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Abstract

Cavity optomechanics is a field that investigates the interaction between photons and
phonons in optomechanical cavities, offering insights into fundamental physics and potential
applications in quantum technologies.
This master thesis focuses on exploring the strong-coupling regime in a macroscopic system
operating at room temperature, utilizing a centimeter-scale quartz crystal enclosed within an
optical resonator capable of sustaining high-frequency bulk acoustic waves at approximately
12.5GHz. The Brillouin optomechanical interactions couple the light to the mechanical
system and, when the phenomenon is in resonance with the optical cavity modes, enable the
transferring of energy between them, i.e., optomechanically induced amplification (OMIA)
and transparency (OMIT).
Operating at room temperature presents several advantages, including the ability to thermally
tune the cavity resonances and employ high-power optical beams (∼ 100mW). These
conditions enable the achievement of the strong-coupling regime with an effective photon
coupling rate in the MHz range. In this regime, the confinement and intrinsic losses of the
optical and acoustic modes are overcome by the light coupled from the optical pump and
create hybrid optoacoustic modes.
The results of this work serve as essential prerequisites for investigating Brillouin interactions
at cryogenic temperatures and enabling the development of hybrid quantum technologies,
such as quantum memories and microwave-to-optical transducers.
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Introduction 1

In recent years, Quantum Mechanics has transitioned from a purely fundamental science
into the technological realm. The development of advanced quantum setups that exploit
new principles to enhance the performances and widen the application range raises new
requirements to extend the systems’ quantum coherence and develop practical devices for
industrial and commercial applications. Quantum transducers enter the scene as a tool to
integrate different platforms and overcome the respective limits. They can coherently transfer
quantum information between systems, thus incorporating operations usually relegated to
specific platforms into the same infrastructure, significantly expanding their capabilities.
A clear cooperation example is the network of quantum computers that can receive, process,
and transmit information encoded into quantum states [1]. The quantum internet is essential
for more secure communication and cloud quantum computing. However, the integration
between the diverse physical platforms is still challenging. Quantum computers have quickly
developed into several physical platforms with diverse requirements and incompatible
operation environments [2]. The most common semiconductor qubits require cryogenic
temperatures and microwave control signals [3, 4], which contrast with laser-operated
trapped-ions quantum computers [5] or even room-temperature photonic circuits [6]. On
the other hand, quantum communication systems rely on optical devices exploiting the
already-deployed optical fiber network to implement quantum key distribution applications
by exchanging photons between distant parties [7, 8]. Microwave-to-optical transducers
are thus critical technology because they convert light quanta into electrical signals, usable
in most of the solid-state quantum information processing systems [9–11]. They enable
connecting different processing nodes [12] and establishing long-distance hybrid quantum
networks [13], in addition to providing another substantial piece, i.e., quantum memories
with long decoherence time [14, 15].
Other than the technological empowering, Quantum Mechanics has developed after the
second quantum revolution towards investigating the macroscopic world. From the initial
wave-particle dualism experiments with electrons and photons, the aim has always been
to understand the limits of the theory and the boundary between a microscopic quantum
system and a macroscopic classical one [16]. Most quantum experiments rely on photons,
atoms, or nanoscale structures to test quantum properties and manipulate quantum states,
demonstrating quantum entanglement [17], quantum teleportation [18], etc. Nevertheless,
more experiments have proved that the larger the system, the shorter the decoherence time
before the disappearance of quantum effects because of the increased difficulty in minimizing
the interactions with the external environment. Still, the presence of a precise boundary
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1. Introduction

between quantum and classic frameworks is unclear, and more advanced technologies are
needed to improve our measurements and provide a conclusive answer.
In this environment, optomechanics has bloomed as a promising way to address many
technological challenges in implementing efficient quantum transducers and explore the
limits of the current quantum theory [19]. Optomechanics describes the interaction
between the optical field and the quantized mechanical motion, i.e., in terms of photons
and phonons. The optomechanical coupling enables energy transfer between the modes
in the two subsystems and requires a coupled description of the optomechanical oscillator.
Within this concept, many successful designs have been proposed and implemented using a
variety of supports from membranes [11, 20] to phononic-crystal resonators [21] relying on
different physical interactions and with diverse advantages and limits [22] to increase the
optomechanical coupling strength and the quality factor x frequency product (Qf) [23].
In several applications, the Qf product is the key figure of merit because it displays the
coherence degree of the acoustic modes, i.e., the higher the phonon frequency and the cavity
quality factor, the lower the interactions with the environment and the longer the phonon
lifetime.

This thesis characterizes a room-temperature high-frequency bulk optomechanical setup,
aiming at the strong-coupling regime [19]. The setup comprises a centimeter-scale quartz
crystal placed inside an optical cavity to enhance the optomechanical coupling strength. The
quartz lattice supports 12.5-GHz phonons that have higher frequency compared to the more
common membrane systems, and the crystal’s macroscopic nature allows the propagation
of bulk acoustic waves (BAW) in the material. The optomechanical interaction is based on
Brillouin scattering, where the counter-propagating optical modes generate time-dependent
electrostriction in the material, equivalent to a propagating BAW. Although working at room
temperature prevents cooling down the phonons to the ground state, i.e., the mode thermal
occupancy is smaller than one, we can still characterize several peculiar behaviors, e.g., the
strong-coupling regime.
In the strong-coupling regime, the interaction rate (or coupling strength) between light
and mechanical motion surpasses both the dissipation rates of the optical and mechanical
components and can be achieved by increasing the laser power, i.e., the number of photons
circulating inside the optical cavity suitable to interact. In general, achieving strong coupling
in optomechanical devices within micro- and nano-mechanical systems [24, 25] is not
straightforward due to practical limits on the circulating number of photons, which limit the
cavity-enhanced coupling rate [26, 27]. Instead, the use of high-frequency optomechanical
platforms and high-finesse optical cavities can lead to high Qf products and lower thermal
decoherence that is advantageous for operating at cryogenic temperatures while remaining
in the ground state [28]. In fact, cryogenic temperatures increase the phonon lifetime,
transforming the crystal into a BAW resonator [29, 30], essential for transferring and
memorizing quantum states into the mechanical modes [11, 14].
The results of this project first demonstrate Brillouin lasing and strong coupling at room
temperature for this optomechanical system [31]. If phonon lasing has already been shown at
low temperatures [32], Brillouin lasing involving acoustic linewidth broader than the optical
one has never been presented for macroscopic quartz crystals. Examples of strong coupling
in an optomechanical system have been displayed in cryogenic systems with kHz mechanical
linewidths and, thus, less demanding power constraints [28], and a room temperature with
a fused-silica optomechanical platform [33].

The structure of this manuscript comprises three parts: a theoretical introduction of the
formalism developed to study the optomechanical response, an analysis of the measurement
setup and the optical cavity, and a discussion of the main results. In Chapter 2, we introduce
the optomechanics theory, focusing on the Quantum Mechanics description of an optoacoustic
device. The following Chapter 3 presents a characterization of the optical response of
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the optomechanical cavity when a quartz crystal is inserted and the mechanical assembly
temperature dependence as a tool to tune the cavity length and the free spectral range
(FSR) to enhance the optomechanical coupling. Chapter 4 describes Brillouin scattering as
the source of optomechanical interaction, divided into Stokes and Anti-Stokes scattering,
which can be selectively suppressed in our cavity thanks to the non-uniform resonance
mode distribution. The theory concludes in Chapter 5 with a mathematical model of the
cavity spectral response, including the optomechanical interaction between the addressed
optical modes. In Chapter 6, we present the cavity design and the measurement setup,
jointly with a performance evaluation and the data analysis methods. Finally, Chapter 7
reports and discussion the results for the Optomechanical Induced Amplification (OMIA) and
Transparency (OMIT), demonstrating Brillouin lasing and strong coupling and noting an
estimate for the single-photon coupling rate.
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Optomechanics 2

2.1 A general description of an optomechanical system

When we operate with an optical system, we often inquire about how laser light evolves after
interacting with solid matter. Optomechanics explores the interaction between light and
mechanical motion at the quantum level. It combines concepts from quantum optics and
condensed matter physics to investigate the fundamental physical phenomena that arise when
light and mechanical systems are coupled in a confined space such as an optomechanical cavity.
The interaction between light confined in a high-quality optical cavity and a mechanical
oscillator enables the manipulation and control of both the optical and mechanical degrees of
freedom, leading to intriguing phenomena and potential applications in quantum information
processing [15], precision measurement [34], and fundamental tests of quantum mechanics
[17, 18, 35]. In particular, optomechanics offers a unique platform to study quantum effects
at the macroscopic scale [35].
The fundamental elements of a typical cavity optomechanical system include an optical cavity,
a mechanical resonator, and a coupling mechanism between them [19]. The optical cavity,
formed by two highly reflective mirrors, allows light confinement within a small volume.
The mechanical resonator, on the other hand, can be any structure that exhibits mechanical
motion, such as a micro- or nanoscale cantilever, a vibrating membrane, or the atom vibration
in a crystal lattice, as the main focus of this work. Each system presents different mechanical
properties, allowing different phenomena and applications. We can consider very diverse
examples: the micromovements of optical mirrors due to radiation pressure to measure
external forces [36], the manipulation of nanoparticles through optical tweezers [37], the
cooldown of mechanical trampolines using laser cooling [26], or electrostrictive forces that
lead to acoustic waves inside materials [29]. However, we can always map the optomechanical
interaction at the base into the formalism of radiation pressure generated from the light
impinging on a mechanical element. In easy terms, coherent light exerts a force proportional
to its intensity, leading to a displacement or vibration of the mechanical component. This
back-action from the mechanical motion can then modify the properties of the light, creating
a feedback loop between the optical and mechanical systems (Figure 2.1).
We can thus model the behavior of a general optomechanical system by treating the optical
cavity as a resonator with discrete electromagnetic mode and the mechanical resonator as
a harmonic oscillator. Finally, the coupling between the optical and mechanical modes is
characterized by the optomechanical coupling strength, which quantifies the intensity of the
interaction. Moreover, we can apply the Quantum Mechanics framework to this description
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2. Optomechanfics

Ffigure2.1:Schemeoffanoptomechanficaflsystem.Aflaserbeamfimpfingesonanoptficafl
cavfityandtransffersenergytothemodêa.Thephotonspropagatfingfinsfidethecavfityappfly
radfiatfionpressureonamovabflemfirror,generatfingmechanficafloscfiflflatfionŝx.Thfismovement
generatesacflosefloopwfiththeoptficaflsystembecauseoffachangefinthecavfityresonant
ffrequency,creatfingacoupfledphoton-phononmode.Imageadaptedffrom[19].

tostudytheoptomechanficaflsystematthesfingflephotonandphononflevefl.
Intheffoflflowfingsectfions,wedeepentheseconceptsbyrevfiewfingthemafinparameters
offoptficaflandmechanficaflresonatorsfinSectfion2.2befforedescrfibfingtheoptomechanficafl
finteractfionusfingthecoupfledmodetheoryfinSectfion2.3.Ffinaflfly,wefintroducetheQuantum
Mechanficsfformuflatfionoffthetwo-modesystemthroughthefinteractfionpficture(Sectfion2.4).

2.2 Optficaflcavfitfiesandmechanficaflresonators

Aswejustdescrfibed,theffundamentafldescrfiptfionoffeachoptomechanficaflsystemflfiesfin
twoeflementaryeflements,fi.e.,theoptficaflcavfityandthemechanficaflresonator.Despfitethe
fintrfinsficdfifferencefinthephysficaflfimpflementatfionbetweenthetwo,thefirdescrfiptfionffoflflows
thesameoutflfine.Inthfissectfion,wefincfludeonflyasummaryoffthemafinparametersto
fintroducethenotatfionusedfintheffoflflowfing,fleavfingacompfletedescrfiptfionoffthetopficto
anystandardoptficstextbookorrevfiewpaper[19].

2.2.1 Fabry-Pérotcavfity

Optficaflresonatorscanassumedfifferentexperfimentaflreaflfizatfions,butthefirpropertfiescan
bederfivedffromthebasficcaseoffaFabry-Perotresonator.Wewfiflflthusffocusonreportfing
themathematficafldescrfiptfionoffacavfitypumpedwfithasfingflemonochromatficflasersource.
AFabry-Pérotresonatorconsfistfingofftwohfighflyreflectfivemfirrors,separatedbyadfistance
L.Thephase-matchfingcondfitfionsoffthepropagatfingflfightcreateconstructfivefinterfference
patternsbetweenthetwomfirrors,fleadfingtoaserfiesoffresonancesgfivenbytheanguflar
ffrequency

ωj≈jπ
c

L
(2.1)
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2.2. Optficaflcavfitfiesandmechanficaflresonators

M
1

M
2

Optficafl cavfity modefl

Ffigure2.2:SchemeofftheffundamentafleflementsoffaFabry-Perotresonator.Theoptficafl
cavfitycomprfisestwomfirrorsM1andM2,whfichdefinethecavfitymodeaandtherespectfive

finput-outputfinterffaces. Thefinputfiefldfisfidentfifiedwfitha
(1)
fin,whereasa

(1)
outanda

(2)
out

representsthereflectedandtransmfittedfieflds.Threedfifferenttypesoffflossescontrfibuteto

thetotafldecayrateoffthecavfitymodeκ:theflfightpropagatfingthroughthetwomfirrorsκ
(1)
ext

andκ
(2)
ext,andthefintrfinsficflossesκfint.

wfithjthefintegermodenumber.Weaflsocharacterfizetheseparatfionbetweentheresonances
astheffreespectraflrange(FSR)offthecavfity

FSR=ωj+1−ωj=π
c

L
. (2.2)

Evenfinthefideaflcasewhereaflflthebehavfiorfisffrequency-findependent,wecanfidentfiffy
twocontrfibutfionsthatflfimfitthephotonflfiffetfimewfithfintheoptficaflcavfity.Inffact,boththe
flfightescapfingffromthemfirrorsκext(confinementoffexternaflflosses)andthescatterfingor
absorptfionfinsfidethecavfityκfint(fintrfinsficorfinternaflflosses)sumuptothetotaflcavfitydecay
rateκ=κfint+κext. WecanfinaflflydefinetheoptficaflfinesseFastheaveragenumberoff
round-trfipsbefforeaphotonfleavesthecavfity:

F=
FSR

κ
(2.3)

andthequaflfityffactorofftheoptficaflresonator,

Q=ωτ=
ω

FSR
F (2.4)

whereτ=κ−1fisthephotonflfiffetfime.
Amoreprecfiseanaflysfisoffthecavfityflossesfidentfifiesdfifferentsourcesfforthefintrfinsficand
externaflcontrfibutfionsthatareworthmentfionfingfforffurtheranaflysfis.Wfithfintheconfinement
flosses,wefidentfiffythecoupflfingeficfiencyoffthefinputfiefldtothecavfityasthecontrfibutfion
offthefinputmfirrorfinfitetransparency,whereasthefintrfinsficonescanorfigfinateffromthe
energydfissfipatedwfithfinthecavfityeflementsortheonecoupfledtootheroptficaflmodes,
wherethedfifferenceflfiesthescopeoffthephenomenonweareanaflyzfing.Asapertfinent
exampfle,finanoptomechanficaflsystem,theoptficaflpowercoupfledffromtheoptficaflmodesto
themechanficaflsystemkoptfisusuaflflydescrfibedascoupfleeficfiencybecauseofffitscentraflfity
finthephenomenondescrfiptfion.However,finotheroptficaflsystems,koptandotherscatterfing
contrfibutfionsareaflflpartsoffthefintrfinsficflossesbecausewegfiveadfiversesystemdescrfiptfion.
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2. Optomechanics

Finally, we define a cavity critically coupled when the input coupling losses k(1)ext equal all the
other contributions denoted with κ0, i.e., they are half the total losses

κ = kint + k
(1)
ext + k

(2)
ext = k0 + k

(1)
ext = 2k

(1)
ext. (2.5)

A quantum mechanical description of the Fabry-Pérot cavity response underlies the
input-output theory framework, where the input and output modes are described by the
Quantum Mechanics operators âin and âout identifying the amplitude of the electromagnetic
fields. This abstract description is related to the previous model when we define the input
mode as the monochromatic light impinging the optical cavity and the output mode as the
reflected one â

(1)
out, while the transmitted field k

(2)
ext is absorbed within the loss contribution

κ0. In the same way, we could also focus on the transmitted mode â
(1)
out by absorbing

the input port coupling coefficient k(2)ext in the cavity internal losses. From this starting
point, it is easy to describe the time evolution of the field inside the optical cavity â
using the Heisenberg-Langevin equations of motions [38] and the previously described
loss contributions.

˙̂a = −κ

2
â+ i∆â+

√
κ
(1)
extâin (2.6)

In (2.6), we identify the contribution from the external field coupling inside the cavity âin
and the decay rate of the internal field κ/2. Furthermore, we can define the laser detuning
with respect to the central frequency of the cavity mode ω0 as ∆ = ωL − ω0 as the result
of employing the Heisenberg picture with a rotating frame at frequency ωL, i.e., the laser
frequency.
To complete the description, we should include the definition of the input power Pin as the
expectation of the number of photons ⟨â†inâin⟩ multiplied by the energy of each photon ℏωL

Pin = ℏωL ⟨â†inâin⟩ = ℏωL|αin|2, (2.7)

where α is the amplitude of the electromagnetic field. The transmitted field is defined as

â
(1)
out = âin −

√
κ
(1)
extâ (2.8)

while the output field reflected by the Fabry-Pérot resonator

â
(2)
out =

√
κ
(2)
extâ (2.9)

together with their corresponding powers

P
(1)
out = ℏωL ⟨â(1)†out â

(1)
out⟩ = ℏωL

∣∣∣α(1)
out

∣∣∣2 = ℏωL

∣∣∣∣αin −
√

κ
(1)
extα

∣∣∣∣2 (2.10)

P
(2)
out = ℏωL ⟨â(2)†out â

(2)
out⟩ = ℏωL

∣∣∣α(2)
out

∣∣∣2 = ℏωLκ
(2)
ext|α|

2
. (2.11)

Finally, we define the steady-state intracavity field as a function of the input mode â by
solving the motion equation:

â =

√
κ
(1)
extâin

κ/2− i∆
. (2.12)

Its corresponding intracavity photon number N in the steady-state population is

N = ⟨â†â⟩ =

∣∣∣∣∣∣
√
κ
(1)
extαin

κ/2− i∆

∣∣∣∣∣∣
2

=
κ
(1)
ext|αin|2

κ2/4 + ∆2
. (2.13)
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2.2. Optficaflcavfitfiesandmechanficaflresonators

Ffigure2.3:ThespectraflresponseoffaFabry-Perotcavfityfisperfiodficfinffrequencyand
dfispflaysthecharacterfistfictransmfissfionwfindowsfincorrespondencewfiththecavfitymode
ffrequencfies.Themodesrepresentabufifld-upoffpowerfinsfidethecavfitybecauseoffthe
constructfivefinterfferenceofftheeflectromagnetficwaves,normaflfizedtothefinputcavfitypower.
TheseparatfionbetweenthetransmfissfionpeaksfistheFSRanddependsonthegeometryoff
theoptficaflcavfity.Togetherwfiththeflfinewfidthκoffthemodes,fitdefinesthecavfityFfinesseF,
fi.e.,theaveragenumberoffroundsfinsfidethecavfitybefforetheflfightcanescape.Imageffrom
[39].

Afinaflremarkshoufldconsfiderthatthfisexpressfionaccountsonflyfforthebehavfioroffasfingfle
resonanceandthusfisvaflfidwhenthedecayrateκfismuchsmaflflerthantheFSR,fi.e.,the
ffrequencyresponseoffthedfifferentmodesdoesnotoverflap.

