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Abstract

Ultra-thin tapered optical fibers have emerged as a versatile light-matter interface in recent years
that combine a rich set of nano-optical features with good experimental accessibility. In this
context an evanescent field dipole trap for laser cooled atoms was demonstrated for the first time
in 2010 and since then a great set of experimental techniques was developed to control and study
the trapped atom ensemble. Specifically, such interfaces can access the optical non-linearity of
the ensemble that extends down to the single photon level. This sparked the question of realising
non-classical states of light such as squeezed light.

In this context we constructed an experimental apparatus that realises an optical dipole trap
for laser cooled Cesium atoms in the evansecent field of a nanofiber. In the first part of this
thesis I describe the design and construction of the experiment and prove that atoms are trapped.
The setup contains a number of technical improvements compared to previous realisations of
nanofiber-based dipole traps. These include the use of magic wavelengths that reduce spectral
broadening of the trapped ensemble, improved optical access through placing the nanofiber in a
glass cell, and a tranversally translateable fiber holder to optimize overlap between fiber waist
and atom cloud. The second part of the thesis describes the experimental observation of squeezed
light generated from a nanofiber-trapped ensemble of atoms. I demonstrate the squeezing and
study the scaling with respect to the probe detuning and intensity. Our apparatus also allows us to
study the spectrum of the optical field exiting the nanofiber and I show that this spectrum differs
qualitatively for different sizes of the atomic ensemble. Specifically, I show that sidebands
appear in the spectrum for sufficiently large ensembles.

Typically, the generation of squeezed light requires very strong non-linearities which are
usually achieved through optical cavities or non-linear crystals. In this work I show that squeezed
light can also be obtained from an ensemble of weakly coupled emitters. This suggests new
perspectives for non-linear light-matter interfaces that are an essential building block for future
optical quantum networks.
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Kurzfassung

Ultra-diinne Glasfasern haben sich in den vergangenen Jahren als eine vielseitige Licht-Materie
Schnittstelle erwiesen, bei der sich eine Fiille an nano-optischen Phdnomenen mit guter experi-
menteller Handhabung verbinden. In diesem Zusammenhang wurde 2010 erstmals eine Dipol-
falle fiir lasergekiihlte Atome demonstriert, basierend auf dem evaneszenten Feld einer solchen
Nanofaser. Seitdem wurde ein reichhaltiger Werkzeugkasten zur Kontrolle und Manipulation
dieser faser-gefangenen Ensembles entwickelt. Insbesondere ermdglicht diese Schnittstelle Zu-
gang zu optischen Nichtlinearitidten welche sich auch noch auf dem Level einzelner Photonen
auswirken. Dies warf die Frage nach der Realisierung nicht-klassischer Zustdnde auf, etwa von
gequetschtem Licht.

Vor diesem Hintergrund wurde im Rahmen der vorliegenden Arbeit ein neuer experimentel-
ler Aufbau zum Fangen von laser-gekiihlten Céasium-Atomen im evaneszenten Feld einer Nano-
faser geschaffen. Im ersten Teil der Arbeit beschreibe ich die Planung und Konstruktion des Ex-
perimentes und weise experimentell nach, dass Atome gefangen werden. Der Aufbau beinhaltet
eine Reihe technischer Verbesserungen im Vergleich zu bisherigen nanofaser-basierten Dipol-
fallen. Dazu zihlen die Verwendung sogenanter magischer Wellenldngen, welche die spektrale
Verbreiterung des gefangenen Ensembles reduzieren, verbesserter optischer Zugang dank der
Verwendung einer Glass-Vakuumkiivette, sowie ein transversal beweglicher Faserhalter zur Op-
timierung des Uberlapps zwischen Atomwolke und der Taille der Nanofaser. Der zweite Teil
der Arbeit beschreibt die experimentelle Beobachtung von gequetschtem Licht, welches durch
ein Ensemble von schwach gekoppelten Emittern realisiert wird. Dazu weise ich das Squee-
zing nach und untersuche die Skalierung desselben beziiglich Leistung und Verstimmmung des
Testfeldes. Zudem wird gezeigt, wie sich das Spektrum des aus der Faser austretenden Feldes
qualitativ mit der Anzahl der gefangenen Atome dndert. Insbesondere wird nachgewiesen, dass
bei ausreichender Atomzahl Seitenbénder im Spektrum erzeugt werden.

Die Erzeugung von gequteschtem Licht beruht in den meisten Féllen auf einer starken Nicht-
linearitit, welche durch optische Resonatoren oder nicht-lineare Kristalle gewihrleistet wird.
Die vorliegende Arbeit weiit jedoch nach, dass gequetschtes Licht auch durch ein Ensemble von
schwach gekoppelten Emittern erzeugt werden kann. Dadurch erdffnen sich neue Perspektiven
fiir nicht-lineare Licht-Materie Schnittstellen, welche einen elementaren Baustein fiir zukiinftige
Quantennetzwerke darstellen.
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CHAPTER

Introduction

The nature of light has puzzled minds for centuries. Simple observations like the refraction of
white light in a prism and the subsequent colorful rainbow were the subject of intense debate.
According to the German poet Johann Wolfgang von Goethe, for example, Isaac Newton had
missunderstood the concept of color completely. In fact, Goethe himself considered his treatise
Zur Farbenlehre (Theory of Color) [1] his most relevant contribution to mankind. He was con-
fident enough to declare that he was the only one who had understood the subject. In his view
the colors that the prism made visible were in fact created through the prism and did not exist
before the interaction. They were rather a property of the prism than the incident light. Newton,
on the other side, had argued, already more than a century before Goethe, that the white light
contained all the colors and that the prism simply split them into separate directions [2]. As we
know today, Newton’s description was correct. Nevertheless, the argument reflected their fun-
damentally different idea of science: Goethe’s approach of understanding the world was guided
by subjective experience, from a modern perspective almost esoteric. Indeed, the more than 400
pages of the Farbenlehre contain not a single formula. Newton, on the other hand, postulated
some of the most overarching principles in physics as equations. Considering this, it is maybe
not too surprising that today Newton is seen as one of the greatest scientists in history while
Goethe is remembered as as poet, a writer, a philosopher, but not so much as a scientist.

But is it not actually mind-boggling that a white light beam forms a rainbow after trans-
mitting through a prism? Newton claimed that the color was contained in the white light but
somehow revealed itself only through appropriate measurement devices. That white light has
’hidden’ properties which can be missed if we don’t unfold them carefully. Fifty years af-
ter Goethe, James Maxwell published his theory of the electro-magnetic field, which finally
seemed to provide a complete description of light [3]. Here, color was in fact the wavelength
of an electro-magnetic wave. The theory provided a good explanation for the rainbow emerging
from the prism, consistent with Newton’s understanding. For a while, light seemed to be solved.
But then, again, *hidden’ properties were discovered: Although to our eyes seemingly an infi-
nite number of brightness levels exist, light comes in discrete quanta of energy just like discrete
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1. INTRODUCTION

particles. And these particles still interfere like waves. And neither the particle nor the wave
description seem intuitive from our daily experiences with rays of light.

Great progress regarding these observations was made since then and the early 20th century
saw the development of a sophisticated quantum theory of light. This theory reconciles the
apparent contradiction between the particle and the wave description. The theory states that the
most classic state of light, a coherent state, has a well defined phase and, more importantly,
finite electric field uncertainty. It even has the very same uncertainty as the vacuum electric
field. And it was discovered that light can exhibit another quite peculiar feature: The electric
field uncertainty can vary as a function of phase and cut below the minimum uncertainty of the
vacuum. It has, so to speak, less noise than darkness. One can only wonder what Goethe would
have made of this.

Such squeezed light is a non-classical phenomenon that can only be explained within the
theory of quantum mechanics. A range of methods exist to generate non-classical states of light
and in this thesis we present a novel and surprisingly simple way to create squeezed light.

1.1 Light transmission through an ensemble of atoms

We examine a very simple scenario: Resonant light propagates through an ensemble of atoms
and is partially absorbed by them. Let us consider the light as a stream of photons and whenever
a photon encounters an atom there is a certain probability of absorption, otherwise the photon
propagates past. In the case of absorption the atom is transfered into an excited state that usually
decays within a short time and the photon is emitted into a random direction. A simple depiction
of this process is shown in Fig. 1.1a. This scattering reduces the intensity of the light as it
propagates through an ensemble of atoms which is well described by Beer-Lambert’s law that
predicts an exponential reduction of intensity.

This description is usually perfectly sufficient to calculate how much light will exit the en-
semble. But the applicability of Beer-Lambert’s law is restricted to the limit of low intensity
compared to the saturation intensity of an atom. The restriction originates from the fact that
atoms are non-linear absorbers: Once a first photon is absorbed and the atom is excited it cannot
absorb another photon as long as it stays in the excited state. This is the starting point of the
field of non-linear light-matter interaction. But what happens actually when a pair of photons
encounters an atom? The simplest process is that one photon is absorbed and the other trans-
mitted. But another process is possible where the atom absorbs one photon, emitts it a a slightly
different frequency, simultaneously absorbs the other photon and emitts it again at a different
frequeny, just shifted with opposite sign. This two-photon process preserves energy because the
total energy of the frequency shifted photons equals that of the initial two photons. Since a total
of four photons are involved such processes are called four-wave mixing, although no more than
two photons exist at any time. The optical non-linearity of atoms is well explained by quantum
mechanics but incompatible with the classical picture that only knows linear absorbers. There-
fore, light generated via this two-photon process is called non-classical light. A depiction of this
two-photon process and the corresponding level scheme is shown in Fig.1.1b.

So the simple scenario of classical light propagating through an ensemble can lead to non-
classical light in the output. In this thesis we demonstrate this experimentally. As signature of

2
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1.2. Studying light with optical nanofibers

a) ,\/JJ

;l

Figure 1.1: a) Interaction of single photons with an atom. The reduced amplitude of the arrows
past interaction idicates that some photons are absorbed while others transmitt. The photons
belong to a guided mode of a nanofiber and interact with the atom via the evanescent field of
that mode. b) Interaction of a pair of photons with an atom. If both photons interact within the
lifetime of the excited state the process depicted in the level scheme can occur. The consequence
are two energy-time entangled photons that are detuned with respect to the atomic transition.

non-classical light we examine the quadrature uncertainty of the output light and show that it
exhibits squeezing.

1.2 Studying light with optical nanofibers

Our plattform of choice to study light-matter interaction are tapered optical fibers with diameters
below the wavelength of the guided light, called nanofibers [4]. Interest in this system arose
because they allow to interface fiber guided light with an emitter via the evanescent field at the
nanofiber waist without releasing the light from the guided mode. Moreover, they achieve a
strong focussing effect throughout the entire waist whereas strongly focussed free space beams
diverge rapidly away from the focal point. This makes nanofibers a promising component for
future fiber networks. Another application is to use nanofibers to study light-matter interaction at
the most fundamental level. Here, the possibility to interface laser-cooled atoms with a nanofiber
has received increasing interest in recent years. While initial studies interfaced simply a Cesium
vapour present at the nanofiber waist it was soon proposed to trap the atoms in the evanescent
field [5,6]. Indeed, only a few years later successfull trapping was demonstrated [7]. Shortly
after, another trap realisation was reported that utilised magic-wavelengths to reduce spectral
broadening from the trap [8]. Since then, nanofiber based dipole traps have been developed into
a versatile tools to study light-matter interaction. For example, nanofibers have been employed
to demonstrate spin-momentum locking and thus contributed to the emergence of the field of
chiral quantum optics [9-11]. This spin-momentum locking was employed to demonstrate an
optical diode [12]. Storage of light was demonstrated, opening the perspective of a nanofiber-
based quantum memory [13, 14]. To this end, the first step of the celebrated DLCZ protocol
was realised on a nanofiber platform [15,16]. It was reported, how the periodicity of the trap
potential can lead to collective reflection from the trapped ensemble [17, 18]. The range of this
selection of results illustrates the versatility of nanofibers for studying light-matter interaction.
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1. INTRODUCTION

1.3 Thesis structure overview

This thesis is structured as follows: The theoretical concepts of nanofiber-based atom trapping
are presented in chapter 2. The guided modes are discussed and the principle of the evanescent
field trap is explained. Chapter 3 provides the theoretical concepts to understand squeezed light
and how it is generated from non-linear photon transport. Chapter 4 describes the construction
of the experimental apparatus from empty tables to an operational light-matter interface. Lastly,
chapter 5 presents the experimental observation of squeezed light from an ensemble of weakly
coupled Cesium atoms and studies the squeezing dependence on power and detuning. Chapter
6 gives an outlook on possible future experiments.
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CHAPTER

Properties of ultra-thin optical fibers

Optical fibers with diameters below the wavelength of the guided light are at the heart of the
experiments presented in this work. Such fibers have received increased attention in recent years
because of their intriguing optical features such as spin-momentum locking of light, linking
polarization and propagation direction, and azimuthal symmetry breaking of its guided modes.
One field of applications consists of fundamental research in quantum optics such as interfacing
of laser-cooled atoms and molecules sensing [7, 8, 19,20]. This chapter introduces a description
of the optical modes in sub-wavelength-diameter optical fibers and details the principle of a
dipole trap for atoms in the evanscent field. Moreover, the vibrational modes of nanofibers are
discussed and the manufacturing via a heat-and-pull technique is sketched.

2.1 Electric field and intensity distributions

Optical fibers are a common technology in the modern world, used for telecommunication and
sensing in a great range of contexts. Usually, these fibers consist of a Fluorine or Germanium
doped, few micrometer thick silica (SiO2) core with a 60um thick silica cladding. The doping
increases the refractive index of silica by less than 1% such that light is confined to the core but
its evanescent field reaches far into the cladding which is why we speak of weakly-guided modes.
These are described well by linearly polarized (LP) modes which are approximated and super-
positioned solutions of Maxwell’s equations. The situation changes starkly for air-clad fibers
with diameters on the order of the wavelength of the guided light. Here, the doped core has
disappeared and the cladding turns into the core while the surrounding vacuum acts as cladding.
For such small radii the approximations underlying the LP solutions become invalid. Instead,
one has to return to the exact solutions of the fundamental linearly polarized HE modes (Hybrid
Electric) which feature interesting properties for sub-wavelength-diameters:

e Strong evanescent field: A considerable part of the guided light propagates above the
fiber surface in the evanescent field where it can be interfaced with emitters or optical
components.
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2. PROPERTIES OF ULTRA-THIN OPTICAL FIBERS

Figure 2.1: Fiber geometry and coordinate systems throughout this thesis. For air-clad
nanofibers the contrast of the refractive indices n; ~ 1.55 and no = 1 is large and the modes are
strongly guided, unlike in wekaly-guiding standard optical fibers with permille refractive index
contrasts.

e Broken symmetry in azimuthal direction: Whereas the LP modes mentioned above ex-
hibit intensity distributions that are rotationally symmetric about the fiber axis linearly
polarized HE modes can exhibit strong intensity variations along the azimuthal direction,
giving rise to a strong and weak axis of the mode.

e Strong longitudinal electric field component: The strong gradient of the evanescent field
above the fiber surface gives rise to an electric field component in the direction of pro-
pagation. This component is 7/2 out of phase with the major transverse electric field
component such that elliptical polarization can be observed close to the fiber surface and
lying in plane spanned by fiber and strong axis. Moreover, the sign of the relative phase
and thus the orientation of the elliptical polarization is linked to the propagation direc-
tion, a feature that has attracted considerable attention recently under the banner of ’chiral
quantum optics’ [11].

A detailed derivation of the HE modes from Maxwell’s equations is found in several texts,
for example [21], here only the solution of the quasi-linearly polarized HE;; mode is given. The
geometry of the problem is shown in Fig.2.1 where two coordinate systems used throughout this
thesis are indicated. The symmetry of the fiber suggests the use of cylindrical coordinates and
therefore the field solutions will be given in them. In the context of the experimental setup and
for orientation of the mode axis cartesian coordinates can be more practical and will be used
accordingly.

In cylindrical coordinates the complex valued electric field components of the HE;; mode
inside the fiber, i.e. 7 < a, can be expressed as

6
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2.1. Electric field and intensity distributions

B

By = iAo (1= 5)Jo(hr) cos do — (1 + 5)Ja (hr) cos(26 — do)] W= 2
E, = —iA% [(1 — 8)Jo(hr) sin g — (1 4 s)Ja(hr) sin(2¢ — ¢g)] '@, (2.2)
E. = AJy(hr)cos(¢ — qbo)ei(mfﬁz), (2.3)
2.4)
and outside the fiber (r > a) as
Ji(h .
Fa=m iA;iJI(11((qcclz)) [(1— 5)Ko(qr) cos ¢ + (1 + 5) Ka(qr) cos(2¢ — )] €',
(2.5
= g (1= ol singo -+ (1+ 9)Kalar)sin(26 — o0)] 95, 26
o Ji (ha’) _ i(wt—Bz)
E, _AKl(qa) Ki(qr) cos(¢ — ¢o)e ) (2.7)
with
5§ = [(qa)_2 + (ha)_g] / [J{(ha)/haJl(ha) + K] (qa)/anl(qa)] , (2.8)

where h = \/n3k? — 32 and ¢ = /32 — n3k? characterize the fields inside and outside the
fiber and J,, and K, stand for the n-th order Bessel functions of the first kind and the modified

Bessel functions of the second kind, respectively. The coefficient A relates to the power P in
the mode via A = \/8uowP/ma?f. Here, J| and K denote the first derivative of the respective
functions. The angle ¢g determines the orientation of the strong axis of the mode and ¢y = 0
and 7/2 align it to the = and y axis, respectively. The propagation constant /3 is determined
through the following eigenvalue equation

Jo(ha)  m4nd Klga) | 1
haJi(ha) 2n?  qaKi(qa)  h%a?

_ ([ [ri+n Ki(ga) 2+ (1 1Y
2n?  qaKj(qa) n2k? \ ¢?a® = h2a? '
This parameter (5 is an effective refractive index for the propagating light and reflects that the
field partly propagates in the fiber bulk (n = 1.55 for silica) and partly in the surrounding
vacuum (n = 1), i.e. its value is between the two refractive indices.

In many instances the intensity of the electric field is required which can be calculated from
the above expressions via

2.9

1
I= 5eocn(E}; +E} +E2), (2.10)

where c is the speed of light, €q is the electric permitivity of the vacuum, and n is the local
refractive index.
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Figure 2.2: Spatial structure of the quasi-linearly polarized HE{; mode with the strong axis
aligned along x. Shown are the intensity distribution (top left) and the real value of the spatial
components, i.e. Re(E; , ), normalised to the maximum value of the respective plot. The field
energy is stored mostly in £ and £, while the field along the y-axis is approximately an order
of magnitude weaker than the field along the x-axis. E, is pointing in opposite direction above
and below the fiber, which in combination with the 7/2-out of phase x-component results in
elliptical polarizations with opposite orientations.

The strength of the total intensity and the respective field components of a mode with the
strong axis aligned along y are shown in Fig. 2.2 where both the structure of the evanescent field
and the breaking of azimuthal symmetry becomes apparent. Note that, in addition to the 7/2
phase difference with respect to E,, F, has opposite phase above and below the fiber giving
rise to counter-rotating elliptical polarizations in the respective regions. Moreover, the relative
phase between E, and E, switches sign if the propagation direction is reversed which flips the
orientation of the polarization ellipse. This has been labelled as spin-momentum locking or
chirality [9, 11]. Note that the approximately exponential decay of the evanescent field in radial
direction is wavelength dependent, with shorter wavelengths decaying more rapidly. This is the
fundamental principle behind the evanescent field dipole trap, as will be illustrated in the next
section.
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2.2. Principle of nanofiber-based dipole trapping

2.2 Principle of nanofiber-based dipole trapping

Light fields can be used to trap neutral atoms: The force acting on the atoms originates from
the fact that the oscillating electric field displaces the electrons from the atomic nucleus of an
atom and induces an electric dipole. The potential energy of this dipole in the oscillating electric
field is called the AC-Stark shift. Depending on the amplitude of the electric field it can become
comparable to the kinetic energy of laser-cooled atoms and therfore it can form a trap potential
for such atoms [22]. The potential energy of the induced dipole in the external field is given by

U=-1/2(d-E), @2.11)

where d = a(w)E is the induced dipole, E is the external electric field, and the brackets indicate
the time average. a(w) is the dynamical atomic polarisability. The induced dipole is in or 7 out
of phase with the external electric field if the driving frequency is below or above the resonance
frequency, respectively. The energy is lowered if the induced dipole is in phase with the drive
field, i.e. d and E have the same sign, and raised if it is out of phase and d and E have opposite
signs. This means that spatially varying laser fields form an attractive potential if their frequency
is red detuned with respect to a nearby atomic transition because then the induced atomic dipole
oscillates in phase with the driving field. Vice versa, for a blue detuned drive field the atomic
dipole oscillates out of phase and raises its energy. Using the expression for the induced dipole
we arrive at U = —1/2a(w)E? « a(w)l, i.e. the potential is proportional to the light field
intensity /. Thus a red detuned focused laser beam can act as a trap at the focal point and a blue
detuned field can present a potential barrier. Such free space dipole traps have been used widely
and with great success in many quantum optics experiments, for example as optical tweezers for
single atoms [23-25] or as periodic potentials in optical lattices [26,27]. More recently, dipole
traps close to the surface of structures have received increased interest because they enable
rich interactions between trapped atoms and the structure [6, 28, 29]. These include using the
evanescent field of an optical nanofiber as an atomic dipole trap.

2.2.1 Atomic polarizability

The strength of the induced dipole is given by the frequency- and polarization-dependent atomic
polarizability «(w) that relates the inducing field strength to the dipole strength viad = a(w)E.
The total polarizability o can be expressed via three terms, corresponding do the dynamical
scalar, vector, and tensor polarizability which gives [30]

v [uxu]-F 3[(u*-F) (u-F) + (u-F) (u* - F)] — 2F°
o =ap —WZJFT +agp 2F(2F — 1)

L (2.12)

where nJF' denotes the atomic fine-structure level, u is a complex unit vector pointing along
the local electric field, u* denotes the complex conjugate, and F is the total angular momentum
operator of the atom. J is the total electron angular momentum and [ is the nuclear angular
momentum. The above notation is legitimate far off resonance where the Stark shift is small
compared to the hyperfine-structure splitting and thus the level mixing of atomic states with
different quantum numbers F' can be neglected. This formula illustrates the dependence of

9
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2. PROPERTIES OF ULTRA-THIN OPTICAL FIBERS

the total polarizability on the polarization of the light field which is examined more closely in
Sec.2.4. The coefficients o ; ., a¥ ;1, and a! ;. are calculated via [30]

1 (0)

o p=at, = —— a9 2.13
nJF =QnJ R (2.13)
. 2FQ2F +1) (F 1 F\ )

OénJF = — Fi—kl <J I J) an]’ (214)

2F(2F —1)2F +1) (F 2 F\ (9
T (_1)/tI+F 2.1
(e a ( ) 3(F + 1)(2F + 3) J I J anjv ( 5)

where aff 7 denotes the reduced dynamical polarizability where K = 0,1, 2 corresponds to the
scalar, vector, and tensor contributions. The reduced dynamical polarizability can be calculated
from [30]

(1 F 1
agj) :(_1)K+J+1\/m % Z(_l)J (J 7 J> | <nljl} d| |nJ) |2 (2.16)
n!,J'

1 (—1)K ) |

X —Re - -
h (wn’J’nJ _"‘}_Z"Yn’J’nJ/2 oJn’J"nJ'i‘W""Z’Yn"]’n‘]/z

where <; 5(, t1]> is the 65-Wigner symbol. The expression sums over all allowed transitions

between the atomic fine-structure levels n.J and n’.J’. The terms in the denominators correspond
to the frequency of the respective transition, i.e. wy/j,7 = Wy/Jr — WnJ, and the transition
linewidth 7,y 7. A collection of the reduced matrix elements (n’J’||d| |nJ) for Cesium is
given in Ref. [30] and is the underlying data set for the dipole potential calculations presented
here.

