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Hybrid optomechanical systems which associate a cavity optomechanical system
and a two-level system have recently emerged as a route towards strong optome-
chanical coupling, which is challenging to achieve in a pure optomechanical system.

Motivated by this context, we decided to develop an experimental platform based
on a fiber Fabry-Perot cavity (FFPC) and a mechanical resonator operated in a membrane-
in-the-middle (MIM) configuration, aimed at studying the interaction between an
optomechanical system and a two-level system embedded within the mechanical
resonator. In this thesis I describe the conception, assembly and characterization of
this experimental platform.

We used CO2 laser ablation to fabricate fiber mirrors with a geometry optimized
for realizing hybrid optomechanical systems in the MIM configuration. We formed a
FFPC between two fiber mirrors, held in a titanium cage that we specially designed
for operating a MIM system within a 4He bath cryostat and in high vacuum, while
maintaining both a high level of tunability and a high level of mechanical stability.
The resulting cavity compares well with other state-of-the-art FFPCs, and most im-
portantly it is mechanically stable enough for us to stabilize its length to within 5 pm
using the Pound-Drever-Hall locking technique. The lock remains stable for many
hours, both at room temperature and at 4 K, which to the best of our knowledge has
not been previously achieved with a high finesse tunable FFPC.

Hexagonal boron nitride (hBN) is a 2D material which has been identified as a
promising candidate for realizing hybrid mechanical resonators due to its superior
mechanical properties and because it was found to host bright strain-coupled quan-
tum emitters. We fabricated suspended hBN drum micromechanical resonators by
transferring exfoliated flakes of hBN on top of a hole in a thin silicon nitride mem-
brane, and inserted one of these hBN drums in the middle of the FFPC, forming a
MIM system. We then measured the dispersive and dissipative effect of the position
of the hBN drum on the resonance of the cavity, which is a signature of the optome-
chanical interaction in a MIM system. From this measurement we estimate a linear
dispersive optomechanical coupling on the order of 6 GHz · nm−1.

We expect our forthcoming study of dynamical optomechanical effects in this
MIM system to provide valuable data on the mechanical properties of hBN and to
help answer some of the open questions about the dynamics of 2D material mem-
branes. We then aim to observe the impact of a quantum emitter positioned within
the hBN drum on its optomechanical interaction with the cavity field.
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1

Introduction

Cavity optomechanical systems [1], in which the inherently weak radiation-pressure
force exerted by light on a mechanical element is enhanced by integrating the me-
chanical element into an optical cavity, make it possible to detect and control the
displacement of mechanical resonators with unprecedented precision. Enabled by
the advent of increasingly small and high quality mechanical resonators [2], the field
of cavity optomechanics has seen tremendous experimental progress, and has addi-
tionally emerged as a promising platform for quantum information processing ap-
plications [3]. The many milestone proof-of-concept experiments include: ground-
state cooling of a nanomechanical oscillator [4, 5], and quantum-limited position
sensing [6–8].

As reviewed in [9], optomechanical systems can be implemented using various
kinds of optical cavities and mechanical resonators. Here we focus on the membrane-
in-the-middle system (MIM) pioneered in the Harris group [10], where the mechan-
ical resonator is placed inside a Fabry-Perot cavity (FPC) formed between two low
loss mirrors. The MIM system allows the mechanical resonator and optical cavity to
be optimized independently, lifting the requirements on reflectivity and lateral di-
mensions of the mechanical element that are characteristic of the suspended mirror
optomechanical system. This property arguably makes the MIM system the most
versatile optomechanical system, in which mechanical resonators with the widest
range of mechanical resonance frequency and mass can be used. Notably, most op-
tomechanical effects have been demonstrated in MIM systems using thin silicon ni-
tride (SiN) membranes [11–16], enabled by the high mechanical quality factor of
stoichiometric SiN, and recently by the advent of soft-clamped resonators [17, 18].
Other promising materials to use as mechanical resonators in object-in-the-middle
systems are photonic crystal reflectors [19], carbon nanotubes [20], silicon carbide
nanowires [21], and two-dimensional materials [22].

Cavity optomechanical experiments have up to now relied on strongly driving
the optical cavity to enhance the weak dispersive single-photon optomechanical cou-
pling rate so that optomechanical effects overcome dissipation phenomena [23, 24].
In this case, the resulting optomechanical interaction is effectively linear, which pre-
vents the observation of nonlinear single photon effects inherent to optomechanics
[25, 26].

On the other hand, hybrid mechanical systems in which a nanomechanical res-
onator is coupled to a two-level system (TLS) have emerged as an alternative route
to ground state cooling and quantum control of a mechanical resonator [3, 27, 28],
but are typically limited by the short energy lifetime of the TLS. Since optical control
of the TLS is also greatly improved by embedding it in a high finesse cavity, a nat-
ural step up is to insert both a mechanical resonator and a TLS in an optical cavity,
effectively bridging the gap between cavity optomechanics (cOM) and cavity quan-
tum electrodynamics (CQED) [29–31]. One thus realizes a tripartite hybrid quantum
system in which true three-body interaction effects are expected to occur [32–36];
in particular an increase in the effective optomechanical coupling rate by several
orders of magnitude was demonstrated in an early circuit cavity electromechanical
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experimental implementation [34]. Such a hybrid optomechanical system takes full
advantage of the intrinsic capacity of a mechanical oscillator to simultaneously cou-
ple to a broad range of physically disparate quantum systems, and thus constitutes
a promising platform for both hybrid quantum information processing [37, 38] and
quantum sensing [39, 40].

x

FFPC

TLSMR

4He cryostat

xyz
x

fiber mirrors

(a) (b)

FIGURE 1: (a): drawing of the proposed hybrid optomechanics ex-
perimental system. FFPC : fiber Fabry-Perot cavity, MR : mechanical
resonator, TLS : two-level system. (b): drawing of the experimental

platform designed to operate the experimental system.

In 2016, motivated by this context, we started developing an experimental plat-
form within which hybrid optomechanical systems can be studied. We decided to
build the platform around a widely tunable fiber-based open-access Fabry-Perot op-
tical cavity (FFPC), within which different interchangeable samples can be precisely
positioned, forming a membrane/nanowire-in-the-middle optomechanical system
(Fig. 1(a)). The experimental system would be operated within a 4He bath cryostat
and in high vacuum, by measuring its response in reflection and transmission to a
laser input (Fig. 1(b)).

The fiber Fabry-Perot cavity (FFPC) type of optical cavity, formed between the
end-facets of two optical fibers [41, 42], was deemed to be the most suitable type
of optical cavity for our application for several reasons. First and foremost, the
small mode volume typical of FFPCs allows stronger coupling to both nanomechan-
ical resonators and quantum emitters. Secondly, the small lateral dimensions of the
fiber mirrors facilitate the realization and alignment of short tunable optical cavities
within which mechanical resonators can be positioned, and are also well-suited to
the limited space available in our bath cryostat. Finally, FFPCs are addressed directly
through the optical fibers, avoiding the complications of using free-space optics to
couple light into the cryostat and into the cavity mode [43, 44], albeit at the cost of a
capped coupling efficiency determined by the optical fiber and the cavity geometry
[41]. These unique features have led to the widespread adoption of FFPCs in cavity
quantum electrodynamics [45–55], and in optomechanics [20, 21, 56–60].

Following the discovery of bright strain-coupled quantum emitters in hBN [61],
and due to favorable mechanical properties typical of 2D materials [62–64], hexag-
onal boron nitride has been identified as a promising material for realizing hybrid
mechanical resonators [22, 65]. The low optical absorption of hBN makes it a suit-
able material for optomechanics, as demonstrated in [22]. These elements motivate
our choice of hBN to realize the first mechanical resonators to be used in our MIM
system. In addition, because several research questions remain open regarding the
mechanical behavior of 2D materials in general [66], and hBN in particular, we ex-
pect intermediate results obtained during the development of our hybrid optome-
chanical system to be of scientific interest.
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So far, we fabricated fiber mirrors using CO2 ablation [67, 68]. We used these fiber
mirrors to form FFPCs, held in a titanium cage that we specially designed and built
for operating a MIM system within a 4He bath cryostat and in high vacuum, while
maintaining both a high level of tunability and a high level of mechanical stability
[69]. We built a measurement and control setup to operate the experimental system,
that we used to characterize extensively the optical properties and the mechanical
stability of the FFPC, and to implement a Pound-Drever-Hall locking scheme to sta-
bilize the cavity length. We additionally developed an improved white-light spec-
troscopy technique to characterize the cavity length. We fabricated suspended hBN
drum mechanical resonators, which we inserted within the FFPC to realize a MIM
system. We then measured the dispersive and dissipative effect of the position of
the hBN drum on the cavity resonance, and used this measurement to estimate the
linear dispersive optomechanical coupling. We are now ready to study dynamical
optomechanical effects in the MIM system.

Due to its high level of tunability and to its versatility, the experimental platform
presented here is suitable for studying a broad array of mechanical elements, and
in particular low-dimensional mechanical resonators such as carbon nanotubes or
2D materials. The platform allows such samples to be inserted within the low mode
volume and high finesse FFPC, where they can be scanned while controlling and
detecting their mechanical vibrations and/or their photoluminescence signal.

Thesis outline

The present thesis reports on the progress of the implementation of our experimen-
tal platform for the study of hybrid optomechanical systems, and is structured as
follows:

In Chapter 1 we introduce the theoretical concepts which underlay the behavior
of fiber-based MIM optomechanical systems.

In Chapter 2 we describe the fabrication and measurement setups that were de-
veloped as part of the present thesis work : the CO2 ablation setup used to fabricate
fiber mirrors, the measurement and control setup used to operate the MIM system,
and the white-light spectroscopy setup used to measure the distance between the
fiber mirrors and the sample in the MIM system.

In Chapter 3 we present the results of our study of single-shot CO2 ablation of
optical fibers, [68], which were then applied to the fabrication of fiber mirrors with
optimized geometry for use in our MIM system.

In Chapter 4 we discuss the design and assembly of the experimental platform,
and the procedure through which we characterize the behavior of the fiber-based
optical cavity.

In Chapter 5 we present early experimental results demonstrating the disper-
sive effect of a hBN drum micromechanical resonator on the resonance frequency
of the MIM system, paving the way towards the characterization of the associated
optomechanical interaction.
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Chapter 1

Theoretical Background

This chapter introduces the theoretical concepts which are required for the under-
standing, modeling and analysis of the data acquired using our optomechanical ex-
perimental system. It is divided into two main sections, which address the two main
components of the optomechanical system, namely the Fabry-Perot optical cavity
and the mechanical resonator.

1.1 Fabry-Perot Cavities

A Fabry-Perot (FP) cavity is a type of optical cavity which consists of two mirrors
facing each other, forming an optical resonator. In this section we summarize the
theoretical background necessary to describe and model the behavior of this system.
The conventions in [70, 71] are followed whenever possible, and the refractive index
of the intracavity medium is assumed to be n = 1.

1.1.1 Plane-wave description

The most fundamental properties of the cavities studied here are well captured by
a simple 1D model based on plane waves. The mirrors are assumed to be two infi-
nite planes parallel to each other and separated by a distance Lc, as represented in
Fig. 1.1. Each of the two mirrors (i = 1, 2) is characterized by its residual transmis-
sion ti and losses li, and we define the corresponding power transmittance Ti = t2

i ,
power losses Li = l2

i , and power reflectance Ri = 1 − Ti − Li.
As a starting point we take the standard vectorial plane-wave expression for the

electric field, using a sign convention matching the theory of quantum mechanics:

E(r, t) = E0 ep cos(k · r − ωt + ϕ) (1.1)

where ep is the direction of polarization, k = k ek = ω/c ek is the wave vector
pointing in the direction of propagation ek, E0 is the field amplitude, ω = 2π ν =
2π c/λ is the angular frequency, and ϕ is a phase offset.

Assuming the light field is propagating along the z axis (k · r = kz) and ignoring
polarization for the moment, we consider the scalar plane-wave expression:

E(z, t) = E0 cos(kz − ωt + ϕ) (1.2)

Finally, using the complex notation by defining E such that E = Re{E} and
E0 = E0 e i ϕ, we obtain:

E(z, t) = E0 e i (kz−ωt) (1.3)

This expression for the light field is used to derive the theory presented in the rest of
this section. The power in the light field can be expressed as P = |E|2 = E E⋆.
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FIGURE 1.1: Sketch of a planar-planar Fabry-Perot cavity. The fields
propagating forward (+) and backward (-) and taken near the left (L)
and/or right (R) boundaries of each part of the system are defined.

The fields of interest in Fig. 1.1 can be related to each other using the coupling
matrix formalism: (︄

E+
2,L

E−
2,L

)︄
= Ccav

(︄
E+

0,R

E−
0,R

)︄
(1.4)(︄

E+
1,L

E−
1,L

)︄
= Cmirror,1

(︄
E+

0,R

E−
0,R

)︄
(1.5)

where Ccav is the coupling matrix for the entire cavity, and Cmirror,1 is the coupling
matrix for mirror 1. The cavity coupling matrix is expressed as the product of the
coupling matrices of the individual elements of the cavity:

Ccav = Cmirror,2 Cspace(Lc, 1)Cmirror,1 (1.6)

with the mirror and free-space coupling matrices defined as:

Cmirror,i =
i
ti

(︄
−1 ri

−ri r2
i + t2

i

)︄
(1.7)

Cspace(L, n) =

(︄
e−i knL 0

0 e i knL

)︄
(1.8)

with ri =
√

Ri.
Equations (1.4) and (1.5) can be solved to obtain expressions for the fields trans-

mitted through the cavity Et = E+
2,L, reflected by the cavity Er = E−

0,R, and circulating
inside the cavity Ecirc = E+

1,L, with the input fields taken as E+
0,R = Ei and E−

2,L = 0,
and defining ϕ ≡ k Lc = (2π/λ) Lc = (ω/c) Lc. The circulating, reflection and
transmission coefficients are then expressed as:

Ccirc =
Ecirc

Ei
=

it1

1 − r1r2 e i 2ϕ
(1.9)

Cr =
Er

Ei
=

r1 − r2
(︁
r2

1 + t2
1

)︁
ei 2ϕ

1 − r1r2 e i 2ϕ
(1.10)

Ct =
Et

Ei
=

−t1t2 e i ϕ

1 − r1r2 e i 2ϕ
(1.11)
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The corresponding intensity coefficients are:

CCirc =
Pcirc

Pi
=

t2
1

(1 − r1r2)2 + 4 r1r2 sin2(ϕ)
(1.12)

CR =
Pr

Pi
=

(︁
r1 − r2

(︁
r2

1 + t2
1

)︁)︁2
+ 4 r1r2

(︁
r2

1 + t2
1

)︁2 sin2(ϕ)

(1 − r1r2)2 + 4 r1r2 sin2(ϕ)
(1.13)

CT =
Pt

Pi
=

t2
1 t2

2

(1 − r1r2)2 + 4 r1r2 sin2(ϕ)
(1.14)

From these formula we can define some important concepts and quantities. Cav-
ity resonance is defined as the point where the field circulating inside the cavity is
maximum. It is achieved when ϕ = ϕq = qπ with q ∈ N, which can be realized
by tuning either the length of the cavity to Lc,q = q λ

2 , or the angular frequency of
the input field to ωc,q = q πc

Lc
. The free spectral range is defined as the difference be-

tween two consecutive resonances : in terms of angular frequency ∆ωFSR = πc
Lc

, and
in terms of cavity length ∆Lc,FSR = λ/2. The full-width-at-half-maximum (FWHM)
is defined in terms of angular frequency as κ = 2ωp, with ωp the angular frequency
at which the circulating power decreases to half of its maximum:

κ =
2c
Lc

arcsin
(︃

1 − r1r2

2
√

r1r2

)︃
(1.15)

Finally, the finesse, which represents the enhancement of the circulating power over
the power that is coupled into the cavity, is defined as:

F =
∆ωFSR

κ
(1.16)

Equations (1.12) to (1.14) are plotted in red in Fig. 1.2 for varying ω, with anno-
tations to illustrate the definitions of ∆ωFSR and κ.

Let us now consider the case of a cavity which is defined between high reflectiv-
ity mirrors such that t1, t2, l1, l2 ≪ 1. Under this approximation, we have:

arcsin
(︃

1 − r1r2

2
√

r1r2

)︃
∼ 1

2
1 − r1r2√

r1r2
∼ 1 − r1r2

2
∼ T1 + L1 + T2 + L2

4

which can be inserted in Eqs. (1.15) and (1.16) to yield:

κ ∼ c
Lc

(1 − r1r2) ∼
c

2Lc
(T1 + L1 + T2 + L2) (1.17)

F ∼ π

1 − r1r2
∼ 2π

T1 + L1 + T2 + L2
(1.18)

Making the additional assumption that the cavity is close to resonance, and
defining ∆ = ω − ωc,q with ∆ ≪ ∆ωFSR, we can write :

1 − r1r2 e i 2ϕ ∼ 1 − r1r2 − 2ir1r2ϕ = 2
Lc

c

(︂κ

2
− i∆

)︂
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FIGURE 1.2: Plots of the circulating (a,b), reflected (c,d) and trans-
mitted (e,f) power as a function of detuning in a planar Fabry-Pérot
cavity according to Eqs. (1.12) to (1.14). The right column is a zoom
around a single cavity resonance, with the simplified expressions of

Eqs. (1.22) to (1.24) overlayed as dashed blue curves.

Equations (1.9) to (1.11) can then be simplified to:

Ccirc ∼
c

2Lc

it1

κ/2 − i∆
(1.19)

Cr ∼ 1 − c
2Lc

t2
1

κ/2 − i∆
(1.20)

Ct ∼
c

2Lc

−t1t2

κ/2 − i∆
(1.21)

and Eqs. (1.12) to (1.14) to:

CCirc ∼
F
π

κex,1

κ/2
(κ/2)2

(κ/2)2 + ∆2
(1.22)

CR ∼ 1 − κex,1

κ/2

(︃
2 − κex,1

κ/2

)︃
(κ/2)2

(κ/2)2 + ∆2
(1.23)

CT ∼ κex,1

κ/2
κex,2

κ/2
(κ/2)2

(κ/2)2 + ∆2
, (1.24)
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where we defined the loss rates through each mirror as κex,i = t2
i c/(2Lc). Equa-

tions (1.22) to (1.24) are plotted as blue dashed curves in Fig. 1.2(b,d,f), displaying
the characteristic Lorentzian lineshape of the resonance of a high-finesse FP cavity.

An important characteristic of a FP cavity is the degree of overcoupling defined
as ηc,i = κex,i/κ. A FP cavity is said to be impedance-matched when ηc,1 = ηc,2 =
0.5, with deviations from this value leading to the power reflectance and transmit-
tance of the cavity at resonance respectively deviating from 0 and 1, as illustrated in
Fig. 1.2.

We additionally define the cavity susceptibility as:

χc(∆) =
1

κ/2 − i∆
(1.25)

1.1.2 Phase-modulated input and Pound-Drever-Hall error signal

Up to now we have assumed the input field to be monochromatic at angular fre-
quency ω. Here we consider the case when the input field is instead phase-modulated,
creating additional frequency components called sidebands. In this work we use
phase-modulated input fields to lock the length of a Fabry-Perot cavity to the laser
frequency via the Pound-Drever-Hall (PDH) stabilization scheme [72, 73] (Section 4.3.4).
We also plan to use phase-modulated input fields as a diagnostic tool for characteriz-
ing optomechanical systems by implementing an optomechanically-induced trans-
parency (OMIT) measurement, described theoretically in Section 1.2.3.

The generation of frequency sidebands by modulating the phase of the electric
field is described by the following equations:

Ei(t) = E0e−i(ωt+β sin(Ωt)) (1.26)

= E0e−iωt

(︄
J0(β) +

∞

∑
k=1

(−1)k Jk(β)eikΩt +
∞

∑
k=1

Jk(β)e−ikΩt

)︄
(1.27)

≈
β→0

Eie−iωt
(︂

J0(β) + J1(β)
(︂

e−iΩt − eiΩt
)︂)︂

(1.28)

where Jk(x) are the Bessel functions.
The field reflected from the cavity is the sum of each frequency component:

Er(t) = E0e−iωt
(︂

J0(β)F(∆) + J1(β)F(∆ + Ω)e−iΩt − J1(β)F(∆ − Ω)eiΩt
)︂

(1.29)

where we write the cavity reflection coefficient as F(∆) = Cr = 1 − κex,1 χc(∆),
following [73]. The field power can be expressed as:

Pr(t)
P0

= J0(β)2|F(∆)|2 + J1(β)2|F(∆ − Ω)|2 + J1(β)2|F(∆ + Ω)|2

+ 2J0(β)J1(β)Re
{︂
(F⋆(∆)F(∆ + Ω)− F(∆)F⋆(∆ − Ω))e−iΩt

}︂
− 2J1(β)2 Re

{︂
F(∆ + Ω)F⋆(∆ − Ω)e−2iΩt

}︂ (1.30)

highlighting the beatnotes at Ω and 2Ω. The corresponding photodetector voltage
is given by VPD = ηPDPr(t), with ηPD the detection efficiency. The photodetector
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FIGURE 1.3: (top): DC component of the reflected power from a FP
cavity when the input field is phase-modulated. (bottom): quadra-

tures of the beatnote at Ω in the photodetected reflection signal.

voltage is demodulated at Ω to obtain VPD,Ω(t) ≡ V I
PD,Ω cos Ωt + VQ

PD,Ω sin Ωt:

VPD,Ω(t)
2P0 J0(β)J1(β)ηPD

= Re{(F⋆(∆)F(∆ + Ω)− F(∆)F⋆(∆ − Ω))} cos Ωt

+ Im{(F⋆(∆)F(∆ + Ω)− F(∆)F⋆(∆ − Ω))} sin Ωt
(1.31)

When the modulation and demodulation are performed using a lock-in amplifier,
the complex response measured is:

V I
PD,Ω + i VQ

PD,Ω = 2P0 J0(β)J1(β)ηPD(F⋆(∆)F(∆ + Ω)− F(∆)F⋆(∆ − Ω)) (1.32)

The two quadratures of VPD,Ω(t) are plotted in Fig. 1.3 in the fast-modulation case
(Ω > κ). In this case VQ

PD,Ω is linearly proportional to the detuning around ∆ = 0 and

∆ = ±Ω. The PDH stabilization scheme consists in using VQ
PD,Ω as the error signal in

a feedback loop acting on either the laser frequency or the cavity length to stabilize
the detuning at ∆ = 0, or at ∆ = ±Ω [74].

