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A vacuum integrated fiber Fabry-Pérot cavity setup for optical and optomechanical
characterisation

Johanna Örgård
Department of Microtechnology and Nanoscience
Chalmers University of Technology

Abstract
Fibre Fabry–Pérot cavities are miniaturised Fabry–Pérot cavities integrated on opti-
cal fibres. Their small size, open mode volume and intrinsic integration with optical
fibres make them well suited for optomechanical experiments in which one studies the
interaction between light and mechanical motion. The short cavity length enables
enhancement of the vacuum optomechanical coupling strength and the open mode
volume allows for the easy insertion of mechanical resonators or other quantum sys-
tems directly into the cavity. These features make fibre Fabry–Pérot cavities suited
for many applications such as levitation of nano particles and quantum-enhanced
inertial and force sensing.

In this master’s thesis, an experimental platform was developed with the goal to
enable optical and optomechanical characterisation of fibre Fabry–Pérot cavities
consisting of a fibre mirror and a reflective mechanical resonator on a chip. To this
end, an existing experimental setup for optical characterisation was improved upon
through automatisation and a vacuum-integrated setup for optomechanical experi-
ments was built and tested.

The resulting experimental platform enables measurements of the resonance linewidth
and free spectral range of fibre Fabry–Pérot cavities. Within the vacuum-integrated
setup the cavity length can be locked to the drive laser. This setup will in fu-
ture work be used for optomechanical experiments measuring the optomechanical
coupling strength and controlling mechanical resonator modes utilising the optical
spring effect and optomechanical damping.

Keywords: optomechanics, fibre Fabry–Pérot cavity, photonic crystal, distributed
bragg reflector, nanoscience
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

AC alternating current
DBR distributed Bragg reflector
DC direct current
EOM electro-optic modulator
FC/APC angled physical contact for fibre patch cord
FFPC fibre Fabry-Pérot cavity
FPC Fabry-Pérot cavity
HV high vacuum
PDH Pound–Drever–Hall
SoF side-of-fringe
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Nomenclature

Below is the nomenclature of recurring parameters and variables used throughout
this thesis.

â photon annihilation operator

ây photon creation operator

âin the stochastic quantum �eld incident on the incoupling mirror

âout the �eld re�ected from a Fabry-Pérot cavity

A parameter for the lineshape of the re�ection from a FFPC

b̂ phonon annihilation operator

b̂y phonon creation operator

c speed of light

f̂ in the stochastic quantum �eld incident on other incoupling channels
than âin

F �nesse of an optical cavity

F (! ) complex re�ection amplitude at an optical cavity

G optical frequency shift per mechanical displacement

g0 vacuum optomechanical coupling strength

g g = g0
p

�ncav, light-enhanced optomechanical coupling strength

~ Planck's constant

L cav cavity length

me� e�ective mass of mechanical resonator

�ncav average number of photons circulating in an optical cavity

N translational mode number of optical cavity

Pin the power incident on the optical cavity

Pout = Pref the power re�ected back from the optical cavity

Qopt optical quality factor

Qm mechanical quality factor

S� noise spectral density for the error signal for a cavity lock
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S�� noise spectral density for the cavity resonance frequency� cav

x(t) global amplitude of mechanical motion

xZPF zero-point �uctuation amplitude of mechanical resonator

� amplitude of the EOM signal

� m mechanical damping rate

� opt damping of the mechanical oscillator due to radiation pressure
forces

� � = ! � ! cav, laser detuning with respect to the cavity mode

� 
 m shift of mechanical frequency resulting from optical spring e�ect

� the error signal for a cavity lock

� dip parameter expressing the resonance depth of FPCs

� r parameter for the lineshape of the re�ection from a FFPC

� L parameter for the lineshape of the re�ection from a FFPC

� full cavity decay rate

� ex cavity decay rate due to transmission through the incouplng mirror

� in cavity decay rate which is not due to transmission through the
incouplng mirror

� cav wavelength of a mode inside an optical cavity

� FSR Free spectral range in terms of frequencies, equal to! FSR

� cav frequency of a mode inside an optical cavity, equal to! m=2�

� � = ( ! � ! cav)=� , variable expressing the lineshape of the re�ection
from a FFPC or FPC

� laser frequency of the main tone of the laser drive, equal to!= 2�

� laser1 and � laser2 frequencies of the sideband tones

� average lifetime of a cavity photon

! cav angular frequency of a mode inside an optical cavity

! FSR Free spectral range in terms of angular frequencies

! angular frequency of the laser


 m angular frequency of mechanical resonator


 angular frequency of the EOM signal
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1
Introduction

In cavity optomechanics, one studies the interaction between the light in an optical
cavity and mechanical motion. Optical cavities coupled to mechanical systems have
many potential applications such as quantum-enhanced inertial and force sensing
[1]. They can also be used to create non-classical states of light and mechanics as
well as entangled states of light [2]. Furthermore, cavity optomechanics has been
proposed as a key technology to establish long distance links in quantum information
networks, for example by interconverting information stored in microwave domain
solid-state qubits with information stored in �ying photonic qubits [3].