2.2.2 Trapping potentials

Trapping atoms in the evanescent field of a nanofiber was first proposed by LeKien et al.
in 2004 [31] and realized for the first time in 2010 in our group [7]. The core idea relies
on the wavelength-dependent decay of the evanescent field around a tapered optical fiber with
sub-wavelength diameter. A blue-detuned and thus repulsive light field has a shorter wavelength
than a red-detuned and thus attractive light field and consequently decays more rapidly in radial
direction. Therefore, the combination of a repulsive and an attractive field can form a potential
minimum above the fiber surface and thus confine atoms in the radial dimension. This is de-
picted in Fig.2.3a where the potential energy of the 33Cs ground state is plotted as a function
of distance to the fiber surface. The potential is calculated using the mode intensity calcu-
lated from the analytic solutions presented previously and the atomic polarizabilities following
Ref. [32]. The y-axis has the unit of micro-Kelvin, obtained by normalizing the potential energy
to the Boltzmann-constant, which is practical in order to compare trap depths and temperatures
achieved through laser-cooling. Note the asymmetry of the trap in radial direction which has
the consequence that atoms in higher vibrational trap levels are on average further away from

10
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2.2. Principle of nanofiber-based dipole trapping
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Figure 2.3: (a) Trapping potential as function of distance to the nanofiber surface for a fiber ra-
dius of 200 nm, created from the combination of two counter-propagating fields at 935 nm with
195 uW power each and field at 685 nm with 13 mW power. Close to the fiber surface attrac-
tive Van-der-Waals forces occur, modifying the dipole potential with Ugy,s [31]. (b) Trapping
potential in the yz-plane, illustrating the confinement along z due to the red-detuned standing
wave.

the fiber surface than atoms in lower vibrational states. This means that heating the atoms, by
which we mean that their vibrational quantum number increases, leads to weaker coupling to
fiber-guided probing fields which decay on similar length scales above the fiber surface as the
trap fields. Both the red and the blue detuned trap field are quasi-linearly polarized with the blue
trap polarization aligned orthogonally to the red trap polarization. In our trap configuration, the
blue trap mode is polarised orthogonally to the trapping plane which is defined by the polari-
sation of the red trap mode. Therefore, the blue trap intensity increases in azimuthal direction
away from the trap center, thus confining the movement of atoms in the trap in azimuthal di-
rection. In addition, the intensity of the red trap field is at a maximum in azimuthal direction
at the trap center, providing further confinement in this direction. Finally, 3D confinement can
be achieved by counter-propagating red trap fields that form a standing wave. The result are
two 1D arrays of micro-traps on opposite sides of the nanofiber, as depicted for one side of
the nanofiber in Fig.2.3b where the potential energy in the y-z-plane is shown. Many different
trap configurations are possible with different trap polarizations. We choose a linearly polarized
trap configuration because linear polarization is easiest to realise experimentally. Moreover, it
provides efficient coupling between the trapped atoms and a linearly polarised probe field due
to its increased azimuthal confinement compared to trap configurations based on circular light.
This can be understood as follows: Strongest coupling occurs generally when the probe field
intensity at the position of the potential minimum is maximized. To this end the atom should be
confined to the strong axis of the probe field as good as possible since the probe field intensity
reduces for angles off the strong axis. Strongest azimuthal confinement is achieved via linearly
polarised trap fields due to their azimuthal symmetry breaking.

In our experiment we accumulate atoms in a magneto-optical trap around the nanofiber and
subsequently transfer them into an optical molasses where atoms experience friction as they

11


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

2. PROPERTIES OF ULTRA-THIN OPTICAL FIBERS
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Figure 2.4: Scalar polarizabilities of the Cesium S} /5 and the 6.3/, manifolds in the range of
the blue trap wavelength (a) and the red trap wavelength (b), given in atomic units. The magic
wavelength occurs at the crossing of the blue and orange curves where ground and excited state
experience the same shift, rendering the transition frequency significantly less dependent on trap
field intensity. Data reproduced from [30].

move through space. When atoms are attracted towards a trap minimum they accelerate, con-
verting potential energy into kinetic energy. The molasses cooling dissipates this energy such
that they lack the kinetic energy to escape the trap. At the same time, the molasses gives rise to
light-assisted collisions between two atoms in the same micro-trap which release enough kinetic
energy to evict both atoms from the trap, commonly referred to as collisional blockade [33].
The consequence is that one micro-trap can hold either zero or one atoms and the average trap
filling factor cannot exceed 0.5 unless more sophisticated schemes are employed, such as a gray
molasses using blue detuned cooling light [34]. With our standard molasses cooling technique
we typically trap arrays ranging from ten to hundreds of atoms along the nanofiber. Note that
with molasses cooling the energy of the trapped atoms is still well described by a thermal ensem-
ble, i.e. occupation of vibrational levels in the trap follows a Boltzmann distribution. Different
cooling schemes for fiber-trapped atoms have been demonstrated to cool the atoms almost com-
pletely to the vibrational ground state but these were not implemented in our experiment [35,36].

2.2.3 Magic wavelength traps

Dipole traps rely on the energy shift of the atomic ground state energy in the presence of a light
field detuned with respect to a dipole transition between the ground state and an excited state.
This excited state energy is generally also shifted by the presence of the light field and therefore
the transition frequency between ground and excited state can be shifted, too. The magnitude
of the shift depends on the strength of the light field and if this light field has spatially varying
intensity the transition frequency is also spatially varying. This is detrimental for an atom-light
interface for the following reason: As a thermal ensemble the trapped atoms occupy a range

12


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

2.2. Principle of nanofiber-based dipole trapping

of different vibrational states which have different spatial extent. This means that overlapp
between the spatial wave-function of the atom and the trapping field depends on the vibrational
state. This overlapp determines the energy shift of the electronic ground and excited state.
Generally, these states do not experience the same energy shift through the trap field. The
consequence is that the transition frequency between electronic ground and excited state depends
on the vibrational state. Considering the thermal occupation of vibrational states it becomes clear
that this translates into a broadened absorption profile for the whole ensemble. But it is possible
to reduce this broadening by ensuring that the excited state light shift is similar to the shift of
the ground state. This is achieved by so called magic wavelengths’ for which the electronic
ground and excited state experience precisely the same scalar AC-stark shift, i.e. both states
have the same value for o ;, and their transition frequency is thus less affected by the trap
fields [30]. Note that these magic-wavelengths still give rise to vector and tensor light shifts, i.e.
o’ ; and ol ; can still differ for ground and excited state. In our trap configuration, vector light
shifts vanish since atoms at the trap minimum are exposed only to linear polarization. Generally,
linearly polarised modes of a nanofiber can be elliptically polarised in the evanescent field due to
the m-out of phase longitudinal electric field component. However, the spatial distribution of the
longitudinal component, as depicted in Fig. 2.2, vanishes on the weak axis of the mode. In our
trap configuration the trapping plane is along the weak axis of the blue trap field, therefore atoms
are exposed to linearly polarised blue trap light at the trap minimum. This is different for the red
trap field since its strong axis lies in the trapping plane. However, due to the counter-propagating
red trap modes the longitudinal field component interfere destructively, leaving the red trap field
linearly polarised at every position in the evanescent field. Therefore, atoms at the trap minimum
are only exposed to linearly polarised trap light and experience vanishing vector light shifts since
these exist only for elliptical and circular polarisation as is apparent from Eq. 2.12. Tensor light
shifts, however, are still possible. These vanish for J = 1/2 and therefore the Cesium ground
state is unaffected. But the excited state of our probing transition is energy shifted due to tensor
light shift which we discuss later.

Besides reducing the spectral broadening of trapped atoms magic wavelengths also reduce
heating from scattering because they present the same trapping potential to ground and excited
state. More specifically, off-resonant absorption of a trap photon or excitation via a probe light
field can excite the atom for a finite time in which its potential energy depends on the AC-stark
shift of the excited state and which typically differs from the ground state light shift. Therefore,
the atom experiences a different trap potential during the time spent in the excited state which
effectively provides a momentum kick for the atom and thus increases its kinetic energy. The
consequence is that the heating of an atom when scattering light from a probe field is increased.
The benefits of magic-wavelengths are therefore twofold: reduced broadening of fiber trapped
ensembles and reduced heating from probing the ensemble resonantly.

Magic-wavelengths exist for only some of the transitions of elements used in laser-cooling
experiments. Fortunately, the 657 ,5 — 6P3/5 transition in Cesium, referred to as the D2 line,
features both a blue detuned magic wavelength at 685 nm and a red detuned magic wavelength
at 935 nm which determines the wavelengths chosen for our experiment [30]. The scalar polar-
isability of the ground and excited state used in the probing schemes of this thesis are shown
in Fig. 2.4, reproduced from [30]. The figure illustrates that the light shift change with wave-
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2. PROPERTIES OF ULTRA-THIN OPTICAL FIBERS

length is modest compared to typical drifts of freely running diode lasers that are usually below
100 MHz which corresponds to 0.1 nm shift in wavelength at 935 nm and even less at 685 nm.
Therefore, none of the trap lasers in our experiment require frequency stabilisation.

2.2.4 Tensor polarizability at the magic wavelengths

The tensor polarizability of the ground state is zero and thus has no effect on the trapping poten-
tial. However, the excited state tensor shift is finite. The dynamical tensor polarizability gener-
ally depends on the polarization of the trap field and the angular momentum of the atom, as is
apparent from (2.12). From the complete expression for the atomic polarizability in Eq. (2.12)
we see that the tensor light shift depends on the relative orientation of the atomic angular mo-
mentum F' and the complex polarization vector u. The product of these two vectors therefore
depends on the magnetic quantum number m r that quantifies the z-component of the total angu-
lar momentum. In the following we estimate an upper boundary of of this m p-dependent energy
shift. We assume a weak magnetic field along the z-direction that provides the quantization axis.
Next we assume that the trap field is linearly polarised along this direction because this leads
to the strongest energy shift. Then, the splitting of the excited state due to tensor light shifts is
given by [30] ,
Lo oy 7 3mp— F(F+1)
AB = 41eP = 3u-P)olsr g 1y

where u, is the z-component of the polarization vector, and & is the electric field amplitude.
In Fig.2.5 we calculate this splitting using the tensor polarizabilities at the red and blue trap
wavelength, assuming the field intensities at the center of the trap that result from the trap powers
used in our experiment, i.e. Pq =195 uW and P,y =13 mW. Note that the center-of-mass
of the splitting is zero, i.e. the average of the F-manifold is unshifted. The figure shows that
the total tensor light shift of the excited state in our trap configuration can be on the order of a
few MHz. Note that in our trap configuration these energy shifts cannot be added up because
they originate from trap fields with orthogonal polarisation. Generally, the outermost mr states
that are the excited state of the cycling transition are most energy shifted due to tensor light
shifts. This means that the cycling transition frequency depends on the trap field intensity and
thus changes for different positions of an atom in the trap.

2.17)

2.3 Mechanical properties

The extremely small diameter of nanofibers not only leads to interesting optical properties but
also entails mechanical aspects. A nanofiber with a diameter of half a micrometer and a waist
length of a few millimeters is a glass cylinder with extreme aspect ratio and can vibrate in several
modes that can be grouped into three classes:

e Torsional modes: The fiber is displaced in azimuthal direction with fixed points at the
tapers.

e Transverse modes / Flexural modes: The fiber is displaced transverse to its axis, similar
to a guitar string.
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2.3. Mechanical properties
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Figure 2.5: Upper boundary of the energy shift for different mp states due to the ten-
sor light shift in our trap configuration, using orthogonally linearly polarised trap fields with
Preqa =195 uW and B, = 13 mW. Energy shifts are normalised to the D2-transition linewidth
of I' =5.2 MHz.

e [ongitudinal modes: The fiber is displaced along its axis with a very small displacement
in radial direction.

Among these, torsional modes have received increased attention as they initially seemed a
promising explanation for the strong heating observed in nanofiber-based dipole traps. For a
nanofiber with a 10 mm waist the fundamental torsional mode, where \/2 is equal to the waist
length, has a frequency of ~ 90 kHz. Note that this does not depend on longitudinal strain of
the fiber but is determined entirely by the waist length, fiber radius and the material stiffness.
Azimuthal strain induces circular birefringence in the fiber waist such that circularly polarized
optical modes experience different refractive indices depending on the light’s handedness. This
also affects linearly polarized modes which can be understood as follows: Linearly polarized
modes can be described as a superposition of the two orthogonal circular polarizations. The
relative phases of these modes shift due to circular birefringence and the result is a tilt of the
linearly polarized mode’s axis. Thus, the orientation of the linearly polarized modes can vi-
brate at the frequency of the torsional modes. Recently, however, more in depth analysis of
the mechanical spectrum of nanofibers suggest that flexural modes provide a better explanation
of the heating in nanofiber traps and that heating contributions from other vibration modes are
small [37].

In practice, we found that transverse modes can have fundamental frequencies as low as
a few hundred Hertz which means they can be excited by acoustic noise in the lab. Driving
these modes acoustically via a function generator and a speaker reliably reduced the number
of trapped atoms but no systematic study was carried out and it remained unclear whether this
was due to poor atom loading or due to increased heating. Similarly, vibrations on the optical
table can excite fiber vibrations resulting in poor atom trapping until the induced vibrations have
decayed.
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2. PROPERTIES OF ULTRA-THIN OPTICAL FIBERS

:35mmi 10mm 35mm:
B ——

400nm *

125um I
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White light lamp

Figure 2.6: Schematic depiction of the pulling rig with magnified view of the tapered fiber. A
control computer steers translation stages while monitoring spectral transmission through the
fiber. The taper sections are optimized for minimum losses while keeping them as short as
possible. The lengths indicated on the fiber are typical values and can be altered, in particular
the waist can be up to 35 mm long in the pulling rig of our group.

Vibrational nanofiber modes can be excited thermally and thus their elimination is difficult.
This is especially true since the optical fields required for evanescent field dipole trapping, with
powers on the order of milli-Watt, can heat the fiber to considerable temperatures of more than
1000 K which was observed experimentally in a dedicated setup in our group [38]. This can
be detrimental for the lifetime of the atom ensemble in the trap, discussed in more detail in the
experimental trap characterization in Sec.4.6.

2.4 Manufacturing of ultra-thin optical fibers

Ultra-thin optical fibers can be obtained from commercially available optical fibers via a con-
trolled heat and pull process. To this end our group operates two pulling rigs where a highly
pure 2 : 1 mixture of hydrogen and oxygen is burned, leading to a very clean flame that heats the
fiber locally. A schematic overview of the pulling rig if given in Fig.2.6. The fiber is mounted
on translation stages that move it through the flame at a controlled speed and with a well defined
time profile while gradually stretching the fiber causing it to taper at the heated spot. This has
enabled the precise and reproducible pulling of pre-defined radius profiles and thus to optimize
the transmission of the taper section where the fiber modes are transformed adiabatically from
the weakly guided modes in the standard optical fiber section to the ultra-thin fiber waist. Care-
ful calibration and design of the pulling rig and the pulling sequence has enabled our group to
pull nanofibers with transmission of more than 99% across a broad range of wavelengths and
typically in the near-infrared. A more detailed account of the pulling rig is given in [39].

The nanofibers used in the experiments presented in this work are commercially available
SM800 fibers (Fibercore, SM800) that were selected to still act as single-mode fibers at a wave-
length of 685 nm, that is we specifically requested fiber from a badge with the cut-off wavelength
below this value. Such fibers can be available due to the large variations in the fiber manufactur-
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2.5. Summary

ing process.

2.5 Summary

The tapered optical fibers described in this chapter form the heart of the experiments in this
thesis. We described their guided modes and showed their electric field distributions. The prin-
ciple of dipole trapping was reviewed and the potential of the evanescent field dipole trap above
the nanofiber surface was shown. The concept of magic-wavelengths was introduced and we
showed that the scalar AC-stark shift is the same for ground and excited state at the trapping
wavelengths of 685 nm and 935 nm. Although the ground state experiences no tensor light shift
the transition frequency can shift since the excited state is energetically shifted due to tensor
light shifts for which we presented an upper boundary to estimate their magnitude. Finally,
we reviewed mechanical properties of optical nanofibers and described the process of nanofiber
pulling.
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CHAPTER

Squeezed light from non-linear photon
transport

The experiments reported in this work study how resonant interaction of coherent light with an
ensemble of atoms leads to non-classical states of light. This chapter touches on the relevant
theoretical concepts to interpret the measurements. In the first half, the fundamental description
of light is presented, connecting the seemingly contradictory pictures of light as a particle and as
a wave. In particular, the framework is developed to understand why this wave has uncertainty
in its amplitude and that this uncertainty can be modified within the Heisenberg uncertainty
principle. The second half of the chapter reviews a theoretical framework published recently
by Mahmoodian et al. [40] that describes non-linear photon transport by means of scattering
matrices. Specifically, correlated photon pairs emerge, transforming the weak, coherent input
state of light into squeezed light with a characteristic spectrum. But before discussing these
atom-induced photon correlations we go back one step and consider just photons on their own.

3.1 Squeezed light

Describing light at the most fundamental level can be complicated: It should explain experiments
that clearly suggest a particle nature of light but it should also explain experiments that suggest
the opposite interpretation of a wave nature. The quantum optics community tends to think in the
particle picture because this is intuitive when we think of a single photon interacting with a single
atom or another single photon entangled with its counterpart. But in our macroscopic world this
particle nature is barely observable. Here, we think of an electro-magnetic wave that interferes
and therefore has a well-defined phase. Since there is only one version of physics there must be
a link between these two descriptions. And indeed, previous generations of physicists have built
an excellent framework that is consistent with both pictures. The experiments in this thesis are in
fact linking these two aspects, at least in our view of photon pair interaction (particles) that lead
to squeezed light (wave). This chapter introduces the formalism that connects these two worlds
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3. SQUEEZED LIGHT FROM NON-LINEAR PHOTON TRANSPORT

and points at the relevant observables for our experiment. The reviewed theory of squeezed light
is mostly based on the book by Gerry and Knight [41] while the non-linear transport section
essentially reviews the study by Mahmoodian et al. [40].

3.1.1 Number states, coherent states, electric field

We start on the particle side and with the very basic picture of a harmonic oscillator that ac-
commodates anywhere from zero to infinite excitations. Such an excitation is called a photon.
Its energy oscillates between the electric and magnetic field since according to Maxwell’s equa-
tions the change of one causes the other. In the case of zero excitations we have the vacuum
state and denote it by |0). Formally, an excitation enters and exits the world via the creation and
anihilation operators that act on a harmonic oscillator with n excitations via

atln) =vn+1|n+1) (3.1)
aln) =+vnln—1) 3.2)

These states |n) are called number states or Fock states and generally look like

(ah)"
Vil

Since they are eigenstates of the the harmonic oscillator they are static, much unlike the oscil-
lating electric field that we need to describe. However, the phases of different eigen-states of
a harmonic oscillator evolve at different frequencies. A superposition of harmonic oscillator
states can therefore lead to oscillating amplitudes. This insight lead Roy Glauber to introduce
the coherent state [42]. These states are characterized by a complex amplitude v and have the
form

n) = 2L |0) (3.3)

| ‘2/2 > a™

— |

a)=ce —n 34

) > =) G4
n=0

It is common and practical to express a in a polar form as a = |a|e?’. The creation and

annhilation operators are eigen-operators and we find @ |a) = a/|a) and (o] a' = (a| a*. Next,
we define an electric field operator as

A hw : :
E(t) = i4/ n o—iwgt T iwgt '
(t)=1 eV (ake ape ), (3.5)

with the wavenumber k& = 27 /\. The prefactor can be interpreted as the electric field of a single
photon with energy Awy,. The expectation value of this operator acting on a coherent state is then

hwy,
2¢0V

(a| E o) =i (ae™ ™kt — *elnt) (3.6)

and using the polar form of o we get

(E)o = 2laly/ Z)’; sin(wyt — 6) 3.7)
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3.1. Squeezed light

So the electric field expecation value for a coherent state is indeed oscillating like we know it
from the classical world. In contrast, for a Fock state we find (n| £ |n) = 0. This illustrates the
usefulness of coherent states to consistently connect the quantum world to the classical world.
The vanishing electric field expectation value also shows that Fock states are very non-classical.
They have a well defined energy but this energy is only noise, that is

(AE)? = —% (2n+1) (3.8)

2¢0V

We can also calculate («r| £2 |or) and find for the variance of E

. 2wy
ABP = (B?) - (E) = =% 3.9
(AE) e (39)
This is an important result because it shows that the electric field of a coherent state has uncer-
tainty but it does not depend on «. This also means it does not depend on the phase 6, i.e. any
phase of the electric field has the same noise.

Before we continue with we change the formalism slightly to stick to common theoretical

frameworks.
3.1.2 Quadratures
We introduce the quadrature operators as
Xy =a+al (3.10)
Xy =i(a—ah) (3.11)
They look similar to the electric field operator and indeed we can interpret X as the electric
field at phase § = /2 and X2 as the field at phase 6 = 0.

Another interpretation is that X describes the electric and X5 the magnetic field. Therefore,
it is not surprising that the Hamiltonian of the harmonic oscillator from the beginning of the
chapter expressed via quadratures has the form

N w - X
H= Z(Xl2 + X3) (3.12)
and that they satisfy the uncertainty relation
(AX])2(AX5)% > 1. (3.13)
It is also common to express the quadratures in an angle-dependent form as
Xy =ae % +ale®, (3.14)

such that Xy—o = X; and Xg x/2 = = X,. These will be used in the chapter reporting on

experimental observation of squeezing. For the discussion in this chapter we stick to X, and
Xg. The uncertainty relation originates from the fact that X 1 and X2 do not commute, i.e.
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3. SQUEEZED LIGHT FROM NON-LINEAR PHOTON TRANSPORT

we have [X 1, XQ] = 21, just like position and momentum do not commute in the quantum-
mechanical description of the mechanical harmonic oscillator. Note that the right hand side
of the inequality is a consequence of our definition of X, and X,. Some authors preface the
quadrature operators with 1/4/2 and then the right hand side becomes 1/4. Also note that
another form of expressing the above Hamiltonian is H = fiw(fi 4+ 1/2) where 7 = ala is
the number operator with 71 |n) = n|n), i.e. it relates back to the initial picture of this section
of a harmonic oscillator with n excitations. Interestingly, the above uncertainty relation holds
with equality for coherent states and the vacuum state. The coherent state and the vacuum
state have the same, minimum quadrature uncertainty. Just like in the calculation of the electric
fied variance, AX 1,2 are independent of the coherent state phase 6. More precisely, with our
definitions of quadratures, we find (AX7)? = (AX5)? = 1 for a coherent state. There are,
however, states where this is not the case, treated in the following section.

3.1.3 Squeezed vacuum

Squeezed light, or more specifically, quadrature squeezed light describes the situation where the
electric field variance is not constant with respect to phase and even falls below the vacuum
variance that, as mentioned above, is the same as the variance of a coherent state. This is
achieved by exceeding the vacuum variance at other phases, i.e. the other (conjugate) quadrature,
such that the the inequality of (3.13) still holds.

We start the discussion of squeezed states by formally introducing a squeezing operator that
generates a squeezed state from a coherent state. The strength of squeezing is characterized by
the complex number € = 7¢’? and the operator has the form

S(e) = exp (;e*dz — ;e(&T)2> . (3.15)
For the squeezing parameter r we have 0 < r < oo. The angle ¢ indicates that the squeezing
has its own angle and determines how the squeezing is distributed between the two quadratures.
The shape of the squeezing operator is already very instructive because it features a2, i.e. the
creation and destruction of photon pairs. Therfore, some authors describe it as a two-photon
displacement operator [41]. In fact, an outdated term for squeezed light is two-photon coherent
states [43]. This is a hint that squeezed vacuum is related to photon-pairs and more generally to
the photon parity of a state, i.e. its composition from odd and even number states.

We illustrate this by applying weak squeezing to the vacuum. Weak squeezing, i.e. 7 < 1
means that we can approximate e” ~ 1 + z and the weakly squeezed vacuum, denoted |e),
approximates

- % 12) = |e). (3.16)

S(e)|0) ~ |1+ NG

— 5e(@h?| o) =10)

We calculate the quadrature variance (AX)? = (X2) — (X)? for the squeezed vacuum and
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3.1. Squeezed light

Figure 3.1: Electric field evolution for different states. a) a coherent state has the same electric
field uncertainty at any phase. b) A phase squeezed state is obtained through application of the
squeezing operator to a coherent state, such that  — ¢ = 7/2. It has minimmum uncertainty
in X, i.e. at the zero-crossing of the electric field, and vice versa maximum uncertainty when
the field amplitude is maximum. ¢) Amplitude squeezed states are obtained for § — ¢ = 0 and
have the lowest field uncertainty for maximum electric field. d) Squeezed states can exist for
any 0 < ¢ < 2. The plot shows minimum electric field uncertainty for 0.77/2 und maximum
uncertainty for 0.77/2 + 7

obtain
(AX))?=1- \5[6 =1- ;ire“b (3.17)
- 5 5 .
(AX5)?2 =1+ Wil 1+ Erew (3.18)

So the squeezing operator has affected the uncertainty of the vacuum variance. For ¢ = 0 we
arrive at (AX 1)? < 1 and we call this amplitude squeezing. It means that the electric field
amplitude at & = 7/2 is less noisy than in a coherent state. This is afforded at the expense
of a more noisy electric field field or, to relate to our formalism, a more noisy (AX2)2, at
6 = 0. A reduced uncertainty (AXZ)Q is called phase squeezing. Note that generally ¢ can be
anywhere between 0 and 27, leading to the rotated quadrature operators YL = ae ' + atel®
and Y = i(afe’® — ae™'?). Electric field evolutions with different noise amplitudes at different
phases are illustrated in Fig.3.1 to provide physical intuition for the consequences of squeezing.
A deeper analysis of squeezed states will be given later in this chapter. For simplicity, we assume
¢ = 0 in the following.

Note that applying the squeezing operator to the vacuum in fact adds photons to the vac-
uum, i.e. the term vacuum becomes a bit misleading but it has become common throughout the
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3. SQUEEZED LIGHT FROM NON-LINEAR PHOTON TRANSPORT

literature nevertheless. One can make sense of it though by noting that, although it has finite,
above-vacuum energy, the electric field expectazio value is zero.