1.1.3 Transverse modes

General properties of Hermite-Gauss transverse modes

Some more advanced properties of Fabry-Perot cavities cannot be accurately de-
scribed by the simple plane-wave model of Section 1.1.1, and require taking the
transverse components of the light field into account. Here we consider the follow-
ing expression for an optical beam propagating in the z direction, with transverse
component u(x, y, z):

E(x, y, z, t) = u(x, y, z) e i (kz−ωt) (1.33)
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The power in such a beam is given by :

P(z) =
∫︂∫︂

E(x, y, z)E⋆(x, y, z)dx dy (1.34)

We place ourselves in the paraxial approximation, under which the envelope of
the light field u(x, y, z) is assumed to vary slowly with z compared to e i (kz) and to
the transverse variations, such that:⃓⃓

∂2
zu(x, y, z)

⃓⃓
≪ |2k∂zu(x, y, z)|,

⃓⃓
∂2

xu(x, y, z)
⃓⃓
,
⃓⃓⃓
∂2

yu(x, y, z)
⃓⃓⃓

(1.35)

Inserting Eq. (1.35) into the standard Helmoltz equation leads to the paraxial wave
equation, which governs the propagation of the paraxial beams considered in this
section: (︂

∂2
x + ∂2

y

)︂
u(x, y, z) + 2ik∂zu(x, y, z) = 0 (1.36)

Hermite-Gauss modes un,m(x, y, z) are solutions of Eq. (1.36) which are well suited
to the optical cavities considered here. They can be separated into independent tan-
gential and sagittal components ut

n(x, z) and us
m(y, z) such that:

un,m(x, y, z) = ut
n(x, z)us

m(y, z) (1.37)

ut
n(x, z) =

(︃
2
π

)︃ 1
4
(︃

1
2n n! wt(z)

)︃ 1
2

Hn

(︄ √
2x

wt(z)

)︄
e

i k x2
2Rt(z)

− x2

w2
t (z)

−i ( 1
2+n)Ψt(z)

(1.38)

The corresponding expression for us
m(y, z) is obtained by replacing {n, t, x} by {m, s, y}

in Eq. (1.38). Hn(x) are the Hermite polynomials, wt/s(z) is the spot size, Rt/s(z) is
the radius of curvature, and Ψt/s(z) is the Gouy phase shift incurred by a Gaussian
beam while propagating through its waist. These quantities are defined as:

wt(z) = w0,t

√︄
1 +

(︃
z − z0,t

zR,t

)︃2

(1.39)

Rt(z) = (z − z0,t)

(︄
1 +

(︃
zR,t

z − z0,t

)︃2
)︄

(1.40)

Ψt(z) = arctan
(︃

z − z0,t

zR,t

)︃
(1.41)

where we have defined the Rayleigh range:

zR,t =
πw2

0,t

λ
(1.42)

Hermite-Gauss modes are uniquely determined by their waists w0,t/s and their posi-
tions z0,t/s along the z-axis, which can be combined into the so-called beam parame-
ter qt/s :

qt/s(z) = (z − z0,t/s)− izR,t,
1

q(z)
=

1
Rt/s(z)

+ i
λ

πw2
t/s(z)

(1.43)

We will now list some of the key properties of Hermite-Gauss modes. For conve-
nience, the following developments will assume w0,t = w0,s and z0,t = z0,s whenever
beam astigmatism is not relevant to the point.
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Hermite-Gaussian functions form a complete basis set of orthogonal functions:∫︂∫︂
un,m(x, y)u⋆

n′,m′(x, y)dx dy = δn,n′δm,m′ (1.44)

As such, they can be used to expand any paraxial optical beam obeying Eq. (1.36):

E(x, y, z, t) = ∑
n,m

an,mun,m(x, y, z) e i (kz−ωt) (1.45)

The intensity profile of a fundamental Gaussian beam u0,0(x, y, z) carrying a total
power P is given by:

I(x, y, z) =
2P

πw(z)2 e
−2(x2+y2)

w2 (1.46)

Consequently, clipping losses when going though an aperture of diameter D amount
to:

Lcl = e
−2(D/2)2

w2 (1.47)

Higher-order modes are larger than the fundamental mode, and therefore suffer
higher clipping losses. Their waist can be approximated as wn,m ≈ w0

√
n + m + 1

[75].
The coupling coefficient from an incoming beam uin to an outgoing beam uout is

defined as the overlap integral [76–78] :

⟨uin|uout⟩ =
∫︂∫︂

u⋆
in(x, y, z)uout(x, y, z)dx dy (1.48)

such that the power coupling efficiency from the incoming to the outgoing beam is
given by:

η =

⃓⃓⃓⃓ ⟨uin|uout⟩
⟨uin|uin⟩

⃓⃓⃓⃓2
(1.49)

When both the incoming and outgoing beams are Gaussian, Eq. (1.49) simplifies to:

η =
4(︂

w′
w + w

w′

)︂2
+
(︂

πw′w
λ

)︂2(︁ 1
R′ − 1

R

)︁2
(1.50)

where w, w′, R, R′ are the waist and radius of curvature of the incoming and outgo-
ing beams at a reference position along the z axis.

Hermite-Gauss transverse modes in Fabry Perot cavities

Here we summarize the main features that arise when considering transverse effects
in Fabry-Perot cavities. We consider a cavity formed between two parabolic mirrors
with radii of curvature Rc,1 and Rc,2 at positions z1 and z2 such that the length of the
cavity is Lc = z2 − z1, illustrated in Fig. 1.4. Convenient parameters are the g factors,
defined as :

gi = 1 − Lc

Rc, i
(1.51)

The resonant mode or eigenmode of a Fabry-Perot cavity is defined as the beam
whose transverse profile is conserved upon experiencing a round-trip through the
cavity, described by its beam parameter qc. This condition can be expressed by using



1.1. Fabry-Perot Cavities 13

FIGURE 1.4: Sketch of a concave-concave Fabry-Perot cavity. The red
beam represents the Gaussian-shaped fundamental eigenmode of the

cavity.

the ABCD law [79]:

qc =
Aqc + B
Cqc + D

(1.52)

A, B, C, and D are the coefficients of the round trip ray transfer matrix Pcav for a
cavity made of two mirrors with radii of curvature Rc,1 and Rc,2 separated by Lc :

Pcav =

(︄
A B
C D

)︄
= Pmirror(Rc,1)Pspace(Lc)Pmirror(Rc,2)Pspace(Lc) (1.53)

The ray transfer matrices for reflection on a curved mirror and propagation through
space are given by:

Pmirror(Rc) =

(︄
1 0

− 2
Rc

1

)︄
(1.54)

Pspace(L) =

(︄
1 L
0 1

)︄
(1.55)

Inserting Eqs. (1.54) and (1.55) into Eq. (1.53) and making use of Eq. (1.51) yields:

Pcav =

(︄
2g2 − 1 2Lcg2

−2 g2−g1(2g2−1)
Lc

2g2(2g1 − 1)− 1

)︄
(1.56)

The solution to Eq. (1.52) is then expressed as:

qc = Lc
−g2(1 − g1)− i

√︁
g1g2(1 − g1g2)

g1 + g2 − 2g1g2
(1.57)

Equation (1.57) fully defines the cavity eigenmodes. Notably their waist size w0 can
be written as:

w2
0 =

λLc

π

√︁
g1g2(1 − g1g2)

g1 + g2 − 2g1g2
(1.58)

For the optical cavity to be stable, it is additionally required that the eigenmode
has a real waist size, which is equivalent to Im{qc} = πw2

0/λ > 0. Using Eq. (1.57),
the stability condition is expressed in terms of the g factors as:

0 ≤ g1g2 ≤ 1 (1.59)

The stability regime is represented graphically in g-space in Fig. 1.5, as well as the
different values of g1 and g2 that can be achieved by varying the length of a FP cavity.
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FIGURE 1.5: Stability diagram of a Fabry-Perot cavity. Red line:
planar-concave cavity with ROC1 = ∞, ROC2 = 28.5 µm. Blue line:
concave-concave cavity with ROC1 = 92.2 µm, ROC2 = 56.7 µm. The

arrows show the direction of increasing Lcav.

Hermite-Gauss modes experience a Gouy phase shift, resulting in a modified
round-trip phase shift ϕ compared to the plane-wave model:

ϕ = kLc −
(︃

1
2
+ n

)︃
(Ψt(z2)− Ψt(z1))−

(︃
1
2
+ m

)︃
(Ψs(z2)− Ψs(z1))

= kLc −
(︃

1
2
+ n

)︃
arccos(

√
g1,t g2,t)−

(︃
1
2
+ m

)︃
arccos(

√
g1,s g2,s)

(1.60)

Some features of the cavity resonances ϕ = qπ are noteworthy. The phase differ-
ence between resonant modes of successive transverse order, or higher order mode
separation frequency [71], is:

δho = 2 arccos(
√

g1 g2) (1.61)

In the case when the cavity eigenmodes are astigmatic, there also exist a fine split-
ting between higher-order modes of the same order. Finally, higher-order modes of
longitudinal order q − 1 can become resonant with the fundamental mode of order
q, with the resonance condition given by [75] :

(n + m) arccos(
√

g1 g2) = π (1.62)

1.1.4 Describing real-life fiber cavities

In order to understand the behavior or real-life FP cavities, misalignments and devi-
ations of the mirrors from perfect parabolas, resulting in imperfect mode-matching
and diffraction losses, must be taken into account. When the FP cavity is defined
between two fiber mirrors, forming a fiber Fabry-Perot cavity (FFPC) [41], some ad-
ditional complexity is introduced.
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δcav
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FIGURE 1.6: Sketch of a real life fiber-based Fabry-Perot cavity, to
scale, with exaggerated misalignments.

Misalignments and mode-matching

Here we summarize the effects of misalignments and mode-matching imperfections
on the behavior of a FFPC, based on the detailed description given in [78]. We con-
sider the FFPC sketched in Fig. 1.6, formed between a single-mode fiber mirror (SMF,
fiber 1) and a multimode fiber mirror (MMF, fiber2), which corresponds to the exper-
imental setup introduced in the next chapters. The SMF is used to both couple light
into the FP cavity and collect the reflected beam via the fiber mode with waist size
w f . The MMF is used to collect the transmitted beam, ensuring near perfect coupling
efficiency regardless of misalignments. The mirror shapes are parabolic with a finite
outer diameter Di, and with an offset δc,i between the center of the parabola and the
center of the fiber mode. Fiber 2 is additionally laterally offset by δ f .

These geometrical misalignments lead to misalignments between the different
optical beams, namely the SMF fiber mode, the beam directly reflected by the back-
side of the mirror, and the beam reflected from the FP cavity. The fiber mode and
the directly reflected beam are misaligned by a tilt angle θdr = 2 arcsin(δc/Rc,1). The
directly reflected beam additionally experiences an increase in propagation length
given by ∆ldr = 2Rc,1(1 − cos(θdr/2)). The input beam and the cavity mode are
misaligned by a lateral offset δcr = δc,1 − δcav and a tilt angle θcav, with:

θcav = arctan
(︃

2 δ f

2Lc − Rc,1 − Rc,2

)︃
≈ 2 δ f

2Lc − Rc,1 − Rc,2
(1.63)

δcav = −Rc,1

2
sin(θcav) ≈

2 δ f Rc,1

2Lc − Rc,1 − Rc,2
(1.64)

The beam reflected from the cavity additionally experiences an increase in propaga-
tion length given by:

∆lcr = −Rc,1

2
(1 − cos(θcav)) ≈

2 δ2
f Rc,1

(2Lc − Rc,1 − Rc,2)
2 (1.65)
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Adopting the naming convention from [78], we define β = |β| exp
(︁
iξβ

)︁
as the

mode-matching coefficient between the fiber mode and the directly reflected beam,
and α = |α| exp(iξα) as the the mode-matching coefficient between the fiber mode
and the beam reflected from the cavity. The phase of α and β is related to the addi-
tional propagation lengths ∆lcr and ∆ldr by:

ξα = n f k ∆lcr (1.66)

ξβ = n f k ∆ldr (1.67)

where n f is the refractive index of the optical fibers. The amplitude of α and β is
expressed as:

|α|2 = τ2
a,cr exp

(︃
− θcav

θe,cr

)︃
exp

(︃
− δcr

de,cr

)︃
(1.68)

|β|2 = τ2
a,dr exp

(︃
− θdr

θe,dr

)︃
(1.69)

The coupling efficiencies τa,dr/cr, the angular tolerances θe,dr/cr and the axial toler-
ance de,cr are defined following [76] :

τ−1
a,cr =

1
2

√︄(︃
w2

w f
+

w f

w2

)︃2

+

(︃
k w2w f

2Rcr

)︃2

(1.70)

θ−1
e,cr =

1
23/2 k τa,cr

√︂
w2

2 + w2
f (1.71)

d−1
e,cr =

1√
2

τa,cr

⌜⃓⃓⎷ 1
w2

2
+

1
w2

f
+

(︃
k w2

2Rcr

)︃2

(1.72)

τ−1
a,dr =

1
2

⌜⃓⃓⎷4 +

(︄
k w2

f

2Rdr

)︄2

(1.73)

θ−1
e,dr =

1
2

k τa,dr w f (1.74)

where we defined Rdr = Rc,1/(2n f ) and Rcr = Rc,1/(n f − 1) as the radius of cur-
vature of the directly reflected and cavity reflected beams, taking into account the
lensing effect at the curved mirror interface.

In contrast with free-space FP cavities, where mode-matching optics are used,
the mode-matching between the input beam and the cavity mode in a FFPC is fully
determined by the waist size of the fiber mode, the waist size of the cavity mode,
and misalignments [41]. In addition, due to directly reflected and cavity reflected
beams being collected through the fiber mode to yield the full reflection signal, the
expressions for cavity response in reflection must be modified. Equation (1.10) be-
comes:

Er = Ei
βr1 − r2

(︁
βr2

1 + α2t2
1

)︁
ei 2ϕ

1 − r1r2 e i 2ϕ
(1.75)

and Eq. (1.13) becomes:

Pr

Pi
∼ A − B

(κ/2)2

(κ/2)2 + ∆2
− C

∆ κ/2

(κ/2)2 + ∆2
(1.76)
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FIGURE 1.7: Reflection lineshape of a fiber-based Fabry Perot cavity.
The red curve is the full Eq. (1.76) while the blue and green curves

show the Lorentzian and dispersive parts.

with
A = |β|2

B = |α|2|β| κex,1

κ/2

(︄
2 cos(ξ)− |α|2

|β|
κex,1

κ/2

)︄
C = 2 |α|2|β| κex,1

κ/2
sin(ξ)

ξ = ξβ − 2 ξα

(1.77)

The modified cavity lineshape in reflection (plotted in Fig. 1.7) includes a dispersive
part, which stems from a the phase-mismatch between the directly reflected and
cavity reflected beams, and is a unique feature of FFPCs as highlighted in [78]. The
lineshape of the circulating and transmitted field is not modified, with the mode-
matching coefficients only coming in as prefactors.

The mixing matrix formalism

In realistic cavities, the mirrors are not perfect infinite parabolas. Their finite diame-
ter, their shape deviating from parabolic, and the roughness of their surface all lead
to the cavity eigenmodes deviating from pure Hermite-Gauss modes. Here we in-
troduce the mode-mixing formalism [75, 80], which allows to numerically calculate
the modified eigenmodes of cavities formed between imperfect mirrors.

The action of each cavity mirror on the cavity field can be expressed in the basis
of Hermite Gauss modes as a mixing matrix M, which coefficients are the overlap
between an outgoing mode un,m(x, y; qout) with beam parameter qout, and an incom-
ing mode un′,m′(x, y, qin) exp(−2ik∆(x, y)), where ∆(x, y) is the height profile of the
mirror:

Mi,j = k(n,m),(n′,m′) =
∫︂∫︂

un,m(x, y; qout)u⋆
n′,m′(x, y; qin) exp(2i k ∆(x, y))dx (1.78)
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Using the unfolded cavity representation [79] is convenient since it allows one to use
only forward-propagating Hermite-Gauss modes, simplifying the calculations. The
incoming and outgoing beam parameters for a mirror located at distance ∆z from
the waist of the Hermite-Gauss mode are then given by:

qin =
1

R(∆z)
+ i

λ

πw2(∆z)
, qout =

−1
R(∆z)

+ i
λ

πw2(∆z)
(1.79)

The mixing matrix corresponding to a round-trip through the cavity is:

Mcav = exp(2 i k Lcav)Mm1Mm2 (1.80)

where Mm1 and Mm2 are the mixing matrices for mirrors 1 and 2 respectively. The
properties of the transverse resonances of the cavity are obtained by solving the
eigensystem γi |Φi⟩ = Mcav |Φi⟩.

The cavity transverse eigenmodes are given by the eigenvectors Φi = ∑n ci,nun(x).
Since Mcav is normal and unitary, the eigenvectors form a new complete orthonor-
mal basis. An input mode Φin can therefore be expanded in this basis, and the co-
efficients of this expansion are the coupling efficiencies from the input mode into
the cavity eigenmodes. The associated eigenvalues contain the losses 1 − |γi|2 and
phase shift arg(γi) experienced by the corresponding eigenmode during a cavity
round-trip.

In the case of perfect parabolic mirrors, ∆(x, y) = (x2 + y2)/(2Rc,i) with Rc,i =
R(∆zi), and the mixing matrices can be calculated analytically. They take a diagonal
shape, leading to Mcav,n,n′ = δn,n′ exp

(︁
2 i
(︁
kLcav +

(︁ 1
2 + n

)︁
(Ψ(∆z1) + Ψ(∆z2))

)︁)︁
. The

solutions to this eigensystem are the pure Hermite-Gauss modes, consistent with the
standard theory for FP cavities.

Fiber mirrors often have a gaussian shape [41], leading to strong mode-mixing
effects described in [75]. The nature and the impact of these effects in our FFPCs are
discussed in detail in 4.3.2.

1.2 Mechanical Resonators in Fabry-Perot Cavities

In this section we summarize the fundamental properties of mechanical resonators,
and present the key characteristics of the interaction between the eigenmodes of a
FP cavity and a mechanical resonator inserted in-between its two mirrors.

1.2.1 Fundamental properties of mechanical resonators

Here we list the basic properties of the vibrational modes of a mechanical elements,
focusing on the example of a circular drum resonator of micrometric dimensions.

The main characteristics of the vibrational modes (or eigenmodes) of a mechani-
cal resonator are their resonance frequency, quality factor and effective mass, which
are determined by its geometry and by the material it is made of. A given vibra-
tional mode of a mechanical resonator can be modeled as an harmonic resonator
with a mechanical susceptibility of:

χm(Ω) =
1

meff(Ω2
m − Ω2 − iΩΓm)

(1.81)
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FIGURE 1.8: Fundamental mechanical resonance frequency of a
stretched circular plate as a function of thickness, for various values

of the drum diameter.

where meff is the effective mass associated with the mode, Ωm the resonance fre-
quency of the mode, and Γm the rate at which the mechanical mode loses energy,
related to the quality factor Qm by Qm = Ωm/Γm.

The resonance frequency of a mode of order (n, m) of a stretched circular plate
of radius r and thickness t are given by [64, 81] :

Ωm,(n,m) = 2π
(︂

k(n,m)r
)︂√︄ Dp

ρ2D r4

(︃(︂
k(n,m)r

)︂2
+

γ r2

Dp

)︃
(1.82)

where ρ2D is the areal density, γ is the tension per unit length, Dp = E t3

12(1−ν2)
the

flexural rigidity, E the Young’s modulus, ν the Poisson ratio, and k(n,m) a calculated
parameter which depends on x = (γ r2)/Dp as follows :(︂

k(n,m)r
)︂
(x) = α + (β − α) exp(−η exp(δ ln(x))) (1.83)

The model parameters α, β, δ, η are numerically calculated in [81].
Depending on the value of γ and Dp, which vary in particular with the thickness

t, the behavior of a stretched plate changes from membrane-like to plate-like. This
is relevant for the drums made of few-layer hBN used in this work because their
typical thickness places them at the transition between the membrane-like and plate-
like regimes. The fundamental mechanical frequency Ωm,(0,0) is plotted as a function
of drum thickness and for various values of drum radius in Fig. 1.8, using material
properties for hBN taken from [64].

Energy losses in mechanical resonators can occur through a number of processes,
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some of them internal to the resonator, while others are of external origin [82]. Con-
tributions to the mechanical quality factor can be decomposed as follows:

1
Qm

=
1

Qint
+

1
Qmedium

+
1

Qclamp
+

1
Qother

(1.84)

Qint is the intrinsic quality factor, determined by material properties. Qmedium con-
tains losses due to the interaction with the medium in which the mechanical res-
onator oscillates, for instance gas damping. Qclamp contains losses due to energy
leaking into the support to which the mechanical resonator is attached. Qother repre-
sents all other loss mechanisms, for instance Eddy current damping.

1.2.2 The membrane-in-the-middle system

When a mechanical resonator is placed within an optical cavity, it forms a variation
of the generic optomechanical system called a membrane-in-the-middle (MIM) [1,
83]. The mechanical resonator can interact with the optical cavity either dispersively
if the resonance frequency of the cavity depends on its position and/or dissipatively
if the cavity losses depend on its position.

We consider a membrane of refractive index nm and thickness dm, whose center
is positioned at a distance zm from the left cavity mirror. The fundamental properties
of the MIM system are well captured by a 1D plane-wave model [84], sketched in
Fig. 1.9, and its transmission and reflection coefficients can be calculated using the
coupling matrix formalism introduced in Section 1.1.1.

The air-membrane interfaces are well-described by the Fresnel equations, leading
to the following coupling matrices for the air to membrane and membrane to air
interfaces:

Cm,f =
1

tm,f

(︄
1 −rm,b

rm,f 1

)︄
, Cm,b =

1
tm,b

(︄
1 −rm,f

rm,b 1

)︄
(1.85)

The Fresnel coefficients are given by:

rm,b = −rm,f =
1 − nm

1 + nm
, tm,b = nm tm,f =

2nm

1 + nm
(1.86)

The coupling matrix for the membrane can then be calculated as:

Cm = Cm,b Cspace(dm, nm)Cm,f =
i

tm

(︄
−1 rm

−rm r2
m + t2

m

)︄
(1.87)

with Cspace given by Eq. (1.8). The complex reflection and transmission coefficients
of the membrane are given by:

rm =
(n2

m − 1) sin(k nmdm)

2i nm cos(k nm dm) + (1 + n2
m) sin(k nmdm)

(1.88)

tm =
2nm

2i nm cos(k nmdm) + (1 + n2
m) sin(k nmdm)

(1.89)

Finally, the coupling matrix for the full MIM system is:

CMIM = Cmirror,2 Cspace(L2, 1)Cm Cspace(L1, 1)Cmirror,1 (1.90)



1.2. Mechanical Resonators in Fabry-Perot Cavities 21

with L1 = zm − dm/2 and L2 = Lc − dm/2 − zm.
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FIGURE 1.9: Sketch of a planar-planar MIM system. The fields are
defined in similar fashion than in 1.1. The membrane is defined as a
dielectric slab of refractive index nm and thickness dm, whose center

is positioned at a distance zm from the left cavity mirror.

The intensity reflection coefficient of a MIM system obtained by solving Eq. (1.90)
is plotted as a function of membrane position and cavity detuning in Fig. 1.10, dis-
playing the dispersive effect of the membrane position on the cavity resonances. The
left, middle, and right columns respectively correspond to the membrane being posi-
tioned close to the left mirror, in the center of the cavity, and close to the right mirror.
The top and bottom rows respectively correspond to the detuning being achieved by
varying the angular frequency or the cavity length.

Importantly, Fig. 1.10 demonstrates graphically that the angular frequency and
cavity length degrees of freedom are not equivalent in a MIM system. The slant-
ing observed in the dispersive behavior in the top row is due to the position of the
membrane. Conversely, the slanting observed in the bottom row is due to the defi-
nition of L1 and L2, which correspond here to the right mirror being moved in order
to vary the cavity detuning, matching the experimental system considered. Defin-
ing L1 = Lc/2 − t/2 + zm and L2 = Lc/2 − t/2 − zm (corresponding to the left and
right mirror being moved symmetrically around the membrane to vary the cavity
detuning) makes the slanting in the bottom row disappear, while the direction of
this slanting is reversed in the case where the left mirror is moved. This consid-
eration becomes important when trying to estimate the dispersive optomechanical
coupling from experimental data, as discussed in Section 5.2.2.

Even though a general analytical expression for the resonance condition of the
MIM system has yet to be found, reasonably good approximations have been devel-
oped, assuming a lossless membrane such that Im{nm} ≈ 0 [84, 85]. The approxi-
mate expression for the resonance condition in terms of cavity length when only the
right mirror is moved is:

Lq,MIM = q
λ

2
+

λ

2π
arctan

(︃
cos(ϕr) + |rm| cos(2 k zm)

sin(ϕr)− |rm| sin(2 k zm)

)︃
(1.91)
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FIGURE 1.10: Plot of the simulated reflection signal of a MIM system
when the cavity detuning and membrane position are varied, calcu-
lated by solving Eq. (1.90). (a,d), (b,e), (c,f): membrane next to the
left mirror, in the middle of the cavity, and next to the right mirror,
respectively. (a,b,c), (d,e,f): cavity detuning varied by changing the

angular frequency, and the cavity length, respectively

The approximate expressions for the resonance condition in terms of angular fre-
quency, depending on the position of the membrane and under the additional as-
sumption that LMIM ≫ λ/2, are:

ωq,MIM = q∆ωFSR +
∆ωFSR

π
arctan

(︃
cos(ϕr) + |rm| cos(2 k δzm)

sin(ϕr)− |rm| sin(2 k δzm)

)︃
, zm,0 → 0 (1.92)

ωq,MIM = q∆ωFSR +
∆ωFSR

π
(arccos(−|rm| cos(2 k δzm))− ϕr), zm,0 → Lc/2 (1.93)

ωq,MIM = q∆ωFSR +
∆ωFSR

π
arctan

(︃
cos(ϕr) + |rm| cos(2 k δzm)

sin(ϕr) + |rm| sin(2 k δzm)

)︃
, zm,0 → Lc (1.94)

where we have defined δzm and zm,0 such that zm = zm,0 + δzm.
The linear dispersive effect is characterized by the frequency pull parameter, de-

fined as :
G =

∂ωc

∂zm
(1.95)



1.2. Mechanical Resonators in Fabry-Perot Cavities 23

86

87

88

/
FS

R
(a)

43.0 43.2 43.4 43.6 43.8
zm/( /2)

10

0

10

G
/(2

) (
G

H
z/

nm
) (b)

0.0

0.2

0.4

0.6

0.8

1.0
CR

FIGURE 1.11: (a): MIM system transmission coefficient, calculated by
solving Eq. (1.90). Green markers track the frequency of a specific
resonance as a function of membrane position. (b): frequency pull
parameter as a function of membrane position, calculated by differ-

entiating the resonant frequencies extracted from (a).

G is plotted in Fig. 1.11 in the case when the membrane is in the middle of the cavity.
The maximum value of the linear dispersive effect is achieved when the membrane
is positioned between a node and an antinode of the intracavity field. In contrast, the
quadratic dispersive coupling G(2) = ∂2ωc/∂z2

m is maximum when the membrane is
positioned at a node or at an antinode.

When optical absorption in the membrane is non-zero, when the membrane
causes scatter losses, or when the losses in the cavity mirrors are asymmetric, the
position of the membrane additionally modifies losses in the MIM system, leading
to a dissipative coupling Gκ = ∂κ/∂zm [86].

