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Abstract

Whispering Gallery Modes (WGMs) based microresonators have attracted a great

interest in the last decades due to their strong confinement of the light. Such

microresonators can be fabricated with different geometries and materials. They

exhibit high Q-factors and small mode volumes, which allows a great number

of fundamental studies and applications, as for example the study of nonlinear

phenomena. The narrow linewidths that the WGM resonances present enable the

measurement of small perturbations of the microresonator parameters, with a low

detection limit.

This thesis provides an experimental characterization of the properties of

different optical fiber devices by means of WGMs. The operational principle is

based on exploiting the tunability of the WGM resonances by means of varia-

tions in the parameters that define the material and the geometry of the microres-

onators. This feature enables the study of the microresonator properties by mea-

suring the optical spectral position of the WGM resonances. The variation of the

microresonator’s parameters can be induced by strain, a temperature change, or

an external magnetic field. The characterization of the strain-optic effect in sil-

ica and PMMA axially stretched optical fibers allowed the determination of the

strain-optic coefficients of both materials. Commonly, an axial strain generates

a uniaxial anisotropy that can be measured directly with our approach. Anal-

ogously, the characterization of the thermo-optic effect in different optical fiber
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devices, illuminated with different optical signals, enables the measurement of a

variety of parameters: the contributions of absorption and scattering to the loss

coefficient in UV-irradiated photosensitive fibers, thermal profiles in long period

gratings, and the heating induced optically in active doped fibers. The main fea-

tures of the implemented experimental technique are its low detection limit, its

spatial resolution, and its capability to perform the measurements in a broad range

of optical wavelengths.

Locking techniques are necessary in experiments involving WGMs, to gen-

erate stable, nonlinear phenomena. This work provides two novel active locking

techniques to stabilize the system at constant laser wavelength, which were ex-

perimentally tested. Both of them are based on the tuning of the spectral position

of the WGM resonances either by means of axial strain, or temperature varia-

tions of the microresonators. Finally, optomechanical phenomena are a nonlinear

effect induced by the high optical circulating power of the WGM, which results

in the excitation of the acoustic modes of a microresonator. Vibrational resonant

modes with high mechanical Q-factors were identified and characterized in bub-

ble microresonators, and it was observed the transition to a chaotic behavior of

this system, as the circulating power was increased.
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Resumen en español

Objetivos de la tesis

La implementación de micro-cavidades ópticas se ha extendido en las últimas

décadas, teniendo un papel fundamental en aplicaciones de fotónica, tanto en in-

vestigación teórica como aplicada. Algunos ejemplos son: fabricación de fuentes

láser, diseño de filtros dinámicos, diseño de sensores, estudio de fenómenos no-

lineales, entre otros. El principio operacional de las micro-cavidades se basa en

confinar la luz dentro de su estructura a través del fenómeno de resonancia. Las

cavidades se pueden diferenciar dependiendo de su mecanismo de confinamiento:

las cavidades Fabry-Perot o los cristales fotónicos son dos ejemplos. Otra familia

de estas micro-cavidades ópticas son las basadas en ondas electromagnéticas su-

perficiales, conocidas como Whispering Gallery Modes (WGMs) debido a su análogo

acústico, que fue descrito por Rayleigh a finales del siglo XIX.

Los WGMs son ondas superficiales que se propagan ligadas a la interfase

de micro-cavidades con simetrı́a circular. La luz circula en dirección azimutal en

la superficie interior de la cavidad óptica, quedando confinada por reflexión to-

tal interna. Estos modos superficiales interfieren con ellos mismos dando lugar a

resonancias a longitudes de onda ópticas determinadas por la geometrı́a, tamaño

y material de la micro-cavidad. Estas micro-cavidades presentan varias ventajas

comparadas con las cavidades Fabry-Perot o los cristales fotónicos. De entre ellas
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Resumen en español

destacan la miniaturización, la sencillez de fabricación, su bajo coste, su fácil in-

tegración en circuitos fotónicos, etc. Además, pueden ser fabricadas con distintas

geometrı́as: cilı́ndrica, esférica, o toroidal, siendo posible utilizar diferentes mate-

riales con baja absorción para su fabricación, lo que permite obtener resonancias

de gran calidad. Algunos ejemplos de estos materiales son: polı́meros, materiales

cristalinos, o, el más usual, la sı́lice.

Se han desarrollado a lo largo de los últimos años diferentes aplicaciones

basadas en micro-cavidades WGMs, entre las que destacan: filtros fotónicos sin-

tonizables a partir de la aplicación de tensión mecánica o de un incremento de

la temperatura de la micro-cavidad; biosensores de onda evanescente; medida de

las propiedades del material de la micro-cavidad; etc. Todas estas aplicaciones

son posibles gracias al alto factor de calidad, Q, que presentan las resonancias

en micro-resonadores ópticos basados en WGMs. Este alto valor de Q, junto con

volúmenes modales muy pequeños, convierten a estos micro-resonadores en can-

didatos óptimos para el diseño de láseres con umbrales de potencia bajos, y para

el estudio de fenómenos no-lineales a baja potencia.

En el marco actual de investigación de micro-cavidades ópticas basadas en

WGMs, los objetivos de esta tesis se pueden diferenciar en dos bloques: el desa-

rrollo de nuevas técnicas para el estudio y caracterización de distintos dispositivos

basados en fibras ópticas, y la excitación y observación de efectos no-lineales en

micro-resonadores fabricados en sı́lice.

El primer bloque engloba tanto el estudio teórico y diseño de los disposi-

tivos a analizar, como las técnicas de medida que permiten la caracterización de

los mismos. Entre los objetivos especı́ficos destacan (i) la caracterización de micro-

resonadores cilı́ndricos constituidos por secciones de fibras ópticas con propieda-

des especiales: fibras de sı́lice dopadas, fibras irradiadas con luz ultravioleta y fi-

bras de polı́mero PMMA; (ii) los micro-resonadores fabricados con polı́meros me-

diante la técnica de fotopolimerización de dos fotones; y (iii) la caracterización de

componentes de fibra óptica como son las redes de periodo largo. El principio que
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permite usar los WGMs como técnica de caracterización de los diferentes disposi-

tivos mencionados es la dependencia de las resonancias WGM con los parámetros

que definen el material y la geometrı́a de los micro-resonadores. Este hecho abre

la posibilidad de extraer información de los mismos a partir de la medida de las

longitudes de onda de resonancia cuando dichos parámetros experimentan algún

cambio. Las caracterı́sticas que presentan las resonancias WGMs permiten una

medida de los parámetros caracterizados con una alta precisión, ası́ como la obser-

vación de comportamientos inducidos por distintos efectos, el efecto elasto-óptico

y el termo-óptico por ejemplo, que no es posible con otras técnicas de medida más

convencionales.

El segundo bloque se centra principalmente en el desarrollo de técnicas ex-

perimentales de estabilización de las resonancias WGM, las cuales permiten re-

solver los problemas que surgen al intentar sintonizar la longitud de onda de

emisión del láser que excita el WGM, con la longitud de onda de resonancia.

Estas técnicas de estabilización son conocidas en la bibliografı́a como técnicas

de locking, y se dividen en técnicas pasivas y activas. Uno de los objetivos ha

sido la descripción y caracterización de los efectos no-lineales térmicos que se

inducen durante el proceso de sintonización del laser con una resonancia WGM.

A partir del estudio de estas no-linealidades térmicas, se ha implementado un

locking pasivo basado en este efecto no-lineal. Además, aprovechando el estudio

de los efectos elasto-óptico y termo-óptico, se han desarrollado técnicas nove-

dosas de locking activo, las cuales permiten trabajar a una longitud de onda de

emisión del láser constante. El desarrollo de estas técnicas de locking permite lle-

var a cabo diferentes experimentos centrados en el estudio de efectos no-lineales

en micro-resonadores WGM. Las grandes densidades de energı́a confinada en los

micro-resonadores permiten la observación de efectos no-lineales, tanto ópticos

como opto-mecánicos, para potencias de bombeo láser relativamente bajas. Como

último objetivo de las tesis, se han caracterizado las vibraciones mecánicas in-

ducidas por los WGMs en micro-resonadores de sı́lice con geometrı́a esférica,

centrándonos en cavidades con forma de burbuja.
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Resumen en español

Fundamentos teóricos de los WGMs

Los micro-resonadores basados en WGMs son estructuras con simetrı́a rotacional,

generalmente formados por un material dieléctrico. Aunque los materiales más

empleados son isótropos, como por ejemplo la sı́lice o los polı́meros, existen micro-

resonadores fabricados a partir de materiales con cierta anisotropı́a. Además, es

posible inducir una anisotropı́a en un material isótropo mediante diferentes meca-

nismos. Ası́ pues, en este trabajo se ha llevado a cabo una descripción teórica de la

propagación de los WGMs en micro-resonadores cilı́ndricos con diversas anisotro-

pı́as, con el fin de describir los diferentes efectos estudiados a lo largo de la tesis.

De los distintos modos de propagación existentes en este tipo de estruc-

turas, entre los que se incluyen los modos de propagación convencionales de las

fibras ópticas, el estudio se ha basado en las ondas que se propagan puramente

en dirección azimutal, es decir, los WGMs. Las propiedades de los modos ópticos

guiados por reflexión total interna se han calculado resolviendo las ecuaciones de

Maxwell e incluyendo las distintas anisotropı́as en la forma del tensor permitivi-

dad. Se han estudiado dos casos de especial interés, una anisotropı́a uniaxial, y

una girotrópica, las cuales describen el comportamiento de los WGMs cuando los

micro-resonadores están sometidos al efecto elasto-óptico y al magneto-óptico.

Debido a la simetrı́a cilı́ndrica de la estructura, las soluciones de los campos

a las ecuaciones de Maxwell son separables en dos funciones, una dependiente

de la coordenada azimutal, y otra de la coordenada radial. No hay dependencia

con la coordenada axial ya que a lo largo del desarrollo teórico se ha asumido

que la estructura cilı́ndrica es infinitamente larga. La parte angular debe satis-

facer que el campo electromagnético confinado interfiera constructivamente con

él mismo después de cada vuelta dentro del micro-resonador, lo que confiere el

carácter resonante a este tipo de modos. En consecuencia, el valor de la constante

de propagación de los modos queda discretizado. De hecho, cada modo queda

inequivocamente identificado por una serie de números enteros, que tradicional-
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mente se conocen como los órdenes azimutales y radiales. Respecto la parte radial,

la solución es una combinación de funciones de Bessel que debe cumplir una serie

de condiciones de contorno para tener significado fı́sico. Teniendo en cuenta las

soluciones de la función angular y radial, se obtiene el campo electromagnético de

los WGMs al completo.

Aplicando las condiciones de contorno al campo electromagnético en la in-

terfase de los dos medios tratados, se llega a la obtención de dos ecuaciones ca-

racterı́sticas, referentes a cada una de las polarizaciones de los WGMs. De esta ma-

nera, cada modo, representado por sus órdenes azimutal y radial, tiene a su vez

dos modos de polarización, TE y TM. La forma de las ecuaciones caracterı́sticas

depende del tipo de anisotropı́a considerada en el tensor permitividad. En cual-

quiera de los casos, la solución a estas viene dada por las longitudes de onda de

resonancia de los WGMs. Las soluciones consisten en una serie discreta de longi-

tudes de onda cuyo valor está determinado por el orden azimutal y radial de las

resonancias.

Las curvas de dispersión de las resonancias WGM son diferentes a las que

normalmente se obtiene para los modos convencionales de una fibra óptica. Ade-

más del comportamiento discretizado de las soluciones, en este tipo de modos se

estudia cómo varı́a la longitud de onda de resonancia de los WGMs en función del

orden azimutal y radial de los modos. A medida que ambos órdenes aumentan,

la longitud de onda de resonancia de los modos disminuye. Respecto al ı́ndice

efectivo de los WGMs, este muestra una variación suave con el orden azimutal,

mientras que el cambio entre órdenes radiales es significativo.

El campo electromagnético de los WGMs se encuentra fuertemente confi-

nado en la interfase para los micro-resonadores caracterizados a lo largo de esta

tesis: a mayor tamaño, mayor confinamiento. En general, el orden azimutal dicta

el número de oscilaciones que sufre el campo a lo largo del perı́metro del micro-

resonador, mientas que el orden radial provee información respecto al número de

oscilaciones del campo en el interior del resonador en la dirección radial: para
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órdenes radiales bajos el campo está más confinado. En el medio exterior del

micro-resonador, generalmente aire, el campo se describe como una onda evanes-

cente que radia hacia el infinito.

En esta tesis se ha llevado a cabo el estudio de uno de los parámetros que

describen el rendimiento de cualquier resonador, su factor de calidad, ası́ como

las distintas fuentes de pérdidas que presentan este tipo de micro-resonadores.

De los distintos tipos que existen, tanto intrı́nsecas a la cavidad como fuentes ex-

ternas, únicamente dos de ellas, en condiciones experimentales, son limitantes del

valor de Q: las pérdidas que se inducen al acoplar la luz al micro-resonador, y

los contaminantes superficiales. Estas fuentes de pérdidas limitan el valor de Q

a ∼ 108 − 109, en estructuras de sı́lice. Estos valores son extremadamente altos

comparados con otros resonadores electromagnéticos, y es el parámetro clave que

permite obtener gran precisión en las medidas realizadas usando WGMs.

Por último, en la parte teórica, se ha estudiado el acoplamiento de energı́a

desde una micro-fibra a un micro-resonador, configuración que ha sido empleada

experimentalmente a lo largo de todo el trabajo. La cola evanescente del campo

electromagnético de una micro-fibra dispuesta cerca de un micro-resonador es

capaz de excitar sus modos WGM. Además, la existencia de pequeñas inhomo-

geneidades en la superficie de la cavidad permiten la excitación de WGMs contra-

propagantes que se re-acoplan a la micro-fibra con sentido opuesto al campo ini-

cial y, por lo tanto, permiten realizar medidas tanto en transmisión como en re-

flexión. La eficiencia del acoplamiento depende de las pérdidas intrı́nsecas del

micro-resonador y de la distancia relativa entre ambas estructuras. En el caso ideal

en el que no existen inhomogeneidades en la superficie, el acoplamiento crı́tico se

da cuando las pérdidas del micro-resonador son iguales a la energı́a acoplada.
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Procedimientos experimentales

A lo largo de la tesis, se ha usado un montaje experimental básico para excitar y

medir los WGMs que, en función del efecto concreto que se ha querido caracteri-

zar, se modificaba convenientemente.

Este montaje común consta de, en primer lugar, una fuente de luz, ge-

neralmente un láser sintonizable, que se emplea para excitar las resonancias. El

láser incorpora un sistema de barrido en longitud de onda basado en un piezo-

eléctrico que permite realizar un barrido continúo con una resolución dada por la

anchura de lı́nea del láser (< 300 kHz). El barrido se controla con una señal tri-

angular externa suministrada por un generador de funciones de frecuencia y am-

plitud variable. Un controlador de polarización situado después del láser permite

seleccionar la polarización de la luz emitida. En algunos experimentos con micro-

resonadores que presentan factores de calidad demasiado bajos para la técnica

descrita, se han utilizado fuentes de luz de banda ancha como sustituto del láser

sintonizable.

Con el fin de acoplar la luz al micro-resonador, la señal óptica se inyecta en

una micro-fibra auxiliar de unas 2µm de diámetro, colocada perpendicularmente

al micro-resonador. La posición relativa entre la micro-fibra y el micro-resonador

se controla mediante un sistema de posicionamiento que permite seleccionar, por

un lado, la distancia relativa entre ellos. En la mayorı́a de experimentos, sin em-

bargo, se trabaja con ambos elementos en contacto. En segundo lugar, el sistema

permite también controlar el punto del micro-resonador al cual se acerca la micro-

fibra: de esta manera, se pueden hacer medidas en diferentes puntos del micro-

resonador. Las micro-fibras empleadas para la excitación de los WGMs se fabrican

empleando el equipo de post-procesado por fusión y estrechamiento disponible

en el grupo de investigación de fibras ópticas de la Universidad de Valencia. Los

parámetros tı́picos de las micro-fibras utilizadas en la mayorı́a de experimentos

son: 2µm de diámetro de cuello y 6 mm de longitud.
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La señal transmitida a la salida de la micro-fibra se monitoriza con un foto-

diodo conectado a un osciloscopio, que está sincronizado con la señal eléctrica del

generador de funciones. Utilizando un circulador situado antes de la micro-fibra,

es posible medir de igual forma la señal reflejada. Las trazas temporales obtenidas

en el osciloscopio son en la práctica, espectros en longitud de onda de las resonan-

cias WGM

Respecto a los micro-resonadores, dependiendo del experimento, el mate-

rial o la geometrı́a se ha ido variando. En los experimentos de caracterización de

propiedades de fibras, o de distintos dispositivos fabricados en fibra óptica, la

propia fibra actuaba como micro-resonador. En algunos casos, la fibra se estrechó

ligeramente utilizando el equipo de fusión y estiramiento para suavizar la superfi-

cie del micro-resonador y ası́ aumentar el factor de calidad. Además de los micro-

resonadores cilı́ndricos de sı́lice, con factores Q entre 106 y 107, se han caracte-

rizado otras micro-cavidades fabricadas a partir de polı́meros: micro-resonadores

cilı́ndricos de PMMA, y estructuras vasiformes fabricadas con un método de fo-

topolimerización con dos fotones. En la última parte de la tesis, también se han

utilizado micro-cavidades esféricas de sı́lice: esferas y burbujas, para excitar los

WGMs. Por tanto, este montaje es capaz de excitar y medir WGMs en distintos

materiales y geometrı́as.

Resultados

Efecto magneto-óptico

Cuando un micro-resonador cilı́ndrico fabricado con un material dieléctrico e isó-

tropo se somete a un campo magnético externo constante orientado a lo largo de

su dirección axial, se induce una anisotropı́a girotrópica en el material, que será

tanto más pronunciada como alta sea su constante de Verdet. A partir del desa-

rrollo teórico de la propagación de los WGMs en micro-resonadores con este tipo
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de anisotropı́a, se ha estudiado la variación de la posición espectral de las resonan-

cias WGM en función de la intensidad del campo magnético. De este desarrollo

teórico se ha concluido que solo la polarización TE se ve afectada por la presencia

del campo externo, mientras que la polarización TM se comporta como lo harı́a en

el caso de un material isótropo. Las resonancias de la polarización TE experimen-

tan un desplazamiento en su longitud de onda hacia longitudes de onda cortas

o largas dependiendo del sentido de propagación de los WGMs: en la dirección

azimutal, horario o anti-horario. Desde un punto de vista experimental, el sen-

tido de propagación de los modos está determinado en función de si es un WGM

propagante o contra-propagante.

En micro-resonadores fabricados con sı́lice, las simulaciones predicen que

el desplazamiento que sufren las resonancias WGM para un campo magnético

externo de 1 T es mucho más pequeño que la anchura de lı́nea tı́pica que pre-

sentan, debido al pequeño valor de la constante de Verdet de este material. Ası́

pues, la resolución de la técnica no permite, con el montaje de que disponemos,

medir experimentalmente este efecto en este tipo de materiales por medio de re-

sonancias WGM. Sin embargo, existen materiales dieléctricos que presentan una

constante de Verdet ∼ 57 veces superior a la del sı́lice, lo que abre la posibilidad

de medir este efecto si se dispusiera del micro-resonador adecuado. Además, mi-

diendo el desplazamiento relativo entre dos WGMs contra-propagantes entre sı́,

el desplazamiento inducido por el campo externo se duplica, lo que facilitarı́a la

medida del efecto. Desafortunadamente, micro-resonadores fabricados con ma-

teriales con una contante de Verdet alta no estaban disponibles durante la reali-

zación de esta tesis. En todo caso, hemos proporcionado las herramientas teóricas

necesarias para predecir los cambios en la respuesta espectral de los WGMs que

inducirı́a este efecto.
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Efecto elasto-óptico

Cuando un micro-resonador cilı́ndrico e isótropo sufre un estiramiento axial se

induce una anisotropı́a uniaxial en el tensor permitividad debido al efecto elasto-

óptico, la cual varı́a dependiendo del material. En un micro-resonador de sı́lice, las

simulaciones predicen que se induce una fuerte anisotropı́a y que afecta de forma

distinta a cada una de las polarizaciones, debido a los coeficientes elasto-ópticos

de la sı́lice. Esto, junto con una variación del tamaño del micro-resonador, provoca

un desplazamiento espectral de las resonancias WGM al aplicar una tensión axial.

El desplazamiento afecta en mayor medida a las resonancias TE que a las TM: las

primeras experimentan un corrimiento hacia al azul ∼ 1.66 veces mayor que las

últimas.

Hemos observado este comportamiento experimentalmente, excitando las

dos polarizaciones de los WGMs de un micro-resonador cilı́ndrico de sı́lice (en

nuestro caso, una sección de fibra óptica convencional) y midiendo su respuesta

espectral cuando la fibra se somete a una deformación axial. Esta técnica basada en

los WGMs, además de posibilitar la observación del comportamiento anisótropo

del material, permite la medida y determinación de los coeficientes elasto-ópticos

del medio caracterizado. En el caso de la sı́lice, los coeficientes obtenidos fueron:

p11 = 0.116 y p12 = 0.255 a 1531 nm, valores que son compatibles con los presenta-

dos anteriormente en la bibliografı́a. Hasta donde sabemos, esta es la primera vez

que se ha observado la respuesta anisótropa de las resonancias WGM inducida por

tensión axial en fibras ópticas, lo que ha permitido proponer un nuevo método

experimental de medida de los coeficientes elasto-ópticos en estos sistemas. La

novedad de este resultado radica en que los modos ópticos convencionales, que se

propagan axialmente en las fibras, son esencialmente transversales a la dirección

de propagación, y por tanto, no son sensibles a las variaciones que experimenta

el tensor permitividad en esta dirección debido a tensiones axiales. Por otro lado,

otra de las grandes ventajas de esta técnica es la posibilidad de determinar con

facilidad los coeficientes elasto-ópticos a diferentes longitudes de onda, siempre
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que el material presente pocas pérdidas. Esta caracterı́stica ha sido empleada para

medir la dispersión de los coeficientes elasto-ópticos de la sı́lice a 1064 y 1531 nm,

y los resultados muestran que presentan una respuesta plana.

Aprovechando la técnica de medida, y la posibilidad de excitar eficiente-

mente las resonancias WGM en micro-resonadores fabricados con polı́meros, se ha

llevado a cabo una caracterización para determinar los coeficientes elasto-ópticos

del PMMA. La medida se ha realizado para el rango del infrarrojo cercano, en-

tre 800 y 2000 nm. Como en el caso de la sı́lice, la respuesta de la dispersión de

los coeficientes ha sido plana. Los valores de los coeficientes obtenidos en todo el

rango son compatibles con los publicados previamente para 633 nm. La medida

en todo el rango de infrarrojo cercano es de alto interés debido al gran número de

aplicaciones de diseño de sensores de tensión en 1550 nm basados en dispositivos

fabricados con este material. Hasta donde sabemos, esta es la primera vez que

se miden los coeficientes elasto-ópticos del PMMA en un rango de longitudes de

onda tan amplio.

Efecto termo-óptico

Cuando un micro-resonador experimenta una variación de temperatura, se in-

duce una variación en su ı́ndice de refracción que viene determinada por el efecto

termo-óptico en ese material. A diferencia del efecto elasto-óptico, el cambio que

se induce no introduce ninguna anisotropı́a en el tensor permitividad. Esta varia-

ción del ı́ndice de refracción, y la consecuente expansión térmica de la cavidad

provocan un desplazamiento hacia el rojo de las resonancias WGM, en el caso

de un calentamiento. A partir de la medida de este desplazamiento espectral, es

posible cuantificar el incremento de temperatura en el material.

Se ha estudiado el calentamiento en distintos dispositivos basados en fi-

bra óptica, bombeando el núcleo dopado de la fibra. La potencia absorbida de

las señales de bombeo, tı́picamente de ∼ 1 W, se transforma en calor por proce-
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sos de relajación no-radiativos. Dependiendo del dopante, la fracción de potencia

absorbida convertida en calor varı́a, siendo del 100% para fibras no-activas. La

técnica de medida, se basa en analizar el desplazamiento de las resonancias WGM

debido al incremento de temperatura, y presenta un lı́mite de detección bajo,

∼ 0.03 oC, además de una resolución axial de ∼ 200µm. Esta última propiedad es

importante ya que permite caracterizar los perfiles térmicos de fibras irradiadas,

redes de periodo largo y fibras activas, a lo largo del dispositivo.

En un primer estudio, se midieron los cambios en el coeficiente de absorción

en fibras fotosensibles tras ser irradiadas con luz ultravioleta (UV). Cuando este

tipo de fibras son irradiadas con luz UV, se induce una variación en el ı́ndice de

refracción del núcleo de la fibra, que es el proceso clave que permite la fabricación

de dispositivos tan extendidos en los sistemas de comunicación actual como son

las redes de Bragg y de periodo largo. Además, debido a la altas potencias de irra-

diación, se generan cambios estructurales como consecuencia de la densificación

del material. Estos dos efectos provocan que las pérdidas totales de la fibra irra-

diada, tanto la absorción como el scattering, aumenten. Dado el interés tecnológico

de los dispositivos fabricados mediante este método, es importante disponer de

una técnica que permita cuantificar este aumento. Iluminando el núcleo de la fibra

irradiada, y midiendo el consecuente desplazamiento de las resonancias WGM, es

posible calcular el incremento de la absorción a partir de un sencillo modelo de

distribución del calor en la fibra. En esta sección hemos combinado esta carac-

terización con la medida convencional de las pérdidas totales introducidas du-

rante el proceso de irradiación UV, y hemos sido capaces de discriminar la con-

tribución de la absorción y el scattering a las pérdidas totales. Este proceso se ha

llevado a cabo para varias fibras fotosensibles, tanto comerciales como hidroge-

nadas en nuestro laboratorio, con diferentes dopantes y concentraciones. En todas

ellas se ha observado un incremento significativo de la absorción. Además, hemos

podido concluir que las pérdidas por scattering crecen más rápido que las de ab-

sorción en el proceso de irradiación UV.
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En segundo lugar, se ha estudiado el perfil de temperatura inducido en re-

des de periodo largo cuando se las ilumina con una señal de potencia moderada,

a diferentes longitudes de onda. En este caso, se han observado perfiles de tem-

peratura no constantes a lo largo de la dirección axial. El gradiente de temperatura

depende de la fracción de luz guiada por el modo fundamental en cada punto. El

láser de iluminación se sintonizó en diferentes posiciones espectrales dentro del

ancho de banda del pico de atenuación de la de la red de periodo largo, de esta

manera se controlaba la proporción de luz guiada por el modo fundamental y

el modo de la cubierta. Ya que la variación en la absorción se genera principal-

mente en el núcleo durante la irradiación, y puesto que solo un 2% de la intensi-

dad del modo de la cubierta de nuestro experimento está localizada en el núcleo,

la fracción de luz guiada por el modo fundamental (confinado en el núcleo) es

la responsable del calentamiento. Estos perfiles de temperatura pueden llegar a

afectar las propiedades espectrales de sistemas de alta potencia en fibra óptica

que incluyan redes de periodo largo en su configuración.

