher-order mode, following Eq.
2.42, and removed by means of another mode stripper. At the end of the analysed
section of fibre, the remaining light carried by the fundamental mode is detected, and

the acoustic wave is absorbed to avoid reflections.

BLS

TL

IR

PT

OSA

PD

Figure 3.1: Basic experimental setup. BLS: broadband light source; TL: tunable laser;
IR: interaction region; OSA: optical spectrum analyser; PD: photodiode + oscilloscope;

RF: radio-frequency signal; PT: piezoelectric transducer; MS: mode strippers.

Depending on the guiding regime of the higher-order modes, the mode stripper
employed to remove the light carried by them will be different. In the case of single-
mode fibres, the higher-order mode is guided by the cladding, and therefore sensitive
to absorption losses caused by the external medium. In this way, the coated section of
fibre before and after the interaction region is enough to remove the light carried by
the cladding modes, and no additional considerations must be taken. Nevertheless, if
the high-order mode to which the light is coupled is a core mode of a few-mode fibre,
the coupled light will not be subjected to absorption caused by the coating. In this
case, the mode stripper is arranged through a bending in the fibre, inducing radiation

losses that will affect more to the high-order modes than to the fundamental mode.

With this basic arrangement we performed two types of experiments. The first type
is the traditional implementation of acousto-optic interaction, in which the acoustic
wave is harmonic, and extends through the entire length of the analysed fibre. In this
case, the fibre is illuminated using a broadband light, whose transmission spectrum is
measured at the end of the interaction region by an optical spectrum analyser. By

comparing the spectra with and without acoustic wave, the transmission spectrum
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3.1. Basic experimental arrangement

can be obtained. As only the light carried by the fundamental mode is detected,
notches appear in the transmission spectrum at the wavelengths that satisfy the
phase-matching condition of a coupling. Depending on the particular experiment, the
broadband light used for the measure of the transmission spectra was provided by an
array of LEDs, an erbium ASE source, a thulium ASE source or a supercontinuum

source.

The second type of experiments involves the implementation of acousto-optic inter-
action using acoustic waves in short packets. In this case, the electric signal applied to
the piezoelectric is a harmonic wave modulated by a square function of period Ts and
width tg, producing short packets of acoustic waves in the fibre. If we consider that
the acoustic packet travels along the fibre at the group velocity, vy, the length of the
packet, and hence the effective interaction length, L.fs, will be Lcsf = vgtg. In order
not to have more than one acoustic packet travelling along the fibre at the same time,
the period of the square modulation should satisfy that Ts > L/v,, being L the total
length of the fibre. The light source employed in this configuration is a narrowband
light source, particularly a tunable laser capable of operating in a wavelength range
from 1518 nm to 1620 nm, and the light was detected in the temporal domain by means

of a photodiode and an oscilloscope.

The effective index difference between the coupled modes can be obtained from the
resonance wavelength through Eq. 2.43. In order to do so, it is necessary to know the
value of the acoustic wavelength. In the experiments, the controllable parameter is the
acoustic frequency, and the acoustic wavelength must be obtained from it, then the
accuracy of the values of the effective index difference is limited by the accuracy of the
dispersion relation of the acoustic wave. With an optical vibrometer (described in the
annex), we measured the acoustic wavelength for different frequencies, and compared
the results with theoretical calculations of the dispersion relation of the fundamental
flexural mode, obtained from Eq. 2.24, considering a fibre diameter of 125 ym. The
results are shown in Fig. 3.2, which shows a good agreement between the measures

and the calculations.
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Figure 3.2: Acoustic wavelength, A, as a function of acoustic frequency, F'. Dots are
experimental measurements and line is the calculation assuming a 125 um diameter

silica cylinder.

In a practical implementation, the maximum interaction length is limited by the
attenuation of the acoustic wave. Due to the acoustic attenuation, the amplitude of
the elastic wave, and therefore the acousto-optic coupling coefficient, is expected to
decay exponentially as the wave propagates along the fibre. This effect is particularly
relevant in the case of flexural acoustic waves, as the movement of the fibre caused by
this kind of waves implies air displacement, and air friction caused by this displacement
constitutes the main source of acoustic attenuation. To experimentally characterise
this attenuation, we measured the vibration amplitude, u, with the optical vibrometer
at different positions of the fibre, z, being z = 0 the point of the fibre to which it is
attached to the horn. Figure 3.3 shows the experimental data for a 125 ym bare silica

fibre, along with an exponential decay function of the form
u=uge “7, (3.1)

in which ug is the amplitude at the point were the fibre is glued to the horn and « is
the acoustic attenuation coefficient. From the fit of the exponential function to the

data, we found that the attenuation coeflicient for this type of fibre is & = 0.51m™?!.
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Figure 3.3: Measurements of vibration amplitude at different positions along the fibre

(points) and fit to an exponential decay function (line).

As shown by Eq. 2.45, the coupling coefficient of the acousto-optic interaction is
proportional to the vibration amplitude of the elastic wave, directly related to the
vibration of the piezoelectric disc. Due to their resonant behaviour, this kind of
piezoelectric discs variate their vibration amplitude with the frequency of the electric
signal applied to them, so it is necessary to characterise them to know their working
frequency range, as it limits the optical wavelength range in which the experiments
can be performed. Figure 3.4 shows the vibration amplitude of one of the piezoelectric
discs employed in our experiments, for different frequencies of the electric signal.
The piezoelectric is designed to have a main resonance frequency, that depends on
its thickness, which in the case of the characterised disc was 2 MHz. It shows a
resonance at a lower frequency, around 0.5 MHz, due to other vibration modes of the
disc. Between this resonance and the main 2 MHz resonance, the vibration amplitude
is significantly lower, but measurable with the optical vibrometer. Above 2 MHz, the
response becomes more efficient, being the main resonance formed by a set of narrow
resonances, until a point in which the vibration amplitude sharply decays below the

detection limit of the vibrometer.
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Figure 3.4: Vibration amplitude of the piezoelectric for different frequencies of the RF

signal.

The narrow resonances structure of the main resonance makes the depth of the
acousto-optic notches very sensitive to the frequency, which can variate in several dB
between frequency steps as small as 10 kHz, making the frequency tuning critical in
applications in which the maximum coupling must be produced. However, depending on
the piezoelectric, these resonances can be unstable, as at those frequencies the electric
current through the piezoelectric is high, and hence the electric power consumption.
This leads to a heating of the piezoelectric, that slightly changes its geometrical
properties and shifts the resonances themselves. FEven though this constitutes a
limitation in the mentioned kind of applications, as the mode converter described in
section 4.4, it is not such in characterisation applications, in which only the resonance

wavelength must be measured and it is not necessary to obtain strong couplings.

In the case of experiments that make use of acoustic waves in short packets, the
interaction length is set by the length of the acoustic packet on the fibre, the shorter
is the wave packet the better is the spatial resolution. However, there is a limit on
how short the packet can be, which is imposed by the piezoelectric. Piezoelectric

materials have a resonant behaviour, as shown in Fig. 3.5, and hence they present
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3.1. Basic experimental arrangement

a complex transient behaviour upon an off-on excitation. This implies that, even
for an infinitely short electric signal, the piezoelectric response has a finite duration
in time. We experimentally analysed this limit in our piezoelectrics. We monitored
the vibration as a function of time using an optical vibrometer (annex), with the

piezoelectric driven by electric harmonic burst signals with different number of cycles.
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Figure 3.5: Acoustic amplitude as a function of time for acoustic waves with different
number of cycles. Top: vibration amplitude; Bottom: electric signal applied to the

piezoelectric, F' = 2.07 MHz.
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Figure 3.5 shows the vibration of the fibre at a given point as a function of time,
when an acoustic wave produced by burst signals of different number of periods, also
depicted in the figure, propagates across that point. There can be seen the transients
caused by the edges of the electric signal, whose duration is about 40 us. Due to this,
the shortest acoustic packet that we could generate in our experiments has at least
that duration regardless of the number of cycles of the electric signal. The elastic
waves generated by the signals of 10 and 20 cycles have the same duration, but the
amplitude decreases if the number of cycles is reduced. Consequently, the experiments
using short packets that are reported in chapter 5 were performed with electric signals
of 20 cycles, since it was not possible to improve the resolution by reducing more the

number of cycles.

As we discussed in section 2.2, the fundamental flexural acoustic mode is dispersive,
particularly in the regimen of low frequencies in which the experiments were performed,
resulting in a broadening of the packet due to the group-velocity dispersion. After
1m, the duration of the elastic packet, and consequently its extension along the fibre,
increases about 3%. In our discussions, we neglected this effect, however in the case of
experiments employing shorter packets, or longer fibre lengths, this is an issue that

must not be disregarded.

3.2 In-fibre acousto-optics through harmonic waves

In the present section, there are shown examples of experimental results employing
the basic acousto-optic implementation using harmonic acoustic waves, as well as the
discussion of the aspects that are more relevant for the experiments performed in this

thesis.

Figure 3.6 shows an example of a transmission spectrum measured in an experiment
where harmonic waves were employed, using a Corning SMF-28 fibre. The transmission
notches corresponding to the acousto-optic coupling between the fundamental LPy;

mode and the LP;y, LP;> and LP;3 modes can be seen. It can also be seen the
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3.2. In-fibre acousto-optics through harmonic waves

spatial intensity distribution of the fundamental and LP;; modes, showing that the

acousto-optic coupling changes the spatial intensity distribution of the coupled light.

0 LPo;
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Z -4t —
&~ LPy1 — LP1y
—6 N
LPy1 — LPro
8 LPyy — LPi3

| | | | |
1500 1550 1600 1650 1700 1750
A/nm

Figure 3.6: Transmission spectrum of a SMF-28 fibre with F' = 2.251 MHz, and intensity

pattern of LPy; and LP;; modes.

The notches in the transmission spectrum appear, as we said, at the resonance
wavelength. According to Eq. 2.43, this resonance wavelength will depend on the
difference between the modal indices of the two coupled modes, which in turn depends
on the characteristics of the fibre, and on the acoustic wavelength, that can be set by
tuning the acoustic frequency. It can be noticed how the depth of each notch, what is
to say the coupling efficiency, is different for each coupling. This has its origin in the
coupling coefficient of each resonance, the theoretical calculation of which can be found
in Fig. 2.17. As predicted by theory, in the conditions of this example, the coupling

coeflicient increases with the order of the cladding mode involved in the coupling.

Figure 3.7 shows two experimental transmission spectra of a SMF-28 fibre with
two slightly different acoustic frequencies, in which the notches corresponding to
the first resonance (LPy; — LPi; coupling) at those frequencies are shown. While

changing the acoustic frequency, the resonance notch shifts to shorter wavelengths

61



3. Experimental procedures: general aspects
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Figure 3.7: Resonance notches corresponding to the LPy; — LPi1 coupling in a SMF-28

fibre, at two different acoustic frequencies indicated in the figure.
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Figure 3.8: Resonance wavelength as a function of the acoustic frequency for the first
three resonances of the SMF-28 fibre (coupling indicated in legend). Points: experimental

measurements; lines: theoretical calculations assuming a step-index profile.

while maintaining its shape. In Fig. 3.8 it is represented the experimental tuning
response of the SMF-28 fibre. The resonance wavelength (the central wavelength of
the notch) is given as a function of the acoustic frequency for the first three resonances,
corresponding to the couplings between the fundamental LFPy; mode and the LPq,

LPy5 and LP;3 modes, for the same fibre. Figure 3.8 also shows the theoretical
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3.2. In-fibre acousto-optics through harmonic waves

values of the resonance wavelength as a function of the acoustic frequency. For the
calculations, the effective indices of the optical modes were calculated considering
a step-index model, as described in section 2.1, and the dispersion relation of the
acoustic wave was calculated as discussed is section 2.2. We believe that the slight
disagreement between the calculations and the experimental measurements comes
mainly from a possible deviation of the real fibre from the ideal system assumed in

the calculations of both the optical and acoustic modes.

Another relevant parameter for our experiments, apart from the resonance wave-
length, is the bandwidth of the transmission notches. The shape of the notches is
given by Eq. 2.42, which shows that their bandwidth depends on the coupling coeffi-
cient, C', and the interaction length, L. From this equation, and taking into account
the definition of the detuning ¢ (Eq. 2.41), it is possible to obtain an approximated
expression for the bandwidth, considering that An depends linearly with A in the
width of the notch. If we call W the approximated bandwidth of the notch, defining
it as the total bandwidth of the central lobe, from one point of zero coupling to other,

the expression results in

1 C? | An(\ 0An
Weo =2 \n 53 An(Ar) _

)\R o (3.2)

AR

As equation 3.2 shows, the bandwidth of the resonance notch is inversely proportional
to the length of the interaction region. This means that it is possible to control
the resonance bandwidth in the experiments by choosing the length of the fibre in
which the acousto-optic interaction occurs. The bandwidth also depends on the
coupling coefficient, the modes involved in the coupling, the characteristics of the fibre
and the acoustic frequency (through the resonance wavelength). Figure 3.9 shows
the theoretical bandwidth of the notch corresponding to the coupling between the
fundamental mode and the HFE3; mode, considering a Corning SMF-28 fibre, an
acoustic frequency F' = 2MHz and CL = 7/2. In this particular case, W¢ tends
slowly to zero as the interaction length increases, and, for example, for L = 8m,

We = 0.1nm.
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Figure 3.9: Theoretical bandwidth of the notch corresponding to the HF11 — HFE21
coupling in a SMF-28 fibre, for F' = 2MHz and CL = 7 /2.

As discussed in section 2.1, the optical modes that give rise to the LP modes are
quasi-degenerated, being their effective indices very similar, and therefore their acousto-
optic resonances are close in wavelength. In certain conditions, the bandwidth of the
resonances can be broader than the separation in wavelength between the notches
corresponding to the quasi-degenerated modes, which results in a single acousto-
optic notch in the transmission. However, the experimental conditions, particularly
the interaction length, can be chosen to be able to resolve the different notches for
each vector mode. This allows the characterisation of the quasi-degenerated modes
independently, as discussed in section 4.3, and it is the base of selective coupling to
modes with special polarisation properties employed in the mode converter described

in section 4.4.

Figure 3.10 shows the transmission notches corresponding to the coupling between
the fundamental mode and the three vector modes that give rise to the LP;; mode,
for different interaction lengths L. The fibre employed was a SM2000 fibre, similar
to the SMF-28 with larger cut-off wavelength (A, = 1.7um). It is clear that the

definition of the complex structure of the notch improves as the interaction length
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Figure 3.10: Spectra of the first resonance of a SM2000 fibre for different interaction
lengths L. FF = 2.78 MHz.

increases. The separation in wavelength of the transmission notches corresponding
to the quasi-degenerated modes forming the LP;; mode becomes larger near the
cut-off wavelength of the modes, and it is minimum far from it. The notches in
the spectra shown in Fig. 3.10 are far from the cut-off wavelength, demonstrating
that, in the region where the degeneration is higher, it is still possible to resolve the
independent vector modes, provided that the interaction length is long enough. In
this particular case, the minimum interaction length for the notches to be resolved
is around 50 cm, which is still shorter than the maximum effective length set by the

acoustic attenuation.
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3.3 In-fibre acousto-optics through waves in short

packets

In the previous section we have detailed the traditional experimental implementation
of acousto-optic interaction, when the acoustic wave is harmonic. In this section,
we examine the implications of the use of acoustic waves in short packets, and the
suitability of this kind of acousto-optic interaction implementation for the distributed

axial analysis of properties of optical fibres.

As mentioned in chapter 1, the capability of the use of acoustic waves in short
packets for analysing fibres with axial resolution has been previously exploited in the
case of birefringent fibres [1]. Those experiments are based on the measure of the
optical frequency shift produced in the coupled light as a result of the conservation of
energy. In the case in which the acousto-optic interaction is produced by a harmonic
wave, this shift corresponds to the frequency of the acoustic wave, yet in the case
of a packet that moves along the fibre with time, the frequency shift is not a fixed
magnitude, and depends on the difference between the effective indices of the coupling
modes. If the light carried by the two coupled modes interfere, the frequency of the

interference pattern will depend therefore on the modal index difference.