One type of system used to achieve an optomechanical interaction is �bre Fabry�Pérot
cavities (FFPCs). FFPCs are miniaturised Fabry�Pérot cavities (FPCs) integrated
on optical �bres. They o�er many advantages over classic FPCs such as intrinsic
integration with optical �bres. In addition, their small size allows for reduction
of the cavity length, which enhances the optomechanical coupling strength [3, 4].
FFPCs also have advantages over other platforms of similar or smaller size, such
as whispering gallery mode resonators or optomechanical crystals. FFPCs can have
larger intra cavity photon numbers without facing issues due to heating or thermal
instability [5]. Additionally, the open mode volume of FFPCs allows for the easy
insertion of other systems, such as membranes or levitated nano particles, to act as
the mechanical element.

1.1 Goal and objectives

This masters thesis tackled the experimental realisation of a FFPC-based optome-
chanical testing platform in the �Quantum sensing and foundations lab� at Chalmers.
The goal of this testing platform was to enable optical characterisation of, and op-
tomechanical experiments with, FFPCs consisting of a �bre mirror and a re�ective
structure on a chip, see Figure 1.1. In the optomechanical experiments, these re-
�ective structures take the form of mechanical resonators. The testing platform
would enable manipulation and high precision read-out of their vibrational modes
through optomechanical interaction with light in the cavity. To achieve this, an
existing experimental setup for the optical characterisation of FFPCs was improved
upon by automating the measurements using Python. This was then used to char-
acterise some FFPCs by measuring the signal re�ected from them and extracting
their �nesse.
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1. Introduction

In addition to this, an experimental setup was constructed to enable optical readout
and control of on-chip mechanical resonators. This was integrated into a vacuum
chamber so that the mechanical damping rate is not limited by the surrounding
air. With this, initial test measurements where done to determine the amount of
measurement noise in the setup and �nd ways to reduce it.

Chapter 2 of this report covers the theory which is necessary to understand FFPCs
and the optomechanical experiments proposed in this thesis. Chapter 3 then explains
the two experimental setups and the experiments they can be used for. Finally,
Chapter 4 presents and discusses results of the experiments conducted with these
setups.

Figure 1.1: A conceptual sketch of a �bre Fabry-Pérot cavity that is
explored in this thesis. It consists of a �bre mirror and a re�ective structure on
a chip.

2



2
Theory

This chapter introduces Fabry-Pérot cavities and Fibre Fabry-Pérot cavities, giv-
ing a basic theoretical framework and introducing relevant properties. Then, the
basic concepts of cavity optomechanics will be introduced and some important con-
sequences of optomechanical coupling in Fabry-Pérot cavities will be highlighted.

2.1 Fabry-Pérot cavities

A Fabry-Pérot cavity (FPC) is an optical cavity consisting of two highly re�ective
mirrors facing each other. Between the mirrors, light propagates in free space. The
following introduction to the basic theory of FPCs and their properties will be based
on [3]. A FPC contains a series of resonances with angular frequencies

! cav, N = 2�� cav, N �
N�c
L cav

, N� cav,N � 2L cav

(2.1)

whereN is an integer that is called the mode number,L cav is the distance between
the mirrors and c is the speed of light in the medium between the mirrors. These
resonances, or longitudinal modes, are separated in angular frequency by the free
spectral range

! FSR =
�c

L cav
= 2�� FSR : (2.2)

An electromagnetic wave can only couple into a FPC if its frequency is close to
some! cav,N . To understand this, imagine an electromagnetic wave with another
frequency being re�ected back and forth between the mirrors. The waves travelling
back and forth would cancel each other out due to destructive interference. An
electromagnetic wave with angular frequency! � ! cav,N that couples into a FPC
will be re�ected back and fourth between the mirrors and constructively interfering.
this results in the �eld between the mirrors being stronger than the �eld coupling
into the cavity. The enhancement of the electromagnetic power relative to the power
coupled into the cavity is 1

2� times the �nesse of the cavity

F =
! FSR

�
(2.3)

where � is the cavity photon decay rate. � is a measure of how quickly a photon
leaves the cavity. This can happen via transmission through or absorption by the

3



2. Theory

Figure 2.1: A conceptual sketch of Fabry-Pérot cavity with the cavity length
L cav. The �elds in the input-output description of a FPC are illustrated. They are
â, the complex �eld amplitude of a mode inside the cavity,̂aout , the rate of light
leaving the cavity from Mirror 1 and âin and f̂ in which are the rates with which light
arrives at Mirror 1 and Mirror 2 respectively. Also illustrated are the photon cavity
decay rates,� ex, which describes the rate at which cavity photons leave the cavity
out through Mirror 1, and � in , the decay rate associated with other channels.

