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Chapter 1

Introduction

The study of the effects and phenomena related to the interaction of intense

coherent light with matter is the main subject of nonlinear optics. This

revolutionary extension of the conventional linear optics was favored by the

discovery of laser in 1960 by Maiman. He suceeded in inducing the first

stimulated optical output in Ruby crystals [1] and in short time a multi-

tude of gain media was subsequently used, which included helium-neon [2],

semiconductor [3], carbon dioxide [4], dyes [5, 6], and excimers [7].

After the birth of the laser, the demonstration of optical second-harmonic

generation (1961) [8] was recognized as the first milestone of nonlinear op-

tics. Several other optical frequency mixing effects were sequentially demon-

strated within few years. The optical sum-frequency generation [9] and third-

harmonic generation in 1962 [10], optical difference-frequency generation in

1963 [11] and optical parametric amplification and oscillation in 1965 [12, 13].

These experimental demonstrations not only verified the validity of nonlinear

polarization theories but also opened the door for an alternative approach to

generate coherent radiation. The key role of the laser in nonlinear optics can

be understood considering the case of Stimulated Raman scattering (SRS).

It was discovered 34 years after the papers on spontaneous Raman scattering

of Raman [14, 15] and the less famous of Mandelstam [16]. In 1962, SRS

1



Chapter 1. Introduction

Figure 1.1: Children trying out the Whispering Gallery at St Paul’s Cathedral.

was observed, rather accidentlly, by Woodbury and Ng [17] and described by

Eckhardt et al.[18]. The properties of SRS have been then reviewed sequen-

tially by Bloembergen in 1967 [19],Kaiser and Maier in 1972 [20], Penzkofer

in 1979 [21], and Raymer in 1990 [22].

Since the early days of Maiman’s discovery, great attention has been

invested in exploiting different kind of optical cavities for laser emission.

In 1961, Whispering-gallery-mode (WGM) lasers have been demonstrated

by Garret, using a CaF2:Sm(single crystals) sphere with a diameter in the

millimeter range [23]. The term “WGM” comes from the Lord Rayleigh’s

famous paper in which, fifty years early, he detailed the acoustic property of

the dome of Saint Paul Cathedral in London, where a whisper at one side

can be clearly heard at any place along the gallery (Fig.1.1).

The effect is due to the smooth and curved walls guiding the sound around

the periphery of the room with great efficiency. Sound waves taking any other

path are dissipated or scattered. A similar effect can lead to the analogous

optical behavior in circular shaped dielectrics. When light propagating in

a medium of higher refractive index meets the interface with a medium of

lower refractive index at an angle of incidence that equals the critical angle,

2



Chapter 1. Introduction

it will undergo total internal reflection. At the right angle it constructively

interferes after a round trip, the light can be trapped and builds up inside

the resonator. Due to the total internal reflection there is an evanescent field

outside of the medium [24] which can be used to couple the light into/out

to the structure. Since the late of 19th century and early 20th century, the

theoretical studies were carried out on spherical particles independently by

several physicists, including Ludvig Lorenz (1890) [25], Gustav Mie [26] and

Peter Debye [27]. Gustav Mie was investigating solutions within colloidal

structures and noticed sharp resonances when light passed through them.

Debye was making the same with light scattering from sphere. A new field

of study was emerging [28, 29, 30]. At the beginning the term morphological

dependent resonance (MDR) was used, but shortly after, WGM had taken

hold. In the last decades, the scientific community shown a great interest for

the potentiality of WGM resonators. Current researches include biological

sensing [31], optomechanics [32, 33], cavity quantum electrodynamics [34]],

optical switching [35], frequency comb generation [36], and ultra-narrow fil-

tering techniques [37] and, last but not least, microcavity lasers [38, 39, 40].

The high quality factors and small mode volumes lead to very high field

density inside the WGM cavity, which can be exploited for nonlinear inter-

action of various kind [41]. Even if the resonator is fabricated from traspar-

ent material with low nonlinearity, the WGMs provide the opportunity to

achieve a high nonlinear response. On the other hand, WGM sensors have

shown unprecedented sensitivity for the detection of label-free biomolecules.

WGM based sensing devices are among the most sensitive in comparison

with other label-free technologies that can be integrated on microchips such

as nanoplasmonic systems, FET nanowires, nanomechanical cantilever and

nanopores. Improvements in the engineering and integration of more robust

WGM platforms can bring to a multitude of applications in life science, bio-

engineering and enviromental monitoring. Studies are alredy underway to
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Chapter 1. Introduction

get multiplexed and portable lab-on-chip devices. The use of prism coupler

or integrated waveguides for evanescent coupling were the first step toward

that direction [42].

1.1 Thesis outline

This thesis investigates how such structures, in particular silica microspheres

and microbubbles, can be used to study non linear phenomena and can op-

erate as frequency converters and laser sources. It is possible to easily get

SRS assisted broadband visible light generation. The cascaded SRS signals

allow to have a very broad spectrum in the IR range. The emissions at the

visible wavelength are due to the THG and SFG of the cascaded SRS signals.

Thanks to broad bandwidth light at the IR wavelength, a visible light with

a broad bandwidth can be obtained.

Much attention has been focused also on the coupling tecniques which

is a critical point for practical applications of WGM based devices. A new

LPGs based coupler has been developed in order to improve the robustness

of the WGM device for sensing applications.

Each chapter of this thesis is organized to combine the needed theory

followed by our experimental works. It is divided into four chapters.

Chapter 2 reviews the features of the WGM spherical microresonators:

free-spectral range, quality factor, mode volume and field distribution. Then

the coupling features of the tapered fiber, the nonlinearity in WGM res-

onators and few sensing applications are introduced.

Chapter 3, after an introduction on Raman scattering and Four Wave

Mixing interaction, describes how efficient stimulated anti-Stokes Raman

scattering has been observed in silica microspherical resonators pumped by

CW laser. This process is observed in the normal dispersion regime. The

lack of correlation between stimulated antiStokes and Stokes scattering spec-
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Chapter 1. Introduction

tra indicates that the signal has to be resonant with the cavity. Cavity

resonant enhanced stimulated Raman scattering (SRS), four-wave mixing,

and broadband hyper-parametric oscillation in silica microbubble whisper-

ing gallery mode resonators (WGMR) in forward and backward directions are

reported. After that we have shown that microbubbles can operate not only

in a highly ideal two-photon emission regime, but also generate combs, both

natively and multimode spaced. The nonlinear process is phase matched be-

cause of the interaction of different mode families of the resonator. The two

last paragraphs of this chapter have appeared in two articles published in

Optics Letters and the related experiments can be seen in a publication on

the Journal of Visualized Experiments [43].

Chapter 4 focuses on optical frequency conversion. We analyze, experi-

mentally and theoretically, a variety of χ(3) nonlinear interactions in silica mi-

crospheres, consisting of third harmonic generation and Raman assisted third

order sum-frequency generation in the visible. A tunable, room temperature,

cw multicolor emission in silica microspherical whispering-gallery-mode mi-

croresonators has been achieved by controlling the cavity mode dispersion

and exciting nonequatorial modes for efficient frequency conversion.

This work has been published in Physical Review Letters.

Chapter 4 presents a new method for coupling light to high-Q silica whis-

pering gallery mode resonators (WGMs) that is based on long period fiber

gratings (LPGs) written in silica fibers. An LPG allows selective excitation

of high-order azimuthally symmetric cladding modes in a fiber. Coupling

of these cladding modes to WGMs in silica resonators is possible when par-

tial tapering of the fiber is also implemented in order to reduce the optical

field size and increase its external evanescent portion. Importantly, the ta-

per size is about one order of magnitude larger than that of a standard

fiber taper coupler. The suggested approach is therefore much more robust

and useful especially for practical applications. We demonstrate coupling to

5
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high-Q silica microspheres and microbubbles detecting the transmission dip

at the fiber output when crossing a resonance. An additional feature of this

approach is that by cascading LPGs with different periods, a wavelength se-

lective addressing of different resonators along the same fiber is also possible.

The proposed coupling structure is robust and can be replicated many times

along the same fiber simply cascading LPGs with different bands. Typical

Q-factors of the order of 108 and total coupling efficiency up to 60% were

measured collecting the resonances of microspheres or microbubbles at the

fiber end. This approach uniquely allows quasi-distributed and wavelength

selective addressing of different micro-resonators along the same fiber. Works

in this chapter have appeared in Optics Letters and Optics Express.

1.1.1 List of selected publications

1. D. Farnesi, Franco Cosi, Cosimo Trono, Giancarlo C. Righini, Gualtiero

Nunzi Conti, and Silvia Soria, “Stimulated anti-Stokes Raman scatter-

ing resonantly enhanced in silica microspheres” Optics Letters, Vol. 39,

Issue 20, pp. 5993-5996 (2014).

2. D. Farnesi, A.Barucci, G.C.Righini, G. Nunzi Conti and Silvia Soria,

“Generation of hyper-parametric oscillations in silica microbubbles”

Optics Letters, Vol. 40, No.19 (2015).

3. D.Farnesi, A.Barucci, G. Righini, S. Berneschi, S. Soria, and G. Nunzi

Conti “Optical Frequency Conversion in Silica-Whispering-Gallery-Mode

Microspherical Resonators”, Physics Review Letters 112, 093901 (2014).

4. D. Farnesi, F. Chiavaioli, G. C. Righini, S. Soria, C. Trono, P. Jorge,

and G. Nunzi Conti, “Long period grating-based fiber coupler to whis-

pering gallery mode resonators” Optics Letters, Vol. 39, Issue 22, pp.

6525-6528 (2014)

6



Chapter 1. Introduction

5. D. Farnesi, F. Chiavaioli, F. Baldini, G. C. Righini, S. Soria, C. Trono,

and G. Nunzi Conti, “Quasi-distributed and wavelength selective ad-

dressing of optical micro-resonators based on long period fiber gratings”

Optics Express, Vol. 23, N.16 (2015).

6. D.Farnesi, S. Berneschi, F.Cosi, G.C.Righini, S. Soria and G. Nunzi

Conti, “Stimulated Stokes and Antistokes Raman Scattering in micro-

spherical whispering gallery mode resonators” J. Vis. Exp., Issue 110

(2016); doi: 10.3791/53938.
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Chapter 2

Spherical WGM resonators

2.1 General properties

A WGM resonator (WGM) can be considered as a Gires-Tournois cavity (a

Fabry-Perot cavity with one mirror reflecting 100%).

The free spectral ranges (FSR) are determinated by frequency separation

between the successive modes with the same transverse structure [47]. For a

azimutally-simmetric resonator the FSR is

∆νFSR =
c

2πnR
(2.1)

where c is the light speed, n the refractive index of the host material

and R the radius of the circular wall. The resonators are characterized by

two dependent values: the finesse (F) and the quality factor Q. For a FP

resonator, the finesse depends on the quality of its mirrors

F =
π<1/2

1−<
(2.2)

where < is the reflectance of the mirrors.Whispering gallery mode (WGM)

resonators allow of achieving larger finesse compared to FP resonators.

8



Chapter 2. Spherical WGM resonators

The finesse F can be measured, for all kinds of resonator, by the ratio of

the FSR and the full width at the half maximum (FWHM):

F =
∆νFSR
FWHM

(2.3)

Otherwise, the quality factor(Q) is defined as the ratio of the energy

storage to the energy lost per round trip and it can be usefull to expressed

the cavity losses:

Q =
2π × energy stored

energy lost
. (2.4)

That ratios can be expressed as the light frequency ν times the photon

lifetime in the cavity τ [44]

Q = 2πντ (2.5)

here τ is related to the linewidth of the resonance ∆λ (or FWHM) by

τ =
1

2π∆λ
(2.6)

Finally, the quality factor can be obtained experimentally by measuring

∆λ

Q =
λ

∆λ
(2.7)

The overall Q can be decomposed into different loss contributions:

1

Qtot

=
1

Qmat

+
1

QWGM

+
1

Qss

+
1

Qcoup

(2.8)

where

• Qmat is due to the material loss;

• QWGM is given by radiation loss present in a curved dieletric cavity

9



Chapter 2. Spherical WGM resonators

• Qss is due to the scattering from surface

• Qcoup represents the loss due to the coupling.

The quality factor is simply related to the finesse by

Q =
2πRn

λ
F = mF (2.9)

where m is azimutal number (or the number of optical wavelengths per

ring circumference)[45].

The circulating power build-up factor can be expressed by

Pcav
Pin

=
λ

π2nR

K

(K + 1)2
Qintr (2.10)

where K is the ratio of the intrinsic quality factor Qintr to the coupling

one Qcoupl. The long cavity lifetime in high-Q microcavities allows to easily

reach circulating power of hundreds of watts with low input power (1 mW).

In addiction to the temporal confinement, WGM resonators allow to spa-

tially confine the light. In literature we can find several definitions of mode

volume. The most common is related to the energy density of the mode and it

is defined as the equivalent volume, the mode occupies, if the energy density

was distributed homogeneously throughout the mode at the peak value:

Vmod =

∫
ε(r) | E(r) |2 d3r

max(ε(r) | E(r) |2)
(2.11)

the integral is over all space, including even the regions where the field

is evanescent. The strong spatial confinement, due to the small dimensions

of WGM microresoantors, can allow reaching power densities of the order of

GW/cm2.

10



Chapter 2. Spherical WGM resonators

2.2 Mode structure

The mathematical expression for WGMs in a spherical resonator starts from

the Helmholtz equation for the propagation waves ∇2E+k2E = 0 where E is

the transverse electric (TE) or magnetic (TM) component of the field. The

modes propagating in a dielectric cavity could be obtained by considering

that equation in spherical coordinates:

1

r2

∂2

∂r2
(rψ)+

1

rsin(θ)

∂

∂r

(
sin(θ)

∂

∂θ
ψ

)
+

1

r2sin2(θ)

∂2

∂φ2
ψ−n2k2ψ = 0 (2.12)

It can be separated into its contribution for each direction E(r, θ, φ) =

ψr(r)ψθ(θ)ψφ(φ).

For a sphere of radius R and refractive index n, the optical fields are given

by:

E(r, θ, φ) =

jl(kr)Xlm(θ, φ) r < R

jl(kR)h1
l (kr)/h

1
l (kR)Xlm(θ, φ) r ≥ R

(2.13)

where Xlm = [(l(l + 1))]−1/2Ylm represent the spherical harmonics and jl

and h1
l denote the spherical Bessel and the Hankel functions, respectively.

The total internal reflections of the field inside the cavity result in an

evanescent field tail (Fig.2.1) as shown by the variation of the radial compo-

nent ψr with radius according to

ψr(r) =

Ajl(kr) r < R

Be−αev(r−R) r ≥ R

(2.14)

where αev is the field decay constant.

The characteric equation, obtained by imposing the bondary condiction

and so matching Bessel and Hankel functions, allows to get the resonance

positions:
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Figure 2.1: Spherical mode fields for the fundamental (n = 1) WGM [46].

j
′

l(kr)

jl(kr)
=
h

′

l(kr)

hl(kr)
(2.15)

The solution of this equation results in a wavenumber which determines

the resonance wavelenght (λ = 2π/k).

The modes can be identified by four mode numbers, which are the radial

n, the polar l, the azimuthal mode number m, and also the polarization

number p. n is extracted from the Bessel function and denotes the number

of field maxima along the radial direction within the sphere. l and n are from

the spherical harmonics. l could be regarded as the number of wavelength

enclosed along the equator of the sphere. m classifies different components of

the spherical harmonics with the same l and | m |≤ l. m denotes the number

of field maxima in the azimuthal path around the equator, and l − m + 1

is the number of field maxima in the polar direction. For an ideal spherical

shape, the frequencies for modes m 6= l are degenerate. Otherwise, for a

more realistic condiction in which the resonator deviates from shape of a

perfect sphere, the degeneracy is broken giving rise to a multitude of resonant

frequencies for each m [48, 49].
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Figure 2.2: Prism coupling using frustrated total internal reflection, Slant-cut op-

tical fiber coupling and tapered fiber coupling [47].

2.3 Optical Coupling

The prerequisite for our experimentsion WGM resonators is based on the ta-

pered optical fiber coupling technique. The tapered fiber allows to efficiently

excitate the modes. Otherwise, in the case of free-space excitation, the cou-

pling results to be extremely inefficient due to different phase velocities in

air and in the material (i.e. silica). The excitation can be achieved using

the tunneling of the evanescent field components with phase matched wave-

vectors. Other devices most commonly used to inject light in the cavities are

either prisms, waveguides and polished fibers (Fig.2.2).

The tapered fibers have multiple benefits. They can be made with low-

loss and allow efficient excitation with neglegible parasitically induced losses

(such as scattering). They allow not only to excite but also to extract the

cavity fields through the same taper. Finally, they have small dimension and

high flexibility in comparison to the other tools.