3.1.4 Phase-space portraits

The states of light described here can be visualized well if we plot the two quadratures against
each other together with their uncertainty, as shown in Fig.3.2. The vacuum state (red circle)
is at the origin and shows finite and equal uncertainty in both quadratures. The displacement
operator creates a coherent state from the vacuum (blue circle) which has the same uncertainty
as the vacuum state. Squeezed vacuum (green) ellipse, has reduced uncertainty in one quadrature
at the expense of the other quadrature and is obtained by applying the squeezing operator to the
vacuum state. Note that this depiction assumes ¢ = 0 for the squeezing operator. For different
values of ¢ we obtain a rotated ellipse. If we apply both the squeezing and the displacement
operator we arrive at a bright squeezed state (pink ellipse). The pink ellipse is reproduced for a
finite angle 6 as it appears in & = |ae? to illustrate that the states rotate about this origin with
optical frequency.

In a homodyne detection measurement we measure the projection of the ellipses onto an axis,
for example the X-axis. Thus, the pink state will exhibit minimum fluctuations at § = 0, 7 and
maximum fluctuations at § = £ /2. Again, this is because we assume squeezing with ¢ = 0
but the periodicity of the fluctuations holds for any value. Generally, the variance is modulated
proportional to cos(20).

3.1.5 Bright squeezed states

Next, we expand the initial squeezing analysis to the general case of arbitrary squeezing strength
and to coherent states, following [41]. To this end we introduce the displacement operator D(«),
given by

D(«a) = exp (a*d + adT> , (3.19)

which satisfies |) = D(a) |0) contributes to a bright squeezed state |av, €) = D(a)S(e) |0). To
calculate this, we will use the Baker-Campbell-Hausdorff lemma that, applied in our context,
states

ST(e)aS(e) = acoshr — ale’ sinhr (3.20)
ST(e)atS(e) = af coshr — ae ™ sinhr (3.21)

with ST(e) = S(—e). Similarly, for the displacement operator we find

Di(a)aD(a) = a + (3.22)
Di(a)a'D(a) = a + « (3.23)

Equipped with these relations we consider the vacuum state |0) that satisfies
al0) =0, (3.24)

24


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

3.1. Squeezed light

time evolution

: Y1 D(@)S(e)
A,

Figure 3.2: Uncertainty plots for various states of light. The red circle corresponds to the vac-
uum state |0). By applying the squeezing operator onto the vacuum state we obtain squeezed
vacuum (red ellipse). Applying the displacement operator to the vacuum state gives a coher-
ent state (blue circle), whereas applying it to the squeezed vacuum gives a bright squeezed
state (pink ellipse). The angled ellipse illustrates that the ellipse rotates about the origin, cap-
tured in the complex coherent state amplitude o = |ar|e?’. In homodyne detection we measure
the projection of the ellpise onto the z-axis and therefore observe a modulation of the variance
proportional to cos 26 for squeezed states.

i.e. the vacuum state is an eigenvector of the lowering operator with eigenvalue 0. We apply the
squeezing operator from the left and, using its unitarity, insert the factor 1 to obtain

S(e)asSt(€)S(e) |0) =0 (3.25)
which is equivalent to R A
S(e)asST(e)]e) =0 (3.26)

Now we can make the same eigenvector argument and state that the squeezed vacuum state is an
eigenvector of the operator S(¢)aST(¢). Using Baker-Hausdorff we can write this as

(ap+av)le) =0 (3.27)

where ;1 = coshr and v = € sinhr. Similarly, we can approach the bright squeezed state
|a, €) by writing o R R o
D(a)S(€)aST(e) DT () D () S (€) [0) = 0. (3.28)

In successive steps we apply the Baker-Campbell-Hausdorff lemma for the squeezing and the
displacement operator, recall D(a)S(e) |0) = |, €), and after rearranging we obtain another
eigenvalue equation

(ap+a'v) o, €) = |, €) (3.29)
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3. SQUEEZED LIGHT FROM NON-LINEAR PHOTON TRANSPORT

with v = a-coshr + ae? sinh r, and 1 and v as above.
These calculations can be utilized to analyse these arbitrarily squeezed states in the Fock
basis. First, we consider the squeezed vacuum, which we want to describe via

) => Cnln) (3.30)
n=0

Using the eigen-value equation given in Eq.(3.27), or the general eigenvalue equation in Eq.(3.29)
with o = 0, one can extract the recursive relation [41]

v n
Cry1 = o / an—l (3.3D

This relation leads to two distinct solutions because it connects only odd n or only even n. We
are interested in the even solution because otherwise the vacuum state is not included. Then, the
solution of the recursion relation is

(2m — 1)1

Com = (=1)™ (e tanh )™ @)l

Co (3.32)
Through normalization and use of a mathematical identity one can obtain Cy = v/coshr [41].
Using further identities the coefficients can be expressed as

(2m)! (' tanh r)™
2mm! vcoshr

Therefore, the squeezed vacuum written in the Fock basis is given by

Com = (—1)™ (3.33)

1 > Jem)n
- vcoshr Z(_l)m 2;:;) (e'” tanh 7)™ |2m) (3.34)
n=0 ’

l€)

The probability of detecting 2m photons is

s (2m)! (tanh r)?™

Pom = | (2mle) |” = 22m(m!)2  coshr

(3.35)

and for detecting an odd photon number we have P»,,+1 = 0. These probabilities are shown
in Fig.3.3a for two different strengths of squeezing, that is 7 = 0.3 and 1. Only the Fock states
with even photon number are populated and their population increases with squeezing strength.

Next we treat the effect of squeezing on coherent states, i.e. D(a)S(e) |0) = |a, ). The
strategy is the same as for the vacuum but the calculation a bit more involved. Starting with the
general eigenvalue equation Eq.3.29 one can make the Ansatz [41]

1. n/2
Cpn =NVcoshr [2 ¢'® tanh r] fn(x) (3.36)
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3.1. Squeezed light

with the normalization factor 91 and the initially unknown function f,(z). Substituting this
expression into the eigenvalue equation we obtain the recursion relation

Vn + 1fp1(z) — 2v4/ € sinh(2r) f,(z) + sv/nfn_1(z) =0 (3.37)

where 7 = acoshr 4+ o*¢®sinhr. This can be solved using the recursion relation for the
Hermite polynomials H,, and we obtain f,(z) = H,(x)/v/n! with z = ~(e*® sinh(2r)). For
the Fock state coefficients we thus get

1. n/2
C,, = NvVn!coshr {261‘? tanh r] H,(z) (3.38)
Again, 91 is obtained from normalization and one finds [41]
Lo 1 o4
2N = exp —§|a| — 5o tanhr| . (3.39)

Now we can express the squeezed bright state in the number basis as

1 .
exp {’a\Q - 506*2€Z¢ tanh r] X (3.40)

0o 11436 tanr]™? .
> B [y e snan)| .

Finally, the probability to detect n photons is given by

(3 tanhr)"

1 . 4
P, = |(n|a,e) |* = exp [—|a!2 - 5(04*2e’¢ + a2e”*) tanh r] X (3.41)

|H, [’y/ eld sinh(2r)} E

To develop a better understanding of this formula we plot it in Fig.3.3b and c for two different
values of r and the same amplitude and angle of c. The angle is chosen such that « is fully
real. Both plots have ¢ = 0, i.e. the state is only squeezed along one quadrature. For weak
squeezing the photon number distribution looks similar to that of a coherent state with small
modifications at high n. These stem from the photon pairs introduced by the squeezing operator.
For stronger squeezing (Fig.3.3c) these added photons become more pronounced. This is also
apparent from the highest probability in the two plots that is lowered by a factor of two in
the case of strong squeezing to accommodate population at higher n. The development of the
spectrum of P, due to different squeezing operators with increasing 7 is plotted in more detail in
the appendix A.1. Note that the brightness, i.e. the average number of photons detected per time,
is the same in both plots of Fig.3.3b and c. To a human eye both states would appear equally
bright, only more sophisticated measurement apparatuses can detect the substantially different
character of the light. We also note the dependence on the squeezing angle ¢. This means that
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3. SQUEEZED LIGHT FROM NON-LINEAR PHOTON TRANSPORT
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Figure 3.3: a) Probability of detecting m photons in a squeezed vacuum state for two different
squeezing strengths r. The odd photon numbers have zero probability. b) The squeezing operator
applied to a coherent state with o« = 2 (i.e. « real) with » = 1 and the angle of squeezing ¢ = 0.
Modifications at higher photon numbers start to become apparent but the state still looks similar
to a coherent state. ¢) The squeezing operator applied to the same coherent state as in b) but
with r = 2. This state bears little resemblence to a coherent state, i.e. the Poissonian profile is
strongly altered.

the coefficients depend on the relative angle between the coherent state and the squeezing angle.
This is illustrated in the appendix where states for different squeezing angles are shown (A.2).

We conclude this subsection by connecting the above discussion to the subject of number-
phase squeezing which refers to sub-Poissonian photon number distributions. In particular, con-
fusion often arises as to whether quadrature squeezing and number squeezing are the same phe-
nomenon. The previously discussed plots, however, illustrate the significant difference between
a number squeezed state, for example a Fock state with n = 5, and a squeezed state with
|a|?> = 5 and thus the same (average) number of photons. A weakly squeezed coherent state
approximates a sub-Poisson distribution in n only for some squeezing angles while it is, so to
speak, super-Poissonian or simply neither for other angles. In summary, quadrature squeezed
light squeezes one quadrature at the expense of the other (or electric field at the expense of the
magnetic field or vice versa) which can lead to sub-Poissonan statistics but also to a larger spread
in Fock space.

3.2 Detecting squeezed light

Phase resolving the electric field, or quadratures for that matter, and their noise is technically
challenging due to the high electric field frequencies. These are on the order of hundreds of Ter-
rahertz while electronic components do not extend far beyond the Gigahertz range. An elegant
way to circumvent the problem is the technique of balanced homodyne detection, schematically
depicted in Fig.3.4a. The core idea is to mix the signal field down to accessible frequencies
through beating it with a phase-stable reference field at the same optical frequency.

Formally, we express the local oscillator field as a coherent state and therfore write it as

Ero = ae™™! 4 o*et (3.42)
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3.2. Detecting squeezed light

b
a) i ) °
PD+ AN
LO X ol (t
>
L\/k K Am plification
PD- 3l (1)

Figure 3.4: a) Principle of a homodyne detector: A signal field interferes with a local oscil-
lator (LO) on a 50:50 non-polarizing beam splitter and the output is detected in both arms. b)
The difference of the induced photo diode currents can be extracted by connecting the diodes in
series and amplifying the difference current with a low-noise operational amplifier.

In the following we assume « to be real, i.e. the LO oscillator angle is assumed to be zero, since
we are only interested in the relative phase between signal and local oscillator. Therefore, we
express the signal field as

Ein — de—iwt—le 4 CLT twt+10 (343)
where 0 is the relative phase between signal and local oscillator. Now these fields interfere on
a 50:50 non-polarizing beam splitter and the electric fields in the two output arms are given by

~ 1 ~ A
B = ——(Ero + Enm 3.44
1 \/i( LO ) ( )

1 . R
E(ELO — Ein) (3.45)

It follows from that the power in each arm has the following proportionality

B —

. 1 . R A

Pyoc (EF) = S((Efo) + (Ef) + 2(EmEiro)) (3.46)
A 1 - A A A

Py oc (E3) = 5 ({Bfo) + (Ef) — 2(EwELo)) (347)

Each beam splitter output is detected on a photo diode leading to a current proportional to the
incident power. The difference between the two currents, accessed through a circuit sketched in
Fig.3.4b, thus gives

o) (3.48)

x (Ej
<(d —iwt— 10+aT zwt—HG) (e—iwt+eiwt)>
< + CLTC + ae —2iwt+16 + dTBZth*’L'9>

ala

For the time average the terms oscillating at w average to zero and we arrive at
(519 X o [&e*w + &Tew} =aX (3.49)

This means we can directly measure the quadrature via homodyne detection. Therefore, we can
also measure its variance and compare it to the vacuum or a coherent state to show squeezing.
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3. SQUEEZED LIGHT FROM NON-LINEAR PHOTON TRANSPORT

3.2.1 Losses

To complete this section we briefly discuss the role of the inevitable losses in detection, stem-
ming from lossy transmissions, imperfect mode matching and imperfect detectors. The losses
can be modelled via a beam splitter with transmission 7' where the vacuum state is incident
on the other input, i.e. the squeezed state interferes with a vacuum state. The output mode
creation operator for the beam splitter can be described as &’ = 7a + pd, with 72 = T and
p?> =1 — T [44]. For the angle dependent quadrature this leads to

Xo.ou = TXgjn + pXuac. (3.50)
The quadratures variances of the beam splitter input and the vacuum are uncorrelated, therefore
(AXgou)?) = T((AXpin)*) + (1 = T){(AXyac)). (3.51)

This shows that losses reduce the observed amplitude of squeezing. Usually, the losses can
be quantified and it is common in the squeezed light community to report both the observed
squeezing amplitude and the squeezing amplitude corrected for losses.

3.3 Non-linear photon transport

Having reviewed the basic concepts such as coherent and squeezed states of light we now turn
to the phenomenon of non-linear photon transport that generate such states. As mentioned in the
chapter introduction, our experiment was sparked by recent work by Mahmoodian and collab-
orators [40] and this section reviews that work and the supplementary material with additional
input from private communications. The purpose is to present the framework and develop insight
into the spectra of the induced photon correlations.

3.3.1 Strongly correlated photons

We consider a system of [V two level emitters that are weakly coupled to a waveguide. They are
driven continously with a resonant, coherent field. The input field is weak and therefore can be
approximated as

i) = elol”/2 [1 + adf, + (a2 /2)640@;0} 10) (3.52)

For this framework the waveguide is rescaled and linearized, such that wave number k and
frequency w, as well as distance x and time ¢, have the same units. Resonant photons correspond
to kg, and &ZO creates a photon with detuning ky. We assume a chiral system, i.e. photons emitted
by an emitter into the waveguide can only be emitted in forward direction, which occurs at a rate
of I'y. Alternatively, photons can be scattered into free space i.e. they are lost to the reservoir.
The ratio between these two rates defines the coupling strength 3 = Iy /T'tor, Where Iy is the
total decay rate into all channels.

To calculate the dynamics of the system we consider the scattering matrices for all compo-

nents of the input state. Interaction with N atoms is taken into account by raising the scattering
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3.3. Non-linear photon transport

matrices to the Nth power. The full scattering matrix reads

N-1
SV =SSN+ 85+ Y Sy TM 8,80 (3.53)
M=0

where 5”11 and 322 are the one- and two-photon scattering matrices, and S”m corresponds to
scattering of a two-photon input where one photon is lost and one is transmitted. The output
state is calculated by projecting the scattering materix onto the input state

SN |aun) = Jout), + |out)y + [out)y, (3.54)

The projection of the two-photon input state onto the N-emitter two-photon scattering matrix is
based on the Bethe ansatz technique as described in Ref. [45] and leads to

|out),
A

) N NV
= S |awn) = 3% c1 | Bary) — / dAFotR Ko 2y, L)Y, (3.55)

AyJ1+457

where ¢; = \/87/T, ig = 1 —48/(1 + 8 —iE/Ti), and A = (a?/L)e1**/2 « P, with
the input power P, = o?/L. L is a quantization length and « is assumed to be real. The
integral is carried out over R. The states |IW a) and | Bg) are extended states and bound states,
respectively, given in position space representation by [46]

[2A cos Az — Typgsgn(x) sin Az

2m\/4A2 + T2,

Ti .
Bp(ze,z) =/ ﬁe”@%e”/ 2| (3.57)

where 1 and x4 are the two photon positions, x. = (x1+x2)/2 is the center-of-mass coordinate,
and x = x1 — x2 is the difference coordinate, following the formalism in Ref. [45]. E =k + p
is the two-photon detuning and A = (k — p)/2 is the frequency difference of the two photons
with frequency k and p.

Carrying out the integration in Eq.3.55 leads to the full two-photon output of [40]

WeA(ze,x) = V2eiFee (3.56)

A
lout), = 3 /dxldxgdf(xl)&T(:cg) |0) Uy (e, x), (3.58)

with Uy (ze,z) = €20 [12N — ¢n(2)]. The term with 2V corresponds to photons pairs
that simply transmitted past /N emitters. The second term is a spectrum of correlated photons
containing ¢ (x) due to the non-linear interaction. The complete analytical solution is extensive
and is given in the supplementary material of Ref. [40]. Therefore, to develop an understanding
of these correlated photons we numerically calculate ¢ (w) for different N and a coupling
strength of 1% which is close to our experimental scenario. The result is shown in Fig. 3.5.

We can understand the plot as follows: The rate at which correlated photons are created is
always highest on or close to resonance. For low optical depth, e.g. N = 25 in the plot, there
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3. SQUEEZED LIGHT FROM NON-LINEAR PHOTON TRANSPORT
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Figure 3.5: Spectrum of ¢y (w) for 5 = 0.01 and different N. As the inout state propagates
through the ensemble, correlations build up in the form up sidebands. Due to absorption the
correlated photons closer to resonance are absorbed more strongly and for large enough N only
sidebands survive. This corresponds to the cartoon in Fig. 3.6b.

is a low probability to be absorbed and thus the output spectrum peaks on resonance. As the
light continues to propagate through the ensemble, i.e. N increases, absorption becomes more
pronounced and increasingly removes the correlated photons closer to resonance. Eventually, for
high optical depth, all photons on resonance and close to resonance are absorbed and only the
detuned components survive. In this limit the remaining output of the ensemble is highly non-
classical since it consists essentially only of photon pairs that populate red- and blue-detuned
sidebands. It appears as if these sidebands move outwards with increasing N but this is almost
entirely due to the fact that photons closer to resonance are absorbed more strongly. This is
apparent from Fig. 3.5 where |¢x (w)|? is, except for in the far-detuned wings, strictly smaller
for larger V. This illustrates also a limitation of this process to generate non-classical light: The
stronger the correlations the less light actually exits the ensemble. Therefore, in order to observe
this effect experimentally one has to strike the right balance in the number of atoms N where
notable correlations exist and the output still exceeds the detection noise.

3.3.2 Transmission properties of the ensemble

The previous section shows that the non-classical output from the ensemble has clear signatures
in the photon statistics, for example it can be bunched. But in this section we show that in
principle an even simpler experimental signature exists, namely the transmission scaling.

In order to calculate the transmission in the above framework it is necessary to compute
the other terms in Eq.3.54. This is straightforward for the single-photon case where one simply
multiplies the the creation operator by a transmission coefficient, such that d; — t{CV &L with
tr =1—28/(1 — 2ik/T») ([40] and ref. 54 [47] therein) to obtain

lout), = e~1**/2at 4t |0) . (3.59)
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3.3. Non-linear photon transport

a) b)

in -+ |out)

|
@ ® o e o e © o o
Figure 3.6: a) Two-photon atom-light interaction leading to energy-time entangled off-resonant

photon pairs. b) Drive field spectrum as it propagates through the ensemble. For a large enough
number of atoms the carrier is completely extuinguished and only correlated photons remain.

9)

For the single-photon transmission this means
N
(@), = ol "ol

7 (3.60)

This entails exponential decay of the one-photon input, consistent with the Beer-Lambert-law.

The last term to compute is |out),,, accounting for the loss of one photon in a two-photon
state. To this end the chiral scattering picture is transformed to a transmission and reflection
description [40,47]. A complete calculation of this is given in the supplementary material
of [40]. There, the result is given by

(a'a)

Td>

a Py B 3-28(1-0)
Pin

Psat 4\/%5?\[ 1- QB(l - B)’

where {5 = /NS(1 — 3). This is plotted in Fig.3.7 for Py, /Py = 0.1 and 8 = 0.01 and
compared to the transmission predicted by Beer-Lambert’s law.

The second term scales with 1/N 3/2 such that for sufficiently large N the transmission de-
viates from the usual exponential decay. This stems from the fact that for large N the output is
dominated by correlated and detuned photons since these experience lower losses than the reso-
nant uncorrelated photons. Note that, for a coupling strength that is realistic in our experiment,
deviations from Beer-Lambert’s law occur below 7" ~ 10, This make it challenging to detect
the devoation because it requires an extremely frequency pure input field. Another experimental
complication is that the input power has to be low enough to make saturation effects negligble
and thus the output is extremely weak and hard to detect with good signal-to-noise ratio.

= ~(1-28)* + 3.61)

3.3.3 From correlated photons to squeezed light

We reviewed the concept of squeezed light and introduced a theoretical framework to describe
non-linear photon transport that leads to correlated photon output. In this section we establish
a connection between these two frameworks. The core question is, if (and how) the photon
correlations lead to squeezed light. We already know that the correlations occur in a finite
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3. SQUEEZED LIGHT FROM NON-LINEAR PHOTON TRANSPORT
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Figure 3.7: Transmission versus number of atoms for a saturation parameter of Sy =
Py, /Psqt = 0.1 and 8 = 0.007 (blue). Below 10~ 4 the transmission deviates notably from
the exponential decay predicted by the Beer-Lambert law (orange, dashed) and scales propor-
tionally to 1/N3/2

spectral range around the resonance so it seems intuitive to consider the squeezing in the spectral
domain which is given by [48]

o
So(w) = / dr(: AXp(0)AK(r) e (3.62)
—0o

where AXy = Xy — <X9>. Underlying the above equality is the Wiener-Khinchin theorem
that provides a direct relationship exists between the power spectral density of a variable and its
auto-correlation function. This theorem is useful because it may occur that a process is easier
to treat theoretically considering correlations in the time domain while it is easier to measure
in the spectral domain. The theorem is explicitly stated in App.C.2. The above equality is
the core connection between the theoretical framework and the measurement because the auto-
correlation can be calculated well from the formalism. Using Xy = ae” + afe= we write for
the auto-correlation

( AZ(0)AK(r) ) = ((a(7)a(0) — (a(r))(a(0)) + e (3.63)
* <<&T<T>é<0)> - <d*(r)><a(0>>) +ee.

The terms of the right-hand side can be calculated for the output state |out) to order P,/ Peat-
For the first term we find

2
—lof

(out]a(x)a(0) lout) = e 2 (0] a(x)a(0) lout), (3.64)
2
= e P =g (0,2) ~ Pt (0,2)

The next term to first order only gives a contribution from the single-photon component and we
get
(@)% ~ 17N P (3.65)

34


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

3.3. Non-linear photon transport

For the remaining terms it can be shown that they only contribute a flat background in this
first order approximation [46] and they are therefore omitted. This has the consequence that
the calculated squeezing spectrum is centered around zero. This has to be considered for the
comparison with experimental data as is described below. Therfore, we obtain for the auto-
correlation function

o Ftot
2B

Finally, to obtain the squeezing spectrum we Fourier-transform the above expression and obtain

Py
Psat

cos(260)

(- AXH(0)AKy(x) ) = %cos(%)Pm [4n(0,2) — £2V] = on(x) (3.66)

Pin
Psat

Sy(w) = / dze™ (: AXp(0)AR(2) ) = — % cos(20) T pn(w)  (3.67)

T
where ¢ (w) is already familiar from Fig.3.5 and the discussion of it. Therefore, we already
have an understanding of its dependence on N. We also note the cos(26) dependence of the
squeezing parameter Sy which we also noted for the depiction of squeezed states via the uncer-
tainty plots in Fig.3.2.

Single- or two-mode squeezing

Strictly speaking, the non-linear process that we examine generates two-mode squeezing which
is appararent from the expression for |out) in (3.58) where the two creation operators create
photons in different modes. However, in our measurement these appear as the same mode. This
stems from the fact that the finite bandwidth of the detector implies a finite time resolution which
again entails a finite energy resolution due to energy-time-uncertainty. If the correlated photons
are shifted by less than the energy resolution of the detector it will detect interference of these
photons, although they are in different modes, and measure squeezing in the spectral range that
includes the frequency-shifted photons.

3.3.4 Detuned input field

The above analysis assumes a resonant drive field. But the formalism is also suited to account
for detuning. Qualitatively, a detuned drive field leads to complex value for the function ¢ that
contains the correlations of the output state. The squeezing spectrum for a detuned drive, which
is measurable and thus has to be real, is therfore a modification of Eq.3.67 and is given by [46]

Tt B
2B Psat

Since ¢ is complex we can assign it an angle that then adds or subtracts from 6. This means
that the phase at which maximum squeezing appears shifts. The phase difference between 6 and
the phase of ¢, can be understood as the angle of the squeezing operator that was introduced
earlier in (3.15). Figure 3.8a shows how ¢ varies in magnitude for different drive detunings
and atom numbers for a coupling strength of 3 = 0.007'. Strongest correlations in absolute

Sp(w) = Re |2 (w — ko)] (3.68)

"This numerical calculation was kindly made available to us from the main author of [40], S. Mahmoodian
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Figure 3.8: a) Magnitude of |¢x|? for 3 = 0.007 with respect to drive detuning A and atom
number. For small N, squeezing, which is proportional to ¢, is always strongest for resonant
input fields whereas for higher atom numbers an off-resonant drive can increase the squeezing.
Note that the global maximum of |$|? occurs on resonance. b) Angle of ¢ in polar form, indicat-
ing at which 6 the coherent field is quadrature squeezed maximally. The angle approaches +m
for infinite detuning.

terms arise on resonance but for a large enough given N an off-resonant drive can actually
induce stronger correlations. The phase of ¢y is shown in Fig 3.8b. For large detunings it
approaches +7 asymptotically. This shows, that one cannot obtain perfectly phase squeezed
light in the present framework because firstly, a phase shift of 7 is never reached and, secondly,
the squeezing amplitude tends towards zero for larger detuning.