2.2.2 Mechanficaflresonator

Mechanficaflresonatorsarephysficaflsystemsthatexhfibfitvfibratfionafl motfionatspecfific
ffrequencfies.Theycanbereaflfizedfinvarfiousfforms,suchasmficro-andnanoscaflestructures,
wherethefirmechanficaflvfibratfionsareconfinedtospecfificmodes.Thfispropertymakesthefir
mathematficaflmodeflsfimfiflartotheoneoffanoptficaflcavfitywherethephotonnumberevoflutfion
fissubstfitutedwfithphonon,fi.e.,thequantumoffvfibratfionaflmotfionatagfivenffrequencyΩm.
Thedfifferencecomparedtoanoptficaflsystemflfiesfinthephysficaflpropertfiesoffthfisenergy
propagatfion.Taflkfingaboutvfibratfionfisequfivaflenttoanaflyzfingthedfispflacementoffsfingfle
atomsorflargerstructures,andwecanthusfformaflfizethebehavfioroffthesystemthrougha
sfimpfleequatfionoffmotfionoffaharmonficoscfiflflatoroffeffectfivemassmeffff:

meffff
dx2(t)

dt2
+meffffΓm

dx(t)

dt
+meffffΩ

2
mx(t)=Fext(t) (2.14)

whereFext(t)denotesthesumoffaflflfforcesactfingonthe mechanficafloscfiflflatorand
comprfisestheradfiatfionpressure,finaddfitfiontothefintrfinsficthermaflLangevfinfforce,when
descrfibfingthefinteractfionfinanoptomechanficaflsystem.Inthemodefl,weagafinconsfidera
ffrequency-findependentdumpfingrateΓm reflatedtothedfifferentenergydfissfipatfiontypes:
externafl,flfikevfiscousdumpfinganddumpfingflosses,finpartficuflarwhenwestudytrampoflfines
andcantfiflevers,andfinternafl,flfikethermoeflastficdumpfingandmaterfiafl-finducedflosses(deffect
atomstates).
Inanaflogytoexpressfingthefintracavfityfiefldoffanoptficaflcavfityfintermsoffthephotonnumber
evoflutfion,thedfispflacementoffamechanficaflresonatorcanbedefinedbothfintermsoffthe
phononnumberevoflutfion̂bandmechanficafldfispflacementx̂.Thfisaflflowsfforthequantfizatfion
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2. Optomechanics

of mechanical motion and enables the study of quantum mechanical effects in these systems.
Using the same formalism as before and substituting the external force with a phonon mode
b̂in, we can express the phonon mode temporal evolutions as

˙̂
b = −Γm

2
b̂+ iΩmb̂+

√
Γmb̂in, (2.15)

which leads to a steady state of the number of phonons. In the absence of external
contributions, the steady-state populationNth = ⟨b̂†b̂⟩ corresponds to the thermal equilibrium
of the system, which can be approximated in the high-temperature limit as

Nth ≈ kBT

ℏΩm
, (2.16)

where kB is the Boltzmann constant and T is the environment temperature.
The relation between the phonon formalism and the mechanical oscillator equation lies in the
creation and annihilation operators of the phonon field that is derived from the quadrature
components of the mechanical displacement, i.e., the position x̂ and the momentum p̂, in the
same way as the quadrature components of the electromagnetic field are obtained (Figure 2.4).
We can thus write

x̂ = xZPF(b̂+ b̂†), p̂ = −imeffΩmxZPF(b̂− b̂†) (2.17)

where xZPF is the zero-point fluctuation amplitude of the mechanical oscillator

xZPF =

√
ℏ

2meffΩm
. (2.18)

Figure 2.4: Representation of the energy distribution inside a mechanical resonator. The
wavefunction ϕx is confined within the structure and a finite-energy level structure appears.
The lowermost level represents the ground state, and the spatial distribution of the mode
ϕ0(x) defines the zero-point fluctuation of the system. Above this state are all the excited
states created by the absorption of phonons from the external environment until thermal
equilibrium is reached. Image from [40].
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2.3. Coupled mode theory and optomechanical coupling

As expected, we can also define the mechanical quality factor Q by accounting for all the
dumping contributions. Nevertheless, a mechanical vibration has a much lower frequency
compared to an optical system, and the number of coherent oscillations is thus highly
limited by thermal decoherence in room-temperature environments. For this reason, various
techniques, such as material engineering, device design optimization, and cryogenic cooling,
are employed to minimize these losses and enhance the quality factor of mechanical
resonators. In this experiment, we cannot create a mechanical cavity because, in addition to
the limited lifetime of the phonons, the propagation speed in the material and the length
of the crystal prevent a standing wave from forming. We are thus limited in the ability to
increase the strength of the interaction between the optical and mechanical modes, and
we can only rely on the cavity-enhanced photons population. Despite not being able to
create a mechanical resonator, we still have to match the correct frequency and direction
of propagation to couple power into and out of the mechanical modes, since the physical
constraints for the propagation of the acoustic wave must be complied with.

2.3 Coupled mode theory and optomechanical coupling

In an optomechanical system, the fundamental mechanism that couples the cavity radiation
field to the mechanical motion depends on the system’s specific mechanical structure. This
coupling can manifest in different ways, such as direct momentum transfer from radiation
pressure to movable objects, a dispersive frequency shift caused by a membrane within
the cavity, near-field effects due to entrapped particles in a laser beam, or strain-optical
effects that modulate the refractive index and lead to acoustic wave scattering. Regardless
of the physical interpretation of the force, the interaction between a radiation mode and a
vibrational mode can always be understood by considering the shift in the cavity resonance
frequency as a function of displacement and the intensity of the optical beam. This common
description (Figure 2.2) allows for a general framework to study optomechanical systems
using the coupled mode theory.
Both optical cavities and mechanical resonators can be described in terms of the time evolution
of photon (â) and phonon (b̂) numbers in their respective modes (Figure 2.5). With this
understanding, we can establish a common framework to describe the interaction between the
two systems. This approach, known as the coupled mode theory, recognizes that a probability
exists for the two systems to interact and exchange energy quanta.
Without losing in generality, we restrict our attention to one of the many optical modes ω0,

mechanical oscillator driven optical cavity

Figure 2.5: Pictogram of a basic optomechanical system. On the left, a mechanical oscillator
b̂ interacts with the environment to maintain thermal equilibrium. On the right, the optical
cavity â is excited through an external field and shows fluctuation δâ around its equilibrium.
The optomechanical interaction gm between the two systems creates hybrid photon-phonon
modes and enables us to sense or control the mechanical side through the optical field. Image
adapted from [19].
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2. Optomechanics

i.e., the one closest to resonance with the driving laser. Moreover, we also describe only
one of the many mechanical normal modes Ωm. Starting from the Hamiltonian Ĥ0 of the
uncoupled optical and mechanical modes without external fields (free-evolution Hamiltonian)
from (2.6) and (2.15)

Ĥ0 = iℏ
κ

2
â†â+ ℏω0â

†â+ iℏ
Γm

2
b̂†b̂+ ℏΩmb̂†b̂, (2.19)

we can define the optical frequency shift per displacement as

G = −∂ω0/∂x (2.20)

after acknowledging that the optical resonance frequency depends on the position of the
mechanical moving element (ω0(x) = ω0+x∂ω0/∂x+ ...). Furthermore, by using a first-order
expansion for the displacement, we have that the Hamiltonian becomes

Ĥ0 = iℏ
κ

2
â†â+ ℏ(ω0 −Gx̂)â†â+ iℏ

Γm

2
b̂†b̂+ ℏΩmb̂†b̂ (2.21)

with x̂ as in (2.17). Thus, the interaction part of the Hamiltonian can be written

Ĥint = −ℏg0â†â(b̂+ b̂†), (2.22)

where
g0 = GxZPF (2.23)

is the vacuum optomechanical coupling strength, expressed as a frequency, and quantifies
the interaction between a single phonon and a single photon. The radiation-pressure force is
derived from the interaction Hamiltonian as

F̂ = −dĤint

dx̂
= ℏGâ†â = ℏ

g0
xZPF

â†â. (2.24)

As we already described before, the full Hamiltonian should also include the dissipation
terms of the optical and mechanical modes, the fluctuation of the number of phonons due to
thermal influx, and the driving external optical field. In the same rotating frame following
the laser frequency, we can thus express the complete Hamiltonian as

Ĥ = iℏ
κ

2
â†â− ℏ∆â†â+ iℏ

Γm

2
b̂†b̂+ ℏΩmb̂†b̂− ℏg0â†â(b̂+ b̂†), (2.25)

where ∆ = ωL − ω0 is the optical frequency detuning as before.
Even if this Hamiltonian provides a complete description of an optomechanical system, its
usage is limited by the non-linear terms in the interaction part that prevent an analytical (and
often even a numerical) solution for the optical and mechanical evolution. In the following
section, we employ the perturbation theory to linearize the interaction Hamiltonian and
simplify the modeling of the phenomenon.

2.4 Linearized Hamiltonian of the optomechanical interactions

The general interacting Hamiltonian reported in (2.22) represents all the possible energy
exchange contributions comprising the optomechanical interaction between an optical and
an acoustic mode. To extract information from this expression, we introduce the linearized
approximate description of cavity optomechanics that assumes the optomechanical response
is a perturbation of the optical mode, i.e., the optical mode has high power to not being
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2.4. Linearized Hamiltonian of the optomechanical interactions

depleted by the optomechanical interaction transferring of power. With this first assumption,
we can rewrite the optical cavity field as an average coherent amplitude α = ⟨â⟩ = ⟨â†â⟩ and
a fluctuating term δâ

â = α+ δâ, (2.26)
thus rewriting the interaction Hamiltonian as

Ĥint =− ℏg0(α+ δâ)†(α+ δâ)(b̂+ b̂†)

=− ℏg0|α|2(b̂+ b̂†)− ℏg0(α∗δâ+ αδâ†)(b̂+ b̂†)− ℏg0δâ†δâ(b̂+ b̂†)
(2.27)

The first term identified in (2.27) is proportional to |α|2 and thus also to the average
radiation-pressure force F = ℏG|α|2 from (2.24) that shifts the optical mode resonance
frequency because of the mechanical displacement and can be omitted after compensating
for it. As anticipated in the previous section, the mechanical motion induces a shift of the
optical resonance frequency, which results in a change of circulating light intensity and,
therefore, of the radiation pressure force acting on the motion, creating a feedback loop
known as optomechanical “back-action”. The second term is −ℏg0(α∗δâ+ αδâ†)(b̂+ b̂†) and
corresponds to the linearized interacting Hamiltonian. When we rewrite the coherent field
intensity as a function of the cavity photon number N , we obtain

Ĥ
(lin)
int = −ℏgm(δâ+ δâ†)(b̂+ b̂†) (2.28)

where
gm = g0

√
N (2.29)

is known as the effective optomechanical coupling strength and depends linearly on the
amplitude of the optical field inside the cavity. Finally, the third term ∝ δâ†δâ can be
neglected if the fluctuations in the optical field are small enough. As an additional remark,
the linearized description is usually accurate even if the average photon number inside the
cavity is not large since the mechanical system can’t resolve the individual photons if the
decay rate κ is sufficiently large.
A further analysis of the linearized interacting Hamiltonian can lead to splitting the description
of the optomechanical response into two separate terms. It brings particular significance to
this experiment because, as we will amply discuss in the following chapter, we can efficiently
suppress one of the two interactions thanks to the particular property of our system. The first
term is

ĤBS = −ℏgm(δâb̂† + δâ†b̂) (2.30)
and identifies a process in which a photon is absorbed(emitted) in exchange for an
emitted(absorbed) phonon, i.e., a beam-splitter interaction. On the other hand, the second
term is

ĤTMS = −ℏgm(δâb̂+ δâ†b̂†) (2.31)
and represents a two-mode squeezing since a photon and a phonon are created(annihilated)
at the same time.
In giving this description, one should remember there is a third mode involved in the
equations. In fact, the energy conservation principle implies that the energy before and
after the interaction is the same, i.e., since phonons and photons carry different amounts
of energy because of the different frequencies, the scattered photons must have higher or
lower energy from the incoming one, constituting a separate optical mode. In our case, we
are considering a linear cavity, and it has a frequency higher or lower than the first one, such
as the difference between the two optical mode energy corresponds to the mechanical one,
i.e., ω1 − ω2 = ±Ωm.
To conclude this description, we report the optomechanical equations of motion (this time
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2. Optomechanics

also reporting the external field contributions) that are linearly coupled in the optical and
acoustic field operators

˙̂a = −κ

2
â+ i

(
∆+

g0
xZPF

x̂

)
â+

√
κ
(1)
extâin

˙̂
b = −Γm

2
b̂+ iΩmb̂+ g0â

†â+
√
Γmb̂in.

(2.32)
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Optomechanficaflcavfity 3

3.1 Fromanoptficaflresonatortoanoptomechanficaflcavfity

Intheprevfiouschapter,wedfiscussedageneraflfframeworktodescrfibeanoptomechanficafl
system,whereas,fintheffoflflowfingtwochapters,westarttoffocusontheactuaflphysficaflsystem
weusetoreaflfizetheoptomechanficaflfinteractfion,fi.e.,acentfimeter-scaflecrystaflencflosed
finanoptficaflcavfity.Befforeenterfingfintothedetafiflsofftheoptomechanficaflprocessarfisfing
ffromthefinteractfionbetweenflfightandthequartzcrystaflflfinestructure,whfichfisthemafin
topficofftheffoflflowfingchapter,wemustdeveflopafformaflfismtoderfivetheoptficaflresponse
offthesystemffromthesfimpflfifiedmodefloffaFabry-Pérotcavfity.Whenweworkfinthebuflk
cavfityoptomechanficsfiefld,amacroscopficobjectfisfintroducedfintheoptficaflsystem,and
evennegflectfingthemechanficaflfinteractfions,westfiflflhavetoexpandthedepfictfionoffatrfivfiafl
two-mfirrorcavfity.
Inourexperfiment,theoptomechanficaflsystemweanaflyzecomprfisesaflat-flatz-cutquartz
crystafloffLq=4mmpflacedfinsfideaL=10.23mmflat-concaveoptficaflcavfitywfithanoffset
d≈1mm

Optficafl
mfirrorquartz

d

Optficafl

cavfity

mode

asdepfictedfinFfigure3.1.Thetwomfirrorsareshapedtoconfinetheflfightfinsfide

Ffigure3.1:Schemeofftheoptomechanficaflcavfity.StartfingffromaFabry-Perotcavfity
composedoffflatandcurvedmfirrorswfithhfighreflectfivfity,wefinsertaflat-flatquartzcrystafl,
affectfingtheresonancecavfitymodes.Theresufltfingsystemenabflestostudyoffthecrystafl
vfibratfionaflmodesbycoupflfingthemtotheoptficaflfiefldthroughBrfiflfloufinfinteractfions.Image
adaptedffrom[32].
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3. Optomechanficaflcavfity

theresonator,andthefirhfighreflectfivfityenabflesahfigh-finesseoptficaflcavfitythatenhances
theeflectromagnetficfiefld.Befforeprovfidfingacompfleteanaflysfisoffthechangesfintheoptficafl
response,onecoufldfintufitfiveflyunderstandthattheoptficaflspectrummustundergosome
changesbecausetheflfightmusttransfitfinamaterfiaflwfithahfigherreffractfivefindexn,thus
fincreasfingtheoptficaflflength,sflowfingdowntheround-trfip-tfime,andreducfingtheFSRoffthe
optficaflcavfity.
Acfloserflookcoufldgfivemorefinsfightfintothenewcavfitybehavfior:thedfifferencebetween
thecrystaflandthesurroundfingreffractfivefindexfisexpectedtoushersomereflectfionatthe
crystaflsurffaces,fimpactfingthesteadystateoffthepropagatfingfiefld.Evennegflectfingthe
anfisotropyoffthecrystaflbyusfingapoflarfizedbeamaflongoneofftheoptficaflaxesandthe
fincreasedabsorptfionfinsfidethequartzandassumfingperffectaflfignmentbetweenthecrystafl
andtheflfightdfirectfionoffpropagatfion,westfiflflexpectaconsfiderabflefimpactonthemode
spacfing.The4.36-%reflectfivfityoffthequartz-vacuumfinterffacesfformseveraflflow-finesse
cavfitfies(seeFfigure3.2)thatarecoupfledbetweeneachothersfincetheeflectromagnetficfieflds
overflap[41].Moreover,theconstructedanddestructfivefinterfferencebetweenthecavfityfieflds
wfiflflactdfifferentflyatdfifferentffrequencfies,thuscreatfinganasymmetrficbehavfioramong
theresonantmode.Inffact,wecanantficfipatethatthepresenceandposfitfionoffthecrystafl
moduflatetheflfinewfidthoffthecavfitymodesandthespacfingbetweenthem.Theresufltfisthe
creatfionoffaso-caflfledasymmetrficcavfity.
Inthenextsectfion,wefformaflfizethedescrfiptfionofftheoptomechanficaflcavfityusfingthe
scatterfingmatrfixapproach.Despfitebefingunabfletogfiveacompfletecflosed-fformreflatfion,
thedescrfiptfionoffthefinput-outputreflatfionsfisenoughtojustfiffytheresufltsprovfidedfinthe

Unfifform densfity off states fin absence off crystafl reffflectfions

Nonunfifform densfity off states fin presence off crystafl reffflectfions 

finaflsectfionoffthfischapterandnumerficaflflysfimuflatethesystemresponse.

Ffigure3.2:Thepfictureshowsthemafindfifferencebetweenanoptficaflandanoptomechanficafl
cavfity.Addfingacrystaflfinsfide,thesfimpfleFabry-Perotcavfityontopbecomesathree-cavfity
coupfledsystembecauseoffthecrystaflsurffacereflectfions.Theunfifformspectraflresponse
transfformsfintoanonunfifformdensfityoffmodes.Themafinadvantagefistheabfiflfitytoresonate
phenomenafinthecavfity,fi.e.,seflectthefinteractfionHamfifltonfianpartunderanaflysfisandflfimfit
thefinteractfiontoonflytwooptficaflmodes.InthecaseoffBrfiflfloufinscatterfing,wecanthus
suppressStokesorAntfi-Stokesscatterfing.Imageadaptedffrom[32].
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3.2.Transffermatrfixoffamufltfi-cavfitysystem

3.2 Transffermatrfixoffamufltfi-cavfitysystem

Supposeweffocusonflyontheoptficaflresponseoffouroptomechanficaflcavfity.Inthatcase,we
canreducethesystemcompflexfitytoaflfinearoptficaflsystemcomposedoffthreeoptficaflcavfitfies,
onebetweenthefirstmfirrorandthecrystafl,onewfithfinthecrystaflffaces,andonebetween
thecrystaflandthesecondmfirror.Oneapproachtoderfivfingacomprehensfiveanaflysfisoffthe
systemfisthecoupfledcavfitytheory[42].Thfistheorywantstodecoupflethedfifferentcavfity
responsesbyconsfiderfingaflflthepossfibfleflfightpathsandanaflyzfingthemfindependentflybeffore
superfimposfingthesoflutfionstogetthegflobaflresponse.Itaflflowsobtafinfingacflosed-fform
anaflytficaflsoflutfionfforthesystem,butthecomputatfionsrequfiredfforathree-cavfitysystem
arenottrfivfiafl.Asecondapproachwfideflyusedtoanaflyzecompflexoptficaflsystemsfisderfivfing
thesystemtransffermatrfixbyanaflyzfingthetransmfissfionmatrfixoffeachconstfitutfingeflement.
Derfivfinganumerficaflcharacterfizatfionoffthesystemffrequencyresponsefisthusreducedto
somematrfixmufltfipflficatfionfiffweffocusonflyondescrfibfingfiefldsoutsfidetheoptficaflcavfity.
Inderfivfingthetransffermatrfixofftheasymmetrficcavfity,weassumepflanewavepropagatfion
andaone-dfimensfionaflmodeflfforthebeampropagatfion,asfinthesfimpfleFabry-Pérotcavfity
anaflysfis.Theseassumptfionsfleadtosomeflfimfitatfionsonthepredfictfiveabfiflfityoffthemodefl,as
wewfiflflanaflyzefinChapter7.Neverthefless,theyprovfidemeanfingffuflfinsfidesfintothebehavfior
weafimfforfinourcavfity.Inthetransffermatrfixfframework,wemustdefinethefinputand

outputfiefldampflfitudes(wfithacflassficaflflfightmodefl)asa
(1,2)
fin ,anda

(1,2)
out wfiththemeanfing

M
1

M
2

quartz

Optficafl system

reportedfinFfigure3.3[32].

Ffigure3.3:Schemeofftheoptficaflsystem.Wecanfidentfiffythefinputandoutputmodesat

thetwoportsa
(1,2)
fin anda

(1,2)
out anddefinethetransffermatrfixTwhfichcompfleteflycharacterfize

thesystemflfinearresponse.

ThereflatfionbetweenthefiefldsfisgfivenbythetransffermatrfixTas

a
(1)
out

a
(1)
fin

=T
a
(2)
out

a
(2)
fin

, T1=
s
(1)
11 s

(1)
12

s
(1)
21 s

(1)
22

(3.1)

Affteranaflyzfingtheseverafleflementsoffthecavfity,wecanfidentfiffytworecurrfingreflatfions
thatareexpressedthroughthepropagatfionmatrfixTprop

Tprop=
γefiϕ 0

0 γe−fiϕ
, ϕ=n

ωL

c
(3.2)

thatrepresentsthephasedeflayϕandtheabsorptfionγofftheeflectromagnetficfiefldpropagatfing
throughamaterfiaflwfiththficknessLandreffractfivefindexn(dependentontheoscfiflflatfion
ffrequency),andthefinterffacematrfixTreff

Treff=−
fi

t

−1 r
−r 1

, r=
1−n

1+n
, t= 1−r2 (3.3)
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3. Optomechanical cavity

which reports the phase and amplitude relation between the fields across an interface where r
is the surface reflectivity and t is its transmissivity. We should remark that the transfer matrix
method allows us to use the complete relation of the dielectric mirrors without characterizing
the multilayer structure when placed in vacuum/air.
The total transmission matrix for our optical system consisting of the bulk crystal inside the
Fabry-Pérot optical cavity is then given by

T =Tref (mirror1) Tprop(vacuum) Tref (quartz) Tprop(quartz)·
·Tref (quartz)

† Tprop(vaccum) Tref (mirror2)

=
−i

t1

(
−1 r1
−r1 1

)(
eiϕ1 0

0 e−iϕ1

)
−i

t0

(
−1 r0
−r0 1

)(
γeiϕ0 0

0 γe−iϕ0

)
·

·−i

t0

(
−1 −r0
r0 1

)(
eiϕ2 0

0 e−iϕ2

)
−i

t2

(
−1 r2
−r2 1

)
.