The optical fiber, from which tapers are obtained, were introduced for

the first time around 1950 in the medical field [50], but only during the

early 1970’s, the Corning scientists were able to create a low loss optical

fiber (20dB/km) capable of carrying light over a long distance. Nowadays,

their losses are less than 0.2 dB/km at 1.55µm and the comunication rate is

13
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around 10Gbit/s [51]. An optical fiber generally consists of a core, surrounded

by cladding which has a lower RI and outside a jacket which protects the

fiber enhancing its robustness and strength. The radial dependence of the

fundamental mode in a standard optical fiber, assuming linear polarization,

takes the form [52, 53]

Fo(ρ) = Nf

J
−1
0 (kfa)J0(kfρ), if ρ ≤ a

exp[−γf (ρ− a)] if ρ ≥ a

(2.16)

where the normalization constant is

Nf =
αfJ0(kfa)

Vf
√
πJ1(kfa)

(2.17)

where kf =
√
k2n2

f − β2
f , αf =

√
β2
f − k2n2

cl, the decay constant γf =

K1(αfa)/K0(αfa) and Vf = ka
√
n2
f − n2

cl. The propagation constant βf is

given by the characteristic equation

kf
J1(akf )

J0(akf )
= αf

K1(aαf )

K0(aαf )
(2.18)

where J0 and J1 are the Bessel function of zero and first order, while

K0 and K1 are the modified Hankel functions of zero and first order. In the

untapered single mode fiber, the core guides the lowest-order HE11 mode. In

the case of tapered fiber, the cladding and the core radii decrease maintaing

constant the relative size. The decrease of the core radius leads to an increase

of the spot size and causes the most of the power of HE11 mode propagates in

the cladding. The transition point, at which there is the change from being a

core-guided to a cladding-guided mode, occurs when the decrease in the core

radius results in a normalized frequency Vcore = (2πρcore/λ)
√
n2
core − n2

clad =

1 [54].

In our adiabatic taper only the fundamental mode is kept along the ta-

pered section of the fiber.
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Figure 2.3: Optical resonator coupled to a taper. The input and the output field

are sin and sout, u is the mode amplitude, τ0 is the intrinsic photon

lifetime and τe is the coupling photon lifetime.

If a microcavity is brought in proximity of the evanescent field tail of

a tapered fiber, the coupling between the waveguide and the resonator can

be described by the parameter 1/τex. In other words the input signal sin

is coupled to the resonantor with a characteristic lifetime τex while intrinsic

losses are described by τ0.

The lifetimes are related to the quality factor by Q = ωτ/2. The dynamic

evolution of resonator-coupler system can be calculated, using the the coupled

modes theory [55, 56] by integrating the equation

du

dt
=

(
jω0 −

1

τ

)
u(t) +

√
2

τex
sin(t) (2.19)

The input and output fields can be written respectively as sin(t) = s0e
jωt

and sout(t) = −sin(t) +
√

(2/τe)u(t). The mode amplitude is

u(t) =

√
2
τ
s0e

jωt

j(ω − ω0) + 1
τ

(2.20)

The transfer function of the resonator-coupler system can be defined as
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x(t) =
sout(t)

sin(t)
=
√
Tejφ (2.21)

where T is the transfer function and φ is the phase shift. Therefore, the

transmission T = |x|2 can be written as

T =
(1/τex − 1/τ0)24π2δ2

(1/τex + 1/τ0)24π2δ2
(2.22)

where δ = (ω − ω0)/2π. The values of τ0 and τex determine the coupling

regime [57]:

• τ−1
0 = τ−1

ex the losses are equal to the coupling rate and the resonator

is critically coupled. The trasfered power to the resonator is maximal;

• τ−1
ex < τ−1

0 the resonator is undercoupled, the coupling is weak;

• τ−1
ex > τ−1

0 the resonator is overcoupled.

2.4 Materials and Nonlinearity

Whispering gallery mode resonators have been made from different materi-

als: amorphous material (fused silica), isotropic crystals (CaF2 and MgF2),

nonlinear crystals (LiNbO3 and beta barium borate - BBO) and polymers

(polymethyl methacrylate - PMMA). Silica is usually used because of low

losses. The missing oxygen defects in the atomic structure of silica can in-

duce absorption but the main causes of losses are the metal impurities (iron,

nickel and chromium) that can be introduced during the fabrication induc-

ing absorption in the blue part of spectrum. The amount of water and the

O-H bonds are critical because of their vibrational band near infrared. Other

contributions to the intrinsic absorption of silica are due to the vibration of

silicon-oxygen (Si-O) bonds on longer wavelenght and to the electronic tran-

sitions at UV wavelenghts. The presence of small density fluctuation and
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defects can induce Rayleigh scattering. Only the portion irradiated out of

the resonator contributes to the loss [58]. The minimum overall loss occurs

at 1.55µm which is the operating wavelength for telecomunications.

For the study of nonlinear optical effects, one would not choose silica

at first sight. It does not have a second order nonlinerity χ(2) (due to its

inversion symmetry) and the third order nonlinearity χ3 is two orders of

magnitude smaller than the majority of other materials. But despite a weak

non linearity, silica has the hightest nonlinearity to attenuation ratio of any

material system [59]. In general its nonlinear optical response is described

by the expantioning of the polarization

Pi = ε0χ
(1)
ij Ej + ε0χ

(3)
ijklEjEkEl (2.23)

So the NL effects are associated with the different products of the field

operators EjEkEl and the silica susceptibility, which exhibit a real and imag-

inary part,

χ(3) = χ
(3)
Re + iχ

(3)
Im (2.24)

This latter has an instantaneous and a time delayed response. The first

one is determinated mainly by the far-off resonant electronic response and

for a small part by the phonons [76]. The refractive index depends linearly

on the intensity

n(I) = n0 + n2I (2.25)

where

n2 =
3

8ncε0
χ3 (2.26)

Finally it is worth to notice that the two-photon absorption for silica,

described by the imaginary part of n2, can be neglected since the processes
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occur at photon energies of ∼9eV.

2.5 Sensing Applications

The evanescent field tail, besides being able to be used for coupling light into

the cavities, allows to exploit WGMRs for sensing purposes. Its lenght out

of the cavity is of the order of hundreds of nanometers and any host medium

refractive index changes or even the attachment of a molecule on the cavity

wall will cause a resonance wavelength shift. The different geometries have

all their unique advantages in sensing: microspheres, for instance, are ex-

tremely simple to fabricate, exhibit high Q-factor and were the first optical

microresonator used in biosensing [60]. The microbubbles in capillaries, a

kind of hollow optical ring resonator, combine the cavity with the microflu-

idics. In this way they are sensitive to the RI variation of the inner medium

without disturbing the coupling system [61]. Therefore, these and the other

avalaible geometries can be used for label-free biosensing on chip-scale de-

vices making the microresonator technology particularly attractive for many

reseach groups around the world. In order to take into account the intensity

distribution when the evanescent field tail interact with material onto the

surface, we can define an effective refractive index as

neff =

∫
n(r)E2(r)dr∫
E2(r)dr

(2.27)

and find the resonance criteria,

2πneffR ≈ λ (2.28)

Any change in the RI or in the radius R will result in a shift ∆λ (Fig.2.4).

The relationship is express as
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Figure 2.4: The transmission spectra depicting a resonance shifting ∆λ in responce

to change of the refractive index.

∆λ

λ
=

∆neff
neff

+
∆R

R
(2.29)

The sensitivity of the resonance to the refractive index change of the host

environment can be written as [62]

∂xTEn
∂na

= − na
(n2

s − n2
a)

3/2

[
1− ζl

21/3

n2
s

n2
s − n2

a

ν−2/3

]
(2.30)

where xn = 2πa/λ0 is a dimensioless size parameter in which a is the

radius of the cavity and λ0 is the wavelength in vacuum. na and ns denote

respectively the refractive index of the sphere and surrounding medium. ζl

is the l-th zero of the Airy function. The change in the linewidth of the res-

onance δλ, for instance induced by addictional absorption losses can also be

used for sensoristic purpose [63]. A critical point is the comparison between

the noise sorces present in the system and the magnitude of the induced sens-

ing signal. A number of noise sources are fundamental and thus unavoidable.

Considering a WGM sensor based on the resonance shifts and a shot noise

limited resolution, the limit of detection is given by [64]
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∂ωmin
ω0

=
1

Q0

√
~ω0

Pηβτ
(2.31)

where P is the coupled optical power, η denotes the photodetector’s qua-

tum efficiency, β is the transmission efficiency of the cavity and τ is the

averaging time.

The presence of a high refractive index layer can enhance the microsphere

sensitivity [65]. We have presented a study of the effect of a silicon coating

on a silica sphere and we have found that it can increase its sensitivity by

a large amount in particular from 5 nm/RIU to 145 nm/RIU for a 140µm

sphere [66]. It was theoretically demonstrated how hollow core WGMRs have

a sensing capability greater than those presented by the corresponding bulk

microspheres [67]. The design of this kind of cavities represents the first

and crucial step towards the optimization of their performances in term of

sensitivity and limit of detection. We have proposed an analytical method

for the design of optical microbubble resonators. The enhancement of the

sensing performance due to a polymeric layer with a high refractive index,

as coating of the inner wall of the bubble, is assessed and discussed. We

have demonstrated that depositing 300 nm polymeric layers inside the silica

OMBR is good compromise for having a constant RI sensitivity and a robust

device (Fig.2.5).

Finally it was proven that a sub-wavelength wall thickness of the bub-

ble does not always represent a requirement for the achivement of high de-

vice performance. This allows having mechanical robustness of the device

without losing in sensitivity and limit of detection [68]. The methods for

the microbubble’s wall thickness evaluation and so for their robustness as-

sessment were based only on a theoretical approach. We have demostrated

that confocal reflectance can be used as a non-invasive and non-destructive

method for the thickness measurement and a simple theoretical model for
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Figure 2.5: Sensitivity (nm/RIU) as a function of wall thickness for two different

polarizations and 3 mode orders, corresponding to different thickness

of polymeric layer: 50nm, 300nm and 1000 nm [68].
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Figure 2.6: Fluorescence image of a microbubble filled with fluorescein solution,

showing the TPF band. Logarithmic presentation of the TPEF sig-

nal from the MBR filled with 10−6 M Rhodamine 6G solution versus

incident laser power in log-log scale.

thickness range value calculation was proposed [69]. Microresonator experi-

ments, in particular with hollow cavities, are affected by thermo-mechanical

fluctuations which interfere with the resonance position measurements. For

example the thermal drift could overstimate the shift due to a the presence

of a target molecule. We have proposed a PMMA surrounding box for the

coupler-resonator system and we have demonstrated that it reduces the total

fluctuations [70].

As example of WGM biosensors we have investigated the feasibility of

immunosensors for the fast detection of immunoreactions. A crucial step

for producing reliable biosensors is the surface functionalization to bind the

recognition bio-element on it. This functionalization layer has to be very

thin in order to preserve the high quality factor of the transducer and the

interaction of the WGMs with the sensing layer. We tested the feasibility

of one photon fluorescence (OPF) with spherical WGMR where antibodies

against Staphyolococcus aureus cell wall, labeled with a near infrared dye,

were immobilized on its surface. WGM resonators can be even exploited to

get high photon flux densities needed for two photon fluorescence (TPF) mea-
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surements which have a number of advantages over measurements with OPF.

We have demonstrated the potential of microbubbles as nonlinear enhance-

ment platform and verified the feasibility of exciting TPF in microresonators

where labeled IgGs were covalently bound to its surface (Fig.2.6)[71].
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Raman scattering and four

wave mixing in high-Q

spherical microcavities

3.1 Stimulated Raman scattering

The inelastic scattering of a photon with an optical phonon, which originates

from a finite response time of the third order nonlinear polarization of the

material, is called the Raman scattering effect. Spontaneous Raman scatter-

ing occurs when a monochromatic light beam propagates in a material like

silica. Some of the photons are transfered to new frequencies. The scattered

photons may lose (Stokes shift) or gain energy (anti-Stokes shift).

In the first part of Fig.(3.1) the pump photon with energy Ep is destroyed

and the molecule will be excited from the ground state (G) into a higher

virtual energy state (V ). The energy difference between the ground and

the excited level is equal to pump photon. In a second step the molecule

falls down into an inter level (I) which is generated by its own periodical

oscillations or rotations. This decay is accompanied by a Stokes photon
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emission. The destruction of the pump and the generation of the Stokes

photon happens simultaneously baucause of the fact that V is a virtual state.

The energy difference between the pump and the Stokes photon is equal to

the difference between the energy levels I and G. The remaining energy is

the vibrational energy delivered to the molecule.

In contrast to other kinds of nonlinear phenomena where the molecule

returns to its ground level after the interaction, an energy transfer between

photon and molecules takes place here. In right side of Fig.3.1 for the gen-

eration of anti-Stokes photon, the energy of the pump is equal to the energy

difference between the virtual V and the inter I state. The pump photon

is annihilated whereas, at the same time, an anti-Stokes photon is created.

The molecule transfers a part of its motion energy to the scattered photon

and increase its energy and frequency. Normally the intensity of Stokes wave

is much bigger than the anti-Stokes intensity because, in the case of a ther-

mal equilibrium, the allocation of inter state (I) is much smaller than the

occupation of the ground state (G).

Raman scattering depends on particular material resonances. In crys-

talline media, these resonances show a very narrow bandwidth. On the other

hand, in amorphous silica the molecular vibration mode are overlapped with

each other and create a continuum [72]. Fig.3.2 shows the Raman gain gR in

silica versus the frequncy shift between pump and Stokes wave normalized

to the maximum. gR extends over a range up to 40 THz with a broad peak

located near 13 THz.

If the intensity exceeds the threshold, stimulated scattering can occur.

The transition between spontaneous and stimulated scattering can be de-

scribed with the model of the harmonic oscillator. If at the input layer of

the medium the pump hits a dipole oscillating with its resonance frequency,

an additional Stokes wave will be generated. The Stokes field radiation by

another dipole has different phase than the first one. Hence, no coherent
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Figure 3.1: Schemeatic representation of the energy levels ofRaman Scattering rep-

resentation.

superposition can occur. In conseguence, a weak wave is radiated into arbi-

trary directions. On the other hand, if the intensity of the pump is higher

than the threshold, the wave scattered at the first dipole is relatively intense.

Pump and emitted Stokes waves propagate through the material and the

following dipole is driven by the difference between both of them to oscillate

at their resonance frequency. In this case the phase of the excited dipole is

determinated by the incident wave. The Stokes wave of the following dipole

superimposes coherently in the forward direction with the Stokes wave of the

first dipole. Therefore, the intensity grows and the next dipoles are driven

stronger to oscillate at their resonance frequency.

Tipically spontaneous Raman scattering is a rather weak process. Even

for condensed matter, the scattering cross section per unit volume is only

10−6cm−1. Hence, for instance, only 1 part in 106 of the incident radiation will

be scattered into the Stokes frequency after the propagation through 1 cm of

the scattering medium. Contrary to spontaneous emission, SRS can trasform

a large part of power into a new frequency-shifted wave and the intensity

grows exponentially with the propagation distance in the nonlinear (NL)
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Figure 3.2: Normalized Raman gain vs the frequency shift between the pump and

the Stokes wave [77].

material. Highly efficient scattering can occur as a result of the stimulated

version under excitation by an intense laser beam. 10% or more of the energy

of the incident laser beam can be converted.

Generally, in WGM resonators, the lasing threshold occurs when the cav-

ity round-trip gain equals round-trip loss. The intra-cavity gain coefficient

is related to the bulk Raman gain coefficient gb (in silica the maximum is

6.5× 1014m/W at 1550nm) through the equation

gR =
c2

C(Γ)2n2Veff
gb (3.1)

where Veff is the effective modal volume and C(Γ) is the modal coupling.

The threshold pump power can be derived by the gain coefficient and taking

into account the power build-up factor in the resonator:

Pth =
π2n2Veff

λpλRC(Γ)gRQ2
(3.2)

it follows an inverse dependence on the squared of the quality factor Q
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of the cavity. This shows how an increase in Q will cause a twofold benefit

in terms of reducing cavity round trip losses as well as increasing the Raman

gain, due to the Raman gain dependence on the pump intensity.

The Raman scattering can be seen as the coupling of the vibration waves

and light waves via a molecular system can be properly discussed through

classical description if there are many photons in the radiation field. In the

coupled-wave problems, the classical description is even more appropriate

since then the decay or amplification of the wave depends on the relative

phases among them. In the quantum description, if the number of quanta

is prescribed, the phase will be completely undetermined as require by the

uncertainty principle [73].

Contrary to the parametric effects, Raman scattering is intrinsically phase-

matched over the energy levels of the molecule. In other words it is a pure

gain process. Infact, the Stoke absorption coefficient

αS = −3i
ωS
nS
cχR(ωS) | AL |2 (3.3)

depends only on the modulus of the complex amplitude of the pump field

AL. The imaginary part of χR(ωS) is negative, implying that the real part

of αS is negative and so, as said above, the Stokes waves experiences an

exponential growth. The spatial evolution of the Stokes field amplitude AS

is given, in the slowy varying amplitude approximation, by

dAS
dz

= −αSAS (3.4)

which is obtained starting from driven wave equation

−∇Ẽ2 +
ε

c2

∂2Ẽ

∂t2
= − 1

ε0c2

∂2P̃NL

∂t2
(3.5)

where the nonlinear response of the medium acts as a source term.
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Figure 3.3: Molecular description of stimulated Raman scattering.

In order to derive the nonlinear polarization we start by two assumptions:

first, the vibrational mode can be described as a harmonic oscillator; and

second, the optical polarizability of the molecule is not constant but depends

on the internuclear separation q̃(t). The motion equation, for the molecule

vibration, is

d2q̃

dt2
+ 2γ

dq̃

dt
+ ω2

v q̃ =
F̃ (t)

m
(3.6)

where ωv and γ are the resonance frequency and the damping constant

of the harmonic oscillator, respectively. q̃ represents the deviation of the

internuclear distance from its equilibrium value q0, F̃ (t) denotes any force on

the vibrational mode and m is the reduced nuclear mass (Fig.3.3).