mirrors and scattering out through the sides of the cavity. Note that� can be
de�ned di�erently in di�erent texts, sometimes � is de�ned such that F = � � FSR

� .
Throughout this report � is de�ned such that Equation 2.3 holds true. The optical
quality factor of the cavity

Qopt = ! cav�; (2.4)

where ! cav is the angular frequency of the particular mode in question and� = 1
�

is the average lifetime of a cavity photon, measures how well the cavity con�nes
energy. As the average time before a photon leaves the cavity is

� =
1
�

=
F L cav

�c
(2.5)

and the time it takes for a photon to travel once back and forth in the cavity is

� R =
2L cav

c
; (2.6)

the average number of trips back and forth that a photon does before leaving the
cavity is

�
� R

=
F
2�

(2.7)

which is the enhancement of electromagnetic power for the intra-cavity �eld.

One often needs to distinguish between energy leaving the cavity in ways necessary
for measurements and energy leaving the cavity through other, often unwanted,
channels. In this project, single-sided cavities are used, that is to say cavities where
light is coupled into the cavity through Mirror 1, see Figure 2.1, and transmission out
through Mirror 2 is not measured. The photon cavity decay rate due to transmission
through the incoupling Mirror 1 is monitored and will be referred to as� ex. The rest
of � , including scattering out through the sides of the cavity, absorption by both
mirrors and transmission through Mirror 2 will here be referred to as� in = � � � ex.

4



2. Theory

2.1.1 Input-output theory for FPCs

Light in an optical cavity can be described like a driven harmonic oscillator by input-
output theory. Consider the situation where a �eld from a coherent, monochromatic
free space laser with angular frequency! couples into a one-sided cavity. Input-
output theory describes the time evolution of the annihilation operator for the intra-
cavity �eld, â, by the Heisenberg equation of motion

_̂a = �
�
2

â + i �^a +
p

� exâin +
p

� in f̂ in (2.8)

in a frame of reference which rotates with the laser frequency such thatâlab = e� i!t â.
Here � = ! � ! cav is the laser detuning with respect to the cavity mode,̂alab

is the annihilation operator in the reference system of the lab and̂a is the same
annihilation operator in the reference system that is assumed in Equation 2.8 which
rotates relative to the lab. ây is the creation operator for the intra-cavity �eld and
the two operators have the commutation relation

[â; ây] = 1: (2.9)

âin is a stochastic quantum �eld incident on Mirror 1, consisting of the laser �eld and
the vacuum electric �eld coupling into the cavity through Mirror 1. âin is de�ned
such that ĥay

in âin i is the rate with which photons arrive at Mirror 1 meaning that
the input power at Mirror 1 is

Pin = ~! ĥay
in âin i ; (2.10)

Correspondingly,f̂ in refers to the �eld incident on any other incoupling channel such
as Mirror 2 and the open sides of the cavity. The �eld re�ected from the FPC is
given by

âout = âin �
p

� exâ (2.11)

de�ned such that
Pout = ~! ĥay

out âout i (2.12)

is the power of the �eld going back from Mirror 1. See Figure 2.1 for a conceptual
sketch of these �elds. In this project, it is su�cient to go to the classical case by
replacing â with its time averageĥai and similarly letting âout 7! hâout i , âin 7! hâin i
and f̂ in 7! hf̂ in i = 0. In the classical case

ĥai =
p

� exĥain i
�= 2 � i �

(2.13)

is the steady state solution to Equation 2.8. The average number of photons circu-
lating in the cavity is then given by

�ncav = jĥaij 2 =
� exjĥain ij 2

� 2 + ( �= 2)2
=

� exPin

[� 2 + ( �= 2)2] ~!
(2.14)

and the re�ection amplitude at the cavity is given by

F (! ) =
ĥaout i
ĥain i

=

 

ĥain i �
� exĥain i

�= 2 � i �

!

=ĥain i =
(� in � � ex)=2 � i �
(� in + � ex)=2 � i �

: (2.15)
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2. Theory

For macroscopic FPCs that are coupling to free space light, the power re�ected back
from the cavity is then given by

Pout (! ) = ~! jĥaout ij 2 = jF (! )j2Pin (2.16)

if the incident �eld is mode matched to the cavity �eld. When � � ! FSR ,

jF (! )j2 =
Pout (! )

Pin
= 1 � � dip

1
1 + � 2

(2.17)

where � = � =� = ( ! � ! cav)=� [6]. � dip depends on the fraction� ex
� in

and reaches
its maximum for critical coupling, � ex = � in . � dip then decreases symmetrically for
equally overcoupled (� ex > � in ) and undercoupled (� ex < � in ) cavities. � dip further
depends on the spatial mode matching e�ciency at Mirror 1 which can be maximised
by adjusting the relative alignment of the mirrors, maximising the resonance depth
for a set value of � ex

� in
, for more details see [6].