More advanced effects such as membrane tilt and higher-order modes can be
included by expanding on the scattering model [86], or by using a perturbation ap-
proach [83, 87, 88].

1.2.3 Dynamical optomechanical effects

The dispersive and dissipative effects of the position of the membrane on the cavity
resonance are signatures of the radiation-pressure induced optomechanical coupling
between the mechanical vibration modes of the membrane and the optical cavity
mode. Here we present some key features of the dynamical optomechanical interac-
tion, otherwise comprehensively reviewed in [1].

We consider small variations of the position of the mechanical resonator around
its center position, and linear variations of the linewidth and frequency of the cav-
ity resonance due the motion of the mechanical resonator. We will note the dis-
placement of the mechanical resonator as x here for consistency with the existing
literature. The dynamical behavior of the optomechanical system is conveniently
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described within the quantum formalism, using the general optomechanical Hamil-
tonian :

H = −h̄ωc â† â + h̄Ωmb̂
†
b̂ − h̄g0(b̂ + b̂

†
)â† â + ih̄

√
ηc,1κ(sin â† − sin â) (1.96)

where â in the number of photons in the cavity mode, b̂ the number of phonons in the
mechanical mode, sin is a driving term and g0 = G xzpf = G

√︁
h̄/(2 meff Ωm) is the

vacuum optomechanical coupling strength, defined as the shift in cavity resonance
frequency due to a single phonon.

The dynamical behavior of the optical cavity field and of the position of the me-
chanical resonator are described by the Heisenberg equations. We place ourselves in
the classical regime, omitting statistical noise terms, and considering a classical driv-
ing field sin(t) = (s̄in + δsin(t)) exp(−iωlt). We additionally consider the case when
s̄in is large enough that the number of photons and the number of phonons can be
linearized around their steady-state values: a(t) = ā + δa(t), and x(t) = x̄ + δx(t).
Under these assumptions, the coupled equations of motion for the system, expressed
in the rotating frame at angular frequency ωl , read:

dδa(t)
dt

=
(︂

i∆ − κ

2

)︂
δa(t)− iGāδx(t) +

√
ηcκ δsin(t) (1.97)

d2δx(t)
dt2 + Γm

dδx(t)
dt

+ Ω2
mδx(t) = − h̄G

meff
ā(δa(t) + δa†(t)) (1.98)

The steady state values for the cavity field and for the position of the mechanical
resonator are given by:

ā =

√
ηcκ

−i∆ + κ/2
s̄in (1.99)

x̄ =
ā2

meffΩ2
m

(1.100)

where we redefined the cavity detuning as ∆ = (ωl − ωc)− Gx̄ to include the static
shift due to the radiation-pressure interaction. The number of photons in the optical
cavity is given by ncav = Pcirc/(h̄ωl).

We now consider the case of a phase-modulated input δsin(t) = s+p exp(−iΩt) +
s−p exp(iΩt). The strong carrier modifies the behavior of the mechanical resonator,
which in turn modifies the susceptibility of the cavity to the sidebands. Both the
modified mechanical susceptibility and the modified cavity response can be charac-
terized to measure the optomechanical coupling strength. Here we summarize the
presentation of these effects made in [89].

We search for solutions to Eqs. (1.97) and (1.98) under the form:

δa(t) = A+ exp(−iΩt) + A− exp(iΩt) (1.101)
δx(t) = X+ exp(−iΩt) + X− exp(iΩt) (1.102)
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Inserting Eqs. (1.101) and (1.102) in Eqs. (1.97) and (1.98) yields after some manipu-
lation:

χ−1
c (∆ + Ω) A+ = −iGāX +

√
ηcκs+p (1.103)(︂

χ−1
c (∆ − Ω) A−

)︂⋆
= iGāX +

√
ηcκs−p (1.104)

χ−1
m (Ω) X = −h̄ā

(︁
A+ + (A−)⋆

)︁
(1.105)

Solving for X in Eqs. (1.103) to (1.105) gives:

X = −h̄Gā
√

ηcκ(s+p χc(∆ + Ω) + s−p χc(Ω − ∆))χm,eff(Ω) (1.106)

The modified mechanical susceptibility χm,eff is expressed as:

χ−1
m,eff(Ω) = χ−1

m (Ω) + Σ(Ω) (1.107)

with:
Σ(Ω) = −2i meff Ωm g2(χc(∆ + Ω)− χc(Ω − ∆)) (1.108)

where we used h̄G2 ā2 = 2meffΩmg2 and g = g0
√

ncav. The term Σ(Ω) captures
the optical spring and the optomechanical damping effects [90, 91], which are the
effective modifications of the mechanical resonance frequency and linewidth due to
the radiation-pressure force. When the dissipative optomechanical coupling is taken
into account, additional terms appear in the expression for Σ(Ω) [60, 86].

Solving for A+ and A− in Eqs. (1.103) to (1.105) gives:

A± =
√

ηcκ χc,eff(∆ ± Ω)s±p (1.109)

The modified cavity susceptibility χc,eff is expressed as:

χc,eff(Ω) = χc(Ω)K(Ω − ∆) (1.110)

with:

K(Ω) =
χ−1

m (Ω)

χ−1
m,eff(Ω)

(1.111)

Each sideband is filtered by the cavity with a modified cavity response due to the
radiation-pressure interaction. The term K(Ω) captures the optomechanically in-
duced transparency window effect (OMIT) [91–95].

The fields reflected and transmitted by the MIM system can be expressed using
the input-output formalism as aout,R = sin(t)−√

κex,1 a(t) and aout,T =
√

κex,2 a(t).
In the case when the sidebands are generated through phase-modulation, we have
s̄in = J0(β)sl and s+p = −s−p = J1(β)sl . Defining Feff(Ω) = 1 − κex,1χc,eff(Ω) and
following the same steps as in Section 1.1.2 yields:

V I
PD,Ω + i VQ

PD,Ω = 2P0 J0(β)J1(β)ηPD(F⋆(∆)Feff(∆ + Ω)− F(∆)F⋆
eff(∆ − Ω)) (1.112)

Equation (1.112) describes the signal measured by a vector network analyzer
scanning the frequency of the phase-modulation sideband at Ω while measuring
the reflection from a MIM system. Fitting the data obtained in such a measurement
with Eq. (1.112) conveniently yields the optomechanical coupling rate g, the cavity
linewidth κ and the cavity detuning ∆ [18]. Our measurement setup described in
Section 2.2 is designed to characterize optomechanical systems by measuring their
OMIT response.
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Chapter 2

Fabrication and Measurement
Setups

This chapter presents the setups that we use for the fabrication of fiber mirrors
(Chapter 3) and to operate the FFPC (Chapters 4 and 5).

The fiber mirrors were fabricated using a CO2 laser setup to machine mirror tem-
plates on the tip of optical fibers.

The MIM system is operated using a measurement and control setup that we
designed and built, which prepares the cavity input field and measures the reflection
and transmission signals.

The distances between the two fiber mirrors and the membrane in the MIM sys-
tem are characterized using a white-light spectroscopy setup which measures the
reflection and transmission of the system in a broad wavelength range.

2.1 CO2 Ablation Setup

CO2 laser ablation is a well-established technique for the processing of optical glasses,
uniquely suited to fabricating micrometer-scale structures with sub-nanometer sur-
face roughness [96, 97]. A wide range of shapes can be produced using this tech-
nique, including microspheres [98], microlenses [99, 100], microtoroids [101], grat-
ings [96], holographic structures [102] and concave mirror templates [67, 103]. In
this work, we use CO2 laser ablation to realize concave mirror templates on the tip
of optical fibers. Our optimization of the single-shot ablation technique has been
published in [68]. We then use these fibers to form tunable open-access Fabry-Perot
microcavities [41, 42].

2.1.1 Instruments

Our CO2 laser ablation setup is depicted in Fig. 2.1(a). Similar to the setup intro-
duced in [104], it comprises both a CO2 ablation arm and an imaging arm.

At the core of the ablation arm is an RF-pumped Synrad Firestar V30 10.6 µm
CO2 laser, driven by a 20 kHz pulse-width-modulated control signal generated by
the dedicated UC-2000 controller, which ensures a nearly continuous output and
sets the maximum power that can be used for ablation. Here we use a 50 % duty
cycle, which corresponds to a maximum power of 2.1 W. The ablation pulses are
shaped by imprinting a square temporal profile on the nearly continuous wave CO2
laser beam using a Brimrose GEM-40 acousto-optic modulator (AOM), to which we
send square pulses of amplitude VAOM between 0 and 1 V and of duration τ ranging
from 10 to 50 ms. In order to provide optical isolation, the beam passes through a
Brewster polarizer and a quarter-wave plate. This also makes the beam circularly
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FIGURE 2.1: Drawing of the CO2 ablation setup. AWG: arbitrary
waveform generator, AOM: acousto-optic modulator, PBW: Brewster
polarizer, PwM: power meter, FL: aspheric lens, ∆z: distance between
the focal point of the focusing lens and the ablation target. The inset
shows the electronic pulse of amplitude VAOM and duration τ that is

sent to the AOM to shape the CO2 ablation pulse.

polarized, which reduces the ellipticity of ablated structures [105]. The beam is then
expanded before being focused by a 50 mm focal length ZnSe aspheric lens. A mirror
can be placed before the focusing lens in order to measure the incident power with a
power meter, providing a characterization curve between the amplitude VAOM of the
pulse sent to the AOM and the power PCO2 of the ablation pulse. The radius of the
beam at the position of the target is controlled by positioning the target at a distance
∆z from the focal point of the lens, ranging from 0 to −1 mm. The mapping between
the defocusing distance ∆z and the 1/e2 beam radius (spot size) w is calibrated by
performing a series of knife-edge measurements of the beam profile for different
values of ∆z.

A combination of a long-range x stage and of a short range xyz stepper motor
stage allows the sample to be translated from the ablation arm to the imaging arm,
where the tip of the fiber is observed with a microscope. A calibration process allows
the exact distance in x, y and z between the focal spot of the microscope and the focal
spot of the CO2 laser to be determined.

2.1.2 Ablation process and parameters

The fabrication of fiber mirrors is done in four major steps. First the fibers are placed
in a holder and prepared for ablation. Then the mirror templates are machined in the
CO2 ablation setup. The resulting height profile is measured using a profilometer.
Finally, the fibers are sent to an external company that deposits a high reflectivity
mirror coating onto the tips of the fibers
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FIGURE 2.2: (a): height profile of a fiber as measured by laser scan-
ning confocal microscopy. The white dashed lines are contour lines at
-7.6,-6.1,-4.5,-2.9 µm, starting from the center. (c): Residuals of the fit
of an elliptic paraboloid to the height profile in (a), with white dashed
contour lines labeled in nm. The red circle shows the disk of diame-
ter Dsph within which we consider the structure to be equivalent to a
sphere of radius ROC. (b,d): Linecuts through the height profile fol-
lowing the major and minor axes of the fitted elliptic paraboloid (red
full and dashed arrows in (a)). The green dashed curves are the corre-
sponding linecut through the best fit elliptic paraboloid. The dotted
black curves are the circles of radii ROCa and ROCb (note the differ-

ent lateral and vertical scales).

The first step is to prepare the fibers : each fiber is cut to about 30 cm, its coating
is stripped, and it is cleaved using a Photon Kinetics PK11 ultrasonic cleaver. The
fiber is then placed into a holder with 2 mm of freestanding length, and the holder is
fixed in the CO2 ablation setup.

The second step is to perform the ablation procedure as follows:

1. center the core of the fiber at the focal point of the imaging arm. The core
appears as a bright spot on the microscope image due to the illumination light
coupling into it and being reflected from the other end of the fiber.

2. translate the holder by the calibrated distance so that the core of the fiber is
located at the focal point of the CO2 laser beam.

3. tune the spot size at the position of the fiber by performing an additional dis-
placement along the beam axis.

4. trigger the ablation pulse.
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5. translate the holder back to the imaging arm to confirm centering and to roughly
estimate the geometrical characteristics of the resulting structure.

In the third step, the height profiles of the ablated fibers are measured with a
Keyence VK-X200K laser scanning confocal microscope with a vertical resolution of
0.5 nm and a lateral pixel size of 46.5 nm. An example of a typical height profile is
shown in Fig. 2.2(a). We performed AFM measurements on a few of the fibers and
found that the roughness at the center of the ablated structures is typically smaller
than 0.3 nm rms, in good agreement with previously reported values [67].

Finally, for height profiles exhibiting a concave part, we extract its characteristic
dimensions as follows. We first correct for plane tilt, find the center of the structure,
and calculate its outer diameter Dout which we define as the diameter of the contour
line at 5 % of the depth of the structure. We then fit an elliptic paraboloid to the
height profile cropped to a disk centered on the structure and whose radius is half
the waist of a Gaussian fitted to a linecut through the structure. The residuals of
such a fit to the data in Fig. 2.2(a) are shown in Fig. 2.2(b). Next, we use the fit
results to calculate the depth t of the structure and its radius of curvature ROC =
(ROCa +ROCb)/2, where ROCa and ROCb are the radii of curvature along the major
and minor axes of the elliptic paraboloid. These dimensions are shown visually in
Fig. 2.2(c). Finally, we evaluate the residuals of the fit and calculate the spherical
diameter Dsph of the structure, which we define as the diameter of the disk centered
on the structure for which fit residuals are smaller than 100 nm. Dsph is intended
to be an estimate of the effective mirror diameter as defined in [41], and is used to
estimate clipping losses as per Eq. (1.47).

2.2 Measurement and Control Setup for Operating a MIM
System

This section introduces the measurement setup that was designed in order to inter-
face with our object-in-the-middle experimental system.

This setup is responsible for preparing the laser beam before sending it to the
MIM system, and for collecting, recording, and processing the beams reflected and
transmitted by the optical cavity. It additionally controls the positioners within the
experimental system, as well as other experimental parameters. It is intended to
perform cavity characterization measurements, PDH cavity stabilization, and op-
tomechanical characterization measurements including OMIT measurements.

The setup is computer-controlled using the QCoDeS module in Python [106].

2.2.1 Instruments

The setup is depicted in Fig. 2.3. The laser beam is prepared in three successive
stages during which the signal is generated, phase-modulated, and frequency-shifted
before being sent to the cavity via a cross-polarized scheme allowing for the reflected
signal to be efficiently collected, and separated from the input field to a high degree.

The signal is generated by a wavelength-tunable external cavity diode laser1

(915 nm to 985 nm), and coupled into an optical fiber.
The phase modulation is performed using a fiber-coupled electro-optic modula-

tor (EOM)2, which is placed after a fiber-based polarization controller. The RF signal

1Toptica CTL950
2iXblue NIR-MPX950-LN-10
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FIGURE 2.3: Drawing of the measurement and control setup. The
experimental system shown within the red-dashed area corresponds
to the experimental system studied in Chapters 4 and 5. All beam-
splitters are polarizing beamsplitters except the one labeled BS which

is a 50:50 beamsplitters.

sent to the EOM is the sum of a signal generated by a vector network analyzer3

(VNA) at angular frequency ωVNA and of a signal generated by a lock-in amplifier4

(LIA) and up-mixed using an RF source5, at angular frequency ωRF = ωEOM =
ωLO + ωLIA. It is pre-amplified6 before entering the EOM.

The next stage is performed in free space. The signal is split with a tunable
ratio using a polarized beamsplitter (PBS) in conjunction with an achromatic half-
waveplate (λ/2). One branch goes through two cascaded free-space acousto-optic
modulators7 (AOMs) arranged in a double-pass configuration. The AOMs have a
center frequency of 200 MHz and can be tuned within a 45 MHz bandwidth. The
two AOMs are oriented so that they shift the frequency of the laser signal in opposite
directions. The frequency and the diffraction efficiency of each AOM is controlled
via an associated driver module8. Overall the signal passing through the AOMs
undergoes a tunable frequency shift within ±90 MHz and a tunable power modula-
tion. The two branches are then recombined. The frequency components of the laser
signal after these preparation stages are shown graphically in Fig. 2.4.

The signal is then sent to the experimental system following a polarization-based
dark-field technique [107]. The beam is reflected on a polarized beamsplitter before
being coupled into an optical fiber, going through a fiber-based polarization con-
troller, and being sent to the experimental system. Once the polarization controller
is adjusted, the polarization of the backward-propagating signal reflected from the

3Rohde & Schwarz ZNB4
4Zurich Instruments HF2LI
5Rhode & Schwarz SGS100A
6iXblue DR-AN-10-HO
7Gooch & Housego 3200-1113
8Gooch & Housego 1200AF-AEFO-2.5
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FIGURE 2.4: Frequency components of the laser signal sent to the
cavity, referenced to the laser frequency ωl . Components in blue are
generated by splitting the original laser signal and shifting its fre-
quency using the AOMs. Both red and blue components contain a

carrier and sidebands generated by an EOM.

cavity and impinging on the polarized beamsplitter is rotated by 90◦ compared to
the forward-propagating input, and is thus transmitted through the beamsplitter.
The polarization-based dark-field technique allows for the reflection signal to be ef-
ficiently collected, and prevents the reflected signal from being fed back into the
laser, which can impact the stability of its output.

The reflection signal is further split in two before being collected on a variable
gain photoreceiver9 and on a fast photodiode10. The variable gain photoreceiver de-
tects the slowly-varying part of the signal, while the fast photodiode is AC-coupled
and detects the fast-varying part of the signal up to 9 GHz. The output of the fast
photodiode is externally amplified in two stages11, before being split with one part
sent to the VNA input and the other part down-mixed and sent to the LIA input.
The transmitted signal is detected on a second variable gain photoreceiver12.

The MIM experimental system studied in Chapters 4 and 5 is depicted within
the red-dashed outline in Fig. 2.3. Several positional degrees of freedom of the MIM
system are electronically controlled, as described in detail in 4.1.2.

The different instruments in the laser setup are extensively computer-controlled.
The laser, RF generator, and VNA are controlled remotely, and the positioners within
the experimental system are interfaced via a dedicated control unit13. Remotely con-
trolled digital acquisition cards14 are used to record the signal from the photodi-
odes and from other devices in the experiment. These cards are also used to send
DC inputs to the EOM amplifier, AOM drivers, and positioner control modules. A

9FEMTO OE-300
10Newport 818-BB-51A
11Minicircuits ZX60-123LN-S+ and ZX60-02203+
12FEMTO OE-300
13Attocube ANC300
14NI PXI-6115, PXI-6251 and PXIe-6361
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FIGURE 2.5: (a): model of the transmitted signal during a cavity scan,
in the case of a phase-modulated input field. (b): zoom in on a cavity
resonance. The annotations illustrate quantities that can be extracted

through data analysis.

waveform generator15 is used to generate voltage ramps for continuously tuning
experimental parameters, and can be synchronized with the acquisition cards.

2.2.2 Scanning the cavity

One of the key measurements is to record the reflected and transmitted signals while
the detuning between the laser and the cavity is continuously scanned. Due to the
short cavity length which is characteristic of FFPCs, the cavity linewidth is very large
(GHz), and the free spectral range even more so (10 THz). The best way to scan the
detuning between the laser and cavity across a wide range of values (on the order
of a few times the cavity linewidth to 3 or 4 times the free spectra range) is to vary
the length of the cavity. This range of detuning corresponds to a change in cavity
length on the order of 100 pm to 3 µm, which is readily achieved using the DC control
of the z cavity positioner. An additional benefit is that such displacements can be
performed very rapidly, which reduces the effects of the mechanical instabilities on
the measurement.

In order to achieve the desired cavity scan, an S-shaped voltage ramp is gener-
ated with the function generator and sent to the DC port of the z cavity positioner.
The S-shaped ramp consists in a constant acceleration phase, followed by a constant
velocity phase during which the cavity length changes linearly with time, followed
by a constant deceleration phase. The reverse ramp is then applied to return the
cavity length to its initial value. The constant acceleration and deceleration phases
prevent slip-stick motion of a stepper positioner along its guiding rod during the
scan, improving the repeatability of the scans.

15NI PXI-5421
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The theoretically expected transmitted signal during a cavity scan is plotted in
Fig. 2.5. The cavity response is modeled using Eq. (1.14), considering a phase-
modulated input as defined in Eq. (1.26). The annotations illustrate some of the
quantities that can be extracted via the following data analysis procedure. The FSR
is first determined in terms of voltage as dFSR,V , as well as the higher order mode
separation when possible. A subset of the data around a cavity resonance is then fit-
ted with three Lorentzians, yielding the cavity linewidth in terms of voltage κV and
the separation between the carrier and the phase-modulation sidebands in terms of
voltage dsb,V .

The known phase-modulation frequency ωEOM is used to obtain the cavity linewidth:

κ = κV
ωEOM

dsb,V
(2.1)

A separate characterization of the cavity length, discussed in Section 2.3 is then nec-
essary to obtain the cavity finesse as:

F =
∆ωFSR

κ
=

πc
κ Lc

(2.2)

This measurement of the cavity finesse is primarily subject to errors in the measure-
ment of the cavity length. The cavity finesse can alternatively be obtained through:

F =
dFSR,V

κV
(2.3)

This measurement of the cavity finesse is primarily subject to errors due to fluctu-
ations of the cavity length during the cavity scans and due to nonlinearities in the
motion of piezoelectric elements. Equations (2.2) and (2.3) are used to determine
the finesse of our FFPC in Chapter 4, and the pros and cons of both methods are
discussed in Section 4.3.3.

Cavity scans are often repeated while varying other cavity parameters, allowing
changes in cavity resonance frequency, linewidth, finesse and higher-order mode
separation to be monitored.

2.2.3 PDH error signal generation and locking scheme

The cavity detuning error signal is generated in a modified PDH scheme, inspired
by [108, 109]. The PDH phase-modulation sidebands are generated at ωRF = ωLO +
ωLIA, and the resulting amplitude-modulated cavity reflection signal measured by
the fast photodiode is first demodulated to ωLIA before being detected in the lock-
in amplifier. This detection scheme improves the signal-to-noise ratio of the cavity
detuning error signal, and Eq. (1.32) remains valid.

The detuning error signal generated at the output of the LIA is sent to a RedPi-
taya FPGA, controlled using the PyRPL Python module [110]. The raw error signal
is first digitally filtered before being sent to the PID module which generates the
feedback signal. The digital filter is designed in the Infinite Impulse Response (IIR)
module in order to prevent the feedback signal from driving system resonances, thus
maximizing the bandwidth of the lock.

The feedback signal is finally sent to the fast piezoelectric element controlling the
length of the fiber cavity, completing the PDH stabilization scheme. The application
and performance of this locking procedure is discussed in Section 4.3.4.
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2.2.4 Pump-probe optomechanical measurements

The VNA and the AOMs can be used to generate additional tones in the input to
the cavity. These tones can be set-up as pumps and probes to implement various
optomechanical experiments, including measuring the optical spring and damping
effect, and measuring an OMIT signal as outlined in Section 1.2.3. The AOMs can
additionally be used to control the amplitude of the input to the cavity with a band-
width of a few MHz, opening more experimental possibilities.

2.3 White-light Spectroscopy Setup

This section introduces the setup that we use to characterize the distance between
the fiber mirrors and the position of the sample in the MIM system. The broadband
spectral response of the cavity is characterized, and the positions of transmission
maxima or reflection minima are fit to an analytical model to obtain the cavity length.

2.3.1 Instruments

The white-light setup, depicted schematically in Fig. 2.6, consists in a broadband-
white light source16 that is coupled to the input of the optical cavity through a 2x2
coupler, and a spectrometer17 which collects either the reflected light through the
50:50 2x2 coupler or the transmitted light. The spectrometer spans the range from
600 nm to 940 nm, with a resolution of 0.36 nm.

SMF MMF

broadband source

spectrometer

fast z

xzy

xzy

FIGURE 2.6: Drawing of the white-light spectroscopy setup. The
broadband light source is coupled into the MIM system via a 50:50
multimode fiber beamsplitter. The reflected signal is collected via the
same beamsplitter and sent to the spectrometer. Alternatively, the

transmitted signal can be sent directly to the spectrometer.

2.3.2 White-light cavity spectroscopy

In order to improve the robustness of the length measurement, we acquire the trans-
mission or reflection spectrum from the cavity for different cavity lengths and fit the
position of the maxima or minima as a function of cavity length. A model dataset,
calculated using Eq. (1.14), taking into account the wavelength-dependence of the
coating reflectivity and reflection phase, is plotted in Fig. 2.8(b) for cavity lengths
between 15 and 20 µm. The power reflectivity and the reflection phase ϕ(λ) of
the distributed-Bragg-reflector (DBR) mirrors used in this work (see Section 3.3.4),
modeled using the coupling matrix method introduced in Section 1.1.1, are plotted
around the mirror stopband in Fig. 2.7. The white-light setup operates outside of the

16Thorlabs SLS201L
17Ocean Optics QEPro
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FIGURE 2.7: Power reflectivity and reflection phase of the DBR coat-
ing described in Section 3.3.4, modeled using the coupling matrix

method introduced in Section 1.1.1.

mirror stopband, where the strong variations in the reflection phase of the DBR lead
to strong variations of the penetration depth.