(3.4)

Here the first and second mirror reflectivities r1,2 =
√
R1,2 and transmissivities t1,2 =

√
T1,2

are obtained from the mirror characteristics, and the propagation phase delays are ϕ0 =

nωLq/c, ϕ1 = ωd/c, and ϕ2 = ω(L − Lq − d)/c. The optical power reflected P
(1)
out and

transmitted P
(2)
out from the optical cavity can then be calculated from the total transmission

matrix (3.4) and the input power P (1)
in as

P
(1)
out =

∣∣∣∣T12

T22

∣∣∣∣2P (1)
in , P

(2)
out =

∣∣∣∣ 1

T22

∣∣∣∣2P (1)
in . (3.5)

3.3 Simulation of the optical properties of an optomechanical cavity

When we compare the simulated results of this optomechanical cavity with the Fabry-Pérot
resonator, we can verify that the quartz crystal leads to significant modifications in the cavity’s
optical properties. Without the quartz crystal, the cavity modes are equally spaced based
on the cavity length, and the free spectral range (FSR) follows a well-known pattern (see
equation (2.2)). On the other hand, when the quartz crystal is inserted, the average spacing
between the optical modes becomes narrower due to the increased optical path length caused
by the crystal, and asymmetry in the mode spacing arises. In Figure 3.4, we report the
simulated reflectance spectrum.
As we can recognize in the Figure, the FSR undergoes a modulation depending on the mode
frequency, the cavity length, and the offset in the crystal position. When considering small
changes in the crystal position, these variations are periodic with a period equal to half
of the light wavelength (Figure 3.5). It results from the crystal surfaces passing through
the nodes and antinodes of the standing wave optical cavity modes. If an asymmetric FSR
is the most evident impact, we should underline that the mode linewidth and maximum
transmission (i.e., minimum reflection) undergo the same modulation. Figure 3.6 displays
the reflectance variations for some modes as a function of the crystal position inside the
cavity, while Figure 3.7 shows the mode linewidth that undergoes the same modulation. Even
in the ideal case of perfect alignment between the incoming beam and the standing wave
along the cavity’s central symmetry axis, a given mode can change its properties depending
on the crystal displacement or mirror distance. This aspect will have a crucial impact on
understanding the experimental results, where a slight misalignment of the entire structure
limits the performance of the whole system [30].
Another remarkable note is related to the different behavior of the resonances depending on
their frequency. In Figure 3.5, we can observe a diverse behavior for even and odd modes,
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3.3.Sfimuflatfionofftheoptficaflpropertfiesoffanoptomechanficaflcavfity
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Ffigure3.4:Sfimuflatedspectraflresponseoffthethree-cavfitysystem.Thereflectancefis
aperfiodfic,wfithadfifferencefinFSRbetweenthemodesandadfifferentextfinctfionratfiooffthe
modesthemseflves.Thfisbehavfiorresufltsffromtheconstructfiveanddestructfivefinterfference
betweenthestandfingwavesoffthesfingflecavfity,fleadfingtoamoduflatfionofftheresponse.

wheretheampflfitudeandphasedeflayofftheoscfiflflatfionsfisdfifferentbetweenthetwo.A
justfificatfionfforthfisbehavfiorfisnottrfivfiafl,butfitfisprobabflyreflatedtohavfingthreecoupfled
cavfitfiesbetweenthetwomfirrorsthatcoufldcompensatefforeachotherbehavfior. Once
agafin,thfisconsfideratfionwfiflflheflpusunderstandtheexperfimentafldata(Sectfion7.1)and,fin
partficuflar,theeffectsoffthecrystaflmfisaflfignmentonthemodes(Sectfion7.3).
LookfingatthereflatfionbetweenthewaveflengthandtheFSR(Ffigure3.8),thedfifference
betweenevenandoddmodesfisagafinevfident.Moreover,wecanrecognfizeapatternfformed

1000 500 0 500 1000

1553.4

1553.6

1553.8

1554.0

1554.2

bytwosfinewavesoffdfifferentampflfitude,onemoduflatfingtheoddmodesandtheotherthe

Ffigure3.5:Sfimuflatfionoffthecavfityresonantmodeswfithdfifferentoffsetsfinthecrystafl
posfitfion.Theffrequencfiesaremoduflatedbecauseoffthephase-matchfingcondfitfiononthe
crystaflsurfface.Eachmodehasadfifferentphasedeflayfintheoscfiflflatfion,buttheperfiodfis
constantandcorrespondstohaflffofftheflfightwaveflength.
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Ffigure3.6:Sfimuflatfionoffthereflectanceoff10dfifferentmodes.Themaxfimumamountoff
flfightcoupfledfinsfidethecavfitydependsonthespecfificmode(e.g,darkbfluevsyeflflow)whfifle
themoduflatfionoffthepeakhefightdependsonthecrystaflposfitfion.

evenones.IntheFfigure,wecanaflsonotficehowthecrystaflposfitfionaffectsthereflatfive
dfistancebetweenthecavfitymodesthatfinpractficeenabfleafine-tunfingofftheFSR.Most
fimportantfly,thevarfiatfionspeeddependsontheposfitfionoffthepofintonthemoduflatfing
wavefform:thetopandbottomffrfingesaremorestabflethanthecentraflrapfiddrfifftofftheFSR,
enabflfingflessaflterfing,butbetterresponsestabfiflfity[30].IffweanaflyzeFfigure3.9comparfing
FSRand∆FSR,definedasthedfifferencebetweentwoconsecutfiveFSRs

∆FSR=FSRj+1−FSRj=wj+2+wj−2wj+1,

200 100 0 100 200

0.8

1.0

1.2

1.4

1.6

(3.6)

Ffigure3.7:Sfimuflatfionoffthemodeflfinewfidthasaffunctfionoffthecrystafloffset.Thepeak
hefightandwfidtharereflated,sothesamemoduflatfionaffectsbothoffthem.Whenapeakfis
hfigh,fitfisaflsonarrow,andvficeversa.Themfinfimumandmaxfimumdependonthespecfific
cavfitymodes,however,theabsoflutemfinfimumflfinewfidthfisreflatedtothepureoptficaflcavfity
one,sfincethecrystaflcanonflyfincreasetheflosses.
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Ffigure3.8:SfimuflatfionofftheFSRasaffunctfionoffthecrystafloffsetfinsfidethecavfityand
theresonancewaveflength.Thespectraflresponsefismoduflatedfinffrequencybecauseoffthe
crystaflreflectfivfity,wfithaperfiodficenveflopearoundanaveragevafluethatfissflfightflysmaflfler
thanthepureoptficaflcavfityone.Thecrystaflposfitfionmakesthepatternvarfies,wfithdfifferent
drfifftspeedwfithdfifferentmodes.Thfisdrfifftfisperfiodficandcorrespondstotheoscfiflflatfionoff
themodeffrequencyreportedfinFfigure3.5.

wenotficeadoubfle-eflflfiptficaflpatternffortheevenandoddmodes.Theeflflfipseeccentrficfity
dependsonthecrystafloffsetfinsfidethecavfity[31],andfitsaxfisdrfifftswfiththeflaserffrequency
(thephasedeflayonthecrystaflffacetsdependsontheflaserwaveflength,thusthefinterfference
wfiththereflectedwavedrfifftswfithfit).Havfing∆FSR≠0aflflowsexcfitfingasfingflemodepafir
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whenstfimuflatfingtheoptomechanficaflresponsefinthecrystafl(seeSectfion4.3).

Ffigure3.9:SfimuflatfionoffthereflatfionbetweenconsecutfiveFSRsasaffunctfionoffthecrystafl
posfitfionfinsfidethecavfity.Thepofintsaredfistrfibutedaflongtwoeflflfipseswhfichrotatewfith
theffrequency.Theeflflfiptficfitydependsonthemacroscopficcrystaflposfitfion,wfithflargervaflues
cflosertothemfirrors.Ontheotherhand,themficroscopficcrystaflshfifftsmakethepofintsmove
aflongtheeflflfipses.
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3. Optomechanficaflcavfity
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Ffigure3.10:Sfimuflatfionoffthecavfityresonantffrequencfieswhenthecavfitytemperature
fincreases.Sfincethecrystaflandthecavfityhoflderhavedfifferentflengthsandexpansfion
coeficfients,thecrystafldfimensfion,fitsoffset,andthecavfityflengthundergosuperfimposed
changes.Thepfictureshowsthebehavfioroveratypficafloperatfionrangefintheflaboratory.

Ffinaflfly,weshoufldstressthatthenanometrficchangesfinthecrystaflposfitfionorcavfityflength
arenotoutsfidetheabfiflfityoffastandardoptficsflaboratory.Precfisefly,themetaflexpansfionand
contractfionwfithtemperaturefismorethanenoughtogeneratesfignfificantdrfifftsfinaroom
temperaturesetup.Theabfiflfitytotunethesystemfisenabfledonceweprovfideastrategyto
modfiffyandstabfiflfizethetemperatureofftheeflementskeepfingthemfirrorsandthecrystaflfin
posfitfion.
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InFfigure3.10,wereportthesameanaflysfisoff3.5,buttakfingfintoaccountthethermafl
expansfioncoeficfientsoffthequartzcrystaflandthebrasscavfity[43].Inffact,wfiththe
temperaturerfisfing,thecavfityflengthfincreasesasweflflastheflengthoffthecrystaflandfits

Ffigure3.11:Exampfleoffamodedrfifftwfithtemperature.Themacroscopficdrfifftdepends
onthecavfityflengthvarfiatfionbecausefitfisaccumuflatedfinffrequency.Atthesametfime,the
crystaflposfitfionandexpansfionmafinflyfimpactthemodeshapeandthefinversfionoffdfirectfion
ontheflefftoffthepficture.
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3.3.Sfimuflatfionofftheoptficaflpropertfiesoffanoptomechanficaflcavfity

1552.0 1552.5 1553.0 1553.5 1554.0 1554.5 1555.0 1555.5

10.5

11.0

11.5

12.0

12.5

13.0

13.5

14.0

T=24.0 C

T=24.2 C

T=24.4 C

T=24.6 C

T=24.8 C

T=25.0 C

T=25.2 C

T=25.4 C

T=25.6 C

T=25.8 C

T=26.0 C

Ffigure3.12:SfimuflatfionoffthefimpactofftemperatureontheFSRpattern.Sflowdrfifftfing
pofintsappearonthetopandbottomoffthemoduflatfionpattern,finaccordwfiththesfinusofidafl
oscfiflflatfionsoffthepofints.ThedottedflfinerepresentstheBrfiflfloufinffrequencyweafimatto
stfimuflatetheoptomechanficaflfinteractfion.Regardfingthepofintscrossfingtheflfine,weshow
thattemperaturestabfiflfityandcontroflarerequfiredtosteadythecavfitybehavfior.

offsetwfithrespecttothefirstcavfitymfirror.InFfigure3.11,wedfispflayedthemodeffrequency
drfifft,domfinatedbythecavfityflengthvarfiatfion,togetherwfiththechangesfinfitsreflectance,
causedbythecrystaflshfifftasshownfin3.6.
Atflast,finFfigure3.12andFfigure3.13wereporttheFSRbehavfiorasaffunctfionoffthecavfity
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temperature.Thesameconsfideratfionsasfinthecaseoffsfimpflecrystaflposfitfionchangesappfly.

Ffigure3.13:Sfimuflatfionoffthe∆FSRagafinstFSRpatternasaffunctfionoffthecavfity
temperature. Thetemperaturefimpactfisthesameasthecrystafloffsetsfincethe
phase-matchfingcondfitfiondrfifftswfithtemperaturewhfiflethemacroscopficcrystaflposfitfionfis
stabfle,assumfinggoodequfiflfibrfiumamongthethermaflstressfforces,fi.e.,theaflfignmentoffthe
crystaflffacesfisnotcompromfised.
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3. Optomechanical cavity

In addition to anticipating the comparison between simulation and experimental data, this
analysis wants to justify this setup’s utility in studying the optomechanical response of the
quartz crystal. In particular, the previous Chapter has clarified the requirements of having
multiple optical modes separated by the vibrational frequency allowed by the crystal and
a strategy to suppress part of the interaction to obtain recognizable Hamiltonians. In this
Chapter, we demonstrated how both conditions are met when placing a crystal inside an optical
cavity thanks to the modulation of the cavity’s FSR and the ability to tune the system through
temperature variations, thus providing a strong theoretical backing for the experiment.
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Brillouin scattering 4

4.1 Light-matter interactions in a Quartz crystal

In the previous Chapter, we justify the choice of the experimental setup and how amacroscopic
optomechanical cavity can be used to study the interaction between an optical and an acoustic
mode. We will now focus on understanding how the acoustic wave can be generated inside a
crystal and can enable optomechanical interaction to transfer power between different optical
modes.
Starting from the material choice for the experiment, a quartz crystal is an arranged structure
of Silicon and Oxygen atoms according to a hexagonal lattice. The crystalline structure
has a refractive index n = 1.5276 @ T = 298K [44] and presents two optical axes, i.e.,
when the material is cut along the x-y plane (z-cut) and the light impinging orthogonally
to the crystal face, twp linearly polarized modes can be transmitted without perturbation.
On the other hand, the other incoming beams will be affected depending on the incoming
polarization, with a deviation in the optical path if the impinging angle is different from
zero. Nevertheless, quartz crystals are often used in optics because of their stability in
frequency (dn/dλ = −9 ppm/nm) and temperature dn/dT = 10ppm/K, and low absorption
γ < 10 ppm/cm−1 at optical wavelengths. Moreover, their birefringence ∆n = 8.47× 10−3 is
usually neglected by operating along the crystal optical axis, as in this experiment.
In quantum optics, when discussing the optical properties of the different materials, we are
often interested in the capability of arising non-linear phenomena because they imply the
interaction between multiple quantum entities and thus enable, for example, the creation of
entangled and squeezed light. Quartz crystals do not show remarkable high-order dielectric
coefficients and can still favor Raman and Brillouin scattering. Raman scattering describes
the properties of the atomic nuclei of absorbing and re-emitting photons at different energies
after going through a transition of the bounded electrons to a different energy level. Brillouin
scattering involves an acoustic wave propagating through the crystalline structure and an
organized displacement of the lattice atoms.
Pristine quartz crystals are employed for their optomechanical properties because a precise
lattice structure without defects and impurities enables the long propagation of vibration
across the material and, when the system is cooled down to cryogenic temperature, can
constitute a mechanical cavity with small linewidth (Γm/2π = 100 kHz [32]). Furthermore,
the acoustic modes are considered at high-frequency in the optomechanics field with bulk
acoustic waves at about Ωm/2π = 12.44GHz, allowing them to easily reach ground state
for the mechanical oscillator at T = 100mK and involve a large motional mass of about
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4. Brfiflfloufinscatterfing

meffff≈20µg,fincreasfingthefinterestfforffundamentaflphysficsexperfiments.
Intherestoffthechapter,wewfiflflffocusontheBrfiflfloufinfinteractfion,startfingwfitha
phenomenoflogficafldescrfiptfionoffStokesandAntfi-stokesscatterfingtoconcfludebyfformaflfizfing
thefinteractfionfinthefframeworkoffOptomechanficswefintroducedfinChapter2.

4.2 Brfiflfloufinfinteractfions:StokesandAntfi-Stokesscatterfing

Amongtheenergy-transffermechanfismsfinquartzcrystafls,Brfiflfloufinscatterfingfisthepromfinent
optomechanficaflfinteractfion(Ffigure4.1).Fromacflassficoptficspofintoffvfiew,Brfiflfloufin
scatterfingfisathree-wavemfixfingfinteractfionarfisfingffromthefineflastficscatterfingoffflfightffrom
eflastficwaves,fi.e.,buflkacoustficwaves.Brfiflfloufinscatterfingoccursduetoeflectrostrfictfion,
aphenomenonwherematerfiaflsbecomedenserunderthefinfluenceoffaneflectrficfiefld
[45]. Morefindetafifl,thecoupflfingbetweentheoptficaflfiefldandtheflocafldfispflacement
offthedfieflectrficmedfiumoccursthroughaBrfiflfloufin-flfikeoptomechanficaflprocesswhen
thetfime-moduflatedeflectrostrfictfiveoptficaflfforcedfistrfibutfion,producedbythefinterfference
betweendfistfinctmodesofftheFabry-Pérotcavfity,matchestheeflastficprofifle(andffrequency)
offabuflkacoustficphononmode.Bycreatfingatfime-moduflatedphotoeflastficgratfing,these
acoustficwavesmedfiateenergytransfferbetweendfistfinctflongfitudfinaflmodesofftheoptficafl
cavfity.

quartz

d

Standfing-wave
optficafl modes

Fast-decayfing

acoustfic modes

Fromthegfivendefinfitfion,therequfirementoffexcfitfingatfleasttwooptficaflmodeswhfich

Ffigure4.1:Thepfictureshowstheoptficaflandacoustficmodesfinsfidetheoptomechanficafl
cavfity.Thephase-matchfingcondfitfionsfforacoustficmodesgeneratestandfingwavesbetween
thetwomfirrors. Whenconsfiderfingthereflectfionffromthecrystafltoo,thewavescan
showdfifferentfintensfitfiesfinthedfifferentregfionsbecauseoffconstructfiveanddestructfive
finterfferencewfiththereflectedfieflds.Ontheotherhand,thephononmodeshaveaflfiffetfime
smaflflerthanround-trfip-tfimefinsfidethecrystafl,preventfingthecreatfionoffanacoustficcavfity.
Theacoustficmodeshaveffastdecayratesandthephase-matchfingcondfitfionsarefloosened.
Thefinteractfionbetweenthemodesfisaflflowedwhenenergyandmomentumconservatfionfis
guaranteed,andtheoverflappfingfintegraflbetweenthemodesfisnon-zero.Imageadapted
ffrom[32].
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4.2.Brfiflfloufinfinteractfions:StokesandAntfi-Stokesscatterfing

spatfiaflflyoverflapwfithfinthecrystaflfisevfident.Moreover,energyandmomentumconservatfion
determfinesthesetoffphononmodes(Ωm,⃗qm)thatcanmedfiateresonantcoupflfingbetween
adjacentoptficaflmodes(ωj,⃗kj)and(ωj+1,⃗kj+1)offtheFabry-Pérotcavfity.Whenworkfingat
roomtemperature,wecannotcreateanacoustficcavfitywfithfinthecrystaflbecauseoffthequfick
decoherenceofftheflattficevfibratfions(exp(−ΓmLq)≪1).Theresufltfisthatthesecondfitfions
areeasfiflymet,fi.e.,theflfinewfidthoffthecavfityresonancescanbemuchsmaflflerthanthe
mechanficaflflfinewfidthofftheoptomechanficaflfinteractfion.Moreover,assumfingpropagatfionoff
theoptficaflbeamorthogonafltothez-cutffacet,theconservatfionoffenergyandmomentum

ℏωj+1=ℏωj+ℏΩm

k⃗j+1(ωj+1)=⃗kj(ωj)±q⃗m(Ωm)
(4.1)

fissatfisfiedwhentheffrequencyspacfingbetweenadjacentoptficaflresonancesmatchesthe
Brfiflfloufinffrequency(FSR=Ωm),fi.e.,theacoustficwaveffrequency.
Consfiderfingtheserequfirements,theBrfiflfloufinffrequencyΩm canbecaflcuflatedasaffunctfion
offthepropagatfionspeedoffflfightvoandsoundvafinthematerfiafl[46]

Ωm =
2ωpva/vo
1±va/vo

≈2ωpva/vo, (4.2)

whereωp=ωj≈ωj+1 fistheffrequencyofftheflaserpump,andthepflus-sfigntakesfinto
accountthedfifferentdfirectfionsoffpropagatfionofftheacoustficwavescomparedtotheoptficafl
onesasthegfivenapproxfimatfionfisvaflfidwfithvo≫va.Thespeedoffsoundfintheflongfitudfinafl
dfirectfionfisva= c33/ρ,whereρ=2650kg/m

3fisthedensfity,andc33=106.1×10
9Nm−2

fisthereflevanteflastficconstant.Thespeedoffflfightfinagfivenmaterfiafl,v0=c/nwherethe
reffractfivefindexndependsbothonthepumpwaveflengthλ≈1550nmandthetemperature,
andfitfisffoundusfingtheSeflflmefierfformufla[47].TheBrfiflfloufinffrequencyfforcrystaflflfinez-cut
quartzfisestfimatedatΩm =12.47GHz

Antfi-Stokes scatterfing - optomechanficafl cooflfingStokes scatterfing - optomechanficafl heatfing

.

Ffigure4.2:EnergyandmomentumconservatfiondfiagramfforStokesandAntfi-Stokes
processes.InStokesscatterfing,ahfigh-energyphotonfinteractsfinthematerfiafl,refleasfing
anewphononthatpropagatesacrosstheflattficestructureandaflower-energyphoton.In
Antfi-Stokesscatterfing,aphotonandaphononfinteracttogetherandemfitanewhfigherenergy
photon.Thetwofinteractfionsareknownasoptomechanficaflheatfingandcooflfingbecausethey
fimpactthenumberoffphononsfinthesystem,thuschangfingfitsthermaflequfiflfibrfium.

SfincetwocondfitfionscandefineBrfiflfloufinfinteractfions,twodfifferentprocessesfinvoflvfingthe
threewavescanarfise,fi.e.,StokesandAntfi-stokesscatterfing.InaStokesprocess,aphoton
ffromthefincfidentflaserpumpfiefldatffrequencyωpfisconvertedfintoaflowerffrequency
StokesphotonatffrequencyωSandanacoustficphononatffrequencyΩm finthefineflastfic
scatterfingprocess,whereωp=ωS+Ωm,shownfinFfigureFfigure4.2(flefft).Ontheother
hand,aphotonffromtheflaserfiefldcanaflsoabsorbtheenergyoffanacoustficphononand
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4. Brfiflfloufinscatterfing

Ffigure4.3:Thedfispersfionreflatfionsbetweentheoptficaflandacoustficmodesfimpflythatthe
scatteredfiefldfisaflwaysback-propagatfingwfithrespecttothepumpmode.Ontheotherhand,
thegeneratedStokesphononsdfifferffromtheonesthatcanbeabsorbedthroughAntfi-Stokes
scatterfingbecauseoffthedfifferentdfirectfionsoffpropagatfion. Weshoufldaflsonotficethat
themomentumoffthefinteractfingphononsq+ andq− fissflfightflydfifferentbecauseoffthe
dependenceonNth+1andNth,respectfivefly.Imageffrom[31].

produceahfigherffrequencyantfi-StokesphotonatffrequencyωAS=ωp+Ωm,asshownfin
FfigureFfigure4.2(rfight).Tograntmomentumconservatfion,thetwofinteractfionsgenerate
respectfiveflyfforward-andbackward-propagatfingphononwavesknownasfforwardand
backwardBrfiflfloufinscatterfing.Ffigure4.3pficturesthedfispersfionreflatfionoffthedfifferent
waves,andfitprovfidesagraphficaflexpflanatfionfforthedfifferencebetweentheStokesq+and
Antfi-stokesq−momentumatthesameffrequencyΩm.
Anaddfitfionaflremarkshoufldfincfludethephase-matchfingcondfitfionsbetweenthegenerated
waves:onflyfiffthepumpwavecoherentflyexcfitesthecrystafl,theresufltfingphotonswfiflflbe
abfletoconstructfiveflyfinterfferewfitheachotherfinthefinteractfionregfionandgeneratea
propagatfingscatteredwave[45,48].Itfisfindeedthecasefinsfideanoptficaflcavfity,wherethe
pumpmodefisfinasteadystatebecauseoffresonancewfiththecavfitymodes.