Por último, se ha estudiado el calentamiento que sufren fibras activas co-

dopadas con holmio e iterbio al ser bombeadas dentro de su banda de absorción.

Estas fibras son de interés porque se emplean en la fabricación de láseres en fibra

óptica con longitudes de onda de emisión por encima de las 2µm, lo cual es un

tema de interés en la actualidad. Se ha estudiado el calentamiento que experimen-

tan cuando se iluminan con bombeos a dos longitudes de onda diferentes, dentro

de la banda de absorción de estos dopantes. La caracterización se ha realizado en

función de la concentración de dopante, y de los dopantes empleados. Mientras

que las fibras dopadas únicamente con holmio sufren un calentamiento propor-

cional a la concentración de dopante, cuando las fibras son co-dopadas con iterbio

para poder utilizar la banda de absorción de este último en 980 nm (en la que se

dispone de mayor variedad de láseres de bombeo económicos), se alcanzan tem-

peraturas significativamente altas, que pueden llegar a ser crı́ticas para el correcto

funcionamiento de estos dispositivos integrados en cavidades láser.
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Técnicas de locking y aplicaciones

Para excitar efectos ópticos no-lineales en micro-resonadores basados en reso-

nancias WGM, es necesario que la longitud de onda de emisión del láser y de

la resonancia WGM mantengan su posición espectral relativa constante, es decir,

que permanezcan sintonizadas la una con la otra durante intervalos temporales

amplios. En caso contrario, el acoplamiento de energı́a al micro-resonador puede

fluctuar, haciendo imposible la excitación de efectos no-lineales de forma estable.

Durante el proceso de sintonización, se inducen efectos térmicos no-lineales de-

bido a que la energı́a que circula en micro-resonadores con Q alta alcanza valores

muy elevados. Dependiendo del sentido del barrido del láser, hacia longitudes de

onda largas o cortas, se observa un ensanchamiento o estrechamiento, respectiva-

mente, de la forma espectral de la resonancia WGM.

Existen diferentes técnicas que permiten estabilizar la posición relativa del

láser y la resonancia, y ası́ compensar los efectos térmicos no-lineales y las posi-

bles perturbaciones externas. En este trabajo, se han implementado técnicas de

locking tanto pasivas como activas. En particular, se proponen dos técnicas activas

novedosas, basadas en los efectos elasto- y termo-óptico.

En primer lugar, se ha estudiado el comportamiento dinámico de los WGMs

cuando se excitan con un láser barriendo un cierto rango espectral que incluye la

resonancia, tanto hacia longitudes de onda mayores, como menores. A partir de

la descripción teórica, se ha desarrollado la implementación de una técnica pasiva

de locking en la cual el láser se detiene durante el barrido al llegar a una cierta

longitud de onda en la que se alcanza un régimen térmico meta-estable. Cuando

el sistema se encuentra en este régimen operacional, el locking pasivo es capaz de

compensar pequeñas perturbaciones de la longitud de onda de resonancia, que

pueden ser resultado de vibraciones indeseadas en el montaje experimental.

Para poder implementar las técnicas de locking activo, se ha desarrollado

un sistema electrónico de realimentación que puede actuar sobre diferentes ele-
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mentos del montaje para estabilizar la transmitancia del sistema. En la primera

de ellas, el sistema de realimentación modula la longitud de onda de emisión del

láser para corregir los efectos térmicos no-lineales y las perturbaciones externas.

Una vez se estudió y caracterizó completamente esta técnica más convencional,

utilizamos las conclusiones obtenidas para implementar dos técnicas de locking

activo que permiten la estabilización mediante la sintonización de la longitud de

onda de resonancia de los WGMs. La diferencia entre estas técnicas y la conven-

cional es que, en nuestro caso, la señal de realimentación no se aplica al láser, sino

al propio micro-resonador. Esto permite trabajar a longitud de onda constante, lo

cual es una gran ventaja para distintos experimentos, especialmente aquellos cen-

trados en efectos ópticos no-lineales que presentan condiciones de ajuste de fase

estrictas. La sintonización de las resonancias se consigue bien mediante el esti-

ramiento axial del micro-resonador cilı́ndrico (efecto elasto-óptico), o a través de

una variación de la temperatura del micro-resonador (efecto termo-óptico). Am-

bas técnicas activas muestran varias ventajas respecto al locking pasivo: principal-

mente, permiten la selección de la resonancia especı́fica que se sintoniza con el

láser, y el control sobre la distancia espectral relativa entre el láser y la resonancia,

lo que permite seleccionar la energı́a acoplada a la cavidad. Para caracterizar el

desempeño de ambas técnicas, se ha medido su respuesta ante dos tipos de per-

turbaciones externas controladas: un cambio en escalón del punto de trabajo, y la

respuesta ante una modulación armónica de la longitud de onda de emisión del

láser.

Aprovechando las técnicas de locking desarrolladas, se han excitado efectos

ópticos no-lineales en micro-resonadores con geometrı́a esférica: esferas y burbu-

jas de sı́lice. Además, se ha estudiado su estabilidad temporal, mostrando que

cuando la técnica locking empleada es activa, la estabilidad del efecto se ve incre-

mentada respecto de cuando se utiliza una técnica pasiva.

Por último, se ha aprovechado la técnica de locking pasivo que se describió

en primer lugar para realizar experimentos de opto-mecánica. Debido a la gran

densidad energética que existe dentro del resonador cuando se ha realizado el
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locking, la presión de radiación es significativa. Como consecuencia, existe un

acoplamiento opto-mecánico que es capaz de excitar vibraciones del propio micro-

resonador, que soporta tanto modos resonantes ópticos (WGMs), como mecánicos.

Las vibraciones inducen deformaciones mecánicas que modulan la longitud de

onda de las resonancias ópticas a la frecuencia propia del modo mecánico. Para

medir las frecuencias propias de los modos mecánicos, ası́ como la amplitud de

vibración, se monitoriza la transmitancia del sistema con un analizador de espec-

tros eléctrico y un osciloscopio. Estos experimentos se han realizado con micro-

burbujas de sı́lice, cuyos modos mecánicos presentan factores de calidad relati-

vamente altos, 103. Las estructuras caracterizadas han mostrado dos rangos de

frecuencias de vibración: un rango de altas frecuencias, MHz, que se corresponde

con la vibración de las paredes de la propia micro-burbuja; y un rango de bajas

frecuencias, kHz, consecuencia de la vibración de toda la estructura, formada por

micro-burbuja y el capilar que la sostiene.

Cuando las potencias ópticas acopladas al micro-resonador se incrementan

por encima de cierto umbral, los modos vibracionales excitados por los WGMs em-

piezan a comportarse de forma caótica. Esta ruta hacia el caos muestra el mismo

comportamiento ya publicado en anteriores trabajos realizados en micro-resona-

dores con otras geometrı́as: un cuasi-doblamiento de las frecuencias de vibración

que, para potencias altas, lleva a un régimen caótico en el que las vibraciones pre-

sentan un continuo de frecuencias. Este tipo de comportamiento es la primera vez

que se observa en micro-burbujas de sı́lice.

Conclusiones

En este trabajo de tesis se comenzó describiendo la propagación y confinamiento

de los WGMs en micro-resonadores cilı́ndricos fabricados con materiales con dis-

tintas anisotropias: anisotropı́a uniaxial y girotrópica. A partir de estos desarro-

llos teóricos, se han proporcionado las herramientas para estudiar cómo afecta
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a la posición espectral de las resonancias WGM un campo magnético, una de-

formación axial, o un incremento de temperatura en el micro-resonador: estos

fenómenos se conocen como efectos magneto-, elasto- y termo-óptico, respecti-

vamente.

La técnica experimental de medida, basada en la sintonizabilidad de las

resonancias WGMs con los parámetros del micro-resonador, nos ha permitido ca-

racterizar distintos dispositivos fabricados en fibra óptica con un bajo lı́mite de

detección, con resolución axial, y en un rango amplio de longitudes de onda. En

particular, se ha medido la anisotropı́a inducida por tensión en micro-resonadores

cilı́ndricos de sı́lice, al igual que los coeficientes elasto-ópticos de fibras de sı́lice y

PMMA, y se han comparado los resultados experimentales con las simulaciones

teóricas. También se han caracterizado las pérdidas por absorción y scattering en

fibras fotosensibles irradiadas con luz UV. Este proceso de irradiación es amplia-

mente utilizado en el campo de las fibras ópticas para la fabricación de dispo-

sitivos tan extendidos en los sistemas de comunicaciones como son las redes de

Bragg, por lo que conocer en detalle sus efectos resulta de gran utilidad. Por otro

lado, la resolución axial de la técnica ha posibilitado la medida de los perfiles

de temperatura, además del calentamiento, generados por señales ópticas de po-

tencia moderada en LPGs y fibras activas dopadas con Ho y Yb. La información

obtenida de estos experimentos permite el diseño de nuevos dispositivos y fibras

dopadas con caracterı́sticas optimizadas.

Se han implementado técnicas activas y pasivas de locking que permiten es-

tabilizar la respuesta espectral de las resonancias. Dos de estas propuestas, hasta

donde sabemos, no han sido presentadas anteriormente, y están basadas en la

sintonización de los parámetros del micro-resonador. Estas dos técnicas activas,

están basadas en los efectos elasto- y termo-óptico, y abren la posibilidad de tra-

bajar a longitud de onda del láser constante, algo que no permiten las técnicas

más convencionales. Gracias a esta caracterı́stica es posible excitar efectos ópticos

no-lineales con una mayor estabilidad temporal
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Por último, empleando una técnica pasiva de locking basada en efectos tér-

micos no-lineales, se han generado y caracterizado efectos opto-mecánicos en mi-

cro-burbujas de sı́lice. En estos experimentos los WGMs de alta potencia exci-

tan los modos mecánicos de estas estructuras, gracias a la presión de radiación.

Además, hemos estudiado la dinámica de estos modos de vibración, observándose

una transición al caos a medida que la potencia óptica aumenta.

Para terminar este resumen, quiero señalar que en los resultados presen-

tados he pretendido resaltar todas las aportaciones de los distintos desarrollos

teóricos y experimentos realizados a lo largo de la tesis, señalando las más nove-

dosas.
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1 Introduction

Optical microcavities play a fundamental role in modern photonic technologies.

The operational principle of the microcavities is based on the phenomenon of res-

onance, which enables the confinement of the light within its structure. The light

traveling in the optical cavity interferes with itself enhancing specific optical fre-

quencies. This feature is exploited in both fundamental and applied research ap-

plications, such as: novel laser sources fabrication, dynamic filters design, optical

sensors, integrated optics, study of nonlinear phenomena or quantum optical ap-

plications.

The different optical microcavities can be identified according to the con-

finement mechanism, Fabry-Perot or photonic crystals for example. One specific

family are those based on Whispering Gallery Modes (WGMs), that are modes

confined in circular shaped microcavities. These microcavities, generally made of

a dielectric material, possess a structure with rotational symmetry: toroidal, spher-

ical or cylindrically shaped. The light circulating azimuthally in the inner surface

of the optical cavity by total internal reflection is named WGMs, analogously to

the acoustic scenario. These surface modes are resonant in optical wavelength,

and the spectral location of the resonances depends on the geometry, size, shape

and composition of the optical cavity. In addition, the microcavities exhibit low

losses, high Q-factors, and small cavity mode volumes. These aspects allow the

use of WGMs-based microresonators for different applications, since they enable
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specific features that are not easily available with other techniques. For example,

the properties of the resonator material can be characterized with ultra-low de-

tection limits by exploiting the tunability of WGMs caused by the microresonator

parameters variation. Development of laser sources with low-thresholds is feasi-

ble due to the large confinement of the electromagnetic field and the highQ-factor

of these resonators. Additionally, the small mode-volumes of the microcavities, to-

gether with their low losses, allow the observation of nonlinear phenomena, such

as optomechanic effects, even when low power signals are used.

1.1 Historical background

At the end of the XIX century, in 1878, John William Strutt (Lord Rayleigh) ex-

plained the phenomenon of traveling whispers in the doom of the St Paul’s Cathe-

dral in London [1]. He attributed this phenomenon to the acoustic waves propa-

gating around the curved surface of the gallery, and proposed a method to solve

the problem based upon the calculations employed in geometrical optics; it was

years later when he solved the problem from a wave-propagation point of view

[2, 3]. It was Rayleigh himself who proposed the application of his theory to elec-

tromagnetic waves.

Later in 1908, Mie developed his theory for electromagnetic plane waves

dispersed by spheres with diameters of the order of the optical wavelength [4].

One year later, Debye, from Mie’s dispersion theory, established the equations

for the resonant eigenfrequencies of dielectric and metallic spheres, which natu-

rally include those of WGMs [5]. Shortly after this, in 1909 and 1910, the same

Debye, together with Hondros, developed the theory of electromagnetic waves

transmission along dielectric wires [6, 7], which was experimentally confirmed by

Zhan [8]. It was not until 1939 when Richtmyer, who studied the electromagnetic

wave propagation in dielectric rods, proposed the employment of dielectric struc-

tures to confine electromagnetic waves by total internal reflection. He showed that
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Whispering Gallery Mode Resonators (WGMRs) could exhibit high Q-factors val-

ues [9]. A more detailed study of WGMRs was performed shortly after by Strat-

ton [10]. In the following years, more advances were accomplished in the theory

of acoustic-WGMs, and several applications were proposed in the microwave do-

main of WGM resonances.

The first observation of WGM resonances in the optical domain was in 1961.

Garret et al. observed that crystalline CaF2 spherical resonators could be used as

laser resonators. They observed pulsed laser oscillations in spheres with diam-

eters in the millimeters range [11]. Optical WGM resonances were observed in

other applications such as optical-levitation [12], fluorescence experiments [13],

measurement of spherical resonator parameters [14], or observation of Raman

scattering [15].

Until 1989, WGM resonances with high Q-factors were indirectly observed

in many experiments of light scattering, even though no practical optical devices

were reported based on them. The experiments with WGMs in liquid resonators

presented many manipulation difficulties and instabilities. On the other hand, the

solid resonators reported up to that moment, exhibited a variety of inconveniences

such as high refractive index, low Q-factors or inefficient coupling techniques.

It was in that year when Braginsky et al. achieved the direct excitation of ultra-

highQ-factor optical-WGM resonances in fused-silica microspheres [16]. The light

of a He-Ne laser was coupled into the silica microsphere by means of a prism,

enabling the excitation of the resonant modes and reaching a coupling efficiency

∼ 80%. After this demonstration, different techniques were designed to increase

the efficiency of excitation. Knight et al. proposed the use of tapered optical fibers

to increase the efficiency even higher, up to 90% [17]. Some years later, Spillane et

al. showed that with the taper-resonator coupling technique, efficiencies as high

as 99.97% can be achieved [18].

All these advances in the excitation of WGM resonances in microcavities,

especially in fused-silica resonators, enable the feasibility of designing practical
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devices with different applications based on these kind of microresonators. In the

last years, WGMRs have attracted an increasing attention, especially in the areas

of optical communications, for the generation of combs of optical frequencies [19],

for lasing [20], for the observation of nonlinear phenomena [21], or their applica-

tion in sensing and biosensing [22].

1.2 Microresonators for WGMs

The different types of microresonators can be classified according to the confine-

ment method [23]: Fabry-Perot, WGMs, and photonic crystals. Conventional Fa-

bry-Perot microresonators are employed in most of the branches of modern pho-

tonics, but, despite their versatility, they are usually complex and expensive de-

vices, with large sizes that present problems of miniaturization. Photonic crys-

tal cavities, although they can provide extremely small mode volumes, generally

present low Q-values. Meanwhile, fabrication of WGMRs can be very simple and

inexpensive. Their small sizes also lead to an excellent mechanical stability and

accurate control, which is of great interest for certain applications [24]. Moreover,

they can also be integrated easily in complex photonic devices.

Several geometries have been investigated for the fabrications of WGMRs:

cylindrical [25], spherical [26], or toroidal [27]. Due to their feasibility to be in-

tegrated in photonic circuits, geometries such as disk microresonators have been

also studied [28]. Besides the geometry, different materials have been investigated

for their fabrication. In order to have high Q-factors, a low optical attenuation

is required. In the past, WGMs were studied in liquid droplets [29], but they

showed major limitations for its implementation in practical photonic devices.

In the case of solid WGMRs, apart from fused silica, other amorphous materials

have been studied, for example polymers [30]. In the last years, the use of crys-

talline microresonators has increased due to their wider transparency window,

higher nonlinearities, and lower attenuation losses, leading to microresonators
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with ultra-high Q-factors [31]. Despite of these advantages, the fabrication pro-

cesses are more complex than for those based on fused silica, and it is not so easy

to obtain different geometries for the WGMRs.

Several applications have been developed by employing different types

of geometries and materials. One of the most developed devices are the pho-

tonic tunable filters, whose performance is usually achieved by means of apply-

ing strain or variations of temperature to the microresonators [32]. WGMRs are

also used as the platform for evanescent wave biosensors due to their low de-

tection limit and applicability to different biological analytes [22]. Besides, WGM

resonances have been employed to measure properties of the microresonators ge-

ometry or material, such as radius fluctuations or thermal variations in optical

fibers and optical fiber devices [25, 33]. In addition to the use of WGMRs as pas-

sive devices for sensing or metrology, different applications for lasing have been

developed based on WGM resonances. The high Q-factors and small mode vol-

umes make these devices suitable for the design of, for example, low threshold

lasers [20]. In the last years, a great variety of nonlinear phenomena on WGMRs

have been studied. The unique characteristics of theses devices allow to excite and

observe optical nonlinear effects [21], and optomechanical effects [34].

1.3 Aims of this thesis

The aims of this thesis can be distinguished in two parts. In the first part, we

develop new techniques for the characterization of optical fibers and fiber com-

ponentes based on the study of the WGMs. In the second part, we investigate the

feasibility of WGMRs to excite and observe different nonlinear effects, optical and

optomechanical.

First, we study the propagation and confinement, the spectral properties,

and the coupling techniques of WGMs in anisotropic cylindrical microresonators.

These studies are basic to develop a theoretical description of the following ex-
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periments that we will carry out to characterize the different optical fiber devices.

The theoretical description will be presented in Chapter 2, while in Chapter 3 we

will show the general experimental procedures.

One objective of this work is to characterize silica, and polymer optical

fibers under axial strain, to obtain the strain-optic coefficients of these materials.

The idea is to exploit the tunability of WGM resonances as a function of the ap-

plied strain, and relate the change in the spectral position of the resonances with

the microresonator properties variation induced by the strain. In the past, this

measurement has been carried out by employing a combination of polarimetric

and interferometric measurements, but our technique will provide new advan-

tages when compared to the conventional one. The theoretical description and the

experiments related to the strain-optic effect in WGMRs are detailed in Chapter 4.

We are also interested in exploiting the thermal sensitivity of the WGMs to

characterize photosensitive and active doped fibers when they are in operation,

this is, when an optical signal propagates through them. We will use WGMs to

determine the effect of UV-processing of photosensitive fibers: the conventional

methods to fabricate fiber Bragg grating and long period gratings involve the ir-

radiation of those fibers with UV light, which increases their losses. WGMs allow

an accurate, point to point, measure of such effects. Also, when signals of mod-

erate power propagate in optical fibers, they may suffer from some heating that

can be characterized using the WGM-based technique. This is of special interest

when considering fiber devices that can be part of laser cavities, which confine

considerable amounts of optical power. The low detection and the strong spa-

tial localization of the WGMs, allow the thermal characterization of these devices

point to point, with high sensitivity and using short length devices, while the con-

ventional techniques provide averaged values, and usually require of long fibers.

The study of the thermo-optic effect in fibers and fiber devices using WGMs will

be presented in Chapter 5.
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The last chapter of this thesis, Chapter 6, is denoted to the study of lock-

ing techniques to stabilize the relative spectral position between the laser and

the WGM resonances. In the recent years, the implementation of different lock-

ing techniques has been reported with the objective of overcoming the difficulties

of matching the laser wavelength to the WGM resonance. We will present novel

techniques based on the effects previously studied, the strain-optic and thermo-

optic effects. We will develop an all-optical active locking system that will allow us

exciting, controlling, and observing optical and optomechanical nonlinear effects

in silica microresonators of different geometries, such as spheres and bubbles.
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2 WGMs theory

In this chapter, we will describe the main theoretical aspects of the WGMs for the

purpose of this work. The propagation of WGMs in anisotropic cylindrical mi-

coresonators, their confinement, and the resonant conditions will be studied. We

will calculate the dispersion curves, together with the electromagnetic field dis-

tribution of the modes. An analysis of the theoretical results will be presented in

order to characterize the spectral and field properties of the modes. To properly

describe the performance of the resonators treated in this work, we will charac-

terize the quality factor and the different loss sources. In addition, we will study

the coupling mechanism between a microfiber and a microresonator in terms of

energy. Last, we will show that the WGMs are a particular solution of the guided

modes that a cylindrical dielectric waveguide can support.

2.1 WGMs in uniaxial cylindrical microresonators

WGM microresonators (MRs) are generally made of dielectric materials. Although

the most employed material is fused silica, an isotropic medium, in some cases, the

fabrication material can be anisotropic [1]. In addition, it is possible to introduce

an anisotropy in an isotropic material by means of different effects, as it will be

shown afterwards in this work. In consequence, in this section, the description of

the WGMs propagation in anisotropic dielectric MRs is provided.
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2 WGMs theory

The structure of the MR can be distinguished in two regions. Region I con-

sists on a dielectric rod of infinite length and radius a with anisotropic permittiv-

ity, ε0ε̄1, while region II is a dielectric infinite medium (typically air) with isotropic

permittivity, ε0ε2, which is surrounding the MR. Both media are homogeneous,

source-free, lossless, and with a magnetic permeability of µ0. In Fig. 2.1, it is shown

a scheme of the two regions. Due to the geometry of the problem, it is appropri-

ate to employ a cylindrical coordinate system. The solution to the problem of the

WGMs propagating in cylindrical MRs can be found by solving the Maxwell’s

equations in each one of the two different regions and applying the proper bound-

ary conditions.

µ0

µ0

x

y

z

ρ

a

φ ε̄1

Region I

Region II ε2

Figure 2.1: Scheme of a solid cylindrical microresonator.

The described structure supports several guided modes. We study here

those that propagate circularly around the cylinder, the so-called WGMs. The di-

rection of propagation is purely azimuthal. Therefore, the dependence of both the

electric (E) and magnetic (H) fields as a function of the coordinate φ can be de-

scribed in terms of e−βφφ, where βφ is the propagation constant of the modes.

Besides, a harmonic time-dependence of the fields is considered, eωt, where ω is

the angular frequency.

Following the typical technique employed to solve waveguides invariant

under axial translation [2], the electromagnetic field can be written as:

E(r, t) = e(ρ)e−βφφeωt

H(r, t) = h(ρ)e−βφφeωt
(2.1)
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2.1 WGMs in uniaxial cylindrical microresonators

where
e(ρ) = eρ(ρ)ûρ + eφ(ρ)ûφ + ez(ρ)ûz

h(ρ) = hρ(ρ)ûρ + hφ(ρ)ûφ + hz(ρ)ûz

(2.2)

being ûρ, ûφ and ûz the unit vectors in the cylindrical coordinate system. As it can

be seen in Eqs. (2.2), the amplitude of the electromagnetic field only depends on

the coordinate ρ. Since the length of the cylinder is considered infinite, and there

is a translational symmetry, the electromagnetic field will not show dependence

with the z coordinate. It is worth to note that, even though there is not a mech-

anism that confines the WGMs in the axial direction, in practical conditions they

are localized in z [3], as we will discuss in the following chapter.

To obtain the WGMs guided in the MR, the Maxwell’s equations must be

solved for the fields described in Eqs. (2.1).

∇ · (ε̄E) = 0

∇ ·H = 0

∇×E = −ωµ0H

∇×H = ωε0ε̄E

(2.3)

where the relative dielectric constant ε̄ is a tensor. Depending on the material or

the effect that induces the anisotropy, the expression of the tensor varies. We will

consider here a uniaxial medium [4], since the WGMs response of the experiments

that we will describe in Chapters 4 and 5 can be theoretically derived from this

anisotropy. Two diagonal elements of the tensor are equal and the other one is

different, and can be written as follows:

ε̄ =


εt

εt

εz

 ;

εt : transversal to the z coordinate

εz : parallel to the z coordinate
(2.4)
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By expanding the Maxwell’s equations with the expression of the fields, and

the permittivity tensor, the wave equations for the electric and magnetic fields are

obtained:
∇× (∇×E) = ω2µ0ε0ε̄E

∇×
(
ε̄−1∇×H

)
= ω2µ0ε0H

(2.5)

To solve the two vectorial wave equations, we carried out the same anal-

ysis employed to obtain the conventional modes in optical fibers. The axial com-

ponents of the differential wave equations, Eqs. (2.5), are calculated. After solving

both expressions, the Ez and Hz components of the fields are obtained, which al-

lows to calculate all the transversal components of the electromagnetic field by

exploiting the Maxwell’s equations.

Therefore, the axial components of the wave equations can be written as:

[
ρ2∂2

ρ + ρ∂ρ +
(
ρ2k2

0εz − βφ
)]
ez(ρ) = 0[

ρ2∂2
ρ + ρ∂ρ +

(
ρ2k2

0εt − βφ
)]
hz(ρ) = 0

(2.6)

where k0 = ω
√
µ0ε0 = 2π/λ0 is the wave number in vacuum. Both differential

equations have the same form, which can be identified as Bessel equations [5].

Before applying boundary conditions at the interface between the two media, we

study the conditions that the propagation constant, βφ, must fulfill to have WGM

resonances.