In order to extract the cavity length, the theoretically expected spectrum of the in-
tensity transmission coefficient shown in Fig. 2.8(b) is first normalized by subtracting
the average value of the cavity transmission spectrum over all cavity lengths value
and normalizing to [0, 1]. This preprocessed data, shown in Fig. 2.8(c), facilitates the
identification of the transmission maxima, shown as red markers in Fig. 2.8(d).

The positions of the transmission maxima are then fitted in two steps. For each
cavity length, an estimate for the cavity length is obtained for all pairs of transmis-
sion maxima following :

Lc =
λq λq+1

(︁
1 + ϕ(λq)/π − ϕ(λq+1)/π

)︁
2
(︁
λq − λq+1

)︁ (2.4)

which takes into account the reflection phase [111]. The average of the resulting
cavity length estimates for each cavity length are plotted in red in Fig. 2.9, and the
standard deviation is shown as green error bars. For each cavity length, using the
average of the previously obtained cavity length estimates as an initial value, the
following error function is minimized:

∑
q

⃓⃓⃓⃓
λq −

2Lcπ

q π − ϕ(λq)

⃓⃓⃓⃓
(2.5)

using q and Lc as free variables, with q required to be an integer. For each cavity
length, the resulting cavity length estimate is plotted in blue in Fig. 2.9, and the
statistical error on the fit is shown as orange error bars. Simultaneously fitting the
position of several successive maxima significantly decreases the statistical error.

Figure 2.9 confirms that the fitting procedure, applied to modeled data, accu-
rately estimates the cavity length. Applying the fitting procedure to the modeled
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FIGURE 2.8: (a): model of the transmittivity and reflection phase of
the DBR coating in the wavelength range of interest. (b): model of the
intensity transmission coefficient for a cavity defined between two
mirrors coated with this DBR, calculated using Eq. (1.14) for cavity
lengths between 15 and 20 µm. (c): normalized data corresponding to
the raw data in (b). (d): identified transmission maxima are shown as

red markers, overlayed on the data from (c).
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FIGURE 2.9: Graphical output of the different steps of the white-light
fitting procedure. (a,b): cavity length estimate and corresponding
errors as a function of the cavity length used in the model. The red
markers show the estimates (resp. errors) from the first fitting step,
with green error bars. The blue markers show the estimates (resp.

errors) from the second fitting step, with orange error bars.
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data results in an uncertainty on the estimate of the cavity length that is smaller than
10 nm. We believe that the uncertainty is a numerical artifact due to the discrete grid
of points used for the modeling rather than an intrinsic limit of the method. Even
though this method of measuring the cavity length is robust enough to be used (see
experimental results in 4.3.3), we are currently working on improving its resolution.
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Chapter 3

CO2 Ablation of Optical Fiber
Mirrors for Fabry-Perot Cavities

The optical cavity is the key component of the experimental platform. The fact that
the cavity is to be operated within a 4He cryostat places special constraints on the
size of the mirrors and on the coupling of the laser light into the system. These
constraints have lead us to chose to work with a Fiber-based Fabry Perot Cavity
(FFPC), where the optical fibers are used both as cavity mirrors and as a way to
couple light in and out of the cavity. This type of optical cavity satisfies our ex-
perimental constraints due to its very small spatial footprint. Additionally, FFPCs
interface conveniently with the laser system outside the cryostat and offer excellent
optical properties, notably spectral tunability, high finesse and a small mode vol-
ume [41]. The fiber mirrors used in this work have been shaped in-house using the
CO2 ablation setup presented in Section 2.1 and then sent to an external company
(LaserOptik) for the coating to be deposited.

CO2 laser ablation is a complex, multi-physical process in which the dynamics
of heat transfer, phase transitions and liquid flow all come into play. The dominant
phenomena for determining the shape created at the ablation site are strongly mate-
rial dependent and change even for small variations in ablation parameters [112].
For instance, when the surface temperature is not raised above the vaporization
temperature, material removal is minimal and the ablation site mainly undergoes
smoothing [113]. When vaporization occurs, for certain ablation parameters a com-
bination of vaporization and of melt displacement driven by recoil pressure can re-
sult in the formation of a concave shape [114]. Finally, if solidification occurs slowly
enough, capillary forces can make the geometry evolve further, eventually leading
to a convex shape [115]. Mainly due to a lack of quantitative understanding of the
interplay between those phenomena during the ablation process and to a lack of
data on material properties at high temperature, models have yet to demonstrate
the ability to accurately predict the shape resulting from CO2 laser ablation within
an experimentally relevant range of ablation parameters [112, 115–117]. Modeling
is especially problematic for optical fibers since radial boundary effects come into
play [67]. This motivated us to study in detail the specific effect of each ablation
parameter, aiming to guide our choice of ablation parameters for the fabrication of
our mirrored fibers.

The main focus over the past few years has been developing multi-shot abla-
tion procedures in order to improve control over the geometry of the concave shape
[104, 118–120]. Multi-shot ablation procedures make it possible to realize mirror
templates with a large radius of curvature and a large useful diameter, leading to
significant progress in experiments that benefit from low loss millimeter-sized op-
tical cavities, such as trapped ion CQED [55], trapped atom CQED [54], solid-state
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QED [53], and optomechanics [59]. On the other hand, single-shot ablation proce-
dures are well suited to realizing mirror templates with a small radius of curvature
[43, 121], which benefit to experiments requiring optical cavities with a small mode
volume [122, 123].

Our experiment falling into this last category, we decided to use single-shot ab-
lation. This chapter describes how we optimized the CO2 ablation process in a first
fabrication run, and how we applied this knowledge to produce fiber mirrors for use
in our experimental system in a second fabrication run.

3.1 Effects of Ablation Parameters on Structure Shape

Few systematic studies of the effects of fabrication parameters on the geometry of
structures created on the tip of an optical fiber by a single ablation pulse have been
performed since the pioneering work from [67] has been published. In order to try
and optimize mirror templates obtained with a single shot ablation procedure, we
fabricated a first batch of fibers in order to optimize the CO2 ablation process. For
this batch, we used a broad range of pulse powers, pulse durations, and spot sizes,
and characterized in detail the influence of each of those three ablation parameters
on the shape of the resulting structures, and more specifically on their radius of cur-
vature, depth, and diameter. We machined 129 mirror templates onto the end-facets
of Thorlabs 780HP single mode optical fibers, whose core and cladding diameters
are 4.4 and 125 µm respectively. The ablation procedure was performed as described
in Section 2.1.2, with no calibration, pre-smoothing or post-smoothing shots. We
used pulse durations τ of 10, 30, and 50 ms and defocusing distances ∆z of 0, -0.1,
-0.2, -0.3, and −0.4 mm, corresponding to spot sizes w of 32, 36, 45, 56, and 67 µm.
For each combination of those parameters, we performed a series of ablations with
varying pulse power PCO2. We then measured the height profile of the fiber facets,
which can be flat, concave, convex or a mixture of convex and concave. For the
123 fibers that were concave in their centers, we fit this concave part to extract the
geometrical characteristics of the structure.

In order to illustrate the effect of ablation pulse power on the shape, linecuts
through the height profiles of a selection of fibers are plotted in Fig. 3.1(a). We distin-
guish phenomenologically 5 different regimes of pulse power, each of them leading
to a different type of modification of the surface of the fiber, some of which might not
be observed depending on the value of the other ablation parameters. 1) For very
low pulse powers, no modification of the surface occurs. 2) For low pulse powers,
the overall geometry is not modified, but the area exposed to the laser is smoothed.
3) For medium pulse powers, concave structures are created, whose depth and outer
diameter increase with pulse power. 4) For high pulse powers, concave structures
whose depth and outer diameter decrease with pulse power are created within an
increasingly convex shape. Such a shape effectively reduces the lateral dimensions
of the fiber mirror, thus preventing cleaving imperfections from limiting the mini-
mum length of optical cavities, which usually requires additional processing steps
[124]. 5) For very high pulse power, a fully convex shape is created. The change from
a concave to convex-concave geometry associated with the transition from regime 3
to 4 is highlighted in Fig. 3.1(b), where we plot the curvature of a convex parabola
fitted to the outer part of the fibers whose linecuts are shown in Fig. 3.1(a). We now
focus on the concave structures that are obtained in regimes 3 and 4, and discuss the
effects of pulse power, pulse duration, and spot size on their geometry.
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FIGURE 3.1: (a): Linecuts taken through the measured height profiles
of fibers ablated with increasing pulse power. The axis shows the di-
rection along which PCO2 increases and illustrates the power regimes
defined in the main text. The values of PCO2 used were 0.3, 0.9, 1.0,
1.2, 1.3, 1.4, 1.6 and 0.5 W for fibers from left to right. A spot size of
45 µm was used for all fibers. A pulse duration of 30 ms was used for
all fibers but the rightmost, which was subjected to a 300 ms ablation
pulse. (b): Plot as a function of PCO2 of the curvature κ of a convex
parabola fitted to the outer part of the fibers whose linecuts are shown

in (a) and for which a pulse duration of 30 ms was used.

FIGURE 3.2: Geometrical characteristics of ablated concave structures
plotted as a function of ablation parameters. The different rows show
plots of ROC, t, Dout, and Dsph as a function of the pulse power PCO2.
The pulse duration τ is varied across columns, and the spot size w
is encoded in the color of the points. Points corresponding to the
fibers belonging to regime 3 and 4 which are shown in Fig. 3.1(a) are

outlined in black.
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The geometrical characteristics ROC, t, Dout, and Dsph, obtained by fitting the
profiles of the fibers exhibiting concave structures following the procedure outlined
in 2.1.2, are plotted in Fig. 3.2 as a function of the ablation parameters PCO2, τ, and
w. In the low power regime (regime 3), an increase in pulse power leads to a de-
crease in ROC, and an increase in depth, outer diameter and spherical diameter. In
the high power regime (regime 4), an increase in pulse power leads to an increase
in ROC, a decrease in depth and outer diameter, and an increase in spherical diam-
eter. In both power regimes, an increase in spot size leads to an increase in ROC, a
decrease in depth and has no significant effect on the outer and spherical diameter.
Increasing the pulse duration has a more complex effect: it generally shifts values
of the geometrical characteristics to lower pulse powers and narrows their distri-
bution. This results in a decrease in the pulse power corresponding to the onset of
regime 4, associated with an increase in the sensitivity of the geometry to changes in
the pulse power. As a consequence, shorter pulse durations give a finer control over
the geometry of the structures since deviations in pulse power have a smaller effect.
In addition, decreasing the pulse duration decreases the minimum achievable ROC,
increases the maximum achievable depth, and decreases the minimum achievable
outer and spherical diameter. Note that we do not observe the defocusing distance
to have a significant effect on crater asymmetry, which we measure to be 5 % on
average.

3.2 Relationships Between the Geometrical Characteristics of
Concave Structures

We then studied the relationships between ROC, t, and Dsph, and identified regimes
of ablation parameters that lead to templates with favorable geometries for use in
CQED and optomechanics.

Fiber-based Fabry-Perot optical microcavities are widely used in the fields of
CQED [45–52, 54, 55] and optomechanics [20, 21, 56–60], with additional applica-
tions in sensing [125–127]. For most of these applications, it is desirable to minimize
the waist w0 of the cavity mode and to maximize its finesse F . To achieve this, it is
necessary to optimize several geometrical characteristics simultaneously while com-
plying with experimental requirements specific to each application. We have studied
the relationships between the geometrical characteristics of the concave structures,
showing that they can be independently chosen to a larger extent than previously
reported [43, 121] by varying τ, w, and PCO2. We then developed strategies to fab-
ricate mirror templates tailored for two commonly used cavity geometries and their
associated applications.

The relationship between the radius of curvature and the depth of the structures
is shown in Fig. 3.3 (top). It is most relevant to fiber-based cavity QED with solid-
state emitters, or to other applications where an optical emitter is located on or near
one of the mirrors. The optimal cavity geometry is the planar-concave geometry, for
which the waist of the fundamental mode is given by: w2

0 = λLcav/π
√

1/ε − 1, with
ε = Lcav/ROC ∈ [0, 1]. ROC is the radius of curvature of the concave mirror and
Lcav is the cavity length. It is usually desirable to minimize both the cavity length
and the radius of curvature in order to decrease the mode waist, the physical limit
for Lcav being the depth of the structure. One should additionally make sure that
Lcav < ROC/2 in order to prevent finesse deterioration due to diffraction losses
[75]. A rough guideline for the best cavity geometry is then Lcav = t = ROC/2
(shown as a gray dashed line in Fig. 3.3 (top)), with ROC and t as small as possible.
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==

FIGURE 3.3: Plots of the relationships between geometrical character-
istics, with the direction of increasing pulse power shown by the gray
arrows. (top): Structure depth as a function of radius of curvature for
various spot sizes and pulse durations respectively. The dashed line
follows t = ROC/2. (bottom): Spherical diameter as a function of
radius of curvature for various spot sizes and pulse durations respec-
tively. The shaded area shows the region where clipping losses are

small in the case when ε = 1.

The ablation results plotted in Fig. 3.3 (top) show a strong nonlinear relationship
between the radius of curvature and the depth of structures ablated with varying
pulse power at constant spot size and pulse duration. However, we observe that
this relationship depends strongly on the values of spot size and pulse duration.
Structures with favorable geometries can be produced using short pulse durations,
small spot sizes and high pulse powers within regime 3. Smaller spot sizes can be
achieved both by decreasing ∆z and by using a focusing lens with a larger numerical
aperture.

In contrast, another category of applications exists for which experimental con-
straints limit how short the cavity can be made. Fiber-based cavity QED with trapped
atoms or ions, fiber-based cavity optomechanics, or other applications where the
emitter or mechanical resonator is located in between the two mirrors belong to this
category. The preferred cavity geometry is then the symmetric geometry. For these
relatively long cavities, one of the the main difficulties is to maintain a high finesse.
Finesse is degraded by clipping losses, which arise when the spot size of the funda-
mental mode of the cavity on the end mirrors becomes large compared to the spher-
ical diameter. The condition on Dsph for clipping losses not to significantly degrade
the finesse of a symmetric cavity is given by [41]: D2

sph ≥ ln(5F/π)λLcav/(π
√︁

ε (2 − ε)),
with ε ∈ [0, 2]. In order to minimize waist while maintaining a high finesse, one
should choose structures with the smallest radius possible which satisfy both the
above condition and ROC > Lcav. The relationship between the spherical diameter
and the radius of curvature of the structures is plotted in Fig. 3.3(bottom), with the
small clipping losses region shown for Lcav = ROC. Craters fabricated with a high
pulse power within regime 4 exhibit the largest spherical diameters, while pulse
duration or spot size can be changed to adjust the radius of curvature.
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3.3 Fabricating Fibers for the Qubit Optomechanics Experi-
ments

Leveraging these observations, we planned a second batch of fibers, for use in our
experiment. Since we did not have practical experience of using the fibers at that
point, we decided to fabricate templates spanning a wide range of crater geome-
tries we thought could work for us. We mainly played around the trade-off between
mode volume and cavity length, with craters with short ROC (around 30 µm) lead-
ing to small cavities with low mode volume but where it might be difficult to insert
a sample, and large ROC (around 100 µm) leading to cavities with larger mode vol-
ume but where a sample can be inserted relatively comfortably.

For this fabrication run, we made several changes to our procedure. We designed
custom holders so that fibers can be handled in groups of 10 for each step of the
process. We also came up with a technique to improve the concentricity of the crater
with the core of the fiber. Finally, we experimented with using some pre-processing
and post-processing smoothing laser pulses. These smoothing pulses are performed
with a large spot size and a low power, aiming to melt and re-solidify a thin layer
of the surface of the whole fiber without changing the its existing shape. The pre-
processing smoothing pulses are meant to remove any surface roughness left by the
cleaving process. The post-processing smoothing pulses are meant to remove any
irregularities left by the ablation process (ripples, ejections ...).

Since the fibers in this batch are destined for use in our experimental system, we
also had to fulfill additional requirements. Each fibers had to be threaded through
a ceramic ferrule, by which it is held in the experimental setup. The fibers need to
be sent to an external company, LaserOptik, for the mirror coating to be deposited.
They have to fit in their system and withstand the coating process.

This section describes in details the processing of the optical fibers for use as fiber
mirrors in our fiber-based optical cavity.

3.3.1 Preparing the fibers, custom holders

For use in our system, we chose to make mirror templates on both single mode and
multimode optical fibers. The fibers needed to be compatible with the wavelength of
our laser, which can be tuned between 915 nm and 985 nm. Additionally, LaserOptik
requested the coating of the fibers not to be the usual acrylate. We picked the Cu800
single-mode fiber (SMF) and the Cu50/125 multi-mode fiber (MMF) from IVGfiber,
which both have a cladding diameter of 125 µm. The properties of these two fibers
as specified by the manufacturer are listed in Table 3.1. The fibers are coated with
20 µm of copper, over a thin sticking layer of carbon. One added advantage of the
copper coating is that it decreases the short and long-term bending radii, which is
very useful to fit the cavity in the small space of our cryostat. We use 30 cm pieces
of these fibers, which are manageable during fabrication, and can be spliced to the
input and output fibers inside the cryostat.

In order to facilitate the handling of the fiber and make the entire procedure more
efficient, we designed holding plates that can house 10 fibers. The holding plates can
be stacked in a pack of 7, which can be attached directly to the ion-beam sputtering
system used by LaserOptik to deposit the mirror coating. Each plate of 10 fibers is
prepared for CO2 ablation by:

1. stripping the copper coating on 52 mm by dipping the fibers for 10 minutes in
a ferric chloride based copper etchant from Sigma-Aldrich,
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Cu800 Cu50/125

fiber type SMF MMF
wavelength range 800 to 1000 nm 600 to 2000 nm
numerical aperture 0.13 0.22
mode field diameter 6.0 ± 0.5 µm –
core diameter – 50 µm
cladding diameter 125 ± 1 µm 125 ± 1 µm
coating diameter 165 ± 10 µm 165 ± 10 µm
core-clad concentricity < 0.5 µm < 5 µm
short-term bending radius > 10 mm > 10 mm
long-term bending radius > 25 mm > 25 mm

TABLE 3.1: Properties of copper-coated fibers from IVG fibers used
for this work.

FIGURE 3.4: Picture of a custom handling plate filled with copper
coated fibers.
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2. rinsing with water, then with IPA, and blow drying,

3. burning the carbon layer using a lighter, then cleaning with IPA,

4. inserting the fibers in a Thorlabs CF126 ferrule (diameter 2.5 mm, length 10.5 mm,
bore size 126 µm),

5. cleaving the fibers using a Photon Kinetics PK11 ultrasonic cleaver, shortening
the fiber by 20 mm,

6. positioning in a holding plate with the facet 2 mm from the edge,

7. clamping the fibers and ferrules to the plate with springs,

8. coiling the rest of the fiber within the holding plate, securing with tape.

The final result is pictured in Fig. 3.4.
It takes about 3 hours for a trained person to perform these steps and prepare

a plate of 10 fibers. Each plate is numbered so that each fiber can be tracked by its
plate number and position on the plate. The plates are stacked in plastic boxes which
protects them from dust and shocks during storage or transport within the building.
The fibers are then ready to undergo the CO2 ablation procedure.

3.3.2 CO2 ablation setup and procedure

The fibers are then machined using the CO2 ablation setup described in Section 2.1.
The procedure was slightly modified compared to the one used for the previous
batch of fibers in order to adapt to the new holding plates and to improve the accu-
racy of the crater positioning:

1. attach the holding plate to the positioning stages,

2. position the core of the fiber at the focal point of the imaging arm,

3. translate the holder by a calibrated distance so that the core of the fiber is lo-
cated at the focal point of the CO2 laser beam,

4. offset the fiber by about 25 µm,

5. shoot a small calibration crater,

6. return to the imaging arm focus and measure the offset from the expected
crater position,

7. return to the CO2 laser focus, using the corrected calibrated distance,

8. (optional) perform a smoothing shoot sequence,

9. send the crater forming shot with desired parameters,

10. (optional) perform a smoothing shoot sequence,

11. image the resulting crater.

The concentricity of the crater with the fiber core was originally limited by preci-
sion issues in the positioning stages. By shooting a calibration crater away from the
fiber core, we can make fine corrections to the positioning calibration for each fiber
and achieve a centering error εc of 1.3 ± 0.6 µm on average.

This procedure is repeated for all 10 fibers in the holding plate. The time needed
to machine a full plate of fibers is about 15 minutes.

It should be noted that the multimode fibers behave somewhat differently than
single mode fibers when subjected to CO2 laser ablation, especially when exposed to
smoothing pulses. We had to make small changes to our ablation parameters when
targeting MMF in order to adapt to this different behavior.
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(a) (b)

FIGURE 3.5: (a) stack of 7 fiber handling plates, (b) its shipping box

3.3.3 Profilometry and fitting the profiles

The next step is to measure the height profile of the machined fiber using a Keyence
VK-X200K laser scanning confocal microscope, as described in Section 2.1. This is
carried out on a stack of 7 handling plates (Fig. 3.5(a)). For each of the 70 fibers in
the stack, we navigate to the fiber, perform a focus calibration and run the profil-
ing procedure. The pre-processing of the data is carried out manually within the
Keyence software. The data is then exported for further fitting in Python. The time
needed to perform the profilometry step is about 4 hours for a stack of handling
plates containing 70 fibers.

3.3.4 Shipping for external low loss coating deposition

Up to 4 stacks of 7 handling plates are then each fixed in a customized box using
4 screws (Fig. 3.5(b)), and shipped to LaserOptik.At LaserOptik, the stacks are re-
moved from their shipping box and attached directly to 4 slots in a custom fixture
plate that is then inserted in their IBS system. Additional mirror blanks were also
attached to the fixture plate and underwent the same coating run. After the coating
had been deposited, the stacks were fixed in their shipping boxes again and returned
to us.

We chose the coating B-05213-01 for this deposition run. It is nearly a quarter
wave stack, consisting of Nb2O5 and SiO2. The first 2 layers (towards the substrate)
are adjusted to achieve a residual transmittance of about 100 ppm. The last layer (on
top) is SiO2, to achieve a phase shift which leads to the standing wave field anti-node
being about 30 nm above the mirror. The layer sequence is: substrate | 1.82473H
0.59165L (H L)12 H 0.93331L, with layer thicknesses given in units of quarter wave
optical thickness, reference wavelength 944.6 nm, H: Nb2O5 (n950 nm = 2.242), L:
SiO2 (n950 nm = 1.482). The extinction coefficient for both materials is in the range
of 1 × 10−6. Overall the coating consists of 28 layers, with a total coating thickness
of 3716 nm. The transmission spectrum of the coating as measured by LaserOptik
is shown in Fig. 3.6. With this coating, we aimed at achieving a finesse in the range
of 15000 in a wide stopband. As will be detailed later, a disadvantage of the wide
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FIGURE 3.6: Transmission of the coating as measured by LaserOptik
after the coating run. (a): wide range (b): zoom in on the stopband

stopband is than it prevents us from tuning the finesse of the cavity by operating at
the edge of the coating.

In total 80 SMF, 60 MMF, and several mirror blanks were coated by LaserOptik.

3.3.5 Preparing the fibers for making cavities

After receiving the fibers from LaserOptik, we disassemble the stacks and place the
handling plates in storage boxes. In order to make fibers ready for insertion in our
setup, we:

1. remove the securing tape with acetone and uncoil fibers,

2. remove the clamping springs,

3. transfer the fibers to a different handling plate,

4. pull the fiber through the ferrule so that the mirror template sits at the desired
distance from the front of the ferrule,

5. glue the fiber to the ferrule using Araldite,

6. use TorrSeal to make a strain relief at the back of the ferrule.

One issue we encountered during this process is that some particles of coating
got stuck to the cladding of the optical fibers. This prevented the fibers from being
pulled in as close to the ferrule end as we wanted to. In a future coating run, this
could be prevented by using a larger ferrule or by shielding the side of the fiber from
the sputtering beam better.

3.3.6 Summary

Because we have used this batch for experimenting with smoothing, some fibers
cannot be used as mirror templates. Within the single-mode fibers, 52 are suitable
for use in our experiments : 16 flat, 8 with ROC under 25 µm, 16 with ROC between
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fiber type Rc (µm) Rc,a/b (µm) t (µm) Dsph (µm) Dout (µm) εc (µm)

181 Cu800 28.5 28.5/28.5 1.30 14.0 26.7 2.11
182 Cu800 28.4 28.5/28.3 1.27 13.5 26.7 0.42
196 Cu800 69.0 71.1/67.0 0.35 14.7 17.6 0.79
197 Cu800 92.2 93.6/90.8 0.23 14.5 20.6 0.88
315 Cu800 39.0 41.1/37.0 0.47 11.9 17.6 0.39
216 Cu50/125 56.7 59.6/53.9 1.12 19.3 32.7 1.14
262 Cu50/125 126.5 137.7/115.3 0.86 26.4 35.7 0.99
263 Cu50/125 68.3 68.9/67.6 0.94 19.1 32.7 1.17
266 Cu50/125 71.6 73.6/69.7 0.33 14.8 17.6 1.16

TABLE 3.2: Geometrical characteristics of the mirrored fibers used in
this work.