The polarizability can be defined as

α̃(t) = α0 +

(
∂α

∂q

)
0

q̃(t) (3.7)

where α0 is the polarizability of the molecule at its equilibrium. When

the molecules are set into oscillation, their polarizability will be modulated

periodically in time, inducing the refractive index modulation

ñ(t) =
√
ε̃(t) = [1 +Nα̃(t)]1/2 (3.8)
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The beam, passing through the medium, is modified by the temporal

modulation of n. The trasmission will have two frequency sidebands sepa-

rated by ±ωv.

To deeply understand the interaction that give rise to SRS we need to

start from how the molecular vibration can be coherently driven by an applied

optical field. Ẽ(z, t) will induce a dipole moment

p̃(z, t) = ε0αẼ(z, t) (3.9)

to the molecule located in z. The time-varying applied force, at the beat

frequency of the field components, is given by

F̃ =
dW

dq
=
ε0
2

(
dα

dq

)
0

Ẽ(z, t) (3.10)

The SRS can be summarized in two parts: (1) the molecular vibrations

modulate the refractive index of the medium at frequency ωv and the fre-

quency sidebands are induced in the laser field. (2) the Stokes field at fre-

quency ωS = ωL − ωv beats with the laser field to produce the modulation

of the total intensity which excites the molecular oscillation at frequency

ωL − ωS = ωv. In this way the two processes reinforce one another. In order

to define the Raman suscetibility, we need to start by the time-varying part

of Eq.(3.10):

F̃ (z, t) = ε0

(
∂α

∂q

)
0

[
ALA

∗
se
i(Kz−Ωt) + c.c.

]
(3.11)

assuming that the total optical field can be represented as

Ẽ(z, t) = ALe
i(kLz−ωLt) + ASe

i(kSz−ωSt) + c.c. (3.12)

where K = kL − kS and Ω = ωL − ωS.

By solving the motion equation (3.6), we can get the amplitude of the

molecular vibration
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q(Ω) =
(ε0/m)(∂α/∂q)0ALA

∗
S

ω2
v − Ω2 − 2iΩγ

(3.13)

and by inserting Eq.(3.7) into Eq.(3.10), the polarization of the medium

is

P̃ (z, t) = Np̃(z, t) = ε0N

[
α0 +

(
∂α

∂q

)
0

q̃(z, t)

]
Ẽ(z, t) (3.14)

Its nonlinear part contains different frequency components:

P̃NL(z, t) = ε0N

(
∂α

∂q

)
0

[
q(Ω)ei(Kz−Ωt) + c.c.

]
×
[
ALe

i(kLz−ωLt) + ASe
i(kSz−ωSt) + c.c.

]
(3.15)

The part that oscillates at ωS is the Stokes polarization

P̃NL(z, t) = P (ωS)e−iωSt + c.c. (3.16)

in which the complex amplitude is given by

P (ωS) = Nε

(
∂α

∂q

)
0

q∗(Ω)ALe
ikSz (3.17)

by introducing Eq. (3.13) we find that

P (ωS) =
(ε20N/m)(∂α/∂q)2

0 | AL |2 AS
ω2
v − Ω2 + 2iΩγ

eikSz (3.18)

From this formulation the Raman susceptibility can be defined as

χR(ωS) =
ε0(N/6m)(∂α/∂q)2

0

ω2
v − (ωL − ωS)2 + 2i(ωL − ωS)γ

(3.19)

finally getting to the more common form for the Stoke polarization

P (ωS) = 6ε0χR(ωS) | AL |2 ASeiksz (3.20)
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The susceptibility for anti-Stokes can be deduce, in the same way, by

replacing ωS by ωa

χR(ωa) =
ε0(N/6m)(∂α/∂q)2

0

ω2
v − (ωL − ωa)2 + 2i(ωL − ωa)γ

(3.21)

It is easy to see that the Stoke and Anti-Stokes Raman susceptibilities

are related by

χR(ωa) = χR(ωS)∗ (3.22)

since ωL − ωS = −(ωL − ωa) and it is worth to highlight that Stokes and

anti-Stokes emission have an additional contribution beyond that described

by the Raman susceptibility. The non linear part of the polarization Eq.(3.15)

shows that Stokes and anti-Stokes polarization depend one on each other. For

anti-Stokes, we can see that in

P̃NL
a (z, t) = P (ωa)e

−iωat + c.c. (3.23)

P (ωa) depends on the Stokes amplitude

P (ωa) = Nε0

(
∂α

∂q

)
0

q(Ω)AL =
(Nε20/m)(∂α/∂q)2

0A
2
LA
∗
S

ω2
v − Ω2 − 2iΩγ

ei(2kL−kSz) (3.24)

this contribution describes how SRS is affected by Four-Wave Mixing

(FWM)[74]. In other words, Raman emission can be thought as down-

conversion of a pump photon and a phonon associated with a vibrational

mode of the molecule. Even an up-conversion process is possible but in this

case the combination phonon-photon occurs rarely because it requires the

presence of a photon of right energy and momentum. The anti-Stokes wave

is generated together with the Stokes one. A FWM process in which two

pump photons annihilate themselves to produce Stokes and anti-Stokes pho-

ton can occur 2ωL = ωa + ωs, providing the total momentum conservation.
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This leads to the phase-matching condition ∆k = 2k(ωL)−k(ωa)−k(ωs) = 0

where k(ω) is the propagation constant.

We need a set of coupled equations to describe the evolution of the field

amplitude. Introducing the coupling coefficients

αj = −4πiωj
njc

χR(ωj) | AL |2 (3.25)

and the nonlinear absoption coefficient

κj =
6πiωj
2njc

χF (ωj)A
2
L (3.26)

where j = S, a, we find that

dAS
dz

= −αSAS + κSA
∗
ae
i∆kz (3.27)

dAa
dz

= −αaAa + κaA
∗
Se

i∆kz (3.28)

These equations show how the Raman gain and loss term drive the Stokes

and the anti-Stokes amplitudes. The FWM term results to be a driving

term only when the wavevector mismatch ∆k is small. In that case the

two equation have to be solved simultaneously. Otherwise, if ∆k is large

the equations decouple, Stokes emission experiences gain and anti-Stokes

experiences loss.

One can show that the various elements of the susceptibility are related

by

χF (ωs) = χF (ωa)
∗ = 2χR(ωS) = 2χR(ω∗a) (3.29)

the absoption and the coupling coefficient can be related to each other:

αa = −α∗S
(
nSωa
naωS

)
(3.30)
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κS = −αSe2iφL (3.31)

κa = α∗S

(
nSωa
naωS

)
e2iφL (3.32)

where φL is the phase of the pump laser.

In solving the equations (3.27) and (3.28) we can introduce the coupled

gain coefficient

g± = −1

2
(α1 + α∗2)± 1

2

[
(α1 − α∗2 + i∆k)2 + 4κ1κ

∗
2

]1/2
(3.33)

and by using the expressions (3.30),(3.31) and (3.33) we can get the de-

pendence of g± on the phase mismatch:

g± = ±
[
iαS∆k − (∆k/2)2

]1/2
(3.34)

The result shows that the gain vanishes in the limit of the perfect phase

matching in which the anti-Stokes wave is so strongly coupled to the Stokes

wave that it prevents the Stokes from growing, indicating that four-wave

mixing can suppress SRS [75, 76].

The coupling between FWM and SRS can lead to the exponential ampli-

fication of the anti-Stokes wave, even under non-phase-matched conditions.

All these phenomena can be understood by noting that the beat note be-

tween the pump wave and an anti-Stokes wave, generated by FWM, matches

the frequency of the vibrational wave. In this way, the anti-Stokes wave is

coupled to the material excitation, which in turn affects the dynamics of the

SRS process. In that case the SRS can be described as a delayed contribution

to nonlinearity [77] and the combined effect of FWM and SRS is given by a

generalized nonlinear Schrödinger [78, 79]:
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∂A(z, t)

∂z
= −iβ2

2

∂2A(z, t)

∂t2
+ iγ

[
(1− f) | A(z, t) |2

+f

∫ t

−∞
χ

(3)
R (t− t′) | A(z, t′) |2 dt′

]
A(z, t) (3.35)

where A(z, t) is the envelope of the electric field, β2 the dispersion and γ

the nonlinearity coefficient. χ3
R(t) is the delay Raman response function. The

parameter f is the fractional contribution of the Raman susceptibility to the

instantaneous Kerr effect, is estimated to be 0.18 for silica [80]. The coupled

evolution of the Stoke and anti-Stokes waves can be investigated starting by:

A(z, t) =
[√

Pp + AS(z)eiΩt + Aa(z)e−iΩt
]
eiγPpz (3.36)

here Aα(z) =
√
Pα(z)e[iφα(z)] (α = s, a) are the amplitudes with φα(z) the

phase of the two waves and Ω = ωp − ωs = ωa − ωp is the angular frequency

shift between the pump and the Stokes/anti-Stoke emissions. We can neglect

all direct coupling and consider only the first order terms in As and Aa. The

evolution of Stokes and anti-Stokes field becomes a linear problem

d

dz

AS
A∗a

 = iγPp

q −K q

−q −q +K

AS
A∗a

 (3.37)

where the complex variable q gives the strength of the real and imaginary

parts of the χ(3)

q = q(Ω) = 1− f + fχ̃
(3)
R (−Ω) = 1− f + fχ̃

(3)
R (Ω)∗ (3.38)

and K is the linear phase mismatch between the three waves, K =

−∆βL/2γPp, where ∆βL = βa + βs − 2βp. Here βa = β(ω0 + Ω),βs =

β(ω0−Ω),βp = β(ω0). Because of the FWM (represented by the off-diagonal

terms in the above equation), the mode is always partially anti-Stokes and

then its amplitude scales inversely proportional to the linear phase-mismatch
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A∗a
As
≈ −γqPp

∆βL
(3.39)

This is valid both in normal and in the anomalous dispersion regime,

as long as the phase mismatch is large. While SRS normally results in an

absoption of the anti-Stokes wave, the coupling between SRS and FWM

actually leads to the amplification of anti-Stokes emission with a gain close

to the Stokes gain. The parametric coupling between the three waves is

able to self-induce the phase matching so that anti-Stokes wave undergoes

a positive parametric gain. In term of parametric anti-Stokes process the

waves self-control their phase velocities to the appropriate values and self

organize the phase matching condition [81].

3.2 Cascated Raman scattering

Cascated Raman scattering has always been considered as an interesting

means for extending the wavelength range of the laser sources. In 2003 a

microcavity-based cascated Raman laser was demostrated in WGM silica

microspheres with submilliwatt pump power[82].

In cascaded Raman oscillation, the Raman signals serve to secondary

pump field and generate higher-order Raman waves.As the pump power is

increased, the first Stokes line extracts power from the pump until it becomes

strong enough to seed the generation of a next Stokes line. This process can

continue in order to generate more Raman peaks. The cascade process can

be modeled as coupled harmonic oscillators with the pump and the Raman

fields by including higher order coupling terms[83]

dEp
dt

=
[
−(1/2τt)p − gcR1(ωp/ωR) | ER1 |2

]
Ep + kps (3.40)
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dER1

dt
=
[
−(1/2τt)p + gcR1 | Ep |2 −gcR1(ωR1/ωR2) | ER1 |2

]
ER1 (3.41)

dERN
dt

=
[
−(1/2τt)RN + gcRN | ER(N−1) |2

]
ERN (3.42)

where ER is the slowly varying cavity field amplitude of the Nth Stokes

wave, τt is the photon lifetime and gR is the intracavity Raman gain coeffi-

cient. s is the pump field amplitude (Pin =| s |2) and kp =
√

1/τext is the

coupling coefficient of the input pump with the WG mode Ep. The thresholds

for the higher order emissions can be found, in the steady state, by solving

iteratively the set of equations. The even and the odd order Nth Raman

field modes exhibit different threshold powers as a function of the order N ,

as evident from the following solutions

PN=2m+1
t =

1

C(Γ)

π2n2

gRλpλR
Veff

1

Q2
0

(1 +K)3

K

(N + 1)3

8
(3.43)

PN=2m
t =

1

C(Γ)

π2n2

gRλpλR
Veff

1

Q2
0

(1 +K)3

K

N2(N + 2)2

8
(3.44)

where C(Γ) is the modal coupling. These equations show that the all

odd-orders increase as the square root of the pump power and even-orders

are clamped. Otherwise, all even-order lines increase linearly with pump

power while odd orders are clamped.

3.3 Cascaded Four wave mixing

The frequency comb process is based on four-wave mixing among two pump

photons ωpump with a signal ωS and idler photon ωI . It requires two condic-

tions to be satisfied: the momentum conservation, which is intrinsically satis-

fied in WGM resonators [113], and the energy conservation, which is not a pri-

ori satisfied since the separation between adjacent modes νFSR = |νm − νm+1|
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can vary due to the material and cavity dispersion. Indeed, only in recent

works, this process has been observed by coupling CW laser in microcavities

exploiting the Kerr nonlinearity to enable cascaded four-wave mixing.

The comb generation can occur in two different ways: as a “Type I” (or

a natively mode spaced comb) with sidebands separated by one FSR and

a “Type II” (or multimode spaced comb) with sidebands separated from

the pump by several FSR. Cascaded Four Wave Mixing preserve the initial

spacing to higher-order emerging sidebands thank to the conservation of the

energy in the parametric processes [36].

The Kerr comb formation starts by generation of the first symmetrical

lines generated in a degenerate FWM process when the parametric gain over-

comes the loss of the cavity. The separation of the new lines to the pump

depends on the dispersion and the pump power. The nonlinear coupled mode

equations can help us to understand that the first lines can oscillate either

in the resonator mode near the pump or at a multiple of this separation [85].

The evolution of the mode amplitude Aµ can be described by

∂Aµ
∂t

= −κ
2
Aµ + δµ0

√
κextse

i(ωp−ω0)t

+ ig
∑

µ′ ,µ′′ ,µ′′′

Aµ′Aµ′′Aµ′′′e
−i(ω

µ
′ +ω

µ
′′−ω

µ
′′′−ωµ)t

(3.45)

where µ = µ
′
+ µ

′′ − µ′′′
denotes the mode numbers, κ = κ0 + κext is the

cavity decay rate (the sum of the intrinsic and coupling rate), ωµ = ω0+D1µ+

D2µ2

2
is the frequency of the cavity eigenmodes in which D1 = 2πFSR and

D2 is the difference between two neighboring FSRs at the pump frequency

ω0. s =
√
Pin/~ is the amplitude of Pin and δµ0 is the Kronecker delta. The

nonlinear coupling coefficient is

g =
~ω2

0cn2

n2
0Veff

(3.46)
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The set of equation can be rewritten in a dimensionless way [86]:

∂aµ
∂τ

= −(1 + iζµ)aµ + i
∑
µ′≤µ′′

(2− δµ′µ′′ )aµ′aµ′′a∗µ′+µ′′−µ + δ0µf (3.47)

where

aµ = Aµ

√
2g

κ
e−i(ωµ−ωp−ωD1)t (3.48)

and

f = s

√
8ηg

κ2
(3.49)

ζµ =
2(ωµ − ωp − µD1)

κ
= ζ0 + d2µ

2 (3.50)

and the coupling strenght is η = κext/κ, d2 = D2/κ, τ = κt/2. The

steady state when no sidebands are excited can be described by

f 2 = (ζ0 − |a0|2)2 |a0|2 + |a0|2 (3.51)

where a0,a+µ and a∗−µ are respectively pump, signal and idler mode. In

order to find the mode numbers of the first line generated at the parametric

threshold [87], a set of characteristic equation for parametric sideband of the

three mode system is considered

∂a+µ

∂τ
= −(1 + iζµ − 2i |a0|2)a+µ + ia2

0a
∗
−µ (3.52)

∂a∗−µ
∂τ

= −(1− iζµ + 2i |a0|2)a−µ − ia∗20 a−µ (3.53)

with eigenvalues:

λ = −1±
√
|a0|4 − (ζµ − 2 |a0|2)2 (3.54)
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The threshold of the parametric frequency convertion [86], at which the

gain of the sidebands excited is equal to the cavity decay rate, is

Pth =
κ2n2

0Veff
8ηω0cn2

(3.55)

and the gain of the sidebands [88], for Ppump > Pth, can be written as

G =

√
κ2(

Pabs
Pth

)2 − 4

(
ω0 − ωp + µ2D2 − κ

Pabs
Pth

)2

(3.56)

where Pabs is the power absorbed by the cavity. At threshold (G = κ)

from Eq.(3.56) we can obtain

√
f 2

|a0|2 − 1
− d2µ

2
th + |a0|2 −

√
|a0|4 − 1 = 0 (3.57)

The relative mode number difference of the primary sidebands is

µth =

√√
f 2 − 1 + 1

d2
=

√√√√ κ

D2

(√
Pin
Pth
− 1 + 1

)
(3.58)

and the minimum µth,min =
√
κ/D2, achievable when Pth = Pin, depens

only on the decay rate κ and the second order dispersion D2. The same

parameters we can derive for the generation of secondary sidebands (µ
′′

and

µ
′′′

) via a non-degenerate four-wave mixing process of the pump (µ = 0) and

the primary sideband µ
′

starting from a set of equation analogous to (3.52)

and (3.53):

∂aµ′′

∂τ
= −(1 + iζµ′′ − 2i |a0|2 − 2i

∣∣aµ′ ∣∣2)aµ′′ + 2ia0aµ′a
∗
µ′′′

(3.59)

∂a∗
µ′′′

∂τ
= −(1− iζµ′′′ + 2i |a0|2 + 2i

∣∣aµ′ ∣∣2)a∗
µ′′′
− 2ia∗0a

∗
µ′
aµ′′ (3.60)

where the influence of other excited lines is neglected. These frequency

combs result to be useful in application where high repetition rate and
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(>10GHz spacing between lines) and high power per line (>100µW) is desir-

able, such as spectrometer calibration [89], spectroscopy [90] and telecomuni-

cation [91]. The theory of generation of frequency combs in silica microsphere

has been described in 2010 by Chembo et al. [87].