3.4 Comparing measurement and theory

We conclude the chapter by connecting the calculations here with the measured parameter that
will be studied in chapter on the experimental observation of squeezing. There, we measure the
relative spectrum between the nanofiber output and the vacuum, i.e. we reference the squeezed
spectrum to an unsqueezed spectrum in a well defined frequency range from wmin t0 Wmax-
This means that the measured spectrum Sp (w) is centered around 1. On the other hand the
numerically calculated spectrum is centered around O and is calculated in a framework where
Xy = 1/2(ae® + ate) so that the vacuum variance is 1/4 rather than 1 as in this thesis.
Therefore, the calculated spectrum relates to the measured spectrum via

Sy(w) = 4 [se(m + ﬂ . (3.69)
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3.5. Summary

For the the measured ratio () we obtain

LS
M — 1+41/ dwSp(w), (3.70)
Aw wa 1 Aw Aw

where Aw = Wpax — Wmin- NOw we assume that our experimental integration bounds for
wmin (Wmax) are close enough to 0 (large enough) that Sy is flat and the spectrum is contained
within our limits. This allows us to compare () to numerical results for (: AX (0)AX(0) :)/T'yot,
i.e. the auto-correlation integrated over the entire spectrum, via

Q=

1T (: AX(0)AX(0) 3)
Q N 27‘-5 AOJ Ftot

+1 (3.71)

where a factor of 1/2 accounts for the fact that experimentally we integrate only positive fre-
quencies. This expression will be used for the theory comparison of the squeezing data for
different input powers in Sec.5.7.

3.5 Summary

This chapter aimed at connecting the concept of squeezed light to recent theoretical work on
non-linear photon transport through a nanofiber trapped atom ensemble. The fundamental de-
scription of light via quadratures was introduced and we showed the role of photon pairs in
squeezed vacuum. The framework was then expanded to bright squeezed states and their Fock
space distribution was discussed. In the second half we presented a theoretical framework to
describe the generation of correlated photons from a weak, resonant drive in an atomic medium.
Finally, we showed that these correlations can lead to squeezed light and we showed how the
spectrum of squeezing is determined by the spectrum of the correlations. Finally, we discussed
the consequences of a detuned drive field and showed from numerical calculations that the de-
tuned drive field modifies the angle of squeezing.
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CHAPTER

Construction of a nanofiber-based
dipole trap

The experiments reported in this thesis were performed on a newly-constructed apparatus start-
ing in 2014 from empty optical tables. The basic scheme follows the nanofiber-based atom trap
operating in our group for many years. However, several experimental aspects were reconsid-
ered during the planning stage in order to achieve higher single atom coupling strength, reduce
the linewidth of the trapped ensemble and achieve better optical access to the nanofiber. A key
design idea was therefore to place the fiber in a glass cell. Improved alignment between MOT
cloud and nanofiber is achieved through a translateable fiber mount. The nanofiber diameter is
chosen to maximize coupling of the atoms to the guided modes. This chapter first details the
construction of the apparatus and demonstrates and characterizes atom trapping.

4.1 Vacuum chamber

Magneto-optical traps and dipole traps operate under vacuum since collisions with backgound
gas molecules otherwise kick atoms out of the trap. For our experimental requirements this
means that the pressure in the vacuum chamber has to be low enough to reduce the number
of collisions with hot background gas particles to be negligible during an experimental cycle,
typically many miliseconds. To achieve a collision rate below ~1/s this requires a background
gas pressure below 10~? mbar. This in turn determines the set of required vacuum pumps and
UHV-proof vacuum seals, namely CF (Conflat) flanges, that achieve very low leakage rates.
The fundamental requirement of our vacuum chamber is to allow the creation of a magneto-
optical trap around a nanofiber. The nanofiber needs to be interfaced from outside of the vac-
uum, thus requiring a fiber feedthrough from ambient pressure into the vacuum chamber. Our
magneto-optical trap scheme requires optical access around the nanofiber for three mutually
orthogonal beam pairs. An overview of the vacuum chamber designed for this experiment is
shown in Fig.4.1. The main body is a cylinder with 246 mm inner diameter (CF250) in the hori-
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4. CONSTRUCTION OF A NANOFIBER-BASED DIPOLE TRAP

Valve 3

Dispenser connectors

NEXTorr pump

Vacuum gauge port £

Valve 1

Cesium reservoir

Turbo pump

Front view

Figure 4.1: The complete vacuum chamber design rendered in Autodesk Inventor, in 3D and
from the front. The back flange of the large, horizontally oriented vacuum cylinder holds a
translateable fiber mount into a glass cell protruding from the front flange and connected via an
indium wire seal. The tapered fiber is glued onto the frame at the fiber holder tip and aligned
with the axis of the horizontal vacuum cylinder. Five smaller vacuum connections to the main
chamber exist to connect (clockwise for the front view) a turbo pump via a UHV seal, a hybrid
ion-getter pump, Cesium dispenser via a UHV seal, and a reservoir of elementary cesium via a
UHYV seal.

zontal plane with 5 radial connection tubes. One of the tubes is conically widened and serves as
a backup option for attaching an ion pump with a CF60 connector. The other ports are used for
the turbo pump, getter pump, cesium dispenser, and a vacuum gauge (not shown). The front of
the vacuum chamber, where the glass cell connects, has a 25x25 mm grid of M6 threads to allow
mounting optics to the chamber. The rear side of the vacuum chamber also has a few M6 threads
which are used for mounting the back plate to the sledge used for inserting the nanofiber (see
Sec.4.1.5). Most importantly, the front flange also has a 86 mm diameter hole onto which the
glass plate is connected and through which the nanofiber mount holds the fiber into the glass
cell. The rear flange of the chamber has two CF35 flanges that are used for the fiber feedthrough
and an electric feedthrough. It also has two CF16 flanges used for the mechanical feedthroughs
for positioning the fiber mount in the chamber.
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4.1. Vacuum chamber

4.1.1 Vacuum Pumps

We use three consecutive pumping stages to reach high vacuum. The first stage employs a scroll
pump (Leybold, SC15D) that is capable of pumping atmospheric pressure down to about 1 mbar.
The scroll pump is connected to the exhaust of the turbo pump (Pfeiffer Vacuum, HiPace60).
Once the pressure in the main chamber has dropped to 1 mbar the turbo pump is can be switched
on. After several hours up to a few days of pumping, depending on the cleanliness of the chamber
interior, the pressure has dropped to the order of 10~8 mbar. This means it is low enough switch
on the last pump (SAES Getters, NEXTorr D 100) which is a combination of a getter pump and
an ion pump. The former is activated by heating the getter plates up to 500 ° for about an hour.
During this time, the pump body heats up notably but the main chamber warms up only slightly
since the thermal contact via the CF-seal is weak. Then the heating is switched off and the getter
material starts to absorb most gases except for the noble gases. These are pumped by a small ion
pump element. During the activation of the getter pump the valve connecting the turbo pump
to the chamber is kept open and the turbo pump continues to pump as the pressure in the main
chamber rises due to the outgassing of the getter elements. Once the getter activation is finished
and temperatures have dropped back to ambient levels the UHV-valve (Vacom, 4AVM-40CF-
MM-S) connecting the turbo pump is closed by applying a well-defined torque with a torque
meter. Typically the pressure, inferred from the ion pump current, drops further after this and
the ion pump element converts the pump current into values around 10~“mbar.

4.1.2 Cesium sources
Cesium dispensers

Loading a magneto-optical trap of Cesium from the vacuum background requires a Cesium
background gas in the vacuum. In our experiment this can be achieved in two different ways.
Firstly, standard Cesium dispensers (SAES, CS/NF/12.8/40 FT10+10) are placed in a T-piece
that is connected via a UHV-valve to the main chamber. The T-piece is connected via a valve to
allow for dispenser exchange without breaking the main chamber vacuum. There are five dis-
pensers in the T-piece, connected electrically via an electric vacuum feed through. All dispensers
have the same ground and are connected to separate feed through connectors on the other end
for individual operation. A dispenser is activated by running the threshold current of about 5 A
through it. This heats up the dispenser and a chemical reaction takes place in it which releases
gaseous, atomic Cesium. The activation is accompanied by a peak in the vacuum pressure but
it drops back to the original level within hours if the dispenser is operated at moderate currents.
We found that after activation a current of 3-4 A was often sufficient to obtain ~ 10% atoms in
the MOT which was usually sufficient for our experiment. Depending on the current and total
operation time a dispenser can be used for many months with variations from dispenser to dis-
penser. When first activating a dispener in a vacuum chamber that was recently under ambient
pressure the chamber walls act as getter surfaces, i.e. they adsorb Cesium and thus reduce the
Cesium background pressure until they are saturated. During this time higher dispenser currents
are necessary to quickly reach this regime. Once the chamber is essentially coated with Cesium
on the inside they dispenser current could sometimes be reduced substantially without reducing
the number of atoms in the MOT notably.
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4. CONSTRUCTION OF A NANOFIBER-BASED DIPOLE TRAP

Elementary cesium

The other way of generating a Cesium background pressure is by placing elementary Cesium
in the vacuum chamber and heating it to increase the vapor pressure in the vacuum chamber.
In principle, this is the cleanest way of creating a Cesium background pressure because it does
not involve any other elements as is the case for the dispensers with their chemical compounds
from which Cesium is released. The downside, however, is that Cesium is very reactive and
cannot be exposed to air. Elementary cesium is thus purchased in glass ampoules that have to be
broken under vacuum to prevent the strongly exothermal reaction of Cesium and Oxygen that
takes place in air. Due to persistent problems with stable atom trapping, described in Sec.4.7,
we had the hypothesis that the fiber might be contaminated with Cesium dispenser byproducts
and we installed a Cesium reservoir in our vacuum chamber. One gram of Cesium in a glass
ampoule was placed in a CF16 bellow that connected to the CF60 outlet of the main vacuum
chamber via another valve. Before connecting it to the main chamber we pumped the bellow
separately and broke the glass ampoule inside by bending the bellow until the glass cracked.
Then the valve was connected to the main chamber while the main chamber was pumped with
the turbo pump and the CF16 UHV valve was opened, thus exposing the elementary Cesium to
the vacuum in the main chamber. A current-carrying wire was spun around the bellow to heat
up the Cesium and increase evaporation. The CF gaskets around the Cesium reservoir are silver
coated to prevent the elementary Cesium from reacting with the copper CF gaskets which can
damage the seal.

The results of obtaining a background pressure from elementary Cesium were mixed. After
exposing the elementary Cesium to the main vacuum for a few days, thus coating the inside of
the chamber with a thin layer of elementary Cesium, the background pressure of Cesium was
sufficient to generate a MOT with 107 atoms. Almost-closing the CF16 valve by tightening it
handtight shrunk the MOT size immediately, proving that the MOT atoms were mostly evapo-
rating from the Cesium reservoir. However, this atom number was still an order of magnitude
below what we achieved with the Cesium dispensers. We attempted to increase the atom num-
ber in the reservoir-generated MOT by installing UHV LEDs around the glass cell such that
light-induced desorption of Cesium from the glass surfaces temporarily increases the Cesium
background pressure in the region around the MOT. This lead to a ~10% increase of atom num-
ber in the MOT and thus fell short of our expectations. The conclusion for the Cesium reservoir
was that it works in principle but not well enough for our purposes. This may be explained
through the small vacuum cross-section due to the valve via which the reservoir is connected to
the main chamber. Another explanation may be a too little heating of the reservoir. Since the
suspicion of dispenser by-products harming the nanofiber did not solidify (see Appendix B) we
returned to using the dispensers as Cesium source.

4.1.3 Glass cell

A key design goal of our nanofiber trap setup compared to the first generation fiber trap operated
in our group was better optical access to the nanofiber. To this end the fiber mount is placed
in a glass cell protruding from the steel vacuum chamber that allows to interface the fiber from
various angles. Connecting glass parts to steel vacuum chambers, however, comes with the
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4.1. Vacuum chamber

Aluminum ring
Viton ring
Ambient pressure  Indium wire

Vacuum

Figure 4.2: Indium wire seal between the glass cell and the steel chamber. a) Indium wire loop
before flanging the glass cell onto it. The section of twisted wire turned out to leak. The wire
loop for the final indium seal had therefore no twisted section and the wire ends were instead
melted together with a heat gun. b) The squeezed wire after breaking the seal. c¢) Skech of the
steel-to-glass vacuum seal achieved via the Indium wire.

technical challenge of achieving a seal between glass and steel. A common solution is a metal-
to-glass transition but these have the disadvantage of extending over long sections of more than
10 cm. This would render the glass cell protrusion so long that a nanofiber mount would have
to be held into the glass cell via a long and sleek arm, a mechanically unstable solution. To
circumvent this problem the glass cell is connected directly to the flange via an indium wire
seal. Here, a glass surface is contacted to a steel surface via a wire of elementary indium of
about 1 mm thickness. Indium has a melting temperature of 156° C and is malleable at room
temperature. Therefore, when pushing the glass surface onto the steel surface the indium wire
in between flattens and forms a UHV-proof seal between the steel and the glass, as depicted in
Fig.4.2. The downside is that the vacuum chamber can not be heated above the indium melting
point any more. The glass cell in our experiment (Hellma Optics, custom design) has a box
shape (60 x 80 x 200 mm outer dimensions) with one end of the box connected to a glass flange
of 135 mm diameter. The glass (Silica) is 15 mm thick and anti-reflex coated for 852 nm on the
outer surface. According to the specifications of the manufacturer the AR coating reduces the
reflection from about 4% to less than 0.5% for normal incidence. The steel front flange of the
main chamber has a circular cut-out of 86 mm diameter over which the glass cell is positioned
with a loop of indium wire in between the glass and the steel surface. The glass flange is pushed
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4. CONSTRUCTION OF A NANOFIBER-BASED DIPOLE TRAP

onto the steel flange with an Aluminum ring together with a Viton ring (normally used as KF
vacuum seal) between Aluminum and glass to avoid high local contact pressures that could crack
the glass. We use a feeler gauge to ensure that the space between glass flange and steel flange
is uniform around the seal while we tighten the Aluminum ring until the glass-steel separation
is reduced to 300 um. Leak tests were performed on the assembled vacuum system and no
increased leakage was measurable at the indium seal.

4.1.4 'Translatable fiber mount

The position of the magneto-optical trap is governed by the shape of the magnetic field created
with the magnetic coils around the glass cell. The exact position of the trap center thus depends
on the magnetic coil position which is difficult to adjust once the cage with the coils has been
positioned around the glass cell. Therefore, rather than shifting the trap we move the fiber to the
center of the cloud!. To this end the fiber mount position has to be adjustable when the chamber
is under vacuum. Our solution is to connect the fiber holder to the rear flange of the main cham-
ber via a tiltable mount where mechanical feed throughs (Pfeiffer Vacuum, 420MZF016-010)
allow tilting of the fiber holder in the vertical and horizontal direction, similar to the functioning
of a mirror mount. An Autodesk Inventor depiction of the mount is shown in Fig. 4.3. The arm
holding the fiber mount is screwed onto a plate with several holes through which springs pull
the plate onto a holder base which is in turn screwed with vented vacuum screws onto the rear
flange of the main chamber. One corner of the arm back plate is pulled onto the holder base with
a 10 mm diameter steel ball between the two such that the ball acts as a joint about which the
fiber holder can rotate in the horizontal and vertical direction. The holder arm has a pyramidal
shape to increase stability with cut-outs that reduce its weight while maintaining rigidity. The
fiber mount is detachable to remove it from the chamber for the nanofiber pulling process where
the nanofiber is glued onto the holder in the fiber pulling rig. The mechanical feedthroughs push
onto the fiber holder back plate with micrometer screws that can exert sufficient force to counter
the screws pulling. Overall, the fiber mount can be shifted several centimeter and thus makes it
easy to overlapp fiber waist and MOT in the fiber-transverse directions.

4.1.5 Placing a nanofiber in vaccuum

Transferring a nanofiber from the pulling rig to the vacuum chamber is a delicate task during
which the nanofiber has to stay absolutely clean. Any dirt particles in the evanescent field lead
to increased absorption which can fuse the fiber when the relatively strong trapping fields are
switched on. Already a single dust particle on the nanofiber waist is sufficient to render it
useless for our experimental scheme. Fiber cleanliness is therefore the most important aspect
during nanofiber transport.

After pulling the nanofiber in the clean environment of the fiber pulling rig, it is glued onto
the fiber mount and placed inside a tupper ware box that is cleaned carefully beforehand. The
box has a small cut-out at one end where the tails of the nanofiber reach out from the box.

'¢.f. Francis Bacon, ’If the mountain won’t come to Muhammad, then Muhammad must go to the mountain’,
Essays, 1625
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4.1. Vacuum chamber

Holder base
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Figure 4.3: Assembly of the translateable fiber mount: Mechanical vacuum feedthroughs push
onto the fiber mount back plate which in turn is pulled onto the holder base via springs. The
arm can move about a ball joint between holder base and back plate, allowing to tilt the fiber
holder in two directions similar to a mirror mount. The fiber mount can be unscrewed from the
arm to be placed inside the fiber pulling rig where the pulled fiber is glued onto it after fiber
pulling (green marks).

After closing the box with the cleaned lid we carry it from the pulling rig lab to the lab of
our experiment where the vacuum chamber has been prepared and is ready to have the fiber
placed inside. A small flow box is created over the vacuum chamber by mounting a HEPA filter
above it with a fan that generates a laminar flow of filtered air around the nanofiber mount.
This achieves a clean environment during mounting of the fiber holder onto the fiber arm. Once
the fiber is mounted the tails are fed through the swagelok connector on the rear flange of the
vacuum chamber and the whole rear flange is pushed carefully onto the vacuum chamber while
ensuring that the fiber mount moves forward into the glass cell section without touching the
side walls or bending the optical fiber at any point. A fiber check is coupled to the fiber during
the whole procedure such that the nanofiber waist is visible and dust particles settling on it are
noted immediately. In that case the whole procedure is stopped since the fiber cannot be used
for trapping anymore. If the fiber waist appears clean up to this point the rear flange of the
main chamber is tightened and we can start to evacuate the chamber. The key objective during
evacuation is to prevent any major air flow inside the vacuum chamber during pumping to not
stir up dust from the chamber bottom that can settle on the nanofiber waist. Thus we start to
pump the chamber slowly by connecting the scroll pump used for the first pumping stage via a
needle valve that can be opened slowly thus avoiding sudden pressure drops inside the chamber.
From here on we pump the chamber down to high vacuum as described in Sec. 4.1.1.
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4. CONSTRUCTION OF A NANOFIBER-BASED DIPOLE TRAP

4.2 Magnetic coil construction

Magnetic field control is required for the magneto-optical trap and for creating or offsetting mag-
netic background fields. Detailed considerations and simulations for the number of wire loops
and resulting magnetic fields can be found in another PhD thesis that describes this experimental
setup [49]. Our original design for the metal frame on which the wire was wound is shown in
Fig. 4.4a with a coordinate system for orientation. The following coil pairs were crafted and
calibrated with a magnetic field sensor (Sypris, Model 6010):

e Quadrupole coils for magneto-optical trap: Two race-track shaped coils, 225 windings,
oriented along the x-axis, are designed to create magnetic field gradients of a few G/cm
when operated with mutually counter-propagating current. For a current of 1 A, the gra-
dient at the trap center was measured with 1.3 G/cm along the z-axis, 3.5 G/cm along the
x-axis, and 2.7 G/cm along the y-axis. The elongated shape stretches the MOT cloud along
the nanofiber axis to achieve better overlapp and trap more atoms.

e Bias coils: Two rectangular coils, 140 windings, oriented along the y-axis, to create homo-
geneous offset fields in Helmholtz-like configuration. Here, the design consideration was
to be able to create energy shifts between adjacent Zeeman states corresponding to five
times the Cesium D2 linewidth of 5.2 MHz which requires a magnetic field of around
120 G. In hindsight this splitting is unecessarily high for optically resolving Zeeman-
sublevels. The field was measured to be 16 G at the position of the nanofiber with a
magnetic field probe for a current of / = 0.5 A. It follows that for the maximum cur-
rent of 10 A available through the current driver the offset field is 320G, i.e. the coil
pair is cabable of producing the intended magnetic fields. However, most of the time this
coil pair was operated in anti-Helmholtz configuration to create a quadrupole field that
combines advantageously with the quadrupole field from the main MOT coils if the rel-
ative current direction between bias coil pair and MOT coil pair is correct. In this case,
it reduces the field gradient along the nanofiber axis and increases it transverse to the
nanofiber. This stretches out the MOT-cloud along the nanofiber up to several centime-
ters. The quadrupole field generated by 1 A anti-parallel current through the Bias coil pair
was measured to have a gradient of 0.5 G/cm along the z-axis, 0.85 G/cm along the x-axis
and 1.4 G/cm along the y-axis.

e Axial compensation coils: 100 windings, oriented along the z-axis, are designed to cre-
ate a homogenous background field at the trap center in order to move the MOT position
along the nanofiber, the only direction along which the nanofiber cannot be moved via the
fiber mount. Indeed, without shifting the quadrupole field center the MOT-position was
not centered on the nanofiber waist in z-direction and thus was shifted via the axial com-
pensation coils to achieve optimum overlap between cloud and fiber waist. The separation
between the two coils is chosen so as to not block any of the horizontal MOT beams or
the horizontal imaging axis.

Heat-conducting glue was applied after every layer of wire loops to make the coil mechan-
ically rigid and to improve thermal conduction. The coil frame, milled in the institute metal
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4.2. Magnetic coil construction
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Figure 4.4: a) 3D drawing of the frame design with a side and front view on the left. The frame
allows to combine three coil pairs into one rigid holder. The design was milled in several pieces
and then screwed together into the final shape. b) Realization of the magnetic coil frame with
the coils spun onto it. The points of contact between coil and frame where covered with isolating
tape to prevent short-circuits. The frame inside was painted black to reduce spurious reflections
of the MOT beams.

workshop, was spanned onto a motorized rotation stage and rotated with the wire spinning off
its spool under reasonable tension to make a sturdy coil. The whole coil frame is screwed onto
two aluminium bars resting on the bread boards for the horizontal MOT optics which hold the
coil frame at the right height around the glass cell.

The original frame design considered only three coil pairs since in principle once can switch
respective current orientations dynamically and apply different currents in the coils of one coil
pair. This can create both gradient- and offset-fields in any desired direction and combination.
In practice this was found to be impractical. For example, in order to create both the MOT
quadrupole field and an offset field in the vertical direction the MOT coils have to be operated
at slightly different currents. The MOT coils are designed for fairly strong gradients, however,
a magnetic background field such as earth’s magnetic field is weak such that the field to com-
pensate it has to be weak. This required a very small current difference in the coils since they
consist of a large number of windings which turned out to be on the order of the current resolu-
tion achievable via the current drivers and our Adwin control system. Therefore, it was decided
at a later stage to add additional compensation coils to the coil frame. This was technically
challenging since at this point the coil frame was already placed around the glass cell and the
optical elements for the MOT were in place such that it was poorly accessible. Eventually, one
separate wire loop was added to each transverse bias coil ('Bias Compensation Coil’) while
three separate loops were added to the MOT coils (" Vertical Compensation Coil’). From then
on, the experiment was operated with three separately controllable compensation coils that al-
lowed for accurate cancellation of background fields. The compensation coils were calibrated
via microwave spectroscopy as detailed in 4.3.4.
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4. CONSTRUCTION OF A NANOFIBER-BASED DIPOLE TRAP

4.3 Magneto-optical trapping of Cesium

The technique of laser cooling and trapping of atoms is a common and well established tool
in contemporary quantum optics experiments that can provide clouds of atoms of up to 10°
atoms at a few Microkelvin that can be trapped in the fairly shallow potentials of optical dipole
traps [50]. In essence, it requires a quadrupole-shaped magnetic field and red-detuned laser
beams intersecting at the absolute magnetic field minimum with correct polarization relative to
the magnetic field orientation. The magnetic field is provided by the MOT coils detailed in the
previous section, the optical setup is described in the following paragraphs. Once a MOT-cloud
is trapped it is further cooled via polarization-gradient cooling, also called an optical molasses
or sysiphus cooling [51,52]. This is a powerfull technique that can cool the cloud down to the
recoil-temperature which corresponds to the kinetic energy of the recoil from a single-photon.
During the optical molasses the cloud is not trapped so that it expands and falls freely while the
atoms experience a force from the molasses that is equivalent to friction and causes the cooling.