WGMs propagate in the azimuthal direction, which leads to the fact that the

confined wave will interfere with itself after a round trip. A constructive interfer-

ence is needed to observe a WGM resonance. In the opposite scenario, the loaded

energy in the resonator is of the same order as the energy lost by radiation and the

resonances do not show up. To observe constructive interference, the phase of the

confined wave must be the same with a difference of a multiple of 2π after every

round trip. This constraints the values of the azimuthal propagation constant, βφ,

to integers.
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2.1 WGMs in uniaxial cylindrical microresonators

βφ = m ∈ Z (2.7)

The physical mechanism that confine the WGMs inside the resonator can

be described qualitatively by means of the total internal reflection. The electro-

magnetic wave propagates around the inner surface of the microcavity suffering

multiple reflections, Fig. 2.2.

n1

n2

θi

k1

n1

n2

k1�

k1⇢

k2

θt

Figure 2.2: Geometrical ray representation of the total internal reflection at the
interface between the resonator and the external medium.

The propagation constant is related with the azimuthal component of the

WGM wave vector by βφ = k1φa. Thus, its value must be smaller than the wave

vector in the region I, k1, which can be written as:

k2
1 = k2

1ρ + k2
1φ; → k1φ < k1 (2.8)

Besides, taking into account the Snell’s law, in order to have total internal reflec-

tion, the incidence angle must be larger than the critical angle (θi > θc) [6]. This

condition implies that the value of k1φ must be larger than the wave vector in the

outer medium:
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sin θi >
n2

n1
; → k1φ > k2 (2.9)

Therefore, the allowed values of the propagation constant to have WGM reso-

nances are constricted as follows:

k2a < m < k1a (2.10)

Once we have established the restrictions for the propagation constant, βφ,

of the WGM resonances, the differential wave equations, Eqs. (2.6), can be solved

in each region. In region I (the MR), ρ < a, it is necessary to consider the tensorial

behavior of the permittivity due to the anisotropy. Each one of the wave equations

depends on a different component of the relative dielectric constant tensor, see

Eqs. (2.6). In region II (the outer medium), ρ > a, both equations depend on the

same value of the permittivity, given by ε2, since the medium is isotropic.

Finally, it is necessary to establish some constraints to the mathematical

solutions of the amplitude of the fields to obtain an electromagnetic wave with

physical meaning. The general solution to the Bessel equation can be written as:

ψ(z) = CJm(z) + DYm(z), where Jm is the Bessel function of first kind, and Ym

is the Bessel function of second kind [5]. The constraints that we impose to this

general solution are two: (i) Because both media are source-free, the field must

have a finite value in all the space. That implies that in region I, the solution of

the amplitude is given only by the Bessel function Jm, since Ym is singular at the

origin (ρ = 0). (ii) In region II, the two Bessel functions are well-behaved. If both

are studied when ρ tends to infinite, the electromagnetic field can be described

in this region as the sum of two types of modes: one mode of radial radiation

inward-going and one outward-going.
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ψ(z →∞) ∝ ez︸︷︷︸
inward

(
C +

1


D

)
︸ ︷︷ ︸

=0

+ e−z︸︷︷︸
outward

(
C − 1


D

)
(2.11)

Here, we will only consider an outward-going radiation field. This can be

described by the asymptotic form of the Hankel function of second kind, H(2)
m ,

which is a linear superposition of the functions Jm and Ym [7]. Applying this two

restrictions to the general solution, the expression of the electromagnetic field for

the WGMs is derived.

In an axial waveguide, the guided modes can be grouped attending to their

polarization. In general, the modes supported by a dielectric waveguide can be

classified in TE, TM and hybrid modes (TEM modes are not allowed) [2]. For

WGMs, although the propagation is in the azimuthal direction, the classical nota-

tion in which the fields are transversal to the axial direction is preserved. Besides,

in the case of isotropic dielectric cylinders, hybrid modes with pure azimuthal

propagation can not exist [8]. Therefore, the WGMs are classified into two fami-

lies, TE and TM. This behavior is also satisfied for the case of uniaxial anisotropic

media, which is described in this section. Thus, from this moment and throughout

this work, we will consider separately the two states of polarization of the WGMs.

The electromagnetic fields will be written as follows:

TM modes

- Region I (ρ < a):

EIz = A1Jm(k0nzρ)e−mφeωt

HI
ρ =

m

ωµ0

1

ρ
A1Jm(k0nzρ)e−mφeωt

HI
φ =

k0nz
ωµ0

A1J
′
m(k0nzρ)e−mφeωt

EIρ = EIφ = HI
z = 0

(2.12)
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- Region II (ρ > a):

EII
z = A2H

(2)
m (k0n2ρ)e−mφeωt

HII
ρ =

m

ωµ0

1

ρ
A2H

(2)
m (k0n2ρ)e−mφeωt

HII
φ =

k0n2

ωµ0
A2H

(2)′

m (k0n2ρ)e−mφeωt

EII
ρ = EII

φ = HII
z = 0

(2.13)

TE modes

- Region I (ρ < a):

HI
z = B1Jm(k0ntρ)e−mφeωt

EIρ = − m

ωε0εt

1

ρ
B1Jm(k0ntρ)e−mφeωt

EIφ = − k0nt
ωε0εt

B1J
′
m(k0ntρ)e−mφeωt

HI
ρ = HI

φ = EIz = 0

(2.14)

- Region II (ρ > a):

HII
z = B2H

(2)
m (k0n2ρ)e−mφeωt

EII
ρ = − m

ωε0ε2

1

ρ
B2H

(2)
m (k0n2ρ)e−mφeωt

EII
φ = − k0n2

ωε0ε2
B2H

(2)′

m (k0n2ρ)e−mφeωt

HII
ρ = HII

φ = EII
z = 0

(2.15)

where ni =
√
εi is each refractive index component; J ′m and H

(2)′

m are the deriva-

tive of the Bessel function of first kind and the Hankel function of second kind,

respectively; Ai and Bi are constants that do not depend on any spatial coordi-

nate or time. The above equations, Eqs. (2.12)-(2.15), describe the electromagnetic

field of the WGMs completely. Once the fields are obtained, boundary conditions
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that force the continuity of the tangential components of the electromagnetic field

at the interface (ρ = a) are applied:

TM: EIz (ρ = a) = EII
z (ρ = a); HI

φ(ρ = a) = HII
φ (ρ = a);

TE: HI
z (ρ = a) = HII

z (ρ = a); EIφ(ρ = a) = EII
φ (ρ = a);

(2.16)

These conditions lead to two equations with two unknown variables, the

constants Ai and Bi, for each polarization state. Nontrivial solutions for the 2x2

equation system exist only if the determinant vanishes. Thus, the characteristic

equations for the TM and TE modes are:

TM: nz
J ′m(k0nza)

Jm(k0nza)
= n2

H
(2)′

m (k0n2a)

H
(2)
m (k0n2a)

TE:
1

nt

J ′m(k0nta)

Jm(k0nta)
=

1

n2

H
(2)′

m (k0n2a)

H
(2)
m (k0n2a)

(2.17)

In both characteristic equations, the left-hand side term is given by the

Bessel function Jm and its derivative, and the right-hand side term by the Hankel

function H
(2)
m and its derivative. If the argument is real, both equations can not

be solved since a real value is obtained for Jm and a complex one for H(2)
m [7].

Therefore, the argument (the solution) must be a complex number. As it has been

assumed that both media are lossless, the only option is that the resonance fre-

quencies present an imaginary part different from zero.

ω = ω′ + ω′′; eωt = eω
′te−ω

′′t (2.18)

From a physical point of view, that implies that the WGMs are inherently

leaky, since there exists an exponential attenuation of the electromagnetic field

with the time. This is in accordance with the fact that the radial part of the field in

region II is a radiation mode. For the purposes of this work, only the real part of
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2 WGMs theory

the characteristic equations, which gives information of the resonance frequencies,

is studied in detail. The complex part is used to estimate the intrinsic radiation

losses.

From Eqs. (2.17), each polarization state is ruled by its own transcendental

equation that must be solved numerically for k0. Thus, for a given azimuthal or-

der, set by the m-value, the solutions consist on a series of discrete wavelengths,

which correspond to different radial orders, l. While the value of m is the num-

ber of wavelengths that matches the optical path in one round trip, the value of l

refers to the radial distribution of the WGMs electromagnetic field in the MR.

l = 4

l = 1

l = 2

l = 3

m < k2 m > k1

(m2, l4)
(m4, l3)

(m6, l2)

(m8, l1)

Figure 2.3: Typical dispersion curve of a cylindrical dielectric MR. WGMs reso-
nant wavelengths as a function of the azimuthal order, m, for the first four radial
orders, l.

When we solve the characteristic equations for a typical cylindrical dielec-

tric MR, we obtain the dispersion curves of the WGM resonances, as it is shown

in Fig. 2.3. To analyze these curves, first, we rewrite the resonant condition of the

modes attending to the discretization of the azimuthal propagation constant βφ,
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2.1 WGMs in uniaxial cylindrical microresonators

given by the Eq. (2.7):

λR =
2π

m
neffa (2.19)

where neff is the effective refractive index of the WGM resonance [9], i. e., the mode

refractive index determined by the phase velocity of the mode at ρ = a. We will

make some remarks by taking into account Eq. (2.19):

(i) For a given radial order, l, the resonant wavelength decreases with the az-

imuthal order, m. This can be clearly understood when we consider that the field

distribution of the modes for a particular radial order is similar, as it was pointed

out before. This implies that their effective indices are also similar, see Fig. 2.4.

l = 4

l = 1

l = 2

l = 3

m < k2 m > k1

Figure 2.4: Effective index curves for a typical cylindrical microresonator.

(ii) For a given azimuthal order, m, the resonant wavelength decreases as a func-

tion of the radial order, l. Higher radial orders mean fields more spread in the

outer medium, which leads to a lower effective index, see Fig. 2.4.
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(iii) For a particular wavelength, λ0, there exist different resonances with differ-

ent azimuthal and radial orders (mi, li), whose resonant wavelengths are centered

at the vicinities of λ0. The resonances with lower radial order are those with an

azimuthal order close to the upper limit of m for λ0, Eq. (2.8). Generally, the reso-

nances with the highly confined fields present lower losses, thus, they are the most

interesting ones. The equation of the allowed values of the propagation constant,

Eq. (2.10), for the WGMs with the lowest losses, can be rewritten as it follows:

k2a� m . k1a (2.20)

FSR

l = 1

l = 2

l = 3

Figure 2.5: Resonant wavelengths of the TM-WGMs of a silica cylindrical MR with
a diameter of 125µm. The first three radial orders, l, are shown.

In this work, the MRs are usually silica cylindrical dielectric rods with a

diameter of 125µm (a bare optical fiber) immersed in air. For the simulations of

the dispersion curves and the field distribution, the medium of the resonator is

considered isotropic. Although a discussion with an anisotropic permittivity is
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2.1 WGMs in uniaxial cylindrical microresonators

carried out in the following chapters. Figure 2.5 shows the resonant wavelengths

for the first three radial orders, as a function of the azimuthal order m, for TM

polarization. For the calculations of the dispersion curves, Sellmeier dispersion

of silica is taken into account for the refractive index of the material, n1 [10]. The

curves of the TE polarization follow the same trend, but the values of the resonant

wavelengths are slightly shifted. Thus, the resonances for each polarization are not

usually overlapped in wavelength. For example, for the azimuthal order m = 354

and the first radial order, l = 1, the resonant wavelengths of both polarization

families are: λTM = 1549.98 nm, nTM
eff = 1.3972; λTE = 1546.96 nm, nTE

eff = 1.3945.

As it has been mentioned, the field of the first radial orders is well confined

at the interface of the MR. This implies that the effective refractive index of the

modes, neff, is very close to the refractive index of the material, n1. By taking into

account this assumption, the equation of the resonant condition, Eq. (2.19), can

also be rewritten as:

λR (l ∼ 1) ≈ 2π

m
n1a (2.21)

The above equation is very useful to estimate the spectral position of the

WGM resonances without solving the characteristic equations. With Eq. (2.21), it

is easy to demonstrate that the Free Spectral Range (FSR) can be described by the

expression:

FSR (l ∼ 1) ≈ λ2
R

2πn1a
(2.22)

For the particular case of a silica microresonator of 125µm, Fig. 2.5, the wave-

length separation of two consecutive azimuthal orders is: FSR ∼ 4 nm. It is im-

portant to point out that the shift between the TE and TM modes is lower than the

FSR.

Once we calculated the resonant wavelengths, and the constants Ai and Bi

derived from the boundary conditions, Eqs. (2.16), the distribution of the fields can

be obtained. Figure 2.6 shows the amplitude of the electric field of a TM-WGM.
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2 WGMs theory

The azimuthal order of the mode is m = 354, and the radial order is l = 1; the

resonant wavelength is λTM = 1549.98 nm. As it can be seen, the field is tightly

confined at the MR boundary: it spreads along 4µm inside, and 0.5µm outside.

For a MR of this size and 1550 nm of optical wavelength, the azimuthal orders are

relatively high. The optical fields vary sinusoidally in the azimuthal direction ac-

cording to the value of m, thus a fast oscillation of the amplitude can be observed

along the φ coordinate.

n1

n2

Figure 2.6: Electric field amplitude of them = 354, l = 1 TM-WGM in a cylindrical
silica MR of 125µm diameter (n2 = 1). The black circumference and line represent
the interface ρ = a.

Figure 2.7 shows the electric field amplitude of several TM-WGMs as a

function of the radial coordinate, for m = 354 and several radial orders. As it

can be observed, for the first radial orders (l = 1, 2, 3), the optical field is localized

close to the interface of the MR, and shows a weak evanescent tail in the outer

region. A high radial order (l = 23) is represented to show the radiating behavior

of the WGM in the outer medium. Also, it should be noted that, as the radial order

increases, the field spreads inside the resonator, and the evanescent tail (and the

radiative contribution) in the outer medium becomes larger, which leads to higher

losses of the WGM.
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Figure 2.7: Electric field amplitude of the m = 354 TM-WGM as a function of the
radial coordinate ρ in a cylindrical silica MR of 125µm diameter (n2 = 1). Radial
order: (a) l = 1, (b) l = 2, (c) l = 3, (d) l = 23.

In order to show the details of the field as a function of the azimuthal coor-

dinate, the field of a TM-WGM of low azimuthal order (m = 25) in a cylindrical

silica MR of 10µm diameter is calculated. This configuration allows an easy visu-

alization of the field oscillations in the interface, and its evanescent and radiating

components. Figure 2.8a shows the amplitude of the mode m = 25 and l = 1 in

the cross section of the MR. Figure 2.8b shows the radial distribution of the same

mode inside and outside of the MR.

Regarding the size of the MRs, the smaller the radius, the higher the ra-

diation losses, since the EM field is pourer confined. In addition, as the MR size

decreases, the efficient resonances shift to the blue side of the spectrum.
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2 WGMs theory

Figure 2.8: Electric field amplitude of the m = 25, l = 1 TM-WGM in a cylindrical
silica MR of 10µm diameter (n2 = 1). (a) Cross section field; (b) Amplitude as a
function of the radial coordinate.

2.2 WGMs in gyrotropic cylindrical microresonators

In this section, we describe the propagation of WGMs in materials with optical ac-

tivity, also known as gyrotropic materials. Historically, the optical activity, or rota-

tory power, it is known as the ability of some media (crystals, liquids or gases) to

rotate the plane of polarization of light propagating through it. This phenomenon

was discovered at the beginning of the XIX century by Arago. From a macroscopic

point of view, the optical activity has its origin in the spatial dispersion of the per-

mittivity tensor, that implies that the polarization of the light at a given point de-

pends on more than one component of the wavevector. The general expression of

the gyrotropic anisotropy of the permittivity tensor can be written as follows [11]:

∆ε̄ =


0 G33 −G23

−G33 0 G13

G23 −G13 0

 (2.23)
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2.2 WGMs in gyrotropic cylindrical microresonators

where Gij are the components of the gyrotropic tensor. The number of non-zero

components depends on the spatial dispersion of the medium.

In dielectric isotropic materials, such as fused silica (which is the material

we use for our experiments), there does not exist a natural optical activity, but the

same type of anisotropy can be induced by the presence of an external magnetic

field (magneto-optic effect). The anisotropy introduced by the magneto-optic ef-

fect depends on the direction of the magnetic field [12]:

εij (B) = ε
(0)
ij + ∆εij (B) = ε

(0)
ij + 

∑
k

fijkBk (2.24)

where fijk are the magneto-optic coefficients of first order, and ε(0)
ij is the isotropic

permittivity tensor. In the case of a magnetic field in the axial direction of the

cylindrical MR, the Eq. (2.23) can be rewritten as follows:

ε̄ =


ε1 ξ

−ξ ε1

ε1

 (2.25)

where ξ = fzBz is the anisotropy induced by the magnetic field in the axial di-

rection (we will consider a linear dependence of the anisotropy with the exter-

nal magnetic field). The value of ξ depends on the material studied (this is, on

the value of the magneto-optical coefficient), and on the intensity of the mag-

netic field. The coefficient fz is directly related with the Verdet constant, v, which

describes the rotatory strength of the medium. The relation is given by: fz =

λ/π · n1v(λ).

Analogously to the previous section, we will solve Maxwell’s equations us-

ing the expression of the WGM fields, see Eqs. (2.1), and the permittivity tensor

given by Eq. (2.25). By solving the two wave equations, and considering the con-
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straints required to have WGM resonances, we will obtain the electromagnetic

field for both polarization states:

TM modes

- Region I (ρ < a):

EIz = A1Jm(k0n1ρ)e−mφeωt

HI
ρ =

m

ωµ0

1

ρ
A1Jm(k0n1ρ)e−mφeωt

HI
φ =

k0n1

ωµ0
A1J

′
m(k0n1ρ)e−mφeωt

EIρ = EIφ = HI
z = 0

(2.26)

- Region II (ρ > a):

EII
z = A2H

(2)
m (k0n2ρ)e−mφeωt

HII
ρ =

m

ωµ0

1

ρ
A2H

(2)
m (k0n2ρ)e−mφeωt

HII
φ =

k0n2

ωµ0
A2H

(2)′

m (k0n2ρ)e−mφeωt

EII
ρ = EII

φ = HII
z = 0

(2.27)

TE modes

- Region I (ρ < a):

HI
z = B1Jm(k0n1ρ)e−mφeωt

EIρ =
B1

(ε2
1 − ξ2)

1

ωε0

[−mε1

ρ
Jm(k0n1ρ) + ξk0n1J

′
m(k0n1ρ)

]
e−mφeωt

EIφ =
B1

(ε2
1 − ξ2)

1

ωε0

[
ξm

ρ
Jm(k0n1ρ)− ε1k0n1J

′
m(k0n1ρ)

]
e−mφeωt

HI
ρ = HI

φ = EIz = 0

(2.28)
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2.2 WGMs in gyrotropic cylindrical microresonators

- Region II (ρ > a):

HII
z = B2H

(2)
m (k0n2ρ)e−mφeωt

EII
ρ = − m

ωε0ε2

1

ρ
B2H

(2)
m (k0n2ρ)e−mφeωt

EII
φ = − k0n2

ωε0ε2
B2H

(2)′

m (k0n2ρ)e−mφeωt

HII
ρ = HII

φ = EII
z = 0

(2.29)

As it can be observed, only the TE polarization is affected by the gyrotropic

anisotropy induced by the external magnetic field in the axial direction. The be-

havior of the TM polarization is the same than in an isotropic medium, indepen-

dently of the value of ξ (this is, of Bz). Thus, the magneto-optic phenomenon in

a WGM MR with an external magnetic field in the axial direction does not show

up for TM polarization. By applying the boundary conditions that forces the con-

tinuity of the tangential components of the electromagnetic field at the interface

(ρ = a), Eq. (2.16), we obtain the characteristic equations for both polarizations:

TM: n1
J ′m(k0n1a)

Jm(k0n1a)
= n2

H
(2)′

m (k0n2a)

H
(2)
m (k0n2a)

TE:
1

(n4
1 − ξ2)

n3
1

J ′m(k0n1a)

Jm(k0n1a)
+

1

(n4
1 − ξ2)

ξm

k0a
=

1

n2

H
(2)′

m (k0n2a)

H
(2)
m (k0n2a)

(2.30)

Since TM modes are not affected by the presence of a Bz external field,

the description for the TM-WGMs presented in the previous section is still valid.

However, for the TE-WGMs, the gyrotropic anisotropy must be taken into ac-

count. As we mentioned before, the value of ξ is a small coefficient for dielec-

tric materials as silica. This allows us to introduce the external magnetic field as

a perturbation in the TE-WGMs characteristic equation. Thus, we can write the

first-order approximation for the relative shift of the resonances:

∆λR ∝ fz ·m ·∆Bz (2.31)

31



2 WGMs theory

As it can be observed in Eq. (2.31), for a given direction of the external magnetic

field, the sign ofm (direction of propagation of the WGMs) changes the sign of the

resonant wavelength shift, showing up the non-reciprocal nature of the magneto-

optic effect. In Fig. 2.9 is depicted an example of the different shifts suffered by

the two counter-propagating WGM resonances due to a magnetic field in the ax-

ial direction, Bz . Depending on whether the resonances propagate in the +ûφ or

−ûφ direction, the shift is towards longer or shorter wavelengths respectively. In

a practical application, WGM resonances will be excited in one of these directions

(for example +ûφ), but because of scattering on the surface of the MR, the counter-

propagating WGM will be excited as well, as we will describe in further sections.
In

te
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it
y

(a
.u

.)

�

Bz

��(�)��(+)WGM(�)

WGM(+)

Bz = 0

Figure 2.9: Schematic representation of two counter-propagating WGM reso-
nances shift due to an external magnetic field.

If we solve the TE-WGM characteristic equation for a cylindrical, silica MR

with: a = 62.5µm, n2 = 1, v = 0.54 rad·m−1·T−1 (Verdet constant at 1523 nm) [13];

as a function of the external magnetic field, we obtain, for a given value of Bz , a

different shift depending on the sign of m. This is in accordance with the behavior

predicted from Eq. (2.31). Figure 2.10 shows the shift of the mode with azimuthal

order m = ±366 and radial order l = 1 as a function of the external magnetic

field. As it can be observed, according to our calculations, the WGM resonances

shift ∼ 0.4 fm in a silica MR, for an external magnetic field of Bz = 1 T. This

value results to be much lower than the bandwidth of a typical WGM resonance

in an optical fiber, thus it is not possible to measure it in standard experimental

conditions.
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2.2 WGMs in gyrotropic cylindrical microresonators

Figure 2.10: Wavelength shift of two counter-propagating TE-WGM resonances
(m = ± = 366, l = 1) in a silica MR due to an external magnetic field, Bz .

To observe experimentally the magneto-optic effect by means of the WGM

resonances shift, it would be necessary to use a resonator material with a higher

Verdet constant than the silica, which is the main limitation for the measure-

ment. It has been reported that TGG (Terbium Gallium garnet) materials, a silicate

with low absorption coefficient in the visible and infrared spectral ranges, show

a high Verdet constant. For example, a TGG material doped with Dy3+ presents

v = 256.8 rad ·m−1 · T−1 at 532 nm [14], which is ∼ 57 times larger than the value

for the silica at a similar wavelength. This v constant would lead to a wavelength

shift of ∼ 160 fm/T. In this case, we would obtain a shift of the WGM resonances

that could be observed be means of our experimental technique. In addition, one

could measure the relative shift of two counter-propagating WGM resonances to

double the total ∆λ. This is, the wavelength distance between the transmitted and

reflected resonance.

Unfortunately, at the moment, we do not have available MRs of these ma-

terial, thus the experimental characterization of this effect will be left for future

works.
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2.3 WGMs Quality factor

One of the most important parameters that describes the performance of any res-

onator is the quality factor, which is defined as the ratio between energy stored in

the resonator, Uloaded, and the energy dissipated per cycle, Uloss:

Q = ω0
Uloaded

Uloss
= ω0τ =

ω0

∆ω
(2.32)

where τ is the time required for the energy stored to decay a factor e, and ∆ω =

τ−1 is the full width at half maximum of the resonance.

The energy can be dissipated due to many loss sources, wether intrinsic or

external to the resonator. By considering the independent contributions, the Q-

factor can be written as [15]:

Q−1 = Q−1
0 +Q−1

ext =
(
Q−1

rad +Q−1
mat +Q−1

scatt +Q−1
cont
)

+Q−1
ext (2.33)

where Q−1
rad denotes radiative losses; Q−1

mat accounts for the material absorption;

Q−1
scatt refers to scattering losses due to residual surface inhomogeneities;Q−1

cont rep-

resents the losses introduced by surface contaminants; Q−1
ext considers the external

losses such as coupling losses. The Q-factor value is limited by the largest loss

source. Although a detailed theoretical or experimental study is not pretended in

this work, we will give an estimation of the different loss sources.

The value for Qrad can be obtained by solving both the real and imaginary

parts of the characteristic equations, Eqs. (2.17).

Qrad =
1

2

(
ω′

ω′′

)
(2.34)

where ω′ and ω′′ are given in the Eq. (2.18). Since the value of theQrad is associated
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2.3 WGMs Quality factor

to the radiation due to frustrated total internal reflection in a curved surface, the

radiation losses will decrease as the radius of the resonator increases. Figure 2.11

shows how the Q-factor increases dramatically (note the logarithmic scale) as the

radius of the MR becomes larger (the curvature of the surface decreases). For the

MRs treated in this work (a = 62.5µm), the losses associated to the radiation are

negligible.

Figure 2.11: Value of Qrad as a function of the radius for a cylindrical, silica MR.

The value of the Qmat is related with the absorption of the resonator ma-

terial. For silica, at a working wavelength of λ0 = 1.55µm, the absorption is

α = 0.17 dB/km. The Q-factor can be calculated with:

Qmat =
2πn1

αλ
(2.35)

The value for the resonators employed in this work is estimated to be in the order

of Qmat ∼ 1011.

The value ofQscatt is associated with Rayleigh scattering by molecular-sized
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inhomogeneities, and can be estimated as follows:

Qscatt =
λ2a

π2σ2B
(2.36)

where σ is the rms size andB is the correlation length of surface inhomogeneities.

For a fused silica resonator (σ = 0.3 nm, B = 3 nm), Qscatt ∼ 1010.

The value of the Qcont depends on the losses introduced by surface contam-

inants, mainly OH groups chemically bound to the surface due to the absorption

of atmospheric water. The value is limited to: Qcont ∼ 109.

The last contribution, Qext, refers to any loss that is not present if the res-

onator is studied as an isolated system. Usually, it is associated with the coupling

losses and, in the experiments, it will determine the fraction of energy coupled

from the optical source to the MR.

As it can be observed, the loss sources that limit the highest value of the

Q-factor of our MR (silica resonator with 125µm diameter) are the surface con-

taminants and the existent coupling losses.