This method, while suitable for the axial analysis of birefringent fibres, in which
the coupled modes have very similar characteristics and both are guided by the core,
presents drawbacks in the case of the analysis of single-mode fibres. This method
requires a very clean measure of the interferogram between the coupled modes, since
the fibre information is obtained from a Fourier transform algorithm at every point.
In the case of birefringent fibres, as it is discussed in [1], this process requires a
complex computational treatment. In the case of single-mode fibres, the two coupling
modes have very different characteristics, as the second is a cladding mode, and the
overlapping between them is poor. It is a problem to obtain clean interferograms in

this case, hence this method seems not to be suited for the analysis of single-mode
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fibres.

All the experiments discussed in chapter 5, which employ acoustic waves in short
packets, were performed in single-mode fibres. In these experiments, we followed an
approach different from the interferometric method, being our proposal based on the
shift in wavelength of the transmission notch when the characteristics of a fibre change
along it, and the subsequent change in the transmission of a narrowband light guided

by the fibre.

In the case of classical acousto-optics experiments performed with harmonic waves,
the interaction region is the full length of the fibre, and if there are regions with
different characteristics, the notch measured results from the average of the whole fibre
response. Our approach to measure the properties of a certain region of the fibre is to
limit the extension of the acoustic wave, and hence the acousto-optic interaction, to
that region. In order to do so, we employed acoustic waves in short packets travelling
along the fibre and we measured the transmission in the time domain. In this way,

the interaction region is a different section of the fibre at different times.

As we previously discussed, the resonance wavelength of the notch depends on the
acoustic wavelength, A, and the modal index difference between the coupled modes,
Aneyy:

AR = Aneys A (3.3)

This implies that a variation in the acoustic wavelength or the modal indices would
shift the resonance notch, so if different regions of a fibre have different characteristics,

the transmission notch generated at each region would be shifted.

In a simplified case, let’s consider two sections of fibre with different characteristics,
the region 1 with resonance wavelength A1, and the region 2 with resonance wavelength
Are. The transmission of a narrowband light through section 1, at a wavelength
overlapping the notch of section 1, will be T3, and the transmission of the section 2,

at the same wavelength, would be Ty (see Fig. 3.11 for an schematic example). By

67



3. Experimental procedures: general aspects

—— Section 1
, ---- Section 2
. = NL

AR1L AR2

Figure 3.11: Schematic example of the different transmission for a narrowband light

(NL) in two sections with different resonance wavelengths.

knowing the shape of the notches, if the transmission is measured in both sections, it
is possible to infer the resonance shift between them. In a most general case, if the
fibre has different characteristic at each axial point z, the resonance wavelength of
the acousto-optic coupling would depend also on z, as well as the transmission. In
this way, a measurement of T'(z) could provide information of the fibre at every axial

point.

In our approach, T'(z) is measured making use of short packets of harmonic elastic
waves, that propagate along the fibre at its group velocity. In this way, measurements
of the transmittance as a function of time can then be easily correlated with T'(z).
As the acoustic packet is located at different points of the fibre at different times,
the transmission at every time in the oscilloscope is the result of the acousto-optic
interaction at a different point of the fibre. In particular, if z is the axial position
in the fibre, measured from the point in which it is glued to the horn, and ¢ is the
time in the oscilloscope, the transmission at ¢ will correspond to the region situated at

z =wyt.

Figure 3.12 shows an experimental trace using a 1.32m section of SMF-28 fibre. At

the point ¢ = 0, when the packet starts to be launched along the fibre, the transmission
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Figure 3.12: Example of oscilloscope trace showing the transmission as a function of
time, for an optical wavelength A = 1612nm in a SMF-28 fibre when an acoustic wave

of F' = 2.1 MHz propagates along it. T.s: effective duration of the acoustic packet.

drops as a result of the acousto-optic coupling. The transmission keeps dropping
during a time 7.5, the effective length of the acoustic packet, after which all the
packet is travelling along the fibre. After that moment, the transmission suffers a slow
recovery, due to a decrease of the coupling coefficient caused by the attenuation of the
acoustic wave. Since the acousto-optic coupling coefficient C' depends linearly on the

acoustic amplitude, considering Eq. 3.1, C follows the expression
C =Che (3.4)

where Cj is the coupling coefficient at the beginning of the fibre and « is the acoustic
attenuation coefficient. The transmission shows slight fluctuations, that can be
correlated to fluctuations in some fibre parameters, as discussed below. After one
point, when the packet begins to be absorbed, the transmission recovers during a
time 7.y, after which all the acoustic wave is absorbed, there is not acousto-optic
coupling produced and the transmission is again 1. By knowing the total length of
the interaction region, and the travelling time of the acoustic packets, it is easy to

obtain the group velocity. This velocity can then be used to obtain the effective length

69



3. Experimental procedures: general aspects

of the acoustic packets, and therefore the axial resolution, from the measurement of
Teff- Even though the duration of the acoustic packets is never shorter than about
40 us (as demonstrated in Fig. 3.5), and the coupling coefficient is proportional to the
acoustic amplitude, the transmittance does not depend linearly on C, resulting in a
shorter effective duration. In our experiments, we found that the resolution limit is
about 9cm. We did not observe a discrepancy between values obtained from input
and output transitions, meaning that there are not significant dispersive effects in the

acoustic packets.

Once measured T'(z), the fluctuations in the detuning ¢ along the fibre, and therefore
the fluctuations in the fibre parameters, can be obtained. If the wavelength of the
probe light with which the fibre is illuminated is Ao, and for that wavelength the

average detuning along the fibre is dy, a change in the detuning can be correlated to

()
s \OA/,, OA

The term 0T/OA|y, can be obtained experimentally by measuring the transmission at

changes in the transmission by

oT

5 (3.5)

Ao .
two wavelengths close to Ag. The term 0§/0\|», can be obtained from the definition

Aneyf
- : 3.6
L ) (3.6)

of §, resulting in
94
oA

_ T [ 9Aney
W Ao\ OA

where An.s; is the difference between the effective indices of the two coupling modes.
The two terms of Eq. 3.6 can be obtained from the acousto-optic characterisation of
the fibre, or they can be calculated using a step-index profile model as described in

section 2.1.

Similarly to the acousto-optic interaction employing harmonic waves described in the
previous section, in the case of using acoustic waves in short packets the transmission
of the fundamental mode follows the expression

C? . 9
T:l—msm (Lefsv/ C% 4 62), (3.7)
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in which C is again the coupling coefficient, § the detuning and L.¢ is the effective

interaction length, that corresponds to the effective length of the acoustic packet.

If, along the fibre, the deviations of the detuning with respect to dg are small, the
transmission T'(§) can be approximated by a Taylor series expansion around &y, and
can be written as

oT 1 8T

T(6) = T(00) + % . (6 —d0) + 3 902 .

(6 —00)* + ... (3.8)

Depending on the value of dg, the relation between T and § has a different form.
This has strong implications on the accuracy and sensitivity of the values of the
detuning obtained from transmission measurements, so it is necessary to determine the
value of dg that optimises the performance of the experiments. Two interesting values
are those that cancel the different terms of Eq. 3.8, which are §o = 0 and dg = 6,
being d,, defined as the value that makes 92T/96?|5,, = 0

In the case dg = 0, i. e. at resonance, the first derivative of T' with respect to J is
zero, and Eq. 3.8 becomes a quadratic equation,

12T

T((;)NT((S:O)'FiW&:O 5

(3.9)

which shows that the absolute value of the detuning can be obtained from the difference
between the transmission and the transmission at resonance, provided that we know
the values of L.sy and C'. Even though this approach provides the minimum value of
T, and therefore the maximum experimental resolution, also presents some drawbacks.
First of all, this situation minimises the sensitivity of the method, as the value of
0T /04 is practically zero. In addition, the sign of the detuning fluctuations can not

be detected, due to the quadratic nature of Eq. 3.9.

It is possible to overcome these limitations by using the other suggested value of dg.
From its definition, d,, maximises 9T/9§, and hence provides the maximum sensitivity.
In this case, Eq. 3.8 becomes linear:

oT

T(6) =T (0m)+ % .

(0 = dm). (3.10)
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As, in this particular case, T' depends linearly on d, the sign of the detuning fluctuations
can be detected. The drop in the transmission at ¢, is approximately half of the value
in resonance, which results in a lower resolution in the measure of T" with respect to
the case tuning at dg = 0. However, in our experiments, the resolution of the measure
of T is not the main source of experimental error, and hence this disadvantage is not

a real concern.

Figure 3.13 shows the transmission as a function of § and its two first derivatives
with respect to 4, for different values of C' Ly, calculated using the parameters of the
SMF-28 fibre. There can be seen how tuning at o = —J,,, gives the same transmission
change as at §,, but with opposite sign, and that property can be used to compare

experimental measurements.
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Figure 3.13: (a) Transmission and its (b) first and (c) second derivatives with respect
to &, as a function of . Less = 10cm, C = 15.7m™ " (black solid line), C = 11m™"
(red dashed line), C = 7m™* (blue dash-dotted line). Vertical lines: § = 0 and § = ,y,.

Figure 3.14 (a) shows a comparison between the sensitivity provided by the two
approaches, in which it is clear that it is much higher in the case §9 = d,,,. It also
shows how the sensitivity increases as the value of C' L.s; approaches to 7/2. Figure
3.14 (b) shows the relative difference between the transmission given by Eq. 3.7 and
the linear approximation given by Eq. 3.10. This error is less than 1% in a wide range
of detuning fluctuations, represented by the shaded region, and it is wider for lower

values of C' Leyy.
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Figure 3.14: (a) Transmittance change with respect to detuning change at do = 0
(dashed line) and at do = d,, (solid line). (b) Relative error that results when the
transmittance at a given J near J,, is approximated by Eq. 3.10. Shaded region is the

region in which the error is less than 1%.

Even though the validity of the linear approximation given by Eq. 3.10 is better
for values of C' Ls; smaller than /2, it is still a good approximation in the case of
C L.sy = /2, where the sensitivity and resolution are the best. So, this analysis
concludes that, for the SMF-28 fibre for which the analysis has been done, the best
experimental conditions are given when the wavelength of the probe light, Ao, is tuned
to 09 = 0, and C Lesy is as close to /2 as possible. However, for other fibres, or in
certain conditions, the sensitivity at J,, can be too high, and in those cases tuning
at resonance could be a better option. In this way, the value of Ay gives a degree of
freedom to determine the sensitivity of experiments, making this procedure valid in a

wide range of possible situations.
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4 Experiments involving harmonic

acoustic waves

In this chapter, we report the results and discussion of several experiments involving
the traditional implementation of acousto-optic interaction, making use of harmonic
elastic waves. First, we analyse the effect of the fibre diameter in acousto-optic coupling
by analysing HF-etched fibres, to be able to separate the effect of the diameter from
other kinds of parameters. The performance of acousto-optic interaction in polyimide-
coated fibres is also studied, demonstrating that it is a suited approach for avoiding the
fragility inherent to arrangements employing bare fibres. We discuss the use of acousto-
optic interaction as a non-interferometric technique for the accurate characterisation
of few-mode fibres, being of special interest the cut-off wavelength region. Finally, we
report an acousto-optic based mode converter, and its implementation in an all-fibre
laser emitting in the T'My; mode, for the generation of radially-polarised cylindrical

vector beams.

4.1 Diameter changes in HF etched fibres

One of the simplest and most directly measurable parameters of a fibre that can
affect acousto-optic interaction is the diameter of the cladding, d. Variations in
diameter affect the acousto-optic interaction, since they have an effect on both the
optical and acoustic properties of the fibre. The fibre diameter affects the effective

refractive index of the modes coupled by the acousto-optic interaction, and also the
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4. Experiments involving harmonic acoustic waves

dispersion relation of the acoustic wave. In order to study this effect, we conducted a
series of experiments involving fibres of different outer diameters and studied the shift

of the acousto-optic resonance with changes in this parameter.

One of the ways in which it is possible to change the diameter of silica optical fibres,
without changing the properties of the core, is HF etching. Appropriate concentrations
of this acid are capable of reducing the cladding diameter at a rate of approximately
2 pm per minute. This technique allows the access to the evanescent field of the modes
guided by the fibre, and has been used in the fabrication of sensors for chemical and
biological applications [1, 2], high-sensitivity refractive index sensors based on etched
fibre Bragg gratings [3] and chemical sensors independent of temperature [4]. HF
etching has also been used in the development of sensors in which the cladding is
replaced by other materials [5]. In this section, we discuss the effect of this procedure
on the acousto-optic interaction, and in section 5.1 we examine the effect of HF etching
in the axial homogeneity of a fibre, which is an important parameter since irregularities
can produce phase perturbations and, therefore, affect the performance of the devices

based on this kind of fibres [6].

EF NEF

SCS = o —— OSA

RF PT

Figure 4.1: Experimental setup. EF: etched section of fibre; NEF: non-etched section of
fibre; SCS: supercontinuum source; PT: piezoelectric transducer; RF: radio-frequency

signal, OSA: optical spectrum analyser.

The experimental setup employed in our experiments is shown in Fig. 4.1. We
followed the procedure described in section 3.1, regarding acousto-optic interaction
though harmonic waves. The fibres analysed were Corning SMF-28; that performed in

the wavelength range above cut-off, i.e, the single-mode guiding regime. To cover a
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4.1. Diameter changes in HF etched fibres

wide wavelength range, the broadband light was generated by a supercontinuum source.
We analysed eight different sections of fibre, half of which was subjected to an etching
process, consisting in an immersion in a 40% concentrated HF solution, for a different
number of minutes (1, 2, 3, 4, 5, 10, 15 and 20), to reduce the cladding thickness in
different amounts. The original and the resulting diameters were measured using an
optical microscope, giving a precision in the measure of 0.1 um. Since the acoustic
wave propagated along both sections of the samples, the resulting transmission spectra
showed two different sets of notches, one corresponding to the etched section and the
other corresponding to the original one. With this procedure, it is possible to measure
the shift of the notches generated in the etched fibre with respect to the original one
in a single experiment, making more precise the measurement by eliminating the need
of two separate experiments, which could lead to a shift in the notches by other means.
To conclusively discern between the two sets of peaks, the experiments were repeated
after covering the non-etched section of fibre with an acoustic absorber, so that the

transmission notches corresponding to that section did no longer appear.

Figure 4.2 shows the spectra resulting from the experiments. In those spectra, there
can be seen the notches corresponding to the first three acousto-optic resonances, due
to the coupling between the LPy; fundamental mode and the LP;;, LP;s and LP3
cladding modes. The spectra in Fig. 4.2 (a) are those resulting from the acousto-optic
interaction in the whole section of fibre, included etched and unetched sections. The
spectra in Fig. 4.2 (a) are the result of the interaction in just the etched section of
fibre. It can be seen, for the first two resonances, how the notch is shifted to shorter
wavelengths when the diameter is reduced. It is clear that the shift increases with
the etching time. The notch corresponding to the third resonance shows a different
behaviour. For short etching times (¢t < 10min) it also shifts to shorter wavelengths,
but at a very slow rate. However, for higher etching times (not shown in Fig. 4.2), the

notch shifts to longer wavelengths, at a much faster rate.

To compare the obtained results with those predicted by theoretical calculations, it

is necessary to analyse both the optical and the acoustic contributions. Regarding the
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Figure 4.2: Transmission spectra of fibres etched a time ¢ indicated in the figure, (a)

with the acousto-optic interaction produced in the etched and the unetched section

and (b) with interaction occurring only in the etched section. Dotted lines indicate the

resonance wavelengths for the unetched fibre. Acoustic frequency: 2.25 MHz.
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4.1. Diameter changes in HF etched fibres

acoustic contribution, the dependence of the acoustic wavelength, A, on the diameter
of the fibre was calculated using the procedure described in section 2.2. With respect
to the optical contribution, the dependence of the effective index difference between
the modes, Anys, on the diameter was calculated assuming a step-index profile, with

the procedure described in section 2.1.
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Figure 4.3: (a) Acoustic wavelength as a function of diameter, for F' = 2.25 MHz. (b)
Ancyy as a function of diameter, for the three first couplings, calculated at the resonance

wavelength of each coupling for the unetched fibre.