25 µm and 55 µm, 7 with ROC between 55 µm and 130 µm and 5 with ROC between
130 µm and 500 µm. Within the multi-mode fibers, 38 are suitable for use in our
experiments: 10 with ROC under 25 µm, 16 with ROC between 25 µm and 55 µm, 11
with ROC between 55 µm and 130 µm and 1 with ROC between 130 µm and 500 µm.
Fibers with ROC under 25 µm yield very short cavities and are best used in a planar-
concave configuration. Fibers with ROC between 25 µm and 55 µm can be used in
a concave-concave configuration but require significant precautions if a sample is to
be inserted between them. Fibers with ROC between 55 µm and 130 µm can be used
rather comfortably in a concave-concave configuration with an object in the middle
of the cavity. Fibers with ROC larger than 130 µm can be used very comfortably in
a concave-concave configuration with an object in the middle of the cavity, but the
cavity will have weaker interactions with this object due to the larger mode volume.

The characteristics of the fibers used in experiments described in this thesis are
given in Table 3.2 for later reference.
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Chapter 4

Building and Characterizing the
Experimental Platform

We call experimental platform the ensemble of elements required to implement and
operate our membrane-in-the-middle optomechanical system in high vacuum and
at cryogenic temperature. The experimental platform is pictured in Fig. 4.1 and con-
sists of a 4He bath cryostat inside which is placed a high-vacuum insert at the end
of which is attached a mechanical housing (probe) containing the MIM system. In
this chapter we describe the process of designing, assembling and testing this exper-
imental platform. Part of those results have been published in [69].

4.1 Designing the Experimental Platform

The design for the experimental platform is based on existing low-temperature probes
used in the lab [128], with modifications to fit an optical cavity. Some key require-
ments for the experimental platform were that it should provide optical fiber access
to the optical cavity, allow for electronic signals to be sent and collected, have a high
level of mechanical stability and vibration isolation, and introduce minimal mis-
alignements in the experimental system when cooling down to 4 K. In this section
we will first discuss the 4He cryostat and its insert (Fig. 4.1(a)) and then the design
of the probe (Fig. 4.1(b,c)).

4.1.1 Cryogenic system

The experimental platform is based on a superconducting magnet system hosted
in a LN2-shielded 4He bucket cryostat from Cryomagnetics. The system allows for
monitoring of the levels of both He and LN2, and can remain cold for more than a
week before He needs to be refilled. The magnet provides up to 8 T of central field at
4.2 K and is controlled using the Model 4G-100 Power System. The cryostat is placed
on top of a passive vibration isolation platform1 with a cutoff frequency of a few Hz,
which provides shielding against seismic noise.

A custom high-vacuum insert is used to position a vacuum can containing the
probe in the 12.7 cm-diameter, 25 cm-long bore of the superconducting magnet. The
head of the insert can be screwed to the top of the cryostat and provides interfaces
for connecting a turbo pump2, a vacuum gauge3, BNC cables and optical fibers. The
turbo pump is connected via an electrically insulated valve, and can bring the inside
of the insert at a pressure below 10−6 mbar, as measured by the gauge. The tube

1Minus K 1000BM-1CMM
2Agilent TPS compact
3Pfeiffer IKR 251
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FIGURE 4.1: The experimental platform. (a) left to right: high-
vacuum insert and 4He cryostat. (b): CAD model of the probe at-
tached to the bottom of the insert. The steel vacuum can is shown
transparent. 1: copper flange, 2: top copper plate, 3: titanium cage, 4:

bottom copper plate. (c): Actual assembled probe.

of the insert guides several single-mode and multi-mode optical fibers4, 4 coaxial
cables5, 10 phosphor bronze twisted pairs and 12 manganin wires. The phosphor
bronze wires have a resistance of 6 Ω, suitable for driving piezoelectric stepper po-
sitioners. The manganin wires have a lower thermal conductivity at the cost of a
higher resistance of 50 Ω and are meant for all other low frequency electronic sig-
nals. At the bottom of the tube, a copper flange (pictured at the top of Fig. 4.1(b))
is soldered, which comes into direct contact with the helium bath and provides a
thermal link to the probe which attaches to its center part. The copper flange also
serves as a mating interface for the indium vacuum seal which is formed with the
stainless steel can that attaches to its outer part and completes the insert. The entire
insert can be lifted from the cryostat and held in a custom cart in order to work on
the probe, as shown in Fig. 4.1(a).

4.1.2 Probe design

The probe comprises a copper top plate which attaches to the bottom of the insert
and a copper bottom plate onto which the cage hosting the experimental system
is mounted (Fig. 4.1(b,c)). The bottom plate is suspended to the top plate by four
16 cm-long copper beryllium springs with a spring constant of 0.023 N ·mm−1 which
further shield the experimental system from mechanical noise. Two copper braids,
arranged so as to minimally influence the suspension system, provide a thermal link
between the two copper plates. A temperature sensor6 mounted on the bottom plate

4IVG fiber Cu800 & Cu50-125
5UT-085-SS-SS, Microstock
6Lakeshore CX-1030-MT-1.4L
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FIGURE 4.2: (a) CAD model and (b) picture of the titanium cage host-
ing the experimental system. The top part (cavity block) holds the
fiber-based Fabry-Perot cavity. The bottom part (membrane block)
holds the sample. The coordinate system shown in red in (a) corre-
sponds to the coordinate system used throughout the text. In (a) the
sample is held in front of a fiber-based confocal microscope, in (b) in

the middle of the optical cavity.

is used to monitor the temperature of experimental system. The coaxial cables, elec-
trical wires and optical fibers guided through the insert pass through the middle of
the copper flange. The coaxial cables are connected to 0 dB attenuators7 screwed into
the top plate, acting as thermal anchors. The electrical wires are soldered to 6-pin
connectors fixed on the top plate, to which the elements of the experimental system
are then connected. Optical fibers are further guided to the experimental system.
The entire probe fits in the vacuum can (inner dimensions: diameter 10.2 cm, height
24.6 cm) without touching it in order to avoid transmitting mechanical vibrations.

The experimental system is hosted in a titanium cage pictured in Fig. 4.2, consist-
ing of two blocks, each holding one part of the MIM system: the membrane block
and the cavity block. These two blocks are assembled together by two pillars and
the rigidity of the assembly is further increased by two side plates (not shown in
Fig. 4.2 for clarity). All structural components are made out of titanium to maxi-
mize the mechanical stability of the experimental system, and to favor even thermal
contraction.

The cavity block holds the fiber-based Fabry-Perot cavity. On the right side of
Fig. 4.3(a), a fiber mirror is held in a fixed mount attached to a stack of 3 piezoelectric
steppers8, providing 6 mm of linear motion in the x, y and z directions. On the
left side of Fig. 4.3(a), a second fiber mirror is held in a titanium disk inside the
faceplate of a custom-made kinematic mount. As visible in the cutout shown in

7XMA 4880-5523-00-CRYO
8Attocube ANPx312
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ferrules ring piezo

strain relief

FIGURE 4.3: (a): CAD model of the cavity block. The red arrows
indicate the degrees of freedom associated with each element. (b):
horizontal cutout showing the inside of the parts holding the fiber

mirrors.

confocal
fiber objective 

FIGURE 4.4: (a): CAD model of the membrane block. The red arrows
indicate the degrees of freedom associated with each element. (b):

picture of one of the carrier plates to which samples are glued.

Fig. 4.3(b), the titanium disk is clamped against a ring piezoelectric positioner by
a spring. The kinematic mount allows for manual tip/tilt adjustment of the cavity
alignment, while the ring piezo provides short-range, high-bandwidth tunability of
the cavity length. Both fibers are guided through a groove acting as a strain relief
while allowing for motion along the z direction.

The membrane block can hold the sample in two different configurations. In
the first configuration, which is pictured in Fig. 4.4(a), and which is the one used
for the results presented in this thesis, the sample is held in-between the two fiber
mirrors of the cavity block. In the second configuration, the sample is held in front
of a fiber-based confocal reflection microscope, which can be used to interferomet-
rically detect the motion of the sample [128]. In both configurations, the sample
is glued on a carrier plate (see Fig. 4.4(b)) which is attached to a L-shaped holder.
The design of the carrier and the sample gluing process are described in details in
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Section 5.1.2. The L-shaped holder additionally features a 3 mm-diameter, 0.25 mm-
thick disk piezoelectric element9, glued under the place where the sample carrier
attaches, and allowing for resonant driving of mechanical modes in the sample. The
L-shaped holder is fixed to a xy piezoelectric scanner10 providing 30x30 µm (resp.
15x15 µm) of continuous motion at room temperature (resp. 4 K). The piezo scan-
ner is itself fixed to the male part of a dovetail assembly, which allows for relatively
pain-free sample change. The female part of the dovetail assembly is attached to a
stack of 3 piezoelectric steppers11, providing 6 mm of linear motion in the x, y and z
directions.

The mechanical workshop in the Physics Department of the University of Basel
provided feedback on the design and machined the many elements of the probe.
Overall, the probe offers 5 degrees of freedom for the alignment of the fiber cavity
(x/y/z/tip/tilt, of which x/y/z can be actuated remotely and at cryogenic temper-
atures) and 3 degrees of freedom for the positioning of the sample (x/y/z can be
actuated remotely and at cryogenic temperatures). In addition, the length of the
fiber cavity can be finely tuned with a high bandwidth, the position of the sample
can be continuously scanned in xy, and mechanical resonances of the sample can be
resonantly driven.

4.2 Assembling the Experimental Platform

In this section we describe the assembly of the experimental platform and its opera-
tion.

4.2.1 Assembling and aligning the fiber cavity

Here we describe the process of assembling the cavity block illustrated in Fig. 4.3.
The process begins with adequately prepared fiber mirrors as described in Section 3.3.5.
Custom made helper parts are used to transfer these fibers from their storage plate
to either a fixed holder or a disk (left and right of Fig. 4.3 respectively). The fiber in
the disk holder is usually a single-mode fiber since it is typically used as the input
to the cavity for practical reasons. The disk holder is then placed against the ring
piezo in the kinematic mount which is held facing upwards during the operation.
The assembly of this side of the cavity is completed by clamping the disk holder in-
side the mount with the spring, then transferring the mount to the cavity block. The
other side of the cavity is completed by simply attaching the fixed holder directly on
the cavity block. During the whole process, care is being taken to applying shearing
forces to the fiber behind the ferrule since it is likely to result in the fiber breaking at
this point. The fibers are then guided through a groove which acts as a strain relief
while still allowing for the fibers to move along the z axis.

The alignment of the cavity is performed in three steps. The first step is purely
visual. Two USB microscopes are set up around the cavity block, which is attached
to an optical table. The cameras are placed perpendicular to each other in a plane
normal to the cavity axis so that they both show the two fiber mirrors. The xy and
tip/tilt degrees of freedom of the cavity block are used to visually align the two
fiber mirrors so that they face each other and appear perfectly parallel on both cam-
eras. For the second step a HeNe laser is send to the input fiber and the reflection

9PI PIC151
10Attocube ANSxy50
11Attocube ANPx312
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and transmission signals are collected. At this point the fiber mirrors are already
aligned well enough to detect a transmission signal, and the xy degree of freedom
is used to maximize it. A sawtooth electronic signal is then sent to the positioner
controlling the z degree of freedom in order to modulate the length of the cavity.
Since the HeNe laser is outside of the stopband of the mirror coating, a low finesse
etalon is formed and a sinusoidal amplitude modulation appears on the reflection
and transmission signal. The xy and tip/tilt (when tip/tilt is available, i.e. outside
the cryostat) degrees of freedom are used to maximize the depth of this modulation.
For the third step, the cavity is connected to the laser system described in Section 2.2.
A high finesse cavity signal typically appears both in reflection and in transmission
upon modulating the cavity length. The xy and tip/tilt (when available) degrees
of freedom are used to minimize higher order modes while maximizing the maxi-
mum transmission of the fundamental resonance in transmission and minimizing its
width, thus ensuring that the best achievable mode-matching is obtained [78]. This
optimization step typically starts using the highest gain setting on the transmission
photodiode, which is then progressively reduced by up to 3 orders of magnitude as
the best alignment is gradually achieved.

Once this alignment process is completed, the properties of the optical cavity
are ideally characterized on the tabletop, before transferring the cavity block to the
probe.

4.2.2 Assembling the probe

Here we detail the procedures used for assembling or modifying the probe. They
are all carried out with the insert fixed on the custom stand shown in Fig. 4.1(a).

The following procedure is used for the initial assembly of the system. It starts
from assembled sample and cavity blocks, with the FFPC pre-aligned as described
in Section 4.2.1. The top copper plate is first attached to the copper flange at the
bottom of the insert, and the bottom copper plate, to which the temperature sensor
has been attached, is rigidly held below it using a helper spacer part. The sample
block is then bolted on the bottom copper plate, and one pillar and one side plate
are attached to it. The cavity plate is taken from the tabletop, flipped upside down,
inserted carefully with the fiber going through the opening in the side pillar, and
bolted in place. The second pillar and the second side plate can then be attached.
At this point the two fiber mirrors are spliced to the adequate optical fibers from
the insert, and the splice is then protected using a thin layer of silver epoxy. We
found that silver epoxy adds strength to te splice while remaining flexible enough
to allow the fiber to be coiled in custom PEEK fiber reels located under the bottom
copper plate. The two fiber mirrors must be bent just outside the strain relief posts
of the cavity block so that they do not touch the sides of the vacuum can later on (see
Fig. 4.1(c)). This is one of the most delicate steps, during which the fiber mirrors are
at risk of being broken. Once the desired shape is achieved, the fibers are secured
to the side pillars using Kapton tape and copper wire. At this point the wires from
the stepper positioners, sample scanner, ring piezo, shaker piezo, and temperature
sensor are connected. The copper braids are then clamped to the top and bottom
copper plate and the copper beryllium springs joining the two plates are installed.
The helper spacer part is finally removed, and the lengths of the springs are fine
tuned so that the bottom of the probe hangs straight from the top plate. Nylon
screws are added to all four sides of the cage to serve as bumpers preventing the
probe and most importantly the fibers from hitting the can once the system is closed.
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The following procedure is used for changing the fiber cavity. The existing fibers
are first uncoiled from the fiber reels and the splices are cut. The stepper positioners
of the fiber block, and the ring piezo are disconnected. One side plate and one side
pillar are removed, allowing for the extraction of the cavity block from the probe.
The cavity block is then modified as needed on the tabletop. The reverse steps are
followed to install the fiber block back into the probe. While changes to the fiber
cavity are a significant undertaking, the design of the probe makes the process as
painless as possible, with no probe element apart from the cavity block needing to
be unplugged or removed.

The following procedure is used for changing the sample. The sample scanner
and shaker piezo are first disconnected. One side plate is then removed, allowing
for the extraction of the sliding dovetail part which holds the sample assembly. The
sample assembly is then modified as needed, and the reverse steps are followed to
install it back into the probe. Changing the sample is convenient enough that it can
be done routinely.

At this point the insert only needs to be connected to the laser system, and to the
piezo controllers to become fully operational. The experimental platform can come
to be operated under a variety of different experimental conditions which impact the
characteristics of the individual experimental systems, and in particular the stability
of the optical cavity. For instance, the insert can be on the stand outside the cryostat,
or fixed inside the cryostat, where it benefits from the additional shielding from
seismic noise provided by the passive vibration isolation platform. The probe can be
rigidly fixed to the copper top plate with the helper spacer part, or suspended from
it with the springs. The probe can be exposed to air currents when the vacuum can is
not installed, or shielded from them either at room pressure or in high vacuum. The
temperature of the experimental system can be either room temperature, nitrogen
temperature or 4He temperature depending on the contents of the bucket cryostat.
Finally, when the cryostat in at 4 K, the superconducting magnet can be turned on
and the magnetic field can be tuned between 0 and 8 T.

4.2.3 Operating the experimental platform

Here we describe the different procedures for achieving the experimental conditions
previously mentioned. These include closing and operating the vacuum system,
transferring the insert into the bucket cryostat, and operating the cryostat.

The following procedure is used for closing the vacuum system, which requires
sliding the vacuum can over the probe and achieving a vacuum seal with the copper
flange at the bottom of the insert. The mating surfaces between the copper flange
and the vacuum can are first cleaned with isopropanol. A piece of indium wire is
wiped with IPA and placed into a dedicated ridge on the top surface of the vacuum
can. A lab jack is then used to carefully lift the vacuum can and slide it over the
probe, avoiding contact as much as possible. The vacuum can is bolted to the copper
flange with stainless steel screws, which are progressively tightened following a star
pattern. The turbo pump is then connected to the valve at the top of the insert and
the system is brought to high vacuum. We usually expect the pressure measured by
the vacuum gauge at the top of the insert to arrive in the 10−6 mbar range within a
few hours. At this point the insert is ready to be transferred to the cryostat.

The following procedure is used for transferring the insert to the cryostat. The
cavity fibers are taken apart so that they are separated by about 100 µm and the
sample is positioned roughly in the middle of them so that possible shocks to the
probe do not lead to them crashing into each other. The HeNe laser is connected
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to the cavity during the process, and the cavity transmission signal is monitored.
The valve to the vacuum system is then closed and the pump is disconnected from
the insert, as well as all BNC cables, leaving only the optical fibers connected to the
insert during the procedure. The cart on which the insert is mounted is rolled under
the crane, which is hooked to the top of the insert. The insert is lifted from its cart
until it clears the top of the cryostat and is translated directly above the bucket of the
cryostat. The insert is then slowly let down into the cryostat, lowering the vacuum
can past the baffles and finally into the magnet bore. Any jerking motion during
those steps makes the probe oscillate laterally and hit the side of the vacuum can,
potentially damaging or misaligning the experimental system. The top plate of the
insert is then bolted to the top of the cryostat, and the pump and BNC cables are
connected to the insert once again. At this point, the system is ready for cooldown.

The cooldown procedure depends on the state of the experimental platform. If
the cryostat is empty and at room temperature, the bucket is first filled with nitro-
gen. The temperature at the bottom copper plate of the probe is monitored until it
reaches 77 K. The liquid nitrogen is then pushed out of the bucket with helium gas,
and liquid helium is transferred into it. If the insert was taken out of the cold cryo-
stat for a quick modification, the vacuum can is first dipped into a bucket of liquid
nitrogen until it reaches 77 K, then the insert is transferred to the cryostat while it still
contains liquid helium. In both cases, the temperature at the bottom copper plate of
the probe is monitored until it reaches 4.2 K. The transmission of the HeNe laser
through the cavity is monitored during the cooldown, and lateral xy adjustments of
the fiber mirror position are made to compensate misalignments caused by thermal
contraction of the probe. If the cavity signal is lost, it can be found again following
the alignment procedure described previously (starting from the HeNe laser step).

With the cryostat at 4.2 K, the current in the superconducting magnet can be
ramped up in order to achieve the desired magnetic field. At this point, the mag-
net is usually operated in persistent mode in order to avoid heating the system up,
thus maintaining a low level of helium consumption.

4.3 Testing the Fiber-Based Optical Cavity

In this section we present experimental results illustrating the operation of fiber cav-
ities and their characterization procedure. On the basis of these results, we highlight
and discuss the fine points of their behavior. We then use the fiber cavity to evaluate
the mechanical stability of the experimental system under different environmental
conditions.

4.3.1 Fundamental and higher-order resonances of the fiber cavity

Here we discuss the basic cavity scan experiment introduced in Section 2.2.2. The
experimental data presented in this subsection were not acquired in the cavity block
described above, but using a modified probe dedicated to characterizing single fiber
mirrors. In this probe, a fiber mirror is placed in front of a flat mirror which was
coated during the same run. The degrees of freedom of the system are the same as
in the cavity block described above, and it is similarly connected to the laser system
with the fiber mirror under test acting as the input to the cavity. In addition, the
cavity modes can be imaged through the flat mirror using a simple CMOS sensor12.
Fiber 181 (see Table 3.2) was used for the measurement shown here.

12Thorlabs DCC3240N
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FIGURE 4.5: Data acquired during a cavity scan. (a): voltage ramp
sent to the piezo controller. The blue line is a fit to the linear part. (b,
c): signal collected on the reflection and transmission photodiodes.
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FIGURE 4.6: Data extracted from Fig. 4.5. (e, f): reflection and trans-
mission signals versus piezo voltage. (a-d, g-j): zoom ins on reso-

nances.
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FIGURE 4.7: Pictures of the cavity modes taken through the trans-
mission mirror. (0,0) corresponds to Fig. 4.6(j), order 1 modes (1,0)

and (0,1) to (i), order 2 modes to (j), order 3 modes to (i).

As detailed in Section 2.2.2, a cavity scan is performed by continuously vary-
ing the detuning between the cavity and the laser held at a fixed wavelength by
changing the cavity length. This is achieved by sending a S-shaped voltage ramp
to a piezoelectric positioner controlling the cavity length, which can be either the
DC input of the stepper piezo for long range scans or the ring piezoelectric element
for short range scans. The data acquired by a fast DAQ during a long range scan
is shown in Fig. 4.5. The piezo voltage in Fig. 4.5(a) is the voltage sent to the piezo
controller, which is multiplied internally by a factor of 15 before being applied to the
actual piezoeletric element. The blue dashed line in Fig. 4.5(a) is a fit to the linear
part of the voltage ramp. Only the data acquired within this time interval is used for
analysis, and the best fit values of the piezo voltage are used when other parameters
are plotted against it in order to reduce jitter. The cavity transmission and reflec-
tion signal shown in Fig. 4.5(b,c) confirm that the scan spans several times the cavity
free spectral range, with the fundamental cavity resonances appearing as the highest
peaks or deepest dips, while higher-order resonances appear in-between.

Figure 4.6(e) and (f) respectively show a slice of the reflection and transmission
data in Fig. 4.5, taken around one free spectral range of the cavity, and plotted against
the piezo voltage. Figure 4.6(a-d) and (g-j) respectively show zoom ins on individual
cavity resonances in (e) and (f), and are a first step towards confirming the identi-
fication of the fundamental cavity resonances, as well as that of other resonances
corresponding to higher order modes. The even spacing of those higher order reso-
nances, evident from Fig. 4.6(e) and (f), suggest they correspond to modes of succes-
sive order 1, 2, and 3 as per Eq. (1.60), but the number of peaks in the corresponding
zoom ins do not match the expected 2, 3 and 4 separate modes at this mode order.

In order to investigate this matter further, we set the piezo voltage so as to in-
dividually tune each of the cavity modes in resonance with the laser and image
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FIGURE 4.8: (a,b): data in Fig. 4.6(d, j), fitted using Eqs. (1.21)
and (1.76).

the cavity mode through the back mirror. The images are shown in Fig. 4.7, with
mode (0,0) taken within the voltage range of window (j) in Fig. 4.6, modes of order
1 within (i), modes of order 2 within (h), modes of order 3 within (g), and modes
of order 4 corresponding to the next group of peaks. These images further confirm
that the higher-order resonances in Fig. 4.6 correspond to the expected mode order.
The fact that the fine splitting between higher-order modes of the same order does
not immediately correspond to what is expected from Eq. (1.60) can have various
explanations, which will be discussed in 4.3.2. The rather large coupling to higher-
order modes displayed in this data is due to the short radius of curvature of fiber
181, which leads to a cavity waist that is significantly smaller than the fiber mode
size, resulting in significant mismatch with the fundamental cavity mode.

Figure 4.8 shows fits to the lineshapes of the fundamental resonance in reflection
and transmission, respectively using Eq. (1.76) and Eq. (1.21) as the fit functions,
with the Lorentzian part replaced by a pseudo-Voigt profile to account for Gaussian
peak broadening. The Gaussian part is below 0.05 for both fits, indicating a low
amount of Gaussian broadening in the timescale of the scan around resonance. A
dispersive shape of the reflection signal is observed, as expected for fiber cavities
[78, 129]. The fits give access to the cavity linewidth in terms of voltage κV , and to
the parameters A, B and C in Eq. (1.76). As discussed in Section 2.2.2, the cavity
linewidth κ can be determined if the input field is modulated at a known frequency
(see Section 4.3.3). Then, given a separate characterization of |β| obtained by com-
paring the direct reflection from the cavity with that from a calibrated retroreflector
[108], one can extract cavity parameters |α|2 κex,1 and ξ from A, B and C by solv-
ing the coupled equations Eq. (1.77) [60]. Extracting the value of κex,2 requires a full
calibration of the optical losses in the experiment.

4.3.2 Mode-mixing effects in fiber cavities

Here we discuss mode-mixing effects in fiber cavities [75] by analyzing cavity scans
taken at increasingly long values of cavity length. The experimental data presented
in this subsection were acquired in an early version of the cavity block described
above, operated on the tabletop, with fiber 197 as the input fiber and fiber 266 as the
transmission fiber.