2.4 Coupling microfiber-microresonator

As it has been shown in the previous section, silica MRs exhibit intrinsically high

Q-factors. Achieving an efficient coupling is crucial to observe high-Q WGM res-

onances. There exists different techniques to couple light from a waveguide struc-

ture to a resonator. In this work, we will consider a theoretical approach where

a microfiber is employed to couple the energy into the MR. Figure 2.12 shows a

scheme of the coupling structure. The system consists on an input field,Ei, guided

in the microfiber coupled to the MR. The coupling strength between the cavity and

the waveguide is given by η and depends on the overlapping of the microfiber

and MR fields. Due to the coupling, a WGM propagating in the counter-clockwise
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direction is excited, Eccw. Besides, as a result of inhomogeneities distributed in

the surface of the resonator, the counter-clockwise WGM excites a WGM propa-

gating in the clockwise direction, Ecw [16]. The coupling coefficient between the

two counter propagating WGM due to the inhomogeneities is given by g. The

transmitted field of the microfiber is Et, while the reflected field, excited by the

coupling of the backscattered clockwise WGM, is Er.

EccwEcw

Ei

Er

Et

η

g κ0

κc

Figure 2.12: Scheme of the phenomena occurring in the coupling between the
fields of a microfiber and WGMs in a MR.

In a silica MR of 125µm diameter, the intrinsic Q-factor is mainly affected

by the material, scattering and surface contaminants losses. In the following cal-

culations, an exponential decay of the WGMs field with the time is considered,

EWGM ∝ e−κ0t, where κ0 = ω/2Q0 is defined as the cavity decay rate [17]. The

coupling rate is described by κc = η2/2τ = ω/2Qc. Besides, the phase of the field

is given by the resonant frequency and its detuning, EWGM ∝ e(ωR+δω)t. Each

roundtrip phase shift, since constructive interference is assumed, can be written

as: θ = δωτ , where τ is the circulating time.

Therefore, the coupled mode equations for the fields can be expressed as
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follows, [18]:

Eccw(t) = ηEi(t) +
√

1− η2Eccw(t− τ)e−κ0τeδωτ + gτEcw(t)

Ecw(t) = gτEccw(t) +
√

1− η2Ecw(t− τ)e−κ0τeδωτ

Er(t) = ηEcw(t)

Et(t) =
√

1− η2Ei(t) + ηEccw(t)

(2.37)

Now, if ψ(t − τ) ≈ ψ(t) − τ(dψ/dt), and considering small values for the

losses, the coupling strength and the circulating time, the above equations can be

rewritten as:

dEccw
dt

= − (κ0 + κc − δω)Eccw(t) + 
η

τ
Ei + gEcw(t)

dEcw
dt

= − (κ0 + κc − δω)Ecw(t) + gEccw(t)

Er(t) = ηEcw(t)

Et(t) =
√

1− η2Ei(t) + ηEccw(t)

(2.38)

In the case of the stationary solution, the transmittance and reflectivity of

the system can be derived:

T (ω) =

∣∣∣∣EtEi
∣∣∣∣2 =

∣∣∣∣∣√1− η2 − 2κc (κ0 + κc − δω)

(κ0 + κc − δω)
2

+ g2

∣∣∣∣∣
2

R(ω) =

∣∣∣∣ErEi
∣∣∣∣2 =

∣∣∣∣∣ 2κcg

(κ0 + κc − δω)
2

+ g2

∣∣∣∣∣
2

(2.39)

In experimental conditions, the value of κ0 is given by the intrinsic losses

of the resonator, and the value of g by the inhomogeneities of the surface. There-

fore, the value of κc is the one that can be controlled experimentally, generally by
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2.4 Coupling microfiber-microresonator

changing the distance between the microfiber and the MR.

When considering that there is no surface roughness (g = 0), it is easy to

identify three different coupling scenarios:

100%

κc < κ0 κc = κ0 κc > κ0

(i) (ii) (iii)

Figure 2.13: Example of different coupling regimes: (i) undercoupling; (ii) critical
coupling; (iii) overcoupling.

(i) When κc < κ0: undercoupling. The energy coupled from the microfiber to the

MR is smaller than the energy lost by the different loss sources. The value of the

transmittance is: 0 < T (ωR) < 1.

(ii) When κc = κ0: critical coupling. The coupling rate is equal to the resonator

losses. The energy transfered from the microfiber to the MR is maximal. The value

of the transmittance at the resonant wavelength is: T (ωR) = 0. However, if the

transmittance in Eq. (2.39) is calculated for g = 0, κc = κ0, T (ωR) is not exactly

null. This is because, in our theoretical approach, the losses, the coupling strength,

and the circulating time have been approximated by Taylor to first order. If we

had not considered such approximation, the value of T (ω) in ωR would be exactly

zero [19].
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2 WGMs theory

(iii) When κc > κ0: overcoupled. The energy coupled is greater that the losses and

is re-coupled to the microfiber. The value of the transmittance is: 0 < T (ωR) < 1.

For those cases where the surface inhomogeneities are considered (g 6= 0),

the critical coupling is obtained when kc =
√
k2

0 + g2.

Reflected

Transmitted

Figure 2.14: Calculated transmittance and reflectivity for a MR with a = 62.5µm,
λ = 1.55µm, Q0 = 108, Qc = 2.8 · 107 and gτ = 1.4 · 10−5.

Figure 2.14 shows the transmittance and the reflectivity of a WGM reso-

nance in a MR (a = 62.5µm) where a microfiber has been used to excite the

mode. The working wavelength is λ = 1.55µm. The coupling is in the overcou-

pling regime (κc = 3.5κ0). Thus, the transmitted light is not minimal, for the pa-

rameters considered, T (λ0) = 0.2. Adjusting gτ , the reflected light isR(λ0) = 0.15.

From the values of Qc and Q0, and taking into account Eq. (2.33), it is pos-

sible to calculate the Q-factor of the resonance shown in Fig. 2.14, Q ∼ 2.2 · 107.

Frequently, in the experiments, the coupling system is in overcoupling or under-

coupling regime. This implies that the Q-factor of the WGM resonance is limited

by the external losses (coupling losses for this particular case).
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Although the coupling strength is a very small coefficient, in a coupling

system as the one discussed in this section, the energy transfer from the microfiber

to the MR can be virtually 100%. The reason for this relies on the interference

between the optical fields of the WGMs and the modes guided by the microfiber.

Each round trip there is a constructive, self-interference of the WGM, that leads

to an amplification of the WGM field in a stationary regime. Contrarily, the non-

constructive interference between the WGM and the microfiber modes, Eccw and

Ei, leads to to the fact that the transmitted field, Et, can be zero.

Besides, since the quality factor of this type of MRs is high, even small

surface imperfections (a small coefficient gτ ) can induce a strong coupling of a

counter propagating wave, which leads to a significant reflectivity in experimen-

tal conditions, with practical applications, as we will see in further chapters.

2.5 Guided modes in dielectric rods

The structure represented in Fig. 2.1 supports several types of guided modes.

WGMs is just one of them. In this section, we will present a detailed description

of all the families of modes that such structure can guide. For the description, a

more general expression for the electromagnetic field than the considered for the

WGMs, Eq. (2.1), must be treated [20]:

E(r, t) = e(ρ)e−βφφe−βzzeωt

H(r, t) = h(ρ)e−βφφe−βzzeωt
(2.40)

where βi are the azimuthal and axial components of the guided mode wave vec-

tor. By solving Maxwell’s equations considering the electromagnetic field given

by Eqs. (2.40), and applying the proper boundary conditions to this problem, the

following transcendental equation is obtained [4, 6, 8]:
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[
n2

1

J ′m(γ1a)

(γ1a)Jm(γ1a)
+ n2

2

K ′m(γ̄2a)

(γ̄2a)Km(γ̄2a)

] [
J ′m(γ1a)

(γ1a)Jm(γ1a)
+

K ′m(γ̄2a)

(γ̄2a)Km(γ̄2a)

]

− m2β2
z

µ0ε0ω2

[
1

(γ1a)2
+

1

(γ̄2a)2

]2

= 0 (2.41)

where γ1 and γ̄2 are given by:

γ1 ≡
√
k2

0n
2
1 − β2

z

γ̄2 ≡
√
β2
z − k2

0n
2
1

(2.42)

By solving numerically this equation, we can find the solution for the dif-

ferent guided modes existent in a dielectric rod. They can be classified into three

types:

(i) Modes with propagation purely in the azimuthal direction (βz = 0).

This is the case of the WGMs. The axial component is null and, like in the

previous case, the solutions split into the TE and TM polarization states. By tak-

ing into account the relations between the Bessel and Hankel functions [7], the

characteristic equation can be rewritten as it follows:

[
n1
J ′m(k1a)

Jm(k1a)
− n2

H
(2)′

m (k2a)

H
(2)
m (k2a)

][
1

n1

J ′m(k1a)

Jm(k1a)
− 1

n2

H
(2)′

m (k2a)

H
(2)
m (k2a)

]
= 0 (2.43)

It is clear now that, as it was pointed out before, the existence of hybrid

modes is not a solution to the characteristic equation of the WGMs in cylindrical

MRs. In order to obtain the βφ values correspondent to WGM resonances, the

proper constraints, Eqs. (2.7) and (2.10), must be considered.
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2.5 Guided modes in dielectric rods

(ii) Modes with propagation purely in the axial direction (βφ = m = 0).

By considering the azimuthal component zero, we obtain the following

transcendental equation, Eq. (2.44). The solutions to this equation split into two

families, which corresponds to the TE and TM polarization.

[
n2

1J
′
m(γ1a)

(γ1a)Jm(γ1a)
+

n2
2K
′
m(γ̄2a)

(γ̄2a)Km(γ̄2a)

] [
J ′m(γ1a)

(γ1a)Jm(γ1a)
+

K ′m(γ̄2a)

(γ̄2a)Km(γ̄2a)

]
= 0 (2.44)

This includes some of the conventional modes used for guiding light in optical

fibers.

(iii) Modes with βz 6= 0 and βφ 6= 0.

Depending on which component of the wavevector is the dominant (βz or

βφ), the solutions of the characteristic equation are considered as guided modes in

the axial direction or spiral modes. When βz � βφ, the solutions obtained, along

with the βφ = 0 solutions, describe the conventional guided modes of an optical

fiber. Moreover, these solutions describe the propagating modes of the microfibers

employed to excite the WGMs. Contrarily, when βφ � βz , the modes propagate as

surface modes in the waveguide in a spiral trajectory. If the spiral WGMs fulfill the

resonance conditions, secondary resonances located at the blue-side of the βz = 0

resonances will appear [21].
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3 Experimental Procedures

In this chapter we will describe the experimental procedures carried out to fabri-

cate and characterize our MRs for WGMs. The fabrication process and characteris-

tics of the microfibers employed for the coupling will be detailed. To illustrate the

process, we will characterize the resonances of a cylindrical MR fabricated from

a conventional silica fiber, and from a polymer fiber. Thus, we will show that our

experimental procedure is valid for a variety of MR materials.

3.1 Experimental setup

Figure 3.1 shows the general experimental setup used in the experiments through-

out this work to excite and measure the WGMs. The general setup includes differ-

ent sections for different purposes: (i) the light source, (ii) the coupling of the light

to the MR, and (iii) the characterization of the WGM resonances.

(i) The light source used to monitor the WGMs will depend on the Q-factor of the

resonances. When the linewidth is broad (Q lower than 105), a broadband source

such as a LED can be employed to excite the WGMs. In this case, to characterize

the WGM MRs we would employ a common OSA (resolution: 20 pm). In most

cases of this work, the WGM resonators exhibit high Q-factors (higher than 106),

and the resonances can not be measured with a typical OSA.
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TDL

Function
Generator

OSC

OSC

PD
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1
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3

CP

Taper

Resonator

WGM

Figure 3.1: Scheme of the general experimental setup for exciting and measuring
WGM resonances.

In the cases with Q-factor higher than 106, we will use a tunable continu-

ous wave diode laser (TDL), linearly polarized with a narrow linewidth (< 300

kHz) as the light source. The tuning range covers typically from 1515 to 1545 nm.

The laser integrates a piezoelectric-based fine frequency tuning facility that allows

continuous scanning of the emitted signal around a given wavelength. The sweep-

ing of the laser is controlled by a triangle wave signal from a function generator.

The sweeping velocity can be controlled by means of the parameters of the elec-

tric signal that drives the laser. A polarization controller (PC) is placed after the

laser to rotate the polarization light, which allows the excitation of TM- and TE-

WGMs separately. An optical circulator enables measuring the WGM resonances

in reflection.

(ii) In order to couple the light to the resonator, the optical signal is launched

through a 2µm diameter auxiliary tapered fiber which is placed perpendicularly

on a 3-axis flexure stage allowing to control the distance between them to optimize

the coupling. The resonator consists on a section of a bare optical fiber.

(iii) The transmitted and reflected light from the taper is measured by means of
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3.1 Experimental setup

two photodetectors (PDs), whose output signal is registered by the digital oscillo-

scopes (OSCs) synchronized with the electrical signal driving the laser. The trans-

mission and reflection trace obtained as a function of time are converted into spec-

tra (this is, intensity vs wavelength) using a previous calibration of the sweeping

velocity of the TDL.

Figure 3.2: WGM spectra in a cylindrical, silica MR (a = 62µm): (a) Transmitted
signal; (b) Reflected signal.

Figure 3.2 shows the transmission and reflection spectra of a WGM reso-

nance in a slightly stretched conventional optical fiber (a = 62µm). The Q-factor

of the WGM resonance is ∼ 4 · 107. The linewidth of the transmittance spectrum

is 68 fm, while for the reflectance spectrum is 36 fm. The linewidth difference is

due to different reasons. When the transmitted spectrum presents an asymmetry

at shorter wavelengths, and the reflected spectrum is symmetric, as the situation

presented in Fig. 3.2, this asymmetry is due to the existence of spiral modes (see

Chapter 2). These modes can be excited because the cylindrical MR does not con-

fine the light in the axial direction, and the illumination source provided by the

taper is not a plane wave but a beam of finite extension. Thus, modes with βz 6= 0

and βz � βφ can be excited. In addition, the existence of inhomogeneities on

the surface of the resonator leads to an internal modal coupling between the two
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counter-propagating WGMs, and the splitting of the resonant wavelength in a

doublet. All these reasons lead to a broadening of the resonances [1]. Moreover,

for resonators with small half-angles (this is, conical shape), it can be observed

the existence of an asymmetry towards longer wavelengths [2]. Nevertheless, the

evanescent field of a tapered fiber, which is a finite beam with a gaussian spatial

distribution, can be modeled as a weighted sum of monochromatic plane waves

traveling in different directions (angular spectrum) [1]. Then, it is important to

point out that the WGMs theoretical approach presented in Chapter 2 is also valid

when we consider the coupling by means of a taper. Besides, it has been demon-

strated that such a beam can excite WGM resonances with high Q-factors in cylin-

drical MRs [3].

∆λ ≈ 3 nm

TE TM

Figure 3.3: WGM resonances with the same m order for TE and TM polarization.

Figure 3.3 shows an example of a resonance for the TE and the TM polariza-

tion in a slightly stretched optical fiber (a = 62µm) and the same azimuthal order.

As it can be observed, the resonant wavelengths are not usually degenerated, and

they are separated ∆λ ≈ 3 nm with our setup. To identify which resonance cor-

responds to each polarization, it is necessary to solve the characteristic equations

of the WGMs, Eqs. (2.17), for our MR experimentally characterized. By comparing
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3.2 Tapers fabrication technique

the theoretical results with the experimental measurements, we can determine the

azimuthal order and the polarization state of each resonance.

To conclude, let us point out the case of resonators with ultra-highQ-factors.

In this case the measurement setup typically employed is slightly different from

the one described in Fig. 3.1. Although the characterization can be done with a

narrowband tunable laser with high level of frequency stability, the ring-down

technique is preferred [4]. The use of this technique allows to avoid some limi-

tations such as thermal drifts of the spectral position and the undesired contri-

bution of nonlinear effects. This technique is employed with MRs with spherical

and toroidal shapes, since they generally provide higherQ-factors than cylindrical

shaped MRs.

3.2 Tapers fabrication technique

Although there exists different techniques for coupling energy to a resonator (by

using a prism, an integrated waveguide, a fiber tip, etc) in this work we will excite

the WGMs by employing a tapered fiber (a microfiber). We will use this method

because the efficiency of the coupling can be as high as 99.97% for a fused silica

resonator [5].

Taper
Waist

Taper
Transition

Unstretched
Fiber

d0

d(z) ∝ αdw

Figure 3.4: Scheme of the structure of a tapered optical fiber. The three distin-
guished sections are shown.
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The operating principle of the coupling consists on decreasing the diame-

ter of an optical fiber until the evanescent field of its propagating modes is large

enough to couple energy to the MR. To fabricate the microfibers, we employ a

fuse-and-pull technique from conventional telecom fibers [6]. From a theoretical

point of view, the technique is based on the mass conservation of a silica rod (this

is, the fiber), as it is fused and stretched. The result is a fiber with a section of

reduced diameter with two transitions. By means of an accurate control of the

fabrication process, it is possible to control the final diameter of the waist, and

the length and shape of the transitions [7]. Figure 3.4 shows the schematic struc-

ture of a fiber taper. The different sections can be identified: the unstretched fiber

with diameter d0 (for a bare conventional fiber d0 = 125µm), the taper waist with

diameter dw, and the taper transition with a shape dependent on the fabrication

conditions. In our case, they will show an exponential shape.

LED DMM

PD

Taper

Burner

TS TS

(b)

Figure 3.5: (a) Setup of the fuse-and-pull microfiber machine. (b) Scheme of the
tapers fabrication and the losses monitoring.
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For the fabrication, we employ a fuse-and-pull machine developed in the

Laboratory of Fiber Optics of the University of Valencia. Figure 3.5a shows an

image of the system and the different elements of the mechanism. Figure 3.5b

shows a schematic representation of the experimental setup and the equipment

employed to monitor the transmittance of the taper. The translation stages (TSs)

stretch the fiber as the burner sweeps the tapered section in a back-and-forth mo-

tion. During all the process, the transmittance of a light source is monitored to

ensure that fabrication losses are kept, typically, under 0.5 dB, as a maximum, for

our tapers. The use of this system ensures both high repeatability and high man-

ufacturing precision.

The typical parameters of the tapers employed to excite the WGM reso-

nances are: diameter of the waist dw = 2µm, length of the waist ∼ 6 mm.

Besides, in order to improve the Q-factor of the WGM MRs, we also pro-

cess the fibers that will be used as the MRs, by tapering them slightly down to

∼ 124µm in diameter. When the coating of a conventional fiber is removed, im-

perfections in the surface of the fiber can appear. As it was previously mentioned,

see Chapter 2, the roughness introduces scattering losses. The tapering process

smoothes the surface of the optical fiber, leading to an increment of the Q-factor.

3.3 WGM resonances in a polymeric resonator

Although the most employed material for the fabrication of WGM resonators is

SiO2, depending on the geometry and the application of the resonator, the im-

plementation of different materials and fabrication techniques could be needed.

One type of these materials that are currently under study are polymers. We will

show some experimental results with such resonators in the following chapters.

To excite and measure the WGM resonances of a cylindrical-shaped polymeric

resonator, the technique showed in the previous section can be employed. The

inset of Fig. 3.6 shows a micrograph of a polymeric hollow resonator. The descrip-
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tion of the polymer material and the fabrication method (based on the two-photon

polymerization) can be found in [8]. The resonator exhibits a diameter of 55µm,

a wall thickness of 3.9µm, and a height of 60µm. Figure 3.6 shows the transmit-

tance spectrum of one of its resonances. The linewidth is ∆λ ≈ 15 pm, which

corresponds to a quality factor of Q = 2.5 · 106. As it can be observed, the res-

onator presents a high Q-factor. This is possible due to the low absorption of the

polymer at 1550 nm, the small roughness of the surface wall (1.5 nm), and the

polymer refractive index (1.510 ± 0.001), similar to the silica, which enables an

efficient coupling by employing a silica tapered fiber. It can also be seen that the

resonance exhibit an asymmetry at longer wavelengths. This is a clear example of

the asymmetry induced by a conical shape that we commented in the previous

section.

�� ⇡ 15 pm

Figure 3.6: Cylindrical hollow polymer MRs. Transmittance spectrum of a WGM
resonance excited in the polymer MR. Inset: Micrograph of a typical MR produced
by two-photon polimerization.
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4 Strain-Optic Effect

In this chapter we will characterize the strain-optic effect in cylindrical, isotropic

resonators by using WGMs. We will present a theoretical description of the modi-

fication of the material optical properties due to an axial stretching of the MR. The

variation of the permittivity tensor, together with the variation of the mechani-

cal parameters of the resonator, are derived. While in silica MRs, the axial strain

will induce an anisotropic permittivity, PMMA MRs will be isotropic even under

axial stretching, due to the particular values of the strain-optic coefficients in this

material. We will perform an experimental characterization of the spectral prop-

erties of WGM resonances in both materials, to illustrate this different behavior.

In addition, this technique, will allow us to measure the strain-optic coefficients.

4.1 Theoretical description

The strain-optic effect describes the changes in the optical properties of a material

due to mechanical strain. Traditionally, this effect is expressed in terms of varia-

tions of the relative dielectric impermeability tensor (which is the inverse of the

permittivity tensor), η̄, induced by strain, S̄ [1]. The effect can also be expressed

in terms of the stress, T̄ , since it is linearly related with the strain by means of

Hooke’s law (in this work, we will only consider linear elastic materials).
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ηij
(
S̄
)

= η
(0)
ij + ∆ηij

(
S̄
)

= η
(0)
ij +

∑
k,l

pijklSkl (4.1)

where η(0)
ij is the impermeability tensor of the unperturbed material, and pijkl is

the strain-optic coefficients tensor. In general, a fourth-rank tensor, has 81 inde-

pendent elements. However, due to the strain tensor symmetry (Skl = Slk) [2],

and the impermeability tensor symmetry (ηij = ηji) [3], the number of elements is

reduced to 36, and this allows using a contracted index notation to avoid the dou-

ble indices, this is, pijkl = pmn where m,n = 1, 2, ...6. With this notation, Eq. (4.1)

can be reduced to:

ηm
(
S̄
)

= η(0)
m + ∆ηm

(
S̄
)

= η(0)
m +

∑
n

pmnSn (4.2)

The strain-optic coefficients are dimensionless, and the number of indepen-

dent components depends on the structure of the material medium. For isotropic

materials, which is the case of interest for this work, the number of independent

components are reduced to two, and we can write the strain-optic tensor in con-

tracted notation as [1]:

pij =



p11 p12 p12

p12 p11 p12

p12 p12 p11

p44

p44

p44


(4.3)

where p44 = 1
2 (p11 − p12). Once we have described the expression of the strain-

optic tensor, it is necessary to establish the form of the strain tensor (the way the

mechanical strain is applied to the material) in order to obtain the variation of the

dielectric permittivity. For the purposes of this work, we will study the deforma-

tion that suffers a cylindrical MR (a rod) under axial stretch.
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ā

Axial
Stretch

∆L

L0

L0

Sx

Sy

Sz

a

Figure 4.1: Scheme of the deformations suffered by a cylindrical shaped resonator
under axial stretch.

Figure 4.1 shows a schematic representation of the effects of an axial stretch

applied to a rod. When there is not an applied strain, the unperturbed cylinder

has a length L0 and radius a. When an axial deformation is considered, the length

of the rod experiences an elongation ∆L, together with a shrinking of the radius

∆a. The axial deformation, Sz , is given by the ratio of the unperturbed length

to the elongation: Sz = ∆L/L0. When a material suffers a stretching, the elon-

gation in one direction is accompanied by contractions in the two transversal di-

rections. The ratio between these deformations is given by the Poisson’s ratio,

ν = −Sx/Sz = −Sy/Sz .

By taking into account the different deformations and the strain-optic ten-

sor, we calculate the variation of the impermeability of a rod under axial stretch:



∆ηx

∆ηy

∆ηz

∆ηxy

∆ηyz

∆ηzy


=



p11 p12 p12

p12 p11 p12

p12 p12 p11

p44

p44

p44


·



−νSz
−νSz
Sz

0

0

0


(4.4)
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where Sx and Sy are expressed in terms of Sz . By solving the Eq. (4.4), we obtain

the variation introduced in the different components of the permittivity tensor, as

a function of the axial strain. As it can be noticed, the variation in the transversal

components x and y are the same. Therefore, from this moment, we consider that

∆ηt ≡ ∆ηx = ∆ηy .

∆ηt = [−νp11 + (1− ν)p12]Sz

∆ηz = [p11 − 2νp12]Sz

∆ηxy = ∆ηyz = ∆ηzy = 0

(4.5)

If we consider the variation of the impermeability tensor, Eqs. (4.5), in the

general expression of the dielectric impermeability, Eq. (4.1), and assume that the

strain-optic coefficients are very small, we can derive the variation in the refractive

index:

∆nt
n1
≈ −n

2
1

2
[−νp11 + (1− ν)p12]Sz ≡ −petSz

∆nz
n1
≈ −n

2
1

2
[p11 − 2νp12]Sz ≡ −pezSz

∆nxy = ∆nyz = ∆nzy = 0

(4.6)

where pet and pez are effective strain-optic coefficients defined for simplicity. It can

be noticed that the variation in the refractive index is different for the transversal

and axial components. Thus, when the strain-optic coefficients p11 and p12 are

different, an axial stretch in an isotropic cylinder induces an uniaxial anisotropy

in the medium. For example, for fused silica, if we estimate the anisotropy with

the reported values of p11 = 0.121, p12 = 0.270 [4], and ν = 0.17 [5], the ratio is

∆nt/∆nz ≈ 6.97, so a significant anisotropy is expected. It should be noticed out

that, until this moment, we have described the strain-optic effect in cartesian co-

ordinates, while the problem of the WGMs is described in a cylindrical coordinate

system. If we perform a coordinate system transformation of the permittivity ten-

sor into cylindrical coordinates, the same expression is obtained. Thus, Eqs. (4.6)
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4.1 Theoretical description

for ∆nt and ∆nz are valid for both coordinate systems, cartesian and cylindrical.

To study how an axial stretch affects the spectral position of the WGM res-

onances in a cylindrical dielectric resonator, the characteristic equations for an

uniaxial medium described in Chapter 2, Eqs. (2.17), must be solved. The changes

in the optical properties are given by the anisotropic variation of the permittivity

tensor, Eqs. (4.6). On the other hand, the changes in the mechanical properties of

the resonator are determined by the axial strain, Sz = ∆L/L0, and the variation

of the radius and Poisson’s ratio, ν:

∆a = −aνSz = −aν∆L

L0
(4.7)

By taking into account the resonant condition for a WGM, mλR = 2πneff,

and carrying out a perturbative approach as a function of the axial strain, we ob-

tain the relative shift of the WGM resonances:

∆λR
λR

=

(
1

a

da

dSz
+

1

neff

dneff

dSz

)
∆Sz (4.8)

As a first approximation, the effective refractive index of the modes can be

assumed to be that of the material refractive index. It must be taken into account

that the TM polarization depends on the axial component of the refractive index,

∆nz , while the TE polarization depends on the transversal component, ∆nt. Thus,

since ∆nt/∆nz ≈ 6.97, we obtain that, for a fused silica MR, the relative shift

between the TE-WGM and the TM-WGM resonances is ∆λTE/∆λTM ∼ 1.66. In

practice, this will imply that TE modes shift faster than the TM as the strain is

increased.