2.1.2 Fibre Fabry-Pérot cavities

Fibre Fabry�Pérot cavities (FFPCs) are miniaturised Fabry�Pérot cavities where
one or both mirrors are on the facet of an optical �bre. The light coupling into
the cavity is then not free space light, but �bre-guided light. They o�er many
advantages over classic FPCs such as high local �eld strength, small size, intrinsic
integration with optical �bres and an open mode volume. They do however present
some challenges compared to macroscopic FPCs. One such issue is that mechanical
deformation of the �bre can cause noise when measuring the re�ection from a FFPC.
Another issue is that when measuring re�ected power from a �bre end of a FFPC,
jF (! )j2 cannot be described by Equation 2.17. The re�ection at FFPCs and its
deviation from the classic FPCs described above is explored in [6]. The reason
for this di�erence is that in order for the light re�ected at a FFPC to reach a
photodetector it needs to couple back into a guided mode of the �bre. Thus, the
transverse mode shapes of the light in the cavity and �bre need to be considered. The
problem is analogous to a macroscopic free space FPC with a mode-�lter between
the cavity and the photodetector. The light from the cavity that does not couple
into the guided mode of the �bre is lost to the �bre cladding and not recorded by
the photodetector. As a result, the re�ection from the FFPC becomes a sum of
a Lorentzian function, similar to the macroscopic case, and a dispersive function
which amounts to

jF (� )j2 =
Pout (� )

Pin
= � r � � L

� 1
1 + � 2

� A
�

1 + � 2

�

(2.18)

see Figure 2.2.� r , � L and A depend on the transverse spatial overlap amplitudes
between the mode in the cavity and the guided mode of the �bre as well as between
the mode directly re�ected at the incoupling mirror and the guided mode of the
�bre.

For a more in-depth description of� r , � L and A consider the forward and backward
propagating spatial modes in the �bre,j +

f i and j �
f i , and in the cavity, j +

cavi and
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2. Theory

Figure 2.2: Sketch of the expected re�ection signal from a FFPC based on
Equation 2.18. The total re�ected power (red line) is the sum of a Lorentzian part
(dotted green line) and a dispersive part (dash-dotted blue line).

Figure 2.3: A conceptual sketch of a �bre Fabry-Pérot cavity illustrating
the relevant spatial modes of light propagating in the �bre and the cavity.

7



2. Theory

j �
cavi , together with the spatial mode of the re�ection ofj +

f i at Mirror 1, j r i , see
Figure 2.3. Following [6] one can de�ne

� = h +
cav j  +

f i (2.19)

and
� = h �

f j  r i (2.20)

and then notice that

h �
cav j  r i = h +

cavjR
yR j +

f i = h +
cav j  +

f i = �; (2.21)

whereR is the operator for re�ection at mirror 1, and

h �
cav j  �

f i = ( h �
f j  r i )� = � � : (2.22)

It is then possible to show that
� r = j� j2; (2.23)

� L =
4T1

T1 + T2 + L 1 + L 2

�

Re[� (� 2)� ] � j � j4
T1

T1 + T2 + L 1 + L 2

�

(2.24)

and

A =
Im[� (� 2)� ]

Re[� (� 2)� ] � j � j4 T1
T1+ T2+ L 1+ L 2

(2.25)

whereTi is the transmission coe�cient for Mirror i and L i is the losses for Mirror i
due to absorption and scattering. Note that Equation 2.18 is not symmetric around
� = 0 and that jF (� )j2 does not reach its minimum for� = 0. Furthermore, the
resonance depth for a FFPC (the depth of the re�ection dip) is not maximised by
maximising the mode matching e�ciency between the cavity mode and the �bre
guided mode,j� j2. The resonance depth can still be used as an approximation when
aligning the cavity mirrors. For exact mode matching e�ciencies, one would need
to �t the re�ection signal to Equation 2.18 and extract � and � from equations 2.23,
2.24 and 2.25.

2.2 Cavity optomechanics

Optomechanics is the study of how light interacts with mechanical motion through
radiation pressure. This section will start with a brief background on mechanical
resonators before explaining the optomechanical interaction in optical cavities based
on derivations in [3].