4.3 Optomechanficafldescrfiptfionfinthescatterfingpficture

Iff,fintheprevfioussectfion,wehavedescrfibedtheBrfiflfloufinscatterfingandfitsfinterpretatfion
throughoptficaflandacoustficwaves,wearestfiflfl mfissfingthetheoretficaflflfinkwfithan
optomechanficaflfinteractfion.AnfintufitfiveexpflanatfioncoufldrecaflflthatBrfiflfloufinscatterfing
fimpflfiestheenergyexchangebetweenanoptficaflandanacoustficwave,thuscompflyfing
wfiththedefinfitfionoffoptomechanficaflfinteractfion.Neverthefless,amoreprecfiseanaflysfisoff
theresufltsshownfinChapter5candrawacompfletepfictureoffbothfinterpretatfionsoffthe
phenomenon.
Wehaveshownthatwecandfistfingufishthetwo-modesqueezfingandthebeam-spflfitter
finteractfionsbysuppressfingpartofftheflfinearfizedoptomechanficsfinteractfionHamfifltonfian.
ThesetwoprocessesareequfivaflenttoStokesandAntfi-stokesscatterfing,respectfivefly,once
descrfibedassfingfleenergyquantumtransffer(Ffigure4.4).Inffact,thedecayoffasfingfle
hfigh-energyphotonfintoanentangfledstatebetweenaphotonandaphononcflearflydescrfibes
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4.3. Optomechanficafldescrfiptfionfinthescatterfingpficture
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Ffigure4.4:ThedfiagramdfispflaystheStokes(A)andAntfi-Stokes(B)finteractfions,remarkfing
ontherofleoffthemechanficaflandoptficaflmodes.Whenwenegflectthepumpfingflaserthat
coufldhaveahfigherorflowerffrequencycomparedtotheoptficaflcavfitymode,thepowerfis
aflwaysscatteredfintothecavfitymode.Thedfifferenceflfiesfinthenarrowfingorspreadfing
offthemechanficaflstatedfistrfibutfionbecauseoffthecreatfionorabsorptfionoffphononsata
precfiseffrequency.Imageffrom[19].

Stokesscatterfing,andfitsfinteractfionHamfifltonfian

ĤS=−ℏg0(̂a
†
p̂aŜb+̂ap̂a

†
Sb̂
†) (4.3)

fisequfivaflenttotheprobabfiflfistficgeneratfionoffatwo-modesqueezedstate(2.31),where
theprobabfiflfityfisgfivenbythestrengthofftheoptomechanficaflfinteractfiong0.Inthesame
way,Antfi-stokesscatterfingreflfiesontheprobabfiflfistficabsorptfionoffaphonon,togetherwfitha
photon,tocreateahfigherenergyphotonandconstfituteabeamspflfitterfinteractfionwhen
negflectfingthepumpmodeprovfidfingenergyfforthetransfitfion

ĤAS=−ℏg0(̂a
†
p̂aASb̂

†+̂ap̂a
†
ASb̂). (4.4)

Theparaflfleflfismfisaflsoevfidentaffterrecaflflfingthattheacoustficwavesfinasystemaredfirectfly
proportfionafltofitstemperature,thusthecreatfionoffphononthroughStokesscatterfingheats
themechanficaflsystemwhfifletheabsorptfionthroughAntfi-stokesscatterfingcooflsthesystem
down. Whenrecaflflfingthatthetwooptomechanficaflfinteractfionsarefindeednamedflaser
heatfingandflasercooflfingbecauseoffthefireffectontheampflfitudeoffthedfispflacementoffthe
mechanficafloscfiflflator,theequfivaflencefisonceagafinconfirmed.
Furthermore,wecancaflcuflatetheoptomechanficaflsfingfle-photoncoupflfingrateg0offthe
Brfiflfloufinfinteractfion.Thederfivatfionactuaflflyrequfiresfintroducfingthequantfizatfionoffthe
eflectromagnetficandacoustficfiefldsandtakfingfintoaccountboththemodeoverflapoffthe
Gaussfianbeamsfinsfidethecrystaflandthephase-matchfingcondfitfionbecauseoffthestandfing
optficaflmodesnodesandantfinodes.Thecompfletederfivatfioncanbeffoundfintheflfiterature
artficfles[32],whfifleherewereportonflytheupperflfimfitfforg0(notfingthatfitassumesan
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4. Brillouin scattering

acoustic cavity being formed inside the crystal) as

g0/2π ≈ ωn5p13
2n2

effc

√
ℏ

ΩmρALq

(
Lq

L

)
, (4.5)

where neff ≈ n = 1.5276 is the effective refractive index for the optical mode,
ρ = 2650 kg/m3 is the material density, p13 = 0.27 is elasto-optic constant along the optical
axis, A ≈ π(72µm)2 is the interaction area constrained by the optical mode waist, Lq = 4mm
is the crystal length, and L = 10.23mm is the cavity length. We have also assumed the
frequency of the two optical modes to be the same ωj = ωj+1 = ω = 193.4THz to obtain a
maximum single-photon coupling rate of g0/2π ≈ 12.98Hz.
In conclusion, in these introductory chapters, we discussed the theory behind the
optomechanical interactions and its equivalence with the Brillouin Stokes and Anti-stokes
scattering happening in quartz crystal, showing its feasibility as an optomechanics platform.
Moreover, we explain how the interactions can be stimulated independently in a macroscopic
optomechanical cavity thanks to the modulation in the FSR when placing a crystal inside the
cavity, and we are now ready to describe the experiment and its goal.
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Bulk cavity optoacoustics 5

5.1 High-frequency optomechanics: resolved-sideband regime

The topic of this project could be said to be within the "bulk cavity optomechanics" because
of the macroscopic nature of the optomechanical system compared to the more commonly
used membranes and trampolines. The "cavity" feature arises from using the resonant modes
of an optical cavity to enhance the optomechanical interactions in the quartz crystal. Another
classification could be discerned from the nature of the interaction given the topic name of
"Brillouin optoacoustics" since the lattice vibrations generated by Brillouin-scattered phonons
lead to bulk acoustic waves propagating in the crystal. Finally, another characterization of
the system under analysis is the property of allowing "high-frequency phonons". In fact,
"high-frequency optomechanics" denominates a specific subfield focused on studying the
optomechanical interactions within the limits of the resolved-sideband regime.
In contrast with the Doppler regime, i.e., the unresolved-sideband regime, in which the
frequency of the mechanical modes is several orders of magnitudes smaller than the optical
linewidth (Ωm ≪ κ), thus limiting the cooling rate of the optomechanical interaction because
of quantum back-action [19, 49], the resolved-sideband regime presents a mechanical

ω ω

a b ω

0 ω

Ω<   m

Ωmin≈ 2/16  m
2 < 1κ

κ
ω

ω0

Ωmin≈  /4  m>> 1

Ω>>  mκ

κ
Figure 5.1: Comparison between unresolved (a) and resolved (b) sideband regime. In the
first case, the stimulation of the sideband also transfers energy into the principal mode,
preventing the cooling of the system into the mechanical ground state. In the second
case, the separation between the sidebands allows exciting only the Anti-Stokes interaction,
thus decreasing the phonon number and cooling the system below the single-phonon level
Nmin < 1. We also noticed that we could have high-order sidebands, but their strength is
usually too low to be used. Image from [49].
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5. Buflkcavfityoptoacoustfics

ffrequencymuchflargerthanthecavfitydecayrate(Ωm ≫ κ),asshownfinFfigure5.1.In
thfisregfime,theoptomechanficaflscatterfinggeneratesaserfiesoffsfidebandpeaksspacedat
mufltfipflesoffthemechanficaflffrequency(onflythefirstorderfisusuaflflyconsfidered,finpartficuflar
wfithaflowoptomechanficaflcoupflfingrate)thatareseparatedffromthepumpfingmodepeak.
Inthfisexperfiment,theadvantagefisevfident:wenotonflycananaflyzetheffrequencyresponse
offthesemodesfindependentflyoffthemafinonebyfiflterfingthespectraflresponse,butweaflso
canmakebothpumpfingandscatteredbeamsfinresonancewfiththecavfitymodes,fincreasfing
thenumberoffphotonsfinthepumpthatareavafiflabflefforthetransfitfion.Theflatteraspectfis
crucfiaflffortheexperfimentbecausefitaflflowsthesystemtoreachthefincredfibflyhfigheffectfive
coupflfingrateandreachthestrong-coupflfingregfime,fi.e.,thecoupflfingrateovercomesthe
optficaflandmechanficaflflossesfinsfidethecavfity,asfitwfiflflflargeflyexpflafinattheendoffthfis
chapter.
Intheffoflflowfingsectfions,wewfiflflfformaflfizetheHamfifltonfiandescrfiptfionofftheoptomechanficafl
finteractfionfinoursystemtoderfiveatheoretficaflmodefloffthevarfiatfionfintheoptficaflresponse
fintermsoffflfightfintensfityreflectedffromandtransmfittedthroughthecavfity.Then,wewfiflfl
anaflyzetheeffectsoffpowerffortheStokesandtheAntfi-stokesfinteractfion,definfingand
characterfizfingtheBrfiflfloufinflasfingandthestrong-coupflfingregfime.

5.2 OptomechanficaflflyInducedAmpflfificatfion(OMIA)andTransparency
(OMIT)

Theoptomechanficaflresponseoffthesystemaffectstheoptficaflpropertfiesoffthecavfity,fleadfing
toachangefinreflectfivfitywhentheBrfiflfloufinffrequencymatchesthedfifferencebetween
thetwocavfitymodes.Aswedfiscussedbeffore,thetransfferoffenergybetweentheoptficafl
modesthroughtheacoustficwavearfisesfinachangeoffthereflectedandtransmfittedpower.
Inpartficuflar,finthecaseoffastrongcontroflflaserfinresonancewfithacavfitymode(pump
mode),wecanperturbtheresponseoffaweakprobefinanadjacentresonance(sfignaflmode),
fimpactfingthetransmfittanceofftheoptficaflcavfity.Itfistheso-caflfledoptomechanficaflflyfinduced
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Ffigure5.2:OptomechanficaflflyInducedAmpflfificatfion(OMIA)andTransparency(OMIT).
Whenanaflyzfingthetransmfissfionoffthesfignaflmode,mechanficaflresonancesfimpactthe
transmfissfionofftheoptficaflmodebecauseoffthescatterfingoffphotonsffromthepump,whfich
finterfferesconstructfiveflyordestructfiveflywfiththeprobfingmode.Iffthesystemfisatcryogenfic
temperaturesandanacoustficcavfityfisfformed,themechanficaflflfinewfidthcanbemuchsmaflfler
thantheoptficaflone,fleadfingtoanampflfificatfionorabsorptfionwfindowfinthecavfityresponse.
Imageadaptedffrom[32].
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Whentheffrequencyofftheprobemodefisflowerthanthepumpone,thepowertransfferfis
carrfiedoutthroughStokesscatterfing,thusampflfiffyfingtheamountoffpowerfinsfidethecavfity
andovercomfingthemodedecay.Itmeansthat,despfitemostofftheflfightbefingtransmfitted
throughtheoptficaflcavfitybecausefinresonancewfiththecavfitymodes,partofftheflfightfisstfiflfl
reflectedasfiffthereflectanceoffthecavfityfisfincreasedandfitsamountfiscomparabfletothe
fincfidentfintensfityfleadfingtoavfisfibflechangefinthespectraflresponse.Inthesameway,when
theprobemodehasahfigherffrequencythanthepump,fitfisdepfletedbecauseoffAntfi-stokes
finteractfion.Inffact,thescatteredphotonsarephase-coherentwfiththeprobefiefldsand
destructfiveflyfinterfferewfiththem,fleadfingtoacanceflflatfionoffthefintracavfityfiefld.Asaresuflt,
wenoflongerhaveareflectedflfightffromthecavfitythatcanfinterfferewfiththefimpfingfingone,
transfformfingthecavfityresponseastheoneencounteredoutoffresonance,fi.e.,theflfight
appearstobetransmfittedthroughthecavfityasthecavfityresonancefismadetransparent.
Fromanoptomechanficaflpofintoffvfiew,thephysficaflorfigfinoffboththeampflfificatfionandthe
transparencywfindowsunderflfiesthebeatfingbetweentheprobefiefldandthepumpfingflaser
that,whencoherent,finducesatfime-varyfingradfiatfionpressurefforce.Whenthemechanficafl
oscfiflflatfionffrequencyfismet,themechanficafloscfiflflatorfisdrfivenresonantfly,creatfingsfidebands
finthefintracavfityfiefldthatfinterffereconstructfiveflyordestructfiveflywfiththeprobesfignafl.
Evenfiffampflfificatfionandtransparencycanbedescrfibedwfiththesamesetoffequatfionsfin
thetheoretficafldfiscussfion,thedumpfingoffthemechanficafloscfiflflatorfintheStokesscatterfing
wfiflflbereducedbyfincreasfingthepumppower.Thfisaspectfleadstoanfintrfinsficflfimfitffora
coherentresponsebefforeparametrficoscfiflflatoryfinstabfiflfityoccurs,fi.e.,thenofisefiscoherentfly
ampflfifiedbythemechanficaflmotfionovercomfingtheflasfingthreshofld.

5.3 Optomechanficaflcavfityspectraflresponsemodefl

Intryfingtocharacterfizetheoptomechanficaflresponseoffoursystem,weshoufldstartby
detafiflfingtheunfidfimensfionafltransffermatrfixmodeflpresentedfinChapter3.Tohavea
moreaccuratedescrfiptfionofftheexperfimentaflresuflts,weneedtotakefintoaccountanother

ffundamentafleflement.Whereasthemodesa
(1,2)
fin anda

(1,2)
out fin(3.1)representthefinputand

outputmodesoffthecavfity,thosedonot,fingenerafl,descrfibethefinputandoutputmodesoff
ourtransmfissfionoptfics.Evenfiffthedfifferencefinpoflarfizatfionaflfignmentcanbeoverflooked
andthecompfletemodeflfingoffthemfisaflfignmentoffthefincomfingbeamfisanoverreachfing

M
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M
2

quartz

Optficafl cavfity

approach,wecanstfiflflaccountfforthemodemfismatchthroughaddfitfionaflflossesbetweenthe

Ffigure5.3:Theschemefidentfifiesthefinputa
(1,2)
fin andoutputa

(1,2)
out modesffromtheoptficafl

cavfity.Thesemodesdfirectflycoupflefinsfidethecavfitywfiththesteady-statefiefld̂a.However,fiff
weconsfiderthemode-matchfingcondfitfions,wemusttakefintoaccountthedfifferencebetween

themandtheffree-spaceoptficaflmodeŝe
(1,2)
fin and̂e

(1,2)
out thatcanbecoflflectedandmeasured

throughthetwofinterffacematrficesT1andT2,fi.e.,coupflfingflossterms.
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5. Bulk cavity optoacoustics

free-space optical modes and the cavity inputs and outputs [30]. Without loss of generality,
we can thus define a real scattering matrix modeling the coupling coefficients between the
modes. When we keep the denomination "1" for the port of the impinging laser and "2" for
the one after the cavity, we define external modes ê(1,2)in and ê

(1,2)
out , the input cavity modes

â
(1,2)
in , the output cavity modes â(1,2)out as reported in Figure 5.3. We also keep the same name

for the optical pump âp and signal âs and mechanical b̂ modes inside the cavity.
We can thus define the scattering matrix T1 and T2 as(

ê
(1)
out

â
(1)
in

)
= T1

(
ê
(1)
in

â
(1)
out

)
, T1 =

(
s
(1)
11 s

(1)
12

s
(1)
21 s

(1)
22

)
(
ê
(2)
out

â
(2)
in

)
= T1

(
ê
(2)
in

â
(2)
out

)
, T2 =

(
s
(2)
11 s

(2)
12

s
(2)
21 s

(2)
22

) (5.1)

where we assume ⟨ê(2)in ⟩ = 0, i.e., no optical field coupled from the second port, and s
(1,2)
22 = 0,

i.e., no further reflection of the output beams, to simplify the analysis. The normalized
reflection R1(∆) and transmission T2(∆) optical spectra are then given as in (3.5) by

R1(∆) =
⟨ê(1)†out ê

(1)
out⟩

⟨e(1)†in e
(1)
in ⟩

, T1(δ) =
⟨ê(2)†out ê

(2)
out⟩

⟨e(1)†in e
(1)
in ⟩

(5.2)

with ∆ = ω − ω0 the detuning of the optical signal compared to the resonance frequency ω0.
Recalling the Hamiltonians (2.25)(2.28) displayed in Chapter 2 and adapting them to take
into account the several fields interacting with the cavity (Figure 5.4), we can rewrite the
optomechanical Hamiltonian as

Ĥ =ℏ
(
i
κp

2
− ωp

)
â†pâp + ℏ

(
i
κs

2
− ωs

)
â†sâs + ℏ

(
i
Γm

2
+ Ωm

)
b̂†b̂

−ℏgm(â†pâsb̂+ âpâ
†
sb̂

† + â†pâsb̂
† + âpâ

†
sb̂)

+iℏ
√

κ
(1)
ext,pα

(1)
in,p(â

†
pe

−iωpt + âpe
iωpt) + iℏ

√
κ
(1)
ext,sα

(1)
in,s(â

†
se

−iωst + âse
iωst),

(5.3)

where we use the plane-wave approximation for the classical fields outside the optical cavity
αe−iωt. Moreover, within the undepleted pump approximation, the dynamics of the mode at
frequency ωp are not influenced by the optomechanical coupling, and its Langevin equation
of motion is

˙̂ap = −
(
iωp +

κp

2

)
âp +

√
κ
(1)
ext,pα

(1)
in,pe

−iωpt (5.4)

where κx = κ
(1)
ext,x + κ0,x, κ(1)

ext,x is the loss rate at the first cavity mirror and κ0,x is the loss
rate inside the cavity for the optical mode x = p, s. At the same time, we can adapt (2.12) to
rewrite the steady state solution for mode âp

αp =
√
Npe

−iωpt =

∣∣∣∣∣∣
√
κ
(1)
ext,pα

(1)
in,p

κp/2 + i∆p

∣∣∣∣∣∣e−iωpt, (5.5)

where Np = |αp|2 = ⟨âp⟩ is the pump laser intra-cavity photon number for mode, and
∆p = ωp − ω0,p is the pump detuning.
Following the same procedure presented in Section 2.4 and using the rotating frame of the
pump laser, we can linearize the effective Hamiltonian respectively into two expressions for
Stokes and Anti-stokes (with the only difference lying in the different use of the creation and
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OMIT scheme: 

pump flaser

sfignafl
flaser

Ffigure5.4:TheschemerepresentstheseveraflquantfitfiesfimpactfingtheOMITresponseoff
thesystem.Weusuaflflyassumedrfivfingthepumpflaseronresonanceωp=ωp,0,thusthemafin
twoparametersare∆swhfichrepresentsthedfifferencebetweenthecavfitymodeffrequencfies
andtheBrfiflfloufinffrequencyΩm,andδwhfichfisthedetunfingortheprobfingsfignaflffromthe
Brfiflfloufinffrequency.Imageadaptedffrom[32].

annfihfiflatfionoperators)

ĤS=−ℏδ̂b
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(5.6)

whereδ=ωs−ωp−Ωm and∆s=ωs,0−ωp−Ωm,andthecavfityfiefld-enhancedcoupflfing
rategm =g0 Np.
TheLangevfinflfinearfizedequatfionsoffmotfionsarederfivedas


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
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κs
2
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(5.7)

andthephotonandphononsteady-statepopuflatfionfisexpressedas

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figm
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(5.8)

wherethenotatfion(†)remarksthattheconstructfionoperatfionfisusedffortheStokesresponse
whfifletheannfihfiflatfiononefisffortheAntfi-stokes,finaddfitfiontothedfifferent∓sfign.

Ffinaflfly,wecanwrfitethecompfleteexpressfionffortheoutputoptficaflfiefldŝa
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out,sand̂a
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out,sat

thetwoportsusfing(2.8)(2.9)
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(5.10)
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where the difference between OMIA and OMIT is in the sign ∓. For the external optical fields,
we can report the transmittance and reflectance as the normalized reflected and transmitted
power of the signal mode from (5.1)
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(5.12)

In the equations, we define the optomechanical cooperativity C as the expression

C = 4g2m/(κsΓm). (5.13)

In the resolved-sideband regime, the cooperative depends on the optical and mechanical
linewidths and represents ta normalized metric for the strength of the optomechanical
interaction. In fact, cooperativity of 1 is required to change the transmission of 50%,
respectively, for OMIT or OMIA when the system is on resonance.

5.4 OMIA: Brillouin lasing

When considering the Stokes process, the power transfer from the pump to the probing
mode leads to the parametric amplification of the latter. The continuous build-up of power
can erupt into sustained oscillations when the scattered power overcomes the cavity losses,
i.e., Brillouin lasing begins. In a Stokes process, the beating between the laser pump and
the acoustic wave tends to reinforce the Stokes field, while the beating between the laser
pump and the Stokes wave reinforces the acoustic wave. Under the right conditions, the two
processes can generate positive feedback such that the Brillouin gain exceeds the round-trip
losses and amplifies the signal exponentially.
This explanation based on a classical interpretation of the phenomenon agrees with the
Quantum Mechanics derivation we obtained in the previous section. If we look at the
expression of OMIA/OMIT transmitted field in resonance, we can see that the effective
linewidth of the mode under analysis Γeff is given by a combination between the original
mechanical linewidth and the optomechanical interaction as

Γeff = Γ(OMIA,OMIT) = Γm ∓ Γopt = Γm ∓ 4g2m
κs

. (5.14)

When the power increases, this expression is no longer constrained to a positive value
for Stokes interaction, remarking a sudden change in behavior as we overcome the lasing
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5.5. OMIT: strong-coupling regime and mode hybridization

threshold. In fact, a negative peak linewidth is meaningless, but a negative decay rate
represents an exponential increase in the mode energy. The lasing threshold is overcome
when C ≥ 1 and can be given in terms of intra-cavity photon number as

Np ≥ Γmκs

4g20
(5.15)

or in external power, once taken into account the coupling efficiency

Pth =
(κs/2)

2

κ
(1)
ext,s

∣∣∣s(1)21

∣∣∣2 ℏωs
Γmκs

4g20
. (5.16)

We should notice that since the lifetime of the phonons is much shorten than the photons
(Γm ≫ κs) because we are unable at room temperature to form an acoustic cavity, we are
thus discussing optical Brillouin lasing that results from stimulated optical amplification. In
contrast, in "mechanical lasing" or "phonons lasing" the phonons go through an instability
process through a self-induced optomechanical oscillator, i.e., build-up of acoustic waves
inside the cavity. In fact, in the absence of a mechanical cavity, the exponential increase
of the optical field above lasing threshold interacts with the phonons through Anti-stokes
scattering, preventing an accumulation of the mechanical mode.
Finally, we should notice that the derived expressions refer to an undepleted-pump regime.
However, this condition cannot be met after lasing because the amount of scattered power is
no longer negligible with respect to the pump intensity.