The data plotted in Fig. 4.9 was acquired and transformed following the proce-
dure described in [75]. The cavity length is first shortened to the minimum desired
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FIGURE 4.9: Resonance spectrum of the cavity as a function of cavity
length. (a): experimental data. The changes in background level at
δq ≈ {85, 160} are due to changes in photodiode gain. (b): green
dots show the points fitted to Eq. (1.61), the resulting best fit is the
dashed white line. (c): blue markers are the resonance frequencies
according to Eq. (1.60) up to mode order 4, green markers are those
obtained from the mode-mixing simulation using the measured fiber
profiles, and are annotated with their mode order. The horizontal
dashed lines correspond to dips in the measured finesse (Fig. 4.10).

The red outlines correspond to zooms in shown in Fig. 4.12.



4.3. Testing the Fiber-Based Optical Cavity 63

20 40 60 80 100
cavity length ( m)

0

2000

4000

6000

8000

10000

12000
fin

es
se

Gauss. clip.
data
mode-mixing

FIGURE 4.10: Finesse of the fundamental mode of the cavity as a
function of cavity length. The red curve corresponds to the finesse
measured from the experimental data presented in Fig. 4.9. The blue
curve is calculated numerically while the green curve is calculated
analytically from clipping losses as per Eq. (1.47). The blue and green
curves have been rescaled to match the start of the experimentally

measured finesse.

length. The first cavity scan is taken and data is acquired as described in the previ-
ous subsection. After the cavity scan, the stepper controlling the length of the optical
cavity is stepped to increase the length of the cavity by about one third of the free
spectral range. Another cavity scan is taken and the process is repeated until the
maximum desired cavity length is reached (usually when all signal is lost). The gain
of the transmission photodiode is adjusted as necessary for each cavity length.

Post-processing is performed on the transmission data when possible, since it
provides the largest range of usable cavity lengths thanks to the adjustable gain .
Stepping by less than one time the FSR between each scan makes it possible to track
fundamental resonances of the same order across different cavity scans. For each
available order δq of the fundamental mode, we select a window of data between δq
to δq + 1 from within cavity scans in which this range appears. An effort is made to
ensure each selected window of data starts at approximately the same piezo voltage
in order to limit the effect of piezo nonlinearities. The coordinate axis of each selected
window is then normalized by the FSR so that the resonance δq is centered at 0 and
resonance δq+ 1 is centered at 1, yielding a detuning. Finally, the transmission signal
in each window is plotted as a function of detuning and δq, with each row of the plot
showing data between δq = row and δq = row + 1. The resulting plot of the cavity
resonance spectrum is shown in Fig. 4.9(a).

The detuning of the first higher order mode as a function of δq can be fitted with
Eq. (1.61). From this fit, one can extract the radii of curvature of the fiber mirror
Rc,1 and Rc,2, as well as the order of the first mode present in the data q0 such that
q = q0 + δq. The value of q0 provides a quantitative estimate of the cavity length
Lc = (q0 + δq) λ/2. Figure 4.9(b) shows the data that was used for this fit as green
markers overlayed on the experimental data, with the best fit curve shown as a white
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FIGURE 4.11: Mode-mixing simulations of cavity resonance spectra
up to order 4, using ideal mirror profiles of various shapes.

dashed line. The fit yielded q0 = 19, Rc,1 = 73.3 µm and Rc,2 = 87.4 µm, with the
radii of curvature matching reasonably well those estimated from the profilometric
data (Table 3.2). Figure 4.9(c) uses the calibrated cavity length on the y axis.

The fundamental resonance lineshape for each value of δq is fitted using a pseudo-
Voigt profile to determine its finesse as per Eq. (2.3). The finesse of the fundamental
mode is plotted as a function of cavity length in Fig. 4.10 (red markers). In order to
support the discussion of the experimental data, a numerical simulation of the cav-
ity resonance spectrum and of the associated losses has been performed following
the formalism introduced in Section 1.1.4, using the actual profilometer-measured
fiber mirror shapes for the calculation. The result of this simulation is shown in blue
in Fig. 4.9(c) and in Fig. 4.10. As a point of comparison, the cavity resonance spec-
trum calculated using Eq. (1.60) and the values of Rc,1 and Rc,2 extracted from the
fit is plotted in green in Fig. 4.9(c), and the finesse calculated using Eq. (1.47) for
Gaussian clipping losses and aperture diameters estimated from profilometric mea-
surements for each fiber mirror (see Table 3.2) is plotted in green in Fig. 4.10. The
simulated and calculated finesse were both rescaled to match the measured finesse
for the shortest cavity lengths.

Looking at the measured data in Fig. 4.10, three components of the evolution of
finesse can be distinguished. The most prevalent effect is a rapid decrease when
the cavity length approaches 50 µm, which matches the Gaussian clipping model
loosely and is due to the spot size of the fundamental cavity mode becoming com-
parable with the value of Dsph of the mirrors. Secondly, sharp dips in finesse oc-
cur at specific cavity lengths, which are reproduced in the mode-mixing simulation.
Matching guides for the eyes corresponding to these dips are included in Fig. 4.9(c),
showing that the dips occur at cavity lengths where higher order modes of longi-
tudinal order q become resonant with the fundamental mode of longitudinal order
q + 1. Finally, both the measured data and the mode-mixing simulation exhibit a
gradual decrease in finesse at cavity lengths shorter than about 10 µm, which does
not match the Gaussian clipping model.
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FIGURE 4.12: Zoom ins on parts of the resonance spectrum outlined
in red in Fig. 4.9(c). (a): mode crossing between the fundamental
mode and the third order high-order modes. (b): fine splitting of the

second order transverse mode.

We attribute the discrepancy between measured data and the mode-mixing sim-
ulation for long cavities to a change in the alignment of the cavity as the cavity length
is increased.

In order to investigate the physical origin of these effects, as well as the dis-
crepancies between the measured and calculated resonance spectra, we performed
mode-mixing simulations using ideal mirror profiles, following the procedure de-
scribed in 1.1.4. The mirror profiles used for these simulations were parabolic, parabolic
with elliptic cross-section, parabolic with elliptic cross-section and a finite diame-
ter, gaussian with elliptic cross-section, and gaussian with elliptic cross-section and
added small-scale roughness. In all cases the profiles were chosen so that the radius
of curvature in their center matches the value of Rc (or Rc,a/b in the case of elliptic
cross-section) of fibers 197 and 266 (Table 3.2). Similarly, the finite diameter case uses
the value of Dsph of fibers 197 and 266. The resonance spectrums obtained from the
mode-mixing simulations and corresponding to the paraboloid, elliptical paraboloid
and elliptical gaussian are plotted in Fig. 4.11. The finesse values obtained from the
mode-mixing simulations and corresponding to the elliptical paraboloid, clipped el-
liptical paraboloid, elliptical gaussian and elliptical gaussian with added roughness
are plotted in Fig. 4.13.

In Fig. 4.11, the resonances obtained for the symmetric cross-section paraboloid
match the resonances calculated with Eq. (1.60) and shown in green in Fig. 4.9(c)
exactly. The resonances obtained with the elliptical paraboloid show a lifting of the
degeneracy between high-order modes of the same transverse order, which still per-
fectly matches the expectations from Eq. (1.60). On the other hand, the resonances
obtained with the elliptic gaussian profile significantly deviate from the standard
theory, both in their overall behavior and in the fine splitting between high-order
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FIGURE 4.13: Mode-mixing simulations of the finesse of the funda-
mental cavity mode, using ideal mirror profiles of various shapes.

modes of the same transverse order. Both these effects are due the radius of curva-
ture of the gaussian profile increasingly deviating from the radius of curvature of the
ideal parabolic mirror as the distance from the center increases. This causes an in-
creasingly large deviation from the expected detuning as the cavity length and thus
the spot size of the modes on the mirrors increase. In addition, modes that sample
different areas of the mirror, for instance (0,2)/(2,0) and (1,1), experience different
effective radii of curvatures leading to a modification of the fine splitting, with (1,1)
being increasingly split from (0,2)/(2,0) which remain nearly degenerate. This fine
splitting effect is also observed in the experimental data, as can be seen in Fig. 4.12,
which shows zoom ins on the data from Fig. 4.9(c). The deviation from the stan-
dard theory is a sign that the higher-order modes of the cavity deviate from pure
Hermite-Gauss modes, and are instead mixtures of Hermite-Gauss modes.

In Fig. 4.13, the finesse obtained for the infinite paraboloid stays constant until
the cavity length reaches the end of the stability regime as expected. The overall be-
havior of the finesse obtained for the finite diameter paraboloid and for the gaussian
profiles matches the finesse calculated using the clipped Gaussian model. The main
difference are broad dips for the finesse obtained for the finite diameter paraboloid,
and sharp dips for the finesse obtained with the gaussian profiles. Those dips cor-
respond to high-order modes of longitudinal order q becoming resonant with the
fundamental mode of longitudinal order q + 1, fulfilling Eq. (1.62). The onset of
clipping losses as calculated using the clipped Gaussian model (Eq. (1.47)) indicates
that the spot size of the fundamental mode is getting large enough to feel the fi-
nite dimension of the mirror. From the mode-mixing point of view, this leads to
off-diagonal elements entering the mixing matrices and resonant cavity modes be-
coming mixtures of Hermite-Gauss modes, leading to increased losses. As a result,
when high-order modes become resonant with the fundamental mode, their overlap
is non-zero and the fundamental mode hybridizes with the high-order modes. The
larger spot size of high-order modes leads to an increase in the clipping losses ex-
perienced by the hybridized fundamental mode and therefore a drop in finesse. In
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the case of the gaussian profiles, because the mirror shape differs from a paraboloid,
the mode-mixing effects appear for shorter cavities. They are also stronger, and the
additional fine-splitting between high-order modes lead to sharp dips in the finesse
when each of these modes crosses the fundamental mode. The effect of added rough-
ness on the finesse obtained with the gaussian profile is three-folds. First, the finesse
is decreased for all cavity length due to scatter losses, as explored in [80]. Second,
a decrease in finesse occurs for short cavity lengths, which matches what has been
observed with experimental data and mode-mixing simulations in Fig. 4.11, as well
as published data (e.g. [75]). Third, mode-mixing effects are enhanced, leading to
new dips appearing in the finesse data.

In light of these observations, several remarks can be made regarding the op-
eration and characterization of fiber cavities. Mode-mixing effects arising from the
gaussian-like shape of CO2 ablated fiber mirrors lead to a significantly shortened
range of cavity lengths at which a high finesse cavity can be maintained. The choice
of radius of curvature with which to work must take this into account, or advanced
CO2-ablation technique should be used to modify the shape of the fiber mirrors
[104]. Because the fit to the high-order mode separation assumes pure Hermite-
Gauss modes, mode-mixing effects are a source of error for the extraction of the
cavity length. On the positive side, high-order modes can be harnessed to achieve
higher resolution in microscopy applications [125], to locally enhance the cavity
field potentially increasing the interaction with systems inside the cavity [130], or
to achieve a more homogeneously distributed field intensity [131].

4.3.3 Measuring cavity length, linewidth and finesse

Here we discuss the pros and cons of the different methods available to characterize
the length, linewidth and finesse of the fiber cavity. The experimental data presented
in this subsection were acquired in the cavity block described above, operated on the
tabletop, with fiber 196 as the input fiber and fiber 262 as the transmission fiber.

Cavity length

Knowledge of the cavity length is not only a prerequisite to the determination of
other cavity parameters, but it is also crucial from a practical point of view in order
to avoid collisions between the fiber mirrors and the sample. A distinction has to
be made between the optical cavity length Lc (used for the calculation of ∆ωFSR), the
geometric cavity length Lc,geom, and the distance dfibers between the facets of the fiber
mirrors. These quantities are related through:

Lc(λ) = Lτ,1(λ) + Lc,geom + Lτ,2(λ) (4.1)
dfibers = Lc,geom − t1 − t2 (4.2)

where Lτ,i(λ) is the frequency penetration depth of the cavity field into mirror i
[111], and ti is the depth of the crater on fiber mirror i.

Several methods can be used to measure the cavity length: optical microscopy,
scanning the laser wavelength across one free spectral range of the cavity, sending
white light into the cavity and collecting the transmitted and/or reflected spectrum
as introduced in Section 2.3.2, and fitting the higher order mode separation as intro-
duced in Section 4.3.2.

The fiber cavities discussed in this work are operated without direct optical ac-
cess to them in most cases, with cavity lengths ranging between 10 µm and 200 µm.
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FIGURE 4.14: Resonance spectrum of the cavity as a function of
cavity length. The white dashed line is the best fit to higher or-
der mode separation. The changes in background level at Lc =

{33, 41, 55, 85}µm are due to changes in photodiode gain.

The depth of the mirrors is on the order of 1 µm. Due to the absence of optical access
and because crater depth can represent a large portion of the cavity length, optical
microscopy is not a suitable method. Scanning the laser wavelength across one free
spectral range of the cavity is technically impractical due to the large free spectral
range of short cavities which requires to tune the laser wavelength across more than
80 nm in the most extreme cases. In cases when it is technically possible, scanning
the laser is time consuming and requires a complex experimental procedure involv-
ing performing continuous cavity scans while the laser wavelength is being tuned in
order to not miss the sharp cavity resonances. Fitting the higher order mode separa-
tion is technically possible, and the time consuming scan of the cavity length across
about 40 µm that is necessary to obtain a reliable estimate only has to be performed
once. However the deviation of the shape of fiber mirrors from perfect parabola in-
troduces some errors in the fit and fitting higher order modes sometimes requires
some level of misalignment to be introduced so that they are not fully suppressed.
Sending white light to the cavity and analyzing the transmitted and/or reflected
spectrum is fast and practical, but requires either a high resolution spectrometer
operating within the mirror stopband or careful consideration of the wavelength
dependence of the properties of the mirror coating outside of the mirror stopband

Figure 4.14 shows the resonance spectrum of the fiber cavity considered in this
subsection. A fit to the higher order mode separation yields q0 = 31, which cor-
responds to Lc,0 = 14.3 µm. Taking into account a modal penetration depth LD =
0.34 µm, the geometric cavity length Lgeom,0 = 13.6 µm is obtained.

Figure 4.15 shows the result of a white-light spectroscopy measurement of the
cavity length (following the procedure introduced in Section 2.3.2), which was per-
formed before the start of the acquisition of the data for Fig. 4.14. The fit yields an
estimate of the geometric cavity length Lgeom,0 = 9.2 µm. The discrepancies between



4.3. Testing the Fiber-Based Optical Cavity 69

700 750
wavelength (nm)

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

pi
ez

o 
(V

)
(a)

0.0 0.5 1.0 1.5 2.0
piezo (V)

9.5

10.0

10.5

11.0

11.5

ca
vi

ty
 le

ng
th

 (
m

)

(b)0 1a.u.

FIGURE 4.15: (a): normalized white light transmission spectrum.
Red markers show the peak positions extracted from the data. (b):
geometric cavity length extracted from the fit to this data following

Section 2.3.2.

the two estimates of the geometric cavity length are currently being investigated. We
note that the amplitude of the discrepancy does not scale with cavity length and is
therefore significant only for very short cavities.

Cavity linewidth and finesse

An absolute measurement of the cavity linewidth requires the use of a calibration
tone serving as a frequency reference, as illustrated in Section 2.2.2. Figure 4.16
shows the cavity reflection and transmission taken around a fundamental resonance,
and corresponding to the first row in Fig. 4.14. During this measurement, the EOM
was driven with a single tone at ωEOM = 8.03 GHz. A fit to the data using the sum
of three pseudo-Voigt-based lineshapes yields κV = 0.042 mV and dsb,V = 0.352 mV.
These values are inserted into Eq. (2.1) to obtain κ/(2π) = 0.97 GHz.

Having characterized both the linewidth and the cavity length, the finesse can
now be calculated from Eq. (2.2). Using Lgeom,0 = 13.6 µm from the fit of higher
order mode separation yields F = 11379, while using Lgeom,0 = 9.2 µm from the fit
to white light transmission peaks yields F = 16821. As a point of comparison, the
finesse calculated using Eq. (2.3) is F = 11199, which seems to indicate that the fit
to higher order mode separation provides an accurate estimate of the cavity length
while the fit to white light transmission peaks underestimates it.

Figure 4.17 shows both the finesse calculated using Eq. (2.3) as in Fig. 4.10 and
the finesse calculated from Eq. (2.2) using the cavity length estimated from the fit to
higher order separation, as a function of cavity length. The two values of finesse are
in good general agreement over the whole range of cavity lengths, with the finesse
estimated from the cavity length looking smoother. This is expected since the finesse
estimated from the FSR is more sensitive to nonlinearities in the displacement of the
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FIGURE 4.16: (a,b): cavity reflection and transmission around a fun-
damental resonance, corresponding to the first row in Fig. 4.14. The
blue and green dashed lines are fits to the experimental data using

one or three pseudo-Voigt lineshapes, respectively.
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piezoelectric element, to noise in the voltage ramp and to small variations in the cav-
ity length due to mechanical instabilities, as previously pointed out in [108]. In light
of these observations, we favor the finesse estimated using the cavity length when
available, but fall back to the fairly accurate estimate from FSR when necessary.

4.3.4 Stabilizing the fiber cavity

Here we describe the stabilization of the fiber cavity to the laser frequency using the
Pound-Drever-Hall technique. The experimental data presented in this subsection
were acquired in the cavity block described above, operated on the tabletop, with
fiber 197 as the input fiber and fiber 262 as the transmission fiber.

0.10

0.15

0.20

0.25

PD
r (

V)

(a)

1 peak fit
3 peaks fit

0.30625 0.30650 0.30675 0.30700 0.30725 0.30750 0.30775 0.30800
piezo (V)

0.4

0.2

0.0

0.2

0.4

PD
H

 (V
)

(b)

FIGURE 4.18: Cavity scan around a fundamental resonance. (a): cav-
ity reflection signal. The blue and green dashed lines are fits using one
or three pseudo-Voigt lineshapes, respectively. (b): Q quadrature of
the Pound-Drever-Hall error signal as measured by the lock-in ampli-
fier . The green dashed line is a fit to the imaginary part of Eq. (1.32).

The Pound-Drever-Hall error signal, generated following the procedure outlined
in Section 2.2.3 and measured during a cavity scan, is plotted in Fig. 4.18 alongside
the cavity reflection signal. The error signal matches the expected PDH response
very well, as evidenced by the fit to Eq. (1.32) shown in Fig. 4.18(b), which uses
the values of the fit to the cavity reflection, with the only two fit parameters being
a scaling factor and a shift in the center detuning. We attribute the shift in center
detuning to delay in the electronics.

The results of a response analysis characterization of the system are shown in
Fig. 4.19. The vector network analyzer module of the PyRPL GUI is used to drive the
system at a frequency that is ramped between 0.5 kHz and 20 kHz while recording
the magnitude and phase of the system response at this frequency. The drive is
added to the feedback signal sent to the ring piezo.
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with IIR filter applied. (a, b): magnitude and phase of the response.

(c, d): zoom ins on the first system resonances in (a, b).

This measurement is first performed with the system in quasi open-loop config-
uration. In this configuration, the feedback signal sent to the ring piezo is low-pass
filtered at 10 Hz so as to only cancel low-frequency drifts of the cavity resonance. The
magnitude and phase of the system response detected in the error signal, shown in
red in Fig. 4.19, is a measure of the mechanical transfer function of the closed-loop
system. The first system resonances are a group of three resonances around 1 kHz,
which we tentatively attribute to resonances in the stepper positioners which are
expected in this frequency range. The next major resonances appear starting from
6 kHz, which we tentatively attribute at least in part to the cantilever mode of the
fiber mirrors, which is expected in this frequency range due to the fibers protruding
by about 4 mm from the ferrules in which they are glued.

The system resonances strongly hinder the cavity lock, heavily reducing the lock
bandwidth and the maximum achievable gain due to any feedback at these frequen-
cies driving the system. We use an Infinite Impulse Response (IIR) filter to cancel the
system resonances in the feedback signal before sending it to the ring piezo. The IIR
filter is designed in the IIR module of the PyRPL GUI by manually placing zeros and
poles in order to obtain a filter that is as close to the inverse of the system transfer
function as possible (shown in blue in Fig. 4.19).

The measurement is then performed in closed-loop configuration, with the feed-
back signal being sent to the ring piezo after application of the IIR signal and low-
pass filtering at high frequency. The closed-loop system response, detected in the
IIR filtered error signal and shown in green in Fig. 4.19, exhibits heavily attenuated
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resonances. We roughly estimate a lock bandwidth of 6 kHz, corresponding to the
frequency at which the phase crosses −π. A more in-depth investigation of the sys-
tem transfer function and of the lock performance is currently underway.
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FIGURE 4.20: (a, b): closed-loop cavity transmission as a function
of time, for short and long timescales respectively. The dashed line
corresponds to half of the cavity maximum transmission. (c, d): cor-

responding PDH error signal.

The stability of the closed-loop transmission signal is demonstrated in Fig. 4.20,
where the cavity detuning stays within 10 % of the maximum cavity transmission for
the duration of the measurement. Considering a typical cavity linewidth of 50 pm,
we estimate the locked cavity to be stable to within 5 pm. We observed this to re-
main true on much longer timescales, and the lock to remain stable for many hours
without a re-locking system.

4.3.5 Estimating the mechanical stability

Here we present the results of a preliminary study of the mechanical stability of the
experimental platform under some of the experimental conditions presented above.

Mechanical noise within the experimental platform is most obvious when look-
ing at the high finesse optical cavity behavior, and is most detrimental to our ability
to stabilize it. More specifically, the optical cavity is most sensitive to displacement of
the fiber mirrors along the cavity axis, which induces variations in the cavity length
and thus in the detuning between the cavity and the fixed laser. Lateral motion of the
fiber mirrors comes in as a second order effect, resulting in a misalignment of the op-
tical cavity which induces variation in the maximum transmission (resp. minimum
reflection) at resonance, but also small variations in the cavity length. The cavities
studied here have a rather small linewidth of around 50 pm in terms of length due to
their relatively high finesse of about 10000. This makes it technically challenging to
perform a quantitative characterization of the displacement noise of the fiber mirrors
since the cavity is a highly nonlinear transducer of any motion on the order of 50 pm
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or more, as noted in [74]. Our goal is to reduce noise sources, to increase the shield-
ing of the probe from those noise sources and to dampen mechanical vibrations of
the probe until the cavity is stable enough to be actively stabilized to the laser using
the PDH error signal. A PDH lock can usually be achieved when the position of
the cavity resonance is stable to within the cavity linewidth or less. In order to get
a rough estimate of the cavity stability, we perform repeated cavity scans around a
fundamental resonance. Assuming that run to run variations in the position of the
resonance peak are dominated by variations in the length of the cavity and not for
instance to the repeatability of the displacement of the piezoelectric element used
for the scan, this measurement should provide a rough estimate of the mechanical
stability of the fiber cavity.
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FIGURE 4.21: Repeated cavity scans around a fundamental reso-
nance, under different experimental conditions. (out,RP,RT,0T): probe
at room pressure and room temperature, insert fixed outside of the
cryostat. (in,HV,4K,0T): probe in high vacuum at 4 K, insert inside
the cryostat, magnet off. (in,HV,4K,2T): probe in high vacuum at 4 K,

insert inside the cryostat, magnet set to 2 T.

This measurement was performed under three of the different experimental con-
ditions previously listed: with the probe at room pressure and room temperature
with the insert fixed outside of the cryostat (RP,RT,0T), with the probe in high vac-
uum at 4 K with the insert inside the cryostat and the magnet off (HV,4K,0T), and in
the same conditions but with the magnet set to 2 T (HV,4K,2T). The repeated cavity
scans are shown in Fig. 4.21, with the detuning axis centered around the mean reso-
nance position and normalized to the cavity linewidth. Figure 4.21 provides a visual
representation of the variations of the cavity resonance. The fact that there is a very
clear effect of experimental conditions on the results of the measurement indicates
that they are indeed a major source of run to run variations in the position of the
resonance.

A statistical analysis of the run to run variations in the position of the resonance
is presented in Fig. 4.22. The standard deviation of the position of the resonance
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FIGURE 4.22: Statistical analysis of the data in Fig. 4.21. (a): vi-
olin plot showing the spread of the resonance positions. (b): bar
plot showing the standard deviation of the resonance positions under
the different experimental conditions considered. (RP,RT,0T): probe
at room pressure and room temperature, insert fixed outside of the
cryostat. (HV,4K,0T): probe in high vacuum at 4 K, insert inside the
cryostat, magnet off. (HV,4K,2T): probe in high vacuum at 4 K, insert

inside the cryostat, magnet set to 2 T.

plotted in Fig. 4.22(b) provides a rough estimate of the amplitude of the mechanical
noise, which is conveniently expressed in terms on the cavity linewidth. Transfer-
ring the insert from (RP,RT,0T) to (HV,4K,0T) leads to an improvement of the cavity
stability from 8 to 3 times the cavity linewidth, which we tentatively attribute to ei-
ther the increase in shielding from seismic noise of the passive vibration isolation
stage or to the decrease in the sensitivity of the piezoelectric elements to voltage
noise at 4 K. Increasing the magnetic field in the cryostat to 2 T leads to a further im-
provement of the cavity stability to less than 1 cavity linewidth, which we attribute
to a strong damping of the motion of the bottom copper plate by eddy currents.