Figure 4.3 (a) shows the acoustic wavelength as a function of cladding diameter
for the acoustic frequency used in the experiments, F' = 2.25 MHz, showing that the
wavelength increases with d. In Fig. 4.3 (b) it can be seen the effective index difference
between the modes involved in the first three couplings, for different diameters of the
cladding. An.yy is calculated at the resonance wavelength of each coupling for the case
of the unetched fibre, using the fibre parameters that best fitted the experimental data
(NA =0.12, A, = 1.37 um). The effective index difference, mainly due to a change in
the dispersion relation of the cladding mode, decreases with the diameter. According
to the theoretical results discussed in chapter 2, the two contributions cause the
shift of the resonance in opposite directions. The optical contribution is significantly
different for each coupling, being higher in couplings involving higher cladding modes.
Depending of the coupling, and the diameter of the fibre, the combination of both

contributions can cause a blue or a red-shift in the notches.
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Figure 4.4: Resonance wavelength of the three first couplings as a function of the

diameter, measured (points) and calculated (lines). F' = 2.25 MHz.

Figure 4.4 shows the measured resonance wavelength for the first three resonances,
and the corresponding theoretical calculations. Combining the acoustic and optical
contributions, the theoretical calculations were obtained by numerically solving the
equation

AR = Aneff(/\R,d) A(d). (4.1)

For the LPy; — LP;1 and LFPy; — L P> couplings, the acoustic contribution dominates
over the optical contribution, and the corresponding notches are shifted to shorter
wavelengths. The LPy; — LP;3, however, slightly shifts to shorter wavelengths for
small diameter changes, but below d = 115 um the optical contribution prevails over

the acoustic contribution, and the notch is red-shifted.

In Fig. 4.4 it can be seen a small disagreement between the experimental measure-
ments and the theoretical calculations, particularly with larger diameter variations.
We believe that this has its origin in the fact that the calculations were performed

considering ideal models, i. e. an ideal step index model for the optical part of the
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4.2. Acousto-optics in polyimide-coated fibres

calculations and a perfectly cylindrical, linear, homogeneous and isotropic rod for the
acoustic part. Deviations from this ideal case, as a slightly smoother index profile
or slightly different acoustic properties of core and cladding, could have led to the
disagreement between the measurements and the theoretical predictions, more relevant

in the case of large diameter changes.

4.2 Acousto-optics in polyimide-coated fibres

Typically, acousto-optic interaction is implemented in uncoated fibres, due to the
huge acoustic attenuation caused by standard coatings, which extinguish the elastic
wave in just few mm. This is a practical issue for in-fibre acousto-optic work, and
for its implementation in final devices, due to the compromised long-term reliability
of uncoated fibres. Moisture an mechanical stress can cause the propagation of
microscopical flows in the silica, resulting in the eventual fibre failure [7]. A recent
contribution regarding this limitation reports acousto-optic coupling in fibres with a
thin metal coating, employing torsional elastic waves [8]. The metal coating, with a
thickness of the order of hundred nm, causes low acoustic attenuation while providing

surface protection to the fibre, but the fibre handling is still compromised.

Optical fibres are usually coated with polymers, being acrylate the most habitual
among them. Other kinds of polymers are also used, of which the most common are
silicone and polyimide. In this section, we discuss the experiments we conducted
to study the performance of acousto-optic coupling in polyimide-coated single-mode
optical fibres using flexural waves. Polyimide is typically used for the coating of fibres
that operate in harsh environments [9], and are particularly suited for embedded and
high temperature applications [10], being able to operate at temperatures up to 300°C.
Another characteristic of polyamide is its low reactivity with chemicals [11], making
polyimide-coated fibres suited for biological and chemical applications. Due to its
mechanical properties, polyimide provides a robust protective coating to optical fibres
in layers as thin as few microns. The attenuation of flexural elastic waves produced

by polyimide, as we demonstrate in this section, is low enough to allow acousto-optic
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4. Experiments involving harmonic acoustic waves

interaction, thanks to the thin coating layer, the good adhesion to silica and the lower
viscosity compared to other coating materials such as acrylate or silicone mentioned

above.

In order to thoroughly study the viability of polyimide-coated single-mode fibres
for acousto-optics interaction experiments, we analysed two polyimide-coated telecom
fibres, with guiding properties similar to the SMF-28 fibre, with coatings of different
thickness, hereafter referred as CF1 and CF2. All tests were repeated with the
bare fibres, after removing the polyimide coating with hot sulphuric acid. We will
refer these uncoated fibres as BF1 and BF2. In all cases, the experiments were
performed with fibre sections of approximately 50 cm long. Figure 4.5 shows scanning
electron microscope (SEM) images of transversal sections of the two mentioned fibres.
The thickness of the coatings were measured through the images, showing a slight
eccentricity. For the case of CF1 (show in Fig. 4.5 (a)), the thickness varies between
3.6 um and 4.8 um. In Figure 4.5 (b) it can be seen the thicker coating of the CF2
fibre, whose thickness varies between 11.0 um and 16.7 ym, and that is formed by

three thinner polyimide layers.

Figure 4.5: SEM images of the transversal section of (a) CF1 and (b) CF2 fibres.

All the experiments discussed in this sections were performed with the basic ex-
perimental arrangement and procedure employed for acousto-optic interaction with

harmonic waves, in the particular case of single-mode fibres, described above in section
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4.2. Acousto-optics in polyimide-coated fibres

3.1. The broadband light used in these experiments was provided by a supercontinuum

light source.

Figures 4.6 (a)-(b) show the transmission spectra of the two studied fibres, before
and after the polyimide coating was removed, in which the three transmission notches
correspond to the coupling between the fundamental LFPy; mode and the LPy;, LP;o
and LP3 cladding modes. In Fig. 4.6 (c), it is shown the notch with the maximum
depth in the C-band obtained in the experiments with the fibre with the thickest
polyimide layer (CF2), which shows a coupling efficiency better than 93%. The
coupling coefficient, and therefore the coupling efficiency, is limited by the vibration
amplitude of the fibre. There are reasons to believe that better coupling efficiencies
could be achieved employing an acoustic wave generation system able to provide higher

acoustic power.

As seen in Fig. 4.6 (a)-(b), one of the effects of the polyimide coating on acousto-optic
coupling is the shift of the transmission notches with respect to the bare fibre. In order
to perform a full study of this effect, the resonance wavelength, Ag, of each coupling
was measured for different acoustic frequencies, F. Figure 4.7 shows the acousto-optic
characterisation of the two polyimide-coated fibres, before and after the coating was
removed. It can be seen, in all cases, that the transmission notches corresponding to
the coated fibres are shifted to a shorter wavelength with respect to the same bare
fibres. The shift is larger in the case of the CF2 fibre, whose polyimide coating layer
is thicker. In both fibres, for all the observed transmission notches, the blue-shift
caused by the polyimide layer increases as the order of the cladding mode involved
in the coupling is higher. At 2.2 MHz, as an example, the shift corresponding to the
LPy; — LPyy, LPy; — LPys, and LPy; — LP;3 couplings for fibre CF1 with respect the
bare fibre BF1 is —14nm, —16.5nm and —18.9 nm, respectively. For fibre CF2, the

resonances are shifted in —39nm, —53.3nm and —63 nm.

The mentioned blue-shift observed in the notches corresponding to coated fibres

has mainly an acoustic contribution, coming from a change in the elastic properties
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Figure 4.6: Transmission spectra of the different fibres. (a) Solid line: CF1; Dashed
line: BF1. (b) Solid line: CF2; Dashed line: BF2. Frequency of the acoustic wave:
2.06 MHz. (c) LPy1 — LPi2 coupling notch for the polyimide-coated CF2 fibre, at two

different applied voltages. Frequency of the acoustic wave: 2.25 MHz.

of the optical fibre and hence the acoustic dispersion relation of the flexural wave.
We measured the acoustic wavelength for different frequencies, using the vibrometer
described in the annex, for the CF2 fibre, and compared the dispersion relation with

measurements performed with a bare fibre.
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Figure 4.7: Acousto-optic tuning response of the three first resonances (circles: LPy; —
LPy1, squares: LPo1 — LPi2, triangles: LPy1 — LP3) for the fibre with thin coating
(a) and the fibre with thick coating (b) before (filled points) and after (empty points)
the coating was removed. Points represent experimental measures and lines theoretical

calculations.
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Figure 4.8: Experimental dispersion relation of the flexural acoustic wave, in CF2 and

BF2 fibres.

In Fig. 4.8 it is depicted the experimental measurement of the dispersion relation of
the acoustic wave, for both CF2 and BF2 fibres, showing a shorter acoustic wavelength

in the case of the coated fibre. The relative acoustic wavelength change is about
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-0.055 in all the measured frequency range. In the case of BF2, the line corresponds
to the theoretical dispersion relation of the fundamental flexural mode, following the
procedure described in section 2.2. In the case of CF2, the line is a fit to an arbitrary
function for visual clarity. The decrease of A in the coated fibre is consistent with the
elastic properties of coated fibres. The dispersion relation of the fundamental flexural
mode in a coated solid cylinder can be approximated, in the low-frequency regime, by
the following analytic expression [12]:

Ao 21 1/2 E1a4+Ez(b4—a4) 1/4
~\F p1a® + p2(b* — a?)

, (4.2)

in which Fy and Fs are respectively the Young’s modulus of the inner cylinder and the
coating, p; and pso their density and a and b their external radius. As mentioned in
section 2.2, the density and Young’s modulus of silica are, respectively, ps; = 2.2 g/cm3
and Eg; = 73GPa. For polyimide, ppo = 1.4 g/cm?® and Epor = 2.7GPa. This
expression predicts a change in the dispersion relation of the fundamental flexural
mode when a coating is added consistent with the measured difference between the

dispersion relation in the polyimide-coated and the bare fibres.

Theoretical calculations of the resonance wavelength were performed, and are
included in Fig. 4.7. In these calculations, we do take into account the presence of
the polyimide jacket only to evaluate the change of the acoustic properties. The
acoustic dispersion relation was as described above, and the effective index difference
was calculated using the procedure described in section 2.1, considering a three-layer
step-index model, with air as the outer medium and the fibre parameters that best
fitted the experimental measurements. For the CF1/BF1 fibre, these parameters are
NA =0.12 and A\, = 1.30 um, and for CF2/BF2 are NA = 0.12 and A\, = 1.38 um.
The fibre diameter was 125 pm in both cases. Since we did not take into account the
refractive index of the polyimide coating, the good agreement between the measured
and the calculated values indicates that the main contribution to the blue-shift comes
from the elastic wave. At this point, we must point out that that the refractive
index of the polyimide layer is higher than the index of silica, and, as a result, the

mode spectrum of the coated fibre can be more complex that the one of the bare

86



4.2. Acousto-optics in polyimide-coated fibres

fibre. However, it seems that, at least in our experimental conditions, this issue is not

reflected in the experimental results.

In addition to the mentioned blue-shift, the shape and bandwidth of the transmission
notches in the polyimide-coated fibres are similar to those in the case of uncoated fibres.
However, it seemed reasonable to assume that the acoustic attenuation would be higher
in polyimide-coated fibres, and therefore the efficiency of the acousto-optic coupling
would be better in bare fibres. We analysed the depth of the notch corresponding
to the LPy; — LP;; coupling for the different fibres, as a function of the voltage,
V', applied to the piezoelectric transducer, taking care to perform the experiment
in conditions as similar as possible (employing the same acoustic frequency and the
same procedure to attach the fibre to the aluminium horn). Figure 4.9 shows the
experimental results of this analysis for the fibres with not coating, thinner coating
and thicker coating. As expected, the best coupling efficiency is given in the uncoated

fibre, but for the fibre with the thinner coating was just slightly inferior.

| | | | |
0 20 40 60 80

V/V

Figure 4.9: Transmission 7" at resonance of the LPy; — LPi; coupling as a function
of the applied voltage V for the three analysed fibres. Points represent experimental

measurements and lines the best fit to the theoretical transmission. F' = 2.22 MHz.
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The previous analysis showed a decreasing coupling efficiency for increasing coating
thickness, whose origin is the attenuation of the acoustic wave produced by the
polyimide. We investigated this issue by measuring the acoustic amplitude at different
positions along the fibre, in order to obtain the attenuation factor for each fibre by
fitting the data to an exponential decay function as already described in section 3.1.
Figure 4.10 shows the results of the attenuation measurements. There can be seen
how, for the fibre with the thicker coating, the acoustic wave is attenuated in just few
cm. For the fibre with the thinner coating, even though the attenuation is larger than
in the case of the uncoated fibre, the acoustic wave can propagate a distance of the
order of the metre. The attenuation coefficients obtained in all cases are shown in

table 4.1.

Figure 4.10: Measured vibration amplitude, u, as a function of the axial position in the
fibre, z, for the three analysed fibres (points) and fit to an exponential decay function

(lines). F = 2.10 MHz.

Table 4.1: Acoustic attenuation coefficients for the three studied fibres.

Fibre ~BF1 CF1 CF2
a/m~!  0.507 1.423 17.74
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The practical implication of the higher acoustic attenuation is the decrease of the
maximum effective interaction length. For the two polyimide-coated studied fibres,
given the attenuation factors obtained, the effective interaction length is limited to
about 70 cm for the fibre with the thinner polyimide coating, and to 5.6 cm for the
fibre with the thicker one.

4.3 Characterisation of two-mode fibres

The recent interest for few-mode optical fibres has boosted the development of
techniques capable of measuring properties of the higher-order modes guided by the
core of these fibres. The ability to guide higher-order modes makes it possible to take
advantage of properties of these modes that the fundamental mode does not have,
like large modal areas [13], large dispersion [14] or anomalous chromatic dispersion at
short wavelengths [15]. Even though those have been the traditional applications of
few-mode fibres, with the emergence of new strategies for the development of optical
transmission systems with larger capacity, due to the increasing demand of faster
optical communications, they have gained relevancy again. One of these strategies is

the use of systems based on space-division multiplexing (SDM).

Transmission capacity of optical communication systems has increased exponentially
since the 1980s. The first systems relied in time-division multiplexing, a technique
based on the modulation of light by means of electric signals. In the mid-1990s,
wavelength division multiplexing (WDM) was developed, a method based on the
transmission of signals with different wavelengths through the same mode of an optical
fibre. Thanks to the development of new techniques, boosted by the great interest of
optical communications, the capacity of systems based on WDM has grown at a rate of
1.4 times a year, and it is expected to grow at an even higher rate in the following years.
As a result of this, calculations predict that around the year 2020 the transmission
capacity of systems based on WDM will reach the theoretical limit, of around 100 Tbh/s,
set by the limit of the power transmissible through the small core of single-mode fibres

and the nonlinear effects [16]. To overcome these limits of single-mode fibres, a lot
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of research in the additional use of the spatial dimension has been done in recent
years, in a method called space-division multiplexing (SDM). This technique is based
on the use of different modes of a few-mode fibre as different spatial channels. The
multiplexing and demultiplexing of signal in this kind of systems can be done all
in-fibre, using selective couplers [17]. A simple two-mode fibre already provides 6
spatial transmission channels [18], and there have been reported transmission systems
with transmission capacities far beyond the theoretical limit for single-mode fibres,

over a Pb/s, employing multi-mode and multi-core fibres [19].