4.3.1 Optical setup

Our MOT design requires three counter-propagating beam pairs along the three spatial dimen-
sions. Two beam pairs lay in the horizontal plane and intersect each other under an angle of
90°. The third beam is along the vertical axis. An overview of the optical setup is presented in
Fig.4.5. Our MOT scheme consists of a strong light field (referred to as *Cooler’) red detuned
to the 6519, F' =4 — 6P/, F' = 5 transition on the D2-line of Cesium and a weaker field on
resonance to the 65y 5, F' = 3 — 6P, F ! = 4 transition on the D1 line (referred to as "Re-
pumper’). The former transition is required for the cooling and generating the trapping force.
The transition is almost closed, meaning that via a dipole transition an atom can only decay to
the original F' = 4 state when excited on this transition due to angular momentum conservation.
However, off-resonant excitation to the 6 P35, F " = 4 state is still possible from where an atom
can decay t0 65} /5, I' = 3 and where it is off-resonant to the cooler. The repumper’s purpose is
to prevent atoms from accumulating in this state by pumping them via the state 6P /o, F =4
back to the 651 /5, F' = 4 ground state and thus close the cooling cycle. Cooler and repumper are
transferred from the laser table to the experiment optical table via optical fibers and have output
powers of 300 mW and 130 mW, respectively. They are collimated with f =50 mm lenses to
achieve an initial beam diameter of 6 mm (here, diameter defines the diameter of the circle at
which the intensity has droped to 13.5% of the maximum intensity at the beam center). Next,
they are spatially overlapped on polarizing beam splitter (PBS) and split equally on a subse-
quent PBS where one arm is sent to the vertical MOT axis and the other to the two horizontal
MOT axes. Thus, the power in the vertical beam is double the power of the horizontal pairs, in
line with the fact that in a quadrupole field the magnetic field gradient in the vertical direction
is twice the horizontal gradient. The vertical pair output of the second PBS is split on another
subsequent PBS for the upward and downward oriented beam. The \/2-waveplate before this
last PBS controls the power balance between the two beams and offers a practical way of bal-
ancing their radiation pressure onto the MOT cloud. The downward MOT beam is sent to a
small breadboard on top of the glass cell, widened up to a diameter of 18 mm via a 3:1 telescope
(f1 = =50 mm, fo = 150 mm) and then sent through the glass cell. Similarly, the upward MOT

48


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

4.3. Magneto-optical trapping of Cesium

®— Table surface
®— Nanofiber level

e— Top level

Monitor

Cooler

Repumper

Figure 4.5: The beam path of the optical setup for the magneto-optical trap, following the
actual layout on the table closely. A/2-waveplates are positioned before every polarizing beam
splitter to adjust the splitting ratio but for clarity they are not depicted. All six MOT beams
are widened up to a final diameter of 18 mm via telescopes. \/4-waveplates (not depicted) are
placed before the telescopes to achieve circular polarization for the MOT beams inside the glass
cell. Different height levels (table surface, first level at the height of the nanofiber indicated by
the grey breadboards left and right of the glass cell, and the setup on top of the glass cell) of
the beams are indicated by different colors and the circles indicate a vertical beam. Cooler and
repumper are combined on a polarizing beam splitter and co-propagate through the rest of the
setup. Dotted lines indicate beam paths below the optical breadboards. The telescope widening
the beam in the top setup was omitted for overall clarity.

beam is widened to the same diameter and sent through the glass cell. The horizontal beam pairs
are obtained from additional PBS, sent upward to a breadboard at the height of the glass cell
where they are sent through 3:1 telescopes before propagating through the glass cell. After the
last PBS each beam’s polarization is turned to circular polarization via A /4-waveplates. Initially,
the necessary waveplate angles were determinded by placing a free space polarization analyser
after each telescope and optimizing the polarization circularity measured at this position. Once a
MOT is achieved the waveplate angles is optimized further by minimizing the overall movement
of the MOT-cloud during the optical molasses which implies radiation pressure balance.
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4. CONSTRUCTION OF A NANOFIBER-BASED DIPOLE TRAP
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Figure 4.6: a) Loading curve of the MOT: Number of atoms in the MOT as a function of
loading time. The exponential loading curve has a time constant of 0.6s. b) Absorption image
of the MOT cloud after 4.5 ms molasses cooling, superposed with a fluorescence image of the
nanofiber.

4.3.2 Trap loading

The magneto-optical trap is realised by combining the optical fields of the cooling laser and
the repumper laser with the quadrupole magnetic field generated by the magnetic coils. The
cooler detuning from the cooling transition is 15 MHz, roughly three linewidths of the cooling
transition, and the repumper is on resonance. The MOT coil current is typically 1 A, such that
the magnetic field gradient at the trap center is between 1.3 and 3.5 G/cm, depending on the axis.
Once the MOT configuration is switched on, atoms start to accumulate at the trap center which
we observe via fluorescence detection on a camera. Figure4.6 shows a loading curve where
we plot the number of atoms in the MOT, obtained via absorption imaging, as a function of the
loading time. The loading from the background decreases exponentially with a time constant of
0.6 s and saturates after approximately two seconds. Generally, these values strongly depend on
the power of the cooling beams, cooler detuning and Cesium background pressure.

4.3.3 Absorption imaging experiments

In order to achieve good overlap between the nanofiber and the MOT cloud, and to measure
the size and temperature of the cloud, two absorption imaging setups were included in the opti-
cal setup around the glass cell. The horizontal imaging setup is depicted in Fig.4.7. Resonant
light is coupled out from an optical fiber via a large-beam fiber collimator (Thorlabs, F§10APC-
842) and subsequently the 8 mm beam diameter is increased to 26 mm via a telescope such that
MOT clouds up to a few mm diameter are illuminated evenly. For absorption imaging a reso-
nant pulse is shone at the cloud and the shadow is imaged onto a CCD camera (Matrix Vision,
mvBlueFOX3-1013GE). The vertical absorption setup follows the same principle with the ma-
jor difference being that the resonant beam co-propagates with the upward MOT beam. This is
achieved by superposing the two beams on a PBS where they exit with orthogonal polarizations
which allows to separate the imaging beam from the MOT beam on another PBS after transmit-
ting through the glass cell. The magnification of the image is 0.54 in in the horizontal direction
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4.3. Magneto-optical trapping of Cesium
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Figure 4.7: Optical setup for absorption imaging of the MOT cloud in the horizontal plane.
The telescope widens up the beam to 8 mm before it illuminates the cloud to image the shadow
onto the CCD camera. The linear polarization filter is required for aligning the polarization at the
nanofiber waist (see 4.4.1) while the long pass filter at the camera can be used to block the bright
scattering from the blue trap field to be able to align the red trap and probe field polarizations
which scatter less light. Additionally, the filter prevents image distortion due to stray light.

with pixel-size limited resolution of 9.8 yum and a 12.5 x 10 mm field of view. For the vertical
axis these values are 0.36, 14.8 um, and 14 x 10 mm. The smaller magnification of the vertical
axis stems from the larger distance between imaging lens and cloud since the former can only
be placed beyond the PBS separating imaging light from MOT light.

For an absorption image of the atom cloud we record three images. The first two by shining
resonant light at the cloud and and at the camera from the illumination fiber outcoupler. The first
one is taken with the atomic cloud present, the second as a reference after it has fallen down,
and a third dark image is recorded without any light to record the CCD chip background. Then
we calculate an optical depth (OD) map from the transmission for the field of view via

—InT=—In ( image — dark ) = OD. 4.1

reference — dark

From this optical depth we then calculate the column density of atoms in the MOT.

Atom number estimate

For such transmission maps one can calculate the number of atoms in the cloud provided that
the cloud is dilute enough such that the lowest transmission on the shadow image was within
the dynamic range of the CCD. This means that for a 10-bit CCD chip, the lowest transmission
that can be recorded is 1/1024, corresponding to an optical depth of ~7. If the transmission
is high enough we calculate the total atom number in the cloud by integrating the transmission
map along both image axes. The total number N of absorbers with scattering cross-section o is

calculated via
1 A
N=-— OD = “2X2 3" 0D, 4.2)
0_ 0_ 7y
vy x,y
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4. CONSTRUCTION OF A NANOFIBER-BASED DIPOLE TRAP
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Figure 4.8: a) Upper row: Absorption images of the cloud after 1 ms of molasses cooling and
varying expansion time. Lower row: Cloud density averaged along the y-axis of the upper row
with Gaussian fits to extract the cloud width. The colorbar of the images is optimized for contrast
and thus different for each image. b) Cloud width extracted from a) versus expansion time. The
linear fit according to Eq. 4.4 yields a temperature of 37 uK.

The scattering cross-section o can be obtained from literature [53]. The expression with sums is
the experimental adaptation of the physical formula where Ay is the area in the object plane
mapped onto one pixel of the CCD chip.

Temperature measurement

Imaging the atom cloud as described above also allows to extract the cloud temperature. To
this end, the cloud expands freely during free fall and the cloud size is measured at different
stages of expansion. The free expansion effectively maps the initial velocity distribution of the
cloud onto the shape we observe. Obtaining this velocity distribution provides a measure of the
cloud temperature since in an ideal thermal gas the velocity distribution follows the probability

distribution [54]
M Muv?
2) = =, 4.
1) =\ T P <2kBT> (4-3)

where M is the atomic mass, v, is the atom velocity in z-direction, and 7' the temperature of the
atomic gas. This expression is a Gaussian with a width given by o = /kgT /M, i.e. the cloud
size we measure after expansion is directly linked to its temperature. To measure the expansion
speed, i.e. v, the cloud has to be imaged after different expansion times and the size L(t) is
extracted. In the simplest case, this size is a convolution between its initial spatial distribution
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Figure 4.9: Signal chain for generating the 9.2 GHz MW signal (depiction from [56]). The sig-
nal originates from a programmable MW vector generator that outputs a stable signal at 2.3 GHz.
The final frequency for the Cesium hyperfine ground state transition is reached through two fre-
quency doublers. After amplification the MW field is directed at the atom cloud via a horn
antenna. The MW pulse length is controlled via a digital MW switch while the power is con-
trolled both via a manual attenuator (coarse) and a voltage controlled attenuator (fine).

and the velocity distribution mapped onto real space. Therefore, the cloud size measured after

time ¢ is described by
kT
L(t) = \/ L2, + %ﬁ (4.4)

Figure 4.8a shows the diameter of the cloud as observed through the horizontal imaging
system and cloud density, averaged along the y-axis, as a function of flight time ¢. We fit Eq. 4.4
to the cloud width over time, shown in Fig.4.8b and obtain a temperature of 37 uK after 1 ms
of molasses cooling, well below the Doppler temperature of 126 K for Cesium and above the
recoil temperature of 0.2 uK [53].

A more detailed account of the whole imaging system and its design consideration is pro-
vided in a Diploma thesis carried during construction of the experimental apparatus [55].

4.3.4 Microwave spectroscopy for bias coil calibration

Some experiments that we considered required the ability to drive Microwave transitions in
Cesium between the 65 /5 hyperfine ground states with /' = 3 and F' = 4. Therefore, a mi-
crowave setup was constructed that expose the atoms to a 9.2 GHz microwave-frequency (MW)
field. The setup was constructed as a Bachelor thesis project and is documented and tested thor-
oughly in [56]. Here, only a brief summary is provided that is necessary for understanding the
calibration measurements below.

Setup

Figure 4.9 shows the signal chain employed for generating and controlling the final 9.2 GHz MW
signal. The signal originates from a programmable vector signal generator (Keysight Technolo-
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4. CONSTRUCTION OF A NANOFIBER-BASED DIPOLE TRAP

gies, EXG N5172B) that offers external frequency control via a Python-coded USB interface
and outputs a 2.3 GHz signal with a power of 12dBm. A reference frequency of 10 MHz, de-
rived from an atomic reference, was provided to the signal generator for absolute frequency
accuracy. The 2.3 GHz output was frequency doubled twice (MiniCircuits, ZX90-2-36-S+ and
7X90-2-50-S+) to achieve the final frequency. This doubling technique was used because the
signal generator’s highest output frequency is 3 GHz. Bandpass filters and amplification are in-
cluded in the setup to clean the signal and operate within the power limit of the component. A
voltage controlled attenuator (VCA) is used to control the power of the final MW signal. The
power is monitored using a directional coupler where 5% of the power are split off and sent to
a power detector. Finally, the MW signal is connected to a microwave horn antenna (L3Harris
Narda-ATM, 90-441-6 and 90-251A-6) that points at the atomic cloud.

Zeeman splitting of the hyperfine ground state transition

Hyperfine transitions are extremely narrow, making them useful tools for high precision spec-
troscopy. Thus, driving the 65 /5, F' = 3 — 6572, F’ = 4 transition in Cesium allows us to
measure the magnetic-field dependent energy-splitting between different mp states within each
F-manifold and thus to calibrate our magnetic coils. In the limit that the energy shift due to
the magnetic field is much smaller than the hyperfine splitting, which holds very well for fields
below 100 G, the Zeeman energy shift for a given state |F, mp) is given by [53]

AE\pmy) = uBgrmpB, 4.5)

where pp denotes Bohr’s magneton, gr is the hyperfine Landé factor, mp is the magnetic
quantum number and B is the magnetic field. Within an F'-manifold m g can take values from
—Fto +F, i.e. there are 9 mp states within 65} 5, F' = 4 and 7 within 65, /o, F' = 3. Angular
momentum conservation limits the number of possible magnetic dipole transitions that can be
addressed via a MW field such that Amp = 0, £1.

Sequence

The experimental procedure for MW spectroscopy is as follows: We load the magneto-topical
trap and switch off the repumper a few ms before the cooler, thus pumping the ensemble into
the 65 /2, F' = 3 manifold. Now a few us MW pulse is applied with variable frequency and
sufficiently low power such that the excitation probability is low. If the MW field is resonant
witha F = 3,mF — F' = 4, ml, = (mp, mp £ 1) transition we have a maximum probability
to transfer the atomic population to F’,m’, which we detect via absorption imaging on the
6512, F' =4 — 6P33, F' = 5 transition. Therefore, the atom number on the absorption image
is directly linked to resonantly driving a MW transition. We scan the MW frequency and observe
well defined peaks that correspond to the above described MW transitions.

Microwave spectrum

Since the cloud is not spin polarized by the end of the optical pumping, i.e. the whole F' = 4
manifold is measured in absorption imaging, a total of 15 transitions are possible. Figure 4.10a
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Figure 4.10: (a) Atom number in absorption image as function of MW detuning relative to
9.2 GHz indicating transitions between F' = 3 and F’ = 4 for different m states. (b) Averaged
peak separation calculated from a) as function of Bias coil control voltage.

shows the observed atom number as a function of MW frequency. The spectrum covers only a
frequency range with 7 peaks corresponding to 6 transitions with F,mp — F',m, = mp £1
transitions and the “clock transition’ (furthest to the right) mp = 0 — m/z = 0 that, to first
order, does not shift in a magnetic field. From the separation between the peaks we obtain
the absolute magnetic field at the position of the atoms. We use this spectroscopy method to
calibrate the fields generated by three pairs of compensation coils along the three dimensions.
Calibration is done by varying the current through a given coil and recording the MW spectrum
in order to extract the peak separation at this field. We repeat this for varying coil currents.
Figure 4.10b exemplarily shows the recorded average peak separation as a function of the coil
current control voltage. The splitting can be fitted by a hyperbola Apeak(f) = v/a?(f —b) + ¢,
i.e. it scales approximately linearly with magnetic field in the region where the magnetic field of
the respective bias coil is large compared to the magnetic field in the perpendicular directions.
At the minimum it cancels the field along its axis and the splitting is given by the residual field
in the other two spatial dimensions. Since we set the coil current via a control voltage the fit
parameter a has the unit kHz/V. However, the current drivers in our experiment had a current
output of I = 2V gntrol, 1.6. We can directly infer the required current for a given magnetic
field. Calibration is done for all three compensation coil pairs and we obtain a, = 4992 kHz/V,
a; = 198kHz/V, and a, = 47kHz/V for the z-, y- and z-axis compensation coils, respectively.
The large differences in the values stem from the different number of coil windings where the
axial coils are formed by 100 loops compared to one loop of the bias compensation coil. The
three fits also determine the voltages for which the residual field at the MOT position is cancelled
out. In this configuration, all hyperfine transitions occurred in a frequency range of 50 kHz,
corresponding to a residual magnetic field of 0.02 G. This compensation coil configuration was
used for all experiments in this thesis.
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4. CONSTRUCTION OF A NANOFIBER-BASED DIPOLE TRAP

4.4 Optical setup for interfacing the nanofiber

Several fiber guided fields are required for trapping and probing atoms in the vicinity of the
nanofiber with individual polarization control for each field. Recall from Sec. 2.2 that our trap
configuration is based on a combination of a linearly polarized blue-detuned (and thus repul-
sive) running wave and a linearly polarized red-detuned (and thus attractive) standing wave at
the waist of the nanofiber. The blue trap field polarization is orthogonal to the red trap field
polarization to achieve stronger trap confinement in azimuthal direction. An overview of the
optical setup to achieve this trap configuration and to probe the trapped ensemble is shown in
Fig.4.11. The depiction corresponds to the actual spatial layout on the optical table to make it
more useful when aligning the setup. The layout couples red trap light to the nanofiber on both
ends to achieve the standing wave. A \/2-waveplate controls the splitting ratio between both
arms. A total of three automated shutters (Stanford Research Systems, SR470) are included in
the setup to turn off both red trap fields and the blue trap field separately. Polarization control at
the fiber waist is given through a \/4- and \/2-waveplate in each trap arm with the latter on an
automated rotation mount. Probe light exiting the fiber is filtered from the trap fields with a Vol-
ume Bragg Grating (VBG), typically with 90% efficiency, and coupled to a fiber guiding it to one
of the detection setups depending on the experiment. For squeezing experiments, for example, a
homodyne detection setup was used. For previous second-order auto-correlation measurements
single photon detection modules (SPCM) were used. A total of three probe light input ports
are available, two for the D2-transition in Cesium at 852 nm and one for the D1 transition at
895 nm. For the photon transport experiments that are reported in this thesis only one port was
used but there are several possible applications for additional resonant fiber guided fields, for
example a fiber guided repumper or a control light field as is needed to realise A-level schemes.
The two 852 nm fields are superposed on a 50:50 beam splitter, and then superposed with the
895 nm field on a dichroic window which, at 8 ° incidence, reflects 852 nm light and transmits
895 nm light . The probe light propagates through the nanofiber in opposite direction to the blue
trap light to reduce blue trap background in the probe field detection. The power of the red trap
field is stabilised after the fiber outcoupler from the laser table using an AOM. The power of the
blue trap field was stabilised similarly in earlier stages of the experiment until power limitations
lead us to remove the AOM and rely on the inherent power stability of the blue trap laser. To
check the power balance and fiber coupling stability of the two red trap fields their powers are
monitored after transmission through the fiber by reflecting part of the beam onto a photo diode.
We use an edged window for the beam sampling where the reflections from front and rear facet
occur at different angles to avoid interference between them on the photo diode.

4.4.1 Polarization alignment

As the intensity distribution around the nanofiber depends strongly on polarization, the polariza-
tion of all three trap fields (two counter-propagating red-detuned trap fields and one blue-detuned
trap field) has to be aligned at the nanofiber waist in order to form the desired trap potential. Our
polarization alignment scheme relies on the fact that the nanofiber waist contains impurities that
scatter light. In good approximation, this scattering is polarization maintaining and thus contains
information on the polarization of the guided field at the waist. We collect the light scattered
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Figure 4.11: Optical setup for coupling the trap and probe light fields to the nanofiber. The
scheme closely follows the physical layout on the optical table for better orientation. The various
fields are superposed and separated through dichroic mirrors, a Volume Bragg Grating, and a
non-polarizing beam splitter. The polarization can be controlled independently for every field
coupled to the fiber via quarter- and half-waveplates.

from the waist for a small azimuthal angle via the horizontal imaging setup through a vertically
aligned polarization filter, placed in front of the camera so that the longitudinal field component
is extinguished. Then, a fiber guided mode that is linearly polarized at the waist exhibits a dipole
radiation intensity pattern on our camera which follows a sin? ¢ proportionality, where ¢ is the
angle of the linearly polarized mode relative to the imaging axis. All light fields are sent to the
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4. CONSTRUCTION OF A NANOFIBER-BASED DIPOLE TRAP

coupling setup with linear polarization. The input polarization of every light field that is coupled
into the nanofiber can be rotated via a A/2- and a \/4-waveplate. This also turns the polarization
at the waist although it is generally modified due to birefringence of the fiber and taper section
before the waist. This birefringence could be compensated in good approximation via the \/4-
waveplate so that the field was linearly polarized at the waist. The \/4-waveplate angle was
optimized for maximum contrast of the sin? ¢ intensity pattern observed by the camera. Once
compensation was achieved the \/2-waveplate was used to orient the angle of the linearly po-
larized mode at the waist to achieve the desired trap configuration. The procedure of measuring
the contrast and aligning the polarization to the vertical or horizontal plane was automated in our
experiment where a script reads out the camera and controls the A\/2-waveplates via automated
rotation mounts (Thorlabs, K1I0CR1/M). Contrast maximization via the \/4-waveplate is still
done manually.

4.4.2 Ti:Sa probe laser

The D2 probe field in our experiment is derived from a Titanium:Sapphire (Ti:Sa) ring cavity
laser, locked via a Cesium spectroscopy. Light in the spectroscopy arm is sent through an EOM
that modulates side bands with a frequency difference of 10 MHz onto the field. The modulated
field propagates through a Cesium vapour cell and is sent to a photo diode that is fast enough to
observe the sidebands. The relative phase shift of the sidebands is extracted by mixing the phase-
shifted photo diode signal with the 10 MHz RF signal that is sent to the EOM. This generates an
error signal that is processed by the Ti:Sa control system that modulates elements in the Ti:Sa
cavity to stabilise its output frequency. In the experiment, the laser is locked to the cross-over
between the 651 /5, ' = 4 — 6 P55, F' = 3 and I’ = 5 transition that is 225 MHz red-detuned
to the probing transition 651/5, F' = 4 — 6P3)3, F’' = 5. This offset is practical because
a frequency shift of 225 MHz is easily achieved using an AOM in double pass configuration.
While the Ti:Sa laser system requires more maintenance and table space compared to diode laser
systems it comes with the advantage of high power output, large tunability and most importantly
a significantly lower off-resonant background in the laser light compared, for example, to a diode
laser. This means that our 852 nm probing field has very little frequency contamination which
is important when investigating on-resonance transmission where the trapped ensemble renders
the fiber almost opaque for the resonant probe field such that the fiber output has a substantial
share of background light that distorts the measurement. Typically a few hundred microwatt are
branched off from the Ti:Sa output for spectroscopy with the rest being fiber coupled and sent
from the laser table to the experiment table. There, the light passes through a double-pass AOM
configuration that shifts the frequency by 225 MHz and thus into resonance.

4.5 Experiment control

The various components of the experimental setup are controlled via a dedicated control com-
puter (Jager Messtechnik, ADwin Pro-II) featuring 3 x8 analog and 32 digital output channels.
The analog channels span voltages from -10 to 10V with timing resolution of 3 us. Digital
channels output O or 5V with 10ns timing resolution. The Python-based control software was
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4.6. Realisation of dipole trapping in the evanescent field

developed in our group and allows the timing of the experimental sequence. It is detailed in
depth in the PhD thesis in Ref. [49]. The software also allows to interface additional devices in
the lab if these can be accessed via a Python interface, for example signal generators or rotation
mounts. An experimental sequence is started upon triggering from a 50 Hz trigger box, a device
that outputs a trigger signal at a constant phase of the electric mains to improve reproducibility
of the experiment.

4.6 Realisation of dipole trapping in the evanescent field

We discussed various aspects and requirements for a dipole trap in the evanescent field of the
nanofiber. Before we detail the realisation we briefly summarize these aspects. The superposi-
tion of a repulsive, blue-detuned fiber guided field and an attractive, red-detuned field leads to
a trapping potential approximately 200 nm above the surface of the nanofiber. The depth of the
trap is on the order of 100 K, depending on the power of the trap fields. Atoms are accumu-
lated at the nanofiber waist via a magneto-optical trap and then loaded into this the trap via an
optical-molasses that dissipates the kinetic energy that atoms gain from the trap potential. In this
section we explain the successive steps in more detail and demonstrate that atoms are trapped in
the evanescent field of the nanofiber.

4.6.1 Trap loading

A experimental trapping sequence starts with loading the magneto-optical trap. The duration
of the MOT phase is chosen depending on the desired optical depth of the trapped ensemble
during the experiment. For the experiments in this thesis only a few hundred trapped atoms are
necessary which was achieved already for 30 ms MOT loading duration. Reducing the loading
time is beneficial as it allows for higher experiment repetition rates. MOT loading is followed
by 40 ms of molasses cooling, where the MOT coil currents are switched off and the cooler
detuning is increased to 70 MHz to minimize the final temperature of the atoms. The molasses
duration and detuning are chosen to maximize the number of trapped atoms. The blue and red
trap fields are switched on during the entire experimental sequence. Atoms accumulate in the
dipole micro-traps during the molasses phase. At the end of the molasses cooling phase the
cooler and repumper are switched off and the fiber-trapped atom ensemble can be probed.