3.4 Article 1: Stimulated anti-Stokes Raman

scattering resonantly enhanced in silica

microsphere

3.4.1 Abstract

Efficient stimulated anti-Stokes Raman scattering has been observed in silica

microspherical resonators pumped by CW laser. This process is observed in

the normal dispersion regime. The lack of correlation between stimulated

antiStokes and Stokes scattering spectra indicates that the signal has to be

resonant with the cavity.

3.4.2 Introduction

Stimulated nonlinear optical processes, including Brillouin and Raman scat-

tering, have been observed at ultralow threshold powers in whispering gallery

mode silica microresonators [92, 94],crystalline microresonators [95, 97],polymer-

coated silica microresonators [135] and in liquid microdroplets [99, 103].Stimulated

anti-Stokes Raman scattering (SARS) have been observed in single-component

microdroplets with strong Raman gain [104] and from minority species in

multicomponent microdroplets with low Raman gain [105], in the latter,

external seeding at the Stokes frequency was used to enhance the SARS sig-

nal. Stimulated Raman scattering (SRS) and stimulated Brillouin scattering

(SBS) are pure gain processes and, therefore, both processes are automati-
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cally phase-matched. However, SARS does require phase matching, in order

to be efficiently generated and it is threshold less. The nonlinear polarization

of the anti-Stokes wave, PNL
as ,is defined by the relation:

PNL
as = χ(3)E2

PE
∗
Se

i(2kP−kS)z (3.61)

where EP and ES are the amplitude of the pump and Stokes waves, re-

spectively, χ3 the third-order nonlinear susceptibility, and ki are the propa-

gation vectors for the pump, and Stokes waves [104, 105]. Whispering gallery

mode resonators (WGMR) provide huge advantages for SRS generation, es-

pecially ultralow thresholds [92]. Thus, SRS has been extensively observed

and studied in WGMR, but not SARS. SARS, like CARS, is a four-wave

mixing (FWM) process, where the beating frequency between the pump and

the anti-Stokes (or Stokes) waves matches a vibrational transition of the

medium. In this Letter, we present cavity resonantenhanced SARS genera-

tion, multiorder SARS, and third-order nonlinear processes in silica WGMR

at any dispersion value [106, 108]. The cavity-enhanced SARS emission has

a linewidth similar to that of SRS and the pump, and a high-quality mode

[109].

3.4.3 Experimental setup and results

Microspheres can be easily fabricated directly on the tip of a standard tele-

com fiber. In order to obtain micro-spheres below the fiber diameter, we melt

the end of a half-tapered fiber, obtained by heating and stretching the fiber

itself until it breaks. For this purpose, we used a fiber fusion splicer. Using

a sequence of arc discharges, we can fabricate spheres down to about 25µm

controlling their size down to about one percernt of their diameter [110].

The residual fiber stem is mounted on a translation stage with piezoelectric

actuators and a positioning resolution of 20 nm. The diameters of the micro-
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Figure 3.4: Experimental setup.

spheres used in these experiments range from a minimum diameter of about

25 µm up to a maximum diameter of about 160 µm. The corresponding

Q factors are 5 · 106 (linewidth γ = 40 MHz) and 107 (linewidth γ = 20

MHz). The experimental setup is shown in Fig.(3.4). The laser light from a

tunable diode laser (TDL) is amplified with an erbium-doped fiber amplifier

(EDFA) and, after passing a polarization controller, is coupled to the equator

of WGMR by means of a tapered fiber, produced in-house too. The laser is

tuned into a resonance from high to low frequencies, which results in thermal

self-locking [111] of the WGMR mode to the pump laser. SRS, SARS, and

Raman family modes were detected on an optical spectrum analyzer (OSA,

ANDO AQ6317B), directly transmitted by the taper fiber. All experimental

results have been obtained for a similar launched pump power of about 80

mW.

Figure 3.5 shows SARS and the multiorder SRS spectrum of a silica mi-

crosphere of about 25 µm diameter. The pump laser is centered at 1571.8

nm, the first order Stokes component red-shifted by 347 cm−1 approximately,

and the anti-Stokes component blue-shifted by 347 cm−1, corresponding to

one of the higher Raman gain modes of fused silica. The other SARS peak

at 437 cm−1 observed in Figure 2 is not the result of a cascade process, but a

first-order transition corresponding to the Raman gain band centered at 463

cm−1.

The two symmetric sidebands of the anti-Stokes line centered at 437 cm−1
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Figure 3.5: Experimental spectrum of SARS and SRS in a microsphere of 25 µm

diameter.

are the result of a FWM process involving a nonresonant (electronic) χ(3)

[108]. They are centered at 426 cm−1 and 448cm−1. Figure 3.6 shows a

process with equally separated SARS and SRS modes (about 245 cm−1)

for a microsphere of about 40 µm of diameter, pumped at 1544 nm. The

other SRS modes are first-order transitions that correspond to the Raman

bands centered at 463 cm−1 and 790 cm−1, not to cascaded SRS. Similar

results were obtained by pumping a microsphere of diameter ranging from

45 to 98 µm at 1550 nm. It is worth to mention that in our experiments

we measured different frequency shifts that correspond to the four largest

component positions of the Raman gain (ν1= 463 cm−1,ν2= 362.5 cm−1,ν3=

231.25 cm−1, ν4= 497 cm−1)[112].

The above mentioned results have been achieved in the regime of nor-

mal dispersion [113, 106, 107], in contrast with well-established theoretical

models [114, 115], which only predicted FWM and modulation instabilities

in resonators with anomalous dispersion. This occurrence is due to the cav-

ity boundary conditions that introduce an additional degree of freedom: the

frequency detuning of the pump from the eigenmode of the nonlinear res-

44



Chapter 3. Raman scattering and four wave mixing in high-Q
spherical microcavities

Figure 3.6: Experimental spectrum of anti-Stokes–Stokes lines in a microsphere of

40 µm diameter.

onator [106, 116]. The Kerr effect induces a negative nonlinear frequency

shift of about 30 MHz in the position of the resonant frequency in our exper-

iments, whereas the thermo-optic frequency shift is larger. However, these

shifts only change mildly the free spectral range of the resonator [106] and

in consequence the linear dispersion, calculated as the variation of the free

spectral range [117].

Figure 3.7 shows a SARS spectrum from a silica micro- sphere of 85 µm

of diameter. Also in this case, we have observed first-order transitions that

correspond to the Raman bands centered at 362, 497, and 930 cm−1 (large

peaks around 600 cm−1, 750 cm−1 , and 900 cm−1 are due to OSA artifacts).

We also tested larger microspheres, with a diameter of about 160 µm, for

two different pump wavelengths, one at 1553 nm and two at 1537 nm, in the

regime of anomalous dispersion and of compensated dispersion according to

[114].

Figure 3.8. shows an almost continuous comb with a SARS line more

efficient than the corresponding SRS line in the compensated regime.

Figure 3.9 shows the anomalous dispersion regime with the pump centered

at 1553 nm.
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Figure 3.7: Experimental spectrum of a silica microsphere of 85 µm, showing mul-

tiorder SARS. Inset: correspondent SRS family modes.

Figure 3.8: Experimental spectra of a 160 µm diameter: strong anti-Stokes-lasing

Figure 3.9: Experimental spectra of a 160µm diameter microsphere: sparse combs.
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In this regime, three distinct spectral regions can be distinguished: a

SARS family modes, a SRS one, and FWM in the vicinity of the pump.

In these cases, the spectral broadening towards the longer wavelengths is

provided by SRS, and the broadening to the shorter wavelengths is pro-

vided by biharmonic pumping (FWM among the pump and the multiorder

SRS) resulting in SARS. The lack of continuity in all spectra indicates the

nonsolitonic nature of the spectral broadening. Some features of the experi-

mental spectra shown in here (unusually strong anti-Stokes components and

extraordinarily symmetric spectra) cannot be explained by SRS only, mainly

because the SRS gain spectrum is antisymmetric: only the Stokes waves

undergo exponential gain, whereas the anti-Stokes waves are exponentially

absorbed [74]. The anti-Stokes Raman components are known to be coupled

to the Stokes Raman ones [74, 75], even for large dispersion. This coupling

results in the growth of the anti-Stokes wave along the micro-sphere in direct

proportion to the Stokes wave through an effectively phase-matched hyper-

parametric process. For a perfect phase matching condition, each eigensolu-

tion is seen to be an equal combination of Stokes and anti-Stokes components

with a power ratio of one. In the opposite condition, the Stokes and anti-

Stokes components are effectively decoupled.

In an intermediate case, when the phase mismatch gradually deviates

from zero, the ratio between antiStokes and Stokes powers of the first Raman

order is given by the following equation [25]:

Pa
PS

=

∣∣∣∣ γqP

2γqP + β2Ω2

∣∣∣∣2 (3.62)

where P is the cavity build-up pump power, Ω/2π is the frequency shift

between the pump and the first Raman order, β2 is the linear dispersion

calculated as the variation of the free spectral range, γ is the nonlinearity

coefficient and q = (1 − α) + αχ3 = 0.82 + i0.25, is a complex number that

depends on the Raman susceptibility of silica and on the fractional contri-
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Figure 3.10: Pa/PS ratio in log–log scale: experimental (solid black squares) and

calculated values (solid red circles).

bution of the electronic susceptibility to the total nonlinear index [77, 109].

This expression is valid for both regimes, normal and anomalous, as far as

the linear dispersion ∆k = β2Ω2 is large. The values obtained from Eq. 3.62

are in close agreement with the experimental ones, given the uncertainties in

β2 and γ, as it can be seen in Fig. 3.10.

3.4.4 Conclusion

In conclusion, SARS has been observed in silica micro- spheres in the regime

of normal dispersion. SARS is always detected in presence of SRS, and never

in the absence of SRS, in agreement with the theory of Bloembergen and

Shen [118]. SARS intensity is specially enhanced when SARS frequency is

resonant with a cavity mode and phase matched with the pump and the SRS

signal. Resonant SARS and SRS corresponding to different Raman bands

were also observed.
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3.5 Article 2: Generation of hyper-parametric

oscillations in silica microbubbles

3.5.1 Abstract

Cavity resonant enhanced stimulated Raman scattering (SRS), four-wave

mixing, and broadband hyper-parametric oscillation in silica microbubble

whispering gallery mode resonators (WGMR) in forward and backward di-

rections are reported in this Letter. We show that microbubbles can operate

not only in a highly ideal two-photon emission regime, but also generate

combs, both natively and multimode spaced. The nonlinear process is phase

matched because of the interaction of different mode families of the resonator.

3.5.2 Introduction

Whispering gallery mode resonators (WGMR) strongly enhance light-matter

interactions because of their extraordinarily high quality factors and small

mode volumes. Based on these unique properties, a huge variety of nonlinear

optical processes has been observed in WGMR [143, 120, 121]. Coupling

conditions also play a very important role in favoring one type of nonlinear

process over another [88]. Pure gain processes, such as stimulated Brillouin

scattering (SBS) and stimulated Raman scattering (SRS), are automatically

phase matched [74, 100, 145]. SBS bulk gain is much greater than SRS gain;

however, SBS is difficult to observe in WGMR, mainly because of the fact that

there could be no whispering gallery mode (WGM) present at the Brillouin

offset to support the Stokes component [122, 123]. SRS is then the easiest

nonlinear process related to third-order susceptibility χ3 to be generated in

WGMR [108]. It often competes with optical (hyper)-parametric oscillations,

such as four-wave mixing (FWM), which has a higher gain but stringent

phase matching conditions [88, 92]. This constraint could limit the spectral
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band of the parametrical oscillations. Usually, the phase matching condition

can be obtained by using higherorder modes [120, 121] or WGMR with huge

tuning ranges, such as microbubble and microbottle resonators [124, 125,

126]. In this Letter, we present cavity resonant enhanced SRS, FWM, and

broad hyper-parametric oscillation in silica microbubble resonators (MBR)

in forward and backward directions. Here, all nonlinearities are related to the

third-order susceptibility χ3 because of the inversion of symmetry that silica

exhibits. The observed Raman anti-Stokes spectrum shows two sidebands

that resemble that of modulation instability [96].

3.5.3 Experimental setup and results

The MBRs were fabricated from slightly pressurized silica capillaries using a

modified fusion splicer, where the electrodes could rotate by 360◦ to obtain

uniform heating of the capillary. The detailed fabrication and characteriza-

tion procedure can be found in [125, 61]. Figure 3.11(a) shows an optical

image of a MBR fabricated with this method, which was created from a cap-

illary with an ID of 200 µm OD of about 280 µm (Postnova Z-FSS200280

capillary).

The diameters of the microbubbles used in these experiments range from

a minimum diameter of about 420 µm to a maximum diameter of about 475

µm with wall thicknesses ranging from 3 to 4 µm 0.5 µm. The Q values were

obtained by measuring the resonance linewidth of the excited WGM modes.

The corresponding quality factors Q are about 3.5x107 [Fig.3.11(b)].The ex-

perimental setup is shown in Fig. 3.11(c). The laser light from a tunable

diode laser (TDL) is amplified with an erbium doped fiber amplifier (EDFA),

and, after passing an attenuator (ATT) and a polarization controller (PC),

is coupled to the equator of a MBR by means of a tapered fiber, produced

in-house, too. The laser is tuned into a resonance from high to low frequen-

50



Chapter 3. Raman scattering and four wave mixing in high-Q
spherical microcavities

Figure 3.11: (a) MBR with OD ∼475 µm and wall thickness ∼4 µm, created from

a capillary with ID ∼200 µm and OD ∼280 µm. (b) Resonance

spectrum of MBR. The red line is the Lorentzian fit of a resonance.

(c) Experimental setup.

cies, which results in thermal self-locking [111] of the WGMR mode to the

pump laser. A splitter at the end of the taper sends part of the signal into

an optical spectrum analyzer (OSA) and part to a photo-detector and oscil-

loscope (TEKTRONIX). The backward directed spectra have been collected

through a circulator (CIRC) placed at the input of the taper, after the polar-

ization control. SRS, Raman family modes, FWM, and combs were detected

on an OSA (ANDO AQ6317B), directly transmitted by the taper fiber. The

maximum launched pump power is about 80 mW. Figure 3.12(a) shows a

degenerate FWM of the laser pump in a MBR with a diameter of about 475

µm, coupled into the forward direction of the tapered fiber. It can be seen

that the idler–signal emission ratio is near unity. The pump wavelength is

centered at 1558,4 nm, the idler at 1557,3 nm, and the signal at 1559,5 nm.

The signal and idler are spaced by twice the free spectral range (FSR).

51



Chapter 3. Raman scattering and four wave mixing in high-Q
spherical microcavities

Figure 3.12: (a) Experimental spectrum measured for a microbubble with a di-

ameter of about 475 µm. It shows a FWM parametric oscillation at

1558,4 nm; the signal and idler are spaced by twice the FSR (2 x 1.1

nm). (b) Experimental spectra of a 475 µm diameter MBR with a

frequency offset of one FSR. Inset: experimental spectra of the same

microbubble with a frequency offset of 5 FSR.
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By increasing the pump power and/or slightly tuning the pump wave-

length, cascaded FWM can occur. Figure 3.12(b) shows two examples of a

regime where multiples of FSR have been selected as preferential sidebands.

We have realized a “Type I” comb [127], or a natively mode spaced comb

[85] with sidebands separated by one FSR [Fig. 3.12(b)], and, by tuning the

pump frequency, a “Type II” [127], or multimode spaced comb [85] with side-

bands, separated from the pump by several FSR [Fig. 3.12(b) inset]. Figure

3.12(b) shows a sparse hyper-parametrical oscillation with a frequency offset

at one FSR when the MBR is pumped at 1560,34 nm (Type I), whereas the

inset shows an oscillation with two pairs of frequency side bands centered at

1552,13 nm with a frequency offset at 5 times the FSR (Type II). In the Type

I comb, there are more anti-Stokes than Stokes frequencies. The Stokes line

in the inset of Fig.3.12(b), centered at about 1580 nm, is a first-order tran-

sition that corresponds to the Raman band centered at 100 cm−1 and does

not have a corresponding anti-stokes line. Stimulated anti-Stokes Raman

Scattering (SARS) intensity is specially enhanced when SARS frequency is

resonant with a cavity mode and phase matched with the pump and the SRS

signal [128]. Figure 3.13 shows an aperiodic, but broader, hyper-parametrical

oscillation centered at 1552,64 nm in the backward direction.