Since this preliminary data was taken, we have discovered that electronic noise in
the voltage sent to the piezoelectric positioners contributed significantly to the vibra-
tions experienced by the fiber mirrors. The deformation coefficient of the piezoelec-
tric stack in the stepper positioners is 50 pm · mV−1 at room temperature, and 5 pm ·
mV−1 at 4 K. The specified output noise of the ANM300 amplifiers is <5 mV, which
corresponds to a displacement of the fiber mirror by 5 times the cavity linewidth
at room temperature, and 0.5 times the cavity linewidth at 4 K. Electronic filters
designed and built by the electronics workshop of the Physics Department of the
University of Basel are now used to decrease the voltage noise, resulting in a vast
improvement in the stability of the optical cavity, in particular at room temperature.
During our investigation of electronic noise in the system, several ground loops have
also been found and eliminated.

We are now carrying out a more systematic study of the mechanical noise in the
improved system under the different experimental conditions, and of the quality of
the lock in those conditions. Possible sources of noise are either external to the probe
such as seismic noise, acoustic noise, helium boiloff or internal to the probe such as
voltage noise to the piezo elements, or thermal motion of the fiber mirrors. We cur-
rently believe that acoustic noise is one of the most impactful sources of noise, since
the cavity is particularly sensitive to people talking in the lab, leading to noise at
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around 400 Hz which could correspond to acoustic resonances of the room. Possi-
ble mitigation strategies include improvements to the acoustics of the lab and to the
acoustic shielding of the experimental platform. We also expect that thermal motion
of the fibers will come to limit the performance of our lock due to the low frequency
of their cantilever mode. We are planning to produce new fiber mirrors which pro-
trude less from the ferrules, which would lead to an increase in the frequency of
their cantilever mode and a reduced amplitude of their thermal motion.
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Chapter 5

Fiber-Based
Membrane-in-the-Middle
Optomechanics with hBN

In parallel to our work on the experimental platform, we identified hexagonal boron
nitride (hBN) as a promising material to be used as the hybrid mechanical resonator.
In this chapter we discuss the sample design and fabrication, and present early ex-
perimental characterization of the optomechanical interaction between an hBN me-
chanical resonator and the optical cavity described in the previous chapter.

5.1 hBN as a Hybrid Mechanical Resonator

Motivated by the growing interest in hBN as a host material for bright strain-coupled
quantum emitters [61] and for optomechanics [22, 65, 132], we decided to investigate
hBN flakes for our hybrid mechanical resonators. Our goal is to generate interesting
experimental results about the vibrational properties of hBN while our experiment
is maturing towards studying hybrid optomechanical effects. In this section we dis-
cuss the design and fabrication of the hBN hybrid mechanical resonator.

5.1.1 Designing the hBN hybrid mechanical resonator

We fabricate suspended hBN drum mechanical resonators by transferring a exfoli-
ated hBN flake on top of a 200 nm-thick pre-patterned holey SiN membrane centered
within a 200 µm-thick silicon frame1, as illustrated in Fig. 5.1. The Norcada frames
are ideally suited for our experimental platform since the thin SiN membrane and
the backside cavity allow a short fiber cavity to be formed around the sample, in
addition to the frames being convenient to mount and to handle, and commercially
available. Here we discuss the design parameters for such devices.

The main selection parameter for the hBN flake is its thickness, which determines
its reflectivity and plays a role in determining the resonance frequencies and zero-
point fluctuation amplitude of the drum mechanical resonator. The main design
parameters for the SiN membrane are its dimensions and intrinsic stress, which de-
termine its mechanical resonance frequencies, and the diameter of the holes, which
plays a role in determining the resonance frequencies and zero-point fluctuation
amplitude of the drum mechanical resonator. Key figures of merit considered for
the design of the hBN drum mechanical resonators were their fundamental reso-
nance frequency and bare optomechanical coupling strength g0 = G xzpf, where
xzpf =

√︁
h̄/(2 meff Ωm) is the zero-point fluctuation amplitude.

1Norcada micro-porous range of membranes
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100 μm

FIGURE 5.1: (a): drawing of a standard Norcada SiN membrane
(adapted from www.norcada.com). (b): optical microscope picture of
a hBN flake transferred onto a Norcada NH050D2019 micro-porous

SiN membrane with 20 µm-diameter holes (sample HS10).
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FIGURE 5.2: (a,c,d): predicted fundamental mechanical resonance
frequency, zero-point fluctuation amplitude, and bare optomechan-
ical coupling rate of an hBN drum as a function of drum diameter
Ddrum and thickness dm. (b): power reflectivity of few-layer hBN as a
function of thickness and wavelength. Estimated values for samples
HS10 and HS12 are shown as up and down white triangles, respec-
tively. The white dashed curves are isocurves, labeled with their cor-

responding value.
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The estimates for these figures of merit are plotted as a function of the diame-
ter and thickness of the hBN drum in Fig. 5.2, with thickness taken between 0.33
and 330 nm, corresponding to 1 to 1000 layers. The values of material properties
were taken from [64], and G was calculated numerically using the coupling matrix
method introduced in Section 1.2.2. The highest optomechanical coupling strength
is obtained by optimizing for high mechanical frequency, low mass and large reflec-
tivity. The values which correspond to the two samples discussed in this chapter are
highlighted with markers. Sample HS10 was fabricated on a commercially available
Norcada NH050D2019 micro-porous membrane with 20 µm-diameter holes. Sample
HS12 was fabricated on a custom Norcada micro-porous membrane which features
high stress (900 MPa) stoichiometric SiN, 30 µm-diameter holes and a smaller win-
dow size.

For the second generation HS12 sample, we made an effort to separate the me-
chanical resonance frequencies of the hBN drum and of the SiN membrane, which
we suspect could be overlapping in the case of sample HS10, preventing easy iden-
tification and study of the hBN drum modes. To this end we designed and ordered
a set of custom holey membranes from Norcada which use high-stress SiN, have
smaller window size and have larger holes. As a result the frequency of the SiN
membrane modes is expected to increase while the frequency of the hBN drum
modes should decrease compared to HS10.

5.1.2 Fabricating and mounting the hBN hybrid mechanical resonator

Here we describe the process through which the devices are fabricated, and how
they are mounted in the experimental platform. Since sample fabrication was carried
out by David Jaeger and will be described in detail in his upcoming PhD dissertation,
only a brief summary is given here. Efforts related to creating single photon emitters
in the hBN flakes and localizing them deterministically within the drum are ongoing
and will be discussed in David Jaeger’s dissertation.

The fabrication process starts with the exfoliation of hBN flakes from bulk hBN
crystals2 onto a Si/SiO2 substrate by the scotch-tape technique. Candidate flakes
are identified under an optical microscope, giving preference to large flakes with no
visible steps or wrinkles and a thickness between 70 and 100 nm (estimated from
the color on SiO2[133]). The substrate is then spin coated with PMMA, the SiO2
layer is etched away in 2M NaOH, leaving a PMMA membrane with hBN flakes
attached to it. Using a micromanipulator, a wet transfer technique is then used to
precisely position the target hBN flake on top of the central hole of a Norcada holey
membrane. The PMMA is finally dissolved in acetone, completing the fabrication
process (see Fig. 5.1(b)).

A custom titanium carrier was designed to mount the samples in the experimen-
tal platform. The sample is glued to this carrier, which is then attached to the dove-
tail assembly introduced in Section 4.1.2. The design of the carrier and the sample
gluing process (illustrated in Fig. 5.3) take into account previous reports associating
contact surface between glue and the sample to a decrease in mechanical Q factor
[134, 135]. The cutouts in the carrier minimize the contact points with the sample
and prevents the glue from spreading. The gluing process is carried out under an
optical microscope with the sample firmly pinned against the titanium carrier by a
rounded-point scribe, preventing the glue from flowing under the sample and thus

2HQ graphene
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0.5 mm

FIGURE 5.3: (a): Norcada holey membrane being glued to the custom
titanium carrier. (b): view from below of the resulting assembly.

ensuring the sample rests flat on the carrier. Three small drops of UV glue3, pre-
cured to increase its viscosity, are applied to the corners of the sample in contact
with the carrier before being fully cured under UV light. The cross-section of the
glue points can be seen in Fig. 5.3(b).

5.2 Optomechanics with an hBN Mechanical Resonator in
the Fiber Cavity

In this section we first describe how the hBN mechanical resonator is inserted in
the fiber cavity and how the resulting MIM optomechanical system is operated. We
then discuss the characterization of the dispersive and dissipative optomechanical
coupling in a static measurement. The results presented in this section were obtained
using fibers 197 and 262 and sample HS10.

5.2.1 System alignment and sample navigation

In order to form the MIM optomechanical system, the Norcada holey membrane
must be inserted in the fiber cavity, its position relative to the two fiber mirrors must
be tuned, and the hBN mechanical resonator must be positioned within the cavity
mode.

For inserting the membrane within the fiber cavity, we follow a procedure similar
to the one described in [58]. Started from an aligned cavity, the fiber mounted on
the z stepper is retracted by about 2 mm and the dovetail assembly to which the
sample is mounted is inserted into the experimental platform so that the membrane
is between the two fiber mirrors. Using a usb microscope, and with the HeNe laser
coupled into the cavity input fiber, the membrane is roughly centered laterally on
the red laser spot and brought close to the input fiber mirror. Using the white-light
interferometry technique described in Section 4.3.3, with the membrane acting as
the second mirror, the distance between the input fiber mirror and the membrane is
tuned to the desired value, usually about 15 µm. The output fiber mirror can then
be brought back in, entering the backside cavity of the Norcada holey membrane. A
camera picture of the experimental platform at this step in the process in shown in
Fig. 5.5(a).

3Norland Optical Adhesive NOA 65
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10 μm

FIGURE 5.4: (a): pre-aligned MIM system. (b): microscope picture
of the hBN drum mechanical resonator on sample HS10, rotated and
flipped to match membrane scanner maps in Figs. 5.5 and 5.6. The

red dashed square corresponds to the scanning area.

With the membrane close to the input fiber mirror and the output fiber mirror
close enough, the reflection and transmission of the HeNe laser can be monitored
while the lateral position of the membrane is scanned using a combination of step-
ping with the xy steppers and scanning with the xy scanner. For large scale nav-
igation on the membrane we avoid making maps using both the x and y steppers
because repetitively stepping back and worth leads to unwanted behavior [136]; in-
stead, we typically make maps by stepping in x and scanning in y or vice versa. We
use this navigation technique to locate the hBN drum resonator, and fine tune the
sample position by making xy scanner maps, manually stepping the xy steppers in-
between maps. Figure 5.5 shows a membrane scanner map of the transmission and
reflection of the HeNe laser. The map area corresponds to the red dashed square in
Fig. 5.4(b), and includes a partly empty hole, SiN, hBN on SiN and a full hBN drum,
as highlighted in the figure. The interference pattern that appears in the reflective
areas is caused by the axes of the scanner not being perfectly perpendicular to the
cavity axis.

With the sample map available, we form an empty cavity again by moving to a
membrane hole, so that the cavity alignment can be fine-tuned. The cavity length is
tuned to the desired value using the white-light interferometry technique.

With the input fiber mirror connected to the laser system, we perform continu-
ous scans of the cavity length and optimize the lateral alignment of the cavity. At
this point the distance between the membrane and both fiber mirrors is known, and
the cavity is operational. Figure 5.6 shows a membrane scanner map of the res-
onant cavity transmission and reflection, acquired by performing a cavity scan at
each point of the membrane scan and selecting the value of transmission and reflec-
tion at resonance. The cavity is undisturbed within the hole, and cavity signal can
be found in other areas where clipping losses are small, namely the center of the
hBN drum and the center of the hBN/SiN pads. The peak cavity signal in those
areas is significantly weaker and displays a complex structure which seems to echo
the interferometric pattern found in Fig. 5.5. Even though the fine points of this
measurement require more in-depth investigation, Fig. 5.6 shows that a MIM sys-
tem can be formed around the suspended hBN drum, as well as around the SiN and
hBN/SiN areas of the membrane.
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FIGURE 5.5: (a,b): xy sample scanner maps of the reflection and
transmission of the HeNe laser. Dashed circles are guides for the
eye highlighting holes in the SiN membrane. The green circle cor-
responds to the hBN drum, the blue circle corresponds to the empty

hole. The dashed line white indicates the edge of the hBN flake.
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FIGURE 5.6: (a,b): xy sample scanner maps of the reflection and
transmission signal of the cavity at resonance. Dashed circles are
guides for the eye highlighting holes in the membrane. The red circle
corresponds to the hBN drum, the purple circle corresponds to the
empty hole. The dashed line is a guide for the eye indicating the edge

of the hBN flake.



5.2. Optomechanics with an hBN Mechanical Resonator in the Fiber Cavity 83

1.25 1.50 1.75 2.00 2.25 2.50 2.75
membrane piezo (V)

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6
ca

vi
ty

 p
ie

zo
 (V

)

40

41

42

43

44

45

46

47

48
VPDt (mV)

FIGURE 5.7: Resonance spectrum of the MIM system as a function
of membrane z position. The green markers correspond to the funda-

mental resonance which properties are plotted in Fig. 5.8.

5.2.2 Static dispersive and dissipative optomechanical coupling

The dispersive and dissipative optomechanical coupling strength in a MIM system
can be characterized statically by measuring the changes in cavity resonance fre-
quency and losses as the position of the membrane within the cavity is varied in
the longitudinal direction. Here we present the results of such a measurement, per-
formed with the hBN drum centered laterally within the cavity mode.

The data shown in Fig. 5.7 was acquired with the membrane scanner set to the
middle of the red dashed circle in Fig. 5.6, placing the suspended hBN drum in the
middle of the fiber cavity. Cavity scans were taken and the voltage sent to the piezo
controlling the z position of the membrane was increased between each scan. A
subset of the acquired data is plotted in Fig. 5.7, selected to show three consecu-
tive fundamental resonances of the cavity and four periods of the dependence on
the position of the membrane, and with each cavity scan gaussian filtered for visual
clarity. The position of the fundamental resonance exhibits a significant periodic de-
pendence on the membrane position, which is the signature of dispersive optome-
chanical coupling. We believe the jumps in the position of the fundamental reso-
nance observed at regularly spaced membrane positions might be due to coupling
to higher order modes, which otherwise faintly appear in the data. More in-depth
investigations are currently underway.

In order to characterize the dispersive and dissipative optomechanical coupling,
the position and linewidth of a fundamental resonance tracked across cavity scans
(green markers in Fig. 5.7) are extracted. The variations in resonance position nor-
malized by the FSR are fitted to Eq. (1.91), with |rm|, ϕr, and a linear conversion
scale for the zm axis as fit coefficients. The variations in resonance position and in
resonance linewidth are then differentiated with respect to zm to obtain the disper-
sive effect and the dissipative effect of the membrane position. Figure 5.8 shows
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FIGURE 5.8: (a-d): resonant length, dispersive effect, linewidth, and
dissipative effect as a function of the membrane position. The blue
curve in (a) is the best fit to the data using Eq. (1.91). The blue curve

in (b) is the derivative of the blue curve in (a).

the results of this data analysis procedure. The good quality of the fit to Eq. (1.91)
displayed in Fig. 5.7(a) confirms that the dispersive behavior of the MIM system
matches the theoretical expectations. The fit value for |rm| is 0.36, significantly lower
than the expected value of 0.63 for 70 nm-thick hBN at 920 nm. The large dissipative
coupling is unexpected since optical absorption in hBN is vanishingly small, and the
two fiber mirrors have identical reflection coefficients. We believe it is due to mem-
brane tilt, leading to part of the light reflected by the membrane being scattered out
of the cavity mode. Membrane tilt is likely to be present considering the design of
the experimental platform, and would also explain the reduced |rm|, as well as the
strong reduction of finesse from the empty cavity finesse (4000 to 400). However, we
cannot presently rule out issues with the surface quality of the hBN flake, or contam-
ination of the sample. We are currently planning a modification of the experimental
platform in order to allow for the tip and tilt of the sample to be tuned, which will
make it possible to investigate the matter further.

The asymmetric behavior of the variations in resonance position is due to the
cavity scanning scheme, where only the output fiber mirror is displaced. In contrast,
when both mirrors are scanned symmetrically around the membrane, a symmetric
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behavior of the variations in resonance position is observed [60]. This effect of the
cavity scanning scheme leads to the asymmetry of the dispersive effect around zero
observed in Fig. 5.8, which could be interpreted as a boost in the dispersive optome-
chanical coupling. However, due to the membrane being roughly positioned in the
middle of the optical cavity, we expect the variation in resonance frequency to have a
symmetric behavior as shown in Fig. 1.10. Because of this discrepancy in cavity res-
onance condition when expressed in terms of cavity length or in terms of frequency,
caution should be exercised when quoting the value for dispersive and dissipative
optomechanical coupling from the dispersive and dissipative effects measured by
performing cavity scans. This issue is specific to MIM systems and has been treated
lightly in recent works. In [85], the membrane is close to the input mirror and the
cavity scan is performed using the output mirror, making the measured asymmetric
behavior of the variations in resonance position match the expected asymmetric be-
havior of the resonance frequency. In [60], the membrane is close to the middle of the
optical cavity and the cavity scan is performed by scanning the mirrors symmetri-
cally around the membrane, making the measured symmetric behavior of the varia-
tions in resonance position match the expected symmetric behavior of the resonance
frequency. Potential errors in the conversion between the dispersive effect measured
from cavity scans and the dispersive optomechanical coupling G = dω/dz have not
been discussed. We are currently working on measuring the dispersive and dissi-
pative optomechanical coupling from laser frequency scans, which is more involved
experimentally since it requires the cavity length to be actively stabilized.

In order to estimate the dispersive optomechanical coupling, we insert the re-
sults of the fit in 1.93 and differentiate with respect to zm, leading to a maximum
dispersive coupling |G|/(2π) = 5.9 GHz · nm−1. This value is only slightly lower
than the predicted value of 9.3 GHz · nm−1, and we believe the discrepancy to be at
least partly explained by sample tilt as discussed previously.

Similar results have been obtained with the MIM system formed around a SiN
region.

5.2.3 Dynamical optomechanics

Properties of the MIM system that have yet to be characterized are the frequency
and quality factor of the mechanical resonances of the hBN drum resonator and the
amplitude of their zero-point fluctuations.

We are currently performing driven response measurements using the shaker
piezo to parametrically drive the mechanical resonances of the hBN drum and SiN
membrane in order to access those quantities. Once the mechanical frequency of the
drum mode is found, we aim to characterize the dynamical optomechanical interac-
tion in the MIM system by measuring the optical spring and damping effects and by
performing OMIT measurements.
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Conclusion and Outlook

During the present thesis work, we successfully designed, assembled and character-
ized an experimental platform built around a fiber-based membrane-in-the-middle
optomechanical system.

We fabricated fiber mirrors with a geometry optimized for realizing hybrid op-
tomechanical systems in the membrane-in-the-middle configuration [68]. We formed
Fabry-Perot cavities between these fiber mirrors, held in a titanium cage that we
specially designed for operating the MIM system within a 4He bath cryostat and in
high vacuum, while maintaining both a high level of tunability and a high level of
mechanical stability. We characterized the optical properties of these fiber cavities
extensively, showing that they can be operated in a widely tunable range of cavity
lengths (10 to 100 µm), and that they retain their maximum finesse on the order of
10 000 between 10 and 35 µm. At a typical cavity length of 30 µm cavity, we esti-
mate a mode waist on the order of 3 µm and a mode volume on the order of 250λ3,
which compares well to the state-of-the-art system demonstrated in [60]. Further-
more, we were able to stabilize the length of our FFPC cavity to within 5 pm (or 10 %
of the cavity linewidth) using the Pound-Drever-Hall technique [69]. The lock has a
bandwidth on the order of 10 kHz and remains stable for many hours, both at room
temperature and at 4 K, which to the best of our knowledge has not been demon-
strated yet in a high finesse tunable fiber Fabry-Perot cavity. State-of-the-art fiber
Fabry-Perot cavities are either using a low finesse cavity [58], not operating at cryo-
genic temperatures [51, 60, 137], not tunable in-situ [137, 138], or unable to maintain
the lock for extended periods of time at cryogenic temperatures [138, 139].

The optical properties of our fiber cavities are currently limited by the mirror
coating designed for a finesse of 15000, and we believe that the lock bandwidth
is limited by the low frequency cantilever mode of the overhanging fiber mirrors.
We therefore expect to further improve the optical properties of our system in the
near future by fabricating new fiber mirrors and having an ultra-low loss coating
deposited onto their tip. This should lead to a reduction in the cavity linewidth
from κ/(2π) ≈ 500 MHz to 50 MHz. Using larger ferrules to hold the fibers should
also avoid the overhang issue.

In parallel to the development of the experimental platform, we fabricated hBN
drum micromechanical resonators on SiN holey membranes. We inserted these mi-
cromechanical resonators in the middle of the fiber cavity, realizing a functional
membrane-in-the-middle optomechanical system in which the membrane can be
freely positioned and scanned laterally. We observed the dispersive and dissipative
effect of the hBN drum on the resonance of the MIM system. Based on this mea-
surement, we estimate a linear dispersive optomechanical coupling on the order of
6 GHz · nm−1, which again compares well to [60]. It is however associated with a
strong dissipative optomechanical coupling, and a significant reduction of the cav-
ity finesse when the hBN flake is within the cavity. We expect to be able to elucidate
the origin of the dissipative coupling by implementing a way to tune the tip and tilt
of the membrane within the cavity.
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Our immediate next step will be to finalize the acquisition of a clean set of mea-
surements demonstrating the optical properties and the mechanical stability of our
fiber cavity platform, which is to be integrated in our upcoming publication [69]. It
is interesting to note that, based on the estimated value of the mode waist, we expect
to measure a near-perfect mode-matching efficiency to the cavity mode |α|2, limited
by the concentricity between the crater defining the mirror and the fiber core.

Our following step will be to observe dynamical optomechanical effects in the
MIM system, and in particular to measure its OMIT response. Based on our estima-
tion of the linear dispersive optomechanical coupling with the hBN drum, and using
the values from [64] to calculate Ωm, xzpf, and Γm, we predict a single photon op-
tomechanical coupling rate g0/(2π) ≈ 50 kHz for the fundamental drum resonance
at Ωm/(2π) ≈ 3 MHz. Note that this prediction is based on a very modest mechan-
ical quality factor of 100, which should potentially reach higher values similar to
those obtained with graphene [22, 62, 63]. Studying the dynamical optomechanical
effects with the hBN drum in our MIM system should provide valuable data on the
mechanical properties of hBN, and may help answer some of the open questions
about the dynamics of 2D material membranes [66].

The completion of this step will fully demonstrate the viability of our experi-
mental platform as a testbed for hybrid optomechanical system. Once we succeed
in deterministically localizing single photon emitters within the hBN drum, we will
measure the impact of a quantum emitter positioned within the hBN drum on its
OM interaction with the cavity field [34, 140, 141].

Finally, we believe that due to its high sensitivity and its versatility, the exper-
imental platform introduced here is suitable for studying a very broad array of
nanomechanical resonators such as for example : silicon carbide nanowires [21],
nanowires with embedded emitters [46], carbon nanotubes [20], magnetic 2D mate-
rials [142], or functionalized membranes [143].
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Imamoğlu, and T. Volz. “Polariton Boxes in a Tunable Fiber Cavity”. In: Physi-
cal Review Applied 3.1 (Jan. 28, 2015), p. 014008. DOI: 10.1103/PhysRevApplied.
3.014008 (cit. on pp. 2, 42).

[53] J. Benedikter, H. Kaupp, T. Hümmer, Y. Liang, A. Bommer, C. Becher, A.
Krueger, J. M. Smith, T. W. Hänsch, and D. Hunger. “Cavity-Enhanced Single-
Photon Source Based on the Silicon-Vacancy Center in Diamond”. In: Physical
Review Applied 7.2 (Feb. 28, 2017), p. 024031. DOI: 10.1103/PhysRevApplied.
7.024031 (cit. on pp. 2, 40).

[54] J. Gallego, W. Alt, T. Macha, M. Martinez-Dorantes, D. Pandey, and D. Meschede.
“Strong Purcell Effect on a Neutral Atom Trapped in an Open Fiber Cavity”.
In: Physical Review Letters 121.17 (Oct. 23, 2018), p. 173603. DOI: 10.1103/
PhysRevLett.121.173603 (cit. on pp. 2, 39, 42).

[55] H. Takahashi, E. Kassa, C. Christoforou, and M. Keller. “Strong Coupling of a
Single Ion to an Optical Cavity”. In: Physical Review Letters 124.1 (Jan. 2, 2020),
p. 013602. DOI: 10.1103/PhysRevLett.124.013602 (cit. on pp. 2, 39, 42).