4.6.2 Measuring optical depth

Detecting atoms in the evanescent field of the nanofiber can be done in several ways. The
standard procedure in our experiment is detecting absorption of resonant, fiber guided probing
light. Here, two different procedures were used with different advantages. The quickest way
to detect atoms and extract the optical depth is to send a few ms long probing pulse through
the fiber while scanning the frequency a few ten MHz around the transition frequency using an
AOM. A single photon detection module (Excelitas, SPCM-AQRH-FC) measures the photon
count rates at the nanofiber output. After the frequency sweep, the red trap power is switched off
1 ms to release the atoms from the trap in order to record a frequency sweep without absorption.
Finally, the background count rate is measured and subtracted from the two pulses. In our
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4. CONSTRUCTION OF A NANOFIBER-BASED DIPOLE TRAP
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Figure 4.12: (a) SPCM clicks versus time as recorded by the FPGA, averaged for 500 runs. The
probing frequency is swept over 36 MHz across resonance via an AOM. After the first probing
pulse (ROI1), the red trap is switched off to release the atoms and we record a reference pulse
(ROI2). The SPCM background is extracted from the end of the trace (b) Transmission versus
AOM frequency, calculated from the ratio of ROI1 and ROI2. The fit function is given by Eq. 4.6
and yields an optical depth of 4.9 with a linewidth of 5.4 MHz.

experiment this is automated via a Python software (" SPCM Analyser’) developed in our group.
The software reads time stamps from the FPGA that record photon detection of the SPCM. A
typical SPCM trace is shown in the left panel of Fig.4.12. We extract the fiber transmission as
a function of probe light frequency by calculating the ratio of the transmission during the two
frequency sweeps. The result is fitted with the expected Lorentzian absorption profile to extract
optical depth, center frequency and linewidth. The fit function is given by [7]

T(OD,A) = exp (_0D)2> ; (4.6)

1+ (%

where we assume the probe intensity to be far below saturation. Here, I is the atomic excited
state linewidth, and A = wy — w is the detuning of the probe field with respect to the atomic
transition with the center frequency wy. In our experiment, we observe Cesium-characteristic
absorption profiles at the expected frequency with a linewidth of 5.4 MHz, slightly above the
free-space linewidth of Cesium (right panel of Fig.4.12). We attribute the linewidth broadening
to trap induced light shifts of the transition frequency that vary from atom to atom depending on
its position in the trap. Such light shifts occur despite our magic-wavelength trap configuration
due to tensor light shifts of the excited state, as explained in Sec. 2.2.3.

The optical depth measurement described above is useful for most optimization procedures,
for example when optimizing the trap powers or the overlap between MOT cloud and fiber
because the extracted OD is reliably proportional to the number of interacting atoms. However,
this procedure is not ideal for a precise measurement of the resonance frequency and the on-
resonance optical depth for two reasons. Firstly, the frequency sweep has finite duration of
typically 1 ms while the trap lifetime is on the order of 6 ms. The probing duration is determined
by the requirement that the SPCM count rate is far above its background and the power in
the fiber is far below saturation, meaning it cannot be shortened arbitrarily. This means that
the OD changes due to atoms loss over the course of the frequency sweep. The result is an
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4.6. Realisation of dipole trapping in the evanescent field

asymmetric absorption profile, as is indeed apparent in the shown transmission curve. This
shifts the center of the fit since the fit function is symmetric around resonance and thus leads
to a shifted center frequency. Secondly, optical pumping during the frequency sweep changes
the optical depth of the ensemble. For a probe field with circular polarization at the trap center,
optical pumping transfers atoms to the outermost m g states of the F' = 5 hyperfine manifold
where they scatter on the cycling transition, i.e. F' = 4, mp =4 — F' =5 m/ = 5 of the
D2 line. This cycling transition is stronger than the transitions between other mp states and
thus the pumped ensemble has a higher optical depth. The consequence is that optical pumping
changes the ensembles optical depth during the sweep, again leading to a change of absorption
over the frequency sweep and thus to an asymmetric transmission profile. This could be solved
by optically pumping the ensemble prior to the optical depth measurement. The drawback of
this is that the optical pumping causes heating of the trapped ensemble.

In order to circumvent these limiting effects we typically probe the ensemble at a fixed fre-
quency and only vary it from repetition to repetition. This allows to probe with shorter duration,
such that probing occurs always at the same time during the sequence and the probe field always
interacts with an ensemble with the same Zeeman state distribution and atom number for every
pre-set frequency. The downside of this method is that many more experiment repetitions are
necessary and it relies on the shot-to-shot stability of our experiment. Therefore, this method
was only used when the exact frequency of the probing transition had to be determined whereas
OD measurements, for example to maximize the number of trapped atoms, were carried out with
the sweep technique.

4.6.3 Trap optimization

The probing techniques described above measure the optical depth from atoms in the evanes-
cent field of the nanofiber. Since the MOT accumulates atoms around the nanofiber probe field
absorption can originate both from atoms that freely propagate through the evanescent field
and from atoms trapped in the micro-trap array above the fiber surface. Therefore, a Cesium-
characteristic absorption profile is not a proof of trapped atoms. Such a proof can be obtained
from varying the trap potential and showing that the optical depth reaches a maximum for the
right choice of red and blue trap power. Generally, the trap potential depends on the intensity of
the blue trap power. In the beginning of the experiment construction more blue trap power was
available. At that time, we performed 2D scans of the blue and red trap power which showed
a global OD maximum at blue trap powers around 20 mW. However, soon we suffered from
limited blue trap laser power and from then on operated the trap at the maximum available blue
trap power which stabilised at 13 mW coupled to the nanofiber. Therefore, we prove trapping by
showing that the optical depth as function of the power of the red trap field has a well-defined
peak. At too low red trap powers the repulsive blue trap field dominates and repels atoms from
the fiber, thus preventing any atom trapping. If the red trap power is too high the repulsive
potential barrier of the blue trap field is suppressed and atoms fall onto the fiber surface where
they adsorb and loose the good spectral properties they possess in free space. This implies an
optimum red trap power where the atom loading during the molasses phase is most effective. In
Fig. 4.13a we plot the optical depth achieved after 100 ms of MOT loading, followed by 40 ms of
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Figure 4.13: a) Optical depth from trapped atoms as function red trap power during loading
(blue) and probing (orange) extracted via fitting the Lorentzian absorption profile with Eq. 4.6.
The power is kept constant during probing and loading, respectively. The blue trap power
was 13 mW for both curves. b) OD as function of delay between the end of the molasses phase
and the probing stage. The exponential fit yields a trap lifetime of 5.6 ms.

molasses cooling as a function the power of the red trap field during loading from the molasses
which peaks at 195 pW and thus proves that atoms are trapped by the nanofiber.

It can be beneficial to use different red trap powers for loading from the molasses and probing
the atoms. The first red trap stage maximizes the loading efficiency into the trap and thus the
number of trapped atoms. The second red trap stage reduces the distance from the trap minimum
to the fiber surface and thus coupling strength to the probe field. This means that after loading
the trap the red trap power is increased which pulls the atoms closer to the fiber. A plot of the
optical depth as a function of the red trap power during probing is shown in Fig.4.13a. The
power change must be slow with respect to the trap frequencies of around 100 kHz such that the
trap deformation is approximately adiabatic leading to negligible heating of the atom ensemble.
In our experiment, the trap red trap power was thus ramped over the course of 1 ms. The power
shifting allows us to disentangle the red trap effects on loading and coupling strength. The left
panel of Fig.4.13 shows both scans and illustrates that optimum loading occurs at a different red
trap power than optimum coupling.

4.6.4 Trap Lifetime

A key figure that characterizes the nanofiber-based dipole trap is the trap lifetime, i.e. the time
after which the atom number in the trap has decayed to 1/e ~ 0.3. To this end, we measure
OD for different delays between the molasses stage and the probing stage. Fig. 4.13 shows
a typical lifetime measurement, fitted with an exponential decay f(t) = foexp(—t/7). The
fit yields a lifetime of 7 = 5.6ms. The lifetimes measured in our experiment have varied
both between different nanofibers installed in our vacuum chamber and over time for a given
nanofiber. Trap lifetimes observed in our experiment ranged from more than 100 ms down to
less than 10 ms. For the experiments reported in this work lifetime was around 6 ms. Generally,
the trap lifetime seemed to decrease with time after placing a nanofiber in the vacuum chamber.
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4.6. Realisation of dipole trapping in the evanescent field

&
[/

0.8 A P
c . |
[}
g o8 o
£
2
© 0.4 1 o
'_

°
0.2 1
e ® ®
100 101 102 103
Pin [pW]

Figure 4.14: Saturation measurement to extract the coupling strength /5. The trapped ensemble
is exposed to different probing intensities and the transmission is measured as a function of
probe power, yielding 5 = 0.0070(5).

A possible explanation is that absorbers adsorbed to the fiber surface with time and caused
increased absorption from the trap fields. This increases the temperature of the fiber which may
lead to increased vibrations and thus increased atom heating.

The trap lifetime in our experiment is lower than the lifetime we obtain in the other nanofiber
experiment in our group of typically 70 ms with maximum values of up to 150 ms. Currently, this
large discrepancy is not well understood. One difference between the two setups is the smaller
nanofiber radius in our experiment (200 nm compared to 250 nm) which may lead to worse
mechanical stability of our nanofiber. Another difference are the trap wavelengths. In particular,
our blue trap wavelength of 686 nm is further blue detuned from the probing transition than in
the other nanofiber experiment that uses 780 nm as the blue-detuned field. The consequence
is that we require higher blue trap power to achieve a comparable trap depth which leads to
increased absorption from impurities and thus to a higher fiber temperature. This in turn leads
to stronger thermal excitation of vibrational modes of the nanofiber which can couple to the
vibrational modes of the trapped atoms and heat them out of the trap.

4.6.5 Measuring atom number and coupling strength

The previous paragraphs explained how we measure the optical depth of the trapped atomic
ensemble. This OD is given by the product of the optical depth per atom and the number of
trapped atoms. To determine these values we perform a saturation measurement where the atoms
are exposed to increasingly higher intensities and their saturation is observed, i.e. we measure
the transmitted light as a function of the input power. This allows us to extract both the coupling
strength $ and the number of trapped atoms N from the measurement. A typical measurement is
shown in Fig. 4.14 where we plot the transmission of the ensemble as a function of input power.

To describe this process analytically we consider the the change of power in the light field
along the fiber as the light propagates through the trapped ensemble. On resonance, each atom
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4. CONSTRUCTION OF A NANOFIBER-BASED DIPOLE TRAP

scatters at the rate
B S

T 21+ 8
where we the saturation parameter S = I /I, relates the intensity at the position of the atom to
the saturation intensity Igax = %g The change of power along the fiber due to scattering from
trapped atoms is

4.7)

dP
dz
where n(z) is the atomic density along the fiber. Next, we introduce an effective area A that
relates the power in the guided field to the intensity at the position of the atom via P = Al and
use the expressions for R, I, to rewrite Eq. 4.8 as
P > L 4.9)
P, sat

= —Rhwn(z) (4.8)

dpP (1+

Integrating both sides leads to

FPout 1 1 L o))
P(— S 7 4.1
/Pl- d (P + Psat) /0 dz An(z) (4.10)

Integrating the atom density over the length of the ensemble gives simply the total number of
atoms, IV, while the left side can be integrated and one obtains
P, out 1

g0
P.,—P ) )=_—22N 4.11
Pz' + Psat( out 3 ) A ( )

In

Now we have an equation that relates transmission through the ensemble to input power, since
T = Pyyt/ Pin. Solving for T requires use of the Lambert W function, denoted with WV, and we
obtain

W 6070 +1};::t
%. (4.12)
Psat

This function can be fitted to the measured experimental data, an example if which is plotted in
Fig. 4.14 using the total atom number and A as fitting parameter. Note that Py, is a function
of A and the exact relation can be found by considering Eq. 4.9 in the limit of P < Psy;. The
equation then simplifies and we obtain

% - —%n(z)P (4.13)

which we can be integrated easily such that

T —

Pyt = P~ AN (4.14)

Here, the exponent has the function of the optical depth (OD) of the ensemble which relates to
the coupling strength according to 5 = OD/4N. There, we can derive 3 from A via

_ %0
B=1x (4.15)
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Figure 4.15: a) Optical depth as function of red and blue trap power stabilisation setpoint. The
plot shows a global maximum OD and illustrates the interplay between red and blue trap power.
b) Transmission of the nanofiber as a function of probing frequency, showing the highest optical
depth achieved in our experiment.

With this relation we can also calculate the saturation power P, since

r
Py = Algqy = hw@ (4.16)
These calculations can be combined to obtain 7' = T'(, N) such that we obtain for the mea-
surement in Fig. 4.14 the values 5 = 0.0070(5) and N = 79 £ 3. The value of /3 leads to
Psqy = 136 pW. This value will be our reference for input powers in Chapter 5.

4.7 Optimizing the optical depth

One early experimental goal was to significantly increase the number of trapped atoms compared
to previous trap realisations and ODs beyond 1000. High ODs are crucial to many experimental
quantum memory schemes, where a photon is stored as a collective excitation of the trapped
atomic ensemble, scale beneficially with optical depth. Therefore, considerable time was spent
on optimizing the number of trapped atoms and thus the OD. In principle, the nanofiber has ap-
proximately 4 trapping sites per micrometer length, assuming a red-trap wavelength of 935 nm,
and thus a 10 mm long nanofiber has ~40.000 trapping sites. Due to the collisional blockade
effect one can reach a maximum filling factor of 50% [33]. This implies a theoretical upper
limit for the number of trapped atoms of 20.000. The coupling of trapped atoms to fiber guided
fields can be optimized via the trap geometry and the optical depth from a single trapped atom
can exceed 0.1 [57]. This implies a maximally attainable OD of 2000. In this section we report
experimental results of optical depths around 1000.

In order to maximize the number of trapped atoms and the optical depth per atom we found
the following points to be critical:
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4. CONSTRUCTION OF A NANOFIBER-BASED DIPOLE TRAP

e Optimum trap power: Both the red- and the blue-trap must be optimized for loading the
maximum number of atoms during the molasses phase. This is achieved best in in a 2D
scan since the trapping potential depends on both parameters. An exemplary 2D scan is
shown in Fig. 4.15a where the mutual dependence of the red and blue trap power for trap
loading efficiency is apparent. Importantly, the plot shows a global maximum of optical
depth that marks the point of optimum trap loading. As noted in Sec. 4.6.3 and maximum
OD/atom occur for different trap shapes . Therefore, the trap configuration during probing
has to be optimized for maximum optical depth in a separate 2D scan.

e Optimum overlap between MOT and nanofiber: Both the position and the shape of the
MOT cloud can be adjusted to maximize the number of atoms close to the nanofiber waist
during molasses cooling and thus the number of trapped atoms. Through the fiber mount
the x- and y-position of the fiber can be optimized relative to the atom cloud and the z-
position of the cloud can be adjusted via the magnetic compensation coil. The cloud shape
can be altered by adding a quadrupole-field onto the magnetic field provided by the MOT
coils which stretches the cloud along the fiber while increasing the confinement in the
transverse direction. However, this stretched MOT-configuration is less efficient to load
atoms from the background and loading saturates for a smaller atom number. Therefore,
we design the sequence with separate MOT loading and reshaping stage. After loading the
MOT until the number of atoms has saturated we switch the magnetic field configuration
for around 100 ms to the configuration that achieves better overlap. This reshapes the
cloud while keeping losses due to a reduced trap volume minimally.

e Minimize spectral broadening of the trapped ensemble: To translate a high number of
trapped atoms into a high OD it is necessary that all atoms are resonant at the same fre-
quency, i.e. that the ensemble is not broadened from spatially varying light shifts in the
trap. This motivated the use of magic wavelengths in our experiment.

e Mechanical stability: Trapping was substantially harmed when the nanofiber was excited
mechanically, for example by working on the vacuum chamber. The optical table was
floated to reduce mechanical excitation via the floor.

Optimizing all of the above aspects lead to a maximum measured optical depth of almost 1000,
as is shown in Fig. 4.15b. In this measurement, the MOT was loaded for 2 s, followed by cloud
reshaping, atom loading, and trap reshaping. The trap lifetime was 75 ms. Unfortunately, this
high optical depth could not be maintained for more than a week. Then the maximally attainable
OD reduced to around 200 while trap lifetime reduced to around 10 ms. The reason for this
substantial reduction is not clear. We suspected that that the nanofiber was damaged, possibly
from the heating due to absorption of the trap lasers, and decided to exchange it with a newly
pulled nanofiber of the same dimensions. After recovering the previous trapping procedure the
maximum OD was 200 while lifetime was 30 ms. The lifetime degraded further over the course
of the following weeks. A range of possible causes for the unstable trapping were investigated:

e Trap laser power noise: We recorded power spectra of all trap lasers to check that no
particular noise features existed at frequencies around the trap frequency, typically around
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4.8. Summary

100 kHz, but nothing suspicious was observed. Still, both the red and the blue trap fields
were exchanged with 1064 nm and 780 nm respectively, yielding no notable improvement.

e Acoustic noise in the laboratory: A range of fans and the air-conditioning caused an over-
all noise floor in the lab. Both the level of noise was reduced as much as possible and the
sound insulation was increased by glueing sound-absorbing foam under the experiment
rack that forms the ceiling of the experiment optical table, even though it remains unclear
if this insulation had any notable effect.

e Vary position of the nanofiber holder: One hypothesis suggested that the translatable
nanofiber holder has positions that are mechanically more stable than other positions, pos-
sibly because the screws in the mechanical feedthroughs are more stable in some positions
than in others. No improvement was found.

o Switch the trapping plane: The trapping plane was rotated by 90° to test if this affects the
trap lifetime. It was surmised that the nanofiber might vibrate more in flexural modes in
the vertical plane than the horizontal plane or vice versa. However, no improvement was
observed.

e Heating from a nearby quadrupole-transition: The ground state of Cesium can be excited
via a quadrupole-transition close the the blue trapping wavelength of 685 nm [58]. This
transition is extremely narrow and weak such that small detunings already reduce scatter-
ing to negligible rates. To avoid the unlucky scenario that the blue trap laser was acciden-
tally on resonance with this transition it was shifted by 0.1 nm. No lifetime improvement
resulted from this.

In order to understand if any deformations or even chemical reactions occur at the waist of
the nanofiber a sample of a fiber that was used in our apparatus for several months was studied
with an scanning electron microscope (SEM). This revealed peculiar structures at various posi-
tions along the nanofiber and the taper. Examples are shown in the appendix App. B. However,
it seems unlikely that the observed structures were present on the nanofiber waist while it was
under vacuum because the high nanofiber temperature would cause them to evaporate. It seems
more likely that these structures formed during flooding of the chamber with ambient air, which
causes the elementary Cesium adsorbed to surfaces to oxidize. Indeed, X-ray spectroscopy of
these structures suggests that they consisted of Cesium-Oxide (see App. B for a more detailed
discussion).

Since we could not resolve the cause of the OD reduction it was decided to turn to experi-
ments that require more modest ODs of less than 10 which were attainable at all times.

4.8 Summary

A nanofiber based dipole trap for laser cooled Cesium was constructed and the experimental
apparatus characterized in various aspects. We implemented a scheme for measuring the atom
number in the MOT and in the nanofiber trap. Spectroscopy confirms that Cesium atoms are
interfaced with fiber guided light and the dependence of optical depth on the power of the red trap
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shows that the atoms are trapped. Our measurements show that we can routinely trap ensembles
of a few thousand atoms with an optical depth around 100 and we realised a maximum optical
depth of ~1000.
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CHAPTER

Observation of Squeezed Light

Equipped with a theoretical framework of squeezed light and non-linear photon transport, and an
overview over the experimental aparatus to study these phenomena, we now turn to the specific
experiments to study the light after it interacted with an ensemble of trapped atoms.

The probing routines described in Ch.4 were practical for the optimization and characteri-
zation of the nanofiber-based dipole trap but in order to experimentally access the quadratures
and their variance the probing had to be modified. Therfore, before turning to the experimental
procedure and observed results we describe the homodyne detection setup.

5.1 Experimental Setup

For the experimental observation of squeezed light we recall the result from Sec. 3.2 where we
showed for the balanced detector output in a homodyne detection scheme that

Iy x aXy, (5.1)

meaning that the balanced detector output Iy is proportional to the angle-dependent signal
quadrature Xy which is amplified by the strength of the coherent local oscillator, ce. With this in
mind we turn to the realisation of the homodyne detection setup.

5.1.1 Probing Setup

Resonant light from the Ti:Sa is split into a strong local oscillator field and a weak probing field
on a non-polarizing 90:10 beam splitter. The LO arm is fiber coupled for spatial filtering and
sent to the homodyne setup discussed in detail below. The probing field (signal) passes through
two phase-stable AOM double pass setups that shift the light up and down in frequency. Phase
stability is ensured by deriving the AOM RF frequency from the same digital function genera-
tor (Rigol, DG4162). The amplitude of one AOM is controlled via an analog modulation input
and thus provides signal amplitude control. The modulation input for the other signal genera-
tor channel is used to shifts the output frequency digitally between to programmed frequencies.
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5. OBSERVATION OF SQUEEZED LIGHT
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Figure 5.1: Probe setup for homodyne detection. Resonant light from Ti:Sa laser is split on
a 90:10 NPBS to be used as phase-stable local oscillator (LO). The 10% output of the NPBS
passes through two AOMs to be shifted in total by small frequencies of typically 1 MHz. The
AOMs are driven from the same digital frequency generator where the outputs are phase stable
and thus no phase noise is added to the signal relative to the LO. After frequency shifting the
light is injected into the nanofiber coupling setup from Fig.4.11, filtered from the trap fields after
propagating through the nanofiber, and sent to the other input of the homodyne detection setup.

This digital switching ensures that no analog noise is added to the channel frequency and phase
stability between the outputs is maintained. Lastly, the light is fiber coupled and sent to the
nanofiber coupling setup detailed in Sec. 4.4. Here, it is overlaped with the trap fields, injected
into the nanofiber, filtered from the trap fields at the nanofiber output, and fiber coupled once
again to be sent to the homodyne detection setup.

5.1.2 Homodyne Detection Setup

The signal light, extracted from the nanofiber, and the local oscillator light, derived in the prob-
ing setup, are injected into the homodyne detection setup shown in Fig. 5.2. The signal light
passes through an optical isolator since we observed LO reflections from the setup that propa-
gated to the nanofiber waist where it heated the trapped ensemble. After the optical isolator the
signal interferes with the local oscillator field on a 50:50 non-polarizing beam splitter (NPBS,
Thorlabs BS005). Polarization mode matching is ensured through polarization optics in the
signal and LO arm prior to the NPBS. Both NPBS outputs reflect on a subsequent polarizing
beam splitters (PBS) to filter the polarization matched component of the combined signal- and
LO-field. The transmission of one PBS is coupled to a single-mode (SM) fiber. We optimize
the spatial mode matching by optimizing the coupling of signal and LO field into the SM fiber.
When not used for optimizing mode matching the SM fiber is connected to an SPCM such that
a standard transmission measurement throguh the nanofiber can be done. To prevent damaging
the SPCM we place a mechanical shutter in the LO arm. The signal polarization can be flipped
via a A/2-waveplate on a flip mount before the PBS to select between sending the signal light to
the homodyne detector or to the SPCM. Permanent \/2-waveplates after the NPBS are aligned
such that a maximum share of the signal field is reflected and incident on the balanced detector.
The PBS serve an additional purpose of optically isolating the nanofiber from LO reflections
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5.1. Experimental Setup
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Figure 5.2: Homodyne detection setup. The signal field originating from the nanofiber in-
terferes with the phase stable local oscillator (LO) derived from the same original laser on a
non-polarizing beam splitter (NPBS). An optical isolator is included to prevent back-reflection
of the strong LO field into the nanofiber. Mode matching between signal and LO is achieved by
coupling both fields to the same single-mode fiber ("mode matching" fiber). Polarization mode
matching is achieved by reflecting the two NPBS outputs from polarizing beam splitters (PBS).
Additional optical isolation of the LO is achieved by \/4-waveplates before the balanced de-
tector that ensure that reflections are transmitted through the PBS’. The focussing lenses are
positioned to prevent beam clipping on the photo diodes while also not focussing the light to
prevent local saturation of the diode.

since we place \/4-waveplates after them, aligned such that the LO reflection from the detector
transmits through the PBS. Lastly, lenses ensure that the beams are not clipped on the photo
diode but also not focused which could introduce noise from alignment drifts if the photo diode
is locally saturated or varies in sensitivity.

5.1.3 Detection losses

Analysing the light exiting the nanofiber requires high detection efficiency since losses are equiv-
alent to inserting undesired noise into the system. The resonant 852 nm light has to be separated
from the the trap light fields, coarsely indicated in the probing setup description of Sec. 5.1.1, but
actually done via the Volume Bragg Grating (VBG) mentioned in the more detailed nanofiber
coupling setup description in Sec. 4.4. More than 90% of the resonant light incident on the VBG
are reflected at an angle of 8° where a d-shaped mirror reflects it towards a fiber coupler. Since
the light has a good Gaussian mode profile shortly after exiting the nanofiber it can be coupled
with almost 90% efficiency into the fiber which guides it towards the homodyne detection setup.
Further losses occur here from the optical isolator (10%) and improper mode matching to the
local oscillator field. The mode matching is achieved by coupling both fields to the same single
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5. OBSERVATION OF SQUEEZED LIGHT
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Figure 5.3: a) Variance of the balanced detector output as a function of local oscillator power.
The linear fit intersection with the y-axis indicates the inherent electronic noise of the detector.
b) Difference between a linear and a quadratic fit for the data in a). The maximum indicates the
point of maximum detector linearity, at 2.03 mW.

mode fiber, as indicated in Fig. 5.2, and typically coupling efficiencies of 90% can be achieved
for both fields. Finally, the photo diodes of the detector have a detection efficiency of 80% at
852 nm. The total collection efficiency of probe light on the balanced detector can be measured
straightforwardly by measuring the nanofiber output power and comparing it to the sum of the
powers at the two photo diodes which leads to 60%. To estimate the total detection efficiency we
multiply this value with the mode matching efficiency, estimated from the product of the signal
and LO fiber coupling efficiencies, and the photo diode efficiency, leading to a value of

1 = NeollectionTmodematching7PD = 0.6 x 0.9% x 0.8 = 0.39 (5.2)

This detection efficiency affects the measured squeezing amplitude as described in Sec.3.2.1.
For the total detection efficiency we have to include the electronic noise of the detector, which
is described below.