5.5 OMIT: strong-coupling regime and mode hybridization

If Brillouin lasing can be hard to characterize because of the exponential nature of the
phenomenon, thus involving large amounts of power that make the system unstable, the
opposite stands for the strong-coupling regime. Increasing the pump power while analyzing
the OMIT response introduces different Quantum Mechanics effects broadly studied in the
latest years in the literature because of their usage in quantum information processing.
Strong coupling is a specific condition where the interaction between the optical field and the
mechanical vibrations becomes higher than the intrinsic decay rates of both the optical and
mechanical modes. In particular, the efficient and coherent energy exchange between the
two leads to the formation of collected excited states known as photon-phonon hybrid states.
In addition to enhancing the sensitivity of equally optical and mechanical property changes
[36], the strong-coupling regime enables the creation and manipulation of non-classical states
of light and mechanical oscillators [50, 51]. Implementing quantum transducers to convert
quantum information between optical and mechanical degrees of freedom and quantum logic
gates to manipulate it leads to great interest in researching optomechanical systems.
The strong-coupling regime is reached by increasing the coupling strength through the
build-up of power in the pump mode, and its mathematical formulation follows the equations
given in Section 2.4. Starting from the Langevin equation of motions in the case of
optomechanically induced transmitted reported in (5.7), we can formulate the free-evolution
Hamiltonian (i.e., without stimulation from the input field â

(1)
in ) in matrix form(

⟨ ˙̂as⟩
⟨ ˙̂b⟩

)
= −i

(
−iκs/2 + Ωm −∆s −gm

−gm −iΓm/2 + Ωm

)(
⟨âs⟩
⟨b̂⟩

)
, (5.17)

where we assume the difference between the optical modes close to the Brillouin frequency,
i.e., ∆s ≈ 0. We can thus solve for the complex eigenvalues of this non-Hermitian matrix,
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obtaining

ωs± = Ωm − ∆s

2
− i

Γm + κs

4
±

√
g2m +

(
−∆s + i(Γm − κs)/2

2

)2

(5.18)

Whenwe analyze the eigenfrequencies of the systemwhen stimulating the Brillouin interaction
FSR = Ωm, i.e., ∆s = 0, we get

ωs± = Ωm − i
Γm + κs

4
±

√
g2m −

(
Γm − κs

4

)2

, (5.19)

and we can define two conditions: when gm < (Γm − κs)/4, the two solutions have the
same real part that corresponds to the frequency of the optomechanical response peak but
different linewidths because of the imaginary part’s effect on the decay rate; whereas when
gm > (Γm − κs)/4 the two solutions have different real part Ωm + ζ and Ωm − ζ hinting the
presence of two absorption peaks with separation, i.e., the normal-mode splitting regime

2ζ = 2

√
g2m −

(
Γm − κs

4

)2

≈ 2gm, (5.20)

with the approximation valid when increasing the power. In particular, the position of the
peaks is related to the spectral response of the system, making the mode splitting identifies a
hybridization of the eigensolutions, i.e., the response is no longer dominated by the optical
system, but by the whole optomechanical interaction thus involving the dynamics of hybrid
photon-phonon modes with the eigenmodes as symmetric and antisymmetric superpositions
of light and mechanics, associated to the new annihilation operators (âs ± b̂)/

√
2.

With the increase of power, the two peaks keep the same linewidth equal to the average
between optical and mechanical linewidth (Γm + κs)/2 while the separation between the
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Figure 5.5: When the optomechanical interaction is strong enough, the optical response
hybridizes and two peaks appear in the spectrum and keep separating as the pump power
increases. When we enter the strong-coupling regime gm ≳ (Γm + κs)/2, the two peaks are
resolved, and we observe avoid crossing in the detuning plot. Image from [19].
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peaks grows linearly with gm ∝
√
Pin,p. As for Brillouin lasing, the strong-coupling regime

is defined as the overcoming of the effective damping rate of the optical-mechanical hybrid
modes gm ≳ (Γm + κs)/2 [33] and corresponds to a total separation between the two
peaks (they are completely resolved). The corresponding power threshold for the number of
intra-cavity photons is

Np ≥ (Γm + κs)
2

4g20
(5.21)

and for the input external power

Pth =
(κs/2)

2

κ
(1)
ext,p

∣∣∣s(1)21

∣∣∣2 ℏωp
(Γm + κs)

2

4g20
. (5.22)

Under this regime, the two peaks never overlap even with detuning different from 0, giving
the name of "avoid crossing" to the phenomenon (Figure 5.5).
Finally, we should mention that a "stronger" regime exists when the mutual coupling
rate overcomes the thermal decoherence of the hybrid modes, and it corresponds to
gm ≥ {ΓmNth, κs}. Within the Brillouin optomechanics field, it is only achievable at
cryogenic temperature when the average number of thermal phonons Nth is lower than
1, i.e., the mechanical oscillation is in the ground state. This "quantum-coherent" regime
enables quantum-state transfer between the cavity field and the acoustic mode, and thus it is
a precondition for many quantum protocols.
This chapter concludes the theoretical analysis required for analyzing and discussing the
experimental results and, in particular, provides a mathematical model for the system spectral
response that accounts for the optomechanical one and its relation with the external fields
that we can experimentally measure. The proposed model still contains several assumptions
on the stability and alignment of the system. Nevertheless, it can predict the results to an
adequate degree.
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Experfimentaflmethods 6

6.1 Optomechanficaflcavfitydesfignffortemperaturetunfingandstabfiflfity

ThecavfitydesfignffocusesontherequfirementsdescrfibedfinChapter3tomatchtheBrfiflfloufin
ffrequencyoffthequartzcrystaflwfiththecavfityresonantmodes.Inthfissectfion,weexpflore
thecharacterfistficsofftheoptomechanficaflcavfity,remarkfingonthedesfignchoficestofimprove
thecavfitystabfiflfitytotemperaturevarfiatfion,affundamentaflrequfirementfformatchfingthe
cavfitymodeswfiththecrystaflBrfiflfloufinffrequency,andperfformfingdetunfingmeasurements.
InFfigure6.1,wedfispflaythecavfitymodeflandfitssupport,whereasFfigure6.2contafinssome
pficturesofftheassembfledcavfityfintheflaboratory.Thesystemcomprfisesseverafleflements

Ffigure6.1:SoflfidWorksmodeflofftheoptomechanficaflcavfityandfitssupport.Brassspacers
pflacethemfirrors10.23-mmapart,whfifleabottomv-groveaflfignsthemonthex-ypflane.The
crystaflfisposfitfionedfinthecenterat1mmffromtheffrontmfirror.Theremafinfingpartsoffthe
brasshoflderheflpthermaflfizethestructureandconstrafinthethermaflexpansfionoffthecavfity
pfiecesaflongthez-dfirectfion.
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Figure 6.2: Photos representing some steps of the cavity assembly. On the left, we notice
the v-groove that aligns all the components, with the front mirror and the crystal holder on
top. The crystal lies on another groove to remain in the center of the cavity. In the center, the
second mirror and the needed spacers are added. We can also notice some Indium scraps
on the sides, which improve the thermal conductivity from the top to the bottom of the
cavity holder. On the right, we have the entire cavity with the Peltier cell, heat sink, and
temperature sensor above.

that can be grouped into optical elements, i.e., the ones that form the optomechanical cavity,
and assembly elements that constitute the structure and are responsible for the alignment
and temperature control.
Starting from the former, we should mention the 4-mm long z-cut flat-faceted quartz crystal
produced by Shalom EO [52]. The crystal is placed in the center of the cavity thanks to
v-grooved support at 1mm from the first cavity mirror. The optimization of the crystal
position and its length has already been analyzed in [31] to increase the spreading of the
FSR variations and stimulate only Anti-Stokes scattering (see Section 3.3). The crystal is kept
in position using a thermal paste that improves the thermal contact with the support.
The first cavity mirror is produced by LayerTec [53], has a radius of curvature (RoC) of
500mm and a transmissivity of 500 ppm. The second mirror has been custom coated by
LaserOptik [54] because of the high curvature radius (RoC = 20mm) and reflectivity
(T = 40ppm). Both silica mirrors have a diameter of 0.5 inch. As we can see in Figure 6.2,
the x-y alignment of the mirrors is obtained through another v-grooved brass piece, while the
distance between the mirrors is guaranteed by filling the space with holed cylinders. The
selection of mirror features acts to create an optically stable cavity. The distance between the
mirrors of about 10mm is required to match the Brillouin frequency of the crystal, and it
constrains the mirror curvature. The cavity stability factor g < 1 is necessary to have stable
cavity mode, i.e., a steady-state solution for the system with light trapped inside the cavity
and exiting only through the mirrors and not the lateral surfaces. The stability parameter
depends on the mode frequency, the cavity length, and the mirror curvature radii to focus
the light inside the cavity and not have diverging modes that can escape the confinement.
Caring about these features implies knowing the distribution of the beam waist inside the
cavity that the incoming beam needs to improve the coupling coefficient.
Finally, we focus on the brass structure that encloses the optical elements. We have already
presented how the v-grooves can help align the optical elements. We should add some
remarks about the temperature expansion of the cavity. Firstly, all the elements touching the
mirrors should have cylindrical symmetry to reduce the lateral stress when they expand.
This feature cannot be easily achieved for the crystal holder, since the crystal itself needs
to be placed in the cavity center. Nevertheless, using a holed cylinder allows uniform
pressure over the entire circumference of the mirrors. A non-uniform pressure leads to
material stress inside the mirrors, deforming the propagating beam and to misalignment
due to the microscopic tilt (≈ mrad) of the elements. The second aspect is related to the
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thermal stability of the system. A good thermal contact improves the control through an
external heat source, while a spatially symmetric heat transfer minimizes the temperature
gradient inside the elements, a cause of mechanical deformation and misalignment. In our
design, we place a Peltier cell on top of the cavity to maximize contact with the external
environment, i.e., improve heat dissipation while cooling the system. The heating/cooling
element is in thermal contact first with the top and then with the sides of the cavity to
provide heat transfer to the optical elements only through the bottom. Not having the
cavity top directly touching the optical elements favors a uniform temperature distribution,
increases the holder’s thermal mass, and restrains the pressure on the mirrors and spacers,
which is detrimental to the cavity alignment. An increase in the thermal mass is crucial when
increasing the laser power. The central power-dissipation element is the crystal because of its
higher optical losses. We thus have a heat flux from the crystal to the rest of the cavity that
needs to be absorbed or counteracted to keep the temperature stable. Failing in this aspect
is the principal limit to the maximum power we can employ because the high instability
of the cavity resonance frequencies prevents a steady lock and a constant pumping power
to study the optomechanical response (see Section 6.3). A final remark should be that the
initial uniform pressure requirements must be guaranteed after a temperature change. This
is another primary limiting factor for the performances because we require a movement
along the central symmetry axis of the cavity, but we must suppress later shift and tilting. A
uniform pressure through the front and back panels helps to keep the mirrors in position
despite the different expansion coefficients of brass and quartz, while the central v-groove
should constrain the crystal movements. Section 7.2 contains a deeper analysis of the
temperature-related behavior of the cavity through the optical response measurements.

6.2 Measurement setup description and characterization

After introducing the cavity features in the previous section, we proceed to describe the
measurement setup and the acquisition procedure. During the following description, we also
report the device calibration and their performances to demonstrate the reliability of the
results provided in the next Chapter.
The experimental setup relies on unbalanced heterodyne detection to analyze the spectral
response of the laser sidebands that constitute the signal mode in the Section 5.3 model
through the beating with the local oscillator, which distinguishes which one we are measuring.
In Figure 6.3, we have a schematic representation of the setup, picturing the operation on
the light spectrum and the devices we employed. Describing the detected signals through the
undergoing modification steps allows us to interpret the collected data and demonstrate
the relation with the logical model we presented in the previous Chapter. Moreover, in
Figure 6.4, we report the realization of the scheme on the optical table together with the
external devices used to control the acquisition process and the setup itself,
Starting from the tunable laser on the top left of the Figure, we have the expected spectral
distribution of the emitted light around a tunable frequency ωp. The Toptica laser [55] can
be tuned over a > 50-nm range with an emission linewidth δλ < 10 kHz. Together with the
locking system, it provides the pump optical mode and the local oscillator for heterodyne
detection. The precise laser frequency is tuned with an integrated piezoelectric module that
keeps the laser frequency locked with the cavity resonance. Following the pump mode on the
top path, we encounter an electro-optic modulator (EOM) [56] that creates the signal mode
ωs = ωp ± Ω by stimulating symmetric sidebands from the optical signal. The modulation
frequency Ω is controlled by an AnaPico frequency synthesizer [57] and is swept around
the Brillouin frequency Ωm to characterize the spectral response of the cavity signal mode.
The modulated signal is thus amplified to control the power of the pump mode, i.e., the
strength of the optomechanical interaction. For this step, we employ an NKT photonics
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Ffigure6.3:Schemeofftheacqufisfitfionsetup,fincfludfingthemafinprocessfingstepoffthe
optficafl(redandbflue)andeflectrficafl(green)sfignafls.Thefinputflaserfisspflfitfintoaflocafl
oscfiflflatorwhfichfisflateroffsetby80MHzandthemafinbeam.Fromtheflatter,wecreatetwo
sfidebandsoffffrequencyΩbefforeampflfiffyfingthesfignaflandcoupflfingfitfintoffreespace.Inthe
bfluebox,wecanseetheflfightcoupfledtotheoptomechanficaflcavfityandreflectedfintothe
fiber.Here,aheterodynedetectormfixestheStokesandAntfi-Stokessfidebandswfiththeflocafl
oscfiflflatoranddown-convertsthesfignaflto920MHzand1080MHz.Thesfidebandffrequency
sweepandthetemporaflsampflfingoffthespectrumanaflyzerrecreatethespectraflresponse
offthecavfityatdfifferenttemperatures.Ffinaflfly,wecoflflectthepumpbeamtransmfittedand
reflectedsfignafltoflocktheflaserwfiththecavfityresonance.

ampflfifier[58],whfichreachesmorethan300mWoffoutputpowerwfith≈7mWasfinput.
Theampflfifierbandwfidthfiswfideenoughtofimpactbothpumpandsfignaflmodeandkeep
theratfioconstant,thankstoaflatspectraflresponsefinthefinterestedffrequencyrange(see
Ffigure7.2).Affterbefingtunedfinffrequencyandpower,theflfightentersacfircuflatorbefforea
fiberpoflarfizatfioncontroflflerandaffree-spacecoupfler.Thesestepsarerequfiredtoextractthe
reflectedsfignaflffromtheffree-spacecavfitytobesenttothemeasurementbranchwfithout
affectfingfitspoflarfizatfion.
Theffree-spaceeflementsarethecoreoffthesetup.Herearetwoflenseswfithffocaflflengths
ff1=−100mmandff2=150mmthatcontroflthemode-matchfingofftheflfighttothecavfity
modes.Afftertheflenses,twomfirrorscontroflthefimpfingfingangfleandposfitfionoffthebeam
tomatchtheoptficaflaxfisoffthecavfity.Ffinaflfly,ahaflff-wavepflate(HWP)transfformsthe
flfinearpoflarfizatfion(requfiredbythemfirrors)toexcfiteonflyonecrystaflaxfis.Theposfitfions
offthemfirrorsandtheflensesaretunedbyflookfingatthereflectedandtransmfittedpower
offthepureoptficaflcavfityfirstandthecompfleteoptomechanficafloneflater.TheHWPfis
caflfibratedusfingthesamespectrumbysuppressfingoneoffthetwopoflarfizatfionpeaks.
Empfloyfingapoflarfizatfionpflateonaconvergfingbeamfisnotfideaflbecauseoffthedefformatfion
onthewaveffront. Neverthefless,theffocaflflengthfishfighenoughtopreventdetrfimentafl
effects,andwemeasurednosfignfificantdfifferencesfintheresponse.Apractficaflremarkfis
thatthetwopoflarfizatfionpeakshaveverysfimfiflarresonantffrequencfiesfiffthecrystaflcut
fiscorrect,andbothcanbeusedtostudytheBrfiflfloufinresponsewfithmfinfimafldfifferences.
Afftertheoptficaflcavfityaflreadydfiscussedfindetafifl,wehaveanotherflensthatffocusesthe
flfightonaffree-spacephotodetector.Thfisdetector,jofintflywfiththeonewewfiflfldfiscussflater,
provfidesthetransmfittedandreflectedffromtheoptomechanficaflcavfitytotheflaserflockfing
apparatus.Ffinaflfly,weshoufldremarkonthepresenceoffthePefltfierceflflandthehfigh-resoflutfion
(δT=1mK)temperaturecontroflfler[59]thatmonfitorsandstabfiflfizesthecavfitytemperature.
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Figure 6.4: Experimental setup comprises the optical table circuit and the several
measurement devices introduced in the acquisition scheme. On top, we have the spectrum
analyzer and the frequency synthesizer. On the optical table, we have the laser and the
locking system. On the bottom, we have the laser amplifier and the temperature controller.
The optomechanical cavity is in the bottom-right corner of the optical table.
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Ffigure6.5:Ampflfifierresponseat1550nm. Wfithfixedfinputflaserpower(≈7mW),we
controfltheoutputsfignaflbyfincreasfingtheampflfifierfinputcurrent.Thegafingbecomes
posfitfiveat0.76Aandcanreach50wfithoutdamagfingtheotheroptficaflcomponents.

Taflkfingabouttheflocafloscfiflflatorbranch,wereporttherofleofftheacoustfic-optficmoduflator
andthepoflarfizatfioncontroflfler. Theflatter’sffunctfionfiseasfiflyexpflafinedthroughthe
requfirementoffmatchfingthepoflarfizatfionoffthereflectedbeamffromtheffree-spacesetup.
Itfiscaflfibratedbymaxfimfizfingthespectrumanaflyzersfignaflcorrespondfingtothebeatfing
betweentheflocafloscfiflflatorandtheconsfideredsfideband.Ontheotherhand,thefformerfis
crafftfiertodescrfibewfithoutfirstfintroducfingthefinaflpartoffthesetup.TheGooch&Housego
moduflator[60]shfifftstheflocafloscfiflflatorffrequencyωLOoff∆Ω/2π=80MHztodecoupfle
theStokesandAntfi-Stokesspectraaffterthedown-conversfionoffthedetectedhfigh-ffrequency
eflectrficaflsfignafl.Theffrequency∆Ωfisgeneratedwfithafixedvofltage-to-ffrequencyconverter.
Thefinaflsectfionoffthesetup,whfichfisfinthebottomflefftoffthepfictogram,comprfisesthe
detectfionoffthereflectedsfignaflpowerffortheflockfingsystemandtheheterodynedetectfion
scheme.TheflocafloscfiflflatorωLOandthereflectedpumpωpandsfidebandsωp±Ωare
mergedwfithafibercoupflerbefforebefingdetectedthroughahfigh-ffrequencyphotodfiode
(BW =20GHz)[61].Theeflectrficaflsfignaflfisthenmfixed[62]wfithaneflectrficaflflocafl
oscfiflflatoratΩ1=Ω−2π·1GHzffromtheffrequencysynthesfizer,creatfingaflow-ffrequency
sfignaflthatcanbedetectedwfithaspectrumanaflyzer[63].Thankstotheeffectofftheshfifftfing
∆Ω,thetwosfidebandsareconvertedfintotwosfignaflsat980MHzand1020MHz,andthus,
theycanbemeasuredseparatefly.
Befforedfiscussfingthedynamficperfformanceoffthesetupfinthenextchapter,wewantto
reporttwocaflfibratfioncurves.Ffigure6.5showsthereflatfionbetweentheffree-spaceoptficafl
powerfimpfingfingontheoptficaflcavfityandtheampflfifiercurrent.TheotherFfigure6.6
dfispflaysthereflatfionbetweentheprevfiousffree-spacepowerandthemeasuredpower
offtheAntfi-Stokessfidebandwfiththespectrumanaflyzer. Thetwopflotsdemonstrate
that wecanreachthefinterestedpower wfithoutsaturatfingtheacqufisfitfionchafinor
fintroducfingpower-reflatedartfiffactsoffdefformatfiononthesfignafls.Thesedatawfiflflaflflow
abetterpumppowerestfimatfionbyflookfingatthereflectedandtransmfittedflfightffrom
thecavfity,fi.e.,wfithoutreflyfingonaffree-spacemeasurementperfformedbefforetakfingthedata.

46



6.3.Cavfityflockfingandsystemstabfiflfityovertfime

0 50 100 150 200 250 300
80

75

70

65

60

55

50

45

40

y=1.020*10flog10(x) 73.5

Experfimentafl data

Ffigure6.6:Trans-characterfistficbetweenthefinputpower,measuredfinffree-spacebefforethe
optomechanficaflcavfity,andthereflectedsfidebandpowerestfimatedbythespectrumanaflyzer
affterheterodynedetectfion.Theunfitaryreflatfionbetweenthetwoquantfitfiesfinflog-scafle
guaranteesaflfinearbehavfiorffortheampflfifier,optficaflcomponents,andacqufisfitfionchafinup
to300mW.