We introduce the strain as a perturbation in the characteristic equations of

the WGMs, Eqs. (2.17); as a result, we can write the first-order approximation for
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the relative shift of the resonances:

[
∆λR
λR

]
TE,TM

=
∆a

a
+ (1− CTE,TM)

∆nt,z
n0

(4.9)

where CTE,TM is a small coefficient that depends on wavelength, radius and ma-

terial refractive index. The coefficient is different for each polarization state and

it can be determined for the particular experimental parameters. Then, by mea-

suring the shift of both polarizations as a function of the strain, we can obtain the

strain-optic coefficients just by solving a linear system of equations.

sTE,TM = −ν − (1− CTE,TM)pet,ez (4.10)

where sTE and sTM are the slopes of the WGM resonances relative shift with the

axial strain, for each polarization.

Eq. (4.9) introduces a correction of the order of 4% to the rough estimation

that is obtained when the effective index of the modes is approximated to the

material refractive index (this is, CTE,TM = 0) in Eq. (4.8). Therefore, in order to

obtain the most accurate values to evaluate the strain-optic effect, we will use

Eq. (4.10) to calculate p11 and p12.

4.2 Experimental characterization

To study the effects of an axial stretching in a resonator, we carried out a character-

ization of the spectral position of the WGM resonances as a function of the strain

applied to the MR. To do the measurements, we performed a small modification to

the general experimental arrangement depicted in Fig. 3.1. For these experiments,

a controllable axial strain is applied to the MR by means of a calibrated translation

stage with a step of 0.5µm, see Fig. 4.2.
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Taper
Resonator

Fixed
End

Translation
Stage

Axial
Stretch

Figure 4.2: Scheme of the experimental arrangement with translation stage to axi-
ally stretch the resonator.

The technique relies on measuring the shift of the WGM resonances as a

function of the axial strain. One crucial characteristic, which was predicted by the

simulations, is that the relative shift of the resonances as a function of the strain

is virtually independent of the azimuthal and radial orders, within a deviation

smaller than 0.01%. This feature enables the use of WGM resonances to charac-

terize the strain-optic effect, since it does not matter which specific resonance is

employed for measuring.

Furthermore, as it has been shown in Chapter 3, the technique employed

to excite and measure the WGMs allows the characterization of silica MRs, but

also of resonators fabricated with other materials with refractive indices similar

to that of the taper material. This property allows to study the strain-optic effect

in different materials. In this work, we will carry out the characterization of silica

and PMMA MRs under axial strain.

(I). Silica microresonators

We measured the shift of the WGM resonances of a silica MR as a function of the

axial strain. Our resonator was a conventional bare SMF-28 fiber without coating,

with a diameter reduced to 124µm. The tapered fiber used to couple the light has

the typical parameters of the microfibers employed in this work: 2µm waist and
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6 mm length. The linewidth of the studied resonances was ∼ 0.22 pm typically,

which corresponds to a Q-factor of ∼ 7 · 106.

∆λ ≈ 0.18 nm

∆λ ≈ 0.11 nm

Figure 4.3: Example of the wavelength shift measured for a strain of Sz = 330µε.
(a) TE polarization: (b) TM polarization.

Figure 4.3 gives an illustrative example of the wavelength shift measured

for a resonance of each polarization, for a given strain of 330µε. The TE and

TM polarizations can be identified because of their different response with the

strain, in accordance with the theory. The TE-WGM resonance shifts 180 pm to-

wards shorter wavelengths, while the TM-WGM resonance shifts 110 pm. As it

can be observed, the TE polarization shifts around ∼ 1.6 times more than the TM

polarization, as it is predicted from the simulations. Although this effect has been

extensively exploited in different applications, such as strain sensors [6] or strain-

induced long-period gratings [7], the anisotropic behavior of the material is rarely

mentioned [8]. The tuning of WGM resonances by means of an axial stretch in
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4.2 Experimental characterization

silica resonators has been reported in the past [9], but the different response of

the TE and TM polarizations had not been mentioned before this work, up to our

knowledge.

The strain-optic coefficients of an optical fiber are usually determined by

measuring the optical activity induced by a mechanical twist and the phase change

caused by longitudinal strain [10, 11]. This technique relies on the study of the

conventional axial modes propagating through the fiber. Since the electromag-

netic field of the modes is mainly transverse to the axis of the fiber [12], the

anisotropy does not show up. On the contrary, WGMs have a significant longi-

tudinal components, and their electromagnetic field experiences the anisotropy of

the strain-optic effect intrinsically, since longitudinal and transversal components

are dependent on different values of the refractive index. In the past few years,

an increasing number of fiber devices in which the longitudinal component of the

electromagnetic field is not negligible have appeared, such as microfibers [13], and

microstructured optical fibers with a high air filling fraction [14]. For these cases,

the measurement and characterization of the anisotropy of the strain-optic effect

is of high interest.

Fit

Measurements

TE

TM

@ 1531 nm

Figure 4.4: Relative wavelength shift of WGM resonances as a function of the
strain for the TE and TM polarization, at 1531 nm.
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Figure 4.4 shows the relative wavelength shift as a function of the strain for

a resonance centered at 1531 nm. The slopes of the linear regressions that fit the ex-

perimental values are: sTE = −0.369± 0.006 pε−1 and sTM = −0.201± 0.004 pε−1.

We calculated the uncertainties in the slopes considering non-correlated errors in

both variables [15]. The error in the strain measurements is ±4µε, and the errors

in the relative wavelength shift are within the range (0.6−6)·10−6, from the small-

est to the highest strain values. The anisotropy can be clearly observed from the

measurements: sTE/sTM = 1.84. From the values of the slopes and considering the

Eq. (4.10), it is possible to calculate the strain-optic coefficients. For the particular

parameters of the experiment, a = 62µm, m = 354 and n1 calculated using Sell-

meier [16], CTE = 5.766 ·10−3 and CTM = 3.756 ·10−3. Thus, by taking into account

the Poisson’s ratio ν = 0.17 ± 0.01, the values of the strain-optic coefficients are:

p11 = 0.116± 0.017 and p12 = 0.255± 0.021.

Fit

Measurements

TE

TM

@ 1064 nm

Figure 4.5: Relative wavelength shift of WGM resonances as a function of the
strain for the TE and TM polarization, at 1064 nm.

An additional advantage of this technique is that it does not require single-

mode propagation in order to characterize the MRs. The method based on the

optical activity requires it, since it uses the conventional modes of the fiber. This

feature enables the measurement of the strain-optic coefficients at different wave-
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lengths using the same MR for all of them, as long as the material is transparent,

to determine their dispersion.

Figure 4.5 shows the relative shift as a function of the strain for a resonance

centered at 1064 nm. The characterization is analogous to the previous one. The

slopes of the linear regressions are: sTE = −0.378±0.008 pε−1 and sTM = −0.213±
0.004 pε−1. In this wavelength range, m = 516, CTE = 3.848 · 10−3 and CTM =

2.505 · 10−3. From these values and Poisson’s ratio, we calculate the values of the

strain-optic coefficients at 1064 nm: p11 = 0.132± 0.018 and p12 = 0.267± 0.024.

The values of the strain-optic coefficients obtained are comparable to those

reported in the literature, which were obtained by other techniques. Table 4.1 sum-

marizes the results for both wavelengths, compared to other measurements re-

ported in the literature. Both sets of values are in good agreement, and the small

differences might be due to the fact that the technique based on the WGMs mea-

sures the properties of the cladding material (for the fibers characterized, the pij

of fused silica). While, in the other techniques, the value of the coefficients are de-

termined, mainly, by the material of the fiber core, which is usually silica doped

with different elements. In the study presented in [10], the core of the fiber is also

made of silica. Here the difference may be due to the different cladding material

(silica doped with B2O3), which affects the conventional optical modes of a fiber

because of their evanescent field.

Present Work
Literature

1531 nm 1064 nm

p11 0.116 0.131
0.113 @ 633 nm [10]

0.121 @ 633 nm [4]

p12 0.255 0.267
0.252 @ 633 nm [10]

0.270 @ 633 nm [4]

Table 4.1: Comparison of measured pij coefficients with the values reported in the
literature.
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The most critical factor for an accurate determination of the individual

strain-optic coefficients is the uncertainty associated to the Poisson’s ratio (6% in

this case, the highest of all the parameters considered here). Thus, it is useful to

evaluate the slope difference, sTM − sTE = 0.168 ± 0.007 pε−1, which is defined

in the literature as the bending-induced birefringence, peb, and does not depend

on the Poisson’s ratio. In addition, the WGMs technique enables the experimental

measurement of the effective strain-optic coefficients, pet and pez . The coefficient

pet can be compared with the values reported in the study of fiber Bragg gratings

strain sensors. The pez coefficient can be calculated by considering the coefficients

p11, p12 and ν. Our measurements of the effective strain-optic coefficients, and

those reported in the literature are compiled in Tab. 4.2. From these comparisons,

we can conclude that the results obtained by our technique are in good agreement

with the previously reported values.

Present Work
Literature

1531 nm 1064 nm

pet 0.200 0.209

0.205 @ 633 nm [10]

0.205 @ 1530 nm [17]

0.202 @ 1534 nm [18]

pez 0.031 0.043
0.030(a) [4, 5]

0.034 @ 633 nm [10]

peb 0.168 0.165
0.186 @ 633 nm [19]

0.171(b) @ 1550 nm [20]

(a)Calculated using the pij and ν values of bulk silica.

(b)Calculated using the strain-optic rotation coefficient g: peb = (1 + ν)g.

Table 4.2: Comparison of measured effective strain-optic coeffients with those re-
ported in the literature.
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When comparing the values of the strain-optic coefficients at different wave-

lengths, it is difficult to extract conclusive information on wavelength dispersion

due to its relatively high errors. As it was explained, the major contribution to the

error is the uncertainty of the Poisson’s ratio. Therefore, by evaluating the relative

dispersion of the strain-optic coefficient p44 = (p11−p12)/2, i.e., (dp44/dλ)/p44, we

can calculate a value with relative precision. This is possible since Poisson’s ratio

is not necessary for this calculation, and the refractive index is known with high

precision. We obtain a relative wavelength dispersion for p44 of 5%µm−1, which is

comparable to the 8%µm−1 reported in [10] (it is worth to point out that this result

was obtained from two measurements at 633 and 880 nm which are wavelengths

different to ours). In both cases, the estimated wavelength dispersion is within the

experimental error. From our results, and those reported in the literature, we can

conclude that the strain-optic coefficients of the fused silica show a flat dispersion

response.

(II). PMMA microresonators

We also used PMMA fibers as MRs for WGMs. We used the same procedure to

measure the shift of its WGM resonances as a function of the axial strain. The

resonator is a PMMA rod with a diameter of 130µm. It is worth to point out that,

for the case of PMMA fibers, the smoothness of the surface is not as high as in the

case of the silica, and the absorption coefficient is also higher than that of the silica.

Thus, the linewidth of the resonances is broader: in particular the linewidth of our

PMMA WGM resonances are typically ∼ 60 pm, which corresponds to a Q-factor

of ∼ 2.6 · 104. The linewidth of the resonances requires to employ a broadband

source and an OSA to excite and measure the WGMs. The tapered silica fiber used

to couple the light has 2µm waist and 6 mm length, as usual.

Figure 4.6 shows the relative shift as a function of the strain for a reso-

nance centered at 1550 nm. The slopes of the linear regressions are: s1 = −0.439±
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0.005 pε−1 and s2 = −0.440 ± 0.004 pε−1. As it can be observed, the shift of both

polarizations is the same, since the difference is within the experimental error. For

the particular parameters of the resonator, a = 65µm, m = 378 and n1 of the

PMMA calculated from [21], CTE = 3.115 · 10−3 and CTM = 4.853 · 10−3. Thus,

by taking into account the Poisson’s ratio ν = 0.340 ± 0.005 [22], the values of

the strain-optic coefficients are: p11 = 0.283 ± 0.021 and p12 = 0.282 ± 0.024. The

values obtained for the strain-optic coefficients of PMMA are practically identical.

Therefore, a resonator under axial strain maintains its isotropic optical response,

contrary to the behavior observed in silica.

Pol.1

Pol.2
Fit

Measurements

Figure 4.6: Relative wavelength shift of WGM resonances as a function of the
strain for a PMMA resonator, at 1550 nm.

Since the experimental technique allows the characterization at different

wavelengths, we repeated the measurements of the WGMs shift within a range

of 1.2µm, from 800 to 2000 nm (this is the range at which we had available LED

sources).

Figure 4.7 shows the values of the pij coefficients calculated for different

wavelengths. As it can be seen, in the whole wavelength range the values are

similar within the error, and a flat dispersion curve is observed. Moreover, the
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coefficients obtained are in good agreement to those reported in the literature

[23]. This result is of interest since in many applications of strain sensors in the

infrared range based on PMMA fibers, the strain-optic coefficients employed to

characterize the optical device are the ones reported for 633 nm (p11 = 0.300 and

p12 = 0.297). As the results depicted in Fig. 4.7 show, this assumption is valid

within the range studied.

Figure 4.7: Strain-optic coefficients of PMMA at different wavelengths. The
dashed lines refer to tabulated values at 633 nm.
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5 Thermo-Optic Effect

In this chapter we will characterize the thermo-optic effect in cylindrical MRs. We

will present a theoretical description of how a temperature increment modifies

the optical and mechanical properties of a material. These changes will affect the

spectral position of the WGM resonances. Exploiting this effect, we will thermally

characterize different optical fiber components such as UV-irradiated fibers, long

period gratings (LPGs), and active fibers (Ytterbium and Holmium doped fibers).

The WGM-based technique will allow us to measure the temperature increment

in these components when they are illuminated by optical signals of moderate

to high power (∼ 1 W maximum powers). This technique provides useful infor-

mation about how the atenuation coefficient of UV-irradiated photosensitive (PS)

fibers increase due to the UV-illumination, and about the thermal profiles induced

by the heating in doped fibers and gratings.

5.1 Theoretical description

The thermo-optic effect describes the change of the material refractive index due

to a temperature variation. This effect is expressed as a function of ∆T = T − T0:

n (T ) = n(0)(T0) + ∆n (∆T ) = n(0)(T0) +KT∆T (5.1)
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where T0 and n(0) are the temperature and the refractive index of the unperturbed

MR, respectively. The thermo-optic coefficient is denoted as KT , and it can be

estimated from a derivation of the Lorentz-Lorenz relation [1]:

KT =
(n2 − 1)(n2 + 2)

6n
(ψ − γ) (5.2)

where γ is defined as the volume expansion coefficient, and ψ is the electronic

polarizability. Since the thermo-optic effect is intrinsically isotropic, it is not nec-

essary a tensorial description of the refractive index variation, contrarily to the

strain-optic effect. The value of KT is of the order of 10−3 to 10−6 K−1, depend-

ing on the material. Although the thermo-optic coefficient itself also depends on

the temperature, for the purposes of this work we will consider a constant value

that depends only on the material medium. For example, for fused silica at room

temperature, a typical value is KT = 8.57 · 10−6 K−1 [2].

To study how a temperature variation affects the spectral position of the

WGM resonances in a cylindrical dielectric MR, we will take into account the

changes in the optical properties of the medium, induced by the thermo-optic

effect, together with the changes in the geometrical dimensions of the MR. When

a material is subjected to a temperature increment, it suffers a volumetric thermal

expansion. Thus, it induces a variation of the MR diameter, given by the thermal

expansion coefficient of the material:

∆a

a
= αT∆T (5.3)

where ∆a is the variation of the radius, and αT is the thermal expansion coeffi-

cient. For fused silica, αT = 0.5 · 10−6 K−1 [3].

Once we know the variation of the refractive index, Eq. (5.1), and the varia-

tion of the MR radius, Eq. (5.3), we can determine the shift of the WGM resonances

by solving the characteristic equations of the WGMs. Besides, by taking into ac-
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count the resonant condition, mλR = 2πneff, and carrying out a perturbative ap-

proach introducing the variation of the neff and a as a function of the temperature

variation, we can obtain an expression for the relative shift of the resonances:

∆λR
λR

=

(
1

a

da

dT
+

1

neff

dneff

dT

)
∆T (5.4)

We will assume that the effective index of the modes are equal to the mate-

rial refractive index to calculate the relative shift of the WGM resonances without

solving the characteristic equations. For a fused silica MR, by considering the val-

ues of the thermo-optic and thermal expansion coefficients previously introduced,

the relative shift per degree of temperature increment is
(

∆λR
λR

)
/∆T ∼ 6.4 · 10−6.

In the experimental characterization that we will discuss in the following

section, the temperature increment will be induced by the propagation of an op-

tical signal of moderate power (∼ 1 W) in the core of the optical fiber, which acts

as the MR. Following the analysis developed in [4], we can relate the tempera-

ture increment to the pump signal that propagates in the core of the fiber and it is

absorbed. The radial distribution of temperature is given by:

∆T (ρ) =
ηPvb

2

2ah
− ηPvb

2

2k
ln
(ρ
a

)
(5.5)

where η is the fraction of absorbed power turned into heat, a and b are the cladding

and core radius respectevely, h is the heat transfer coefficient in air, k is the thermal

conductivity of the silica, and Pv = Pabs/V is the average pump power absorbed

per unit volume. The value of η depends on the dopant. In conventional or pho-

tosensitive fibers doped with germanium, boron or aluminum, the non-radiative

processes are the only ones allowed, and all the pump power absorbed is trans-

formed into heat (η = 1). However, in active fibers, the processes for the relaxation

of excited electrons of the dopants can be via two types of mechanisms: radiative
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and non-radiative. The second type is the one that contributes to the heating of

the fibers. Thus, only a fraction of the absorbed optical power will result in an

increase of temperature, this is, η < 1.

5.2 Experimental characterization

In order to measure the temperature variations induced by an optical signal on

different optical fiber components, we employed a technique based on the analysis

of the WGM resonances thermal shift.

Taper

Pump
Signal

z

FUT

(a)

2a

2b

Air

∆T (ρ)

SiO2

�T(a)�T(b)

(b)

Figure 5.1: (a) Scheme of the experimental arrangement with pump signal and
taper axial sweeping; (b) Scheme of temperature distribution in the cross section
of the fiber.

To do the measurements, we performed a small modification to the gen-

eral experimental arrangement shown in Fig. 3.1. The optical fiber device, which

plays the role of the MR, was illuminated with an optical signal that propagates

in its core. Simultaneously, the WGM resonances were excited with an auxiliary

taper that was swept along the fiber under test (FUT), this allowed a characteri-

zation of the thermal profile point to point, see Fig. 5.1a. The spatial resolution of

the technique is limited by the axial extension of the WGMs, which is ∼ 200µm

in cylinders [5]. Moreover, the typical high Q-factor of the resonances, between

106 and 107, allows achieving very low detection limits (DL) for the temperature
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variations [6]. In our experiments, the detection limit is 0.03 oC, mostly due to the

spurious vibrations and small temperature changes in the setup.

Just as in the strain-optic effect, the relative shift of the WGM resonances

with the temperature is virtually independent of the azimuthal and radial orders.

The thermal sensitivity of WGM resonances of different orders was theoretically

calculated and the results showed that the difference is smaller than 1/10000 per

each oC of temperature increment, for a broad range ofm and l values. This feature

simplifies the utility of the described technique, since it does not matter which

specific resonance is employed for measuring.

It should be noticed that the field of the illumination signal is mainly lo-

cated in the core of the optical fiber components (we will assume single-mode

propagation for the illumination signal). Thus, the source of the heating is located

in the core, ∆T(b). While, the WGM resonances are tightly confined in the outer

region of the cladding and they will thermally shift according to the temperature

increment at the surface of the fiber, ∆T(a). Figure 5.1b shows a scheme of the heat

distribution in the optical fiber cross section. Following the analysis developed in

[4], it is possible to calculate the temperature increment at the interface of a silica

fiber surrounded by air, in the steady-state:

∆T(b) −∆T(a)

∆T(a)
= −a · h

k
ln

(
b

a

)
(5.6)

By taking into account the conventional values of a silica optical fiber surrounded

by air, the heating in the cladding is just 1.5% smaller than in the core [7].

The shift of the WGM resonances could be calibrated theoretically by tak-

ing into account the tabulated values of the thermo-optic and thermal expansion

coefficients. However, the reported values vary depending on the reference and

the shift rate can differ up to 20%. In this work, in order to obtain the most ac-

curate value for our fibers, an experimental calibration is preferred. The details
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of the experimental procedure can be found in [7]. The shift of the WGM reso-

nances is compared with that of a fiber Bragg grating (FBG) inscribed in the core

of a doped fiber. The thermal shift of the Bragg wavelength of the FBG was pre-

viously calibrated in a temperature chamber. Then, the FBG was illuminated with

an optical signal, and the WGMs were excited at a given point of it. The thermal

shift of the WGM resonances were monitored and compared with the shift of the

FBG, allowing to correlate the temperature increment with the WGM resonances

shift. Using this calibration, the shift rate of the WGM resonances was measured

to be 8.2 pm/oC. For comparison, the calculated thermal shift using the tabulated

values presented in this chapter has a value of 9.97 pm/oC.

One of the main advantages of this technique is that it allows a thermal

characterization point to point, which enables the measurement of the thermal

profile along fiber components. Figure 5.2 shows the temperature increment in-

duced by an illumination signal of two different optical fiber components: a ho-

mogeneously irradiated PS fibers (length: 3 mm), and a PS fiber irradiated where

some misalignment was introduced during the UV-irradiation process (length:

5 mm). In both cases, the increment of the refractive index is produced by irradi-

ating the core of a PS fiber and, as a consequence, the absorption coefficient also

increases. Figure 5.2a shows a homogeneously irradiated fiber. The data shows

a clear difference between the irradiated section (z < 3) and the pristine fiber

(z > 6). It can be observed a smooth decay in an intermediate region due to the

heat conduction of the silica and the transfer of heat to the surrounding air. In or-

der to show the utility of the technique, we measured a section of an irradiated PS

fiber with a non-homogeneous absorption profile, see Fig. 5.2b. This measurement

shows how the WGM-based technique can be used to detect and quantify smooth

undesired non-homogeneities that may occur during the fabrication of the fiber

components, for example in fiber gratings. Also, the technique can be employed

to measure the temperature increment induced for illumination signals at differ-

ent wavelengths, as long as the fiber is single-mode.
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Figure 5.2: Temperature profile of irradiated PS fibers: (a) uniformly irradiated; (b)
with some misalignment during the inscription.

In this work we used this technique to characterize different optical fiber

components. We measured (i) the absorption coefficient of UV-irradiated PS fibers,

(ii) the thermal profile induced by an illumination signal in a LPG, and (iii) the

thermal effects in pumped rare-earth doped active fibers.

(I). Absorption in irradiated photosensitive fibers

When a PS fiber is exposed to a UV-irradiation, a permanent refractive index

change is induced in the core. As a result, according to Kramers-Kronig rela-

tions, the absorption coefficient, αabs, is also changed. In addition, the exposure

of the fiber to the UV light levels usually required for gratings inscription may

induce mechanical deformations in the fiber, such as corrugations due to the den-

sification of the material [8]. This leads to an increment of the scattering losses,

αscat. Therefore, when a PS fiber is irradiated with UV light, its atenuation coef-

ficient, α, increases due to both absorption and scattering mechanisms. Actually,

∼ 30% of the refractive index variation induced by the UV illumination is due to

densifications [9].
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The measurement of the total losses introduced by the UV-irradiation of a

PS fiber has been reported before in the literature using a technique based on the

monitoring of the transmittance of the device during the UV-inscription [10]. The

increment of α is a parameter of interest to optimize the fabrication of gratings,

as in the case of long [11], or superimposed gratings [12]. The direct measure-

ment of the transmission during the UV-irradiation provides information about

the average value of the attenuation coefficient along the whole irradiated sec-

tion. This measurement includes the contribution of the absorption and scattering

losses. Meanwhile, the technique based on the measurement of the thermal shift

of WGM resonances only accounts for the contribution of the absorption coeffi-

cient. Thus, by combining both measurement techniques, it is possible to evaluate

both contributions separately.

We characterized different types of PS fibers:

(i) Fibercore PS980, NA ∼ 0.13, cutoff wavelength 940 nm, attenuation 11.4 dB/km

at 980 nm.

(ii) Fibercore PS1250/1500, NA ∼ 0.13, cutoff wavelength 1214 nm, attenuation

131.1 dB/km at 1550 nm.

(iii) Fibercore SM1500, NA ∼ 0.29, cutoff wavelength 1387 nm, attenuation 1.95

dB/km at 1550 nm.

(iv) Corning SMF28, NA ∼ 0.14, cutoff wavelength 1260 nm, attenuation 0.188

dB/km at 1550 nm; this fiber was hydrogenated for 15 days (pressure: 30 bar) to

increase its photosensitivity.

Figure 5.3 shows the setup employed to carry out the measurement of the

total losses increment during the UV inscription. The UV fluence was provided

by a doubled-argon laser at 244 nm. The lens employed to focus the light in the

core of the PS fiber had spherical shape with a diameter of 75µm. The total UV

fluence delivered was ∼ 150 J/mm2 in all cases. For the inscription, the UV laser

was swept back and forth along a 5 cm length of each fiber, repeatedly (2.5 J/mm2

delivered per swept). During the inscription, the transmittance of a LED source

(spectral range: 1520 − 1550 nm) was measured after each swept of the UV laser.
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The possible power fluctuations of the LED were monitored by employing a sec-

ondary OSA.

LED

OSA

OSA

50/50

UV-irradiation

Figure 5.3: Scheme of the experimental setup employed to measure the attenua-
tion coefficient increment during the UV-inscription.