In the design of SDM transmission systems based on few-mode fibres, the accurate
characterisation of the fibres is critical, and several characterisation techniques have
been reported [20, 21]. Most of these methods give direct information about the
differential group index or chromatic dispersion, but very few can directly measure
the differences between modal indices [22, 23]. In few-mode fibres, the differential
modal index, i. e. the difference between the effective indices of the two guided modes,
governs the intermodal coupling, so this parameter is a key property. In this section,
we demonstrate that acousto-optic interaction can be used to directly measure the
effective index difference, the group index difference and the chromatic dispersion
difference with good accuracy and in a broadband range, covering the cut-off region, a
wavelength region of special interest. Additionally, we demonstrate that this technique
allows the measure, with precision and without ambiguity, of the cut-off wavelength
and numerical aperture. Furthermore, we discuss the suitability of the technique for

the analysis of the fine structure of the LP;,, modes.

Figure 4.11 shows the theoretical effective index difference between the LPy; and
L P;1 modes as a function of wavelength, for different fibre parameters, making use of a
step-index profile model as described in section 2.1. The most remarkable characteristic
of the effective index difference behaviour is a maximum close to the cut-off wavelength.
For the shorter wavelengths, the LP;; mode is guided by the core, while for longer
wavelengths it is a cladding mode. These two guiding regimes for the LP;; mode are

the origin of the change in the slope sign around the cut-off wavelength. It can be
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Figure 4.11: Theoretical calculation of the effective index difference between the L Py
and LPy1 modes, Aneysy. (a) Fibres with Ac = 1.28 um and different NA and (b) fibres
with NA = 0.12 and different A, with a cladding diameter of 125 pm in all cases.

remarked that the two characteristic fibre parameters, N A and )., affect the curve in
different ways in the depicted range. The numerical aperture shifts the curve Anczz(X)
vertically, whereas the cut-off wavelength produces an horizontal shift, changing the
wavelength of the maximum Aneyy. It is worth noticing the sensitivity to numerical
aperture, in Fig. 4.11 (a) it can be seen how a small change in the numerical aperture
produces a remarkable change in An.s;. Since the two parameters lead to different
changes in that curve, by measuring An.ys in a broadband range covering the cut-off
wavelength, both NA and ). can be determined independently and in an accurate
way. Furthermore, provided that the curve An.ss(A) is known with enough accuracy
in a broad wavelength range, the group index difference, Ang, and the chromatic

dispersion difference, AD, can be easily obtained from the numerical derivatives, since

Ang = Anesp — A %Aneff, (4.3)
A d?
AD = _Z WAneff, (44)

where c is the speed of light in vacuum.

The experimental arrangement for these experiments is the basic setup for acousto-

optic experiments employing harmonic waves, described in section 3.1. Since in these
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4. Experiments involving harmonic acoustic waves

experiments, for some wavelengths, the fibres were operating in bimodal regime, mode
strippers were necessary. The probe light was highly broadband, covering a wavelength
range between 0.9 pm and 2.2 pm, consisting in a LED array and a 2 pm thulium ASE

source. To analyse several modes through such bandwidth, we employed a piezoelectric

transducer capable of operating at up to 10 MHz.

ARr/pm

Ar/pm

| |
1 2 3 4

F/MHz

Figure 4.12: (top) Resonance wavelength vs. acoustic frequency for the first resonances.

Fibres: (a) SMF-28e; (b) SM2000. Dots are experimental measurements and lines are a
guide for the eye.
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We investigated the properties of two commercial telecom fibres with different
characteristic parameters (shown in table 4.2). The first fibre was the Corning SMF-28,
and the other was the SM2000, commercialised by Thorlabs, with similar properties but
a larger cut-off wavelength. Figure 4.12 shows the resonance wavelength for different
acoustic frequencies, for the coupling between the fundamental L Fy; mode and the first
L Py, modes. Above the cut-off, all LP;,, modes are guided by the cladding, and their
effective index curves show a similar behaviour. However, the curve corresponding
to the coupling between the LPy; and LP;; modes is more complex, as, below the
cut-off wavelength, the LP;; mode is guided by the core. We found that, for that
resonance, is some cases the same acoustic frequency gave rise to two different notches
in the spectrum, as the phase-matching condition was satisfied simultaneously at two
different wavelengths. This gives rise to a turning point, appearing at a frequency

above which the phase-matching condition can not be satisfied.

Figure 4.13 shows the transmission spectra of the SMF2000 fibre, showing the
notches corresponding to the coupling between the fundamental mode and the modes
that give rise to the LPj1, near the turning point. As discussed in section 2.1, the
LP;; mode arises from the superposition of the T'Ey1, T'My, and two orthogonally
polarised H F5; modes. For each higher-order mode, the phase-matching condition
is satisfied at two different wavelengths, producing two transmission notches. Notice
that, for these acoustic frequencies, the coupling involving the T'My; mode is not
produced any more. As the frequency increases, the notches become closer, and above
F = 4.01 MHz the HE1, — H F5; coupling is not longer present. Above F' = 4.01 MHz
the H FE1, — T Ey; coupling notch also disappears. Near the turning point, the splitting
of the L P;; mode into its constituents is significantly large, due to two reasons. First
of all, the turning point is close to the cut-off wavelength, the region in which the
degeneracy of the modes is weaker. Second, as Fig. 4.12 shows, at the turning point a

change in the acoustic frequency shifts the notches the most.

From the measure of the resonance wavelength for different acoustic frequencies,

and taking into account the dispersion relation of the fundamental flexural mode, the
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Figure 4.13: Transmission spectra of the SM2000 fibre, showing the notches correspond-
ing to the LPy; — LPi; coupling at both sides of the turning point. Labels indicate the

different modes involved in the coupling corresponding to each notch.

value of An.ys as a function of wavelength was determined using Eq. 2.43. Figure
4.14 shows the values of An.yy obtained from the experimental measurements and
those obtained from theoretical calculations. These calculations were done following
the method described in section 2.1, assuming a fibre diameter of 125 ym, and varying
NA and A\gr to fit the experimental data. The best fit parameters are shown in table

4.2, next to those given by the manufacturer. The step-index model used in the
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Figure 4.14: Effective index difference vs. wavelength. Solid lines show the experimental

results and dashed lines are theoretical calculations assuming a step-index profile. Fibres:
(a) SMF-28e; (b) SM2000.

Table 4.2: Nominal and best-fit parameters of the fibres.

Nominal values  Best-fit values

Fibre Ae NA Ae NA
SMF-28¢ 1.27pum 0.14
SM2000 1.7pm  0.11

1.40 pm 0.121
1.67pm  0.119
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4. Experiments involving harmonic acoustic waves

calculations describes properly the experimental measurements of An.¢¢, and the
parameters used in the calculations that best fit the results are in good agreement with
the nominal ones, in the case of the SM2000 fibre. However, for the SMF-28e fibre,
the numerical aperture differs in about 13%, and the obtained cut-off wavelength is
notably higher than the nominal value. In order to find the origin of this discrepancy,
we performed an auxiliary experiment to directly measure the cut-off wavelength of
this fibre. We employed the conventional method [24] with sections of fibre of 1m
length, making use of a halogen lamp and an optical spectrum analyser to measure
the transmission spectrum. Figure 4.15 shows the spectrum of the halogen lamp
transmitted through a section of fibre in two conditions, i. e. when the fibre was
held as straight as possible and when it was slightly loose. In this way, the intensity
shows a drop at the wavelength where the LPj; is not longer guided. We found that,
maintaining the fibre as straight as we could, the LP;; mode was guided until about
the fitted A., 1.4 um. However, when the fibre was not perfectly straight, the LPj;
mode was guided until a wavelength much closer to the nominal value given by the
manufacturer. This experiment concluded that the manufacturer gives a practical
parameter, because even though the LP;; mode is strictly guided until about 1.4 pm,

for wavelengths above 1.2 ym this guidance is extremely poor.

T T T T
_____ —— Straight fibre

----Loose fibre

I (a. uw.)

1.0 1.1 1.2 1.3 1.4 1.5 1.6

Figure 4.15: Spectrum of the light emitted by a halogen lamp after the propagation
along the section of fibre, when the fibre was held as straight as possible and when held

loose.

Once the modal index difference as a function of wavelength was known, with the first

and second derivatives with respect to A it was possible to determine the group index
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and chromatic dispersion difference between the LPy; and LP;,, modes, by employing
Egs. 4.3 and 4.4. In order to do so, we fitted a proper function to the experimental
measurements of An.yr, that was subsequently derived. The most interesting coupling
to study was the one between the LFPy; and LP;; modes, to analyse the behaviour of
the LP;; mode at both sides of its cut-off wavelength. The results are show in Fig.
4.16. For both fibres, there is a region, for wavelengths far below the cut-off, in which
Anyg is negative, meaning that the group index is higher for the LP;; mode than for
the fundamental LFP;; mode. Regarding the chromatic dispersion difference, AD, the
most interesting characteristic is a sharp increase near the cut-off wavelength. In the
late 90s, different approaches for dispersion compensation in telecom systems were
proposed based on this feature [25, 26]. The theoretical calculations of Ang and AD,
calculated using the parameters that best fitted the experiments (shown in table 4.2)
are also included. There is in general good agreement between the results and the
calculation. Nevertheless, in the case of the chromatic dispersion, the theory predicts
a sharper peak at A\.. We believe that this disagreement comes from the fact that in
the calculations we considered an ideal step-index profile, whereas in the actual fibre
the transitions might be softer, which could have resulted in the broadening of the

dispersion curves.
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Figure 4.16: (a) LPy1 — LP11 group index difference and (b) chromatic dispersion
difference vs. wavelength. Solid lines: experimental results; dashed lines: calculations

using the step-index model; vertical dotted lines: fitted cut-off wavelength.
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The acousto-optic technique allowed us to investigate some additional guiding
features. For example, it is known that the cut-off of a given mode has an effect
on the dispersion curves of higher-order modes, that is usually difficult to observe
experimentally. In Fig. 4.17 it is shown the group index difference for the modes
LPy,, with m = 2,3,4, for the SMF-28 fibre. These curves were obtained from the
experimental measurements and from calculations, as we showed previously for the
LPy; mode. We can observe a notch-like perturbation, which is caused by the cut-off
of the LP;; mode, becoming this perturbation less pronounced as the radial order of
the mode increases. These features are present in both the measurements and the
theoretical simulations. For the LP;o mode, this perturbation is very close to the
cut-off wavelength of the LP;; mode, and it shifts to longer wavelengths as the order

of the mode increases.
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Figure 4.17: Group index difference between the fundamental mode and the modes
indicated in the figure, as a function of wavelength. (a) Experimental result and (b)

calculations provided by the step index model. Fibre used: SMF-28.

Owing to the resolution of this technique, it is possible to investigate the fine
structure of the LP;,, modes, measuring the properties of the individual vector
modes forming it. In common telecommunications fibres, as those analysed in the
experiments discussed in this section, the vector modes composing each L P mode are

nearly degenerated, so when an acoustic wave couples the light to the LP;; mode,
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the notches corresponding to each of the vector modes (T'Eyy, TMy and HFEs;)
are frequently overlapped. However, as we showed in section 3.2, the bandwidth of
the notches depends on the length of the acousto-optic interaction region, becoming
narrower while increasing the interaction length. Therefore, by properly choosing the
length of the fibre under test, it is possible to reduce the bandwidth of the notch enough
to be able to resolve the three independent notches, so we repeated the experiment
with a longer section of fibre. In this particular experiment, we used a 50 cm length

section of SM2000 fibre.
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Figure 4.18: Modal index difference vs. wavelength between the fundamental H F11
mode and the three modes that give rise to the LP;; mode, indicated in the figure, (a)
for wavelengths around cut-off and (b) for wavelengths far below cut-off. Inset shows

the transmission spectrum. Fibre used: SM2000.

Figure 4.18 (a) shows the effective index difference corresponding to the first
resonance of the SM2000 fibre, in the wavelength region around its cut-off. The three
individual curves correspond to the coupling of the fundamental mode to each one
of the T'My1, TEyp1 and HEs; vector modes. The inset in Fig. 4.18 (a) shows the
transmission notch corresponding to the three mentioned couplings. As predicted by
theory, the splitting between these notches enlarges as the wavelength approaches to
the cut-off, where the quasi-degeneracy of the modes is weaker. In Fig. 4.18 (b) it is

depicted the effective index difference for the same three couplings, in a wavelength
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region far below the cut-off, where the quasi-degeneration of the modes is stronger. In
this region, the difference in An.ss between the modes becomes as small as 3 x 1075.
Even though, the acousto-optic technique was able to resolve the three notches in all

the analysed broadband range.

4.4 Generation of cylindrical vector beams

In this section, we discuss the performance of a mode converter whose operation
is based on acousto-optic coupling in a two-mode optical fibre, and its application
for the development of an ytterbium all-fibre laser emitting cylindrical vector beams
(CVBs). We paid special attention to the generation of radially-polarised beams, due

to the large number of applications reported of this kind of light beams.

Radial Azimuthal

Figure 4.19: Schematic examples of intensity patterns of CVBs. Red arrows represent

polarisation vectors of the electric field.

Vector-beam solutions of Maxwell’s equations that have axial symmetry in amplitude
and phase are called cylindrical vector beams, CVBs [27, 28]. These beams have a
polarisation that varies spatially, and that exhibits a cylindrical symmetry. Fig.
4.19 shows schematically a radially and azimuthally-polarised vector beams. CVBs
with radial polarisation are worth to highlight, due to their unique properties, which
have raised considerable attention. Properties as the tight focusing capability [29] or

the special polarisation distribution have been reported to be useful in a variety of
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4.4. Generation of cylindrical vector beams

applications. Applications for which radially-polarised CVBs have shown advantages
against other polarisation beams are material processing [30, 31|, optical trapping
of particles [32, 33| and high-resolution microscopy [34, 35]. CVBs carrying orbital
angular momentum [36] have risen an interest for their potential applications in

mode-division and space-division multiplexing [37].

There are several methods to generate radially-polarised beams that have been
reported, both active and passive. The majority of the passive methods convert
beams with spatially invariant polarisation into CVSs by using spatially variant phase
elements [38]. In the case of the active methods, it is involved the use of laser intracavity
components forcing the laser to directly emit a CVB [39, 40]. Few-mode optical fibres
deserve special attention in the generation of CVBs, as some of their eigenmodes
already exhibit the properties of CVBs. It is possible to achieve CVBs by illuminating
a few-mode fibre with a modified beam [41], however the most efficient methods are
those based on inducing the appropriate mode transformation in the fibre itself, for
which there can be used fibre Bragg gratings [42, 43|, periodic microbending [44] or
waveguide transitions [45]. In standard optical fibres, as discussed in section 2.1, the
first higher-order group of modes is composed by the almost degenerate azimuthally
T FEy; and radially T My, polarised beams, and the two strictly degenerate orthogonal
polarisations of the H F5; mode. Those modes, which in the LP approximation form
the LP;; mode, are nearly degenerated in standard telecommunications fibres, and
that is the reason why most of the excitation methods used in the past are not able to
excite each mode separately in a controlled way. One approach that has been reported
to overcome this problem has been the use of specialty fibres with specific refractive
index profiles, that lift the near-degeneracy of the bunch of modes [46]. An alternative
approach that can be used with standard few-mode fibres is the selective excitation
of the T Ey; and T'My; modes by the acousto-optic interaction using flexural elastic
waves [47], as we discussed in section 4.3. In the case of acousto-optic interaction, the
index modulation that is induced in the fibre can be tuned both in amplitude and
in periodicity. This feature enables the selective excitation of the T Eqyy, T My, and

H FE5; modes, provided that the interaction region is long enough, as shown in the
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previous section. The theoretical analysis of the coupling to the different vector modes

is discussed in section 2.4.

Due to their interest, there has been an increasing activity in the development
of CVB fibre laser sources in the last years. Bulk optical elements and free-space
propagation are present in many fibre laser designs [39, 40|, which are the source of
high cavity losses, and therefore low laser efficiency, additionally to the difficulties
introduced by the need of fine alignment and good mechanical stability that have
bulk and fibre mixed devices. There have been few all-fibre laser schemes reported,
most of them based on an intracavity mode conversion relying on a lateral core-offset
splice between a single-mode and a higher-order mode of a two-mode fibre [48-50].
This method provides little control on the mode conversion efficiency, and it can be
the origin of additional insertion losses. In this section, we propose an all-fibre laser

scheme, in which intracavity mode conversion is achieved via acousto-optic coupling.