2.2.1 Mechanical resonators

The theoretical description of vibrational movement is based on the linear theory
of elasticity which describes vibrational movement in an object as a set of normal
modes with corresponding frequencies [3]. The following description will focus on
one normal mode with frequency
 m. The displacement of any part of the object
is given by the displacement �eld~u(~r; t) = x(t) � ~u(~r) where the time-evolution of

8



2. Theory

the global amplitude of motion,x(t), can be described as a harmonic oscillator with
e�ective massme� such that

me�
dx2(t)

dt2
+ me� � m

dx(t)
dt

+ me� 
 2
mx(t) = Fex(t): (2.26)

� m is called the mechanical damping rate and can be expressed in terms of the
mechanical quality factor

Qm = 
 m=� m (2.27)

and Fex(t) is the sum of all external forces acting on the mechanical oscillator. The
energy of the mechanical oscillator is described by the Hamiltonian

Ĥ = ~
 mb̂yb̂+
1
2

~
 m (2.28)

whereb̂y and b̂ are the phonon creation and annihilation operators such that

x̂ =

s
~

2me� 
 m
(b̂+ b̂y) = xZPF (b̂+ b̂y) (2.29)

and
[b̂;b̂y] = 1: (2.30)

xZPF is the zero-point �uctuation amplitude which describes the variance in position
for the mechanical oscillator in the mechanical ground state, meaning that

h0jx̂2j0i = x2
ZPF (2.31)

wherej0i is the mechanical ground state.

2.2.2 Optomechanical coupling

Mechanical and optical modes can a�ect each other through various radiation-
pressure forces [3]. This project concerns FFPCs where one of the cavity mirrors is
on the facet of an optical �bre whilst the other takes the form of a re�ective mem-
brane on a chip which acts as a mechanical resonator. In such a system, the primary
optomechanical interaction is the direct momentum transfer between photons and
the mechanical resonator due to re�ection. For such a system it is su�cient to �rst
consider the Hamiltonian

Ĥoptomech. = ~! cav(x)âyâ + ~
 mb̂yb̂ (2.32)

(here the zero-point energies are excluded since they do not a�ect the optomechanical
coupling). The displacement of the vibrating mirror changes the length of the optical
cavity, L cav, and thus also the cavity frequency such that

! cav(x) = ! cav + x
@!cav

@x
+ x2 @2! cav

@x2
+ ::::: (2.33)

where it is su�cient to keep only the linear term. De�ning G = � @!cav
@x as the

optical frequency shift per displacement, which for our simple case isG = ! cav
L cav

, the

9
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Hamiltonian for the system containing a mechanical and optical resonator can be
written as

Ĥoptomech. = ~(! cav � Gx̂)âyâ + ~
 mb̂yb̂: (2.34)

In accordance with Equation 2.29 this can be written as

Ĥoptomech. = ~(! cav � GxZPF (b̂+ b̂y)) âyâ + ~
 mb̂yb̂: (2.35)

The interaction part of the Hamiltonian is then

Ĥ int = � ~g0âyâ(b̂+ b̂y) (2.36)

where
g0 = GxZPF (2.37)

is called the vacuum optomechanical coupling strength or the single-photon optome-
chanical coupling strength. Only considering Equation 2.36 the equations of motion
for â and b̂ would be the coupled di�erential equations

_̂a =
i
~

[Ĥ int ; â] = ig0(b̂+ b̂y)(̂a) = iGx̂â (2.38)

and
_̂b=

i
~

[Ĥ int ; b̂] = ig0âyâ: (2.39)

In practice, both the cavity photons and the phonons of the mechanical resonator
interact with more than just each other. The Hamiltonian describing the full system
includes terms describing how energy is added into the cavity through a laser drive.
It also includes phenomena such as photon cavity decay and mechanical damping
as a result of the optical and mechanical resonators coupling to the rest of their
environment. The e�ects on the optical mode from the full system is treated with
input-output theory. In a reference system which, as described in Section 2.1.1,
rotates with the laser frequency! , input-output theory yields the full equation of
motion for the optical �eld amplitude

_̂a = �
�
2

â + i (� + Gx̂)â +
p

� exâin +
p

� in f̂ in (2.40)

by adding Equation 2.38 to Equation 2.8.̂b, like â, behaves as a harmonic oscillator
and the equation of motion forb̂ without optomechanical coupling is analogous to
Equation 2.8, replacing� with � m and � with � 
 m. The full equation of motion
for b̂, including optomechanical coupling, then becomes

_̂b=

 

� i 
 m �
� m

2

!

b̂+ ig0âyâ +
q

� mb̂in (2.41)

as long as
 m � � m, which can be assumed throughout this project. Both equa-
tions of motion are non-linear, with Equation 2.40 containinĝxâ and Equation 2.41
containing âyâ. This makes cavity optomechanics a possible platform to study non-
linear quantum e�ects. However, this requires large values forg0 compared to � .
FFPCs is a possible platform for achieving higher values forg0 because in a FPC

g0 = GxZPF =
! cavxZPF

L cav
=

! cav

L cav

s
~

2me� 
 m
(2.42)
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and the small spatial dimensions of FFPCs make it possible to achieve small values
for L cav. Furthermore, as the cavity beam focus of a FFPC is small, it becomes
possible to use small mechanical resonators with smallme� . As of now, for most
applications, it is su�cient to go to a linearised approximation of the interaction
Hamiltonian

Ĥ (lin)
int = � ~g0

p
�ncav(� ây + � â)( b̂+ b̂y) (2.43)

where � â = â � h âi = â � �� and �ncav = �� 2 is the average number of photons
circulating in the cavity.