Figure 5.4: Direct measurement of the losses as the fiber is irradiated (length: 5 cm)

Figure 5.4 shows the results obtained from the measurements of the atten-

uation increment per each irradiation swept, for the PS980 fiber. The losses of

the pristine PS980 fiber, α1, were measured at 1550 nm by means of the cutback

method. The value obtained was 120±0.5 dB/km. The final losses after the UV in-

scription, α2, were 6.2± 0.4 dB/m. This means that the total losses were increased

in 52± 3 times. It should be remarked that the attenuation coefficient includes the

contribution of absorption and scattering: α = αabs + αscat.
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Once this UV-irradiation process was finished, the same section of the fiber

was characterized by means of the thermal shift of the WGM resonances, when an

illumination signal (at∼ 1550 nm) was launched to it. This optical signal launched

through the irradiated fiber was provided by a CW laser source: it consisted on

an amplified tunable laser with maximum CW power 1 W, tuning range 1530 −
1565 nm, and linewidth < 20 pm. The laser signal propagating through the fiber

induced a temperature increment, then, we measured the wavelength shift of the

WGM resonances as the illumination power was increased. The measurement was

performed at two different points, one within the irradiated section of the fiber

and one outside of it (this is, the pristine fiber). Figure 5.5 shows the measure-

ments of the temperature variation as the illumination power was increased. Note

that it was not observed any sign of saturation, for this range of power. The tem-

perature of the irradiated section increased at a rate of 26.48 ± 0.15 oC/W, and at

0.718 ± 0.014 oC/W in the pristine fiber. The ratio between the slopes shows that

the temperature increment in the irradiated section is 36.9± 0.7 times larger than

in the pristine section.

Figure 5.5: Thermal heating of the PS980 fiber as a function of the optical power
of the illumination signal at 1550 nm.
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The temperature increment was measured at different wavelengths within

the amplification range (1530 − 1565 nm). We observed the same linear trend of

the heating, showing that the variation of the illumination signal absorption was

smooth for this wavelength range.

The same set of measurements was repeated for all the different fibers men-

tioned before: PS1250/1500, SM1500 and hydrogenated SMF28. The illumination

signal was centered at 1550 nm in all the cases. Table 5.1 compiles the measure-

ments.

WGM resonances Direct measurement

∆T/P (◦C/W) α (dB/km)

Irradiated Pristine Irradiated Pristine

PS980 26.48± 0.15 0.718± 0.014 6200± 400 120± 2(1)

PS1250 30.80± 0.17 0.768± 0.014 6600± 400 131.1(2)

H2-SMF28 23.48± 0.13 0.815± 0.012 5600± 400 n/a(3)

SM1500 1.20± 0.03 < 0.03(4) 370± 90 1.95(2)

(1) Cutback measurement, (2) Nominal value, (3) Non-available, (4) Below detection limit

Table 5.1: Measurement of thermal heating and attenuation coefficient of different
irradiated fibers (illumination wavelength: 1550 nm).

Since in this case we are not dealing with active fibers, we will assume that

the heating over the transversal section of the fiber, at a given axial position, is

set by the absorption coefficient, which implies that η = 1. For these fibers, the

absorption is still low enough to consider that the exponential decay of the il-

lumination signal is very small along the axial direction (length of the FUT ∼
5 cm). Therefore, the illumination power absorbed can be approximated as: Pabs =

P0

(
1− e−αabs·z

)
≈ P0 · αabs · z. Thus, we can derive an expression from Eq. (5.5)

to directly relate the temperature increment with the absorption coefficient:
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∆T

P0
=

1

2πah
αabs (5.7)

where a is the fiber radius and h is the heat transfer coefficient (for standard fiber:

a = 62.5µm and h = 81.4 W · m−2 · K−1 [4]). Then, the ratio of the temperature

increment between two different points that experience a different heating along

the FUT, see Fig. 5.6, is given by:

∆T2

∆T1
=
αabs

2

αabs
1

(5.8)

↵1 ↵2

IrradiatedPristine

�T1 / ↵abs
1

�T2 / ↵abs
2

Pump
Signal
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Figure 5.6: Scheme of a fiber with a pristine and an irradiated section, and the
corresponding heating.

As we mentioned before, while the WGM technique allows to quantify

the variation in the absorption coefficient due to UV-irradiation, the transmission

technique also accounts for the contribution of the scattering. The comparison of

both techniques is compiled in Tab. 5.2.

From these results, together with the ones showed in the Tab. 5.1, we can

establish several interesting conclusions. First, the absorption coefficient is sub-
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stantially increased by a factor between 28 (H2-SMF28) and 40 (PS1250). This is

consistent with the increment in the refractive index exploited for the inscription

of gratings. Since the increment of αabs is considerable, the temperature increment

induced by a signal of moderate or high power will not be negligible. FBGs and

LPGs might experience shifts and chirps [13] that should be taken into account

in, for example, tuning of gratings in lasers or compensation of the dispersion in

distributed feedback cavities.

WGM resonances Direct measurement

αabs
2 /αabs

1 α2/α1

PS980 36.9± 0.7 52± 3

PS1250 40.1± 0.8 50± 3

H2-SMF28 28.8± 0.5 n/a(1)

SM1500 > 40(2) 190± 50

(1) Non-available, α1 unknown, (2) ∆T1 below detection limit

Table 5.2: Comparison of results obtained by the two techniques.

Second, the results show that α2/α1 is systematically higher than αabs
2 /αabs

1 .

This implies two facts:

(i) the relative contribution of the absorption coefficient decreases after the UV-

irradiation, i.e., (αabs
2 /α2) < (αabs

1 /α1).

(ii) the relative contribution of scattering to the overall losses increases, therefore,

(αscat
2 /αabs

2 ) > (αscat
1 /αabs

1 ).

We can conclude, then, that αscat increases faster than αabs with UV-irradiation.

The above conclusions are virtually free of any heat dissipation model, since they

have been carried out using experimental values. However, they are limited to the

relative values between two points.

Finally, we will take into account Eq. (5.7) and the values of a and h reported
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in [4] for a silica fiber, to obtain absolute values for the absorption coefficient. By

combining the calculated values of αabs with the measurement of the attenuation

coefficient, we can also obtain the absolute values for the scattering contribution

to the overall losses (αscat = α− αabs). Table 5.3 summarizes the numerical values

obtained.

αabs (dB/km) αscat (dB/km)

Irradiated Pristine Irradiated Pristine

PS980 3680± 20 99.7± 1.9 2500± 400 20± 3

PS1250 4280± 20 106.6± 1.9 2300± 400 24.5± 1.9

H2-SMF28 3260± 18 113.1± 1.7 2300± 400 n/a(1)

SM1500 167± 4 < 1.95(2) 200± 90 < 1.95(2)

(1)Non-available, hydrogenated fiber, (2)Nominal value

Table 5.3: Absorption and scattering contributions to the overall attenuation coef-
ficient, α = αscat + αabs

It can be seen that, after the UV-irradiation, in most cases both contributions

are of the same order of magnitude, even though αscat is smaller, between 0.53

and 0.70 times αabs. The only exception is for the SM1500 in which αscat is 1.19

times αabs. For the pristine fibers PS980 and PS1250/1500, the αscat is 0.20 and 0.23

times αabs, respectively. This confirms that the UV-irradiation produces a faster

increment of the scattering coefficient than that of the absorption.

Thus, by combining the technique based on the thermal shift of the WGM

resonances with the conventional measurement of the fiber attenuation, we can

quantify separately the absorption and scattering contributions to the overall los-

ses. This information can be employed, for example, to optimize the design of

novel active doped fibers or PS fibers, in order to decrease the scattering losses

contributions. Moreover, the WGM-based technique allows to characterize the at-

tenuation coefficient point to point along a short section of the FUT, while the

conventional technique obtains average values of the whole length of the fiber.
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(II). Thermal profile of LPGs

By taking advantage of the spatial resolution of the WGM-based technique, we

measured the thermal profile of a LPG illuminated with a signal of moderate

power. This technique has been used before to thermally characterize FBGs, show-

ing significant temperature variations on gratings with short length [14].

The LPG used in the experiments was inscribed in a germanium-silicate

boron co-doped, PS fiber (Fibercore PS1250/1500), using the same UV laser de-

scribed before, and a point to point technique. The attenuation peak of the LPG

was centered at λR = 1535.3 nm (spectrum shown in Fig. 5.7a), and corresponds

to the coupling from the fundamental mode LP01 to the LP07 cladding mode. The

LPG parameters were: 11.7 mm length, 16 dB maximum attenuation, 3-dB band-

width of 34.8 nm, and the pitch was set to 418.4µm. It was illuminated by optical

signals of moderate power (∼ 1 W) at different wavelengths, corresponding to

different transmittances of the LPG. The pump power is provided by the same

tunable laser centered in 1550 nm mentioned in the previous section.

We measured the temperature profile along the LPG with the optical pump

signal tuned at: (i) the resonant wavelength of the LPG, 1535.3 nm; (ii) the −4 dB

point on the right edge of the LPG, 1553 nm; (iii) the −1 dB point on the right

edge of the LPG, 1565 nm. These points are indicated in Fig. 5.7a for clarification

and the results are shown in Fig. 5.7b. In all cases the temperature profile is not

uniform, and it depends on the pump laser wavelength tuning respect the LPG.

We can explain this difference as follows: as the illumination signal propagates

along the LPG, the grating couples the light to the cladding modes, in our case,

LP07. We performed a numerical simulation to identify which mode corresponds

to the LPG resonance studied. The spectrum of the LPG showing four resonances

is compared with the dispersion curves of the fiber modes. To match the exper-

imental position of the resonances with the calculated ones, we considered the

phase-matching condition of the LPG, for the different modes. From this simu-
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lation, we deduced that the cladding mode coupled with the fundamental mode

for the resonance centered at 1535.3 nm is the LP07, see Fig. 5.8. The variation of

the absorption coefficient is introduced in the core of the fiber during the UV-

inscription, thus the average will be constant along the entire length of the grat-

ing. However, because of the action of the LPG, the amount of light guided by

the fundamental mode (LP01 mode) will vary with z, and this effect is the main

responsible for the non-uniform heating.

(a)

(b)

Figure 5.7: (a) Optical spectrum of the LPG; (b) Temperature profile of the LPG for
different wavelengths of the illuminating signal.
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Figure 5.8: Spectrum of the LPG with four resonances that we employed to calcu-
late the corresponding excited cladding modes.

As it can be observed in Fig. 5.7b, the temperature variations correlate well

with the evolution of the fraction of light guided by the LP01 mode along the LPG.

At the entrance, where the maximum heating is achieved, all the power is guided

by the fundamental mode, P01 = 100%. The 73% of the power flow of this mode

is located in the core, and the remaining 27% is located in the cladding. As the

light propagates along the LPG, the power of the illumination signal is coupled

to the LP07. The 98% of the power flow of this cladding mode is distributed over

the cladding, while only the 2% is located in the core. Figure 5.9 illustrates the

intensity and power distribution of the LP01 and LP07 modes over the transversal

section of the fiber. Therefore, since the amount of power of the LP07 located in

the core is negligible, the fraction of the fundamental mode along the LPG is the

main responsible of the heating.

At the output of the LPG, where the optimal coupling is achieved for the

resonant wavelength, curve (i), the light is mostly guided by the LP07 (P01 = 0%

and P07 = 100%), and the temperature change is ∼ 1 oC. Thus, 2% of the optical

power contributes to the heating. It is worth to note that the value for the heating
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in this condition is similar to the one measured for a pristine fiber when the light

is guided by the LP01 mode. For the cases corresponding to −4 dB and −1 dB

values, curves (ii) and (iii), at the output of the grating there is still a significant

part of the signal guided by the fundamental mode, 32% and 80% respectively. As

a consequence, the heating is larger than at the resonant wavelength.

27%

73%

2%
98%

CladdingCore

LP01 LP07(a)

(b)

Figure 5.9: (a) Intensity distribution of the LP01 and LP07 modes; (b) The red area
represents the fraction of power located in the core, while the blue one represents
the fraction of power located in the cladding.

It is important to remark that these thermal profiles are not a consequence

of an inhomogeneous absorption profile, as in the case presented in Fig. 5.2b. The

different heating along this optical fiber device is due to the coupling between

the fundamental mode and the cladding mode coupled by the grating. As it is

reported in [14], if the illumination signal wavelength is not at the vicinities of the

resonant wavelength, the thermal profile corresponds to a homogenous irradiated

fiber. The heating observed in this case would be half of the value of the uniformly

irradiated fibers, since only the high index periods of the LPG are the ones where

the αabs is increased, see Fig. 5.10.
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Figure 5.10: Index profile of a homogeneous irradiated fiber and a fiber grating.

These measurements show that a signal of moderate or high power can pro-

duce a non-homogeneous thermal profile in the LPG even in the case of a grating

without defects. Also, that these profiles are more pronounced as the pump sig-

nal wavelength gets closer to the resonant wavelength (which in practice is the

wavelength that will be used for operation). These variations may induce chirps

that could affect the spectral and phase properties of the optical fiber device. The

measurement of these effects will be studied in future works.

(III). Thermal effects in rare-earth doped fibers

The WGM-based measurement technique can be employed to thermally charac-

terize active fibers. Active fibers are usually pumped with optical signals of sig-

nificant power, specially if they are used for laser applications. Thus, the study of

the heating that these fibers suffer when they are in operation is a topic of inter-

est. Rivera-Pérez et al. studied these effects in Er/Er-Yb doped fibers, pumped at

980 nm. Temperature increments as high as 80 oC were demonstrated. We should

point out that the specific dopant will influence on the thermal heating; for ex-

ample, Er/Yb co-doped fibers suffer a heating almost 70 times larger than the Yb

doped fibers [7].

In this work, we studied the thermal effects in optical fibers doped with dif-
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ferent concentrations of Holmium. In the last years, Ho became of great interest

due to the developing of lasers beyond 2µm. Several applications arose, such as

laser surgery, LIDARs, etc. In optical fibers doped with this element, the lasing is

usually achieved by two methods [15, 16]:

(i) with a pump wavelength close to the absorption bands of the Ho3+, one cen-

tered at ∼ 1.15µm (near-IR), and the other centered at ∼ 1.95µm (mid-IR).

(ii) adding other dopants, such as Ytterbium or Thulium, that allows to employ

pump wavelengths different from those of the absorption bands, for example

975 nm.

Figure 5.11 shows a schematic diagram of the energy levels and processes in-

volved at the different types of pumping. The non-radiative transitions are the

ones that contribute to the heating of the fiber (for example, 5I6 → 5I7).

2F5/2

2F7/2

5I5

5I6

5I7

5I8

5F5
5I4

Ho3+Yb3+

Energy
transfer

Lasing
at 2 µm

Non-radiative
relaxation

Pump at
975 nm

Pump at
1125 nm

ESA

Figure 5.11: Simplified energy level diagram of the Yb3+ and Ho3+ co-doped sys-
tem showing the absorption and laser transitions, and the energy transfer pro-
cesses.

We characterized three different types of Ho-doped optical fibers: two fibers

(HDF1 and HDF2) doped only with different concentrations of Ho3+, with a ratio

of doping levels of (HDF2/HDF1) ∼ 1.5; and a fiber co-doped with Yb3+, YHDF.

Two CW single-mode lasers of 400 mW were employed for the pump signal: one
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centered at ∼ 1.125µm for the fibers HDF1 and HDF2, and other one at 975 nm,

for the YHDF. In all the cases, the pump signal is launched to the core of the active

fiber.

Figure 5.12: Temperature increment of the HDF1 and HDF2 with the pump signal
power. Pump wavelength at ∼ 1.125µm.

The measurement technique was analogous to the one described before. We

measured the thermal shift of the WGMs at a point of the active fiber, when the

pump signal was launched through it. Figure 5.12 shows the increase of the heat-

ing of the fibers HDF1 and HDF2 with the pump power. The heating rate of the

HDF1 fiber was 11.1 ± 0.2 oC/W, while for the HDF2 fiber was 18.0 ± 0.3 oC/W.

Therefore, the temperature increment suffered for the fiber doped with more con-

centration of Ho3+ is ∼ 1.6 times larger, which is in concordance with the concen-

tration ratio (HDF2/HDF1) ∼ 1.5. In the power range studied, the temperature

increment showed a linear trend with the pump and we did not observe any sign

of saturation. Moreover, the temperature increment was measured at different po-

sitions along the active fibers (total section length: 15 mm), and heating showed

the same linear trend. Therefore, we can assume that, for these lengths, the expo-

nential decay of the pump is very small along the active fiber.
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Figure 5.13: Temperature increment of the YHDF with the pump signal power.
Pump wavelength at ∼ 1.125µm.

Figure 5.13 shows the temperature increment of the YHDF with the 1125 nm

pump. As it can be observed, the heating is comparable with the fiber only doped

with Ho3+, HDF2. The heating rate was 20.9 ± 0.4 oC/W and, again, it shows a

linear trend with the pump power with no evidence of saturation. The same fiber

was illuminated with a signal at 975 nm (transition 2F7/2 → 2F5/2). In this case, the

temperature increment was much larger than for the previous pump wavelength,

1125 nm. For the range of powers studied, the heating does not show a linear

trend at the highest values of power. As it can be observed in Fig. 5.14, for 400 mW

of pump power, the temperature reached in the fiber exceeds 200 oC. Thus, the

heating of the fiber changes dramatically depending on the pump wavelength. In

the case of YHDF, the absorption is very large and the pump power propagating

through the fiber droped to zero in few centimeters. The measurements showed in

Fig. 5.14 were carried out exciting the WGMs 1 mm after the splice with the SM980

fiber of the pump laser.
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We should conclude then, that when the fiber is co-doped with Yb3+, the

thermal effects induced by the pump signal must be taken into account, since the

heating can be critical. On the other hand, when the fiber was pumped at 1125 nm,

the temperature increment induced depends linearly on the Ho3+ concentrations

of our samples, and it is kept below 21 oC/W.

Figure 5.14: Temperature increment of the YHDF with the pump signal power.
Pump wavelength at ∼ 975 nm.

To conclude, we showed that the WGM-based technique can be used to

study the thermal effects induced by pump signals at the different wavelengths of

absorption of the dopants Ho3+ and Yb3+. This technique can be useful to charac-

terize the effect of different concentrations and types of dopants. This information

can be employed to design new active fibers with different rare-earth elements

that enhance the radiative processes and minimize the thermal effects.

Other studies can be carried out in active fibers by means of the WGM-

based technique, but they are beyond the scope of this work. For example, with

a model of the fraction of power turned into heat, we can use the temperature
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5 Thermo-Optic Effect

measurements to quantify the contributions of the non-radiative absorption and

the scattering losses in active fibers. Moreover, if gratings are inscribed in this

fibers for the developing of lasers, the heating induced may produces undesired

chirps and variations of the dispersion in the laser cavity.
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6 Locking techniques

and applications

For nonlinear applications of WGMs, the detuning between the laser and the

WGM resonant wavelength needs to be constant (ideally null, for a maximum

coupling of the energy in the MR). In this chapter we will describe the fundamen-

tals of the locking techniques used to stabilize this parameter. We will detail the

problems to match the laser wavelength with the WGM resonance, and propose

different techniques to overcome these difficulties. We will propose the design

of a feedback system that allows an active locking based on the strain-optic and

the thermo-optic effect in MRs. We will describe the experimental implementation

of different alternatives: laser-locking, strain-locking, and an auxiliary all-optical

pump-locking technique, being the two last ones novel techniques that have not

been reported before for cylindrical MRs, up to our knowledge. Due to the ad-

vantages of the two lasts processes compared to the first one, we will character-

ize their performance against external perturbations. Exploiting the passive and

active locking techniques, we will excite and measure optical nonlinear effects

in spherical, silica MRs, and we will show the improvements that our proposals

present. Finally, we will carry out a study of optomechanical phenomena on bub-

ble MRs, by characterizing the vibrational mechanisms and their main features as

a function of the energy density.
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6 Locking techniques and applications

6.1 Locking fundamentals

WGM-based silica MRs with different geometries (such as cylindrical, spherical or

toroidal shaped), show low optical losses, high- or ultra-high Q factors, and small

mode volumes. These features make such MRs suitable to be used for the study

of a broad range of nonlinear phenomena in materials with low nonlinear coeffi-

cients, while using low launched optical powers. For example: optical parametric

oscillation (OPO) [1], stimulated Raman scattering (SRS) [2], stimulated Brillouin

scattering [3], or third-harmonic generation (THG) [4], have been demonstrated

in MRs using WGMs. Besides, it is possible to find the implementation of WGM-

based MR in applications that involve nonlinear effects, such as optical frequency

combs [5], ultralow-threshold laser [6], or cavity opto-mechanics [7]. One of the

most important features of these microcavities is the excitation of nonlinear ef-

fects at low dc power. The high-Q factors and the small mode volumes produce

large modal field intensities within the cavity and, consequently, enormous circu-

lating optical powers for low power launched signals. For a given coupled, input

power, Pin, the circulating intensity within the MR can be approximated by the

expression: I ≈ Pin (λ/2πn1) (Q/V ). For a spherically shaped MR with a Q-factor

of ∼ 108, a mode volume of 500µm3, and an input power of 1 mW, the circulating

power exceeds 1 GW/cm2 [8]. Nevertheless, these huge circulating powers, that

are crucial to observe nonlinear optical phenomena, can result in thermal nonlin-

earities [9]. The circulating WGM power is partially absorbed by the MR material

(even when it is low-loss, the amount of absorbed power is significant due to the

huge circulating power), and it can lead to the heating of the MR. This heating in-

duces variations of the refractive index, and changes of the MR geometrical sizes,

resulting in a thermal shift of the WGM resonances that can not be neglected (it

can exceed several times the cavity linewidth). In contrast to the linear thermo-

optic effect described in Chapter 5, the value of the temperature variation for the

thermal nonlinearity, that is, the heating, depends on the WGM optical field inten-

sity, that is, a self-heating [10]. Due to this nonlinear thermal effect, a broadening

102



6.1 Locking fundamentals

Tr
an

sm
it

ta
nc

e

Time

A

B

C

D

E

F

Optical
Bistability

�

La
se

r
Tr

an
sm

itt
an

ce

A DEF

Thermal shift

��
(�)
L

Laser sweeping

�

La
se

r
Tr

an
sm

itt
an

ce

A B C D

Thermal shift

��
(+)
L

Laser sweeping

(c)

(a)

(b)

Figure 6.1: Relative spectral position of a laser and a WGM resonance for different
scanning directions of the laser: (a) toward longer wavelengths, and (b) toward
shorter wavelengths. (c) Illustration of the dynamical thermal behavior of a WGM
resonance scanned by a laser.
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6 Locking techniques and applications

and compression of the resonance line shape can be observed during the matching

of the laser wavelength with the WGM resonances.

Figure 6.1 illustrates the typical dynamical, nonlinear thermal behavior of a

WGM resonance scanned with a laser. Depending on the direction (toward longer

or shorter wavelengths) and the scanning speed of the laser, the resonance shape

suffers different distortions from its original, Lorentzian profile, cold-shape. We

show two scenarios depending on the laser direction: (i) it is scanned toward

longer wavelengths, or (ii) it is scanned toward shorter wavelengths (red and

blue arrows in Fig. 6.1 respectively). Figures 6.1a and 6.1b depict the key spec-

tral position differences between the WGM resonance and the laser wavelength.

Figure 6.1c shows the differences in the transmittance behavior depending on the

sweeping direction of the laser.

(i) First, we will consider the situation when the laser is detuned from the res-

onance at its left, point-A. As the laser scans toward longer wavelengths, it ap-

proaches the WGM resonance, point-B, and the MR starts to increment its temper-

ature. Consequently, the resonance thermally shifts toward longer wavelengths in

the same direction of the laser scanning. The temperature rises as long as the ther-

mal shift compensates the laser sweeping (we are considering that the scan of the

laser is faster than the shift of the resonance) and the hot-shape of the resonance

broadens. When the laser exceeds the minimum point of transmittance, point-

C (this is, the laser and the WGM resonance are in the same spectral position),

the heating terminates resulting in a fast drop of the coupling. The laser contin-

ues its sweeping and the resonance returns to the cold-spectral position, point-D.

The transmittance of the forward sweeping laser follows the curve −ABCD− in

Fig. 6.1c.

(ii) In the reverse scenario, we will consider that, at the beginning, the laser is com-

pletely detuned from the resonance at its right, and there is no energy coupling,

point-D. As the laser, which scans towards shorter wavelengths, approaches the

resonance, point-E, the MR starts to heat-up. In this case, the WGM resonance
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6.1 Locking fundamentals

thermally shifts in the opposite direction to the laser sweeping, resulting in a

narrowing of the shape of the resonance, point-F . The laser, which continues its

sweeping, crosses the central position of the WGM resonance, and returns to its

cold-spectral position, point-A. The transmittance of the backward sweeping laser

follows the curve −DEFA− in Fig. 6.1c.

Therefore, the evolution of the output signal depends on the sweeping di-

rection of the laser and the initial detuning between the laser and the WGM res-

onance, resulting in a bistable behavior. Due to the high-Q factors and the mi-

croscales of the WGM resonators, the threshold of this bistability is very low, in

the order of the µW [11]. Thus, this effect is present in all the experiments that

involve optical nonlinear phenomena.

In the different experiments described throughout this work up to this point,

the influence of the thermal nonlinearities in the results for our experiments are

negligible since we employed a fast laser sweeping velocity (∼ 10 nm/s) com-

pared to the thermal shift. Moreover, the input power, and therefore the circu-

lating WGM field, was also set to be a small value. For those experiments, the

objective was to interrogate the spectral position of the WGM resonances, thus,

nonlinear thermal effects were avoided.

It is worth noting that, even for the low laser powers employed in the linear

experiments of Chapters 3-5, we observed thermal nonlinearities if we reduced

the scan velocity, thus this was the key parameter to control. The setup used to

characterize this effects was the same one described in Fig. 3.1. The laser power

was set to 10 mW. Figure 6.2 shows the broadening (narrowing) of a resonance for

a forward (backward) scan. Figure 6.2a shows a WGM resonance scanned with

a fast sweep velocity (9.8 nm/s). When we reduced the scan velocity to 98 pm/s,

the measurement of the same resonance shows a narrowing of its shape for a back-

ward sweeping, see Fig. 6.2b, and a broadening for a forward sweeping, depicted

in Fig. 6.2c.
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Figure 6.2: (a) WGM spectrum for a fast laser scan. Nonlinear thermal effects: (b)
narrowing of the resonance for a backward scan, and (c) broadening for a forward
scan.

As a consequence of the nonlinear thermal effects, then, it is not obvious

that the laser wavelength is permanently tuned at the center of the WGM reso-

nance. This results in a variable quantity of power coupled to the MR, depending

on the parameters at which the laser performance is set (sweep velocity and opti-

cal power), and the characteristics of the MR (thermo-optic coefficients, Q-factor,

etc). However, for most applications that involve optical nonlinear effects in MR,

it is necessary an operational regime in which the coupled input power is sta-

ble. In some other applications, it is also needed a stable pump wavelength. To

achieve a proper matching of the laser wavelength to the WGM resonance, dif-

ferent techniques can be implemented with the objective of stabilizing the input

power coupled to the MR. These stabilization techniques are usually called lock-
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6.1 Locking fundamentals

ing techniques, and can be distinguished in two major categories: passive-locking,

and active-locking techniques.