The FWM pairs in the vicinity of the pump are separated by one FSR;

different SRS family modes are generated at about 14 THz from the pump

and an intensity envelope around the anti-Stokes frequencies which resembles

a modulation intensity. [96] In this case, the anti-Stokes side of the spectrum

is denser than the Stokes side. This result is similar to that obtained in

[121], where it was explained that the probability of optimal conditions for

the FWM increases in the blue side of the spectrum because of the increase

of the Q-factor and the WGM density in that side of the spectrum. The

left inset of Fig. 3.12 shows the details of the anti-Stokes comb around 1508

nm. In this case, the intensity of the antiStokes component is high enough to
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Figure 3.13: Aperiodic hyper-parametric oscillation with different spacing; FWM

in the vicinity of the pump spaced by azimuthal FSR, SRS family

modes, and intensity envelope spectrum at anti-Stokes frequency. In-

sets: (left) anti-Stokes frequency comb spectrum with a frequency

offset of twice the FSRp(1 x 0,12nm),and (right) SRS family modes

separated one FSRp.
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generate its own parametrical oscillation, with a separation smaller than the

FSR of the cavity. This can be explained by the geometrical characteristics

of a MBR. MBRs are spheroidal WGM resonators with quite dense spectral

characteristics [126]. A spheroidal WGMR has two nearly equidistant mode

families characterized by their respective azimuthal (characterized by the

quantum number l) and vertical (characterized by the quantum number p)

FSR [124, 128]. The vertical FSR is proportional to the azimuthal FSRl in

the following way: FSRp = FSRl(R − r)/r where R and r are the semi-

axes of the spheroid, being r < R the shorter semi-axis of the spheroid

[129, 121]. The Stokes components are not single SRS laser lines, but a set

of different lines separated by one FSRp, which is about to 0,12 nm (right

inset of Fig. 3.13). Based on the presence of FSR , we assume that these

mode families (same azimuthal, but different vertical quantum number) have

a good spatial overlap and interaction among them, giving as a result of their

interaction, different frequency spacing and an asymmetric spectrum [121].

We have evaluated the second-order dispersion of the MBR for both radii

at the wavelength of interest as the variation of the FSR. We have used

an expansion from Gorodetsky and Fomin [130] to numerically calculate the

geometric dispersion in a cold spheroid. Gorodetsky and Fomin used a quasi-

classical method and obtained the following approximation for the resonant

frequencies ν:

ν(l) =
c

2πRn

[
l − αq

(
l

2

) 1
3

+
2p(R− r) +R

2r
− χn√

n2 − 1
+

+
3α2

q

20

(
l

2

)− 1
3

− αq
12

(
2p(R3 − r3) +R3

r3
+

2nχ(2χ2 − 3n2)

(n2 − 1)
3
2

)(
l

2

)− 2
3

]
.

(3.63)

where p is the vertical quantum number, l is the azimuthal quantum

number, q an integer mode index (q = 1 for the fundamental mode family),
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Figure 3.14: Total dispersion of a cold MBR for two different radii: 210 (red) and

237.5 (blue) µm.

αq are the negative qth zeros of the Airy function (α1 = −2.34 is the first zero

of the Airy function), n is the refraction index for fused silica (n = 1.45),

and χ = 1 for quasi-TE modes and χ = 1/n2 for quasi-TM modes. The

geometrical dispersion is normal and large, with values of several hundreds

of kHz. However, the material dispersion is quite large at the wavelengths

considered in this Letter. We calculated the refractive index that is frequency

dependent using the Sellmeier equation for silica. The total dispersion is

anomalous and large, also with values of several hundreds of kHz. Figure

3.14 shows the calculated total dispersion for two cold MBRs used in this

work, one with a diameter of 420 µm and the other one for the diameter of

475 µm.

The Kerr effect induces a negative nonlinear frequency shift that can be

calculated from

∆νres ≈ −νres
n2

n2

c

4π2RAeff

N

γ
Pin (3.64)

where n2 is the nonlinear refractive index (n2 is 2.2× 10−20m2 W−1 Aeff

is the effective area, γ is the linewidth of the resonance, N is the peak power

enhancement, and Pin in for silica), Aeff is the launched power into the MBR.
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Figure 3.15: Experimental spectrum of a 420 µm MBR showing different SRS lines

in the forward direction.

In our experiment, the Kerr shift is about 300 MHz for a 475 µm diameter

MBR without peak power enhancement. The total variation induced into

the dispersion will be about 600 Hz into a dispersion of about 500 kHz (Fig.

3.14). The thermo-optic effect will induce larger shifts, but these effects will

change mildly the FSR [86], and, in consequence, the linear dispersion that

is calculated as the variation of the FSR. For a MBR of about 420 µm of

diameter, the only nonlinear phenomenon observed was SRS (Fig. 3.15). In

this case, the separation between the pump and the SRS line is about 110

nm which corresponds to the 460 cm−1(13.5 THz) line of the silica Raman

gain [131].

Even though it has been proved that, in smaller resonators, SRS com-

petes with FWM [132], we think that in the 420 µm resonator the coupling

condition is responsible for the decrease of FWM efficiency. The difference

between the two diameters is too small in our case to have important changes
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in the density of the modal spectra. Dispersion is also so similar between the

two MBRs that it is difficult to favor one regime over the other.

3.5.4 Conclusion

We have observed a variety of nonlinear processes related to the third-order

susceptibility χ3 such as SRS, FWM, and frequency combs in silica microbub-

ble resonators when pumped with a CW laser. The repetition rate of the an-

tiStokes frequency comb is not an integer number of the FSR, indicating the

interaction of family modes with the same azimuthal number l and different

polar order. Different from [132], we have not observed the anchorage of the

first sideband close to the pump, in correspondence to the mode crossing.

For these reasons, we have excluded linear mode interaction or mode cou-

pling [133, 134]. The hyper-parametric oscillations are much broader than

the only case published up to now [135]. The results obtained here can pave

the way for molecular spectroscopy, active sensing, and last, but not least,

generation of quantum correlated photon pairs at room temperature.
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Optical Frequency Conversion

in silica microspheres

4.1 Third order sum frequency and third har-

monic generation

Third-order sum-frequency generation (TSFG) has been studied in WGM

structures, in particular in liquid droplets, starting from 1989 [136, 137, 138].

TSFG is a weak process, even when condictions are optimized the emission is

only 10−4 times as strong as the SRS. A model for TSFG in spherical dieletric

micoresonators can be based on the work of Chew et al [139] for emission

from a polarization source whithin a sphere.

TSFG results from the nonlinear polarization [140]:

PNLS(r, ω) = χ(3)Ea(r, ωa)Eb(r, ωb)Ec(r, ωc) (4.1)

where χ(3) is the third-order susceptibility of the hosting material and

E(ωi) is the electric field amplitude at frequency ωi. Energy conservation

requires that ωTSFG = ω1 + ω2 + ω3. A particul case of TSFG is the third-

harmonic generation (THG) in which the three input frequencies are degen-
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erate and so ωTGH = 3ω1.

The polarization in (4.1) can be written as

PNLS(r, ω) = D
∑
jkl

χ
(3)
ijklEa(r, ωa)Eb(r, ωb)Ec(r, ωc) (4.2)

where j, k, l are the three orthogonal coordinate directions and D is the

number of distinct permutation of ωa, ωb and ωc. Being silica an isotropic

material only three indipendent elements can be considered

χijkl = χ1122δijδkj + χ1212δikδjl + χ1212δilδjk (4.3)

In spherical coordinates (r, θ, ψ), for the transverse electric field (TE)

in a sphere, the radial component is zero and so the θ component of the

polarization PNLS(r, ω) can be written as

PNLS
θ = χ

(3)
1111(EaθEbθEcθ) + χ

(3)
1122(EaθEbφEcφ)+

χ
(3)
1212(EaφEbθEcφ) + χ

(3)
1221(EaφEbφEcθ) (4.4)

where χ
(3)
1111 = χ

(3)
1122 + χ

(3)
1212 + χ

(3)
1221. In the simplest case of THG χ

(3)
1122 =

χ
(3)
1212 = χ

(3)
1221 and so

χ
(3)
ijkl = χ

(3)
1122(δijδkj + δikδjl + δilδjk) (4.5)

and the θ component of the polarization is

PNLS
θ = 3χ3

1122(E3
aθ + EaθE

2
aφ) (4.6)

The radiations generated by the polarization PNLS(r′, ω), where r′ is the

source position, induce additional fields which have to satisfy the boundary

conditions at the surface of the sphere. If E(r, ω) are assumed to slowly vary

in time, the total power radiated from the sphere can be written
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P (ω) =
c

8πk2

∑
n,m

[∣∣∣∣fn ∫ aE(n,m)d3r′
∣∣∣∣2 +

∣∣∣∣gn ∫ aM(n,m)d3r′
∣∣∣∣2
]

(4.7)

where

fn =
i/kta

n(ω)2jn(kta)
[
xh

(1)
n (x)

]′
− h(1)

n (x) [ktajn(kta)]′
(4.8)

gn =
i/kta

jn(kta)
[
xh

(1)
n (x)

]′
− h(1)

n (x) [ktajn(kta)]′
(4.9)

in which jn and h1
n are the spherical Bessel and Hankel functions and the

primes ′ indicate differentiation with respect to the argument. a is the sphere

radius, n(ω) is the refractive index at ω, x = ωa/c is the size parameter and

kt is the wave number inside the sphere. The amplitude factor is given by

∫
aE(n,m)d3r′ = 4πk2

∫
PNLS(r′, ω)∇′× [jn(ktr

′)Y∗nnm(θ′, φ′)] d3r′ (4.10)

∫
aM(n,m)d3r′ = 4πik3

∫
PNLS(r′, ω)jn(ktr

′)Y∗nnm(θ′, φ′)d3r′ (4.11)

where Ynnm(φ, ψ) is the vector spherical harmonic

Ynnm(θ, φ) = −i/ [n(n+ 1)]1/2 r×∇Ynm(θ, ψ) (4.12)

in which

Ynm(θ, φ) =

[
(2n+ 1)(n−m)!

4π(n+m)!

]1/2

Pm
n (cosθ)e(imφ) (4.13)

with the associated Legendre function Pm
n (cosθ).

If the three waves generating the TSFG are standing-waves then the out-

put is also a standing wave. The SRS fields (TE) can be written as
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Es(r, ωs) = Agnjn(ktr) [Ynnm(θ, φ) + Y∗nnm(θ, φ)] /2 (4.14)

where A is the amplitude factor proportional to
√
ISRS and they are

labeled ns and ms with s is a, b and c. The power radiated into TE output

mode, labeled n3,m3 is

P (ω) =
c

8πk2

∣∣∣∣gn3(ω)

∫
aM(n3,m3)d3r′

∣∣∣∣2
= 2πck4 |gn3(ω)|2

∣∣∣∣∫ χ(3)

[
Aagna(ωa)jna(kar

′)
Ynanama + Y∗nanama

2

]
×
[
Abgnb(ωb)jnb(kbr

′)
Ynbnbmb + Y∗nbnbmb

2

]
×
[
Acgnc(ωc)jnc(kcr

′)
Yncncmc + Y∗ncncmc

2

]
jn3(ktr

′)Y∗n3n3m3
d3r′

∣∣∣∣2 (4.15)

Obtaining the total power at ω requires the integration over all ω

P T
n3m3

=

∫ ∞
0

Pn3m3(ω)dω (4.16)

Finally, separatating the radial and angular contributions the power in-

tegrated over ω becomes

P ∗n3m3
= 2πck4A2

aA
2
bA

2
c

∣∣∣∣∫ a

0

jna(katr
′)jnb(kbtr

′)jnc(kctr
′)jn3(ktr

′)r′2dr′
∣∣∣∣2

×
∣∣∣∣∫ [χ3

(
Ynanama + Y∗nanama

2

)(
Ynbnbmb + Y∗nbnbmb

2

)(
Yncncmc + Y∗ncncmc

2

)]
Y∗n3n3m3

dΩ
∣∣2 ∫ ∞

0

∣∣∣∣∫ ω

ωb=0

∫ ω

ωa=ω−ωb
gna(ωa)gnb(ωb)gnc(ωc)dωadωb

∣∣∣∣2 |gn3(ω)|2 dω.

(4.17)

The TSFG power is proportional to the spatial overlap integrals as well

as to a frequency overlap integral. The spatial one is over the sphere volume

for the product of the fields of TSFG mode and the three generating modes.
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4.2 Article 3: Optical Frequency Conversion

in Silica-Whispering-Gallery-Mode Micro-

spherical Resonators

4.2.1 Abstract

High quality factor whispering-gallery-mode microresonators are ideally suited

for nonlinear optical interactions. We analyze, experimentally and theoret-

ically, a variety of χ(3) nonlinear interactions in silica microspheres, con-

sisting of third harmonic generation and Raman assisted third order sum-

frequency generation in the visible. A tunable, room temperature, cw mul-

ticolor emission in silica microspherical whispering-gallery-mode microres-

onators has been achieved by controlling the cavity mode dispersion and

exciting nonequatorial modes for efficient frequency conversion.

4.2.2 Introduction

Whispering-gallery-mode resonators (WGMR) play an extremely important

role in modern optics, being fundamental not only in many laser devices, but

also as tools for very accurate frequency measurements and for nonlinear op-

tics experiments as frequency conversion [142, 143]. The extraordinary high

quality factors, up to 1011, and the small volume modes make them an ideal

device for shaping and enhancing light-matter interactions [88, 144]. Non-

linear wave generation at low power continuous wave (cw) is still one of the

biggest challenges in nonlinear optics. Whispering-gallery-mode microres-

onators (WGMR) can be exploited for cw nonlinear frequency conversion due

to their properties mentioned above. However, the high circulating intensi-

ties inside the WGMR are not a sufficient condition for efficient harmonic

generation, parametric and hyperparametric oscillations: it requires fulfilling
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phase and mode matching and energy conservation conditions [145, 57]. In

the case of WGMR made of silica glass, which exhibits inversion of symmetry,

second order nonlinear interactions are forbidden. Here, the elemental non-

linear interaction is due to third order susceptibility χ3 effects, in which four

photons are coupled. Previous work in this area, however, focuses on toroidal

WGMR where most of the excitable modes are constrained to be the equato-

rial ones [146] or highly nonlinear materials [145, 147]. Efficient generation of

visible light via third order sum-frequency generation (TSFG) or four wave

mixing (FWM), and third harmonic generation (THG) in silica microspheres

has not been effectively explored up to now. In this Letter we demonstrate

tunable optical harmonic generation with extremely narrow linewidth in sil-

ica microspheres. The selection rules for silica microspherical WGMR have

been obtained systematically taking into account spatial, radial, and angular

mode overlaps and material and resonator dispersion profiles. This research

is aimed to develop a room-temperature cw miniaturized visible laser source,

tunable and narrow lined to study the possibility of using optical hyperpara-

metrical oscillations for nonclassical light generation [147] and for developing

interdisciplinary applications such as lab-on-a-chip biosensors. In the most

general case of TSFG, three different waves interact with a nonlinear medium

to generate a fourth wave of different frequency (ωTSFG = ω1 + ω2 + ω3 ).

If the three input frequencies are degenerate, it will result in THG. In this

case the energy conservation requires ωTHG = 3ω1. The additional phase

matching condition requires n(ωTHG) = n(ωp), which in general can be ful-

filled, as linear and nonlinear dispersion can be compensated for by the dense

distribution of degenerate WGMs with different polar number and decreas-

ing effective index neff = m/kR[149]. In a WGMR, an additional boundary

condition leads to a strict value for the resonant frequency, which may be

in conflict with the strict energy conservation, meaning that ωTSFG or ωTHG

is out of resonance. The total TSFG power P T emitted is proportional to
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the overlap of the WGM eigenfunctions [Eq. (1)] [140]. These eigenfunctions

are characterized by radial, azimuthal, and polar numbers, n, l,m and they

are expressed, in spherical geometry, as a product of the spherical Bessel

function jl(knr) and spherical harmonics Ylm(θ, ψ).

P T ∝
∣∣∣∣∫ R

0

jl1(knlr)jl2(kn2)jl3(kn3r)j
∗
l (knr)r

2dr

∣∣∣∣2
×
∣∣∣∣∫ (χ3Yl1m1Yl2m2Yl3m3)Y ∗lmdΩ

∣∣∣∣2 (4.18)

4.2.3 Experimental setup and results

Microspheres can be easily fabricated directly on the tip of a standard telecom

fiber. In order to obtain microspheres below the fiber diameter we melt the

end of a half-tapered fiber, obtained by heating and stretching the fiber itself

until it breaks. For this purpose we used a fiber fusion splicer. Using a

sequence of arc discharges we fabricated spheres down to about 25 µm in

diameter controlling their size down to about 1% of their diameter [110].

The residual fiber stem is mounted on a translation stage with piezoelectric

actuators and a positioning resolution of 20 nm. The experimental setup is

shown in Fig. 4.1.

The light from a tunable diode laser (TDL) is amplified with an erbium-

doped fiber amplifier (EDFA) and after passing a polarization controller is

coupled to the WGMR by means of a tapered fiber, also produced in-house.