4.4.1 Characteristics of the AO mode converter

The acousto-optic mode converter of our fibre laser for the generation of CVBs was
implemented following the process described in section 3.1, using 50 cm of SM2000
fibre (characterisation details of this fibre are discussed in section 4.3). There are two
reasons why the SM2000 was chosen. In first place, its cut-off wavelength (1.7 pm)
is far from the laser emission wavelength, ensuring a strong guidance for the T Eyq,
T My, and H FE5; vector modes. The second reason is the acoustic frequency needed
to produce the coupling. For this fibre, around 1 um, the phase matching condition
for the coupling between the fundamental and the vector modes is produced at lower
acoustic frequencies than for other standard fibres (see section 4.3), and this makes
more efficient the acousto-optic coupling due to the fact that larger acoustic power

can be launched than at higher frequencies.

Figure 4.20 (a) shows an example of the transmission spectrum, obtained with an
unpolarised broadband light source, where the three notches that result from the

excitement of T'Ey1, TMy; and H E5; can be noticed. It can be seen how the deepest
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notch is the one corresponding to the EHs; mode. This is due to the fact that, while
using a completely unpolarised light source, just one polarisation can be coupled to
TFE or T'M modes, limiting the maximum depth of the notches corresponding to the
coupling to these modes to 3dB. However, since in the case of HE modes there exist
two degenerated modes with orthogonal polarisations, the coupling can be produced
for both polarisations and there is not such limit. Figure 4.20 (b) shows the tuning
wavelength of the notches with the acoustic frequency in the wavelength range of

interest in this particular experiment.
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Figure 4.20: (a) Transmission spectrum measured using an ASE (unpolarised) light
source (F' = 2.749 MHz; V = 45V). (b) Resonance wavelength as a function of acoustic
frequency, for the coupling between the fundamental H 11 mode and the three indicated

vector modes.

At this point, Fig. 4.20 deserves a further detailed discussion. The relative position of
the curves is determined by the modal index difference with respect to the fundamental
mode, but calculations done employing a step-index model, as described in section 2.1,
predict that the T'My; and the T Ey; should be interchanged. Further experiments
that analyse the mode-converter properties (see Fig. 4.22) definitely concluded that the
order of the modes is as depicted in Fig. 4.20, and not as predicted by the step-index
model. To find the origin of this discrepancy it is necessary to consider that the

refractive index profile of the fibre is not an ideal step, and it typically shows a
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smoother edge. In the case of an ideal step-index profile, the cut-off wavelengths of
the T My, and T Ey; modes are strictly degenerated, whereas in fibres with a smooth
index profile they are not (as demonstrated in the theoretical analysis reported in [51]).
Due to this fact, there is a wavelength range in which the modal index difference of
the higher-order modes with respect to the fundamental mode is fairly different than
that predicted by a simple step-index model. These fine details of the vector modes
are not usually reported, but they are critical in the design of CVB sources based on

optical fibres, as the laser design discussed in this section.
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Figure 4.21: Transmission spectra measured with linearly polarised light, with input
polarisation state adjusted to optimise the coupling between the H E1; mode and each

of the indicated vector modes (F = 2.726 MHz; V = 61V).

Since the three vector modes have different polarisation properties, it is possible
to adjust the input polarisation state of the light to optimise the coupling to each
individual mode. In order to study this phenomenon, we introduced a linear polariser
and a polarisation controller at the input, and manipulated the polarisation controller
to obtain the maximum coupling to each one of the modes. Figure 4.21 shows three
spectra, when the linear polarisation state of the input light was oriented so the
coupling between the fundamental mode and each one of the vector modes is optimised.
In these cases, as all the light is being coupled to the same mode, the depth of the

transmission notch is maximum. The notches are ~ 20dB in depth, which means a
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mode conversion of ~ 99%. As the notch depth depends on the voltage applied to the
piezoelectric, it is possible to dynamically tune the mode conversion efficiency from
0% to 99%. We believe that the main contribution to the limitation in the maximum
efficiency comes from the mode stripper, which would produce a residual fraction of
the light guided by the higher-order modes at the input of the mode converter, that

would not be coupled to the selected vector mode.

Figure 4.22: Output intensity pattern for the laser emitting in the three first higher-

order modes, and images after passing through a linear polarised oriented as indicated

by the arrows.

For each one of the polarisation states of the light that maximised the coupling
to each vector mode, we measured the intensity pattern of the output light with
a CCD camera when a laser was tuned to each of the resonance wavelengths. A
linear polariser inserted between the fibre output and the camera was used to analyse
the polarisation distribution of the beams. In Fig. 4.22 it can be seen a schematic
representation of the polarisation distribution of the three vector modes, that was

discussed in detail in section 2.1, and the images obtained with the CCD camera
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when the mode-converter was tuned to the three different modes, without the output
polariser and with the polariser oriented at different angles (indicated by arrows in
the figure). After passing through the linear polariser, the doughnut-shaped beams
become two-lobed beams, whose nodal plane depends on the polarisation distribution
of the vector mode. Varying the angle of the polariser and analysing the orientation
of the resulting nodal plane, it is possible to infer the polarisation distribution of the
vector mode. This analysis allows to conclusively identify the mode to which the light
is coupled, and allowed us to definitely confirm that the modes in Fig. 4.20 are indeed

positioned with respect to each other as indicated by the labels.

4.4.2 Laser implementation and performance

A scheme of the developed fibre laser is shown in Fig. 4.23. The laser is an all-
fibre Fabry-Pérot laser with an ytterbium doped fibre as active medium, with the
acousto-optic mode converter, already characterised, inserted in the cavity. With
the exception of the fibre used in the acousto-optic mode converter, the laser was
implemented with polarisation maintaining fibres, single-mode at the laser emission
wavelength. The active medium was provided by 60 cm of single-cladding, polarisation
maintaining Yb-doped fibre (Nufern PM-YSF-Hi, NA = 0.11, A, = 860 nm, absorp-
tion @ 975nm = 250dB/m), which was pumped at 980 nm through a polarisation
maintaining wavelength division multiplexer. To guarantee that linearly polarised light
was delivered to the acousto-optic mode converter, we introduced a PM polariser, that
filtered the light guided by fast-axis mode. It was necessary to introduce a polarisation
controller, to optimise the coupling of the input light to the desired vector mode. To
maximise the purity of the emitted CVB, it was critical to ensure that all the light
injected in the mode converter was guided by the fundamental mode. To achieve
so, we implemented a mode stripper at the input that removed the light guided by
higher-order modes. It was also crucial to take spacial care of the fusion splice between
the single-mode fibre and the two-mode fibre, as a slight misalignment of the fibre cores
could produce the excitation of the higher-order modes in the two-mode fibre. For

the same reason, it was particularly convenient to maintain the section of two-mode
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fibre before the acousto-optic interaction region as short and as straight as possible,
since any perturbation, as a slight bending, could couple the light to the higher-order
modes. The laser element providing the feedback was a fibre Bragg grating with a
Bragg wavelength of 1040.8 nm and a reflectivity over 99% and the Fresnel reflection
from a perpendicular fibre cleave, from which the laser output was taken. To ensure
that the acousto-optic mode converter was part of the laser cavity, we monitored
the signal at the other end of the fibre Bragg grating, an we confirmed that, when
the cleaved end was immersed in index-matching oil to avoid the reflection, the laser
emission was suppressed. Finally, the images of the output beam intensity pattern

were recorded with a x30 aspheric lens and a CCD camera.

PM-YDF e m e -

Figure 4.23: Laser design scheme. TMF': two-mode fibre; MS: mode stripper; PC: polar-
isation controller; PM-WDM: polarisation maintaining wavelength-division multiplexer;
PM-P: fibre polariser with input and output polarisation maintaining fibres; PM-FBG:
fibre Bragg grating written in single-mode PM fibre; PM-YDF: polarisation maintaining
ytterbium-doped fibre; AO-MC: acousto-optic mode converter; PCF: perpendicularly

cleaved fibre.

Among the three vector modes, the best modal purity was obtained when exciting
the T'My; mode. For this reason, we focused our study on the generation of this type
of CVB. Figure 4.24 (a) shows the transmission of the acousto-optic mode converter
tuned to produce the coupling to the T'My; mode at the Bragg wavelength of the
FBG, and therefore the laser emission wavelength. Figure 4.24 (b) shows the laser
emission spectrum when the acousto-optic mode converter was operating in those
conditions, and consequently emitting in the TMy; mode. The laser linewidth is

narrower than the resolution of the OSA (50 pm) at the maximum emission power,
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and the signal-to-ASE ratio, integrated along the whole wavelength range, is larger

than 99.9%.
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Figure 4.24: (a) Spectrum of the acousto-optic mode converter, with parameters
optimised to produce coupling to the T'Mp; mode at the Bragg wavelength of the FBG
(F = 2.648MHz, V = 45V). (b) Laser spectrum emitting in the 7'My, mode with
P, =475 mW.

Figure 4.25 shows the beam intensity pattern of the laser output for different
voltage amplitudes, V, of the RF signal applied to the piezoelectric, and the intensity
profile along the horizontal axis. For the case in which no voltage was applied to
the piezoelectric, the laser emits a Gaussian-like beam, corresponding to the field
distribution of the fundamental mode. As the RF voltage was increased, the intensity
pattern of the emitted light became more complex, as a result of the superposition of
the two different modes. For the optimum voltage level, when the mode conversion
achieves its highest efficiency, the beam shows the doughnut-shaped pattern that

characterises a cylindrical vector beam.

The laser emission power, P, as a function of the pump power, Pp, is represented

in Fig. 4.26 for two cases, when the laser emitted in the fundamental mode, with
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Figure 4.25: Intensity distribution across the beam centre along the horizontal axis x for
different RF voltages, and the corresponding CCD images: (i) V =0V, (ii) V =18V,
(iii) V. =45V.

a Gaussian-like beam profile (RF off), and when the experimental conditions were
adjusted so that the laser emitted in the T'My; mode, with a radially-polarized beam.
Two intensity pattern images of the radially-polarised beam at different powers (just
above threshold and at maximum power) are also shown. The images allowed us to
conclude that the purity was preserved throughout the whole range of emission powers.
We can remark that the laser presented practically the same threshold and efficiency
when emitting in the fundamental or in the cylindrical vector beam. In both cases,
the threshold was 100 mW, the efficiency was 13.5% and the maximum emitted power
was 60 mW. This agreement implies that, with our experimental procedure, the losses

introduced into the cavity by the mode converter are negligible.
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Figure 4.26: Laser emission power P as a function of pump power Pp, when the laser
emitted in the fundamental mode and in the T'Mp; cylindrical vector mode. Images:

laser emitting in the T'Mo1 mode at (i) P = 123 mW and (ii) P = 475 mW.

Figure 4.27 shows the intensity pattern of the laser output, when the experimental
conditions where those that maximised the coupling to the T'My; mode, with and
without polariser between the laser output and the camera. Emission of radially-
polarised beams is confirmed. From the analysis of these images, it is possible to

obtain the modal and polarisation purity of the emitted beam.

! N g
i B .
ﬂ

Figure 4.27: Images of the CVB emitted by the laser, without polariser and with

polarised oriented as indicated by the arrows.

With respect to polarisation purity, we analysed the intensity profile of the two-lobe

beam shown in Fig. 4.27 at a given radius r as a function of the azimuthal angle ¢.
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4.4. Generation of cylindrical vector beams

The analysis is shown in Fig. 4.28 (a), whose inset shows the circumference along
which the intensity was measured. For a pure radially-polarised beam, the intensity I
at a given radius r and an azimuthal angle ¢ is given by I(r, ¢) = Lq2(7) cos®(¢ — ¢o),
being ¢ the orientation angle of the transmission axis of the linear polariser. This
expression was fitted to the experimental data, adding an offset, I,,;,, to consider a
slight impurity. The polarisation extinction ratio, PER = I 44/ Imin, resulted to be
higher than 98%, confirming a high radial-polarisation purity of the CVB emitted by

the laser.

Regarding modal purity, that is to say the fractional content of the cylindrical vector
beam with respect to the fundamental mode, we evaluated one-dimension intensity
distributions across the centre of the beam, as shown in Fig. 4.28 (b). Although
the doughnut shape is clear, there is still a residual intensity at the centre of the
beam, indicating emission in the form of the fundamental mode. To determine the
ratio of this residual emission with respect the cylindrical vector beam, we calculated
theoretically the intensity profiles of these two modes (HFEy; and T M), using the
parameters of the SM2000 fibre and a step-index profile. The experimental profile
was fitted to a linear combination of the intensity profile of the two modes. The best
fit is shown in the dashed line of Fig. 4.28 (b), resulting in a power ratio of T My,
to fundamental mode of 55:1. This analysis indicates a T'My; mode purity of 98.2%.
The source of the residual emission in the fundamental mode is due to the lack of
a 100% mode conversion efficiency. Additionally, amplified spontaneous emission at
wavelengths outside the acousto-optic coupling bandwidth can also contribute to this
residual emission, as the mode converter would not produce coupling for this light,

and hence it would be emitted in the fundamental mode.

To conclude this analysis, it is worth to point out the good temporal stability
of the presented laser, in terms of emitted power and beam profile, at least during
few hours. This stability must be attributed to the use of polarisation maintaining
fibres and the input polariser, that avoided a gain competition of the two degenerated

linear polarisation states of the fundamental mode. This statement is based on the
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Figure 4.28: Intensity profile of the laser beam emitting in the T'Mo1 mode (a) at
constant radius as a function of the azimuthal angle ¢ and (b) across the beam centre

as a function of the horizontal position x, measured experimentally and fitted.

performance of a similar laser that we arranged using the same laser design with
non-PM fibres, whose temporal stability was significantly poorer, even though it was
also possible to achieve CVB emission. It is worth to notice that, in the discussed

setup with the PM fibres and components (Fig. 4.23), it would be possible to remove
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the polarisation controller prior to the acousto-optic mode converter, provided that
the axes of the PM fibre were precisely oriented with respect to the vibrating plane of

the elastic wave.

It is also worth to notice that, with the presented setup, it is possible to achieve
azimuthally polarised CVBs tuning the acousto-optic mode converter parameters to
produce the coupling to the T'Ep; mode, as shown in Fig. 4.22. However, in our
experiments, the modal and polarisation purities were not as good in this case. The
probable origin of this limitation can be found in the proximity of the acousto-optic
resonances corresponding to the T'Ey; and the H F>; modes (see Fig. 4.20), making
difficult the selective excitation of these mode in the conditions of the experiment. A
design in which these resonances were further from each other could probably overcome

this limitation.
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5 Experiments involving distributed

acousto-optics

In this chapter, the results and discussion of the experiments that we performed
involving the distributed acousto-optics technique, using elastic waves in short packets,
are reported. In first place, we discuss the axial analysis of several single-mode optical
fibres, in different conditions, so as to test the potential of the developed technique.
We prove that the distributed acousto-optic technique is capable of detecting detuning
fluctuations as small as 0.05m~! along fibre sections over 1.5m long (limited by
the acoustic attenuation), that enables the detection of subnanometric fibre diameter
changes, or sub-ppm changes in the core refractive index. We also analyse the suitability
of the method for the detection of very slight inhomogeneities, localised in a short
region of the fibre (shorter than 1cm). Particularly, we prove the detection of a fusion
splice, small depositions of nanoparticles and thin polymeric layers with a thickness of
about 100 nm, demonstrating its potential in the field of distributed sensing. These
experiments also prove that the technique is able to detect inhomogeneities localised
in a region with a length much shorter than the axial resolution. Finally, we report
the application of the distributed acousto-optics technique for the analysis of the axial
profile of the pump absorption in a Yb-doped fibre, whose effect in acousto-optic
interaction is mainly due to the change in the refractive index of the fibre core, induced
by the absorption change caused by the excitation of the electronic levels of the dopant

element.