In passive locking techniques, the nonlinear thermal effect described above

is exploited to quasi-stabilize the energy coupled to the MR. The idea of the lock-

ing process consists on tuning the laser pump to a shorter wavelength than the

WGM resonance, and scan toward longer wavelengths with a sweeping veloc-

ity comparable to the self-induced thermal shift of the resonance (the scenario

illustrated in Fig. 6.1a). If the laser sweeping is stopped during the scan, a meta-

stable warm-equilibrium is achieved (the small detuning between the laser wave-

length and the WGM wavelength remains constant). This equilibrium can over-

come small perturbations of the WGM resonance wavelength that may be induced

by external instabilities such as vibrations. Figure 6.3a illustrates this situation,

when a small perturbation shifts the resonance toward longer wavelengths and

the laser is centered at a wavelength on the blue side of the resonance (this is,

within the width of the resonance, slightly shifted to its left). When that hap-

pens, the temperature of the MR decreases, since the coupled power is reduced

(this is, Trper > Treq). Thus, the resonant wavelength drifts again to the meta-

stable equilibrium. In the opposite scenario in which the perturbation shifts the

resonance toward shorter wavelengths, the inverse process occurs, which is de-

picted in Fig. 6.3b: the MR increases its temperature (since Trper < Treq), and the

WGM resonance shifts thermally back to the meta-stable equilibrium [10]. The

maximum amplitude of the self compensated perturbations are given by the dis-

tance in wavelength between the laser and the minimum transmission point of the

WGM resonance, see Fig. 6.3c. However, despite this ability to compensate noise

sources, the passive locking can not overcome slow and continuous drifts of the

resonances, thus, other techniques must be implemented.

On the other hand, in some applications, instead of stopping the laser dur-

ing the sweeping, the WGM resonance is continuously and repetitively scanned

[12]. Since the response times of the optical nonlinear effects are much faster than

the typical time response of thermal effects, the coupling power during the sweep-
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ing is averaged, and it is possible to observe the nonlinear phenomena. By em-

ploying this configuration the coupled power and the wavelength are not con-

stant. However, since the operational wavelength varies in a given range, it may

be easier to achieve the phase matching condition required for the nonlinear ef-

fects. The laser sweep velocity for this kind of experiments depends on the input

coupled power: for higher powers, faster laser sweep velocities are needed.
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Figure 6.3: Self-compensation in the meta-stable equilibrium for: (a) cooling per-
turbation, and (b) heating perturbation. (c) Self-compensated maximum perturba-
tion amplitude.

In active locking techniques, a feedback control system is used to stabilize

the energy coupled to the MR for an unlimited time. The techniques can be clas-

sified depending on the feedback parameter. For locking WGM resonances, in

most of the applications the feedback parameter is the resonant wavelength, or

the power coupled to the MR (the transmittance of the resonance) [13]. When the

wavelength is the locking parameter, the Pound-Drever-Hall method [14] is used

to correct the deviation between the laser wavelength and the WGM resonance. In

this method, the phase of the WGM resonance is modulated and used to control

the feedback loop. As an alternative, in the active locking techniques that we will

present in the following sections, we will employ the average transmission level

as the feedback parameter of the active locking technique.
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6.1 Locking fundamentals

Then, the transmittance of the system (which is complementary to the frac-

tion of input power coupled to the MR), is the parameter used to control the feed-

back loop. Experimentally, the transmittance of the system is measured by a pho-

todiode, and the corresponding voltage is the input signal for the electronic feed-

back device. Figure 6.4 shows a scheme of the system employed for the locking.

The input voltage, Vin, proportional to the transmittance, is filtered by a low-pass

filter which, in our case, attenuates all the frequencies above 1.5 kHz. The locking

system is designed to compensate low frequency variations such as room temper-

ature variations, which are the main source of perturbations, and produce slow

thermal drifts below this cutoff frequency. These slow variations of the transmit-

tance are compensated perfectly even when the higher frequency perturbations

(which may be caused by a sudden blow in the setup, for example) are not cor-

rected. In addition, the locking system must allow fast frequency phenomena to

occur: for example, as we will show later in this chapter, the optomechanic ef-

fects show typical frequencies in the range from hundred of kHz to MHz, and it

is crucial that the locking device does not compensate this range of frequencies.

Vin Vout

Comparator

Vin Vc

Vref

Vstep

Vref

Integrator

Vc

Inversor

Transducer

Feedback

Low-Pass
Filter

Figure 6.4: Scheme of the electronic feedback operational device. Feedback param-
eter: transmittance of the system, Vin.

In a second stage, the filtered signal is compared with a reference one, Vref.

This value is adjusted to one of our choice, to match the laser wavelength to a point

of the resonance of a chosen transmittance. In this way, we set the operational

transmittance of the system (or coupled energy to the MR). In our device, this ref-
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erence signal can be modified manually with a step function, Vstep, that will allow

us studying the time response of our locking technique. The value of the compara-

tor output signal, Vc, indicates how different is the input signal compared to the

reference one. Finally, the integrator generates an output signal (proportional to

the integral of Vc), Vout, which is applied to a transducer. This transducer modifies

the conditions of the optical system (λ of the laser, for example) in order to reduce

the value of Vc, this is, to set the operational transmittance back to the reference

value that we chose initially by means of Vref: now, the system is locked. Thus,

when a low frequency variation perturbs our MR, leading to an undesired detun-

ing between the laser wavelength and the spectral position of the resonance, the

electronic system reacts introducing a variation in the optical conditions that cor-

rects that detuning, for example by slightly shifting the laser wavelength to a new

spectral position.

TDL

�
(0)
L

OSCPD

1

2

3

CP

Vout Vin

Vref

Locking circuit

��L / Vout

Figure 6.5: Scheme of the setup employed to lock WGM resonances by adjusting
the operational wavelength of the TDL.

We employed our feedback device to lock WGM resonances actively. To

achieve the stabilization in this first experiment, we adjusted the wavelength of

a TDL. Fig. 6.5 shows a scheme of the setup. The transmittance of the system is

monitored on an oscilloscope. The same signal of the photodiode is used as the

input for the feedback device, Vin. We can manually modify the reference sig-

nal, Vref, and adjust its level, to one within the maximum and minimum values
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of the transmittance of the resonance. However, in practical conditions, this value

must not be chosen too close to the upper or lower limits of the transmittance.

The locking system will produce an output voltage, Vout, which will change the

laser wavelength when is needed. This process results in the correction of ther-

mal nonlinearities, which, as we mentioned before, is the main effect we want to

overcome, and some other external perturbations. When the system is locked, the

energy coupled to the MR is fixed to a constant value, which is set by the reference

level.

Manual
variation

Stabilized regime

(a) (b)

Mechanical
vibrations

Figure 6.6: (a) WGM resonance of a cylindrical, silica MR of 124µm diameter. (b)
Locking at different transmittance levels, and temporal stability.

By employing this setup, we locked a WGM resonance of a cylindrical, sil-

ica MR of 124µm of diameter, see Fig. 6.6a. The output power of the TDL was fixed

to 10 mW for these measurements. Figure 6.6b shows the change of the transmit-

tance (output signal) according to the reference level that we vary manually by

means of our feedback device. In the first 10 seconds, we manually modified the

reference level to show the resulting variation in the output signal. As we change

the Vref, the locking system shifts the wavelength of the TDL, and it takes it closer

to a spectral position that shows a lower transmittance. In this way, as it can be

observed, we can establish the operational transmittance of the system, and there-
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fore, the desired energy coupled to the MR. With this technique, we can not lock

the WGM resonance at its minimum transmittance, since the electrical device re-

quires a variation of voltage with a non null slope. By contrast, we can stabilize

the system at any point of its both sides. From second 10 to 70, it can be observed

the stability in time of the technique. The locking device corrects and compensates

the external perturbations such as thermal fluctuations of the room temperature,

or small vibrations. We studied the stability of the locked system for more than

3 hours, and the same level of transmittance that the one shown in Fig. 6.6b was

observed during the whole time.

The maximum perturbation that the locking system can correct depends on

the transducer used to set the system back to the reference conditions. When the

locking is applied to the laser, the technique is limited to its wavelength tuning

range. This is the most common approach to this problem. Here we will present

some alternatives that do not work based on changing the laser wavelength, but

the MR properties. In this way, we can perform experiments at constant wave-

length and the requirements on the laser (that are usually expensive devices) are

reduced. We will show techniques based on the thermo-optic and strain-optic ef-

fects. The maximum perturbation the locking device can correct will depend, then,

on the magnitude of such effects in our MR.

We also studied the laser locking using a spherical, silica MR (which usually

show larger Q-factors), and we observed the same behavior reported in Fig. 6.6.

Therefore, we can conclude that our feedback device allows us locking WGM res-

onances in different MRs, enabling the stabilization of the laser wavelength at any

point of the resonance edge. This will allow us improving and controlling the gen-

eration and observation of optical nonlinear effects in such MRs, as we will show

in the following sections.
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6.2 Active locking at constant wavelength

6.2 Active locking at constant wavelength

The locking technique described in the above section stabilizes the transmittance

of the system by adjusting the wavelength of the laser. The thermal nonlinearities

and the external perturbations, which shift the resonant wavelength of the WGM

resonances from its original position, are compensated and corrected by chang-

ing the operational wavelength of the laser. In applications where the control of

the power coupled to the MR is a crucial parameter, this laser-locking technique

can be implemented to achieve the stabilization [15, 16]. However, in some ap-

plications an operational regime with a constant wavelength is also needed. This

occurs, for example, when nonlinear effects that require a phase-matching con-

dition are involved. These two conditions, constant coupled power and constant

laser wavelength, are usually fulfilled by employing a self-thermally passive lock-

ing [4]. Here, we will present two alternative active locking techniques that allow

operating at constant wavelength and present some additional advantages. The

idea of both proposals is to compensate and correct the thermal drift and the per-

turbation of the WGM resonance, by inducing a variation of the parameters of

the MR that set the WGM resonant wavelength. This variation will be induced by

means of a mechanical deformation, or a temperature increment of the MR.

(I). Strain locking

The first technique is based on the strain-optic effect described in Chapter 4. When

a cylindrical MR is axially stretched, their WGM resonances shift toward shorter

wavelengths as we already described. With this is mind, we designed a locking

setup to stabilize the transmittance of the system by employing the feedback de-

vice described in the previous section. Figure 6.7 shows a schematic of the experi-

mental setup employed to lock the WGM resonances by means of strain. The con-

figuration is very similar to the one described in Fig. 6.5, but in this case, the MR is

attached to a piezo-electric (transducer) that is driven by the electric feedback sig-
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nal. Thus, the piezo-electric induces an axial stretch in the MR that is proportional

to the undesired detuning of the WGM resonant wavelength with respect to its

original position. This axial stretch compensates the thermal nonlinearities, and

by decreasing or increasing the strain, the external perturbations can be corrected

as well. By employing this configuration, the laser wavelength remains constant.

This method opens the possibility of using a laser that does not present a fine-

tuning wavelength system.

Resonator

TDL

�
(0)
L

OSCPD

1

2

3

CP

Vout Vin

Vref

Locking circuit

Axial stretch

Sz / Vout

Figure 6.7: Scheme of the setup employed to lock WGM resonances, based on the
strain-optic effect.

An analogous strain-based method has been reported in the past to lock

spherical shaped cavities [17]. Thus, even when our setup has been designed for

cylindrical MRs, it can be modified in order to adapt the stretching elements to

other geometries of the MR.

To characterize the performance of the strain-locking technique, we mea-

sured the response of the system to two types of applied perturbations: (i) a step

variation of the operational locked transmittance (reference level), and (ii) a har-

monic variation of the laser wavelength.

(i) Step variation: Our feedback device was designed to allow us to modify the

reference signal with a step function. In practice, when the system varies the Vref

value from a locked position, it induces a change in the parameters that set the
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resonant wavelength of the WGM (in this case, an offset strain). This produces a

re-stabilization process of the WGM resonance that sets the transmittance of the

system to a different level. Figure 6.8a shows a WGM resonance of a cylindrical,

silica MR of 124µm diameter. Figure 6.8b shows the time response of the locking

system to a step variation of the transmittance of∼ 26%. Initially the transmittance

was set at a point A (t < 0 at Fig. 6.8). Then, a step function was applied to Vref,

and the operational point was set to B, at a lower transmittance (t = 0 at Fig. 6.8).

By analogy to electronics, we will describe the response by measuring the fall time

and the settling time of the locking system. The fall time is the time taken by the

signal to change from the 90% to the 10% of the transmittance variation. For this

example, it takes ∼ 20.7 ms. The settling time is the time elapsed by the system to

stabilize the signal within an error of 5%. In this case, ∼ 0.65 s. A fast response of

the locking device to a step change of the operational point means the possibility

of varying the Vref, and therefore, reconfiguring the long term steady state in a

faster time. Certainly, the electronic circuit of the feedback can be designed to

modify substantially these values.

< 5%

Fall Time ⇠ 20.7 ms

Settling
Time ⇠ 0.65 s

(b)

⇠ 26%

(a)

A

B

Figure 6.8: (a) WGM resonance of a cylindrical, silica MR of 124µm of diameter. (b)
Time response of the locking-strain system to a step variation of the operational
transmittance.
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Figure 6.9: Illustration of the locking-strain system response to a harmonic modu-
lation of the laser wavelength after the system was pre-stabilized. Two examples:
fm < fcutoff (upper), and fm > fcutoff (lower).

(ii) Harmonic perturbation: The second measurement we performed was to study

the response to another type of perturbation, a harmonic variation of the laser

wavelength around the initially locked spectral position. After the system is locked

to an operational point, we introduced a harmonic sweep in the laser wavelength.

In this way, we introduced a controlled perturbation that allowed us focusing on

the time response of the system, independently of other external fluctuations. The

amplitude of this modulation was constant during all the experiment, and it was

set to ∆λL = 0.5 pm (which corresponds to a ∼ 24% of transmittance variation).

The frequency of modulation was changed to study the response of the locking

system. Due to the wavelength sweeping of the laser, the system experiences a

modulation of the transmittance, ∆Trm, that can be measured by the oscilloscope

as a variation of the signal voltage, ∆Vm. This means that the locking system is

changing continuously the strain applied to the MR, within a given range set by

the amplitude of the wavelength sweep. This is, the feedback device tries to sta-

bilize continuously the system, by sending a feedback signal, ∆Vfb, to the piezo-

electric, in order to correct the effects induced by the laser wavelength sweeping.

Figure 6.9 shows an illustration of the process described above. The optimum op-
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6.2 Active locking at constant wavelength

erational regime of the locking device will be achieved when the transmittance

remains constant, since this means the system is able to correct the perturbation

we are applying.

20 Hz
Filter

Figure 6.10: Measurement of the response of the strain-locking system to a har-
monic modulation of the laser wavelength, as a function of the frequency of mod-
ulation.

Figure 6.10 shows the variation of the transmittance device (this is, the am-

plitude of ∆Vm) normalized to that one measured when the feedback signal was

not applied to correct the laser wavelength sweep (∆V Max
m ), this is, ∆Vm/∆V

Max
m ,

as a function of the laser sweeping frequency. When there is no perturbation ap-

plied to the system (the system is locked at a working point and there is not a

laser sweeping), the value for ∆Vm is zero and there is no need of feedback. As

we mentioned before, once we apply a perturbation to the system in the form

of a laser wavelength sweeping, the feedback device reacts trying to compensate

this perturbation. In this case, it will send a signal to the transducer, depicted in

Fig. 6.10 as ∆Vfb. At low frequencies, the locking system is fast enough to correct

the perturbation induced by the laser system, thus ∆Vm is near zero (this is, we

observe a constant value of the transmittance). As fm increases, we can observe
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that the value of ∆Vm increases. This means that the feedback system is not able to

provide enough feedback signal, ∆Vfb, to correct the perturbation. This decrease

of ∆Vfb with the frequency is depicted in Fig. 6.10. There are two key factors that

limit the ability of our setup to correct fast perturbations: the lowpass filter of the

electronic setup, which prevents the locking at high frequencies (fm > 1.5 kHz),

and the time response of the piezo-electric that applies the strain to the MR. For

our setup, the variation of the ∆Vm, and therefore of the transmittance variation,

was kept under 3 dB for frequencies below 20 Hz.

(II). Pump locking

The second proposal we present is based on the thermo-optic effect described in

Chapter 5. When the temperature of a silica MR increases (decreases), their WGM

resonances shift toward longer (shorter) wavelengths. By taking advantage of this

phenomenon, we designed a locking setup to stabilize the transmittance of the

system at a chosen value. The feedback system is the same as the one described

previously, but instead of using a transducer which varies the strain of the MR,

we implemented a device that controls the temperature of the MR. This variation

of the temperature is achieved by pumping the core of the MR which is formed

by an active, doped fiber. The maximum heating achieved depends on the power

of the pump signal, and on the absorption of the core dopant at the pump wave-

length. Figure 6.11 shows a scheme of the experimental setup employed to lock

the resonances by a pump-induced heating. It is worth to note that, even when

in the scheme we depicted a cylindrical MR, in practice, a configuration with a

spherical one fabricated using a doped silica glass can be easily implemented. In

our proposal, the feedback signal controls the power of an auxiliary laser pump

source, whose signal is launched to the core of a fiber (for cylindrical MRs, the

fiber itself plays the role of the MR, and for spherical ones, the sphere is fabri-

cated at one of its ends). To set the operational point, the pump power is set to

a given value to pre-heat the MR. Then, when a perturbation affects the locking,
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6.2 Active locking at constant wavelength

the system varies the pump power to correct such perturbation. In the case of

thermal nonlinearities, the system will decrease the pump power, this is, it will

cool the MR, to compensate the red shift of the WGM resonance. As in the other

technique, the laser wavelength will remain constant during all the process.

Resonator

TDL

�
(0)
L

OSCPD

1

2

3

CP

Vout Vin

Vref

Locking circuit

Ppump / Vout

(Doped fiber)

Figure 6.11: Scheme of the setup employed to lock WGM resonances by means of
the thermo-optic effect.

Up to our knowledge, this is the first time that an all-optical locking tech-

nique, based on the control of the temperature of the MR using an auxiliary pump

signal, is proposed to stabilize the operational transmittance of the WGMs.

To characterize the performance of the pump-locking technique as in the

previous case, we measured the response of the system to a step variation, and

to a harmonic modulation of the laser wavelength. For these measurements, the

cylindrical MR consisted on a section of a Fibercore DF1500Y (Er/Yb co-doped

fiber). The thermal behavior of this fiber was characterized in [18]. The pump

source was a single-mode laser at 975 nm (maximum output power: 400 mW).

(i) Step variation: Figure 6.12a shows a resonance of a MR of 125µm of diameter

fabricated with the DF1500Y fiber. Figure 6.12b shows the time response of the

locking system to a step variation of the transmittance of ∼ 33%. The description

of the response is analogous to the one detailed for the strain-locking method,

but for a different transducer that controls the temperature. The fall time in this
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case was ∼ 7.6 ms, around 2.7 times faster than our strain-locking technique. The

settling time was ∼ 0.28 s, therefore, our pump-locking technique is ∼ 2.3 times

faster than the one based on the strain. This can be due to a faster response of the

transducer.

< 5%

Fall Time ⇠ 7.6 ms

Settling
Time ⇠ 0.28 s

(b)

⇠ 33%

(a)

Figure 6.12: (a) WGM resonance of a cylindrical, silica MR (DF1500Y) of 125µm of
diameter. (b) Time response of the locking-pump system to a step variation of the
operational transmittance.

(ii) Harmonic perturbation: Figure 6.13 shows the variation of the transmittance

device and the amplitude of the feedback signal, analogously to Fig. 6.10. The be-

havior observed was very similar to the one reported for the strain-locking tech-

nique. At low frequencies, the locking system can correct the perturbation induced

by the laser system, thus the transmittance remained constant. As fm increases,

the feedback system is not able to correct the perturbation. For our setup of the

pump-locking, the transmittance variation was kept below 3 dB for frequencies

below 200 Hz. Thus, although this alternative limits the variety of MRs to those

that are doped with the proper elements, it provides a better performance than

the strain-locking technique.
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200 Hz

Filter

Figure 6.13: Measurement of the response of the pump-locking system to a har-
monic modulation of the laser wavelength, as a function of the frequency of mod-
ulation.

6.3 Optical nonlinear phenomena

In this section, we will present different nonlinear phenomena observed in spher-

ical, silica MRs. A detailed description of the different effects is beyond the scope

of this work, and we will focus our experiments on the enhancement of the gen-

eration and stabilization of different nonlinear effects, by employing the pump-

locking technique that we described in the previous section.

Among the several nonlinear effects that can be excited in silica MRs by

means of WGM resonances [19], we will focus on three, which are third-order non-

linear processes: Stimulated Raman scattering (SRS), Four-wave mixing (FWM),

and Stimulated Brillouin scattering (SBS) [20]. Figure 6.14 shows an illustration of

the different phenomena. As an overview, we will provide a brief description of
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the nonlinear effects:

FWM FWM

SBS

SRS

Pump

�

(a)

Raman
scattering

Stokes
photon

(b)

Phonon

Four-wave
mixing

Idler

Signal

(c)

Brillouin
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Stokes
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(d)
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Figure 6.14: (a) Illustration of the spectra observed when nonlinear phenomena are
generated. Schematics of the different physical processes: (b) Stimulated Raman
scattering, (c) Four-wave mixing, and (d) Stimulated Brillouin scattering.

(i) In SRS, one pump photon is converted into one Stokes photon and an optical

phonon, by means of an inelastic scattering process, see Fig. 6.14b. The interaction

of the photons with the phonons is attributed to the molecular vibration of the

material. Since there is an exchange of energy and momentum between the opti-

cal field and the MR material, SRS is a non-parametric process. Due to the broad

Raman gain bandwidth of the silica, and the large number of modes with small

FSR in spherical MRs, multi-mode Raman lasing is usually observed in these type

of MRs, and we will show later an example.

(ii) In FWM, two degenerate pump photons generate one idler and one signal

photon, see Fig. 6.14c. The idler (signal) photon has higher (lower) wavelength

than the pump. In this case, it is a parametric process, since there is no transfer of

energy to the material.
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6.3 Optical nonlinear phenomena

(iii) SBS is similar to SRS, one pump photon is converted into one Stokes photon

and an acoustic phonon, by means of an inelastic process, see Fig. 6.14d. In this

case the light is scattered by acoustic waves within the material, resulting in a

non-parametric process. The Brillouin gain bandwidth is narrower than the SRS

one, in silica.

FWM

FWM

Pump

SBS

SRS

Figure 6.15: Spectra of different optical nonlinear effects in a spherical, silica MR
of 239.5µm diameter.

For our experiments, we fabricated a spherical MR from a DF1500Y fiber.

We chose to use a spherical MR because of the higher Q-factor of the WGM res-

onances and the smaller mode volumes, when compared to cylindrical MRs. The

diameter of the sphere was 239.5µm, and the WGMs were excited by placing the

taper at the equator of the MR. In the setup, the tunable laser source (< 300 KHz

linewidth) was amplified with an Er/Yb amplifier. For the measurements, the

power of the laser signal launched to the MR was set to 100 mW. The stabilization
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of the WGM resonances was achieved by employing two techniques: the thermal

passive method, and our active locking technique based on the thermo-optic ef-

fect. Although in both cases we observed the same nonlinear phenomena, when

the resonances were stabilized by means of the active technique, the nonlinear ef-

fects were more stable, as we will show. Figure 6.15 shows a compilation of the

different effects observed. They correspond to different measurements in which

we locked different WGM resonances, at different operational transmittance lev-

els. In some cases, more than one effect was observed simultaneously.

In most works, the nonlinear effects are excited and observed using a pas-

sive locking technique since it is easy to set up experimentally. Here, we propose to

use an active locking techniques since it improves the performance of the nonlin-

ear effects. Apart from the advantages that we described in the previous sections,

we will show some additional improvements that presents an active locking:

(i) First, by using an active locking technique, we can choose which WGM reso-

nance is stabilized. This means that the technique provides control on the radial,

azimuthal and polar order of the different resonances that a MR exhibits (this

is, we can select, within some limits, the optical field distribution of the WGMs,

which can help to optimize certain nonlinear effects).

(ii) Active techniques also provide control on the value of the operational trans-

mittance of the system. This is one of the most important features of this kind

of locking. By changing the transmittance level (which was controlled by means

of the reference signal, see Fig. 6.6), we modify the energy coupled into the MR.

This leads to different circulating powers that can exceed or not the thresholds of

the different nonlinear effects. Figure 6.16 shows an experimental measurement

where by changing the transmittance of the system we could (de)excite SRS de-

pending on the power coupled to the MR. As a consequence, in the case of two

competitive nonlinear effects, we can suppress the one with the higher threshold

and enhance the other one just by controlling the transmittance level. This ac-

curate and stable selection of competitive effects with different thresholds is not
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possible with a passive locking technique.

Figure 6.16: (De)Excitation of SRS depending on the INSET: transmittance of the
resonance set at two different levels (power coupled to the MR).

(iii) Moreover, when the transmittance level is changed, the detuning between the

laser and the WGM resonance is also modified. In nonlinear applications where

there exists a strict phase-matching condition [21], the control of this detuning is

crucial in order to excite the nonlinear phenomena. In the case of conventional

active locking techniques, when the feedback consists on a variation of the laser

wavelength, this is still a problem. It is worth noting, then, that our technique

provides a better alternative to lock the resonance at very specific wavelengths.

We should mention that in the example shown in Fig. 6.16, the (de)excitation of the

SRS is not affected by the phase-matching condition, it is only due to the different

circulating powers, since the Raman scattering does not depend on the detuning

due to its broad gain in silica [1].

We studied the temporal stability of the nonlinear effects when an active

pump-locking is implemented, against the passive locking technique, for one of

the phenomena we could observe in our MR. Figure 6.17 shows the stability of
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the Raman lasing peak (circled in Fig. 6.16), for an active and a passive locking.

In both cases we locked the same resonance at the same transmittance level. As

it can be observed, when the system is actively locked, the power variation of

the Raman peak varies less than 1 dB. Meanwhile, when it is passively locked, the

power changes more than 10 dB, after a short time. It is worth to point out that, the

power variations of the Raman peak are not due to the loss of the locking, since

during the time of the measurement, we did not observe a significant variation of

the transmittance level of the resonance (this is, the power coupled to the MR was

kept as a constant).