The laser is tuned into a resonance from high to low frequencies, which results

in thermal self-locking [111] of the WGMR mode to the pump laser. THG

and TSFG signals were detected on an optical spectrum analyzer (OSA) or

a spectrometer by collecting with a multimode fiber (MMF, 50 µm core,

0.2 NA), without coupling optics, the light scattered from the microsphere.

Though the taper is not mode matched in the visible, a small portion of the

65



Chapter 4. Optical Frequency Conversion in silica microspheres

Figure 4.1: Scheme of the experimental setup. TDL: Tunable diode laser; EDFA:

Erbium doped fiber amplified; Att: Attenuator; S: Splitter (95:5),

DET: photodiode detector; MMF: multimode fiber; OSA: Optical

Spectrum Analyzer; Scope: Oscilloscope.

signal is also coupled to the taper output and monitored on an OSA. A 3 dB

splitter with one arm ending on a detector connected to an oscilloscope allows

locating the resonance positions while scanning the laser. In order to fulfill

the energy conservation condition we had to select the proper sizes for the

microspheres. The geometrical dispersion for the fundamental WGM can be

obtained by semi-analytical calculations [150]. We included linear material

dispersion and calculated the optimum size of the spherical WGMR in which

the dispersion is compensated, and the frequency mismatch ∆ν = 3νp−νTHG
is close to zero. Indeed, Fig.4.2 shows the calculated linear dispersion for

THG for the fundamental WGM modes defined as ∆νWGM = (νWGMp −

νWGMTH/3), i.e., the difference between the resonance position at the pump

frequency and the closest resonance around the corresponding TH frequency

divided by three. The dispersion curve is calculated in the range 25–40 µm for

the sphere ray. We considered this range as a good compromise for keeping

a high-Q (around 107: in fact the Q value decreases with microsphere size

because of scattering [151]) and having at the same time high power density

(cavity buildup factor and mode areas both decrease with R, so the intensity

decreases with R [92]). Then, taking into account that the pump wavelength

bandwidth is limited by the erbium gain band (1530–1570 nm), we obtained
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Figure 4.2: Difference between the resonance position at the pump frequency (in

the range of the erbium gain bandwidth) and the closest resonance

around the corresponding TH frequency (divided by 3). The dispersion

is calculated for the fundamental WGMs only and shows a set of ranges

for which we have an optimal match (∆νWGM = 0).

a set of ray ranges for which we have an optimal match (∆ν=0). Figure 4.2

shows an oscillatory behavior of ∆ν vs microsphere size, and therefore there

are only certain ideal sphere diameters for which ∆ν is less than the sum of

their individual linewidths [140]. We focused our experiment on the range

between 28 and 29 µm.

The inset graph in Fig. 4.3(a) shows a typical emission spectrum with

the THG signal occurring at 519.6 nm for a resonant pump wavelength of

1556.95 nm in a microsphere of 57±1 µm in diameter. We collected the THG

signal scattered by the WGMR with a MMF (without coupling optics) for

the pump power dependence measurements.

The scattered visible light shows a cubic dependence on the launched

pump power, as shown in Fig. 4.3(a) (TH power versus 5% of the launched

power measured after the splitter (see Fig. 4.1)). Tuning the THG signal is
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Figure 4.3: (a) Measured power of the generated TH signal versus the 5% of the

pump power, under 1556.9 nm pumping (log-log scale), revealing a cu-

bic dependency as expected for THG. The red line corresponds to the

linear fit (slope 3.1 ±0.12, R=0.99). The inset graph shows the emis-

sion spectrum indicating THG at 519.6 nm when pumping at 1556.9

nm, whereas the inset picture was taken during the spectral measure-

ments. (b) Measured TH signal for different pump wavelengths in the

erbium band gain of the EDFA.).
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possible by varying the pump wavelength in the range of the erbium band gain

of the EDFA. In Fig. 4.3(b) we show three different TH wavelengths obtained

in different microspheres by changing the pump wavelengths. The measured

THG wavelengths showed a deviation comparable with the resolution of the

optical spectrometer. In these cases, THG was observed without SRS (or

FWM), demonstrating that under phase-matching conditions THG is en-

hanced in comparison with other nonlinear phenomena. In fact, TH power

scales with (Qp)
3QTH/V

2 , whereas other nonlinear competing phenomena

scale with lower powers of Q/V [152] and SRS scales with QpQSRS/V . Our

experiments were performed with a maximum launched pump power (Pp)

of about 80 mW, and the corresponding maximum THG signal (PTH ) was

about 1 µW for scattered [see the inset graph of Fig. 3(a)] and about 0.1

µW for fiber guided THG signal (the taper is not phase matched in the vis-

ible). Thus, our maximum conversion efficiency η(PTH/Pp) is in excess of

10−5( 10−6 for fiber guided TH signal). This value represents an increase

of 6 orders of magnitude over that reported in a ring resonator [153]. The

inset picture of Fig. 4.3(a) shows a THG signal codirectional with the pump

(light in the taper is coming from the left), as expected [138]. For high

pump powers, other nonlinear processes are observed in the IR region, such

as stimulated Raman scattering (SRS) and cascaded SRS. Lasing through

SRS and cascaded SRS exhibit a clear threshold [145, 212, 154] and a linear

behavior with the pump power. In the presence of these phenomena, we have

also observed TSFG in the visible, obtaining multicolor emission by tuning

the pump wavelength: red, orange, yellow, and green. Figure 4.4 shows the

measured spectra for each different color and the corresponding microscope

picture of the microsphere. In the inset pictures of Fig.4.4, the TSFG signals

are standing waves, since the sum involves only SRS fields. In these cases,

the pump was high enough to generate several orders of Stokes Raman lines

and Raman combs. TSFG and THG can also happen simultaneously. Figure
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Figure 4.4: Emission spectra indicating third order sum frequency generation

among the pump wavelength and the cascaded Raman lines. (a) Left:

at 1568.4 nm pump wavelength, emission at 537.24 nm; right: at 1567

nm pump wavelength, with emission at 578.76 nm; (b) Left: at 1553

nm pump wavelength, emitting at 592 nm; right: at 1568.4 nm pump

wavelength, with emission at 625 nm. The spectra shown in (a) have

been taken with an OSA, and in (b) with a handheld spectrometer.

The inset pictures show standing waves.

70



Chapter 4. Optical Frequency Conversion in silica microspheres

Figure 4.5: Emission spectra indicating third harmonic and third order sum fre-

quency generation among the pump wavelength at 1554.4 nm at 1665.4

nm, with THG emission at 519.24 nm and TSFG at 531.5 nm. The

inset picture shows a traveling wave.

4.5 shows the spectrum with two lines, one at 519.2 and one at 531.5 nm,

the THG signal of the pump laser and the TSFG signal of the pump laser

and a Raman line (ωTSFG = 2ωp + ωSRS).

In this case, the TSFG is a traveling wave, since the nonlinear polarization

involves the pump laser (inset of Fig. 4.5). The lines are separated by 13

THz. As can be clearly seen from all the above inset pictures, we have

experimentally observed that higher order polar modes (l− | m |> 1) have to

be excited, with the coupling taper placed far from the equatorial plane (see

inset of Fig. 4.3) in a region corresponding to the intensity peaks of these

modes [149]. These modes not only allow the phase matching conditions

to be fulfilled and compensate dispersion, as previously stated, but they

also provide improved mode matching which is also required for efficient

TSFG/THG. We recall that TSFG power is proportional to the overlap of
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Figure 4.6: (a) Intensity distribution of the pump mode, (b) intensity distribution

for the THG mode, and (c) overlap of the nonlinear polarization and

the electric field distribution of the THG mode. The color bar indicates

the relative intensities in arbitrary units.

the WGM eigenfunctions [see Eq. (4.18)] and, for the degenerate case of

THG, the total power is proportional to the overlap of the cubic power of

the pump field with the corresponding TH field. Figure 4.6 distribution in a

microsphere with a radius of 29 µm for the pump mode [Fig. 4.6(a)] and the

THG mode [Fig.4.6(b)]; and the overlap [Fig. 4.6(c)] between the nonlinear

polarization and electric field distribution of the THG for a specific example

of a well matched mode.

A good overlap in the regions corresponding to the fields “inversion point”

is observed. The simulations of the optical modes have been done following
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the Mie theory with a homemade program. The pump mode is the first order

mode at 1567 nm (np = 1, lp = 159,mp = 150) and the THG mode is the

first order mode at 522 nm (nTHG = 1, lTHG = 497,mTHG = 450). This case

satisfies the quantum SRS rules for angular momentum composition [143]

and represents a perfect phase match, since the coherence length of a WGM

resonance for THG is infinite for mTHG = 3mp(lcoh = πR/ | mTHG − 3mp |),

and it has the largest angular overlap (lTHG ∼ 3lp) [140].

4.2.4 Conclusion

We observed fiber coupled THG and TSFG in silica microspherical WGMR

for several pump wavelengths within the erbium band gain of the EDFA.

Cavity mode dispersion was controlled by choosing suitable sizes of the silica

microspheres. Phase matching was improved by exciting high order modes

coincident with a particular THG and/or TSFG frequency. In this case, there

is a good spatial overlap of the resonances at the pump frequency and THG

frequency. The THG and pump photons are in the states |nTHGlTHGmTHG〉

and satisfied |nplpmp〉, respectively, and satisfied lTHG ∼ 3lp and mTHG =

3mp. With this work, we have illustrated the great potential of WGMR as

frequency converters for cw compact, room temperature, narrow linewidth,

and tunable sources for lab-on-a-chip biosensors, spectroscopic applications,

and the possibility of generation of nonclassical light.
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Long Period Gratings for new

coupling techniques

5.1 General Properties

The concept of long period fiber grating (LPG) as a periodic refractive index

(RI) perturbation along the axis of an optical fiber, appeared in 1996 [155].

LPGs can be written in all kind of fibers and the techniques available for the

production can be divided in two groups: the ones for permanent gratings

and the ones for reversible gratings [156].

The most common methods to fabricate gratings is to illuminate the

side of a photosensitive and/or hydrogenated fiber with a UV laser, like a

KrF excimer laser [157, 158] or the second harmonic of a CW Ar ion laser

(244 nm)[159]. However, there are several alternative technique that does not

require the fiber to be photosensitive. For instance, by heating a fiber heavily

twisted [160], by periodic etched corrugating cladding [161] or through an

amplitude mask for a He ions beam [162].

In any case, the modulation profile of the radial index can be written as:
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n(z) = n1

{
1 + ω(z)

[
1 + cos

(
2π

Λ
z

)]}
(5.1)

where n1 is the fiber core unperturbated refractive index, Λ is the grating

period and ω(z) is the envelope of the refractive index modualtion. If an

induced index changes δnco(z) is created across the core of a step-index fiber,

n(z) ≈ Γδnco(z) where Γ is the core power confinement factor and nco is the

refractive index of the core. The effective index can be found through an

effective index parameter b, solution of the dispersion relation [163]:

V
√

1− bJl−1(V
√

1− b)
Jl(V
√

1− b)
= −V

√
b
Kl−1(V

√
b)

Kl(V
√
b)

(5.2)

where l is the azimuthal order and V = 2π/λa
√
n2
co − n2

cl is a normalized

frequency, a the core radius and ncl is the refractive index of the cladding.

The effective index and b are related by b = (n2
eff − n2

cl)/(n
2
co − n2

cl) and Γ

can be determinated by

Γ =
b2

V 2

[
1− J2

l (V
√

1− b)
Jl+1(V

√
1− b)Jl−1(

√
1− b)

]
(5.3)

A qualitative picture of the interaction in the system can be obtained, in

the ray optics, starting by the diffraction equation for the incident and the

diffracted light:

n2sinθ2 = n1sinθ1 + q
λ

Λ
(5.4)

where n1 is the RI of the core, n2 is the cladding RI, q is the order of

diffraction, λ is the wavelength of the light, Λ is the period of the diffraction

grating, θ1 is the incident angle and θ2 the diffraction angle (Fig.5.1).

For a transmission grating, the prominent diffraction order is q = −1. By

defining the effective refractive index neff,co = ncosinθ and neff,cl = nclsinθ2,

the Eq.(5.1) can be rewritten as
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Figure 5.1: Illustration of core-cladding mode coupling in a LPG.

λ = (neff,co − neff,cl)Λ (5.5)

The core-cladding mode coupling can be described using a couple mode

theory, assuming uniform RI modulation across the LPG. Due to the mode or-

thogonality, mode coupling occurs only between the same azimuthal mode or-

ders. The ampitude change of the core mode (HE11) and the co-propagating

cladding modes (HE1ν) can be written as:

dAco

dz
= jkco−co11−11A

co + j
∑
ν

m

2
kcl−co1ν−11A

cl
ν exp(−j2δcl−co1ν−11z) (5.6)

∑
ν

[
dAclν
dz

= j
m

2
kcl−co1ν−11A

coexp(j2δcl−co1ν−11z)

]
(5.7)

where Aco is the amplitude of the HE11 core mode, Aclν is the amplitude

of the ν-th order cladding mode. The core-core self coupling coefficinet and

the HE11 −HE1ν coupling coefficient are respectively

κco−co11−11(z) =
ωε0n

2
1σ(z)

2

∫ 2π

0

dφ

∫ r1

0

rdr
(
|Eco

r |
2 + |Eθ|2

)
(5.8)

κcl−co1ν−11(z) =
ωε0n

2
1σ(z)

2

∫ 2π

0

dφ

∫ r1

0

rdr
(
Eν,cl
r Eco∗

r + Eν,cl
θ Eco∗

θ

)
(5.9)

The detuning parameter is

δcl−co11−1ν =
1

2

(
βco11 − βcl1ν −

2π

Λ

)
(5.10)
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where βco11 = ncoeff,11k0 is the propagation constant of the core mode and

βcl1ν = ncleff,1νk0 is the propagation constant for the cladding mode.

By assuming that only one of the cladding modes is near to the resonance

of the core mode and neglecting all other resonances. The analytical solution

for an uniform grating σ(z) = σn1 can be written as

Aco11(L/2) =

[
cos(γcL) + j

σ̂

γc
sin(γcL)

]
Aco11(−L/2) + j

κcl−co1ν

γcsin(γcL)Acl1ν(−L/2)
(5.11)

Acl1ν(L/2) = j
κ

γc
sin(γcL)Aco11(−L/2) +

[
cos(γcL)− j σ̂

γc
sin(γcL)

]
Acl1ν(−L/2)

(5.12)

where

γc =
√
κcl−co1ν−11 + σ2 (5.13)

σ̂ = δcl−co11−1ν +
κco−co11−11 − κcl−cl1ν−1ν

2
(5.14)

κcl−cl1ν−1ν(z) =
ωε0n

2
1σ(z)

2

∫ 2π

0

dφ

∫ r1

0

rdr
(∣∣Ecl

r

∣∣2 +
∣∣Ecl

φ

∣∣2) (5.15)

By imposing the boundary condiction for a LPG (Aco11(−L/2) = 1 and

Acl1ν(−L/2) = 0), the transmission spectrum can be calculated

T =
|Aco11(L/2)|2

|Aco11(−L/2)|2
=
δcl−co211−1ν

γ2
c

sin2(γcL) + cos2(γcL) (5.16)

The maximum loss in the transmission spectrum, at the resonant wave-

length (where the detuning parameter δcl−co11−1ν = 1/2(βco11 − βcl1ν − 2π/Λ) = 0)

is

T 11−1m
min = 1− sin2κ11−1mL (5.17)
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Other two important paramenters are the spectral bandwidth of the co-

propagating resonance [164]:

∆λ

λ
≈ λ

∆nL

(
1 +

4κcl−co1ν−01L

π

)1/2

(5.18)

where ∆n = ncoeff − ncleff , and the the ratio of power coupled into a

particular nth cladding mode to the initial power guided into the core, which

is given by [155]:

P n
cl(L)

P01(0)
=

sin2

[
κL
√

1 +
(
δ
κ

)2
]

1 +
(
δ
κ

)2 (5.19)

where δ is the detuning parameter and κ is the coupling constant κcl−co1ν−01.

5.2 Applications

LPGs have several applications in the comunication and sensing fields. In the

first case, the three most important are probably the band rejection filters

[165], the optical switches [166] and the add-drop multiplexers [167]. From

sensoristic point of view the LPG are very sensitive to the changes of physical

parameters as temperature [168], bending [169], strain [170], torsion [171] and

the refractive index of the surrounding medium [172].

The sensitivity to changing surrouding RI derives from the dependence, of

the phase matching condition, on the effective refractive index of the cladding

mode. ncleff is determinated by the difference between the RI of the cladding

and the one of surronding medium. The greatest sensitivity occurs when

nenvironment ≈ ncladding. Generally the sensitivity increases with the order of

the cladding modes (short periods) [173]. LPGs can be used as detector for

chemical measures of concentration in liquids of sugar [175] or salt [176], as

biosensor [177] and flow sensor [178].
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Figure 5.2: Attenuation bands with interference fringes in the transmission spec-

trum of a cascaded LPG [174].

Due to the variety of application, several variations of LPG have been

employed: LPGs at the phase matching turning point [179], chirped [180],

tilted [181], cascaded [141] and phase shifted LPGs [182].

Our attention has been focusing in particular on the cascaded LPGs which

consist of two identical LPGS written in series along the same section of the

fiber. The first LPG couples some of the light from the core to the cladding.

The light propagates in the free region towards the second grating via the

core and the cladding. Then the cladding mode is coupled back into the

core by the second LPG to form a kind of Mach-Zender interferometer[174].

The light coupled from the cladding into the core at the second LPG, due to

the difference between the effective refractive indices of the cladding and core

modes, experiences a different optical path length compare with the light that

propagate though the core. The interference generates a channeled spectrum,

as show in the solid line of figure 5.2.

The period of the channelled spectrum pattern within the attenuation

bands of the LPG is determinated by the distance between the gratings [183].