Applying input-output theory to this linearised Hamiltonian (or approximating
Equation 2.40 around a steady state�� by setting â = �� + � â and only keeping
linear terms) yields the linear coupled equations of motion

� _̂a =
�

i � �
�
2

�

� â + ig(b̂+ b̂y) +
p

� ex� âin (t) +
p

� in f̂ in (t) (2.44)

and
_̂b=

 

� i 
 m �
� m

2

!

b̂+ ig(� â + � ây) +
q

� mb̂in (2.45)

whereg = g0
p

�ncav is the optomechanical coupling strength in the linearised regime.
These linearised equations of motion are su�cient to explain the optomechanical
e�ects that can be observed in the experiments constructed in this thesis.

2.2.2.1 The optical spring e�ect and optomechanical damping

Solving equations 2.44 and 2.45 in frequency space, and comparing the solution
for the optomechanical coupled mechanical oscillator with equations expressing the
behaviour of uncoupled mechanical oscillators, shows how the mechanical oscillator
responds to the optomechanical coupling. The full derivation can be found in [3]
and shows that for � 6= 0, the laser drive shifts the frequency of the mechanical
oscillator with

� 
 m(
 new) = g2 
 m


 new

"
� + 
 new

(� + 
 new)2 + � 2=4
+

� � 
 new

(� � 
 new)2 + � 2=4

#

(2.46)

and adds a term

� opt (
 new) = g2 
 m


 new

"
�

(� + 
 new)2 + � 2=4
�

�
(� � 
 new)2 + � 2=4

#

(2.47)

to the damping of the mechanical oscillator so that the total damping becomes

� m,total = � m,intrinsic + � opt (! ): (2.48)

Here 
 m is the original unperturbed mechanical frequency while
 new is the current
mechanical frequency. In the, for this thesis, experimentally relevant limit of� � 
 m

(the so called unresolved-sideband regime) it is su�cient to approximate this around

 new = 
 m and these equations simplify to

� 
 m j � � 
 m = g2 2�
� 2=4 + � 2

= g2
0 �ncav

2�
� 2=4 + � 2

(2.49)
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(a) (b)

Figure 2.4: Plot of � 
 m (a) and � opt (b) as a function of laser detuning �
when � � 
 m for g = 2� � 100 kHz, 
 m = 2� � 1 MHz and � = 2� � 800 MHz.

and

� opt (! )j � � 
 m = g2

"
�

(� + 
 m)2 + � 2=4
�

�
(� � 
 m)2 + � 2=4

#

: (2.50)

See Figure 2.4 for some values for� 
 m j � � 
 m and � opt (! )j � � 
 m as functions of detun-
ing � . This shift of the mechanical frequency is called the optical spring e�ect and
the shift in the damping is referred to as optomechanical damping (for� opt (! ) > 0)
or antidamping (for � opt (! ) < 0).
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3
Methods

The optomechanical testing platform developed in this master's thesis consists of
two parts. Part one is an experimental setup which enables optical characterisation
of FFPCs measuring their re�ection and free spectral range. Part two is an ex-
perimental setup in high vacuum which enables optomechanical experiments using
FFPCs and on-chip mechanical resonators. The FFPCs consists of a single mode
optical �bre with a concave mirror on the facet and a chip with a re�ective coating
or re�ective structures that are free to vibrate. The details of the two experimental
setups are described in this chapter.

3.1 Optical characterisation of FFPCs

For optical characterisation under ambient conditions, an experimental setup and a
Python-based control code was developed to measure �nesse and coupling depth of
FFPCs.

3.1.1 Experimental apparatus

An overview of the experimental setup is shown in Figure 3.1. First a laser tone
is generated by a continuously tunable single-frequency diode laser. Three lasers1

are available in the lab and are used depending on the desired wavelength range,
together covering the range 1420-1620 nm. The laser light is coupled into �bre
patch cord which passes through a paddle wheel polarisation controller to a phase
modulating electro-optic modulator (EOM). The EOM is polarisation sensitive and
the optimal polarisation depends on the wavelength of the light. The paddle wheel
polarisation controller allows for the optimization of the polarisation going into the
EOM. The EOM2 is controlled by a signal generator3 that adds a time dependent
phase,' = � sin 
 t, to the light going into the EOM. Thus, the signal exiting the
EOM, which is the signal incident on the FFPC, becomes