119



5. Experiments involving distributed acousto-optics

5.1 Analysis of axial nonuniformities in single-mode

fibres

Axial homogeneity of optical fibres is a critical parameter to take into account
in certain applications, whose performance can be severely degraded by slight axial
nonuniformities. Applications that are specially sensitive to axial fluctuations of the
propagation factor are, in general, those in which a phase-matching condition must be
satisfied. This is the case, for instance, of applications such as wavelength converters,
fibre parametric oscillators [1, 2] or the generation of correlated photon pairs [3].
In these applications, fluctuations of the propagation factor of the light lead to a
broadening of the parametric bands, causing a dropping of the conversion efficiency.
Axial nonuniformities can also have a detrimental effect in the fabrication of long fibre

Bragg gratings [4], due to a possible unintended wavelength chirping.

Several methods have been reported for the axial characterisation of optical fibres
in the last decades, such as the measuring of backscattered light through optical time
domain reflectometry [5, 6] or the mismatch of four-wave mixing [7]. These approaches
provide a direct measure of the chromatic dispersion, and do not give information
about the phase velocity. A suitable technique for a direct measure of the phase
velocity (or effective index) is based on Brillouin scattering [8, 9]. These techniques
are appropriate for the characterisation of long sections of fibre (typically km), and
have a resolution longer than 1 m. However, most of the mentioned applications for
which axial homogeneity is critical employ fibre sections with a length much shorter

than this resolution.

Acousto-optic interaction has been used for the distributed measure of the difference
between the phase velocities of two modes in birefringent fibres, using two approaches.
The first approach consists in the use of elastic waves in short packets [10], and it is
based on the measure of the interferogram between the coupled and the non-coupled

light. The frequency-shift induced in the coupled light, in the case of travelling
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acoustic packets, depends on the difference between the propagation factor of the
modes. The resolution in this case is the length of the acoustic packet, typically a few
cm. The second approach is based on stationary acousto-optic interaction [11], where
the difference between the propagation factor of two different modes is obtained with

similar resolution, but it can only be used if the inhomogeneities are small.

The mentioned acousto-optic techniques for the axial characterisation of optical
fibres are based on the difference between the effective indices (phase velocities) of
two core modes, and therefore they are techniques suited for the characterisation of
birefringent or few-mode fibres. As far as we know, it has not been reported any
acousto-optic technique for the axial characterisation of single-mode fibres, which are

fibres that are more extensively used.

In this section, we discuss the application of the distributed acousto-optic technique
described in section 3.3 for the analysis of single-mode fibres. Particularly, we studied
diameter fluctuations in a conventional telecom fibre (SMF-28). The axial homogeneity
of an active fibre, HF-etched fibres (studied in section 4.1), and polyimide-coated
fibres (studied in section 4.2) are also analysed. For all the experiments described in
this section, the experimental arrangement was the one described in section 3.1, and

we followed the procedure for the data analysis detailed in section 3.3.

5.1.1 Diameter fluctuations in telecom fibres

In order to test the performance of the distributed acousto-optic technique, first
we performed the analysis of a telecom fibre, since their degree of homogeneity is
especially high. In particular, the fibre employed in the experiments was the Corning
SMF-28, whose complete experimental characterisation is detailed in section 4.3. Since
it is a very common and mass produced fibre, with tight fabrication tolerances, we

expected a high degree of axial uniformity.

Following the experimental procedure described in section 3.1, we measured the

transmission traces when an elastic packet propagated along a section of fibre. Figure
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Figure 5.1: (a) Traces at resonance (solid line) and at both sides of the resonance
(dashed lines), close to +d,,. Grey lines show the theoretical value, calculated using
the parameter values that best fitted the results; ¢ = 6.35m™ !, Less = 10.5cm,
a=049m™!, § = 0 (for the trace in resonance) and § = 13.2m™" (for the traces near

+0rm). (b) Transmission fluctuations in the edge traces. F' = 2.1 MHz.

5.1 (a) shows the oscilloscope traces measured using a section of SMF-28 of 1.55m
long, when the tunable laser wavelength was tuned to the centre of the resonance
(0o = 0) and at both sides (dp = £,,,), where sensitivity is best (see section 3.3). The
acoustic wavelength was F' = 2.1 MHz, and the resonance was the one due to the
LPy; — LPy; coupling. In the figure, the theoretical traces calculated at dg and +4,,
are also depicted, which indicate the response of an ideally uniform fibre. In this figure,
it is clear how the sensitivity is better when the probe laser was tuned at the edges of
the resonance, giving larger transmission fluctuations than in the case of tuning at
the resonance wavelength. In Fig. 5.1 (b) there can be seen the fluctuations of the
transmission as a function of the distance, z, with respect to the ideal uniform fibre,
obtained from the traces at the edges of the resonance. As expected, the fluctuations
are rather similar, with opposite sign. It is important to notice that the sensitivity
decreases with the distance, due to the acoustic attenuation, which reduces the coupling
coefficient. The conversion between time in the oscilloscope and position in the fibre,

as mentioned in section 3.3, was done using the group velocity. As we know the total
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length of the fibre, and the total travelling time of the acoustic packets, the group
velocity can be easily calculated, resulting in this case v, = 2800 m/s, which is in good

agreement with the theoretical calculations reported in section 2.2.
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Figure 5.2: Transmission spectrum evolution as the wave packet propagates along the
fibre. The red line shows the resonance wavelength for every fibre position. The effect

of the acoustic attenuation has been compensated for more clarity. F' = 2.1 MHz.

With this method, we could obtain the resonance wavelength as a function of the
position z. In order to do so, we obtained oscilloscope traces of the transmission
changing the wavelength of the narrowband light, that was scanned across the trans-
mission notch. With this set of traces we were able to construct the map of the optical
transmission depending on the position z and the wavelength A, shown in Fig. 5.2.
From this map, the spectral notch (T'(X)) at each point along the fibre was obtained,
and for every value of z, the curve T'(\) was fitted to the theoretical transmission,
from which the value of Ar was obtained. The line included in Fig. 5.2 shows A along
the fibre. It can be observed that Ar fluctuates along the fibre around an average

value of 1611.8 nm.
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Figure 5.3: Transmission spectrum at z = 15 cm, using data from Fig. 5.2, and compared

with the theoretical resonance using C' = 6.35m™" and L.s; = 10.5cm.

Figure 5.3 shows the transmission spectrum at one point of the fibre (z = 15 cm),
compared to the theoretical one, calculated using Eq. 3.7 and the parameters of C' and
L.s; that best fitted the measurements. There is good agreement between theoretical
and experimental spectra, but the experimental one shows a slight asymmetry. This
asymmetry might have to do with the fact that the resonance is actually caused by
the coupling to the three modes that give rise to the LP;; mode. Due to the short
AO interaction length, the bandwidth of each resonance is too broad to observe the

individual notches.

Figure 5.4 (a) shows the detuning fluctuations obtained from the traces taken at
both sides of the resonance, when §y = £4,,, (shown in Fig. 5.1), following the method
described in section 3.3. Figure 5.4 (a) also shows the detuning fluctuations obtained
from the direct measure of the resonance wavelength using the transmission map
(Fig. 5.2). For this resonance, in the conditions of the experiment, the change of

the detuning with wavelength results 96/9\|y,, = 6.11 x 10°m~2. There is good

agreement between the measures, with the exception of the region at the beginning of
the fibre. We believe that this disagreement is due to the fact that, in that region, the

length of the acoustic packet varies, until the point when the piezoelectric stops its

124



5.1. Analysis of axial nonuniformities in single-mode fibres

Map AR

1609.7 nm = = — =
(a) 1614.5 nm ===

!
0.5 1.0

z/m

Figure 5.4: (a) Detuning fluctuations employing the traces at both edges of the resonance
(wavelength is indicated in the figure) and the resonance wavelength given by the map.
(b) Final value of the detuning fluctuations, and the radius fluctuations that would

produce them.

vibration. Our method does not take this into account, so it is not capable to provide

reliable measures of Ag in this region.

The experimental procedure for the direct measure of the resonance wavelength
through the transmission map is far more complex than the procedure employing
single oscilloscope traces, since the first involves a large number of measurements.
Accurate measurements of the fluctuations can be obtained by averaging the detuning
fluctuations given by the traces measured at both edges. Figure 5.4 (b) shows this
final value of the detuning fluctuations. Due to the simple structure of this fibre, a
reasonable assumption is that the most likely origin of the fluctuations in the detuning
are slight inhomogeneities in the radius of the fibre. For small radius fluctuations, the
change of the detuning with the radius of the fibre would be

((5 — 60) ~ % ((l — ao), (51)

ao
where a is the radius and ag the radius for which the detuning is §p. As demonstrated
in section 4.1, changes in the radius affect the acousto-optic coupling from both an
optical and an acoustic contributions, so the derivative of Eq. 5.1 has also these two

contributions. The optical effect can be calculated with the method described in
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section 2.1, and the acoustic one following the method found in section 2.2. For this
particular case, d3/0al,, = 1.25 x 1071 m~2. The radius fluctuations resulting from
considering these calculations are shown in the right axis of Fig. 5.4 (b), and they

were never larger than +£9 nm.

The calculated values of the derivatives involved in Eqs. 3.5 and 5.1, and therefore
the sensitivity of the experiments performed using this technique, depend strongly
on the characteristics of the fibre, the acoustic frequency, the optical wavelength and
the modes involved in the AO coupling. For the experiment employing the SMF-28
fibre, if we assume that the smallest transmission fluctuation that it is possible to
detect is 1 x 1073, a detuning change of 0.05m~"' can be resolved. If the origin of the
detuning fluctuations is the fibre radius, such limit implies that it is possible to detect
radius variations of 0.4 nm. If the source of the detuning changes were fluctuations of
the core refractive index (caused, for example, by fluctuations in the concentration
of germanium in the core), the index variations that would be possible to detect are

4 %1078,

5.1.2 Active single-mode fibres

Once the method had proven to be suitable for measuring the detuning fluctuations
in a standard single-mode telecommunications fibre, we repeated the experiment
employing a rare-earth doped fibre, which we expected to be less homogeneous. The
analysed fibre was a single-mode, core-pumped ytterbium doped fibre (Nufern SM-
YSF-HI, NA = 0.11, A, = 870nm). The fabrication process of rare-earth-doped
fibres is more complex than for standard passive fibres such as the SMF-28 previously
analysed, and the dopant adds another parameter that could fluctuate producing axial

nonuniformities in the detuning.

Figure 5.5 (a) shows the measured transmission traces resulting from this experiment,
and Fig. 5.5 (b) shows the fluctuations of the detuning obtained from them. In this
experiment, the acoustic frequency was also 2.1 MHz, and the AO resonance wavelength

was 1569 nm, corresponding to the coupling between the fundamental LP;; mode and
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Figure 5.5: (a) Traces around %6, for the YDF. (b) Detuning fluctuations along the

fibre and radius variations that would produce them.

the LPj5 cladding mode. As we expected, the detuning fluctuations present in the
Yb-doped fibre were almost five times larger than in the case of the SMF-28 fibre. If
these fluctuations were due to variations of the radius, the radius variations would be
+300 nm, much higher that in the SMF-28 fibre (+9nm). However, since the dopant
concentration adds another possible source of inhomogeneity, as it can affect the core
refractive index, it is not clear the origin of the detuning change. If the measured
detuning fluctuations were produced by fluctuations of the core refractive index, the

core index variations would be £4 x 1076, which are also feasible in commercial active

fibres.

5.1.3 HF etched fibres

In some experiments previously discussed in chapter 4, fibres underwent processes
that might change their axial homogeneity. This is the case, for example, of the
experiments involving HF' etched fibres, reported in section 4.1. As we explained in
that section, axial inhomogeneities in HF fibres may interfere with their performance
in some applications. Using the distributed acousto-optic technique, we compared the
axial homogeneity of a fibre before and after a moderate diameter reduction caused

by HF etching.
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We conducted the experiment with a 1.2m section of SMF-28 fibre. After that, we
immersed the fibre in the HF solution for 2min. The thinning of the cladding after
that process was 5.2 ym, measured with an optical microscope. With the etched fibre,
we repeated the trace measure. The laser wavelength was tuned at §g = d,,, with an

acoustic frequency of F' = 2.27 MHz.
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Figure 5.6: (a) Trace for the fibre before the etching (laser wavelength A = 1491.5 nm)
and after the etching (A = 1483.1nm). F = 2.27MHz. (b) Detuning fluctuations

obtained from both traces.

Figure 5.6 (a) shows the two measured traces, before and after the HF etching
process. The resulting detuning fluctuations obtained from these traces are depicted in
Fig. 5.6 (b). Our conclusion is that the uniformity of the fibre is comparable in both
cases, indicating that the etching does not introduce additional inhomogeneities in the
cm scale. It is possible that, for longer immersion times, the etching process could
introduce higher axial inhomogeneities. However, the etching process increases the
fragility of the fibres due to microscopic flaws in the silica, making unviable the use of
sections with lengths of the order of one metre with longer etching times, which do not

resist the glue and cleaning process needed for distributed acousto-optic experiments.

After these experiments, we can conclude that, for a moderate reduction of the

diameter (few pum), the HF etching process does not introduce additional inhomo-
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5.1. Analysis of axial nonuniformities in single-mode fibres

geneities, in the scale of cm, detectable over the previous inhomogeneities present
in the fibre. However, it must be pointed out that this technique is not capable of
measuring nonuniformities in the microscopic scale, that could potentially be caused

by the etching.

5.1.4 Polyimide-coated fibres

In section 4.2, we discussed the viability of the use of polyimide coated fibres in
acousto-optic experiments employing harmonic acoustic waves. To take that study
one step further, we tested the performance of this kind of fibres in distributed

acousto-optic experiments.

This study was performed with the two fibres whose acousto-optic interaction
properties were characterised in section 4.2, one with a thinner coating (~ 4 pum thick)
and one with a thicker coating (~ 16 um thick). The experiment with the fibre with
the thin coating fibre was repeated after removing the polyamide coating with hot
sulphuric acid, so as to have a measurement of the axial inhomogeneities caused by
the polyimide coating. As in the rest of the experiments reported in this section, the
parameters were chosen to tune the probe light beam at g = d,,. In all cases, the

acoustic frequency was F' = 2.27 MHz.

Figure 5.7 shows the measured transmission traces, compared to theoretical sim-
ulations considering the acoustic attenuation measured with the optical vibrometer
and reported in section 4.2. In the case of the fibre with the thick coating, there
is a large discrepancy between the measured trace and the simulation. We believe
that this is due to the fact that, for this particular fibre with the thicker cladding,
the acoustic wave is attenuated in a length comparable to the resolution limit of the
method. For this reason, the distributed analysis of this fibre in these experimental
conditions is not feasible. However, traditional acousto-optics can be implemented in
this fibre (as demonstrated in section 4.2), so it should be considered for applications
that could require the extra hardiness given by the thicker coating. Conversely, the

acoustic attenuation produced in the fibre with the thin coating is low enough to
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Figure 5.7: Traces for the three fibres: the fibre with a thick polyamide coating (tunable
laser wavelength A = 1527.3 nm), the fibre with a thin polyamide coating (A = 1477.8 nm)
and the fibre with the thin coating, after removed coating (A = 1491.5nm). The dashed
lines represent simulations considering the measured acoustic attenuation reported in

section 4.2.

allow the measure of transmission traces, and therefore this method is suitable for the

distributed analysis of this fibre.