[56] I. Favero, S. Stapfner, D. Hunger, P. Paulitschke, J. Reichel, H. Lorenz, E. M.
Weig, and K. Karrai. “Fluctuating Nanomechanical System in a High Finesse
Optical Microcavity”. In: Optics Express 17.15 (July 20, 2009), pp. 12813–12820.
DOI: 10.1364/OE.17.012813 (cit. on pp. 2, 42).

[57] N. E. Flowers-Jacobs, S. W. Hoch, J. C. Sankey, A. Kashkanova, A. M. Jayich,
C. Deutsch, J. Reichel, and J. G. E. Harris. “Fiber-Cavity-Based Optomechan-
ical Device”. In: Applied Physics Letters 101.22 (Nov. 26, 2012), p. 221109. DOI:
10.1063/1.4768779 (cit. on pp. 2, 42).

[58] H. Zhong et al. “A Millikelvin All-Fiber Cavity Optomechanical Apparatus
for Merging with Ultra-Cold Atoms in a Hybrid Quantum System”. In: Re-
view of Scientific Instruments 88.2 (Feb. 1, 2017), p. 023115. DOI: 10.1063/1.
4976497 (cit. on pp. 2, 42, 80, 87).

[59] A. B. Shkarin, A. D. Kashkanova, C. D. Brown, S. Garcia, K. Ott, J. Reichel, and
J. G. E. Harris. “Quantum Optomechanics in a Liquid”. In: Physical Review
Letters 122.15 (Apr. 15, 2019), p. 153601. DOI: 10.1103/PhysRevLett.122.
153601 (cit. on pp. 2, 40, 42).

https://doi.org/10.1103/PhysRevLett.110.043003
https://doi.org/10.1088/1367-2630/15/4/045002
https://doi.org/10.1088/1367-2630/15/4/045002
https://doi.org/10.1103/PhysRevLett.110.243602
https://doi.org/10.1103/PhysRevLett.110.243602
https://doi.org/10.1063/1.4838696
https://doi.org/10.1103/PhysRevApplied.3.014008
https://doi.org/10.1103/PhysRevApplied.3.014008
https://doi.org/10.1103/PhysRevApplied.7.024031
https://doi.org/10.1103/PhysRevApplied.7.024031
https://doi.org/10.1103/PhysRevLett.121.173603
https://doi.org/10.1103/PhysRevLett.121.173603
https://doi.org/10.1103/PhysRevLett.124.013602
https://doi.org/10.1364/OE.17.012813
https://doi.org/10.1063/1.4768779
https://doi.org/10.1063/1.4976497
https://doi.org/10.1063/1.4976497
https://doi.org/10.1103/PhysRevLett.122.153601
https://doi.org/10.1103/PhysRevLett.122.153601


94 Bibliography

[60] F. Rochau, I. Sánchez Arribas, A. Brieussel, S. Stapfner, D. Hunger, and E. M.
Weig. “Dynamical Backaction in an Ultrahigh-Finesse Fiber-Based Microcav-
ity”. In: Physical Review Applied 16.1 (July 7, 2021), p. 014013. DOI: 10.1103/
PhysRevApplied.16.014013 (cit. on pp. 2, 25, 42, 61, 85, 87).

[61] T. T. Tran, K. Bray, M. J. Ford, M. Toth, and I. Aharonovich. “Quantum Emis-
sion from Hexagonal Boron Nitride Monolayers”. In: Nature Nanotechnology
11.1 (Jan. 2016), pp. 37–41. DOI: 10.1038/nnano.2015.242 (cit. on pp. 2, 77).

[62] A. Castellanos-Gomez, V. Singh, H. S. J. van der Zant, and G. A. Steele. “Me-
chanics of Freely-Suspended Ultrathin Layered Materials”. In: Annalen der
Physik 527.1-2 (Jan. 1, 2015), pp. 27–44. DOI: 10.1002/andp.201400153 (cit. on
pp. 2, 88).

[63] A. Falin et al. “Mechanical Properties of Atomically Thin Boron Nitride and
the Role of Interlayer Interactions”. In: Nature Communications 8.1 (June 22,
2017), p. 15815. DOI: 10.1038/ncomms15815 (cit. on pp. 2, 88).

[64] X.-Q. Zheng, J. Lee, and P. X.-L. Feng. “Hexagonal Boron Nitride Nanome-
chanical Resonators with Spatially Visualized Motion”. In: Microsystems &
Nanoengineering 3.1 (July 31, 2017). DOI: 10.1038/micronano.2017.38 (cit. on
pp. 2, 19, 79, 88).

[65] M. Abdi, M.-J. Hwang, M. Aghtar, and M. B. Plenio. “Spin-Mechanical Scheme
with Color Centers in Hexagonal Boron Nitride Membranes”. In: Physical Re-
view Letters 119.23 (Dec. 5, 2017), p. 233602. DOI: 10.1103/PhysRevLett.119.
233602 (cit. on pp. 2, 77).

[66] P. G. Steeneken, R. J. Dolleman, D. Davidovikj, F. Alijani, and H. S. J. van der
Zant. Dynamics of 2D Material Membranes. Aug. 2021. DOI: 10.1088/2053-
1583/ac152c. URL: https://doi.org/10.1088/2053-1583/ac152c (cit. on
pp. 2, 88).

[67] D. Hunger, C. Deutsch, R. J. Barbour, R. J. Warburton, and J. Reichel. “Laser
Micro-Fabrication of Concave, Low-Roughness Features in Silica”. In: AIP
Advances 2.1 (Mar. 1, 2012), p. 012119. DOI: 10.1063/1.3679721 (cit. on pp. 3,
27, 30, 39, 40).

[68] T. Ruelle, M. Poggio, and F. Braakman. “Optimized Single-Shot Laser Abla-
tion of Concave Mirror Templates on Optical Fibers”. In: Applied Optics 58.14
(May 10, 2019), pp. 3784–3789. DOI: 10.1364/AO.58.003784 (cit. on pp. 3, 27,
87).

[69] T. Ruelle, D. Jaeger, F. Fogliano, F. Braakman, and M. Poggio. “A tunable fiber
Fabry–Perot cavity for hybrid optomechanics stabilized at 4 K”. In: Review of
Scientific Instruments 93.9 (2022), p. 095003. DOI: 10.1063/5.0098140 (cit. on
pp. 3, 51, 87, 88).

[70] A. E. Siegman. Lasers. University Science Books, Jan. 1986. 1322 pp. (cit. on
p. 5).

[71] C. Bond, D. Brown, A. Freise, and K. A. Strain. “Interferometer Techniques
for Gravitational-Wave Detection”. In: Living Reviews in Relativity 19.1 (Dec. 1,
2016), p. 3. DOI: 10.1007/s41114-016-0002-8 (cit. on pp. 5, 14).

[72] R. W. P. Drever, J. L. Hall, F. V. Kowalski, J. Hough, G. M. Ford, A. J. Mun-
ley, and H. Ward. “Laser Phase and Frequency Stabilization Using an Op-
tical Resonator”. In: Applied Physics B 31.2 (June 1, 1983), pp. 97–105. DOI:
10.1007/BF00702605 (cit. on p. 9).

https://doi.org/10.1103/PhysRevApplied.16.014013
https://doi.org/10.1103/PhysRevApplied.16.014013
https://doi.org/10.1038/nnano.2015.242
https://doi.org/10.1002/andp.201400153
https://doi.org/10.1038/ncomms15815
https://doi.org/10.1038/micronano.2017.38
https://doi.org/10.1103/PhysRevLett.119.233602
https://doi.org/10.1103/PhysRevLett.119.233602
https://doi.org/10.1088/2053-1583/ac152c
https://doi.org/10.1088/2053-1583/ac152c
https://doi.org/10.1088/2053-1583/ac152c
https://doi.org/10.1063/1.3679721
https://doi.org/10.1364/AO.58.003784
https://doi.org/10.1063/5.0098140
https://doi.org/10.1007/s41114-016-0002-8
https://doi.org/10.1007/BF00702605


Bibliography 95

[73] E. D. Black. “An Introduction to Pound–Drever–Hall Laser Frequency Stabi-
lization”. In: American Journal of Physics 69.1 (Dec. 15, 2000), pp. 79–87. DOI:
10.1119/1.1286663 (cit. on p. 9).

[74] C. Reinhardt, T. Müller, and J. C. Sankey. “Simple Delay-Limited Sideband
Locking with Heterodyne Readout”. In: Optics Express 25.2 (Jan. 23, 2017),
pp. 1582–1597. DOI: 10.1364/OE.25.001582 (cit. on pp. 10, 74).

[75] J. Benedikter, T. Hümmer, M. Mader, B. Schlederer, J. Reichel, T. W. Hänsch,
and D. Hunger. “Transverse-Mode Coupling and Diffraction Loss in Tunable
Fabry–Pérot Microcavities”. In: New Journal of Physics 17.5 (2015), p. 053051.
DOI: 10.1088/1367-2630/17/5/053051 (cit. on pp. 12, 14, 17, 18, 42, 61, 67).

[76] W. B. Joyce and B. C. DeLoach. “Alignment of Gaussian Beams”. In: Applied
Optics 23.23 (Dec. 1, 1984), p. 4187. DOI: 10.1364/AO.23.004187 (cit. on pp. 12,
16).

[77] H. Kogelnik. “Coupling and Conversion Coefficients for Optical Modes”. In:
(June 1, 1964), p. 333 (cit. on p. 12).

[78] J. Gallego, S. Ghosh, S. K. Alavi, W. Alt, M. Martinez-Dorantes, D. Meschede,
and L. Ratschbacher. “High-Finesse Fiber Fabry–Perot Cavities: Stabilization
and Mode Matching Analysis”. In: Applied Physics B 122.3 (Mar. 1, 2016),
pp. 1–14. DOI: 10.1007/s00340-015-6281-z (cit. on pp. 12, 15–17, 56, 61).

[79] H. Kogelnik and T. Li. “Laser Beams and Resonators”. In: Proceedings of the
IEEE 54.10 (Oct. 1966), pp. 1312–1329. DOI: 10.1109/PROC.1966.5119 (cit. on
pp. 13, 18).

[80] D. Kleckner, W. T. M. Irvine, S. S. R. Oemrawsingh, and D. Bouwmeester.
“Diffraction-Limited High-Finesse Optical Cavities”. In: Physical Review A
81.4 (Apr. 15, 2010), p. 043814. DOI: 10.1103/PhysRevA.81.043814 (cit. on
pp. 17, 67).

[81] H. Suzuki, N. Yamaguchi, and H. Izumi. “Theoretical and Experimental Stud-
ies on the Resonance Frequencies of a Stretched Circular Plate: Application to
Japanese Drum Diaphragms”. In: Acoustical Science and Technology 30.5 (2009),
pp. 348–354. DOI: 10.1250/ast.30.348 (cit. on p. 19).

[82] S. Schmid, L. G. Villanueva, and M. L. Roukes. Fundamentals of Nanomechani-
cal Resonators. Springer, June 21, 2016. 183 pp. (cit. on p. 20).

[83] I. Favero, J. Sankey, and E. M. Weig. “Mechanical Resonators in the Middle
of an Optical Cavity”. In: Cavity Optomechanics. Quantum Science and Tech-
nology. Springer, Berlin, Heidelberg, 2014, pp. 83–119. DOI: 10.1007/978-3-
642-55312-7_5 (cit. on pp. 20, 23).

[84] A. M. Jayich, J. C. Sankey, B. M. Zwickl, C. Yang, J. D. Thompson, S. M.
Girvin, A. A. Clerk, F. Marquardt, and J. G. E. Harris. “Dispersive Optome-
chanics: A Membrane inside a Cavity”. In: New Journal of Physics 10.9 (2008),
p. 095008. DOI: 10.1088/1367-2630/10/9/095008 (cit. on pp. 20, 21).

[85] V. Dumont, S. Bernard, C. Reinhardt, A. Kato, M. Ruf, and J. C. Sankey.
“Flexure-Tuned Membrane-at-the-Edge Optomechanical System”. In: Optics
Express 27.18 (Sept. 2, 2019), pp. 25731–25748. DOI: 10.1364/OE.27.025731
(cit. on pp. 21, 85).

https://doi.org/10.1119/1.1286663
https://doi.org/10.1364/OE.25.001582
https://doi.org/10.1088/1367-2630/17/5/053051
https://doi.org/10.1364/AO.23.004187
https://doi.org/10.1007/s00340-015-6281-z
https://doi.org/10.1109/PROC.1966.5119
https://doi.org/10.1103/PhysRevA.81.043814
https://doi.org/10.1250/ast.30.348
https://doi.org/10.1007/978-3-642-55312-7_5
https://doi.org/10.1007/978-3-642-55312-7_5
https://doi.org/10.1088/1367-2630/10/9/095008
https://doi.org/10.1364/OE.27.025731


96 Bibliography

[86] C. Biancofiore, M. Karuza, M. Galassi, R. Natali, P. Tombesi, G. Di Giuseppe,
and D. Vitali. “Quantum Dynamics of an Optical Cavity Coupled to a Thin
Semitransparent Membrane: Effect of Membrane Absorption”. In: Physical
Review A 84.3 (Sept. 12, 2011), p. 033814. DOI: 10.1103/PhysRevA.84.033814
(cit. on pp. 23, 25).

[87] J. C. Sankey, A. M. Jayich, B. M. Zwickl, C. Yang, and J. G. E. Harris. “Im-
proved "Position Squared" Readout Using Degenerate Cavity Modes”. In:
Pushing the Frontiers of Atomic Physics. WORLD SCIENTIFIC, Mar. 1, 2009,
pp. 131–149. DOI: 10.1142/9789814273008_0014 (cit. on p. 23).

[88] M. Karuza, M. Galassi, C. Biancofiore, C. Molinelli, R. Natali, P. Tombesi,
G. D. Giuseppe, and D. Vitali. “Tunable Linear and Quadratic Optomechan-
ical Coupling for a Tilted Membrane within an Optical Cavity: Theory and
Experiment”. In: Journal of Optics 15.2 (2013), p. 025704. DOI: 10.1088/2040-
8978/15/2/025704 (cit. on p. 23).

[89] T. Bodiya, V. Sudhir, C. Wipf, N. Smith, A. Buikema, A. Kontos, H. Yu, and
N. Mavalvala. “Sub-Hertz Optomechanically Induced Transparency with a
Kilogram-Scale Mechanical Oscillator”. In: Physical Review A 100.1 (July 29,
2019), p. 013853. DOI: 10.1103/PhysRevA.100.013853 (cit. on p. 24).

[90] V. B. Braginskiı̌ and A. B. Manukin. “Ponderomotive Effects of Electromag-
netic Radiation”. In: Soviet Journal of Experimental and Theoretical Physics 25
(Oct. 1, 1967), p. 653 (cit. on p. 25).

[91] A. A. Clerk and F. Marquardt. “Basic Theory of Cavity Optomechanics”.
In: Cavity Optomechanics. Quantum Science and Technology. Springer, Berlin,
Heidelberg, 2014, pp. 5–23. DOI: 10.1007/978-3-642-55312-7_2 (cit. on
p. 25).

[92] A. Schließer. “Cavity Optomechanics and Optical Frequency Comb Genera-
tion with Silica Whispering-Gallery-Mode Microresonators”. PhD thesis. Ludwig-
Maximilians-Universität München, Oct. 21, 2009 (cit. on p. 25).

[93] S. Weis, R. Rivière, S. Deléglise, E. Gavartin, O. Arcizet, A. Schliesser, and T. J.
Kippenberg. “Optomechanically Induced Transparency”. In: Science 330.6010
(Dec. 10, 2010), pp. 1520–1523. DOI: 10.1126/science.1195596 (cit. on p. 25).

[94] A. H. Safavi-Naeini, T. P. M. Alegre, J. Chan, M. Eichenfield, M. Winger, Q.
Lin, J. T. Hill, D. E. Chang, and O. Painter. “Electromagnetically Induced
Transparency and Slow Light with Optomechanics”. In: Nature 472.7341 (Apr. 7,
2011), pp. 69–73. DOI: 10.1038/nature09933 (cit. on p. 25).

[95] J. D. Teufel, D. Li, M. S. Allman, K. Cicak, A. J. Sirois, J. D. Whittaker, and
R. W. Simmonds. “Circuit Cavity Electromechanics in the Strong-Coupling
Regime”. In: Nature 471.7337 (Mar. 10, 2011), pp. 204–208. DOI: 10 . 1038 /
nature09898 (cit. on p. 25).

[96] G. Staupendahl and P. Gerling. “Laser Material Processing of Glasses with
CO2 Lasers”. In: Proceedings of SPIE 3097 (Aug. 18, 1997), pp. 670–677. DOI:
10.1117/12.281133 (cit. on p. 27).

[97] C. Weingarten, E. Uluz, A. Schmickler, K. Braun, E. Willenborg, A. Temmler,
and S. Heidrich. “Glass Processing with Pulsed CO2 Laser Radiation”. In:
Applied Optics 56.4 (Feb. 1, 2017), pp. 777–783. DOI: 10.1364/AO.56.000777
(cit. on p. 27).

https://doi.org/10.1103/PhysRevA.84.033814
https://doi.org/10.1142/9789814273008_0014
https://doi.org/10.1088/2040-8978/15/2/025704
https://doi.org/10.1088/2040-8978/15/2/025704
https://doi.org/10.1103/PhysRevA.100.013853
https://doi.org/10.1007/978-3-642-55312-7_2
https://doi.org/10.1126/science.1195596
https://doi.org/10.1038/nature09933
https://doi.org/10.1038/nature09898
https://doi.org/10.1038/nature09898
https://doi.org/10.1117/12.281133
https://doi.org/10.1364/AO.56.000777


Bibliography 97

[98] L. Collot, V. Lefèvre-Seguin, M. Brune, J. M. Raimond, and S. Haroche. “Very
High- Q Whispering-Gallery Mode Resonances Observed on Fused Silica Mi-
crospheres”. In: Europhysics Letters 23.5 (1993), p. 327. DOI: 10.1209/0295-
5075/23/5/005 (cit. on p. 27).

[99] U. C. Paek and A. L. Weaver. “Formation of a Spherical Lens at Optical Fiber
Ends with a CO2 Laser”. In: Applied Optics 14.2 (Feb. 1, 1975), pp. 294–298.
DOI: 10.1364/AO.14.000294 (cit. on p. 27).

[100] M. Wakaki, Y. Komachi, and G. Kanai. “Microlenses and Microlens Arrays
Formed on a Glass Plate by Use of a CO2 Laser”. In: Applied Optics 37.4 (Feb. 1,
1998), pp. 627–631. DOI: 10.1364/AO.37.000627 (cit. on p. 27).

[101] D. K. Armani, T. J. Kippenberg, S. M. Spillane, and K. J. Vahala. “Ultra-High-
Q Toroid Microcavity on a Chip”. In: Nature 421.6926 (Feb. 27, 2003), pp. 925–
928. DOI: 10.1038/nature01371 (cit. on p. 27).

[102] K. L. Wlodarczyk, N. J. Weston, M. Ardron, and D. P. Hand. “Direct CO2
Laser-Based Generation of Holographic Structures on the Surface of Glass”.
In: Optics Express 24.2 (Jan. 25, 2016), p. 1447. DOI: 10.1364/OE.24.001447
(cit. on p. 27).

[103] B. Petrak, K. Konthasinghe, S. Perez, and A. Muller. “Feedback-Controlled
Laser Fabrication of Micromirror Substrates”. In: Review of Scientific Instru-
ments 82.12 (Dec. 1, 2011), p. 123112. DOI: 10.1063/1.3671291 (cit. on p. 27).

[104] K. Ott, S. Garcia, R. Kohlhaas, K. Schüppert, P. Rosenbusch, R. Long, and J.
Reichel. “Millimeter-Long Fiber Fabry-Perot Cavities”. In: Optics Express 24.9
(May 2, 2016), p. 9839. DOI: 10.1364/OE.24.009839 (cit. on pp. 27, 39, 67).

[105] M. Uphoff, M. Brekenfeld, G. Rempe, and S. Ritter. “Frequency Splitting of
Polarization Eigenmodes in Microscopic Fabry–Perot Cavities”. In: New Jour-
nal of Physics 17.1 (2015), p. 013053. DOI: 10.1088/1367-2630/17/1/013053
(cit. on p. 28).

[106] J. H. Nielsen et al. QCoDeS/Qcodes: QCoDeS 0.29.1. Zenodo, Oct. 7, 2021. DOI:
10.5281/zenodo.5554601 (cit. on p. 30).

[107] A. V. Kuhlmann, J. Houel, D. Brunner, A. Ludwig, D. Reuter, A. D. Wieck,
and R. J. Warburton. “A Dark-Field Microscope for Background-Free Detec-
tion of Resonance Fluorescence from Single Semiconductor Quantum Dots
Operating in a Set-and-Forget Mode”. In: Review of Scientific Instruments 84.7
(July 1, 2013), p. 073905. DOI: 10.1063/1.4813879 (cit. on p. 31).

[108] A. Kashkanova. “Optomechanics with Superfluid Helium”. PhD thesis. Yale
University, Dec. 2017 (cit. on pp. 34, 61, 71).

[109] A. B. Shkarin. “Quantum Optomechanics with Superfluid Helium”. PhD the-
sis. Yale University, May 2018 (cit. on p. 34).

[110] L. Neuhaus, R. Metzdorff, S. Chua, T. Jacqmin, T. Briant, A. Heidmann, P.-F.
Cohadon, and S. Deléglise. “PyRPL (Python Red Pitaya Lockbox) — An Open-
Source Software Package for FPGA-Controlled Quantum Optics Experiments”.
In: 2017 Conference on Lasers and Electro-Optics Europe European Quantum Elec-
tronics Conference (CLEO/Europe-EQEC). 2017 Conference on Lasers and Electro-
Optics Europe European Quantum Electronics Conference (CLEO/Europe-
EQEC). June 2017, pp. 1–1. DOI: 10.1109/CLEOE-EQEC.2017.8087380 (cit. on
p. 34).

https://doi.org/10.1209/0295-5075/23/5/005
https://doi.org/10.1209/0295-5075/23/5/005
https://doi.org/10.1364/AO.14.000294
https://doi.org/10.1364/AO.37.000627
https://doi.org/10.1038/nature01371
https://doi.org/10.1364/OE.24.001447
https://doi.org/10.1063/1.3671291
https://doi.org/10.1364/OE.24.009839
https://doi.org/10.1088/1367-2630/17/1/013053
https://doi.org/10.5281/zenodo.5554601
https://doi.org/10.1063/1.4813879
https://doi.org/10.1109/CLEOE-EQEC.2017.8087380


98 Bibliography

[111] C. Koks and M. P. van Exter. “Microcavity Resonance Condition, Quality Fac-
tor, and Mode Volume Are Determined by Different Penetration Depths”. In:
Optics Express 29.5 (Mar. 1, 2021), pp. 6879–6889. DOI: 10.1364/OE.412346
(cit. on pp. 36, 67).

[112] T. Doualle, L. Gallais, P. Cormont, D. Hébert, P. Combis, and J.-L. Rullier.
“Thermo-Mechanical Simulations of CO2 Laser–Fused Silica Interactions”.
In: Journal of Applied Physics 119.11 (Mar. 21, 2016), p. 113106. DOI: 10.1063/
1.4944435 (cit. on p. 39).

[113] E. Mendez, K. M. Nowak, H. J. Baker, F. J. Villarreal, and D. R. Hall. “Lo-
calized CO2 Laser Damage Repair of Fused Silica Optics”. In: Applied Optics
45.21 (July 20, 2006), pp. 5358–5367. DOI: 10.1364/AO.45.005358 (cit. on
p. 39).

[114] G. A. J. Markillie, H. J. Baker, F. J. Villarreal, and D. R. Hall. “Effect of Vapor-
ization and Melt Ejection on Laser Machining of Silica Glass Micro-Optical
Components”. In: Applied Optics 41.27 (Sept. 20, 2002), pp. 5660–5667. DOI:
10.1364/AO.41.005660 (cit. on p. 39).

[115] T. He, C. Wei, Z. Jiang, Z. Yu, Z. Cao, and J. Shao. “Numerical Model and
Experimental Demonstration of High Precision Ablation of Pulse CO2 Laser”.
In: Chinese Optics Letters 16.04 (Mar. 30, 2018), p. 41401 (cit. on p. 39).

[116] M. D. Feit and A. M. Rubenchik. “Mechanisms of CO2 Laser Mitigation of
Laser Damage Growth in Fused Silica”. In: Proceedings of SPIE 4932 (May 30,
2003), pp. 91–103. DOI: 10.1117/12.472049 (cit. on p. 39).

[117] K. M. Nowak, H. J. Baker, and D. R. Hall. “Analytical Model for CO2 Laser
Ablation of Fused Quartz”. In: Applied Optics 54.29 (Oct. 10, 2015), p. 8653.
DOI: 10.1364/AO.54.008653 (cit. on p. 39).
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