E inc = E0ei!t + i� sin 
 t : (3.1)

1CTL 1470, CTL 1500 and CTL 1550 from
TOPTICA photonics controlled by digital laser
controllers DLC pro from TOPTICA photonics

2MPZ-LN-10 from Exail
3SynthHD Mini
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3. Methods

Figure 3.1: Overview of the setup for optical characterisation of FFPCs
consisting of a continuously tunable laser source, that via single-mode optical �bre
sends a signal through a paddle wheel polarisation controller to an electro-optic
modulator, a 10:90 �bre-optic splitter, a photodetector and through another paddle
wheel polarisation controller to the FFPC to be characterised. The �bre-end of the
FFPC is mounted on a shear plate actuator. This enables continuous modulation
of the cavity length by a piezo controller which in turn gets its signal from an
oscilloscope. The other end of the FFPC consists of a chip that can be tilted and
moved in any direction with micrometer precision, see Figure 3.2. The oscilloscope
is also used to read out the signal from the photodetector.

14



3. Methods

According to [7], this expression can be expanded to �rst order using Bessel functions
to

E inc � E0

h
J0(� )ei!t + J1(� )ei (! +
) t � J1(� )ei (! � 
) t

i
: (3.2)

Consequently, the EOM adds two additional tones, called sidebands, to the light
guided in the �bre, detuned by � 
 to the main tone. The sidebands and the main
tone, is then led into Port 1 of a 10:90 �bre-optic splitter4 with four ports, see Figure
3.1. 10% of the light exits the �bre-optic splitter at Port 3 and goes through another
paddle wheel polarisation controller whilst the remaining 90% is lost to a beam dump
at Port 2. This signal loss is compensated for by increasing the laser power. After
the polarisation controller, the light is led into a copper coated single-mode optical
�bre 5 with a convex mirror on its facet constituting one end of the FFPC. Port 4
of the �bre-optic splitter is coupled to a photodetector6 which measures the signal
re�ected from the �bre-end of the FFPC. The re�ected power is displayed on an
oscilloscope7 which can be interfaced with the computer.

The �bre-end with the mirror is mounted on a shear plate actuator8, using a v-
groove �bre holder9, see Figure 3.2. The shear plate actuator enables continuous
modulation of the cavity length by a piezo controller10. The output voltage of
the piezo controller is modulated by a signal generated by the oscilloscope's wave
generator output. The other end of the FFPC consists of a re�ective structure
on a chip that is mounted on a tiltable mirror mount that is in turn mounted on
a micrometer translation stage11. The translation stage enables measurements on
several parts of the chip. The tiltable mirror mount makes it possible to optimise the
tilt of the chip for cavity alignment indicated by an optimal coupling of the optical
mode in the �bre with the main optical mode of the cavity. A USB microscope12 is
used to get a visual image when adjusting the placement and tilt of the chip.

3.1.2 Data collection and analysis

The laser controller, radio frequency signal generator and oscilloscope are connected
to a computer, enabling collection and analysis of data. The oscilloscope, through
the piezo controller, applies voltage on the shear plate actuator as a sinusoidal
function of time. The shear plate actuator subsequently puts the �bre end of the
FFPC into a periodic forwards and backwards motion making the cavity length
follow a periodic function in time. The amplitude of this curve is greater than half
of the wavelength of the laser in air. This ensures that the cavity length at some
point during the oscillation is such that the cavity is resonant with the laser. Around
resonance, the re�ection signal, measured with the photodetector, will have three
dips as illustrated in Figure 3.3. The centre dip corresponds to the resonance of
the main tone. On each side of this main dip there will be one additional dip that
corresponds to the resonance for each of the sidebands created with the EOM. If

4FOBC-2-15-10-L-1-S-2 from AFW technolo-
gies

5Cu1300 from IVG
6PDA015C InGaAs ampli�ed detector from

Thorlabs
7EDUX1002G from Keysight

8NFL5DP20 from Thorlabs
9HFV001 from Thorlabs

10MDT693B from Thorlabs
11PT3 from Thorlabs
12Dino-lite digital microscope
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Figure 3.2: Sketch of the structure holding up and aligning the FFPCs
during the optical characterisation. The �bre-end of the FFPC is mounted on
a shear plate actuator, enabling continuous modulation of the cavity length. The
other end of the FFPC consists of a chip that is mounted on a tiltable mirror mount
that is in turn mounted on a micrometer translation stage.