6.3 Cavfityflockfingandsystemstabfiflfityovertfime

Intheanaflysfisoffthecavfitydesfign,wepresenteddfifferentffactorsconcurrfingwfiththe
temperaturechangesfinthecavfity, whfichdfirectflyorfindfirectflyfimpacttheresonance
ffrequency.Thedfiscussfionfisnowextendedtotheoveraflflsystemstabfiflfitydurfinganacqufisfitfion
atagfivenpowerwhenconsfiderfingtheflaserflockfingmodufleresponsfibfleffortrackfingthe
cavfityresonanceandmafintafinfingtheflfightfinsfidethepumpcavfitymode.
Thecavfityflockreflfiesonthetransmfittedorreflectedsfignaflffromtheflow-band(BW=100kHz)
photodetectors.Here,aPIDcontroflflermonfitorsthedetectedpowerandchangesthevofltage
appflfiedtoapfiezoeflectrficcomponenttotunetheflasercavfityflengthandresonanceffrequency
accordfingfly.Theflfimfitsontheperfformanceoffthfissystemflfiefinthesampflfingspeedoffthe
flockmodufleandthebandwfidthoffthedetectors.Inpartficuflar,thedevficecannotflockflaser
flfinewfidthsbeflow1MHzbecausethescannfingratewoufldbetooflowtoprovfideameanfingffufl
gradfientaroundthecentraflmaxfimum/mfinfimum,preventfingastabfleandconsfistentflockoff
thesystem.Inthesameway,whenthepeakffrequencyvarfiestooqufickfly,thedevficewfiflflnot
trackthechangesandwfiflfl"flosetheflock".
Inthetypficafloperatfionoffthedevfice,thfissecondcondfitfionrareflyoccurs.However,thfisfis
theopposfiteoffoursetupbecauseoffthehfighpowersfinvoflved.Thestatechangfingffromthe
flaserunflockedtotheflaserflockedcausesasuddenchangefinsfidethecavfitybecauseaflarge
amountoffpowerstartsdfissfipatfingfinthecrystafl.Evenassumfingperffectaflfignmentandonfly
flongfitudfinaflexpansfion,theenergycomfingffromthecrystaflwfiflflfincreasethetemperature
offtheentfirecavfitybyabout0.5Kat300mWbefforethetemperaturecontroflflercanstart
counteractfingthechange.Moreover,thePefltfierceflflpowerfisflfimfitedandfisunabfletorecover
theprevfiouscondfitfionoffthesystemwfithfinareasonabfleamountofftfime(e.g.,30mfin).Thfis
behavfiorfiscrfitficaflandhardtoprevent.Avaflfidstrategyfincfludestwosteps.Ffirstfly,we
wanttosetthecontroflflerataflowertemperaturesothattheFSRaffterthedrfifftmatches
theBrfiflfloufinffrequencyrange.Offcourse,weneedtoguaranteethattheaflfignmentbeffore
andaffterthetemperaturechangefisthesame,andthfisfisffarffromtrfivfiaflbecauseevenfiff
sfimuflatfingahfighertemperatureoffthesystemfisnotthesameashavfingaheatfluxffromthe
crystaflfirradfiatfingtowardstheothereflements.Moreover,aflock-reflatedsuddenchangefis
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Ffigure6.7:Exampfleoffanaflysfisoffflocksfignaflsusfingreflectfion(flefft)andtransmfissfion(rfight)
sfignafls.Ingreenandbflue,wehavethevofltagedfistrfibutfionoffthebackgroundwfithand
wfithoutflaserpowerfimpfingfingthecavfity.Inred,wereportthestatfistficafldfistrfibutfionwhfifle
flockfingthesystemonthereflectedsfignafl.Theexponentfiaflstatfistficsshowthequaflfityoffthe
flock,wfithmostoffthefinstantaneoussampflesoffthereflectedsfignaflcflosetothepeakapexat
0.266V.Thetransmfittedsfignafldfistrfibutfionfistypficaflflymoreunstabflebecauseofftheflfight
passfingthroughthecavfity.

wayffasterthananytemperaturerampwecansfimuflatewfiththePefltfier,sothefimpactonthe
aflfignmentfisunpredfictabfle.
Theotherstrategyfinvoflvesagraduaflflaserpowerfincreasewfiththesystemflocked.Itreduces
thecavfityffrequencydrfifftfingspeedandpreventssuddenchangesfinthecavfitystate.However,
fitfisstfiflfltrfickytofimpflement,prfimarfiflybecausetheflaserflockfingparametersaredfiverseat
dfifferentpowers,andanerrorcausestheflossofftheflockandrequfiresstartfingagafinffrom
flowerpowers,affterwafitfingfforthecavfitytemperaturetostabfiflfize.Ifftheflockfisflostwhfifle
measurfing,wemustrestarttheprocedure.Asflfightmodfificatfionoffthfisstepthatweffound
vfiabflefisusfinga"poorflock",fi.e.,flockfingtheflaserffarffromtheresonancepeakwfithfimproved
trackfingcapabfiflfitfiesandflowerfimpactonthecrystafltemperature.Affterreachfingthedesfired
power,wecansflowflyfimprovetheflock,thusfincreasfingtheflfightcoupfledtothecavfity.
AnaddfitfionaflremarkregardstheStokesmeasurements.Whenwewanttocharacterfizethe
systemflasfing,weaflsorapfidflyfincreasepower.However,fitfisapowertransfferffromthepump
tothesfignaflmode,keepfingtheoveraflflenergyfinsfidethecavfityconstant.Thfismeasurement
fiscrfitficaflfforanotheraspectreflatedtothedepfletfionoffthepump.Ifftoomuchpowerfis
removed,thepeakhfighwfiflfldecrease,andfifftheflockcannottrackfit,weneedtorestartthe
acqufisfitfion.
Stfiflflreflatedtotheflockperfformance,wemustdfiscussthepowerstabfiflfityovertfime.Three
aspectsdetermfinetheamountoffpowercoupfledfinthecavfity:theampflfifier,theflockfing
system,andthefinterfferencepattern.Theflaserandtheampflfifiercontrfibutetoasflowdrfifft
finthecavfityfinputpower,mafinflyduetotheflongtfimerequfiredtostabfiflfizethefinternafl
processes,andtheycaneasfiflybemfinfimfizedbywafitfingenoughtfimeafftereachpower
change. Ontheotherhand,theflocksystemdetermfinesthefinstantaneouspower,soa
detafifledcharacterfizatfionofffitsperfformancefisdue. Whenweflocktheflaser,wewfiflflhave
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Ffigure6.8:Anaflysfisofftheflocksfignaflstoestfimatetheflfightpowerfimpfingfingontheoptficafl
cavfityfforthecavfitymodeat1553.83nm.Inred,wereportthehefightoffthefinterfference
pattern,whfichfisameasureoffthereflectedpowerwhenweareoutoffresonancewfiththe
cavfitymode.Ingreenandbflue,wehavethetransmfittedandreflectedsfignaflwhentheflaser
fisflocked.Theyareusedfintheanaflysfistoestfimatethefintracavfityphotonnumberbecause
theymeasurethepowerthatcoupflesfintotheoptomechanficaflcavfity.Increasfingthepower,
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Ffigure6.9:SameanaflysfisoffFfigure6.8carrfiedoutfforthemodeat1553.93nm.Thecoupfled
powerfisflowerbecausethemodereflatfivehefightfisonfly≈50%,comparedto≈80%offthe
prevfiousexampfle.

aspecfificpowerdfistrfibutfiondependfingonthe"flockquaflfity". Wedefineaperffectflockas
thecondfitfionwfithaconstantpowercorrespondfingtotheresonantpeakapex.Wecannow
evafluatedfifferentperfformancesfintermsoffdfistancebetweentheaveragepowerandthe
apexoneandstabfiflfityasdfistrfibutfionwfidtharoundtheaveragevaflue.InFfigure6.7,we
reportasampfleanaflysfisoffagoodflockquaflfity.Inthfiscase,wehaveareflatfivehefightoff
thepeakbefforeoff81.2%,andafftertheflockfing,theaveragepowerfis≈79.6%showfinga
reflatfivedecreaseoff1-3%wfithfluctuatfionoff0.5%ontheshortterm(1s).TheOMIAand
OMITmeasurementswewfiflflexhfibfitfintheffoflflowfingchaptershowssfimfiflarperfformances
fforaflflpowerrange,andfiffweconsfideraflsotheflong-termstabfiflfity(10mfin),wehavea
changeoffflessthan3%fforhfighpowerPfin>200mWand<2%fforflowerones.Thfis
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information is summarized in Figure 6.8 and Figure 6.9, where we report an analysis of the
relation between the measured power from the reflection and transmission detectors and the
free-space one collected before starting the acquisition. In these plots, we characterize the
modes employed in the OMIA and OMIT measurements (see Section 7.1). Moreover, we
also display the corresponding condition when we lock the laser and acquire the data. We
can thus improve the estimation of power impinging on the cavity by considering the actual
power interacting when the system is locked. The decrease is in part related to the height of
the chosen mode (see Section 2.2) and in part to the lock stability. The error bars correspond
to the variance of the values over the measurement time.
Finally, we should discuss the interference pattern. The power impinging on the cavity is
modulated by an interference pattern caused by multiple reflections between the free-space
coupling lens and the first cavity mirror. The impact of the interference is typically a constant
factor already integrated into the previous estimation of the impinging power, and it is
regarded as part of the background in the measurements. However, when we perform a
detuning measurement, we move the peak position over the interference pattern, which drifts
because of changes in the first mirror position with temperature. These effects could be taken
into account in the data analysis. Still, we will regard them as an additional noise source for
the laser power because their impact is negligible compared to the lock-related one.

6.4 Data acquisition and analysis

In the previous sections, we have described and characterized the measurement setup and its
performance under temperature variations because they are requirements not only to tune the
system to the Brillouin frequency but also for the "detuning measurements" procedure. In this
section, we will detail the data acquisition process, the optimization of some measurement
parameters, and some related aspects of the data analysis.
As described in Section 5.3, we want to study the optomechanical response of the system
at different powers to characterize the strong-coupling regime. From the model, there are
two parameters we can tune, in addition to the pump power, i.e., the detuning of the cavity
modes FSR from the Brillouin frequency ∆s = FSR− Ωm = ωs,0 − ωp,0 − Ωm and the offset
between the generated sideband Ω and the Brillouin frequency δ = Ω−Ωm = ωs − ωp −Ωm.
The cavity temperature controls the former (see Section 3.3) while the frequency synthesizer
sets the latter.
A single acquisition of the spectral response corresponds to a temporal sweep of the generated
frequency Ω over the considered interval. We can control the number of steps, their duration,
and the difference between them through the acquisition software. The frequency of the
generated sideband is synchronized with the frequency of the down-conversion mixer to
always have the Stokes and Anti-Stokes sidebands at 980MHz and 1020MHz. This step
is critical for the spectrum analyzer measurement because instead of scanning the whole
sideband for each frequency step, the device generates a fixed beating signal at one of the
two frequencies and performs a single power measurement over a small bandwidth. The
advantage is a substantial increase in the acquisition speed because each measurement
point requires as low as 1ms. Several parameters of the spectrum analyzer, the frequency
synthesizer, and the sideband generator can be optimized to reduce the noise in the data.
Some examples include the power of the sidebands, the precise beating frequency of the
spectrum analyzer, the measurement time, etc. . . The parameter optimization relies on
multiple acquisitions of the background interference pattern and a comparison of the excess
noise, i.e., the difference between the average variance of the data and the variance of the
average σ2

e =
∑

σ2
i − σ̄2. The difference is evaluated in two cases, the raw data and the

filtered ones. It is worth mentioning that the filter minimum bandwidth is chosen to prevent
any deformation of the signal features, so we want to reduce the excess noise within this

50



6.4. Dataacqufisfitfionandanaflysfis

0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25

0.04

0.06

0.08

0.10

Raw data

Ffifltered data

Ffigure6.10:Optfimfizatfionoffthespectrumanaflyzerbandwfidthat100mW.Thebflue(red)
flfineshowstheexcessnofisefinthebackgroundacqufisfitfionsbeffore(affter)thefiflterfingprocess.
Increasfingthebandwfidth,weobtafinmoreaccuratesampflesevenwfiththeflockffrequency
fluctuatfions.However,thehfigh-ffrequencynofiseaflsofincreases,creatfingapower-dependent
mfinfimumaround1.6-1.7MHz.

bandwfidthsfincefitfistheonewecannotfiflterout.Moreover,dataatdfifferentpowersmust
beconsfideredsfincethesystembehavesdfifferentfly.InFfigure6.10,wereporttheanaflysfisffor
themeasurementbandwfidthfforPfin=100mW.Whenwefincreasethebandwfidth,wewfiflfl
reducetheexcessnofisebecausethesampflfingregfionwfiflfleasfiflyfincfludethesfidebandpeak,
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evenfifffitfluctuatesbecauseoffthesystem’sfinstabfiflfitfies.However,whenthebandwfidthfistoo

Ffigure6.11:Optfimfizatfionoffthespectrumanaflyzersampflenumberat100mW.Thebflue
(red)flfineshowstheexcessnofisefinthebackgroundacqufisfitfionsbeffore(affter)thefiflterfing
process. Whenwesampfleoutoffsyncwfiththeffrequencysweepfing,thenofisefincreases
becausewearenotwafitfingfforthesettfingtfimeofftheampflfifierandtheoptomechanficafl
cavfity.However,sflowfingdowntheffrequencysynthesfizersweepfingratewfiflflfincreasethe
measurementtfimeandthesystemtemperaturefluctuatfions.
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Ffigure6.12:ExampfleoffdatafiflterfingfforPfin=100mW.Inbflue,wehavetherawdata
ffromthespectrumanaflyzer.Inred,wehavetheresufltoffthedatapost-processfingaffter
appflyfingaGaussfianfiflterwfithσ=7.5andamedfianfiflterwfithkernefl=4
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Ffigure6.13:ExampfleoffdatafiflterfingfforPfin=250mW,wfiththesameparametersasfin
Ffigure6.12.Athfighpowers,thenumberoffnegatfivespfikesrapfidflyfincreasesbecauseoffthe
flockfinstabfiflfitfies.Neverthefless,themedfianfifltercaneasfiflyremoveaflfltheartfiffacts.

flarge,wewfiflflcoflflectmorebackgroundnofise,thusfincreasfingthevarfiance.Anoptfimaflvaflue
hasbeenffoundfforthehfigh-powermeasurementsat≈1.65MHz.InFfigure6.11,wehave
anotherexampflewherewecomparetheratfiobetweenthespectrumanaflyzer’ssampflfing
pofintsandtheffrequencystepsofftheffrequencygenerator.Increasfingthespectrumanaflyzer
pofintswfiflflfincreasetheacqufisfitfiontfimeandfimprovetheresoflutfionofftheresponsebecause
themfinfimumsampflfingtfimefisfixedat1ms.Ontheotherhand,weneedtoguaranteethat
thecavfityfisstabfleovertheacqufisfitfiontfime.Abouttheflasersweepfingpofints,wenotficewe
shoufldconserveasynchronfizatfionwfiththeprevfiousonetopresentthespectrumanaflyzerto
sampfletheresponsedurfingthesettflfingtfimeoffthesystem.Whenthfiscondfitfionfisnotmet,
thenofisewfiflflsfignfificantflyfincrease,asshownfinthepflot.Thechosenconfiguratfioncomprfises
1500measurementpofintsover1.5sand3000ffrequencystepsoff20kHz.Thenumberoffsteps
fisdoubfledtothenumberoffsampflfingpofintstoreducethevarfiatfionfinthecavfitystate.

52



6.4. Data acquisition and analysis

After discussing the single acquisition of the spectral response, we should address the complete
characterization of the optomechanical cavity with a given power. The aim is to perform
a "detuning measurement", which involves gradually changing the cavity’s FSR by heating
or cooling the system. The so-called out-of-resonance measurements help with the model
parameter estimation since they allow decoupling the variables, e.g., the detuning ∆s, while
increasing the dataset dimension. The limits of this approach have already been mentioned.
The temperature changes must be slow enough to have a stable system during each acquisition,
and we need to guarantee constant pumping power in the cavity and a steady lock. A typical
detuning measurement takes ≈ 10min, which increases up to 1 h when considering the setup
time for the lock at high powers. Multiple detuning measurements form a dataset, which is
analyzed together and fitted with the theoretical model to provide the best estimation for the
parameters.
The post-processing of the data and the fitting algorithm are implemented with a Python
script. The raw data are processed by removing the background interference pattern and
filtering the data. Subtracting the interference collected before the system response using a
different temperature is equivalent to normalizing the data with the signal mode impinging
power. The resulting reflectivity data is filtered with two methods: a median filter is applied
to remove the negative spikes on the trace, and a Gaussian filter reduces the white noise. The
result of the filtering process can be shown in Figure 6.12 and Figure 6.13 for 100mW and
250mW, respectively. In the pictures, we observe a significant increase in the number of spikes
because they are probably caused by instabilities in the sideband frequency. When the power
increases, the lock variations are faster, thus the synchronization between the generated
sideband and the local oscillator frequency worsens. The result is the spectrum analyzer
sampling outside the sideband peak and measuring only background noise. The number of
spikes can be reduced by increasing the measurement bandwidth, with the disadvantages
already discussed. Nevertheless, a median filter can easily remove them without impacting
the quality of the filtered data.
The cavity reflectivity can be fitted with the model in (5.11) after removing the parameters
which cannot be directly estimated

R1(Ω) =

∣∣∣∣∣∣1−A
κs/2

κs

2 − i(Ω− Ωm −∆s)∓ g2
m

Γm/2−i(Ω−Ωm)

∣∣∣∣∣∣
2

. (6.1)

In this adapted model, the background subtraction allows us to assume s
(1)
12 s

(1)
21 + s

(1)
11 = 1

while the normalization factor A = s
(1)
12 s

(1)
21 κs/2/κ

(1)
ext,s consider the coupling coefficients

which cannot be estimated independently. Regarding the latter coefficients, we could use the
optical response of the system (2.10) and the analysis we reported in Figure 6.8 to identify
the ratio between the external coupling coefficient and the cavity linewidth. In resonance,
we have

Pr = Pin −
∣∣∣s(1)12 s

(1)
21

∣∣∣2κ(1)
extP = Pin

∣∣∣∣∣1− s
(1)
12 s

(1)
21

κ
(1)
ext

κs/2

∣∣∣∣∣
2

(6.2)

and can estimate assuming s
(1)
12 s

(1)
21 < 1

κ
(1)
ext

κs
<

1

2

√
1− Pr

Pin
. (6.3)

As an example, for the pump mode in the OMIT response, we obtain κ
(1)
ext/κs ≈ 0.45 that is

close to the critical coupling condition we aimed for.
A meaningful remark about the fitting algorithm regards the choice of fitting the entire
dataset. We have experimented with several strategies because of the model overfitting
tendency and the instability of some parameters. As an example, if we want to estimate the
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optical response of the system, we cannot use the data near the Brillouin frequency because
of the high correlation between optical κs and mechanical Γm linewidth in determining the
width of the peak. The typical solution is independently fitting the optical response further
from the Brillouin response and using the estimated parameters to add constraints to the
model. This process assumes that the parameters are constant between the two ranges, and
it is difficult to guarantee in our cavity. Since each mode has a different linewidth, we need
to change the temperature to acquire the optical data, and misalignment of the cavity (see
Section 7.3) occurs, in addition to the different interference pattern region and input power,
leading to an inaccurate estimate. Increasing the frequency range to improve the estimation
is difficult because of the intrinsic drift in the mode shape we have already analyzed in our
simulation. Finally, it is challenging to estimate independently A and κs because a slight
change in the normalization factor leads to significantly different linewidths, affecting the
fitting of the mechanical response. The same is true for the normalization factor A, the
coupling strength gm, and the mechanical linewidth Γm when we want to estimate the
height of the peaks.
The intuitive reasoning behind the choice of fitting the entire dataset together can be
summarized into two points: firstly, we want to decouple gm and Γm using data at different
power, then we decouple A by adding 10 - 20% of data further from the Brillouin response;
at the same time, now A depends also on the mechanical data so that the pure optical
response can estimate κs more accurately. Among the disadvantages of this approach is the
high computational power required to solve the optimization problem involving > 600 k
points and > 500 parameters. Moreover, the parameters common to all the measurements
have extremely low gradients, i.e., low convergence speed, thus requiring > 1000 iterations
of the error minimization algorithm. A valid solution to improve the performance and reduce
the computation time of 5 - 10 times relies on having good initial guesses for the parameters,
which can be estimated after independently fitting the measurements at different power with
some fixed parameters.
In this Chapter, we discussed several aspects of the setup implementation and measurement
procedure, which we will rely on for discussing the experimental results in the next Chapter.
In particular, the analysis wants to remark on the limits of the experimental setup and the
consistency and calibration measurements we performed to demonstrate the accuracy of our
results.