5.2 Balanced Detector Calibration

Balanced detection in our experiment uses a device purchased from the University of Basel
(SP1°023, [59]) where the photo diode difference current is amplified with low noise and a band-
width of 50 MHz. Individual photo diode currents are accessible with up to 1 MHz bandwidth
as the voltage drop across the individual photo diodes is available as a monitoring output from
the device. For our measurements the balanced detector should be operated at maximum linear-
ity which determines the optimum local oscillator power. This value is found via the following
calibration measurement.
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5.3. Experimental sequence and data acquisition

We block the signal input side of the beam splitter and vary the local oscillator power. Fig-
ure 5.3a shows the variance of the detector output calculated in the frequency range from 3 to
20 MHz as a function of LO power incident on the two photo diodes. This frequency range is
the same as used for data analysis later. We record the detector output for a range of LO powers
together with a monitoring output that is proportional to the intensity on one of the two photo
diodes. From the latter trace we extract the LO power via the calibration factor of 1.95 mW/V
and compare it to the variance of /. We fit the data with a linear function to obtain the inherent
electronic detector noise from the y-axis intersection of the fit. Comparing this value with the
variance at the LO power used in a particular experiment gives the signal to noise ratio of this
measurement.

In order to find the optimum LO power we fit the data with a linear and a quadratic func-
tion and plot the difference between the two fits in Fig. 5.3b. The maximum of this difference
corresponds to the point of maximum detector linearity at 2.03 mW, the LO power used in the
experiments presented below. Electronic noise in homodyne detection has the same effect as op-
tical losses [60], i.e. it reduces the detetion efficiency. The calibration measurement shows that
at the selected LO power the electronic noise of the detector amounts to a reduction in detection
efficiency of 7%. The overall detection efficiency is then 7t =36%.

5.3 Experimental sequence and data acquisition

The first step in our homodyning sequence is to trap atoms around the nanofiber as detailed in
Sec. 4.6.1. Once the atomic ensemble is ready for probing it is exposed to a resonant signal
field of well defined and SPCM-calibrated power, typically with tens of picowatt guided in
the nanofiber. The probe power is calibrated via the SPCM countrate of the fiber output with
detection losses taken into account.

5.3.1 Stages of the sequence

The signal field is switched on via the signal amplitude AOM and kept at this level for 200 us.
After this homodyning stage the atoms are released from the trap by switching the red trap power
to zero and the signal power is increased to the maximum attainable via the amplitude signal
AOM. Then we switch the signal frequency by 1 MHz via the corresponding AOM to record the
beat note between the signal and the local oscillator. The beat note will later be used to extract
the relative phase between signal and LO during the homodyning. After the heterodyning stage
the signal is switched off and the vacuum signal is recorded as reference, i.e. the output of the
detector when no signal field is incident but only local oscillator. After recording the vacuum
reference the LO is switched off and the electronic noise is recorded for 50 us. This last part
of the trace can be used to infer the signal to noise ratio of a particular trace by comparing the
variances during the vacuum homodyning and during the dark detector stage.

5.3.2 Atom number estimate

In order to study the dependence of the spectrum on atom number N and compare it to the-
oretical simulations we need to extract /N from the transmission measured when calibrating a
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5. OBSERVATION OF SQUEEZED LIGHT
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Figure 5.4: a) Typical experiment trace recorded on the oscilloscope with the various regions
of interest indicated. The phase 6 between signal and local oscillator is extracted via the starting
phase of the oscillation during the heterodyning stage. All fields are switched off at the end of
the sequence to record the dark detector signal from which the signal-to-noise ratio during the
rest of the trace is extracted. b) Zoom onto the beginning of the heterodyning stage from which
the signal phase @ is extracted.

homodyne measurement. In principle, the best way to do this would be a saturation measure-
ment as described in Sec.4.6.5 prior to every homodyne measurement. This was, however, not
practical for us as it requires modyfying the detection setup with neutral density filters and thus
takes considerable time and poses the risk of accidentally misaligning the setup which may spoil
the detection efficiency. Therefore, we characterise the ensemble simply through measuring the
optical depth at a given probe power prior to starting the homodyne measurement. The measured
OD is discounted with saturation effects via ODeg = ODynsaturated/ (1 + So). From the unsat-
urated OD we calculate the atom number via the coupling strength according to N = OD/(45)
which follows from our definition of 8 and is explained in Sec.4.6.5. We note that measurement
errors in the coupling strength thus affect all values of N that are given below. Trapping with the
nanofiber appeared stable over the time where the measurements in this thesis were taken and
thus the coupling strength is assumed to be stable. However, this was checked only sporadically
and thus fluctuating 8-values cannot be ruled out.

5.4 Trace analysis

The balanced detector output during the experimental sequence is recorded on a digital oscillo-
scope (Teledyne Lecroy, HDO4054A, setup details in App.C.1) and stored for every trace. An
example trace, is shown in Fig. 5.4 where the regions of interest (ROI), i.e. the atom homodyn-
ing, the heterodyning for phase extraction and the vacuum homodyning are marked. The right
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5.4. Trace analysis
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Figure 5.5: Averaged detector power spectra during the ROIs marked in Fig.5.4. a) For the
homodyning and vacuum ROI. The origin of the 10MHz peak in the signal spectrum could not
be resolved and the peak was masked for variance calculations. The peak was present with
and without atoms surounding the nanofiber and thus seems to be a technical artefact. b) Dark
detector, reflecting the noise characteristics of the balanced detector circuit.

panel of Fig. 5.4 shows a zoom of the beginning of the heterodyning stage where a buffer of 5 us
is kept to allow the signal power to rise. For the phase extraction we assume that the phase of
the beat note is the same phase as during the homodyning modulo a stable offset. We confirm
independently that the interferometer composed of the signal path and the local oscillator path
has negligible path length variations within the experiment duration.

5.4.1 Detector spectra

From the ROIs in the example trace in Fig.5.4 we can calculate the respective power spectrum
by taking the square of the absolute value of the complex fourier analysis. Since we record
the detector output 6/ at IV discrete points in time we calculate the complex discrete Fourier

transform by
N-1

0lo= §le— N wn (5.3)

To obtain the averaged power spectrum we calculate the mean of the absolute squares. Figure 5.5
shows these respective spectra averaged for a squeezing measurement containing 50k traces.
The dark detector spectrum reflects the noise characteristics of the balanced detector circuit and
shows that, apart from a few peaks, it is least noisy for ~2 MHz. The other two spectra show
a raised noise floor due to the shot noise of LO field. Several spikes are visible in the spectra
of the illuminated balanced detector. The fact that all these spikes, with the exception of one at
10 MHz, are visible in both spectra indicates that they stem from technical noise in the detection
setup or in the LO power spectrum and are unrelated to the fiber trapped atoms. Therefore, they
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Figure 5.6: a) Exemplary power spectrum during heterodyning with the beat note between the
signal and the LO at 1 MHz. b) Phase spectrum corresponding to a) from which the phase 6 at
the beat note frequency is extracted.

are masked before extracting the variance from the spectra. Masking is done by overwriting 10
frequency bins around a peak, corresponding to a window width of 100 kHz, with the values of
the adjacent 10 bins. The 10 MHz peak, present only in the signal spectrum, is of unclear origin
and has considerable amplitude. However, it is also present when no atoms are trapped and
therefore is technical noise from some component of the nanofiber coupling setup. A possible
explanation is that it originates from the two AOMs that switch the frequency and the amplitude
of the signal.

5.4.2 Phase extraction

In order to extract the relative phase between signal and LO during the homodyning stage we
calculate the spectrum in the heterodyning ROI, as shown in Fig.5.6. The heterodyning length of
the ROI has to be chosen such that the discrete fourier analysis includes the beat note frequency
of 1 MHz. This can be achieved if the length is an integer of beat note periods, in our case we
chose 10 us. The phase of the beat note is obtained from the complex fourier transform of §1
according to Eq. (5.3). The resulting phase array is shown in the lower plot in Fig. 5.6 with a
line marking the phase of the 1 MHz beat note. This analysis is carried out for every single trace
to correlate it with the signal variance.

5.4.3 Variance extraction

The variance of any series of N data points is defined as
1
(AX)? = > af = (5.4)
i

where p is the arithmetic mean of X. However, from the spectra in Fig. 5.5 it is clear that
there is noise in the system that is of no physical interest, even with the 20 MHz low pass filter
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5.4. Trace analysis
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Figure 5.7: Mean detector output o1 in the signal- (orange) and vacuum-ROI (blue) versus
relative phase extracted from the heterodyning beat note for a data set including 50.000 files.
Each data point corresponds to one execution of the sequence. The signal field power was
0.4 pW, amplified with 2 mW local oscillator field.

of the oscilloscope. This is especially true at frequencies below 1 MHz where, among others,
LO intensity noise, nanofiber vibrations, atom loss during probing can superpose the physical
signal of interest. To this end the trace could be filtered digitally with a bandpass filter before
calculating its variance. A more straightforward way, however, makes use of Parseval’s theorem
which relates the square of a function to the square of the integral over its Fourier transform.
This means we can calculate the signal variance directly from the spectrum by integrating its
absolute square. For a discrete spectrum this results in

1 & -
(AD)? = 5 > 101 (w)[?, (5.5)

Wmin

where N is the number of frequency bins and 5~I(w) is the discrete Fourier transform of the
detetor output 01(¢). This is a very useful relation with the advantage that we can calculate
this for any frequency range of interest and no digital filtering with possible undesired filter
features is necessary. It also allows us to filter out detrimental peaks, for example the previously
mentioned 10 MHz feature. Therefore, the squeezing analysis throughout this work is done by
first binning the spectra according to # and subsequently extracting the variance for the desired
frequency range.

5.4.4 Signal field amplitude

Extracting the phase of every trace allows us to plot the electric field of the signal and the vacuum
with respect to phase by calculating the mean detector signal in each ROI, shown in Fig.5.7.
Even though the trace itself shows no notable difference in the signal ROI and the vacuum ROI
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5. OBSERVATION OF SQUEEZED LIGHT

we have in fact an extremely weak field incident during the signal ROI whereas only phase-less
vacuum is incident on the homodyning NPBS during the vacuum ROI. Note that the power of
the signal field was only 0.4 pW in this measurement, corresponding to ~320 photons over the
duration of the region of interest. The illustrates the great sensitivity of homodyne detection
despote using normal photo diodes.

5.5 Observation of squeezed light

The previous section detailed how the traces recorded by the oscilloscope are processed such
that for every trace we extract the LO phase and the corresponding spectra used for variance
calculation. In Sec. 3.2 we show that the variance of the balanced detector output is directly pro-
portional to the quadrature variance. Therefore, squeezed light can be observed by calculating
the ratio of the signal variance and the vacuum variance as a function of LO phase 6, that is

(AxyEe)?
Qo = (AXgacuum)2 ’ (5.6)
and we take () < 1 as the signature of squeezing.

For a squeezing measurement we typically record 50.000 traces, sort them according to ¢
into 15 bins, and calculate the the average spectrum for each . Averaging is necessary because
the squeezing signal is too weak to be observable in a single shot. To observe squeezing we
trap an ensemble of ~100 atoms around the nanofiber. The variance is evaluated in the fre-
quency range from 3 to 20 MHz to exclude the low frequency peaks visible in the spectrum in
Fig. 5.5 and generally low frequency technical noise. The upper limit covers almost four natural
linewidths and is sufficient to capture the atom related physics as discussed in Sec. 3.3. As seen
from the dark detector spectra the signal to noise ratio decreases with increasing frequency and
thus the upper limit has the additional benefit of excluding high frequency detector noise. More
discussion of the spectral characteristics is given in Sec.5.8. Figure 5.8a shows () binned for
relative LO phase 6 for a probing power of P, =91 pW. The variance ratio () shows a charac-
teristic cos(260) modulation, i.e. indicates that the light from the signal field is squeezed with a
lowest Qg that is 0.64% below 1. The data is fitted with a function given by

Q(0) = ag + aq cos (20 + H(S)ig), (5.7)

from which we extract the squeezing phase 6,;, for which () has the lowest value. The squeezing
strength is extracted from () directly.

Figure 5.8b shows the phase-resolved mean output 6 of the balanced detector output during
the respective ROIs. The data is fitted with a sine function given by

61(0) = ag — ay sin(9 + 9{;0) (5.8)

from which we extract the phase of the electric field that corresponds to a given squeezing phase.
This allows us to compare the phase of the variance modulation to the phase of the electric field.
The variance reflected by @)y is lowest when the electric field amplitude is maximized. This
means that the output field, in the case of a resonant drive, is amplitude squeezed.
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5.6. Detuned probing
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Figure 5.8: a) Averaged ratio (Jy of the signal variance and the vacuum variance as a function of
6. The error bars are standard deviations of the averaged ratios. b) Offset-corrected mean of the
balanced detector output as function of 6 during the signal incidence and the vacuum reference
measurement. This signal is directly proportional to the electric field of the signal input.

5.6 Detuned probing

The optical non-linearity investigated in this chapter strongly depends on the frequency of the
probe field. In this section we show how finite detuning alters the phase of maximum squeezing
while simultaneously the squeezing amplitude reduces.

We perform squeezing measurements as described above with varying detuning and for
50 pW input power, i.e Py/Poy; = 0.35. The data sets are analysed according to phase and
variance and we extract the phase of strongest squeezing via fitting the cos(260) modulation of
Q. Similarly, we extract the phase ¢ of the electric field amplitude and calculate the relative
phase of maximum squeezing via ¢max = ¢r — 0. The result is shown in Fig.5.9a. The data
shows dispersive behaviour around resonance. This is compared to a theoretical calculation
based on [46], described in Sec. 3.3.4, kindly made available to us by our collaboraters.

We can understand this measurement intuitively in the limit of squeezed vacuum. The de-
tuned drive alters the phase of the photon pairs that are created through the atom mediated
non-linear photon-photon interaction. Recall the approximation of weakly squeezed vacuum in
Sec. 3.1.3 that was given by

€

V2

where € = 7€!®s characterizes the squeezing operator. The squeezing angle ¢ appears in the
phase of the two-photon component of the squeezed vacuum and determines how the squeezing
is distributed between the two quadratures.

More technically and within the framework of [46] we recall the expression the spectrum of
squeezing in Eq. 3.68 given by

S(e)[0) ~ [0) 2) = le). (5.9)

I‘tot R

SH(W) T 2/8 Psat

Re [ €206 (w — ko)] (5.10)
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Figure 5.9: a) Relative phase Ggig — 05° between the cos(26) modulation of the variance and the
electric field evolution with sin(#). This is compared to the phase of the numerically calculated
complex function that accounts for correlated photons ¢ (w — A) calculated for § = 0.007 and
N = 50. Note that the theory assumes the limit of weak input field, P,,/Poyt < 1 while the
measurement has Py, /Py = 0.35. b) Minimum () for the detuning values in a). While the
squeezing phase shifts with detuning the squeezing strength reduces with increasing detuning.
The complete plot for Q(#) is shown in App.C.4

As explained in Sec. 3.3, the complex function ¢ captures the photon correlations. For a
resonant drive field ¢ is real and therefore does not add to the phase 6 in (5.10). For a detuned
drive, however, ¢ is complex and we can be calculate a phase that adds to #. This is done in
Fig.5.9 where ¢max Was extracted from ¢, where ¢ was claculated assuming 5 = 0.007 and
N = 50. The theoretical predicition is in good agreement with the data for negative detunings.
For positive detunings it follows the same trend as the theory but differs quantitatively. This is
likely to be a consequence of the trap modification from the detuned drive. The red detuned
drive pulls the atoms closer to the fiber and thus increases their coupling strength but also the
heating rate due to increased scattering. The opposite effect takes place for blue a detuned drive
field. Overall, this results in a variation of 3 througout the plotted data while the theory assumes
constant 3. The strength of the squeezing reduces with increasing detuning. Figure 5.9b shows
the lowest value of () for every detuning as extracted via the fit. For =10 MHz detuning, where
the output is almost completely phase squeezed (and therefore amplitude anti-squeezed) () does
not fall below 1. This is consistent with the numerical analysis of ¢ with respect to detuning
from Sec.3.3.4. The squeezing angle asymptotically approaches m(—) for positive (negative)
detuning while the amplitude of ¢ goes to zero, i.e. squeezing vanishes.

5.7 Probe power dependence

The next parameter that influences the squeezing is the power of the probe field. Therefore, we
carry out a range of squeezing measurements with varying probe power and analyse the results
in the usual way, i.e. we extract the variance as a function of phase.

The analysis of a total of 10 measurements of 50k traces each is summarised in Fig.5.10
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5.7. Probe power dependence
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Figure 5.10: Maximum and minimum () as function of probing power, normalised to
Fiat =135pW. The dashed and dotted lines are obtained from numerical simulations by the
authors of [40], where the dashed line corresponds to the simulation rescaled with our measured
detection efficiency and the dotted line to the simulation rescaledd with an effective efficiency of
15%. The difference may be explained by additional detection noise from the setup and the fact
that the theoretical curve assumes the full frequency spectrum compared to a 17 MHz window
in our analysis.

where we plot the minimum and maximum values of () as a function of the normalized input
power, i.e. P,,/Pi. The underlying variance measurements and fits are given in App.C. The
relative phase between the variance modulation and the electric field amplitude is close to zero
for all powers, indicating amplitude squeezing (see Fig.C.6 for the respective plot). While the
maximum variance in Fig. 5.10 grows continously with input power the minimum variance
decreases down to the local minumum at Py, /P, ~0.1 and increases then as well.

The non-linear photon transport framework discussed in Sec.3.3 assumes the limit of a weak
drive field to truncate Fock space for n > 2 to simplify the calculation. Therefore, this frame-
work is not suited to evaluate the squeezing for arbitrary input power. A new framework was de-
veloped by our collaboraters, based on an approach that truncates the correlations rather than the
photon number [61]. Unlike the theoretical framework reviewed in Sec. 3.3, this new framework
cannot predict the spectral distribution of squeezing, such that the values in Fig. 5.10 correspond
to the complete squeezing at all frequencies. This is in contrast to the measured data that corre-
sponds to a finite frequency window and in particular cuts out the correlations from 0 to 3 MHz
which limits the comparison between theory and experiment. The lower frequency cut-off can
be reduced to decrease the comparison difference but that affects the observed squeezing at high
probing powers where transmission changes due to atom heating affect the signal transmission
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5. OBSERVATION OF SQUEEZED LIGHT

and increase the signal variance.

The experiment data in Fig. 5.10 is compared to numerical calculations by the authors of [40]
using the new framework mentioned in the previous paragraph. Conversion between the numer-
ical results and the experimental data is explained in Sec. 3.4. The numerical results are rescaled
with our detection efficiency o = 0.36 (dashed lines). For this detection efficiency it is in poor
agreement with the simulation. This may be explained by additional detection noise in the in-
terferometer at higher frequencies that is not taken into account through the detection efficiency
measurement. The dotted lines correspond to an effective detection efficiency of 15% and are in
good agreement with the data. In particular, the data exhibits minimum () at a similar P, as the
numerical calculation. Another discrepancy between theory and experiment lies in the different
frequency ranges that are considered, as was discussed in the previous paragraph.

To develop intuition for the curve we consider the low and high power limit. We know
already from the initial low-power limit framework that for small P,,/Ps,; squeezing scales
proportional with input power, as is apparent from Eq. 3.67. This makes sense since the chance
of two photons interacting with the same atom within its lifetime is higher for a higher num-
ber of photons. As the drive power increases saturation effects start to appear. In the limit
of saturation each atom scatters at the maximum scattering rate which only adds noise to both
quadratures. Note that the increasing variances only correspond to the correlated component of
the output field. In the limit of complete saturation this component is vanishing relative to the
component of the input light field that propagates through the ensemble without any absorption
due to bleaching. This satisfies the intuition that a completely bleached ensemble has vanishing
effect on the incident field as the field strength increases.

5.8 The spectrum of squeezing

Having investigated the role of probe detuning and power we turn to the spectral characteristics
of the squeezed light. We are particularly interested if the predicted spectral characteristics
can be observed that are expected for low and high optical depths. To this end we perform a
homodyne measurement in both respective regimes. The spectra are binned into frequency bins
that include 100 bins of the raw spectrum in order to observe the trend that is otherwise hidden
by noise. The bin size corresponds to 1.4 MHz spectral width. Figure 5.11 shows the angle
resolved spectra Sy for the angle relative to the electric field phase of maximum and minimum
variance, that is § = —0.447 ~ 7/2 and § = 0.157 ~ 0. The corresponding underlying plots
of @)y are provided in App.C.7. The error bars correspond to the standard error of the spectral
average of the respective bin. Before binning the spectra a few narrow and technical peaks were
masked in the same fashion as already described for the pronounced 10 MHz peak. The masked
peaks were at 1.97, 2.1, 2.25, 2.4, 10, 12.5, and 24.5 MHz. The maximum masking width was
10 bins while the data points in the two spectra correspond to 100 bins, i.e. the masking is still
narrow when compared to the bin width. Without masking several extremely large error bars
appear in the spectra which originate entirely from calculating the standard error of a spectral
average that includes a large peak and are of no interest with respect to the relevant atom-induced
physics that lacks such sharp features.
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5.8. The spectrum of squeezing

Low optical depth

We start with the low optical depth regime for which the spectra of maximum and minimum
noise are shown in Fig.5.11a, averaged from 50k traces. In this measurement, the average optical
depth was 1.17, corresponding to an ensemble of ~50 atoms. Probing power was 20 pW and
thus Pin/P;, ~0.15. This lower value was necessary to reduce heating-induced atom losses that
reduce the non-linear features. Note that the y-axis spans twice the range as the left panel, i.e.
the spectrum has higher amplitudes. Both the minimum and maximum variance spectra in the
graph display a trend of increasing and decreasing amplitude, respectively. More specifically,
the minimum variance spectrum has the lowest values in the frequency range from 0 to 10 MHz,
in contrast to the high OD spectrum. The overall amplitude of the squeezing spectrum is larger
in the low OD limit than in the high OD limit due to the lower optical depth, only partially
compensated by the higher drive power. Beyond 20 MHz the minimum and maximum variance
spectra start to have similar amplitudes. This shows reduced squeezing at high frequencies. Note
that the error bars inrease with frequency due to the reduced signal to noise ratio of the balanced
detector for increasing frequency and the low pass filter of the oscilloscope. The data compares
well with the theoretical calculations of Sy. In particular the trend in the data of decreased
squeezing with increasing frequency is well described by the theory.

High optical depth

Next we turn to the high optical depth regime, depicted in Fig.5.11b, averaged from 50k traces.
The average optical depth in this measurement was 5.3, corresponding to on average ~330
trapped atoms. Probing power was 80 pW and thus Sy = Pin/P,;, ~0.6. The blue spectrum,
corresponding to the smallest electric field variance with respect to phase, is consistently below
0 for frequencies up to 25 MHz. More importantly, the lowest values are in the range from 10 to
20 MHz, i.e. the spectrum peaks and thus exhibits the sideband that was discussed in Sec. 3.3.3.
The orange spectrum, corresponding to maximum electric field variance, also peaks but for lower
frequencies than the minmum noise spectrum. This may be explained through technical noise
at low frequencies that always adds to the variance and never reduces it since it is uncorrelated.
Considering the error bars and the spread of the data points the spectrum shape is not particularly
clear but it bears qualitative resemblence to the sideband shape that we expect.

The figure also shows the amplitude of the squeezing spectrum obtained from the framework
in [40] and given by Eq. (3.67). The spectrum is plotted for § = 0, corresponding to maximum
quadrature variance with a correction due to the extraction efficiency of 36%. Quantitative
agreement between the calculated spectrum and the data is reasonble considering the size or
the error bars. A possible explanation of the deviation is a fluctuation of N which shifts the
frequency of the sideband peak and thus causes increased noise at these frequencies. Another
hypothesis is a generally too low estimate of the atom number due to varying coupling strength.
As discussed above the calculation to estimates the atom number from the optical depth depends
on # which may have deviated from the value of 0.007 that is assumed here and was extracted
from the measurement in Sec.4.6.5. Finally, note the framework assumes low input power
whereas the measurement is done at Sy = 0.6 which may account for part of the differences
between experiment and theory.
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5. OBSERVATION OF SQUEEZED LIGHT
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Figure 5.11: Homodyne spectrum for N = 50 (a) and N = 200 (b) for the maximally squeezed
Omin (blue) and maximally anti-squeezed phase Oax = Omin + 7/2 (orange). For comparison
we show the theroetically calculated spectrum according to [40] and scaled with a detection
efficiency of 36%.

In summary, the spectral analysis of the output light allows only qualitative statements.
Squeezing shifts from lower to higher frequencies when increasing the number of trapped atoms
and sidebands are weakly discernible in the high optical depth regime. Besides this, the analysis
here illustrates that squeezing occurs continously over frequncy bands of several MHz around
the carrier frequency, a feature that is not apparent from the variance analysis in the majority of
this thesis where the spectrum is integrated and thus averages out spectral features.