The smaller the separation the longer the period. Even the lenght of each
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grating affect the trasmission of the cascated LPG [141]. If d is the grating

length and ∆β is the detuning parameter, the amplitude of the core mode

coupled by the first grating can be calculated from:

A(d)

A(0)
= exp [i(∆β/2)d]

(
cos(sd)− i∆β

2s
sin(sd)

)
(5.20)

where s is defined by s2 = κκ ∗+(∆β/2)2 with κ the coupling coefficient

of the grating. The amplitude of the core mode after the second LPG can

be written as

A(L+ 2d)

A(0)
=

(
cos(sd)− i∆β

2s
sin(sd)

)2

× exp [i∆βd− i(βcore − βclad)(L+ d)]− ακκ∗
s2

sin2(sd) (5.21)

where L is the distance between the gratings, α is the loss on the cladding

mode. The above equation can be rewritten in polar form:

A(L+ 2d)

A(0)
=

[
cos2(sd) +

(
∆β

2s

)2

sin2(sd)

]
exp(iψ) − α

κκ∗
s2

sin2(sd)

(5.22)

where the total phase shift is

ψ = Φin − (βcore − βclad)(L+ d) (5.23)

and

Φin = 2 tan−1

(
−∆β

2s
tan(sd)

)
+ ∆βd (5.24)

is the phase shift within the gratings. The peak of the resulting sinusoidal

interference fringes is obtained when the relative phase is an integer multiple

of 2π. We can get the fringe spacing S by differentiating Eq.(5.23) with

respect to λ
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S =
λ2

∆mind+ ∆mout(L− d)
(5.25)

where in and out mean the value within and out the grating region. The

effective group index is defined as

∆m = ∆neff − λ
d∆neff
dλ

(5.26)

in which ∆neff = ncoeff − ncleff .

It results to be inversely proportonal to the distante between the center

of the gratings and to the difference between the effective group index of the

two modes. Finally the band envelope of the interference fringes are obtained

when the phase factor exp(iψ) = ±1:

Tmin = [Tsing − α(1− Tsing)]2 (5.27)

Tmax = [Tsing + α(1− Tsing)]2 (5.28)

where Tsing = cos2(sd)+(∆β/2s)2sin2(sd) is the transmissivity of a single

LPG calculated as the absolute square of Eq.(5.20).

The cascaded LPG configuration has been used, first of all, for sensing

purposes [184]. A high sensitivity and resolution can be reached when the

fringe pattern is fine enough (narrow bandwidth). If the region between the

two gratings is covered with a material that changes the RI, the channelled

spectrum changes whilst the band envelope remains unchanged [185].
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5.3 Article 4: Long period grating-based fiber

coupler to whispering gallery mode res-

onators

5.3.1 Abstract

We present a new method for coupling light to high-Q silica whispering

gallery mode resonators (WGMs) that is based on long period fiber grat-

ings (LPGs) written in silica fibers. An LPG allows selective excitation of

high-order azimuthally symmetric cladding modes in a fiber. Coupling of

these cladding modes to WGMs in silica resonators is possible when partial

tapering of the fiber is also implemented in order to reduce the optical field

size and increase its external evanescent portion. Importantly, the taper size

is about one order of magnitude larger than that of a standard fiber taper

coupler. The suggested approach is therefore much more robust and use-

ful especially for practical applications. We demonstrate coupling to high-Q

silica microspheres and microbubbles detecting the transmission dip at the

fiber output when crossing a resonance.

5.3.2 Introduction

High-Q whispering gallery mode (WGM) microresonators, with their long

cavity lifetime and small mode volumes, strongly enhance light-matter in-

teractions and are extensively exploited both for fundamental studies and

for practical applications [149, 186]. A critical point is the implementation

of an efficient and controllable coupling of the light to the cavity modes.

The best approach relies on phase-matched evanescent-field coupling and

requires some overlap between the evanescent field of the WGM and that

of the coupler [52]. The devices most commonly used to inject light into
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a WGM microresonator are either prisms [49], or waveguides, such as inte-

grated waveguides [188, 189], and tapered optical fibers [190]. Fiber tapers

are used for lab demonstrations in nonlinear optics, both with silica based

micro-resonators [191] and with low-index crystalline disks [192]. Indeed, sil-

ica fiber biconical tapers are excellent and easy-to-align coupling tools that

offer great flexibility for an ideal phase- and mode-matching to the resonator

modes. Additionally, add–drop configurations with an input and an output

taper can be efficiently implemented for different applications like filtering

[193] or sensing [194]. The appropriate taper waist can be as small as 1

µm in diameter, with the fundamental mode extending significantly into the

free space surrounding the taper. However, a critical point for these fiber

couplers is the fact that the tapered region is very thin and therefore very

fragile and easy to deteriorate. We demonstrate a new method for coupling

light from high-order fiber-cladding modes to high-Q silica WGMs in silica

resonators. The approach is based on a long period fiber grating (LPG) fol-

lowed by an adiabatically tapered section of the fiber, which is about one

order of magnitude thicker than that of standard fiber tapers, and therefore

much more robust. An LPG is characterized by a series of periodic refractive

index changes in the core of a single-mode optical fiber. A standard LPG

has typically a grating period Λ in the range from 100 to 500 µm, and the

coupling happens between the fundamental core mode and copropagating

azimuthally symmetric LP0i (i ≥ 2) cladding modes. One or more atten-

uation bands characterize the transmission spectrum with the minimum of

each band representing the coupling with a selected cladding mode [155].

5.3.3 Experimental setup and results

We manufacture the LPGs in boron-germanium codoped optical fibers (Fiber-

core PS1250/1500) with a point-to-point technique, by using a KrF excimer
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laser (Lambda Physic COMPex 110 at λ=248 nm). The fiber is mounted on

a motorized translation stage and is then irradiated by the laser spot, which

is appropriately shaped and focused with a cylindrical lens and with an ad-

justable micrometric slit. The stage and laser operations are controlled by

a PC, allowing easy customization of the LPG’s characteristics [195]. Direct

UV writing process allows fabricating pure volume gratings, and therefore,

our LPGs are polarization insensitive. It is well known that coupling strength

between the fiber (or more generally, a waveguide) mode and the WGM de-

pends on how good the modes are overlapped and their phases are matched

[52]. Phase matching is possible within a wide range in WGM resonators

because of the dense distribution of effective refractive indices, whose values

decrease when increasing the order of the corresponding radial and azimuthal

modes [187]. On the other side, to improve the modes overlap, partial taper-

ing of the fiber is necessary in order to increase the evanescent portion of the

field outside the taper and to reduce its overall size. LPG-based evanescent-

field coupling has been suggested [196] and demonstrated [197] in bare fibers

mainly for broadband filtering purposes. However, a similar approach with-

out tapering the fiber after the LPG would not work in our case. Taper

has to be adiabatic so that the same excited mode propagates in the tapered

section. Additionally, its minimum size has to be above cut-off for that mode

so that it does not radiate outside the taper and it is transmitted after the

taper. In this way it is possible to observe the resonance dip corresponding

to the coupling with a WGM when monitoring the light transmitted at the

fiber output (while scanning the wavelength). With the data provided by

the manufacturer for the fiber and by using commercial software [198], we

calculated the minimum taper diameters, which depend on the excited mode

and the surrounding medium, and the corresponding LP0i effective refractive

indices. For the wavelength band we targeted (third telecom window, up to

1640 nm), and the LPG period (above 370 µm), we found ideal diameters
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in excess of 15 µm (in air). These tapers are one order of magnitude thicker

than the “standard” fiber tapers used for coupling light to WGM resonators

[149], and therefore, they are much more robust. Fiber taper are fabricated

by heating and at the same time slowly stretching a section of an optical

fiber. The stripped fiber is placed inside a short alumina cylinder, which

is then heated by an oxygen-butane flame up to a temperature close to the

melting point of silica (about 2100◦C) [149]. An LPG with a period of 425

µm and 1 cm long was fabricated on one side of the taper, which was pulled

first. The period was chosen in order to have the maximum dip around 1625

nm. We characterized the transmission of the fiber core after the LPG and

the taper section first, and then in the opposite direction, from the taper to

the LPG. For this purpose, we used two fiber pigtailed tunable external cav-

ity lasers (Anritsu Tunics Plus) covering the band wavelength from 1390 nm

to 1640 nm. Results are shown in Fig.5.3. We found that the LPG transmis-

sion band was the same independently on the direction of the incident light

(LPG or taper first). Each attenuation band represents the coupling with

a selected cladding mode. The deepest one around 1625 nm corresponds to

the excitation of the LP06 mode, as shown in the near field image in Fig.5.3,

which is collected with a vidicon tube camera.

The 10-dB attenuation band means that 90% of the power is coupled

from the fundamental fiber mode to the LP06 cladding mode. The tapered

section we fabricated had a minimum waist of 18 µm. The effective index of

the LP06 mode at the minimum waist is 1.3497 at 1625 nm with about 1% of

the power outside the fiber. Effective mode area, which is roughly inversely

related to the overlap integral with the WGM (and therefore inversely related

to coupling strength), is about 30 times larger than that of the fundamental

LP01 mode of a 2µm taper but still more than 40 times smaller than that

of a LP06 cladding mode in a standard bare fiber. Microsphere size should

be large enough so that, within a cavity-free spectral range (FSR), the LPG
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Figure 5.3: Transmission spectra of the fiber core through an LPG with a period

of 425 µm and a taper of 18 µm. The spectra are measured in both

directions. The picture shows the near field intensity image of the

LP06 mode associated with the attenuation band around 1625 nm.

transmission dip is almost flat, and therefore, transmission is not distorted

by the LPG. The bandwidth of the coupler is then set by the resonators

FSR. A larger bandwidth would not be necessary as we would simply get

replicas of the same resonator spectrum. We selected microspheres larger

than 240 µm, corresponding to 2.4 nm FSR. Indeed within such band, we

observe only a 0.35dB (8%) change in the LPG transmission dip at 1625 nm.

The microspheres can be easily fabricated by melting the tip of a standard

silica fiber by using a fiber fusion splicer (FITEL S182 K). A cleaved tip of

the fiber is inserted in one arm of the splicer, and a series of arcs are then

produced. The tip partially melts, and surface tension forces produce the

spherical shape [110]. The setup for testing the new coupling approach is

shown in Fig.5.4.

The LPG exciting cladding modes is followed by the “thick” taper where

coupling with the resonator takes place. The picture in the inset shows a
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Figure 5.4: Sketch of the experimental setup showing the LPG exciting the

cladding mode followed by a “thick” taper where coupling with the

resonator takes place. The image in the inset shows a 290µm silica

sphere with the fiber taper visible in the background. Light scattered

from the microsphere is collected using a multimode fiber (MMF). The

picture on the right shows the near field intensity image of the output

at 1625 nm.
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silica microsphere in contact with the fiber taper visible in the background.

We point out that all our measurements where performed with the taper in

contact with the micro-resonators, which makes our approach very stable.

Light transmitted through the fiber is then collected at the output through

a microscope objective and focused on a photo-detector connected to an

oscilloscope (or focused on a vidicon tube camera for IR imaging). The light

scattered from the microsphere can be collected using a multimode fiber

(MMF) and sent to a second detector. In order to maximize the signal,

the MMF is placed with its axis tangent to the microsphere, so that the

input facet mainly collects forward scattering. The fiber has its cladding

removed and is cleaved after the tapered section (side B in Fig.5.4) in order

to monitor the transmission of the cladding modes or collect the near field.

The fiber output is placed on a low-index Teflon holder. The field intensity

image of the output around 1625 nm is shown on the right side of Fig.5.4. The

LP06 mode structure appears rather well preserved after the tapered section,

which is intended to be adiabatic, and the mode should carry a significant

portion of the power, even though the taper supports hundreds of modes (V

number ∼36 at the minimum waist). As expected, when collecting the total

power at the fiber output, we observe minimum modulation or absorption

in the transmission band, which appears almost flat in the wavelength range

of Fig.5.3. The pigtailed external cavity laser sources having a linewidth

of 300 kHz can be finely and continuously swept in wavelength by a few

GHz. By scanning around 1625 nm, we successfully observed resonances in

the transmission spectra of microspheres of different sizes (we tested a range

from 260 to 290 µm in diameter). Figure 5.5 shows a typical WGM resonance

excited by our coupling system in a 290µm silica microsphere with a Q factor

in excess of 107 and a contrast K (fractional depth of the resonance dip in

intensity transmittance) of about 22%.

The term coupling efficiency is often used as equivalent of the contrast K.
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Figure 5.5: Example of WGM resonances excited in a 290µm silica microsphere

around 1625 nm by using the proposed coupling system. Maximum

resonance contrast is about 22%. The inset shows a resonance moni-

tored both in transmission and by collecting the scattered light through

a MMF.
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So 22% represents the total efficiency of the coupling from the fundamental

fiber mode to a microresonator WGW. The inset shows another resonance,

which is monitored both in transmission and by collecting the scattered light

through the MM fiber. As already mentioned, because of the large mode area

of the cladding mode, as compared with the fundamental mode of microm-

eter size tapers, the coupling strength is strongly reduced. In consequence,

the density of the excited resonances is effectively diminished in the trans-

mission spectrum. The phase-matching condition to the cladding mode, as

previously stated, can be fulfilled thanks to the higher order radial and az-

imuthal modes of spherical WGM resonators [187]. The maximum resonance

contrast is partially limited by the fact that we are far from the condition of

“single-mode” waveguide coupler, but we have instead a multimode coupler

[130]. In fact, as already stated, in the tapered section, partial scrambling

of modes occurs and some power is contained in other modes (rather than

the selected cladding mode) including the fundamental core mode. At the

resonant wavelength this portion of the power is just transmitted through the

taper. Anyway, the measured resonance contrast is high enough for practical

applications in sensing, which are mainly based on monitoring the resonance

shift [199]. Finally, no significant coupling was observed when placing the

microsphere outside the tapered portion of the fiber or when scanning out-

side the attenuation band of the LPG. It is important to point out a unique

feature of this novel coupling approach to micro-optical WGM resonators. In

fact by fabricating a series of LPGs with different periods (along the same

fiber), each having a different attenuation band and followed by a taper, it

would be possible to independently address (by selecting the proper wave-

length) different microspheres coupled along the fiber. This “multiplexing”

feature would be particularly significant for some applications like distributed

biosensing and would not be possible with the “standard” fiber taper coupling

method. We have also demonstrated coupling to microbubble resonators that
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Figure 5.6: Example of a WGM resonance excited in a silica micro-bubble with ex-

ternal diameter of a 490 µm. The inset is an image of the microbubble

in contact with the coupling taper.

recently reveal to be ideal for optofluidics-based applications [200, 201]. The

microbubbles are fabricated from slightly pressurized silica capillaries using a

modified fusion splicer, where the electrodes are placed in a U-shaped holder

that can rotate by 360◦. One end of the capillary is sealed with optical glue,

whereas the other one is connected to a homemade pressurization system.

The capillary is then filled with an inert gas and placed between the elec-

trodes. Uniform heating of the capillary is obtained by arc discharge and

simultaneous rotation of the U-shaped holder around the capillary [61]. Fig-

ure 5.6 shows a WGM resonance excited in a silica microbubble with external

diameter of a 490 µm.

Q factor is in excess of 107 and the contrast K is about 15%. The inset of

Fig.5.6 is an image of the microbubble placed in contact with the coupling

taper.
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5.3.4 Conclusion

In conclusions we have proposed a new method based on fiber LPGs for im-

proved robustness of fiber coupling to silica micro-resonators. The idea is to

excite highorder LP fiber modes through an LPG. The LPG is followed by an

adiabatic taper that reduces the cladding mode size and allows the evanes-

cent part of the field to overlap with the WGM of the micro-resonators. We

demonstrated efficient coupling to high-Q silica microsphere and microbub-

ble resonators detecting the transmission dip corresponding to an excited

resonance. The taper is about one order of magnitude thicker than the stan-

dard fiber taper used for coupling light to WGM resonators, and therefore,

this new method offers improved robustness for practical applications. Ad-

ditionally, with this method, by cascading LPGs with different periods, a

wavelength selective addressing of different silica micro-resonators along the

same fiber would be possible.

5.4 Article 5: Quasi-distributed and wave-

length selective addressing of optical micro-

resonators based on long period fiber grat-

ings

5.4.1 Abstract

A novel all-in-fiber method for coupling light to high-Q silica whispering

gallery mode (WGM) optical micro-resonators is presented, which is based

on a pair of long period fiber gratings (LPGs) written in the same silica fiber,

along with a thick fiber taper (15–18 µm in waist) in between the LPGs.

The proposed coupling structure is robust and can be replicated many times
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along the same fiber simply cascading LPGs with different bands. Typical

Q-factors of the order of 108 and total coupling efficiency up to 60% were

measured collecting the resonances of microspheres or microbubbles at the

fiber end. This approach uniquely allows quasi-distributed and wavelength

selective addressing of different micro-resonators along the same fiber.