54



Results presentation and discussion 7

7.1 Optical spectrum and mode characterization

In this Chapter, we present the main results, comprising the optomechanical parameters
of the system and a phenomenological description of the cavity behavior, which could help
in a design improvement and implementation of the experiment at cryogenic temperature.
We start in this Section by introducing some preliminary results about the optical response
of the cavity with and without the crystal inside. We then move to the characterization of
the temperature behavior (Section 7.2-7.3) and the actual OMIA and OMIT measurements
(Section 7.4-7.5).
The alignment of the pure optical cavity relies on minimizing the high-order modes, thus
exciting only the fundamental one. The alignment quality depends on the tilt and offset of
the incoming beam controlled by the mirrors and the alignment of the mirrors themselves.
The goal is to have a horizontal cavity by placing the mirrors vertically inside the groove so
that gravity introduces no asymmetries in the pressure while heating and cooling the brass
holder. For the mirrors and lenses, we want to maximize the visibility of the cavity modes
in reflection and remove all the additional peaks caused by the coupling into high-order

Figure 7.1: Beam profiler scans of (from left to right) fundamental, first, and second order
Hermite-Gauss modes of the optical cavity without the quartz crystal, collected by measuring
the transmitted light. The third plot has a different normalization factor. The fundamental
mode is Gaussian, and its coupling efficiency can be optimized through the impinging beam
alignment, reducing at the same time the height of the high-order peaks.
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Ffigure7.2:Laserwaveflengthscanoff3nmaround1553.5nmat23.7◦CwfithPfin=100mW.
Inbflue(green),therefisthereflected(transmfitted)sfignaflffromtheoptomechanficaflcavfity.
Wecannotfice,theenveflopeofftheampflfifierspectraflresponse,thefinterfferencepattern
ffromtheffree-spaceoptfics,thehfigh-ordermodes,andtheffundamentaflmode.Thepeak
hefightandFSRaremoduflatedbythephase-matchfingcondfitfionsfinsfidethecavfityandthe
mfisaflfignment-reflated"modeshfiffts".

modes.InFfigure7.1,wedfispflayanexampfleoffsomemodesthatresonateatdfifferent
ffrequencfiesandsocanbeexcfitedfindependentflybyflockfingtheflaseronthereflectfionpeak.
Thepficturesmeasurethex-ydfistrfibutfionoffthetransmfittedflfightthroughthecavfityusfinga
beamprofiflerandrepresentthespatfiafldfistrfibutfionoffthecavfitymodes.Ontheflefft,wehave
theGaussfian-shapedffundamentaflmode;finthecenter,andontherfight,wehavethefirst-
andsecond-ordermodes(thefintensfityoffthethfirdmodehasadfifferentnormaflfizatfionffactor
comparedtotheothers)wfithtwoandthreeflobes.Weshoufldnotficethesflfightasymmetry
offtheffundamentaflmodewfithabroaderspreadaflongthex-axfisfisacueoffamfisaflfignment
offthemfirrorsaflongthesamedfirectfion.Inffact,evenfifftheflaserfisperffectflyaflfignedwfith
thecavfityaxfis,atfifltfinthebackmfirrorfimpactstheshapeofftheffundamentaflmode,wfith
thereflectedflfightsflfightflyofftheaxfisthemorefitbouncesfinsfidethecavfity.Ontheother
hand,thfismfisaflfignmentfisextremeflysmaflfl,sfincewecannotresoflvethemufltfipflespotsfinthe
transmfittedfiefld,andfitfisreflatedtoanasymmetrficpressureappflfiedbythecavfitypanefls
andthemechanficafltoflerancesoffthebrasscomponents.
InFfigure7.2,wereporta4-nmffrequencyscanoffthecavfityatI=1.43A(Pfin≈100mW)
affteraddfingthequartzcrystaflfinsfide.Thecavfityreflected(bflue)andtransmfitted(green)
powershowseveraflffeaturesweaflreadyantficfipated.Ffirstfly,theampflfificatfionspectrumoff
theRamanampflfifiercausesaflargeenveflopefinthereflectedflfightfintensfity.Thfismoduflatfion
doesnotfimpactthesystemdynamficsfiffthedfifferentampflfificatfionffactorfiscompensated
throughthefinputcurrent.Secondfly,wehavethefinterfferencepatternreflatedtothemufltfipfle
reflectfionsbetweenthefirstcavfitymfirrorandtheffree-spaceoptfics. Wecanreducethe
vfisfibfiflfityoffthefinterfferencebyantfi-reflectfioncoatfingonthefibertfipandtheflenses.Ffinaflfly,
wefindtheffundamentaflcavfitymodesseparatedbytheasymmetrficFSRandseveraflsmaflfl
hfigh-ordermfisaflfignmentpeaks.Whenthecavfityfisweflfl-aflfigned,thefintensfitymoduflatfion
offthecavfitymodesfisconsfistentwfiththesfimuflatfionsfinSectfion3.3.Weshoufldmentfiona
dfifferencefinstabfiflfitybetweenthereflectedandtransmfittedsfignafls.Aswecanobservefinthe
pflot,whenthemodehefightreducesfinreflectfion,weeasfiflycompfleteflyflosethetransmfitted
sfignaflbecauseoffthefincreasedsensfitfivfitytomfisaflfignmentduetothedependenceonthe
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Ffigure7.3:Experfimentafldata(flefft)andmodefittfing(rfight)offthespectraflresponseoffthe
cavfitymodesat1553.83nm(top)and1553.93nm(bottom)wfithPfin=100mW.Durfingthe
measurement,thecavfityfisflockedontheothermode,asfformeasurfingtheOMITandOMIA.
Thedetunfing∆sffoflflowsffromadrfifftfinthecavfitytemperature.

coupflfingcoeficfientsoffbothmfirrorsfinsteadoffjustthefinputone.Moreover,out-off-axfisflfight
wfiflflnotbeffocusedonthedetectorpflane,thusreducfingthemeasuredflfightfintensfity.
InthfisSectfion,weaflsoreportthereflectfivfityspectrumofftwocavfitymodes(7.3)around
1553.8nmand1553.9nm.ThesearethechosenresonancesfforcoflflectfingtheOMIAandOMIT
responsesbecauseoffthefirsufitabfleFSR,butmafinflybecausetheyarestabflewfithtemperature
varfiatfions.InSectfion7.3,wewfiflfldfiscussthedetrfimentafleffectsoffcavfitymfisaflfignmentto
expflafinthedfificufltyofffindfing"good"cavfitymodestoexpflofit.Evenwfithgoodaflfignments
offaflflthecomponents,thedrfifftofftheoptficaflflfinewfidthfiswfiderthanexpectedfformostoff
themodesbecauseofftheso-caflfled"mode-shfiffts",fi.e.,changesfinthespatfiafldfistrfibutfion
offtheffundamentaflcavfitymodes.IntheFfigure,weaflsoreportthedynamficsoffthetwo
modes50-100MHzapartffromtheBrfiflfloufinresponse,wfiththesystemat≈0.3Kffromthe
caflfibratfiontemperature.Theestfimatedflfinewfidthκsandnormaflfizatfionffactorarereported
finTabfle7.1.

Tabfle7.1:FfitresufltsconsfiderfingonflytheoptficaflresponseoffthesystemfinFfigure7.3.

Modeλ[nm] OMIArofle OMITrofle κs/2π[MHz] A

1553.83 sfignafl pump 2.838±0.002 −0.5790±0.0005
1553.93 pump sfignafl 3.578±0.002 −0.2641±0.0001
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7.2 Temperature-finduceddrfifftoffthecavfitymodes

Affterfintroducfingtheoptomechanficaflmodesffeatures,weshouflddfiscussthefirdynamfics
wfithtemperature.Inthetheoretficaflsfimuflatfionoffanfideaflandperffectflyaflfignedcavfity,we
haveaflreadydfiscussedhowthecavfitymodesdrfifftbecauseoffthethermaflexpansfionoffthe
cavfityhoflder.InthfisshortSectfion,wearepresentfingthemacroscopficchangesfinthecavfity
spectrumwfithanfincreasefinthetemperaturecontroflflersetpofint.
StartfingffromthereflectedandtransmfittedsfignaflsfinFfigure7.2,wecancoflflectdataat
dfifferenttemperaturesaffterwafitfing10mfinfforthesystemtostabfiflfizeandpflottheFSRandfits
varfiatfion∆FSRfforthedfifferentcavfitymodes(Ffigure7.4andFfigure7.5).WfithfintheFfigures,
theFSRsvarfieswfithdfifferentdrfifftspeedwfithoutanunderflyfingpattern.Comparedtothe
sfimuflatfions(Ffigure3.12)wherethevarfiatfionspeedfisconsfistentwfithasfinusofidaflwave,
theseresufltsshowthattheeflementscannotexpandffreeflybecauseoffthefincreasfingpressure
appflfiedbytheflateraflpanefls.Othercausescomprfisepoorthermaflconductfivfityamongthe
dfifferenteflements,whfichpreventsahomogenousstressdfistrfibutfionormfisaflfignmentoffthe
system,affectfingthephase-matchfingcondfitfiononthemfirror’sandcrystafl’ssurffaces.Another
probflematficaspectfisreflatedtothenon-constantflaserpowerdurfingthesweepfingbecauseoff
theampflfifierspectraflresponse,whfichcoufldcauseanfincreasefinthecavfitytemperature
durfingthemeasurement.Despfitetheflfimfitatfions,thedatashowatunfingcapabfiflfityfforthe
cavfityFSRwfithseveraflmodescrossfingtheBrfiflfloufinffrequencyflfine(dottedflfinefinthepflot).
InFfigure7.5,wereportthe∆FSRvsFSRdfiagram,whfichcanbecomparedwfiththeexpected
resufltsfinFfigure3.13.Asffortheprevfiouspflot,wecanstfiflflobservetheeffectsofftemperature
asadrfifftfinthepofintsdespfiteseveraflnon-fideaflbehavfiors.Inffact,whenweflookatagfiven
modedrfifft,wecanobserveanon-monotonficmotfionwfithtemperature,fincontrastwfith
thesfimuflatfions. Moreover,sfincethfiseffectfisnotcommontoaflflthemodesoffthesame
acqufisfitfion,fitfisprobabflynotcorreflatedtoawrongestfimatedcavfitytemperature.Amore
accurateexpflanatfionfincfludesthecrystaflmfisaflfignmentandflfinksthephenomenonwfiththe
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Ffigure7.4:ExampfleoffFSRanaflysfisffromexperfimentafldatacoflflectedwfithflaserwaveflength
scansaround1553.5nmatdfifferenttemperaturesbetween23.7◦Cand25.3◦C.Thedotted
flfinerepresentstheBrfiflfloufinffrequencyΩm offthequartzcrystafl.Comparedtothesfimuflated
resufltsfinFfigure3.12,wehaveachaotficbehavfioroffthepofints,wfithdrfifftfingspeedand
dfirectfiondependfingonthespecfificmode.Thecausefisanon-fideaflthermaflexpansfionoffthe
cavfityduetotheoptficafleflements’mfisaflfignment.
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Ffigure7.5:Exampfleoff∆FSRvsFSRdfiagramffromexperfimentafldatacoflflectedwfithflaser
waveflengthscansaround1553.5nmatdfifferenttemperaturesbetween23.7◦Cand25.3◦C.
ThedottedflfinerepresentstheBrfiflfloufinffrequencyΩm offthequartzcrystafl.Whencomparfing
thepflotwfiththesfimuflatfionsfinFfigure3.13,thepofinttrajectorfiescannoflongerbeeasfifly
predfictedbecauseoffthesuperposfitfionoffmufltfipfleeffectsnotfincfludedfinthe1Dmodefl.

betweenthehfighestpeaksfineachFSRffrequencyrange,whenmufltfipflepeaksarepresent
wfithsflfightflydfifferentffrequencfiesandthefirhefightsvarywfiththetemperature,otherscans
canutfiflfizeotherpeaks,causfingjumpsfinthemonotonficbehavfioroffthemodes. Wecan
antficfipatethecontentoffFfigure7.7todemonstratethatmufltfipflejumpscanhappenovera
1-Krange,fincreasfingthedfificufltyfincomparfingexperfimentaflandsfimuflatedresuflts.The
comparfisoncanbefimprovedbyfincreasfingthewaveflengthresoflutfionabovethecurrent
0.5pmandreducfingthetemperaturestepbetweeneachmeasurement.

7.3 Effectsoffthecrystaflmfisaflfignmentonthecavfitymodes

IntheprevfiousSectfion,wefintroducesomedfistortfionsfintheoptficaflspectrumreflatedtoa
possfibflesystemmfisaflfignment.Theffoflflowfingcontentdeepensthedfiscussfiontopfinpofintthe
mostprobabflecause.
Returnfingtothebeamprofiflermeasurements,wecandfiscussthequaflfityoffthecavfity
aflfignmentbymonfitorfingthex-ymodeshapeandfitsvarfiatfionwfithtemperature.Takfingas
anexampflethefimagesfinFfigure7.6,wecancflearflydfistfingufishbetweentheflefftandthe
otherpfictures.Ontheflefft,themodeareafishfighflyfincreasedbecausethestandfingwave
finsfidethecavfitydoesnotoverflapwhenreflectedbythemfirrors.Afftereachreflectfion,the
beanfistfifltedandnoflongerpropagatesparaflflefltothecavfitysymmetryaxfis.Wecanfidentfiffy
severaflconsequencesoffthfisdynamficbasedontheprevfiousanaflysfisoffthecavfityandthe
theoretficaflbackground.Ffirstfly,anon-orthogonaflpropagatfionfinsfidethecrystaflfimpflfiesa
shfifftfintheBrfiflfloufinffrequencybecauseoffthedfifferentpropagatfionspeed(4.2).Inaddfitfion
tonotmatchfingtheoptficaflaxfisoffthecrystafl,themodeareafincreases,thusreducfingthe
sfingflephotoncoupflfingratebecauseoffafloweroverflappfingfintegrafl(4.5).Secondfly,the
cavfitytemperaturestabfiflfityqufickflyworsensbecausethemafinthermaflexpansfionfisno
flongeraflongtheflfightpropagatfiondfirectfion.Itfisequfivaflenttoshfifftfingtheconcavesurfface
offthemfirrorfinthex-ypflane,whfichstrongflyfimpactsthereflectfionangfleand,thus,the
spatfiafldfistrfibutfionoffthemodeandthecoupflfingeficfiencyoffthefincomfingflfightfinsfidethe
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7. Results presentation and discussion

Figure 7.6: Beam profiler scans of the cavity modes with the quartz crystal, collected by
measuring the transmitted light. On the left, the image shows the case of severe misalignment
of the crystal and the mirrors. In the center and on the right, we report the mode transition
as a change in the first-reflection spot compared to the zero-order one (below vs. above),
induced by a 0.1K temperature change.

cavity. Finally, even if we could neglect the stability and reliability problems caused by an
out-of-axis fundamental mode, we still have a detrimental effect in acquiring the detuning
measurements, i.e., the "mode shift".
When we focus on the remaining two pictures in Figure 7.6, we recognize a particular effect
on the mode intensity distribution. The two pictures are collected from a well-aligned cavity
and a mode with > 0.8 relative peak height at two temperatures ≈ 0.1K apart. Despite the
shape of the mode being close to Gaussian, which is a cue of good alignment between the
mirrors and the crystal and in-axis beam propagating, we can still observe a change in the
higher energy spot from the top in the center image to the bottom in the rightmost one. This
change is what we identify as a mode shift or a mode transition. Both the pictures correspond
to fundamental modes of the cavity, which can be excited with comparable efficiency from
the incoming beam. With a misaligned cavity, the subsequent reflections spread further apart,
influence the cavity mode shape, and reduce by several magnitudes the mode matching with
the impinging light. Then, when the alignment is good, the spots are close to overlapping,
and the spatial distribution is stable with temperature increments. However, the effect of
temperature variation changes the phase-matching conditions, making the cavity mode
transition from one to the other. The phenomenon is consistent and reproducible, present at
different temperatures and affecting all the modes with different degrees.
In Figure 7.7, we can better understand the impact on the spectral response by analyzing the
temperature-related drift of a cavity mode. From the simulations, in particular Figure 3.11,
we can see how several degrees in temperature difference are needed to impact the
peak height, consistent with the nanometric-scale variations of the cavity length over this
range. However, the reported plot contains two fast transitions within 1K with different
characteristics. The one on the right (orange) only temporarily decreases the coupling
strength inside the cavity, while on the left (blue), the peak splits, and we transition
from coupling to the rightmost to exciting on the leftmost one. This behavior is not
polarization-related and can easily comprise the appearance of several peaks separated by
several linewidths when the cavity alignment degrades.
The mode shifts have two critical effects on the measurements, the first related to the power
stability and the second to the mode frequency and locking. Starting from the power stability,
we can clearly recognize that having a decrease in power in either the pump or the signal
mode prevents a characterization of the optomechanical response. On one side, a transition
in the pump can either change the coupling strength gm or even lose the lock when the
transmission peak disappears (for this reason, we chose to lock in reflect most of the time).
On the other, the signal mode experiences power-independent transitions, which can be
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Ffigure7.7:Exampfleoffamodeffrequencydrfifftwfithtemperaturebetween22.8◦Cand
23.7◦C.Thepeakhefightfismoduflatedwfithfitswaveflength,wfithaflargersensfitfivfityfforthe
transmfittedsfignafl,comparedtothereflectedone.Centeredontheorangepeak,weobservea
modeshfifftbetweenmodeswfithsfimfiflarffrequencfies,whfichreducesthehefightby50%(80%
fintransmfissfion).Thepurpfle-bflue-greenregfionshowsfinsteadthemodetransfitfionwhenthe
ffrequencfiesaredfifferent,thetransmfittedpeakdfisappearfingbeflowthenofisethreshofld.

mfistakenfformodespflfittfingorfimpactthecflarfityoffthepflotswfithaddfitfionaflpeaksand
normaflfizatfionffactorsmoduflatedbythemodehefight.Inaddfitfion,thetemperaturewhere
themodeshfiffthappensdfiffersfforeachmode,offtenaflternatfingbetweentwoconsecutfive
resonancesandpreventfingtwostabfleonesovertherequfiredffrequencyrange.Moreover,
searchfingfforthecavfitymodeswfithhfighercoupflfingratesfismorechaflflengfingduetothe
rapfidchangesfinthecavfitymodes,requfirfingahfigh-resoflutfionsampflfingfintemperatureand
ffrequencytofidentfiffythemodesseparatedbythecorrectFSRandstabfleoverawfideenough
rangearoundthatfintervafl.
Regardfingthesecondaspect,asuddenchangefinthedomfinantmodeffrequencyfleadstoan
automatficflossofftheflockwhenthemodeaffectsthepumpmode.Itreducesthetemperature
rangefinwhfichwecantakestabflemeasurements,orevenfitpreventstheacqufisfitfionoff
entfireportfionsoffthespectrum.Whenwechangetheflockfingmode,theprevfiousFSRvarfies
byseveraflMHzandcoufldskfiptherangeoffthemechanficaflresponse.Inaddfitfion,when
workfingathfighpowers,wecannoflongerstartffromadfifferenttemperaturetocompensate
fforthemodedrfiffthappenfingwhenflockfingtheflaser(seeSectfion6.3),ortheshfifftfitseflfffisas
broadastofincfludeatransfitfion,preventfingtoevenflockfingtheflaserfinthefinterestedregfion.
Ffinaflfly,unexpectedbehavfiorscanhappenwhenthetwoffrequencfiesarecflose. Wehave
documentedcasesoffbfistabfleflockfingwfiththetwomodesatdfifferenthefights,exchangfing
theflockffromonetotheotherwhenthetemperaturefincreasesbecausethehfighermode
sendsmorepowerfinsfidethecavfitybefforedrfifftfingandflosfingtheflockfingfinffavoroffthe
smaflflerone.Othercasesfincfludemufltfipfleflockfingpofintswfithfinthesamepeak,whfichheflp
stabfiflfizetheflocktrappfingthepowerwfithfinthetwofleveflsorpreventfingflockfingasfingfleone
causfingabroadenfingofftheexcfitedffrequency,adecreaseoffthereflatfivecoupfledpowerbeflow
0.5,andasfignfificantfincreasefinthesfidebandnofise(equfivaflenttothevarfiatfioncausedby
hfighpowers).Weshoufldremarkthattheexcfitatfionatthesametfimeoffmufltfipflepeaksfisnot
aprobflempersefinstudyfingtheBrfiflfloufinresponsebecausebothconstfitutephotonsources
wfiththerfightffrequencyandmomentum;themeanfingffuflaspectfistohaveastabflecoupfled
power.Theopposfiteconsfideratfionfisvaflfidfforthesfignaflmodebecausethetwomodeshave

61



7. Results presentation and discussion

slightly different frequencies, thus broadening the optical linewidth and increasing the power
requirements to reach the strong-coupling regime. If the peaks are further apart, the mode
splitting is affected, with multiple modes, which earlier were not resolved, appearing and
separating at different detuning.
To conclude the analysis, we want to report the main factors responsible for the mode shifts
as far as our understanding goes. Because of the speed of the variations, the transitions must
be caused by misalignment among the cavity elements. The tilt in the impinging beam and
its polarization do not impact the behavior, and they can be optimized for each configuration
without making the transition reduce or disappear. It is worth noting that it is the opposite; if
the system does not require a continuous optimization of the impinging beam, the cavity
modes have the same spatial distribution, and the frequency difference between the peaks is
reduced. Looking at the alignment of the two mirrors is not a problem because the analysis
of the pure optical cavity does not show the mode shift effect when increasing or decreasing
the temperature. It is also straightforward from Figure 7.1, where the fundamental Gaussian
mode is spotless, or at least more explicit than any acquisition involving the cavity with the
crystal.
After excluding the main other elements, it is easy to guess that the misalignment-causing
agent is the crystal itself. A tilt in the crystal compared to the optical axis of the cavity
(Figure 7.8) leads to non-zero refractive angles for the impinging beam, which can affect the
spatial shape of the cavity modes. The changed phase-matching conditions for constructive
and destructive interference are greatly affected and cannot be compensated by the mirrors.
If we try to improve the cavity alignment by steering the mirrors, we will destroy the
temperature stability. For the reason explained earlier, the modes will spread out from the
optical axis and can no longer be compensated. Moreover, the correction is only effective at
specific frequencies, thus worsening the coupling efficiency of the overall spectrum. The
mechanical tolerances of the brass pieces are most probably the cause of the crystal tilt. In
particular, a non-parallel front and back surfaces, a non-orthogonal groove with respect to
them, or some defects inside the groove can impair the correct positioning of the crystal with
extreme results in the cavity alignment. It is worth noticing that, during the project, several
efforts have been carried out to understand and improve the cavity configuration, with the
presented results relying on a manual correction of the crystal tilt using the best-machined
brass holder.

z

Figure 7.8: Pictogram of the multiple reflections arising when the crystal is tilted. The
fundamental cavity mode is deformed in the spatial distribution and made more unstable to
temperature changes.
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7.4 OMIAandBrfiflfloufinflasfing

Intheprevfioussectfions,wewfideflydfiscusstheffeaturesofftheoptomechanficaflcavfity,ffocusfing
ondescrfibfingtheoptficaflresponseoffthesystemandfitstemperaturedependence.Inthese
twoSectfions,wewfiflflpresenttheproject’smafinresuflts,coflflectedaffteroptfimfizfingthecavfity
aflfignmentandsystemconfiguratfion(seeChapter6).