5.9 Squeezing from a free space ensemble

The focus of this thesis is on interfacing an ensemble of trapped atoms. However, for many
experiments the trapping is not mandatory and similar measurements can be made with just the
MOT cloud surrounding the fiber. There are three major differences between the free cloud
interface and the trapped ensemble interface. Firstly, the coupling strength 5 of different atoms
varies over a larger range for the free cloud. A trapped ensemble, molasses-cooled into the
1D-lattice trap, exhibits a smaller spread of [ albeit still finite due to the thermal occupation
of vibrational levels in the micro-traps. Thus, while the cloud may present the same optical
depth for probe fields it is still physically a different experiment since some atoms are interfaced
significantly more strongly than others, an effect that is reduced by the trapping. The second
major difference is that the MOT cloud disperses more quickly, i.e. the experiment duration has
to be low enough to be carried out before the cloud density has changed too much. This can be
difficult for example when magnetic fields have to be ramped up which takes finite time due to
coil inductance. Thirdly, the trap allows to interface the ensemble with well defined polarization
since the atoms are centered around the same azimuthal angle. A linearly-polarized probe field
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5.10. Possible experimental improvements

can thus interface the atoms with elliptical polarization, if the strong axis of the probe field is
aligned to the trapping plane, and with approximaztely linear polarization if the strong axis is
rotated by 90°. This choice is not possible when interfacing the probe light with the MOT cloud
that is more uniformly distributed around the fiber.

Having discussed these differences we demonstrate that squeezed light can also be obtained
from a free MOT cloud. To this end we perform another homodyne measurement with the dif-
ference that the red trap field is switched off completely and the blue trap field is reduced to
~1 mW. The latter is necessary to keep the fiber waist hot in order to prevent coating it with Ce-
sium atoms that adsorb to the fiber surface from the background gas and then render it opaque
to weak probe fields. To obtain the optical depth of 2.5 the fall down time of the MOT cloud be-
fore probing is reduced substantially. Since the coupling strength is not known in this interface
configuration we cannot make a statement regarding the number of probed atoms. However,
in [62] the authors report a coupling strength of 3 = 0.0055 of a MOT cloud to a nanofiber
which suggests that this configuration is in fact comparable to the trapped ensemble where we
found 5 = 0.007. Indeed, the homodyne measurement with the MOT cloud yields squeezing
with a minimum variance of 0.3% below the vacuum variance. The underlying analysis is plot-
ted in App.C.7. This result is particularly interesting since it illustrates that the experiment can
be simplified significantly if the trap is omitted at the price of an apparently only modest reduc-
tion of the coupling strength. Furthermore, it shows that our observation of squeezed light is
independent of the atom periodicity, in agreement with the theoretical framework.

5.10 Possible experimental improvements

The observation of squeezed light from an ensemble of requires reducing all possible noise
soures and loss channels as much as possible. Several ways exist to improve the exisiting setup.

5.10.1 Reduce detection losses

Several possibilities exist to increase the current detection efficiency. Firstly, one could propa-
gate the signal in free space from the nanofiber coupling setup to the homodyne detection setup
to avoid the losses from fiber coupling but that this could reduce spatial alignment stability and
spatial mode filtering, both of which important for LO mode matching. It was reported in other
squeezing experiments [63] that it can be beneficial to remove the protective glass shield on the
photo diodes to increase their efficiencies at the expense of photo diode lifetime. Furthermore,
the NPBS in the homodyne detection has inevitable reflections at the front and rear face, despite
its anti-reflection coating, which could be eliminated by replacing it with a plate beam splitter.
Such beam splitters can be manufactured with great precision and thus also offer splitting ratios
closer to 50:50 than the Thorlabs beam splitter used in our setup.

5.10.2 Improve power balance

We observed that the power balance on the homodyne detector can lead to undesired signatures
in the detected variances. To investigate this we perform a reference measurement with deliber-
ately imbalanced levels on the two photo diodes by rotating the local oscillator input polarization
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5. OBSERVATION OF SQUEEZED LIGHT

by a small angle. This does not affect the splitting of the signal field so we are essentially testing
if the absolute power incident on the photo diode affects the noise measured by the balanced
detector. Figure 5.12 shows the results from this measurement. The amplitudes of the averaged
detector output §I, proportional to the electric field of the signal input, are shown in the right
panels. Here, we the offset was not corrected by subtracting the heterodyning DC level, as was
done in the previous plots. For optimum power balance (assuming equal photo diode efficiency)
the detector output should be centered around O V. Thus, the offsets in the two plots indicate im-
balance while the amplitude of the sine (blue curves) is approximately similar, i.e. the strength of
the signal field was similar. But the trend for the variances, shown in the left panels of the same
figure, is significantly different and bears similarity to the reference measurement discussed pre-
viously. Both variances approximate a sine modulation but the sign appears to depend on the
sign of the imbalance on the detector. The phase of the variance modulation means that the bal-
anced detector output noise is proportional the signal field amplitude. Maximum field amplitude
in the right hand plots of Fig.5.12 means that the phase between local oscillator and signal field
is 0 or 7 and perfect constructive or destructive interference occurs. Consequently, the signal
field is maximal in one detector arm and minimal in the other, presumably close to perfectly
extinguished due our good mode matching. This could explain the variance modulation we ob-
serve if we assume that the two photo diodes have different noise characteristics. If the signal is
incident almost entirely on one photo diode the variance reflects the noise characteristics of that
photo diode and vice versa for the other photo diode of the detector. Of course, the two photo
diodes are the exact same model but manufacturing variations are possible. Still, this specula-
tion is arguable since the power incident on the photo diode is almost entirely local oscillator
light, i.e. the power variation due to constructive and destructive signal interference is extremely
small. However, it seems convincing that the variance modulation is linked to the technical im-
perfection of improper power balance on the balanced detector and thus not an intrinsic feature
of the light that we want to analyze.

The beam splitter used in our setup (Thorlabs, BS105) was in fact not splitting perfectly
50:50 but rather 45:40, i.e. it split both unevenly and with losses. Beam splitters that are superior
in both regards are available and could replace the current beam splitter to improve the homodyne
setup.

5.10.3 Reduce heating

The probing pulse incident on the atoms is comparable to the saturation power of fiber coupled
Cesium atoms. On resonance and at saturation, a Cesium atom scatters I /4 photons per second,
corresponding to ~8 MHz. This leads to heating and eventually atom loss, thus reducing the
overall probe field absorption. Therefore, the signal amplitude on the detector changes over the
course of the probing pulse. Naturally, this amplitude change is proportional to the field ampli-
tude and the variance will thus also be proportional to the field amplitude. This effect can give
rise to a sin(26) variance modulation with a phase strictly linked phase of to the signal ampli-
tude. The spectral features of this transmission change are most pronounced at low frequencies.
Indeed, the signal spectrum shown in Fig. 5.5a rises notably above the vacuum reference at very
low frequencies up to a few hundred kHz. Since we can see the transmission change in the
signal spectrum we can also deduce that it is negligible at higher frequencies. Thus, the low fre-
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5.11. Summary
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Figure 5.12: Effect of imbalanced power levels on the balanced detector. a) and b) correspond to
positive imbalance, and c) and d) to negative imbalance. The sign flip of the the sin(é) variance
modulation suggests power imbalance as the explanation for the asymmetry observed in several
variance measurements.

quency cut-off of 3 MHz used for the variance calculation in the above squeezing measurement
is sufficient to exclude this effect.

Reducing the atomic heating generally improves the homodyne measurement of quadratures
in our experiment. This can be achieved by shorter probing duration which requires recording
more traces to recover the loss of signal. Another option is to interleave the homodyne probing
stage with molasses cooling stages to cool the ensemble back to its initial configuration. Finally,
the trap depth could be lowered by increasing the trap field intensity to create stronger atom
confinement. Through this, atoms can scatter more photons before being lost from the trap and
thus less atoms are lost if the probing duration is kept constant.

5.11 Summary

This chapter reported on the observation of quadrature squeezing through homodyne detection
of light that couples weakly to an ensemble of emitters. The experimental setup was detailed, the
key analysis procedures explained, and finally the squeezing was studied with regards to probe
detuning, probing power and atom number. The effect of detuning onto the squeezing phase
is in good agreement with the theoretical framework. The power dependence shows a global
maximum squeezing (minimum ()y) at similar power as theoretical predictions for our experi-
mental parameters. The squeezing amplitude deviates which may be explained through higher
frequency detection noise. The spectral analysis provides qualitative insight regarding the spec-
tral shape of the transmitted light and shows good agreement with theory. Finally, we demon-
strated that squeezed light can also be obtained from a MOT cloud surrounding the nanofiber
which suggests simplified experimental schemes to obtain squeezed light from weakly coupled
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CHAPTER

Outlook and Conclusion

We moved from empty optical tables to observing faint light fields for which we showed that they
are in fact quadrature squeezed due to a non-linear interaction with the trapped atom ensemble.
Can the experimental setup be improved? And how do these results relate to other squeezing
measurements?

6.1 Further experiments

A key advantage of the homodyne detection presented here is that it directly accesses the spec-
trum of correlations. This is in principle also possible via time resolved single-photon detection
but requires better background suppression since SPCMs cannot distinguish well between back-
ground photons and signal photons. Even more difficult, but not impossible, is phase resolved
detection via SPCMs. Therefore, the current setup offers a practical path to studying the spec-
trum of squeezing in more depth. A first step would be to increase the detection efficiency to
map out the frequency sidebands emerging due to the non-linear interaction more clearly than
was done in this work. This would allow to study their scaling with respect to atom number and
coupling strength. Higher coupling strengths could be achieved with improved trap geometry
due to higher blue trap power.

For atom trapping itself it may prove beneficial to exchange the nanofiber in the current setup
and increase the diameter to a level where the trade-off between reduced coupling strength and
increased mechanical stability is still acceptable. A shorter waist length should also improve
stability. This could once again motivate the attempt to trap very large ensembles with optical
depths of more than 1000. In this context, schemes to increase the filling factor beyond 0.5 and
possible to approach unity may be implemented [34]. Unity filling combined with a longitudinal
trap periodicity below \/2, possible through a trap configuration with a 685 nm blue detuned
standing wave, would open the path study sub-radiant coupling of an atom ensemble to the fiber
guided mode [64].
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6. OUTLOOK AND CONCLUSION

6.2 Squeezed light as a signature of non-linear interaction

Comparing the squeezing strength in our results with the squeezing strengths achieved through
spontaneous parametric down-conversion (SPDC) it is clear that our scheme is very unlikely
to find application in metrology. Numerical calculations indicate that for realistically achiev-
able coupling strengths the maximum level of squeezing calculated from the existing theoretical
framework is below 10% for any atom number and input power [46]. On the other hand, setups
based on SPDC are capable of up to 15 dB noise suppression with higher brightness and over a
broader frequency range [65].

Instead, our experiment (literally) sheds new light on the simple scenario of light propagat-
ing through an ensemble of emitters. A classical input field, meaning a coherent state, exits the
ensemble as a non-classical field, i.e. a quadrature squeezed state, due to interaction with an
ensemble of hundreds of atoms. Squeezing in optical fibers was already observed decades ago
but then the non-linearity emerged from the fiber material itself [66]. Such non-linearities are
much weaker than for the atomic ensemble in our experiment. Consequently, higher pumping
powers are required to make them observable. Squeezed light was also already observed in a
nanophotonic platform but again relying on the bulk material non-linearity of silicon-nitride,
additionally enhanced in a ring resonator, instead of the non-linear response of an atomic en-
semble [67]. These two examples illustrate the novelty of our results: We obtain squeezed light
from a single passage through a small atomic ensemble coupled to a nanophotonic waveguide.
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APPENDIX

Supplementary plots of squeezed states

A.1 Evolution of a coherent state with increasing squeezing

In Ch.3 we calculate the coefficients of squeezed states in the Fock basis (Eq.3.41) and plot
the scenario of a weakly squeezed state, where coherent fraction dominates, and a strongly
squeezed state, that has been deformed substantially by the squeezing operator (Fig. 3.3b and c).
Figure A.1 details the evolution of this squeezing in Fock space with respect to r, starting with
a coherent state and applying increasingly stronger squeezing operators.

A.2 Phase dependence of squeezed states

The Fock space representation of a bright, squeezed state depends on the relative phase between
the coherent state and the squeezing operator, i.e. o — ¢. Here, we depict the Fock space
dynamics due to this phase.

Figure A.2 shows the phase evolution of a squeezed state with a@ = /10e'® with respect
to ¢, assuming # = 0, and for » = 0.4. For reference, the envelope of a pure coherent state
is shown which demonstrates that the width of the state in Fock space is below and above the
width of a coherent state at different phases. That means there are both number-squeezed states
an anti-number-squeezed states in the group of quadrature squeezed states.

The effect of the squeezing phase becomes even more impressive for strongly squeezed
states. This is demonstrated for = 2 in Fig.A.3, again for v = v/10¢%’, o = 0 and varying ¢.
For a relative phase of 7 /2 the Fock coefficients look very similar to squeezed vacuum where
only even photon numbers are measurable.
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A. SUPPLEMENTARY PLOTS OF SQUEEZED STATES

Figure A.1: Evolution of a coherent state with &« = /10 for increasing squeezing strength r for

¢ = 0.
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A.2. Phase dependence of squeezed states
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Figure A.2: Fock space distribution for different optical phases and for weak squeezing (r =
0.4)
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A. SUPPLEMENTARY PLOTS OF SQUEEZED STATES

Figure A.3: Fock space distribution for different optical phases and for strong squeezing (r = 2)
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APPENDIX

Fiber analysis after removal from the
vacuum

The difficulties with stable trap lifetime and optical depth described in Sec.4.7 prompted a thor-
ough investigation of a fiber that was used in our apparatus, had trapped atoms and exhibited
a substantial drop in lifetime. Specifically, the question was if there were deformations visible
on the fiber that might have altered its mechanical properties or the optical modes guided by
the fiber. Also pollution of the fiber surface was suspected at some point, especially since the
vacuum pump in our setup, a combination of an ion pump and a getter pump, was not tested
before in conjunction with a nanofiber and possible outgassing of the getter element during its
activation might lead to detrimental deposits on the fiber waist. Similarly, elements outgassing
from the Cesium dispenser were considered. To pursue this question, the fiber recovered from
the vacuum was brought to the scanning electron microscope (SEM) facility at TU Wien where
unexpected structures were found on the surface, detailed below. These findings suggested a
spetroscopic analysis to understand their chemical composition and the results from this mea-
surement are described in Sec.B.2.

B.1 SEM images

A scanning eletcron microscope directs a focused electron beam of various powers, typically
in the keV range, at a target sample, scanns it and detects deflected electrons at each scanning
position in order to reconstruct an image. The advantage over optical microscopy is that the
imaging wavelenth, in this case the deBroglie wavelength of electrons, is orders of magnitude
shorter such that structures as small as 1nm can be resolved whereas standard optical microscopy
is limited to hundreds of nanometer resolution. The downside is that the sample, subject to
electron bombardment, can be damaged or completely destroyed. Additionally, the sample has
to be coated with a conducting layer, in the study presented here Palladium was used. Therefore,
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B. FIBER ANALYSIS AFTER REMOVAL FROM THE VACUUM

a)

Figure B.1: a) SEM image of the nanofiber waist. Only small dots of the substance are visible.
Electron beam spectroscopy was carried out on the substance with the results shown in Fig. B.2
b) SEM image of the nanofiber taper at a diameter of 2.34 um. Cubic shapes are spread across
the fiber surface, mostly with similar size.

optical components like a nanofiber cannot guide light anymore after SEM imaging because the
Palladium renders them highly opaque to visble and infrared light.

The recovered fiber was imaged along the majority of its waist and at several positions along
the taper. SEM images of two sections are shown in Fig. B.1. The waist of the fiber shows
various small round deposits, with typical sizes of tens of nanometers and evenly distributed
along the fiber. The nanofiber diameter was confirmed to be very close to the intended 400 nm.
The shape of the deposits varied at nanofiber taper and particularly interesting shapes were
observed at a few micrometer diameter, shown in Fig. B.1b. Here, the fiber was evenly covered
with quadratic blocks with a side length of 150 nm. In some instances, the blocks had twice or
three times the side length in one dimension with the other dimension unaltered, as visible in the
central fiber section in Sec. B.2b.

B.2 Electron Energy Loss Spetroscopy

Observing these structures immedeately rose the questions about their composition and at what
time they formed on the fiber, that is wether they were already present on the fiber under vacuum
and during the operation of the nanofiber trap. Understanding the deposit composition was
considered key to understanding at what time they appeared.

To approach these questions electron energy loss spectroscopy (EELS) was performed on
one of the cubes visible in Fig. B.1b. This technique exposes the sample to an electron beam of
well defined energy and records the energy spectrum of the electrons after sample interaction.
Incident electrons can excite atoms of the sample through inelastic collision and loose the char-
acteristic energy of the induced transition. Thus the electron energy spectrum is a fingerprint of
the materials contained in the spectrum that can be compared to calibration spectra for various el-
ements. Such a spectrum is shown in Fig. B.2, where detection counts are binned with respect to

98


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

B.2. Electron Energy Loss Spetroscopy

electron energy. The software used for analysing of the spectra compares peaks with a database
and labels the peaks with the name of the element. The most pronounced peaks of the spectrum
belong to copper and stem from the sample holder. Even though the EELS module on the SEM
at TU Wien allows to extract the spectrum for a specified region of interest it is very difficult to
completely suppress background signatures from the holder and other micoscope components.
The more significant signature in the spectrum is characteristic for Cesium, suggesting that the
observed cubes contain at least partially Cesium. This element is highly reactive when exposed
to ambient air and forms Oxides in a highly exothermal reaction and elementary cesium even
catches fire when exposed to air. Since the interior of the vacuum chamber becomes coated with
elementary Cesium emitted from the dispenser we naturally expect Cesium oxide to form once
the vacuum is broken and Oxygen enters the chamber. The leading explanation became thus that
the deposits consisted of Cesium-Oxide and were not present during trap operation. Additional
features of the spectrum such as Silicon, and Aluminum, Iron, Gold and Lead, were attributed
to the optical fiber and the fiber holder respectively.

In order to confirm the conjecture of the deposits consisting of Cesium-Oxyde we performed
an X-ray diffraction measurement on one of the deposits in order characterize the lattice structure
which, in combination with EELS, can serve as a fingerprint for chemical compositions of solids.
The findings from X-ray diffraction were consistent with a range of Cesium-Oxydes but our
hypothesis could not be confirmed with absolute certainty. It was decided to settle with this
likely but not certain explanation and return to placing a new nanofiber in the vacuum instead of
performing more extensive studies on the recovered fiber.
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B. FIBER ANALYSIS AFTER REMOVAL FROM THE VACUUM

2500
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Figure B.2: Electron energy loss spectrum of a cube similar to those shown on the surface of
the nanofiber in Fig. B.1. The analysis software compares peaks to a database and labels them
with the elemen matching the characteristic peak position. Peaks are visible for Cesium and
Oxygen, suggesting that the deposits consist of Cesium-Oxide. Peaks for Copper, Lead, Iron
and Aluminum are attributed to the sample holder. Palladium originates from the coating of the
sample, as does Gold and Lead. Silicon is likely to originate from the bulk of the silica fiber.
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APPENDIX

Supplementary material on Ch. 5

C.1 Oscilloscope setup

C.1.1 Sampling rate

The oscilloscope records a symmetric window of 500 us around the trigger and stores it with
65k data points, i.e. a time resolution of 8 ps in a .trc file that can be extracted readily via a
Python module lecroyparser. The number of samples per trace needs to be high enough to allow
resolving the frequencies of relevance in the experiment but should not be unnecessarily high
which increases file size, slows down the storage process thus reducing the overall experiment
frequency, and sunstantially inreases data processing time. The time resolution of 8 ps entails
a maximally resolvable frequency of 63 MHz, above the 50 MHz bandwidth of the balanced
detector and well above the frequencies at which the squeezing is expected namely 1-21" ~5-
10 MHz.

C.1.2 Low-pass filter

The choice of the sampling resolution detailed above lead to aliasing errors in the oscilloscope
which could be corrected by switching on a 20 MHz low pass filter. The physical signals in our
experiment are well below this limit, therefore it presents no harm to our measurement. Since
the filer is applied to the whole trace it is included in both the signal and the reference ROI and
cancels out for the ratio of the respective variances. The main consequence is that the signal,
i.e. this ratio, becomes increasingly noise dominated above the filter limit. To characterize this
filter we record 100 traces once with the filter activated and once with the filter deactivated. The
respective spectra are averaged over all files and the ratio of the averages is plotted in Fig. C.1.
The curve is fitted with a second order polynomial (f(xz) = ...) yielding a 3 dB attenuation at
19.7 MHz. This is a limitation for the squeezing spectra presented later.
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C. SUPPLEMENTARY MATERIAL ON CH. 5

—— Filter transmission
—— 2nd order polynomial fit
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Figure C.1: Measured transfer function of the 20 MHz low-pass filter of the osciloscope with
a polynomial fit. The filtering proved necessary to avoid aliasing effects arising due to the
relatively large sampling time of 8 ps which was chosen to limit file sizes.

C.2 The Wiener-Khinchin-Theorem

Processes that generate squeezing may be easier to calculate in the time domain while measure-
ments of these processes may be easier to perform in the frequency domain. A link between both
realms is provided by the Wiener-Khinchin-Theorem that provides a direct relationship between
the power spectral density of a variable and its auto-correlation function.

We consider a general operator O the expectation value of which we measure for a finite
time 7. Then its power spectral density is defines as [68]

Soo(w) = lim (Of(w)O(w)), (C.1)

where O, (w) is the Fourier transform of O(t), windowed over the time period —7/2 < t < 7/2.
Then the Wiener-Khinchin theorem states the following equality

Soo(w / dre®™ (O (¢ + 1)O)) 1o = / AW O —)OW))  (C2)

C.3 Comparing squeezed and coherent light

To illustrate that the character of the analyzed light is substantially altered by the interaction
with the atoms we analyze a light field of the same strength that has not interacted with an
ensemble. To this end we attenuate the probe light via neutral density filters and perform the
same analysis. The results are shown in Fig.C.3. The electric field amplitude shown in the right
panel is very similar in amplitude compared to the amplitude in Fig.C.2b which means that the
signal power entering the detection setup was similar. But the variances of these comparably
bright fields looks markedly different: The reference measurement lacks the sin(26) modulation
associated with squeezing and () deviates substantially less from 1. Ideally, however, (04 should
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C.4. Detuning measurement
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Figure C.2: a) Ratio of the signal variance and the vacuum variance, @, as a function of §. b)
Offset-corrected mean 1 of the balanced detector output as function of 6 during the signal ROI
and the vacuum ROL
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Figure C.3: Reference measurement of field attenuated by neutral density filters instead of
trapped atoms. The y-scale matches the one from Fig.C.2a to emphasize that the modulation of
the variance is significantly weaker than in the case of trapped atoms. The origin of the sin(0)
modulation may originate from power imbalance on the detector photo diodes.

be perfectly flat for a coherent state. Evidently, that is not the case for the reference measurement
where a sin(#) modulation is notable that is just 7 out of phase with the electric field amplitude.
The modulation may originate from an imbalance of the signal field in the two arms of the
balanced detector, as was discussed in Sec. 5.10.2.

C.4 Detuning measurement

The underlying data for the discussion in Sec.5.6 is given in Fig.C.4.
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C. SUPPLEMENTARY MATERIAL ON CH. 5

C.5 Power measurement

The underlying data for the discussion in Sec.5.7 is given in Fig.C.5.

From the underlying data we see the modulation of the variance continously grows with
input power, unlike the squeezing that peaks and then decreases. The fitting results for the
variance modulation with sin(26) are shown in Fig.C.6 together with the relative phase between
the electric field amplitude and the variance modulation. This relative phase is approximately
stable and indicates amplitude squeezing at any input power. The small offset from zero could
originate from a finite probe detuning or aliasing effects due to finite bin size.

C.6 Squeezing spectra

The underlying data for the discussion of the squeezing spectra at high and low optical depth in
Sec.5.8 are given in Fig.C.7, where a) corresponds to high optical depth and b) to low optical
depth. The dashed vertical lines mark the data point for which the spectrum in the main text was
plotted. The asymmetry of Q;heta with respect to 8 for the low optical depth limit may be result
from improper power balance on the homodyne detector.

C.7 Squeezing from a MOT cloud

The underlying data for the discussion in Sec.5.9 is given in Fig.C.8.
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C. SUPPLEMENTARY MATERIAL ON CH. 5
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C.7. Squeezing from a MOT cloud
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Figure C.6: a) Amplitude of the sin(#)-variance modulation as function of input power. The
amplitude appears to follow a power law scaling. b) Relative phase between the electric field am-
plitude and the variance modulation, where 0 indicates amplitude squeezing and +7 /2 indicates
phase squeezing. We note good phase stability throughout the entire measurement.
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Figure C.7: Variance ratios and electric field amplitude underlying the spectrum analysis in
Sec.5.8. The dashed vertical lines indicate the angles at which the spectra are analysed.
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C. SUPPLEMENTARY MATERIAL ON CH. 5

1.004 1
1.002 -

S 1.000 1 z
0.998
0.996 *

Figure C.8: a) Ratio of the signal variance and the vacuum variance as a function of § when
interfacing the probe light with a free MOT cloud around the nanofiber. b) Averages balanced
detector output for the signal ROI (blue) and the vacuum (green).
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