Active

Passive

Figure 6.17: Temporal stability of a Raman lasing peak for an active and passive
locking.

Therefore, we can conclude that the active pump-locking technique we pro-

pose here provides a number of advantages when it is applied to the generation

of nonlinear phenomena: better stability of the nonlinear effects, capability of se-

lection between competitive nonlinear phenomena with different thresholds, and

accurate, fixed selection of the laser wavelength in order to excite efficiently the

nonlinearities with a strict phase-matching condition.
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6.4 Optomechanic effects

6.4 Optomechanic effects

(I). Introduction

As we described throughout this chapter, when a continuous wave (dc) laser is

tuned to a spectral position close to the resonant wavelength of a WGM, and in

addition, it is locked to the resonance, a huge circulating power is confined in the

MR. This circulating light intensity induces a mechanical flex of the cavity due to

the radiation pressure (RP). As a consequence of the mechanical deformation of

the MR, the optical path length that the WGM travels varies. Thus, the resonant

wavelength of the WGM resonance shifts, which results in a detuning between

the laser wavelength and the WGM resonance and, therefore, in a change of the

system transmittance (this is, the circulating power). Consequently, the intensity

of the RP will change. This feedback mechanism is the so-called optomechanical

back-action [22]. The retardation between the mechanical deformations and the

resulting RP variation, leads to optomechanical parametric instabilities that pro-

duce self-induced oscillations at some frequencies that correspond to those of the

mechanical modes supported by the MR; this is, a periodic vibration of the cavity

is induced [23].

Figure 6.18 shows an illustration of the self induced back-action RP oscil-

lation. The optomechanical vibration will lead to a periodic modulation in the

transmittance, which results in the generation of two side-band peaks that will

appear at a frequency distance Ωm from the laser frequency, ωL. The blue-shifted

peak, with frequency ωaS = ωL + Ωm is usually referred as anti-Stokes peak, and

the red-shifted, ωS = ωL − Ωm, as Stokes peak. Since the WGM resonances have

a Lorentzian profile, both peaks are not equal in magnitude, and depending on

the sign of the detuning between the laser and the resonant wavelength of the

WGM, only one of them will be amplified. From this asymmetry, two effects di-
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rectly arise: cooling or amplification of the mechanical mode. Figure 6.19 shows an

illustration of both situations.
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Figure 6.18: Illustration of transmittance variation (i.e., RP variation) induced due
to the optomechanical vibration (Ωm frequency of vibration).

(i) When the laser is red-detuned with respect to the resonance wavelength, ωL <

ωR, the number of generated anti-Stokes photons is higher than the Stokes one,

which implies an increment of the energy of the optical mode at expenses of the

mechanical energy, see Fig. 6.19a. This transference of energy from the mechanical

mode to the optical one is called cooling, since the result is that the mechanical

mode is attenuated.

(ii) On the other hand, when the laser is blue-detuned, ωL > ωR, the generation of

Stokes photons is dominant, and the optical mode suffers a decrease of its energy.

Therefore, there is a power flow from the optical field to the mechanical mode,

leading to an amplification of the vibration, this situation is depicted in Fig. 6.19b.

In this work, we will study the amplification of the optomechanical vibra-

tions (laser blue-detuned case), since it is in this configuration when regenerative

oscillations are observed. In these experiments, WGMs will be excited with a dc
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laser with pump intensities above the threshold power, this is, when the amplifi-

cation of the mechanical mode exceeds its losses [23].
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Figure 6.19: Illustration of cooling and amplification of the mechanical mode. (a)
Enhancement of anti-Stokes scattering, (b) Enhancement of Stokes scattering.

It is worth noting that RP and thermal nonlinear phenomena are two mech-

anisms with different dynamic behaviors. While thermal nonlinearities are in-

duced by absorption and have a dissipative nature, the RP has a reactive char-

acter. Moreover, RP is strongly dependent of the optical and mechanical Q-factor:

it increases quadratically with the value of the Q-factor. Meanwhile, the thermal

nonlinear effects increase more slowly with the Q-factor, thus RP dominates in

MRs with high optical and mechanical Q-factors [24].
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In addition, let us point out that the generation of optical or optomechanical

nonlinear effects is a competitive process. Both effects can coexist, or one of them

can be enhanced, leading to the suppression of the other one. It will depend on

the power circulating in the MR, the phase-matching condition, the Q-factor of

optical and mechanical resonances, and the electromagnetic field distribution of

the locked WGM resonance.

The induced RP effects have been observed before in MRs with different

geometries: in spheres [25], toroids [26], or microbottles [27]. Many applications

have been developed based on the optomechanical interactions and several stud-

ies have been carried out [22, 23]: in quantum cavity optomechanics, to measure

small forces, masses, or displacements, in gravitational wave detection systems,

in phonon lasers, in chaotic dynamics, etc. In this work, we will characterize ex-

perimentally the optomechanic vibrations induced by RP in bubble MRs. Up to

our knowledge, this is the first time such phenomena has been observed for this

type of MRs. Besides, we will study the transition of the performance of the ex-

cited mechanical modes to a chaotic behavior, when the optical power coupled to

the MR is high enough.

(II). Experimental setup

The experimental setup employed is shown in Fig. 6.20. A tunable laser source

centered at 1550 nm was amplified with an erbium-doped fiber amplifier (EDFA).

A small fraction of the launched signal was monitored to control the input power

coupled to the MR. The light is then launched to a 2µm taper that will excite the

WGMs in our MRs. Part of the output signal of the taper was sent to an OSA

(20 pm resolution), and part into a fast photodetector, connected either to an oscil-

loscope, or to an electrical spectrum analyzer (ESA, 9 kHz - 6 GHz).
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Figure 6.20: Scheme of the experimental setup emloyed to excite and measure the
optomechanical vibrations induced by RP.

In this particular experiment, the MRs were silica bubbles fabricated using

a technique similar to glassblowing, based on increasing the temperature up to

the plastic deformation of the silica, on slightly pressurized silica capillaries [28].

The diameters of the microbubbles employed in this experiment range from 420

to 780µm, with wall thicknesses from 2 to 6µm (±0.5µm). It is worth noting that

the bubble MRs have a non-uniform thickness, with the wall being thinnest at the

equator (prolate spheroid). The original commercial capillaries had an external

diameter of 200µm, and a wall thickness of 80µm. We want to point out that we

did not measure the wall thickness of the bubble MRs, but we calculated it by as-

suming the conservation of the MR mass during the fabrication, and taking into

account the capillary and bubble diameters. We measured the WGM resonances

at low input powers when nonlinear phenomena were below their threshold,

and thermal broadening/narrowing of the resonance was negligible. The different

bubble MRs exhibited opticalQ-factors around 106−107. For the measurements of

the optomechanics and nonlinear phenomena, the laser was locked to the WGM

resonances position by employing the passive thermal locking technique detailed

in the previous sections.
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(III). Experimental characterization

As we have mentioned, when the laser wavelength is properly locked to a WGM

resonance at its blue-edge, and the optical power coupled to the MR is high enough,

the mechanical modes of the MR can be excited.

Qm ⇠ 4 · 103

(a)

(b)

Figure 6.21: (a) Harmonic modulation of the system transmittance due to the op-
tomechanical vibration. (b) Frequency of vibration and mechanical Q-factor.

We analyzed the optical signal as the pump power was increased. At low

powers, the signal at the output of the taper remained constant, as it corresponds

to a locked resonance. At a given value of the pump, the signal suddenly shows

a clear quasi-harmonic oscillation: Fig. 6.21a depicts the optical trace measured

by the oscilloscope, for a 200 mW of pump power. Figure 6.21b shows the radio-

frequency signal measurement, using the ESA. It can be observed a narrow funda-

mental vibrational mode centered at 5.63 MHz, which corresponds to a vibrational

mode of the bubble MR. We believe that the harmonics present in the measure-

ment can be due to the nonlinear shape of the WGM resonance, see Fig. 6.22b. In

the inset of Fig. 6.21b, we show that the excited mechanical mode had a Q-factor

around 4 · 103. We studied the temporal stability of the mechanical vibration and

obtained that the variations of the fundamental peak amplitude are lower than
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1.5 dB over 3 minutes (ESA measurement), and its spectral position remains con-

stant within deviations of 1.3 kHz.

(a) (b)

Figure 6.22: (a) Evolution of the fundamental peak amplitude as a function of the
pump power. (b) Distortion of the transmittance modulation due to the resonance
shape.

We studied the evolution of the amplitude of the fundamental peak ob-

served in the ESA measurement (see Fig. 6.21b), as a function of the pump power.

Figure 6.22a shows its peak amplitude evolution. As the pump power is increased

beyond the threshold of the mechanical vibration, the amplification of the op-

tomechanic effect is higher and it leads to more intense vibrations. This results

in a larger modulation of the optical signal, this is, a higher amplitude of the

fundamental peak in Fig. 6.21b. In addition, the number of harmonics and their

amplitudes increase as the pump power does. The trend of the amplitude of the

fundamental peak in the ESA signal with the optical power shows two main fea-

tures: (i) there exists a threshold for the launched pump power, ∼ 50 mW; (ii)

the amplitude of the peak reaches a saturated value around ∼ 140 mW of pump

power. Beyond this value, the peak does not show an increment. We assume that

the saturation can be due to the shape of the notch of the WGM resonance: the

edge is linear for small deviations from the central point, but for larger oscilla-
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tions (this is, larger mechanical amplitudes) it presents distortions from the linear

behavior, which results in higher order harmonics of the fundamental frequency

in the ESA measurement. Figure 6.22b shows an example of the shape-induced

distortion in the optical signal. As it can be observed, the amplitude modulation

of the spectral position of the WGM resonance, that is, the shift of the WGM res-

onant wavelength induced by the vibration of high intensity, is enough to exceed

the laser wavelength.

Primary WGM
(P = 200mW)

Secondary WGM
(P = 1mW)

Figure 6.23: Pump and probe measurement of the transmittance modulation in-
duced by the primary WGM (P = 200 mW).

In order to check that the optical modulation observed in the optical signal

was truly due to a mechanical mode of the MR, we excited simultaneously a WGM

at a different wavelength in a low power regime. Thus, two contra-propagating

WGM were confined in the MR: the primary (high power at 1550 nm), which

induces the optomechanical vibrations, and the secondary WGM (low power at

1480 nm), which we used to interrogate the system. This configuration corresponds

to a typical pump and probe characterization. The results show that the mechan-
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ical modulation induced by the pump (primary WGM) is also suffered by the

probe (secondary WGM). This implies that any signal propagating in the MR will

be modulated by the mechanical oscillation, since it is caused by the change in

the geometry of the MR. Figure 6.23 shows the transmittance modulation of both

signals and their respective ESA measurements, the oscillations were induced by

the optomechanical vibration due to the primary WGM, and they were simultane-

ously observed in the secondary WGM optical trace. It should be noted that, since

the secondary WGM (probe) is a low power signal, ∼ 1 mW, there are neither op-

tomechanical vibrations induced by this wavelength, nor optical nonlinear effects.

Thus, the modulation observed in the oscilloscope trace is due to the changes in

the MR induced by the mechanical vibration.
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Figure 6.24: Experimental vibrational frequencies as a function of the bubble MR
diameter. Illustration of the two types of vibrations that were identified in the two
ranges of frequencies.

We performed the same characterization for bubble MRs of different sizes.

Figure 6.24 shows the measured vibrational frequencies as a function of the bub-

ble diameter. We identified two different ranges of vibrational frequencies: a high-
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frequency range (MHz) for microbubbles below 550µm, and a low-frequency range

(kHz), which predominates in larger MRs. First, it can be observed that, in the

MHz range, the vibrational frequency decreases as the bubble diameter becomes

larger. Meanwhile, in the kHz range, the vibrational frequencies were indepen-

dent of the MR diameter. Numerical simulations were performed using a finite el-

ement method in order to obtain the theoretical vibrational eigenmodes of the mi-

crobubbles, to identify which ones were excited. From the results, we concluded

that the MHz vibrations are mechanical modes of the microbubble itself, while

the kHz vibrations correspond to mechanical modes of the whole structure, the

microbubble and the capillary.

The excitation of a certain mechanical mode depends on the overlapping of

its mechanical field distribution with the optical field of the WGM. We excited the

WGMs of the bubble equator in all the experiments. In this way, we can ensure

similar optical field distributions of the WGMs in all the bubbles. Nevertheless, as

we mentioned before, when we use the passive thermal locking technique, we do

not have control over which specific WGM resonance we are locking. This implies

that, the excitation of WGMs with different radial, azimuthal and polar orders is

possible. Therefore, more control of the locking process is needed in order to pro-

vide a detailed characterization of the excitation of the different mechanical fre-

quencies in bubble MRs. In this sense, the active locking techniques we described

in the previous sections would help to achieve such control, thus the development

of optomechanics experiments using active locking techniques is worth to study

in future works that are beyond the scope of this thesis.

Lastly, we also observed nonlinear phenomena (FWM, Raman, and Bril-

louin), simultaneously to the optomechanical vibrations even when they are com-

petitive processes. In some cases, the oscillations occur well before other optical

nonlinear effects. For certain locking conditions at high launched optical power,

we observed an amplification of the vibrations and a suppression of the optical

nonlinearities.
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(IV). Chaos Transition

As we have mentioned, these type of MRs support both optical and mechanical

resonances and, in some conditions, there is a transfer of energy between them.

For large optical powers, the acousto-optic interaction excited by the WGMs can

behave in a chaotic way. In this section of the work we will show some brief ex-

perimental results about the transition to chaos of the optomechanic system. The

chaos route in WGM MRs induced by the RP have been reported before [24, 25].

The experiments were performed for different MR geometries to show that the

phenomena are not limited to specific MR shape. Here, we will study this phe-

nomena in silica bubble MRs. Up to our knowledge, these are the first experimen-

tal results obtained for this type of MRs.

Figure 6.25: Transition to chaos as the launched pump power is increased: (a)
200 mW, (b) 400 mW, (c) 600 mW, (d) 620 mW. Bubble MR of 520µm diameter and
4.26µm wall thickness.
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The chaos route depicted in Fig. 6.25 was measured for a bubble MR of

520µm of diameter and wall thickness of 4.26µm. The fundamental optomechan-

ical mode oscillated at 4.74 MHz, as it can be observed in Fig. 6.25a: a fundamen-

tal frequency and a single series of harmonics is observed for 200 mW of pump

power. At higher input powers, see Figs. 6.25b and 6.25c, new vibrational frequen-

cies arose in a quasi-period doubling (launched powers of 400 mW and 600 mW).

This set of discrete lines developed in a continuum of frequencies when the opti-

cal power was increased beyond this point, see Fig. 6.25d. This behavior is char-

acteristic of chaotic systems, and a more detailed study can be found in [25, 29].

Here, we will not characterize this phenomenon in detail, but we find it of inter-

est for further experiments. We measured this route to chaos for bubble MRs of

different sizes, and we observed that for the largest ones, this transition to chaos

falls directly into the continuum, skipping the sequences of discrete frequencies

of quasi-period doubling.

We checked that the optomechanical vibrations, together with their chaos

transition, affect not only the confined WGM resonance that excites the mechan-

ical mode, but any WGM propagating in the MR. To do so, we performed two

experiments:

(i) We measured the response of the reflected WGM coupled to the mechanical

mode for different input powers, and we observed the same type of optical traces

showed in Fig. 6.25.

(ii) Additionally, we performed a pump and probe characterization, similarly to

the one shown in Fig. 6.23. The results, see Fig. 6.26, depict that both optical traces

show the same modulation frequencies and transition to chaos, thus, this modu-

lation is induced by a true mechanical vibration of the MR that is composed by all

the frequencies.
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6.4 Optomechanic effects

Figure 6.26: Transition to chaos of the probe signal (P = 1 mW) as the power of
the pump signal was increased. Pump power: (a) 200 mW, (b) 400 mW, (c) 600 mW,
(d) 620 mW. Bubble MR of 520µm diameter and 4.26µm wall thickness.
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7 Conclusions

The study of the WGMs presented in this thesis was organized in two main top-

ics. In the first part, we characterized the strain-optic and thermo-optic effect in

different optical fiber devices, by means of the WGMs. This allowed us measuring

different parameters of the materials that conformed the MRs, such as strain-optic

coefficients, temperature profiles along their lengths, or loss coefficients. A theo-

retical proposal to characterize the magneto-optic effect in fibers using WGMs was

also provided. In the second part, we presented novel locking techniques based on

the mentioned strain- and thermo-optic effects, to excite and observe optical and

optomechanic nonlinear effects. Within the variety of nonlinear phenomena that

can be efficiently excited in WGM-based MRs, we focused on the characterization

of optomechanical vibrations in silica microbubbles.

In Chapter 2, we provided a theoretical description of WGMs in cylindri-

cal, anisotropic MRs. We studied the propagation and confinement of WGM reso-

nances in uniaxial, and gyrotropic media. We gave a description of the main fea-

tures of WGMs that determine their performance: loss sources that can be found

in this type of MRs, Q-factor, and the coupling between a microfiber and a MR.

This theoretical framework was provided to give a full description of the different

effects characterized through this work, and it allowed us to compare our exper-

imental results with theoretical simulations. Based on the analysis developed for

uniaxial media, we derived how the response of WGMs was affected by strain
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and temperature. On the other hand, we presented a theoretical description of

the magneto-optical effect in cylindrical MRs with gyrotropic anisotropy. We pro-

posed a possible experimental implementation using different dielectric materials

and techniques, although it was not possible to carry out the experiments, due to

the lack of materials with a proper Verdet constant.

In Chapter 3, we detailed the general experimental setup used throughout

all this thesis work, and the procedures that we carried out to excite and measure

the WGM resonances in MRs of different geometries and materials. Besides, the

fused-and-pull technique employed for the fabrication of microfibers and cylin-

drical MRs was also described. We reported the excitation and observation of high

Q-factor WGM resonances in silica and polymer MRs. In particular, we showed

the implementation of our technique for the excitation of WGMs in conventional

optical fibers, and in polymer structures fabricated by a two-photon polymeriza-

tion method.

In Chapter 4, we studied the strain-optic effect in optical fibers under ax-

ial stretch by means of the WGM resonances of the fiber itself. We theoretically

described the effect in cylindrical, silica MRs, and predicted that the anisotropy

induced by the strain affects differently each polarization, the TE and TM. The

simulations showed a strong modal anisotropy: the shift rate for TE modes was

∼ 1.7 times the one for TM modes. These simulations were confirmed experimen-

tally by measuring the shift of WGM resonances, showing that the proposed tech-

nique enables a direct measurement of the anisotropic behavior induced by the

strain. By combining the theoretical description and the experimental technique,

we were capable to determine the strain-optic coefficients, p11 and p12. Our results

for SMF28 fiber were p11 = 0.116 and p12 = 0.255 at 1531 nm. We also character-

ized PMMA fibers and measured their Pockels’ coefficients, being p11 = 0.283 and

p12 = 0.282, at 1550 nm. Both results are in good agreement with the values pre-

viously reported. One of the main advantages of the technique is that allows the

determination of the dispersion of the strain-optic coefficients. We measured the

dispersion of silica for 1064 and 1531 nm, and the dispersion of PMMA from 800
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to 2000 nm. In both cases, dispersion was negligible in the studied optical range.

In Chapter 5, we characterized the thermal behavior of different optical

fiber devices by exploiting the thermal sensitivity of the WGM resonances; those

optical fiber devices were irradiated PS fibers, LPGs, and active fibers doped with

rare-earth elements. We provided a theoretical description of the thermo-optic ef-

fect in WGM resonances, to show how a temperature variation affects to their

spectral position. In all the experiments, the heating of the optical fiber devices

was achieved by illuminating the core of the fiber itself with pump signals of

moderate power (∼ 1 W). Thus, these results are of interest when one considers to

use such devices in optical systems that support a considerable amount of optical

power, such as cavity lasers.

First, we studied the attenuation losses generated by the UV-irradiation of

PS fibers. Our technique, based on measuring the thermal shift of the WGM res-

onances, allows an accurate, direct characterization of the absorption losses, in

addition to the uniformity of the UV-irradiation process, thanks to its low detec-

tion limit, ∼ 0.03 oC. By combining our results with a conventional technique for

the measurement of the attenuation, we were able to determine the absorption and

scattering contributions to the overall losses separately. We characterized different

PS fibers, and observed that the scattering losses increase faster than the absorp-

tion ones. One of the main characteristics of the WGM-based technique is its axial

resolution, ∼ 200µm in fibers, that enables a point to point characterization of the

optical fiber device, and the measurement of the losses in a short section of fibers.

By exploiting this feature, we were able to detect inhomogeneities produced dur-

ing the UV-irradiation.

Second, we measured the thermal profile induced by an illuminating signal

of moderate power on a LPG. We observed that the heating was not homogeneous

along the fiber device, but proportional to the light guided by the fundamental

mode of the fiber. The thermal profiles of the LPG under different illumination

conditions were measured, and the results show that the gradient is more pro-
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nounced as the laser wavelength gets closer to the resonance wavelength (∼ 4 oC

temperature difference in 5 mm of grating length). These temperature profiles can

induce chirps that may affect the spectral properties of the LPGs, in applications

were high powers are required.

Finally, we characterized the heating of active fibers doped with different

concentrations of Ho and co-doped with Yb, fibers that are employed in the design

of all-fiber laser cavities emitting at 2µm, a hot topic at the moment in the field of

fiber lasers. We studied the temperature increment when they were illuminated

with pump signals at different wavelengths, 975 and 1125 nm. We showed that

the heating for the fibers doped with Ho (11.1 oC and 18.0 oC for 400 mW), in the

range of pump powers studied, was in accordance with the concentration ratio

of the dopant for each fiber, ∼ 1.5. On the other hand, the fiber co-doped with

Yb reached temperatures that exceeded 200 oC for the 975 nm pump, tempera-

ture that can be critical in practical applications. The information provided by the

WGM-based technique can be employed to design new active fibers with different

concentration and dopants minimizing the thermal effects.

To conclude, in Chapter 6, we presented the implementation of a passive

and two novel active locking techniques to match the laser wavelength to the

WGM resonance in order to overcome an undesired detuning between them. This

detuning might be due to the nonlinear thermal effects and other spurious insta-

bilities, such as vibrations of the setup. We first described the thermal nonlinear-

ities that appear when the laser and a WGM resonance are spectrally matched. A

detailed description and an experimental demonstration of the broadening and

narrowing suffered by the WGM resonances was showed. We experimentally im-

plemented a passive locking technique reported in the literature based on the

meta-stable equilibrium, which allowed us to study some interesting effects. To

implement our active locking techniques, we developed an electronic feedback

device that allowed us to perform the locking by correcting and compensating the

relative spectral position between the laser and the WGM resonance. The feedback

device can be employed, as usual, to correct the laser operational wavelength in
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order to stabilize the system, but also to control the amount of power coupled to

the MR.

Since in many applications a constant operational laser wavelength is pre-

ferred, we developed and tested two novel active locking techniques that operate

at constant laser wavelength. While the conventional active lockings are centered

on tuning the wavelength of the laser that excites the WGM resonances, our ap-

proaches consisted on tuning the properties of the MR itself, this is, on tuning

the resonance wavelength of the WGMs. The first one was based on the strain-

optic effect, by applying an axial stretch to an optical fiber (that played the role of

a cylindrical MR), in order to tune the spectral position of the WGM resonances.

The second one is based on the thermo-optic effect, by controlling the temperature

increment induced by an auxiliary pump source in a doped fiber. The second lock-

ing technique is an all-optic one that can be implemented in MRs with different

geometries. In this way, it is possible to perform an active locking, and the require-

ments on the laser system, which is usually one of the most expensive devices, are

reduced.

We employed the passive and active pump-locking techniques to excite and

observe different optical nonlinear phenomena in spherical, silica MRs: stimu-

lated Raman scattering, four-wave mixing, and stimulated Brillouin scattering.

We studied the performance of the nonlinear spectra over the time using passive

locking and our active alternatives, and we concluded that our approaches pro-

vided more control on the generation of nonlinear phenomena, and more tempo-

ral stability of the signal.

By employing techniques to lock WGM resonances, we enabled the exis-

tence of high circulating powers located within the MRs. Due to the strong elec-

tromagnetic field, optomechanic vibrations can be induced due to radiation pres-

sure. We characterized the vibrational modes excited in bubble MRs of different

sizes, by employing a passive locking technique. Up to our knowledge, this is the

first time such phenomena is reported in this type of MRs. We observed the cou-
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pling between the WGMs and the mechanical modes supported in the MRs, and

we identified two series of vibrations of the system: the ones corresponding to

the microbubble itself, in the MHz range, and those related to the structure mi-

crobubble and capillary, in the kHz range. We also studied the coexistence of op-

tical nonlinear phenomena and the vibrational effects, and we observed that they

are competitive phenomena: in some conditions they can coexist, while for some

other parameters, optomechanical resonances suppress optical nonlinear effects.

Lastly, we characterize the evolution of the vibrational modes and their transition

to chaos, as the circulating power increases.

From the theoretical descriptions and the experiments developed in this

thesis, different ideas have arose to carry out a variety of experiments as a future

work. For example, by employing the experimental technique based on the strain-

optic effect, we are able to measure the strain-optic coefficients of novel materials.

By employing the experimental technique based on the thermo-optic effect, we are

capable to characterize the contribution of the absorption and scattering losses in

active doped fibers to optimize their performance. Also, the novel active locking

techniques open the path to characterize a great variety of nonlinear phenomena,

with a better control on the parameters that determine their spectral response. The

experimental generation of light sources at a wide range of wavelengths by excit-

ing different optical nonlinear effects can be achieved now in our experiments,

thanks to the advantages of the active locking techniques. Moreover, we can also

carry out a more detailed study of optomechanical phenomena in MRs with dif-

ferent geometries.
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• X. Roselló-Mechó, D. Farnesi, G. Frigenti, M. Delgado-Pinar, M. V. Andrés,

G. Nunzi-Conti, and S. Soria, ”PhoXonic microbubbles: optomechanical route to

chaos and chaos transfer”, In preparation.

Communications to Conferences

Invited Talks
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”Medida de las pérdidas inducidas por radiación UV en fibras fotosensibles”, XII
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• X. Roselló-Mechó, M. Delgado-Pinar, L. Poveda-Wong, Jose Luis Cruz, A.

Dı́ez, and M. V. Andrés, ”Measurement of UV-induced Losses andThermal Ef-

fects in Photosensitive Fibers Using Whispering Gallery Modes”, Conference on

Lasers and Electro-Optics 2017 (CLEO/Europe), pp. CH-P.2, Munich, June

2017.
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