Tabfle7.2:FfitresufltsffortheOMIAdataset.Thetabfleabovereportstheestfimatedphoton
numberasexpflafinedfinSectfion6.3,andthepower-dependentparameters,fi.e.,coupflfing
strengthgm.Thetabflebeflowshowstheparameterscommontoaflflthemeasurements,fi.e.,
normaflfizatfionffactorA,optficaflκsandmechanficaflΓm flfinewfidth,andBrfiflfloufinffrequencyΩm.
Thesfingfleacqufisfitfiondetunfing∆sfisomfitted.

Pfin[mW] Np[10
9] gm/2π[MHz]

5.27 6.14±0.29 0.60±0.02
24.7 24.01±0.09 1.291±0.008
50.2 53.9±3.6 2.064±0.004
75.8 75.0±2.2 2.465±0.003
100.7 107.8±3.3 2.578±0.003
150.5 163.7±2.0 X

κs/2π[MHz] Γm/2π[MHz] Ωm/2π[GHz] A

3.029±0.003 10.85±0.02 12.430498±0.000001 −0.4755±0.0006
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Ffigure7.9:Powerdependenceofftheoptomechanficaflcoupflfingrateestfimatedthroughthe
OMIAdatabasefittfing.TheorangeregfionrepresentstheBrfiflfloufinflasfingabovethethreshofld
C=1.Note:theflasfingthreshofldhasbeenestfimatedusfingthemechanficaflflfinewfidthffrom
theOMITfittfingbecauseoffthemeanfingflessvaflueobtafinedffromtheOMIAfittfing.
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Ffigure7.11:OMIAdetunfingmeasurementsat24.7mWand50.2mW.Ontheflefft,wehave
thefiflteredexperfimentafldatawfithdetunfingobtafinedffromthefittfing.Ontherfight,we
dfispflaythemodeflpredfictfion.Beflowtheflasfingthreshofld,thepeakhefightfincreasesnearthe
Brfiflfloufinffrequency,creatfingtwodfipsthatspreadapartwfithfincreasfingpower.

TheOptomechanficaflInducedAmpflfificatfion(OMIA)finvoflvesthetwocavfitymodespresented
finTabfle7.1anddfifferentpowerbetween5mWand150mW.Forourcavfity,studyfingthe
StokesscatterfingfisflessdemandfingthantheAntfi-Stokesresponsebecauseofftheflower
powerrequfirementstoaffecttheoptficaflresponse,fi.e.,theBrfiflfloufinflasfingthreshofldfisflower
thanthestrong-coupflfingone.Appflyfingtheacqufisfitfionprocessandthefittfingprocedure
finSectfion6.4,wecanestfimatetheoptomechanficaflparametersasreportedfinTabfle7.2.
Themechanficaflflfinewfidthestfimatfionfisfimprecfisebecausethespectraflresponsefisaffected
bythedepfletfionoffthepumpmode.InFfigure7.9,weuseΓm/2π=7.130MHzobtafined
throughtheOMITanaflysfistocaflcuflatetheflasfingthreshofldgm/2π=2.324±0.002MHz.
Theestfimateg0/2π=8.3±0.6Hzfisaflsofimpafired,evenfiffstfiflflcompatfibflewfiththeOMIT
resuflts(seeSectfion7.5).Moreover,wecoufldnotfitthemeasurementat150mWwfiththe
currentmodeflbecausetheemfissfionpeakfismorethanthreetfimessmaflflerthanthepredficted
vaflue.
InFfigure7.10,wedfispflaythefin-resonanceresponseofftheoptomechanficaflcavfityatdfifferent
powers. Wecanobserveadecreasefintheeffectfiveflfinewfidth(5.14)upto50mWbeffore
spflfittfingfinthedfipandtheappearanceoffanemfissfionpeakat75mW.Increasfingthepower,
westarttransfferrfingasfignfificantamountoffpowerffromthepumpmodetothesfignaflmode,
breakfingtheundepfletedassumptfionfforthemodefl.Whenwetrytofitthehfigh-powersfignafls
(C>1)wfith(6.1),wenotficeadfivergentbehavfiorffor(Ω+∞,∆+∞)whenthedenomfinator
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Ffigure7.12:OMIAdetunfingmeasurementsat75.8mWand100.7mW.Ontheflefft,we
havethefiflteredexperfimentafldatawfithdetunfingobtafinedffromthefittfing.Ontherfight,we
dfispflaythemodeflpredfictfion.Thespectraflresponsetransfformsffrombeflow(topfimage)to
above(bottomone)theflasfingthreshofld,orfigfinatfinganemfissfionpeakwhfifletransfferrfing
powerffromthepumpmode.Thepeakthenspflfitswfithfincreasfingpower.Note:themodefl
estfimatedpflotfinthebottomrfightfiscflfippedtoexcfludethedfivergfingpeaks.

offtheffractfiongoestozero

Ω+∞ =Ωm±
Γm
2

√
C−1,

∆+∞ =∓
Γm+κ2
2

√
C−1.

(7.1)

Thfisbehavfiorfisaflfimfitoffthemodeflanddoesnotappearfintheexperfimentafldata,preventfing
anaccurateestfimatfionofftheparameterswhenthepowerfincreases.Neverthefless,fitaffects
onflytheOMIAmeasurementsbecauseoffthedfifferentsfignfinffrontofftheoptomechanficafl
coeficfientfinthecaseoffOMIT,whfichpreventstheffractfionffromdfivergfing.Theexperfimentafl
datastfiflflshowapeakbutafinfitehefightbecausethereductfionoffthepumpmodefintensfity
fleadstoadecreasefintheoptomechanficaflcoupflfingstrengththatflfimfitsthemaxfimumpower.
Thescannfingrateandthesampflfingtfimecoufldaflsoaffectthevafluebecausethesystem
transfitoryanaflysfismustbefincfluded.Itfisworthnotfingthatdepfletfingthepumpcauses
addfitfionaflprobflemswfiththeflocksystem(seeSectfion6.3),thusfincreasfingthechaflflengeoff
acqufirfingthfisdatawfithenoughdetunfingresoflutfion.Inpartficuflar,weshoufldnotficethat
Brfiflfloufinflasfingtendstofincreasethecavfitytemperature,thusproducfingaffrequencydrfifft
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7.5. OMIT and strong-coupling regime

that is hard to counteract efficiently. The result is the ability to scan the resonance only along
one direction and with limited detuning resolution.
In Figure 7.11 and Figure 7.12, we report the detuning measurements corrected at different
powers and the corresponding estimation through the model. In Figure 7.11, we are below
the lasing threshold and notice an evident reduction of the mode linewidth with the shrinking
of the blue trace. Then, in Figure 7.12, we observe a conversion from absorption to emission,
with the top figures collected near the lasing threshold and the bottom one above it. The
theoretical result in the latter has been clipped to exclude the diverging point and match the
experimental data. In analyzing this measurement, we should notice that the emission peak
comprises two separated apexes: it is the effect of having a mode shift in the signal mode
with two frequencies differing by ≈ 0.5MHz ≪ κs. The two modes have the same Brillouin
frequency, but they resonate with different detuning, thus impacting the quality of the fitting
even at lower power with artifacts characteristics of the interference between pulses. We are
confident in the two peaks’ nature because of the lock behavior when measuring the OMIT
response, even if the two peaks are not resolved in the laser scan. We should remark that
since the resonance frequency of the two is different, they will introduce a phase modulation
in the response, observable through the local minima and maxima near the center and the
side of the main peak. The results can be improved by taking into account the additional
optical modes and the depletion of the pump mode, but it is not the focus of this project.

7.5 OMIT and strong-coupling regime

The second configuration we characterized is the Anti-Stokes scattering, where we swap the
role of the pump and the signal modes. The Optomechanically Induced Transparency (OMIT)
is collected for several powers between 25mW and 300mW to obtain the plot in Figure 7.13.
We performed the same analysis and fit as before and summarized the estimated
parameters in Table 7.3. We can also define the cooperativity threshold (C = 1)
(5.13), that is the Brillouin lasing threshold (5.15) and (5.16), for the coupling strength
gm/2π = 2.476 ± 0.002MHz, cavity photon numberNp = 1.055 ± 0.002×1011, and the input
power Pin = 51.53 ± 0.08mW. The strong-coupling regime (5.21) (5.22) is then achieved
for gm/2π = 5.284 ± 0.006MHz, Np = 4.81 ± 0.01 × 1011, or Pin = 238.7 ± 0.5mW. We
should report that we could not use the measurement at 25mW in the minimization
procedure because it seems to have a different normalization factor. It is probably related
to some stability problems during the data collection because, at such low powers, the
temperature gradient from the crystal toward the cavity holder is yet to be formed, thus
the cavity alignment differs. The values reported in the table are obtained by fixing the
parameters shared with the other powers and optimizing for A and gm. For this reason, we
will not employ them in the following analysis.
Finally, we can estimate the single-photon coupling rate by fitting the optomechanical
coupling rate after calibrating the effecting input power for the system (see Section 6.2) and
obtain g0/2π = 7.76 ± 0.05Hz, accounting for the uncertainty of the fit estimate and of the
data points. This result accords with the maximum estimated value of 12.98Hz in the more
favorable case of acoustic cavity formation. The difference between the two is also consistent
with previous results [30, 32] measured at cryogenic temperatures. In Figure 7.14, we
display the fitting results, with particular attention to the optical and mechanical linewidth
estimate, other than the strong-coupling regime and the cooperativity threshold. We should
remark the reported intracavity photon number N includes the locking effect and the pump
mode estimate presented in Section 7.1. The effect is a scaling factor that improves the
estimate of the single-phonon coupling rate g0.
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Tabfle7.3:FfitresufltsffortheOMITdataset.Thetabfleabovereportstheestfimatedphoton
numberasexpflafinedfinSectfion6.3,andthepower-dependentparameters,fi.e.,coupflfing
strengthgm,andnormaflfizatfionffactorA.Thetabflebeflowshowstheparameterscommonto
aflflthemeasurements,fi.e.,optficaflκsandmechanficaflΓm flfinewfidth,andBrfiflfloufinffrequency
Ωm.Thesfingfleacqufisfitfiondetunfing∆sfisomfitted.ComparedtotheOMIAresuflts,finthfis
anaflysfis,weusedadfifferentnormaflfizatfionffactorfforthefirstdatasetat24.7mW,fitted
findependentflyaffterestfimatfingthesharedparameters.

Pfin[mW] Np[10
9] gm/2π[MHz] A

22.7 55.03±0.39 1.978±0.007 −0.1914±0.0001

50.2 98.4±2.6 2.450±0.004

−0.2663±0.0002

75.8 165.0±2.6 3.122±0.003
100.7 224.2±3.7 3.597±0.003
150.5 338.1±7.1 4.180±0.004
200.2 398.1±6.9 4.937±0.004
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Ffigure7.15:OMITdetunfingmeasurementsat50.2mWand100.7mW.Ontheflefft,we
havethefiflteredexperfimentafldatawfithdetunfingobtafinedffromthefittfing.Ontherfight,we
dfispflaythemodeflpredfictfion.Whenthepowerfincreases,aspflfittfingfintheresonancepeak
appearsfincorrespondencewfiththeBrfiflfloufinffrequency.

Toconcfludethfisdescrfiptfion,wereportthedetunfingmeasurementandthefircorrespondfing
fittfings,whfichaflflowedtheestfimatfionofftheparametersfinFfigure7.15,Ffigure7.16,and
Ffigure7.17.Inthefirstsetofffimages,wecanobservethemodespflfittfingappear,wfiththetop
figureshowfingthetwomfinfimaatPfin=50mWand,atthebottom,thepeakseparatfion
takfingshapeat100mW.ThefirstfimagecorrespondstothecondfitfionC=1,whfiflethe
secondhasacoupflfingstrengthcomparabfletothemechanficaflflfinewfidthΓm.Increasfingthe
powerat150mWand200mW(Ffigure7.16),themodesspreadffurtherapartbutremafin
wfithfintheweak-coupflfingregfime.Ffinaflfly,thepeaksareresoflvedfintheflastsetofffigures,
wherethespflfittfingfiswfiderthandoubflethehybrfid-modeflfinewfidth. Wehaveavofided
crossfingfinthedetunfingpflots.Forthesemeasurements,flockfingnofiseandtemperature
finstabfiflfityflfimfitthemaxfimumachfievabflepower.Whenwetrytosendmorethan250mWoff
power,thePefltfierceflflfisnoflongerabfletokeepthetemperaturestabfle;thenofisefinthedata
fisfincreasedbecauseofftheout-off-peaksampflfing(seeSectfion6.3),andtheflockfisdfificufltto
reachandmafintafin.Asanexampfle,at300mW,onfly10-15%offthespectraareconsfistent
andcanbeused.
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Ffigure7.16:OMITdetunfingmeasurementsat150.5mWand200.2mW.Ontheflefft,we
havethefiflteredexperfimentafldatawfithdetunfingobtafinedffromthefittfing.Ontherfight,we
dfispflaythemodeflpredfictfion.ThespflfitdfistanceattheBrfiflfloufinffrequencyfincreaseswfithgm
andthepumppower,spreadfingapartthetwodfips.

7.6 Lfimfitsoffthesetupandpossfibflefimprovements

Inpresentfingtheexperfimentaflsetup,theacqufisfitfionandanaflysfismethods,andthefinafl
resuflts,wehaveaflreadyfintroducedseveraflflfimfitatfionstotheperfformances,whfichwere
anaflyzedandovercomedurfingtheprojectdeveflopment.ThfisSectfionwfiflflconcfludethe
dfiscussfion,summarfizfingthemafinaspectsandproposfingstrategfiestosoflvetheremafinfing
fissues. Wecandfivfidetheanaflysfisfintotwotopfics,theoptomechanficaflcavfity,andthe
measurementsetup.
Startfingthedfiscussfionwfithourcavfitydesfignflfimfits,werecaflfltheflfimfitfingaspectsfforthe
detunfingmeasurements.Ononesfide,wehavenon-unfifformtemperaturedfistrfibutfioncaused
bythehfighpowerdfissfipatedfinthecentraflcrystafl.Ontheother,wehavethemechanficafl
toflerancesoffthecavfityhoflder,preventfinganoptfimumaflfignment.Thetemperaturestabfiflfity
fisfimpafiredbythefinsuficfientpoweroffthePefltfierceflfl,thephysficafldfistancebetweenthe
cooflfingsourceandtheoptficafleflements,andtheposfitfionoffthetemperaturesensortooffar
ffromthecavfitycore.Theconsequenttemperaturefluctuatfionsaretheprfimarysourceoff
cavfityresponsefinstabfiflfityandpreventadequatecontroflwfithhfighflaserpowers.Stfiflfl,the
currentsetupcancharacterfizethestrong-coupflfingregfimeweafimedat.Theremafinfing
fissuefisthetemperaturedrfifftfingveflocfity,whfichpreventscoflflectfingenoughdatafinasfingfle
temperaturesweepbecausetheffasttemperaturefincreasefinthecavfitycorecannotbe
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Ffigure7.17:OMITdetunfingmeasurementsat250.3mWand277.8mW.Ontheflefft,we
havethefiflteredexperfimentafldatawfithdetunfingobtafinedffromthefittfing.Ontherfight,we
dfispflaythemodeflpredfictfion.Affterovercomfingthestrong-coupflfingthreshofld,weobservean
avofidedcrossfing,wfiththetworesonancepeaksresoflvedattheBrfiflfloufinffrequency.

counteractedbythePefltfierceflfl.Moreover,extendfingthedatasettomufltfipflemeasurements
wfiththesamepowercannotguaranteethesamepowercondfitfion,fincreasfingtheuncertafinty
offtheestfimatedvaflues.Moreover,thevfiabflefimprovementsfimpflyaredesfignoffthecavfity.
Reflatedtocavfitystabfiflfity,thesecondmafinfissueregardsfitsmfisaflfignment.Thecurrent
mechanficafleflementsdonotprovfidesuficfientprecfisfionfinthecrystaflandmfirrorposfitfionfing,
makfingthemodeshfifftphenomenonarfise.Theserapfidchangesfintheresonantmodescaused
byfimpafiredthermaflexpansfionhavebeenwfideflystudfiedandcancauseacrfitficaflffafiflureoff
thewhofleexperfiment.Impactfingboththepumpfingpowerandthesfignaflmodespectrafl
response,theyrequfiredflookfingthroughhundredsoffmodesandtensoffreaflfignments,
searchfingfforasufitabflemodepafir.Anfimprovedcrystaflhoflderhasbeendevefloped,butfits
toflerancesweretoohfigh,andnewpfieceshavebeenmachfinedbuthavenotbeentestedyet
becauseoffdeflaysfinthedesfignandmanuffacturfingprocess.Moreover,thecurrenthorfizontafl
desfignfisvuflnerabfletomfisaflfignmentcomparedtoavertficaflcavfity,wheregravfityheflpskeep
theoptficsaflfigned.
Dfiscussfingthemoregeneraflmeasurementsetup,thecavfityflocksystemfistheprfincfipafl
flfimfitfingffactor.Iffthetemperaturestabfiflfitydegradesthespectraflresponsedataquaflfityand
themfisaflfignmentsflowsthesearchfforsufitabflemodes,theflockaffectsthefircharacterfizatfion.
Thecurrentflockfingsystemfisverycflosetofitsflfimfitsandcannotflockthebestcavfitymodesat
hfighpowersbecausetheflfinewfidthfissmaflflerthanthedevficethreshofld(1MHz).Increasfing
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7.6. Limits of the setup and possible improvements

the mode power has a different effect depending on the specific mode and its closeness
to the frequency transition regions, so it is hard to predict in advance. A change in the
locking system, preferring a PDH locking system developed for high-finesse cavities [64],
is compulsory to improve the performance and reduce the challenge in tuning the locking
parameters to obtain most of the time a lock with power fluctuations >10%.
Other minor issues include the vibrations propagating from the devices placed on the optical
table, which concur with the unstable cavity temperature to the lock instability. Better
synchronization between the frequency synthesizer and the spectrum analyzer can reduce the
data noise and failed samples. Regarding the data analysis, we can notice that the principal
uncertainty source is the optical power estimation because both the drift in the amplifier
output power and fluctuation in the lock point prevent a stable value throughout the entire
detuning measurement. Integrating the reflected and transmitted power sampling into the
acquisition script can improve the estimates, having the instantaneous power measurements
for each spectrum. Finally, we should remark that future improvements also involve the test
of TeO2 crystals, which have a higher single-photon coupling rate, and thus require lower
powers to enter the strong-coupling regime.
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In this thesis, we presented the experimental characterization of a macroscopic
optomechanical cavity comprising two high-reflectivity mirrors and a cm-scale quartz crystal
to study the optomechanical response arising from Brillouin scattering at room temperature.
From the optomechanics and quantum optics theory, we derive a mathematical model for
the spectral response of our cavity, including the coupling coefficients between the external
fields and the cavity modes and the optomechanical interactions within the crystal leading
to energy transfer between the cavity resonances. In addition to defining reflectivity and
transmissivity leading to the definition of Optomechanically Induced Amplification (OMIA)
and Transmission (OMIT) phenomena, we simulate the temperature-related behavior
of the cavity mode to confirm the tuning feature of the design. Finally, we provide a
phenomenological description of the misalignment effects and the cavity instabilities as limits
to the performances of our measurement setup.
In discussing the results, we demonstrate both Brillouin lasing and strong-coupling regimes
at 1553.8 nm and T = 23.7 ◦C. In the Stokes scattering measurements, we present the
shrinking of the hybrid photon-phonon mode linewidth until reaching unitary cooperativity
and lasing for gm/2π ≈ 2.3MHz and Pin ≈ 75mW. In the Anti-Stokes scattering data, we
characterize the mode splitting due to the optomechanical hybridization with a formation of
two peaks that move apart when increasing the pumping power. The unitary cooperativity
threshold is gm/2π = 2.476MHz (Pin = 51.53mW) while we enter strong-coupling with
an optomechanical coupling strength gm/2π = 5.284MHz and optical pumping power
Pin = 238.7mW. Finally, we estimate the single-photon rate as g0/2π = 7.76 ± 0.05Hz and
the Quartz Brillouin frequency Ωm/2π = 12.4296GHz, values compatible with the theoretical
predictions. The data have been presented through detuning measurements, which scan
the optomechanical interaction over a frequency range around Ωm to demonstrate avoided
crossing of the modes in the strong-coupling regime. We should remark that the detuning is
not power dependent, since the external temperature control allows increasing the laser
power and compensating the additional heat introduced into the system from the absorbed
light. It allows in-resonance excitation of the pump mode with a consequent increase of the
intracavity photon number, thus reaching the strong-coupling regime at room temperature in
a GHz-frequency system.
The performance limits lie in the cavity instabilities at high power which prevent a stable
frequency lock to the resonance mode and in the cavity misalignment which reduces its
quality factor from≈ 12000 to≈ 3500 and increases the strong coupling threshold. Improving
the crystal alignment and the constraints for the thermal expansion can improve the setup
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8. Conclusions and outlooks

reliability and is a fundamental requirement for the following experiments. The objective
of the project has been met with the complete characterization of the optomechanical
response and the strong-coupling regime. Future developments include testing different
high-frequency crystalline materials, e.g., TeO2 (Ωm = 11.7GHz) and KPT (Ωm = 17GHz)
by removing or adding spacers between the two mirrors.
Several strategies and skills have been improved and will support the development of a
cryogenic temperature experiment aiming at coherent long-living phonon modes (Γm ≪ κs)
at ground state operation (T < 100mK). The creation of a phonon cavity with a high Qf
product enables fundamental physics testing with heavy (me ∼ µg) bulk acoustic waves
and hybrid quantum technology development, e.g., coherent state transfer between optical
and acoustic modes, storage of quantum information, and generation of non-classical light
though the optomechanical interaction.
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