5.4.2 Introduction

Real-time physical, chemical and biological sensing are critical in many ap-

plications, such as environmental pollution measurement, health care, gas

detection and industrial processes control. Major requirements are measure-

ments at multiple locations, large spatial area coverage, operation capability

in harsh environments and low cost. Particularly, there is a critical need for

technologies that can provide distributed or quasi-distributed measurement

at multiple points. Fiber optics sensors are ideal transducers for applications

requiring devices that are durable, stable and insensitive to external pertur-

bations [202]. The challenging goal of this work was to find an all-in-fiber

coupling method to implement a quasi-distributed interrogation of whisper-

ing gallery mode (WGM) microoptical resonators. In fact, high quality factor

(Q) WGM micro-resonators are known to exhibit unique properties for sens-

ing by using different geometries [42]. Light can be stored for a long time in

small volumes thus increasing tremendously the probability to interact with

the external environment during the numerous roundtrips at the resonator

surface. Any small change in size and/or refractive index at the cavity sur-

face induces, through the interaction with the evanescent part of the WGM

field, either a change in the resonator Q-factor or a shift in the resonance fre-

quency [203]. As an example, highly sensitive biosensors able to detect single

nanoparticles or molecules have been demonstrated [31]. However, in case of

multiple sensing a critical point for this type of micro-optical transducers is
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the development of a coupling system able to interrogate a series of cavities

along the same fiber, in order to implement a quasi-distributed sensor. So

far, none of the several methods [187] that have been developed to efficiently

couple light to WGM micro-resonators simply fulfils this key request. With

one or more standard fiber tapers [190], for instance, it is impossible to se-

lectively excite micro-resonators and it is extremely critical to distinguish (a

priori) the resonances of each cavity by collecting the signal at the fiber end.

Additionally, standard fiber tapers used for coupling are very thin, down to

1 µm in diameter, and therefore they are very fragile. In previous works

[204, 205], we proposed a configuration for coupling light to a high-Q silica

WGM resonator, which is based on a long period grating (LPG) written in

silica fiber followed by a thick fiber taper. The LPG allowed wavelength

selective excitation of highorder cladding modes, so that thicker and more

robust taper (with waist diameters in excess of 15 µm, which are easy to

fabricate and do not degrade in time) could be used for coupling light from

the fiber to the WGM resonator. This configuration is more robust than the

standard fiber taper coupler but it does not allow interrogating more spheres

coupled to the same fiber by monitoring the transmitted light. The only

possibility of multiplexing consists of collecting the scattered light from each

resonator and eventually sent the signal to a photodetector [205], which is

a quite complicated approach. Conversely, the transmitted light cannot be

used for multiplexing. In fact, in a first configuration, if the fiber jacket is

kept after the taper, it cuts off the modulated cladding mode, whereas, in

a second case, if the jacket is removed, then the cladding mode excited by

the LPG would be coupled to all the resonators following the LPG. Herein,

to overcome these limitations, a new all-in-fiber coupling system for quasi-

distributed and wavelength selective addressing of several WGM resonators is

proposed. This approach consists of replicating many times the same struc-

ture that is based on a pair of identical LPGs with a fiber taper in between.
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Figure 5.7: Schematic representation of the fiber based coupling unit consisting of

a pair of LPGs and a taper in between.

Compared to the previous approaches [190, 204], the presence of the second

LPG allows coupling of the light back into the core and therefore all the

necessary information is contained into the core mode, which is transmitted

up to the end of the fiber and collected by a single photodetector. By fabri-

cating pairs of identical LPGs operating in different wavelength bands, it is

possible to achieve multiple selective coupling and interrogation (or selective

addressing) of spatially quasi-distributed micro-resonators by using the same

optical link.

5.4.3 Fabrication and experimental setup

A schematic representation of the coupling mechanism to WGM resonators

by using the proposed approach is depicted in Fig. 5.7.

First, adiabatic fiber tapers were fabricated by a heating and pulling

procedure [110] in a single-mode boron-germanium co-doped optical fibers

(Fibercore PS1250/1500) with core and cladding diameters of 6.9 µm and

124.6 µm, respectively. Tapers with a diameter of 15–18 µm were fabricated

allowing the transmission of the selected cladding mode. For efficient cou-

pling of these cladding modes to silica WGM resonators, partial tapering of

the fiber is necessary in order to reduce the optical field size and increase

its external evanescent portion [204]. However, as already pointed out, the

tapered region is one order of magnitude thicker than that of the standard
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tapers (1–2 µm), and therefore it is much more robust for practical appli-

cations. After the taper fabrication, the coupling unit was completed by

fabricating the pair of identical LPGs on both sides of the tapered fiber

(see Fig. 5.7). An LPG is characterized by a series of periodic refractive

index changes in the core of a single-mode optical fiber, with a grating pe-

riod Λ ranging from 100 µm to 600 µm. In such structure, the coupling

occurs between the fundamental core mode (LP01) and co-propagating az-

imuthally symmetric cladding modes (LP0m, m≥2), each of which generates

an attenuation dip in the fiber transmission spectrum [216]. The gratings

were inscribed with a point-by-point technique by using a KrF excimer laser

(Lambda Physic COMPex 110) [195]. The first LPG selectively couples the

light from the core mode to a specific cladding mode, which evanescently

excites the resonator WGMs in the tapered section. The resonator is placed

in contact with the taper for improved stability. The second LPG couples

the light back into the fiber core, thus all the information is contained in the

core. This structure can be replicated many times on the same fiber allowing

wavelength selective addressing of more resonators. Two different pairs of

LPGs with Λ of 340 µm and a length L0m of 17 mm (for the first coupling

unit) and with Λ of 365 µm and a LLPG of 21.9 mm (for the second coupling

unit) were fabricated.

For proving the effectiveness and feasibility of the proposed system, two

types of resonators, silica microspheres [110] and microbubbles [61] were fab-

ricated in our labs. Diameters ranging from 260 µm to 290 µm for micro-

spheres and from 380 µm to 500 µm for microbubbles were selected. In both

cases, the resonator size was large enough so that the free spectral range

(FSR) was significantly smaller than the LPGs bandwidth [204]. The ex-

perimental setup used for the characterization of the transmission spectrum

consists of two fiber pigtailed tunable external cavity lasers (Anritsu Tunics

Plus, linewidth 300 KHz), covering the bandwidth from 1390 nm to 1640
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nm. An optical spectrum analyzer (OSA– Ando AQ6317B) detects the sig-

nal. The coupling approach was tested by means of the same laser sources,

that can be finely and continuously swept in wavelength within few GHz, and

a single photodetector connected to an oscilloscope. The experiments were

performed in air but, because of the improved taper robustness, we plan to

design a similar coupling unit to operate in an aqueous environment.

5.4.4 Results and discussion

The spectra of the two single LPGs (before making the second identical ones

to form the two pairs) were first recorded and are shown in Fig.5.8 merged

together (red line).

The two attenuation bands at wavelengths of 1518.99 nm and 1613.31

nm represent the coupling with the same LP07 cladding mode achieved with

different Λ, 340 µm and 365 µm, respectively. The band depth exceeds 15

dB for both LPGs because high coupling efficiencies with the cladding modes

were targeted. Figure 5.8 also details the spectrum measured by putting in

series the two coupling units, i.e. the two pairs of LPGs with the respective

tapers (blue line). Typical interference patterns can be observed as, for each

LPG pair, the system acts as a Mach-Zehnder interferometer (MZI) [174].

The maximum modulation amplitudes (best MZI contrast) corresponding to

the 3 dB attenuation wavelengths of the single LPGs (see the dashed grey line

in Fig. 5.8) appear as two fringe patterned sidebands symmetrically placed

on both sides of the single LPG minimum transmission wavelengths (1518.99

nm and 1613.31 nm). At these wavelengths, instead, a reduced modulation

amplitude and a rather high transmission can be observed, showing that the

light is effectively coupled back into the core mode by the second LPG after

the tapered sections. Minimum insertion losses are about 1 dB at 1518.99 nm

and about 2 dB at 1613.31 nm. In addition, Fig. 5.8 shows that the period
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Figure 5.8: Transmission spectra of the two single LPGs (solid red line) showing

minimum transmission at the wavelengths of 1518.99 nm (Λ = 340 µm)

and 1613.31 nm (Λ = 365 µm), respectively, and of the two LPG pairs

together (solid blue line). The grey line crosses the -3 dB value of the

attenuation dips of the single LPG and corresponds to the maximum

LPG based MZI contrast.
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of the interference fringes related to the second coupling unit (Λ = 365 µm)

is smaller than that of the first one (Λ = 340 µm). This can be ascribed

to the greater physical distance Ltot of the two LPGs composing the second

coupling unit (roughly 5.2 cm) with respect to the first one (roughly 4.4 cm).

As a number of external perturbations, such as fiber bending, temperature

and refractive index, affects the transmission spectra of the coupling unit, an

initial calibration of the system acquiring these spectra (in order to assess

the operating central wavelength) will be needed for optimal performances.

Each coupling unit was individually tested and high-Q WGM resonances in

both microspheres and microbubbles were effectively excited. The resonators

were placed in contact with the tapers. Phase-matching conditions between

the LPG cladding modes and the WGMs were fulfilled thanks to the radial

and azimuthal high-order modes of spherical WGM resonators [205]. The

transmission dips were fitted by a Lorentzian function obtaining typical Q-

factor values close to 108 for both types of micro-resonators. Figure 5.9

shows the WGM resonances excited both in microspheres (Fig. 5.9(a)) and

microbubbles (Fig. 5.9(b)) together with a 3D sketch of the coupling system

for both microcavities.

The main graphs show the maximum Q-factors achieved for each type of

resonators, while the insets show the maximum contrast achieved with the

corresponding microcavity. By optimizing the state of polarization of the

input light (coupling units are polarization insensitive [204] but the WGM

distribution in the resonator depends on the polarization) and the resonator

position along the taper, we observed maximum coupling efficiency (or reso-

nance contrast) of about 50%–60%. In our case, the system acts as a multi-

mode waveguide coupler (not all the lunched power is in the selected cladding

mode) and thus the contrast is limited, since it is not possible to reach the

condition of single-mode coupler [207]. The coupling efficiency has been sig-

nificantly improved as compared to our previous work [204]. The reason
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Figure 5.9: Sketch of the LPG pair-based coupling units exciting WGMs in both

microspheres (a) and microbubbles (b), along with an example of typ-

ical WGM resonances obtained for both micro-cavities. The two in-

sets show the maximum coupling efficiency obtained for both types of

micro-cavities.
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could be related to the fact that the cladding mode is coupled back in the

core right after interacting with the resonator, and once in the core there are

no additional losses. In the previous configuration, the cladding mode was

left propagating at the fiber-air interface along the whole remaining part of

the fiber, possibly introducing additional losses in the modulated signal (and

thus reducing the resonance contrast). A wavelength range up to about 15

nm for each coupling unit (from 1510 nm to 1525 nm for the first LPG pair

and from 1605 nm to 1620 nm for the second one) was considered for efficient

coupling, as within this range up to 90% of the power is coupled from the

fundamental mode to the LP07 cladding mode (see single LPG transmission

spectra in Fig. 5.8). In order to confirm that the light can be selectively

coupled in the micro-cavities, the laser source was also tuned outside the

attenuation band of the LPGs, for instance from 1545 nm to 1585 nm (see

Fig. 5.8), and no significant coupling was observed as expected. After this

individual characterization, the system composed by the two in-series cou-

pling units was analyzed. Figure 5.10(a) show the resonances obtained by

scanning (about 2 GHz) around the LPG central wavelengths (1518.99 nm

for the first coupling unit and 1613.31 nm for the second one), when both

resonators were in contact with their respective tapers (as sketched on the

top of Fig. 5.10(a)).

Typical Q-factor values comparable to those previously mentioned were

observed. The selectivity test was carried out by alternatively de-coupling

one of the resonator and by looking at the transmission spectrum of the other

micro-cavity, as shown in Fig. 5.10(b) (first resonator in contact, second res-

onator detached, as sketched on the top of the figure) and in Fig. 5.10(c)

(second resonator in contact, first resonator detached). In particular, several

measurements were performed varying the taper coupling position along the

azimuthal axis of the resonators. It was found that each resonator was in-

dependently excited and the resonances of one resonator were not present in
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Figure 5.10: Sketch of two in series coupling units with both resonators (circle)

coupled to each tapered section of the fiber and corresponding reso-

nances obtained by scanning the laser source around the LPGs central

wavelengths (a). First resonator in contact, second not (b). Second

resonator in contact, first not (c). The resonances of each coupling

unit remain unchanged proving they are independently excited with-

out cross-talk.
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the ‘wavelength range’ of the other one. Therefore, the proposed coupling

system can be used for quasi-distributed sensing. In our case, considering a

wavelength range of 50 nm ‘reserved’ for each LPG pair (a range larger than

the 3 dB bandwidth for each LPG can be considered in order to safely avoid

any cross-talk) and the source bandwidth of 250 nm, up to 5 coupling units

could be fabricated along the same fiber, leading to possible multiplexing of

up to 5 different micro-cavities selectively coupled and independently inter-

rogated. Considering that typical insertion losses of the single coupling unit

are 2 dB, total losses not exceeding 10 dB for a set of 5 units can be assumed.

5.4.5 Conclusion

An independent and selective coupling with high-Q WGM micro-resonators

was demonstrated based on a new all-in-fiber method consisting of a pair of

long period gratings with a fiber taper in between. The first LPG is used for

the selective excitation of cladding modes, whereas the taper allows evanes-

cent coupling from the fiber to the resonator WGM. The second LPG couples

the light modulated by the resonator back into the core. The proposed struc-

ture is robust and easy handled thanks to the use of a thick taper (15–18 µm

waist), and allows collecting light just from the fiber core thanks to the sec-

ond LPG. The structure can be replicated many times along the same fiber

depending on the source bandwidth and all the information can be indepen-

dently collected at the end of the fiber by using a single detector. Q-factor of

the order of 108 and total coupling efficiency up to 60% were experimentally

achieved by using silica microspheres and microbubbles. To the best of our

knowledge, this approach allows for the first time a quasi-distributed and

wavelength selective addressing of different WGM micro-optical resonators

along the same fiber with an almost-zero resonance cross-talk, thus improv-

ing the perspective of optical fiber-based sensing and biosensing. In addition,
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the proposed system results to be a very promising platform for multiplex-

ing hollow WGM microstructures, like microbubble resonators, which are

intrinsically suited for integrated microfluidics [208].
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Conclusions

In this thesis I have presented my studies on the nonlinear optical effects

(NLE) in whispering gallery mode microresonators and the results of the work

that has been done for improving the sensing applicability and reliability of

this kind of cavities. The silica WGMRs are produced in our labs by using

arc discharge melting methods and they are efficiently excited by using home

made tapered fibers.

In microspheres and microbubble we have started observing a variety of

nonlinear processes related to the third-order susceptibility such as SRS and

FWM, in agreement with the theory of Bloembergen and Shen [P2, P8]. In

particular, we got anti-Stokes frequency comb in the microbubble resonators

with a repetition rate that is not an integer number of the FSR, indicating

the interaction of family modes with the same azimuthal but different polar

number [P5]. It is worth to notice that the hyper-parametric oscillations

in these cavities results to be much broader than the cases published up

to now. The first results can pave the way for the application of NLE in

WGMs resonators for molecular spectroscopy and active sensing. After that

we have illustrated the potential of WGMRs as frequency converters and

tunable sources. Third harmonic generation and third order sum frequency

generation were exploited by controlling the cavity mode dispersion and the
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phase matching of the involved modes [P1]. For microspheres with different

dimensions, simulations and experiments have been done on visible light

generation starting from CW IR excitation in the erbium-band gain of an

EDFA. We got a conversion efficiency of 10−5, six orders of magnitude over

that reported in other ring resonators.

WGM microresonator keep demonstrating their potential for easily study-

ing and exploiting non-linear optical effects. In the last years a lot of work

has been done on frequency comb (FC) generation and Brillouin emission.

These two different phenomena can find potential applications for produc-

ing efficient compact highly coherent laser and low phase noise microwave

and radio frequency generators for applications to telecommunications and

other domains. For the future it would be worth to deeply investigate how

to broaden the wavelength window for generating hyperparametric oscilla-

tion by manipulating material and geometric dispersion in micro-bubble res-

onators. Besides, a further investigation that could be of particular interest

is the study of how these kind of cavities can enhance Brillouin scatterning

efficiency simultaneously with SRS and FWM emissions.

The final section gives an overview of a new coupling system that have

been developed exploiting long period gratings. This all-in-fiber method con-

sists of a pair of LPGs, for the excitation and the collection of the cladding

modes, and a partial taper in between the two LPGS, for the evanescent cou-

pling of the WGMs. An independent and selective coupling was demostrated

for the first time allowing a quasi-distributed and wavelength selective ad-

dressing of WGMRs along the same fiber. These results definitely improve

the perspective of fiber-based sensing [P4, P6]. Up to now LPG fiber-based

sensing has demonstrated intrinsic capabilities such as insensitivity to elec-

tromagnetic radiation, lightweight, small size, great sensitivity and good res-

olution. Our coupling technique opens the way to various new sensing ex-

periments where one would work with the WGMR multiplexing to improve
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the performances of multiple single-point biosensors and even environmental

control devices (gas control, corrosion control and so on). It would be inter-

esting to compare the results that could be got using an LPG-WGMR system

with those of the conventional quasi-distributed LPG fiber configurations.

Our works have investigated also the feasibility of biosensors using sil-

ica WGMRs underlining the importance of the functionalization layer [P10],

the possibility of increasing the sensitivity using a silicon coating [P3] and

enhancing the performances, without loss of robustness of the system, by

means of a microbubble resonator [P9].

In conclusion microresonators have great potential to becomes the essen-

tial components for ultra-compact linear and nonlinear photonic devices.
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