In order to have an idea of the additional axial inhomogeneities introduced by the
polyimide coating, we calculated the detuning fluctuations profile from the traces
corresponding to the fibre with the thinner coating layer, before and after the coating
was removed. In Fig. 5.8 there can be seen the resulting detuning fluctuations in
the mentioned fibre, with and without polyimide coating. It can be seen how the
fluctuations are similar in both cases, except in some regions, specially around z = 0.5 m.
We believe that this is related to the fact that the polyimide removing process could
had left microscopic traces of the coating, which would constitute inhomogeneities
by themselves. Additionally, we can point out that the measured fluctuations are of
the same magnitude of those measured in the SMF-28 fibre, discussed above in this

section. From these experiments we can conclude that polyamide-coated fibres are as
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axially homogeneous, at least in the cm scale, as uncoated standard telecom fibres,

making them suited for characterisation applications using distributed acousto-optic

interaction.
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Figure 5.8: Detuning fluctuations for along fibre with thin polyimide coating, before

and after the coating was removed.

5.2 Detection of localised inhomogeneities

In this section, we discuss the application of the distributed acousto-optics technique
for the detection of slight localised inhomogeneities introduced in conventional optical
fibres, that are not easily detected by other means. In particular, we tested the
technique with inhomogeneities such as a common fusion splice, deposited nanoparticles

and deposited thin polymeric layers.

5.2.1 Fusion splice

The fusion splice between optical fibres is a depurated technique, expected to change
the properties of fibres in a very small amount. Particularly, in the case of joining

two fibres with the same characteristics, a properly made fusion splice has an effect
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practically negligible for most applications. However, a splice can slightly modify the
geometrical characteristics of the fibre at the joining point, and, additionally, the heat
of the electric arc can produce the diffusion of the dopant element of the core towards
the cladding, modifying the refractive index profile of the fibre at that point. With
the experiments discussed here, we showed that these two effects produce a shift in
the resonance wavelength of the acousto-optic interaction, and hence that a fusion

splice can be detectable by the distributed acousto-optic technique.

To study the effect of a fusion splice in the acousto-optic interaction, we performed
an experiment as described in section 3.1, with the acousto-optic coupling taking place
in a section of Corning SMF-28 fibre that had been cleaved and then spliced back
together, using a commercial fibre splicer (Fujuikura FSM-20CSII) with the usual

settings (arc current: 16 mA, duration: 2s).
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Figure 5.9: Trace obtained from a section of SMF-28 fibre containing a fusion splice.

A =1549.3nm, F = 2.19 MHz.

Figure 5.9 shows the transmission trace obtained when the laser was tuned at the
edge of the resonance (dp = d,,,) corresponding to the LPy; — LP;; coupling of the

fibre section with the fusion splice. It is very noticeable that, around ¢ = 0.25ms, the
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Figure 5.10: Transmission map as a function of the axial position z in the fibre and
the wavelength, for the fibre with a fusion splice. Central line indicates the resonance

wavelength.

transmission changes significantly, corresponding to the fibre point where the fusion
splice is located. To perform a complete analysis of the effect of the fusion splice,
we built a transmission map as a function of the position along the fibre and the
wavelength, as previously described in section 5.1. Figure 5.10 shows the mentioned
transmission map of the fibre with the fusion splice, in which the resonance wavelength
at every position is also indicated. It can be seen a 6 nm displacement of the resonance
wavelength around z = 0.7m, where the splice is located. Figure 5.11 shows two
spectra, obtained from the transmission map, one corresponding to an arbitrary point
of the fibre (particularly z = 0.22m) and the other corresponding to the point of the
splice, z = 0.71m. It can be seen how the whole resonance is shifted —6nm at the

splice point.

The expected length of the perturbation caused by the fusion splice was at most
just about 1 mm, which is much shorter than the acoustic packet length, and hence

the resolution of the technique. This proves that, with this technique, it is possible
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Figure 5.11: Transmission spectrum at an arbitrary point of the fibre (solid line) and

at the splice point (dashed line).

to detect inhomogeneities shorter than the axial resolution. However, it is necessary
to take into account that the measured displacement of the resonance wavelength is
the result of the averaged contributions of the 1 mm section affected by the splice and
the rest of the section of unaltered fibre contributing to the coupling. Thus, we can

conclude that the effect of the splice on the AO notch is higher.

5.2.2 Detection of nanostructures

One of the potential future application of the distributed acousto-optic method is
the fabrication of distributed sensors. In order to study the possibilities in this field, we
analysed the sensitivity of the method to the deposition on the fibre of nanostructures
such as nanoparticles and thin layers of polymeric material with thickness in the nm

scale.

The nanoparticles used in the experiments were TiOs particles, and were deposited
along a short region of a 1.8 m section of SMF-28 fibre. The particles were deposited by

suspending them in water, and letting a drop of the suspension fall on the fibre. With
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5.2. Detection of localised inhomogeneities

this procedure, the particles were deposited along a section of fibre of approximately
0.5 cm. Figure 5.12 show SEM images of the affected section of fibre, with different
zoom levels, in which the nanoparticles are visible. From the images, we could measure
the diameter of the nanoparticles, which was between 100 nm and 300 nm. It can be
noticed how the particles cover a small fraction of the fibre surface, particularly one
side of the fibre, probably the side that was facing the suspension drop when it was

deposited.

MAG: 400 x HV: 10.0 kV

Il MAG: 70000 x_HV: 10.0 kV.

Figure 5.12: SEM images of the fibre with the nanoparticles deposited with different

zoom levels.

To achieve maximum sensitivity, the acoustic frequency and the laser wavelength
were tuned for 6y = d,, (F = 2.09MHz, A = 1614.2nm). With this configuration,

we measured the transmission trace of the fibre with no layers deposited. Then,
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we deposited the particles with the method described above, and measured the
transmission trace after the deposition. It is worth to notice that, between the two
measures, the fibre was not moved, touched, or altered in any way, to guaranty that

any observed effect was caused by the nanoparticles.
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Figure 5.13: Traces before and after the deposition of nanoparticles. Inset: zoom at the

point of deposition. F' = 2.09 MHz, A = 1614.2 nm.

Figure 5.13 shows the traces measured before and after the deposition of nanoparti-
cles, in which a difference between them at the point affected by the nanoparticles
can be noticed. As it can be seen, the fluctuation of the transmission at that point is
comparable to other fluctuations present in both traces, probably due to slight radius
fluctuations of the fibre (see section 5.1). This demonstrates that the effect of the
nanoparticles in the properties of the fibre is very small, however it can be detected

with this technique.
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5.2. Detection of localised inhomogeneities

With a similar experiment as the one conducted for the detection of nanoparticles,
we detected the presence of thin polymeric layers on the surface of a SMF-28 fibre.
Since layers are deposited in a more uniform way than particles, and there is the
possibility of depositing a varying number of them, it is an interesting way to study the

sensitivity of the distributed acousto-optic method to a variable slight perturbation.

Figure 5.14: SEM images of the fibre with Formuvar layers. (a) A general view of a

fibre with 6 layers deposited. (b) Detail of the fibre with 2 layers, (c) 4 layers and (d) 6

layers.

The material that we employed to deposit thin layers was Formuvar. This substance
is a thermoplastic resin formed from polyvinyl alcohol and formaldehyde as copolymers
with polyvinyl acetate. The layers were deposited by the immersion of a 1cm section

of fibre within a drop of the substance, until the solution evaporated, resulting in
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a highly porous layer covering the fibre. The process could be repeated a different
number of times, in order to increase the number of layers, and therefore the thickness
of the resulting multilayer. Figure 5.14 shows SEM images of the fibre with different
numbers of layers deposited. From the images, we estimate that the thickness of the 4
layers deposition was approximately 100 nm, which indicates that each layer added
approximately 25 nm.
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Figure 5.15: Traces with different amounts of deposited drops of Formwvar. Inset: zoom

at the point of deposition. F' = 2.09 MHz, A = 1617.4 nm.

In these experiments, we measured a trace of the clean fibre, and then we measured
traces with different numbers of layers. Since the effect of a single layer was very small,
we measured traces every two layer depositions. In Fig. 5.15 the traces are shown,
in which a change in the transmission at the affected region is visible. Even though

we were able to see a change in the trace with the deposition of two layers, which
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corresponds to the image of Fig. 5.14 (b), the perturbation is too close to the error of
the measurement, so we considered that the sensitivity limit. For the case of 4 and 6

layers (Fig. 5.14 (c)-(d)), a peak in the trace was clearly measurable.

It is important to notice that, as in the case of nanoparticles and the fusion splice,
the section of fibre with the inhomogeneity is far shorter than the acoustic packet
length, and therefore the resolution limit. Since the perturbation is located in just
a small fraction of the section of fibre contributing to the acousto-optic interaction,
the measured shift is smaller that the one that would be measured if the perturbation

covered the whole interaction region.

5.3 Analysis of pump absorption in active fibres

In this section, we show that acousto-optic interaction can be utilised for the analysis
of the pump absorption in active fibres. It is know that, when pumped at an absorption
band, the refractive index of rare-earth-doped silica fibres changes [12, 13]. There
are, essentially, two mechanisms that lead to this index change. First, the electronic
contribution, that changes the absorption and therefore the refractive index by the
Kramers-Kronig relations. On the other hand, a thermal contribution, coming from
the heating of the fibre caused by phonons excited by relaxation mechanisms. The
quantification of this change in the refractive index of pumped rare-earth-doped fibres
is of interest, as it can affect the performance of systems based on these fibres. As
an example, index changes induced by signal and pump might significantly affect
the dynamics and stability of fibre lasers and amplifiers [14, 15]. There are also
applications whose performance is possible through the nonlinear phase shift produced
by this refractive index change, such as optical switching [12, 13] or coherent beam
combining [15-18]. The refractive index change induced by pump absorption in rare-
earth-doped fibres has been investigated in the past, using different methods based on
interferometry [13, 19-21]. These interferometric methods are based on the measure of
the total phase shift accumulated by a probe beam as it propagates along a segment of

pumped doped fibres, so the information they provide is the average refractive index
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change along the whole section of fibre. Nevertheless, in end-pumped systems with
highly doped fibres and large absorption coefficients, the pump is most likely to be
absorbed non uniformly, causing a refractive index change gradient along the fibre.
Previously reported interferometric techniques are not able to resolve the non uniform
absorption distribution, nor the refractive index change axial profile. The experiments
discussed in this section have proven that the distributed acousto-optic technique
allows the analysis of refractive index changes with axial resolution. Particularly, with
the experiments reported in this section we measured the axial absorption distribution

of a 976 nm pump in an ytterbium doped fibre with high dopant concentration.
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Figure 5.16: (a) Pumping arrangement and (b) measured 980 nm absorption band of

the active fibre.

The active fibre analysed in these experiments was the Nufern SM-YSF-HI core-
pumped YDF, whose homogeneity when not pumped was studied it section 5.1. We
carried out two types of experiments, i. e. the acousto-optic characterisation of the fibre,
with and without pump (using acousto-optic interaction through harmonic acoustic

waves) and the characterisation of the pump absorption along the fibre, involving
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acousto-optic interaction with short acoustic packets. The passive acousto-optic
characterisation of the fibre was performed following the basic procedure for acousto-
optic experiments using harmonic waves, described in section 3.2. The broadband
light sources were a supercontinuum source and an erbium ASE source. For the active
characterisation, two 980/1550 WDMs were added at both ends of the fibre, as shown
in Fig. 5.16 (a), to combine and inject simultaneously the 976 nm pump and the
probe beam into the active fibre, and to separate the probe signal from the residual
pump and the ASE at the output. The distributed acousto-optic experiments were
performed following the procedure described in section 3.3, with the WDMs in the
same configuration shown in Fig. 5.16 (a). In all the experiments, the frequency of
the acoustic wave was F' = 2.16 MHz. The absorption band of the fibre at 980 nm is

shown in Fig. 5.16, showing a maximum absorption of 247 dB/m.

5.3.1 Passive acousto-optic characterisation

The passive acousto-optic characterisation of the fibre was performed to obtain
the numerical aperture and the cut-off wavelength of the fibre, which are required to
perform further calculations. Furthermore, this characterisation makes it possible to

select the optimum acousto-optic coupling for distributed acousto-optic experiments.

Figure 5.17 (a) shows the transmission spectrum of the fibre when using a harmonic
acoustic wave of frequency F' = 2.16 MHz, in a broadband wavelength region that allows
to monitor the notches resulting from the coupling between the fundamental mode
and the first five LPj,,, modes. The frequency tuning response of those five couplings
is shown in Fig. 5.17 (b), from both the experimental measurements and theoretical
calculations. The theoretical curves were calculated using the fibre parameters that
best fitted the experimental data, which were NA = 0.11 and A¢ = 870nm. For
the frequency range of the experimental arrangement, the resonance corresponding
to the LPy; — LP;5 coupling lies in the C band, so this was the coupling exploited
in subsequent experiments. Notice that the notch of the mentioned resonance is the

wider of all the transmission notches shown in Fig. 5.17, and this has an effect on the
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Figure 5.17: (a) Acousto-optic spectrum at F = 2.16 MHz, showing the coupling

between the LPy1 mode and the indicated modes. (b) Acousto-optic tuning of the same

couplings. Dots: experimental measurements, lines: theoretical calculations.

sensitivity of the method, since the value 9T/9\ decreases with the bandwidth of the

notch.

5.3.2 Active acousto-optic characterisation

In order to characterise the effect of the pump on the refractive index of the fibre
core, we measured spectra showing the acousto-optic notch when the fibre was pumped
by a 976 nm pump laser with different pump powers (Pp). For this experiment, the
length of the section of fibre was shortened as much as possible, in order to guarantee

uniform pump absorption along the whole section. In particular, the section of fibre
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was 11 cm long, and we characterised the resonance corresponding to the LFPy; — LP;5

coupling.
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Figure 5.18: (a) Acousto-optic notch at Pp = 0mW (solid line) and at Pp = 40 mW
(dashed line). (b) Wavelength shift of the notch (left axis) and electronic contribution

to the refractive index change (right axis) as a function of pump power.

Figure 5.18 (a) shows two different transmission spectra. One was recorded with
no pump, and the other was obtained when a pump power of 90 mW was delivered
to the fibre. It is noticeable a 1.5 nm shift of the transmission notch towards longer
wavelengths when the fibre is pumped, while its shape is essentially preserved. Figure
5.18 (b) shows the shift of the notch as a function of the pump power delivered to the
fibre. It can be observed a tendency to saturation at high pump power levels, and the

largest measured shift was 1.54 nm.

As previously discussed, when the YDF is pumped, two mechanisms can affect
the acousto-optic resonance wavelength: heating caused by the pump absorption and
changes of the refractive index of the doped glass due to the change of population of
electronic levels with different polarisability [12-14]. Thus, in a first order approxima-
tion, the acousto-optic resonance wavelength shift, AAg, induced by an optical pump
can be expressed as

OAR OAR

- Ang, (5.2)

143



5. Experiments involving distributed acousto-optics

where © is the temperature, A© is the temperature increase caused by the pump, n.
is the core refractive index and An¢ is the electronic contribution to the core refractive

index change.

The change in temperature leads to a shift of the acousto-optic resonance wave-
length, essentially caused by two contributions, which are the change of refractive
index of core and cladding as a result of the thermo-optic effect (silica thermo-optic
coefficient: 1.14 x 107> K1) and the fibre diameter change due to thermal expansion
(silica expansion coefficient: 0.55 x 107 K~1!). Additionally, for large temperature
increments, the temperature dependence of the elastic coefficients of silica [22] must
be taken into account. Taking these contributions into account, we calculated the res-
onance wavelength shift for the employed fibre, considering the LFPy; — LP;5 coupling,
concluding that Ap shifts with temperature at a rate of 0.12nm/K. To determine
the heating of the fibre caused by the pump, we conducted an auxiliary experiment
based on a technique employing whispering gallery modes [23]. Figure 5.19 shows
the increment of temperature, A©, for different pump powers. The curve shows a
saturation tendency, and the maximum measured temperature shift was 0.4 K, which
would result in a AO resonance shift of just 0.05 nm. Therefore, with this experiment

we concluded that the thermal contribution to the resonance shift is minor.