Figure 3.3: Sketch of the expected shape of the re�ection signal around
resonance. The signal features three dips, one from the main signal and two from
the sidebands created with the EOM.
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these dips occur when the movement of the �bre end can be approximated as linear
then the time-axis is proportional to change in cavity length. This length can be
expressed asL cav = Lo + � L where Lo is the cavity length such that the cavity
is resonant with the main tone of the laser. � L corresponds to a change in the
resonance frequency of the cavity,�� = � laser � � cav, in accordance to

Lo =
Nc

2� cav

) Lo + � L =
Nc

2(� laser + �� )
:

(3.3)

Close to resonance this can be expanded to

Lo + � L �
Nc
2

 
1

� laser
+

1
� 2

laser
��

!

) �� �
2� 2

laser

Nc
(Lo + � L) � � laser

(3.4)

whereN is the order of the cavity andc is the speed of light in the cavity medium.
This is a linear function of � L which in turn is approximately a linear function
of time. Therefore, as the frequency di�erences between the main signal and the
sidebands are known, the sidebands facilitate the rescaling of the x-axis to the
frequency domain. According to [6] the shape of one of these re�ection dips can be
described by Equation 2.18. The total re�ective line shape can thus be described by

Pout (� )
Pin

= � r � Dmain � DSB1 � DSB2; where

Dmain = � L

� 1
1 + � 2

� A
�

1 + � 2

�

,

DSB1 = SSB� L

 
1

1 + � 2
SB1

� A
� SB1

1 + � 2
SB1

!

and

DSB2 = SSB� L

 
1

1 + � 2
SB2

� A
� SB2

1 + � 2
SB2

!

:

(3.5)

Dmain corresponds to the dip in the re�ected power that the resonance of the main
tone gives rise to.DSB1 and DSB2 corresponds to the resonances with the sidebands.
Therefore

� SB1 = 2� (� laser1 � � cav)=� and

� SB2 = 2� (� laser2 � � cav)=�
(3.6)

where � laser1 and � laser2 are the frequencies of the sidebands.SSB is a scale factor
between the main dip and the sideband dips owing to the fact that the main tone
and the sidebands do not make up equal fractions of the total power transmitted
in the �bre. The re�ection data is �tted to Equation 3.5 using SciPy [8]. How the
cavity length is regulated can cause distortions of the measured re�ection signal.
The data analysis described here assumes thatL cav changes as a linear function of
time. In this project, L cav was varied using a sinusoidal control signal for the shear
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plate actuator and only measuring the �nesse on re�ection dips that occur when the
voltage applied on the shear plate is within the middle62:5 % of the voltage range
in an attempt to stay within the relatively linear part of the sinus curve.

The visibility of the sideband dips can be optimised by changing the frequency of
the sidebands with the EOM and changing the polarisation going into the EOM
with the �rst paddle wheel polarisation controller. The second paddle wheel po-
larisation controller makes it possible to test if a frequency splitting of di�erently
polarised cavity modes occurs for the re�ection from the FFPC, for example due to
a polarisation dependent re�ection from the chip-surface.

The changing of wavelength with the laser controller as well as the process of retriev-
ing data from the oscilloscope was automated using the application programming
interface VISA (virtual instrument software architecture) via the Python libraries
toptica-lasersdk[9] andPyVISA [10]. This makes it possible to quickly cycle through
and measure� for several wavelengths. If the re�ective surface of the chip can be
approximated as a plane mirror, this can further be used to identify the wavelength
dependent re�ection properties of the chip. The free spectral range,� FSR , of the
FFPC is determined by recording the voltage applied to the shear plate actuator at
resonance, �the resonance voltage�, while changing the frequency of the main laser
tone. As the cavity length is a function of this voltage,� FSR is the smallest non-zero
di�erence in frequency between two laser signals with the same resonance voltage.
� and � FSR is then used to calculate the �nesse,F = 2�� FSR

� , at every wavelength
step.

3.2 Optomechanical measurements

In order to perform optomechanical experiments with an FFPC, the cavity, the gray
square in Figure 3.1, needs to be in high vacuum (HV). This is so that the quality
factor of the mechanical resonator, as described in Section 2.2.1, is not limited by
the damping from the surrounding air. To accomplish this, a FFPC setup was
integrated into a HV chamber. In order to measure and control the frequency of
the mechanical resonator as well as measure the optomechanical coupling strength,
Pound-Drever-Hall (PDH) and side-of-fringe (SoF) locking were implemented. This
section covers these locking techniques, how they were implemented in this project
and how they can be used in optomechanical experiments.

3.2.1 Experimental apparatus

In order for the FFPC to be in vacuum, the shear plate actuator, tiltable mirror
mount and translation stage is exchanged for vacuum compatible and remote con-
trolled alternatives as shown in Figure 3.4. The chip is mounted onto a vacuum
compatible, tiltable mirror mount13. The mirror mount is in turn mounted on two
nanopositioners14 that enable movement of the chip in the plane parallel to its sur-

13AG-M100 from Newport 14ECSx5050/StSt/NUM+/UHV from at-
tocube
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