The shift produced by a change in the core refractive index, n. was also calculated.
As, in the case of this particular fibre, the doped glass is the fibre core, the electronic
contribution will affect significantly the L FPy; mode, mainly confined to the core, and
very little the LP;5 mode, whose fields extend mainly across the cladding. Hence, a
small change of the core refractive index can cause an important shift in the acousto-
optic resonance wavelength. In the case of interest, for small changes of n., the
resonance wavelength corresponding to the LFPy; — LP;5 coupling increases linearly

with the core index at a rate of 4.3 x 10° nm/RIU.

Known the total shift of the resonance wavelength, once measured the heating

caused by the pump, and calculated its effect in the resonance wavelength shift, it is
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Figure 5.19: Temperature increase as a function of pump power.

possible to estimate the electronic contribution to the refractive index change of the
core of the fibre at the C band through Eq. 5.2. The results of this estimation are
reported in the right axis of Fig. 5.18 (b). At maximum pump power, the electronic
contribution to the change of the refractive index of the core is ~ 3.5 x 1076, a value
compatible with previously reported values [20]. The fact that the refractive index
change is positive corroborates that, at 1550 nm, the main source of the change are
far-resonance transitions in the UV, rather than resonance transitions in the near IR

[12, 13, 20].

To support the assertion that the principal source of acousto-optic shift is the
electronic contribution, we performed an auxiliary experiment to measure the time in
which the resonance shift is produced. For this experiment, we employed a 9 cm length
section of fibre and launched a harmonic acoustic wave of frequency F' = 2.16 MHz
along it. We illuminated the fibre with the tunable laser, tuned to one side of the
acousto-optic resonance (A = 1541.2nm) to optimise the sensitivity (69 = d,, see
section 3.3). Once the optical wavelength and the acoustic frequency were adjusted,
we measured the transmission at the laser wavelength with a photodiode and an

oscilloscope. Then, the fibre was pumped with different pump powers, and the
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pump was modulated by an acousto-optic modulator with square pulses of 3 ms of
duration. With this procedure, the fibre was pumped during 3 ms, allowing us to see
the transients of the probe laser in the oscilloscope. The results of this experiments
are shown in Fig. 5.20. Until £ = 0 ms, the fibre remained unpumped, so there were
not any changes in the refractive index. At ¢t = 0ms, the fibre started to be pumped,
and the core refractive index started to change. The higher the pump power, the
faster the refractive index change, as there was more pump to excite more electronic
levels in the Yb. At t = 3ms the fibre stopped to be pumped, and the effect on the
core refractive index started to decay exponentially. In this case, the decay time of
the refractive index changes is the same for the different values of the pump power, as
the time in which this occurs is related to the lifetime of the Yb electronic levels. To
measure the lifetime of the fluorescence, we fitted the decay part of our measurements

to an exponential decay function of the form
Anf = Ang e /T, (5.3)

in which Ang , is the measured value of the refractive index change at the time when
the fibre stops to be pumped and, and 7 is the fluorescence lifetime of the ytterbium
levels excited by the pump. The lifetime obtained from the fit was compared to a

value measured with other procedure [24].

Table 5.1: Fluorescence lifetime, 7, obtained from the fit of the Eq. 5.2 to the measure-

ments with the different pump powers, Pp.

P,/ mW 495 11.24 36.42 Obtained from [24]
T/ s 854 867 851 860

The measured lifetimes are compatible with the previously reported values, and the
fit of the measurements to a simple exponential decay is very good. With these results,
we can definitely conclude that the observed shift in the acousto-optic resonance
is almost entirely caused by the electronic contribution to the core refractive index

change.
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Figure 5.20: Electronic contribution to the core refractive index change as a function of
time for different pump powers (indicated in the figure), when the fibre was pumped
between t = Oms and ¢ = 3ms. Dashed lines indicate fit to an exponential decay

function.

5.3.3 Characterisation of distributed pump absorption

Axial distribution of pump absorption along the fibre was investigated following the
experimental procedure described in section 3.3, to produce acousto-optic interaction
with short acoustic packets. The experiments were carried out employing a 1.16 m
section of Yb-doped fibre, and probe transmission traces were measured with an

oscilloscope for different values of the pump power.

Figure 5.21 shows a transmission trace without pump compared to a trace when the
pump power was 46 mW. Both traces are practically coincident with the exception
of the first 45cm, in which the pump absorption caused a shift in the resonance
wavelength. This result indicates that, in these pumping conditions, the pump affects
the acousto-optic interaction only in approximately the first 45 cm, which suggest that
the pump is being absorbed within that section, while the rest of the fibre remains

unpumped.
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Figure 5.21: Transmission as a function of time, or position along the fibre, unpumped

and with a 46 mW pump.

The results given by the trace measurements indicated that the pump absorption
was highly inhomogeneous along the fibre. In order to characterise in more detail the
axial inhomogeneity of the absorption, we performed a thorough analysis by measuring
traces at different wavelengths of the probe signal, to build transmission maps as a
function of fibre position and the wavelength, as explained in section 5.1, for different
pump powers. The mentioned maps can be seen in Fig. 5.22. The resonance wavelength
at every point of the fibre is indicated in all cases, and compared to the resonance
wavelength when the fibre was unpumped. It is possible to see how the resonance
wavelength is redshifted slightly with respect to the unpumped fibre at the beginning,
being the extension of the region where the notch is shifted longer as the pump power
increases. To clearly see this effect, Fig. 5.23 shows the resonance wavelength shift
with respect to the case P, = 0mW, and the core refractive index change that causes
it, as a function of the position along the fibre, for different pump powers. In all the
experiments, and all pump powers, the maximum shift of the acousto-optic notch was

about 1.5 nm, in agreement with the experiments conducted with a short section of
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Figure 5.22: Transmission maps for different pump powers indicated in the figure. Red
solid lines: resonance wavelength. Red dashed lines: resonance wavelength of the map

when Pp = 0mW.
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fibre and harmonic acoustic waves (Fig. 5.18). It was observed that, at the beginning
of the fibre, the notch shifts that maximum quantity, until a point where the shift
decays. For higher pump powers, the point at which the shift starts to decay can be
found further in the fibre. This indicates that the pump is completely absorbed at the
beginning of the fibre, while the rest remains unpumped, and the length needed to
absorb the pump increases with the pump power. In the reported results, for the case
of Pp = 165mW, the index change was roughly constant (the fluctuations along the
fibre are within the experimental error), as the pump power was high enough to pump

the whole 1.16 m section of fibre.

— ‘

Figure 5.23: Shift of the AO resonance wavelength (left axis) and electronic contribution
to the core refractive index change (right axis) along the ytterbium doped fibre pumped
with different powers (values indicated in the figure). The estimated experimental error

is indicated for one data point.

As already discussed, the experiments reported in this section were performed
using the fifth acousto-optic resonance of the YDP, which is the one produced by
the coupling between the LFPy; core mode and the LP;5 cladding mode. In principle,
the technique employed makes it possible to work with the coupling between the
core mode and any LPj,, cladding mode, provided the right experimental conditions
(particularly the acoustic frequency and the wavelength range of the probe beam).
Coupling with lower order cladding modes at the optical wavelength of the probe

beam (around 1.55 ym in the experiments reported in this section) requires to increase
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the acoustic wavelength, and hence to lower the acoustic frequency (see Fig. 5.17 (b)).
In principle, this might lead to an increase of the sensitivity of the experiments, since
the theoretical calculations concluded that the shift of the acousto-optic notch for
a given core refractive index change is larger when lower order cladding modes are
involved. Nevertheless, the use of a larger acoustic frequency increases the effective
interaction region, as the acoustic packet is longer for the same number of periods.
This makes the minimum length of the wave packet larger, and therefore reduces
the axial resolution. In the analysis of the distribution of the pump absorption, the
sensitivity of the experiment employing the fifth resonance was good enough, but for
applications for which the resonance wavelength shift is smaller it could be necessary
to increase the sensitivity, and by choosing the right combination of acoustic frequency
and optical wavelength, it is possible to find the trade-off between sensitivity and axial

resolution that best suits the requirements of different applications.
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6 Conclusions

The work developed in this thesis consisted in two sets of experiments, the first of
which was based on the implementation of in-fibre acousto-optic interaction employing
harmonic acoustic waves and the second employing acoustic waves in short packets.
Regarding the first set of experiments, we employed classic in-fibre acousto-optic
interaction for the development of new applications. With respect to the second
set, we developed and successfully tested this new technique implementing in-fibre

acousto-optic interaction in a different way than those reported until now.

In chapter 2 we describe the theoretical framework of acousto-optic coupling in
optical fibres, based on the interaction between optical and acoustic modes guided by
them, that will allow us to analyse and interpret the results given by the performed
experiments. The general aspects of the experimental procedures employed in these

experiments are detailed in chapter 3.

The experiments performed employing harmonic acoustic waves are discussed in
chapter 4. From these experiments, those employing HF-etched fibres allowed us
to characterise the effect that changes in fibre diameter have on the acousto-optic

interaction, showing good agreement with theoretical calculations.

The experiments employing polyimide-coated fibres demonstrated, for the first time,
the viability of the use of this kind of optical fibres for acousto-optic applications.
From the technological point of view, this advance allows acousto-optic devices to be

implemented using optical fibres with external protection, which makes it possible to
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avoid the difficulties related to the fragility of unprotected fibres in which acousto-
optic interaction is traditionally produced. Polyimide coatings increase the acoustic
attenuation, that becomes higher with the thickness of the coating layer. However,
layers thick enough to provide sufficient fibre protection allow efficient acousto-optic
coupling, with the only limitation of a maximum interaction length of about 70 cm,
which can open a door to a more robust implementation of acousto-optic interaction

in all-fibre devices.

Also regarding traditional acousto-optic interaction, we demonstrated that acousto-
optics can be used for the broadband and accurate characterisation of single-mode
and few-modes optical fibres, being particularly interesting the cut-off wavelength
region, which is not usually easy to characterise by other means. We proved that
the accuracy given by the method is good enough to individually characterise the
quasi-degenerated vector modes that give rise to LP modes. The results obtained
from this characterisation are in good agreement with theoretical calculations using a

step-index profile.

The last application that we developed for acousto-optic interaction through har-
monic waves was the assembly of a mode converter, capable of generating light beams
with a doughnut-shaped spatial intensity profile and a radial polarisation structure
though the coupling to higher-order modes. We employed this mode converter for the
fabrication of an all-fibre Yb laser for the generation of cylindrical vector beams. The
fabricated laser had an efficiency of 13.5%, with a maximum power of 65 mW, and the
generated cylindrical vector beams had a modal an polarisation purity greater that

98%.

With respect to the experiments using the implementation of acousto-optic interac-
tion using short packets of acoustic waves, discussed in chapter 5, we demonstrated
that the technique is able to detect axial fluctuations in the detuning factor as small as
0.05m~! in single-mode fibres, with axial resolution of few centimetres along section

of fibre exceeding 1 m. Such sensitivity in the detuning measurements enables the
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detection of diameter fluctuations with subnanometric resolution, or sub-ppm changes

of the core refractive index.

Regarding this set of experiments, in first place we made use of the distributed
acousto-optic technique for the analysis of the axial uniformity of different fibres.
Particularly, a 1.5 m long section of SMF-28 fibre, assuming that the origin of the
detuning fluctuations were fluctuations in the radius of the fibre, finding that they
were always smaller than 10nm. We compared the results with a Yb-doped fibre,
which we expected to be less homogeneous, measuring higher axial fluctuations in
the detuning. These fluctuations, if due to changes in the radius, would translate in
radius inhomogeneities of around 300 nm, while if due to changes in the distribution
of the dopant, and therefore the core refractive index, the core index inhomogeneities
would be 4 x 1076, We also analysed the axial uniformity of polyimide-coated and
HF-etched fibres, finding that the inhomogeneities in the cm scale were of the same

order than those in the case of the bare SMF-28 fibre.

The distributed acousto-optic technique also proved to be suitable for the detection
of very slight localised non-uniformities localised in a very short section if fibre.
Particularly, we have demonstrated that it is possible to detect the presence of a
fusion splice, layers of nanoparticles deposited on the fibre and polymeric layers with
a thickness of 100 nm. These results demonstrate the potential of the technique for

applications in distributed sensing.

Finally, we employed the distributed acousto-optic technique for the analysis of the
axial profile of the pump absorption in a Yb-doped fibre. With this experiment, we
characterised the axial profile of the pump absorption along the active fibre, and its
dependence on pump power. Additionally, this method allowed us to measure the core
refractive index change caused by the pump. We found that the maximum core index
change induced by the pump was 3.5 x 1076, a value that is in good agreement with

theoretical predictions.
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Annex

Measure of the vibration amplitude

For the analysis of both the acoustic attenuation along the fibre and the piezoelec-
tric response, we required the accurate measure of the vibration amplitude of the
acoustic wave. Due to the fact that this amplitude is very small, it is convenient to
employ interferometric methods. Because of its simplicity, we employed a optical fibre

vibrometer [1].

n-matching cell Detector

50:50 coupler

Laser

Right angle end

I I
Vibrating surface

Figure 1: Scheme of a basic optical fibre vibrometer.

This device, whose scheme can be seen in Fig. 1, consists in a simple interferometer,
based in a 50:50 coupler, whose arms are attached to a laser light source, a detector
and an optical fibre cleaved in right angle. The right angle end, which acts as sensing

head, is placed next to the surface whose vibration is intended to be measured. With
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this configuration, the interference is produced between the light beam reflected in
the end of the right angle (with a reflectivity of about 4%) and the beam reflected
in the vibrating surface and recoupled to the fibre. The detuning between the two
light beams corresponds to double the distance between the right angle end and the
surface. If the surface is vibrating, this detuning variates with time. The fourth arm
of the coupler does not play any role, so, to avoid unintended reflections at its end,
the end is immersed in an index-matching cell, consisting in a liquid with a refractive

index equal to the index of the fibre.

In a device as the one described, if the separation between the right angle end
and the surface, o, variates as o = 0y + ug cos(§2t), the signal in the detector, Vs, is
proportional to

Vs o cos (2kog + 1) [Jo (2kug) + 2J2 (2kug) cos (2Qt) + -+ -] - .

-sin (2kog + 1) [2J1 (2kug) sin () + 2J3 (2kug) sin (3Q%) + - -], W
with k = 27/, X the laser wavelength, and J,, the Bessel functions of first kind and
order n. The n parameter is a parameter that changes slowly with time, and it has
been introduced to take into account possible fluctuations of the detuning not due to
the vibration, but to external perturbations (for example, possible vibrations of the
table in which the system is placed). Equation 1 is a summation of harmonics of the
vibration frequency 2. The amplitude of each harmonic is a Bessel function, whose
argument depends on the vibration amplitude ug, which is the parameter aimed to be

measured.

In order to measure the amplitude of the flexural wave guided by the fibre, we
mounted a vibrometer as the one described above, and we measured the spectrum in the
electric domain of the signal measured by the detector, employing an oscilloscope with
a fast Fourier transform (FFT) function. One example of the spectra that are obtained
with this method can be seen in Fig. 2. The spectrum has been obtained by averaging
during a time long enough to match the terms cos (2kog + 1) and sin (2kog + 1) of
Eq. 1.
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Figure 2: Example of a measured spectrum, with a vibration frequency of 2.05 MHz.

If we call a; and ay the average amplitudes of the harmonics © and 2Q (what is to

say, the height of the first and second peaks of the spectrum), from Eq. 1 it can be

seen seen that
ay Jl (QkUQ)

a9 J2(2]€U0) ’

With the spectrum measured in dB, so a?B = 10log(a;), Eq. 2 results in

10t —ag®) 10 _ J1 (2kuo)
J2 (QkUQ)’

that can be numerically solved to obtain the value of ug.

(2)

An interesting situation is given when the vibration amplitude is small. In this case,

if we perform a series expansion of Eq. 1, it can be concluded that the signal of the

detector is proportional to uy cos(2t). This implies that the temporal trace observed

in the oscilloscope is directly proportional to the vibration amplitude at that point

of the fibre. This characteristic allowed us to study the temporal properties of the

elastic perturbation generated in the fibre when an acoustic wave in a short packet is

launched (Fig. 3.5).
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