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aus

Barcelona

Bonn 2008



Angefertigt mit Genehmigung
der Mathematisch-Naturwissenschaftlichen Fakultät
der Rheinischen Friedrich-Wilhelms-Universität Bonn

1. Gutachter: Prof. Dr. Dieter Meschede
2. Gutachter: Prof. Dr. Arno Rauschenbeutel

Tag der Promotion: 15.12.2008



Dedicat al meu germà Joan.
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Summary/Zusammenfassung

In this thesis I present experiments concerning the investigation and manipulation of cold
neutral atoms using ultra-thin optical fibres with a diameter smaller than the wavelength
of the guided light. In such a fibre-field configuration the guided light exhibits a large
evanescent field that penetrates into the free-space surrounding the fibre thus enabling
to couple laser cooled atoms to the fibre mode. By trapping and cooling caesium atoms
in a magneto-optical trap formed around the fibre I investigated the interaction of the
atoms with the evanescent field at sub-micrometre distances from the fibre surface.

Chapters 1 and 2 provide the theoretical foundations of this work. Chapter 1 describes
the propagation of light in optical fibres. The general solution of the Maxwell’s equations
in the fibre that complements the description is provided in Appendix A. In Chapter 2,
the theory of the interaction of atoms with time-varying electric fields is described.

In Chapter 3 the resonant interaction of laser cooled caesium atoms with the evanescent
field of a probe laser launched through a 500-nm diameter fibre is studied. A detailed
analysis of the atomic absorption at sub-micrometre distances from the fibre surface
is given. I have performed Monte-Carlo simulations of atomic trajectories inside the
cold atom cloud surrounding the fibre. From the simulations, the atomic density at
the vicinity of the fibre is deduced and the absorbance profiles of the atoms measured
during the experiments can be modelled. By carefully investigating the linewidths of
these profiles, clear evidence of dipole forces, van der Waals interaction, and a significant
enhancement of the spontaneous emission rate of the atoms is found.

The atomic spontaneous emission into the guided mode of a 500-nm diameter optical
fibre is the focus of Chapter 4. Here, I show that the fibre can be used as an efficient
tool to collect and guide the spontaneous emission of the atoms.

The dipole force induced by the evanescent field on the atoms is the central idea of the
experiments performed in Chapter 5. I have built a new version of the experimental
setup that opens the route towards atom trapping in the evanescent field in an array of
surface microtraps around the fibre. Such traps are created by the combination of two
laser fields with opposite sign of the detuning with respect to the excitation frequency
of the atoms. The first experimental results reporting the influence of the two-colour
evanescent field on the spectral properties of the atoms are presented.



Die vorliegende Arbeit berichtet über Experimente zur Untersuchung und Manipulation
kalter neutraler Atome mittels ultradünner Glasfasern, deren Durchmesser kleiner als die
Wellenlänge des geführten Lichts ist. In dieser Konfiguration besitzt die geführte Faser-
mode ein starkes evaneszentes Feld, das in den freien Raum um die Faser hineinreicht
und damit die Kopplung kalter Cäsiumatome ermöglicht.

Die Kapitel 1 und 2 liefern die theoretischen Grundlagen dieser Dissertation. In Kapitel 1
werden die Eigenschaften der Lichtleitung in Glasfasern beschrieben. Die allgemeine
Lösung der Maxwellgleichungen in der Faser liefert Anhang A. In Kapitel 2 wird die
Theorie der Wechselwirkung neutraler Atome mit einem zeitabhängigen elektrischen
Feld behandelt.

In Kapitel 3 wird die Wechselwirkung lasergekülter Atome mit dem evaneszenten Feld
resonanter Laserstrahlung untersucht, die in einer Glasfaser mit einem Durchmesser
von 500 nm geleitet wird. Es wird eine detaillierte Analyse der atomaren Absorption in
einer Submikrometerentfernung von der Faseroberfläche präsentiert. Ich habe Monte-
Carlo Simulationen von Trajektorien der lasergekühlten Atome durchgeführt. Daraus
kann die atomare Dichte in der Nähe der Faser abgeleitet werden. Dies erlaubt die
Modellierung der gemessenen atomaren Absorbanzkurven. Eine sorfältige Untersuchung
der Linienbreite solcher Absorbanzkurven liefert eine deutliche Signatur lichtinduzierter
Dipolkräfte, der van der Waals Kraft und einer Erhöhung der spontanen Emissionsrate
der Atome.

Die spontane Emission in die Mode einer ultradünnen Glasfaser steht im Zentrum von
Kapitel 4. Hier untersuche ich die Effizienz solcher Fasern als Werkzeug zum Sammeln
und Übertragen atomarer spontanen Emission.

Die durch das evaneszente Feld induzierte Dipolkraft ist der Kerngedanke des Exper-
iments von Kapitel 5. Ich habe eine erweiterte Version des expereimentellen Aufbaus
entwickelt, die den Weg zum Fangen von Cäsiumatomen im evaneszenten Feld der Faser
geebnet hat. Solche Fallen bestehen aus einer Kombination von zwei Lasern mit entge-
gengesetzter Verstimmung gegenüber der atomaren Anregungsfrequenz. Zudem werden
die ersten Messungen des spektralen Einflusses des zweifarbigen evaneszenten Feldes auf
die kalte Atomwolke präsentiert.

Parts of this thesis have been published in the following journal articles:
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Introduction

The interaction of light and matter at the fundamental level, where a single photon
efficiently interacts with a single atom, has been one of the main research topics in
quantum optics over the last decades [1–3]. Since the absorption cross-section of the
an atom on resonance is on the order of the wavelength of the absorbed light (∼ λ2)
such interaction is in general very weak [4]. Many approaches have been conceived to
enhance this interaction. One possibility is to use high atomic densities to store single
photons in a whole ensemble of atoms as a collective single-photon excitation [5–7]. An-
other possibility is to modify, tailor or store the light field used for the interaction. In
this context, one of the most widely used approaches to tackle the problem is the use
of resonant structures [8–10]: One photon trapped in a high finesse resonator, passes
through the position of the atom a few million times before leaking out from the cavity,
thereby increasing the coupling probability [11]. Moreover, the use of dielectric struc-
tures such as microspheres or microtoroids to store the light propagating in whispering
gallery modes has undergone high development in recent years [12, 13]. This approach
has, in addition, the advantage that such dielectric structures are cheap, robust and
scalable [14], which is a necessary condition for building a quantum computer [15].

Nevertheless, the 3-dimensional confinement is not a requirement to increase the inter-
action between light and matter using tailored light fields. For example, a laser beam
which is strongly focused at the position of the atom also leads to an enhanced atom-
photon coupling [16]. This method has, however, some limitations due to, e. g., the
non-uniformity of the polarisation of the field at the focus [17]. Indeed, the photon that
induces an absorption with 100% probability must reproduce the spatial, temporal and
polarisation properties of the atomic radiation. This requirement has been assessed in a
recent theoretical proposal where a laser beam is focused in such a way that the emission
pattern of a classical dipole is reproduced at the focal point of a parabolic mirror [18].

Waveguides and prisms are also suited to tailor light fields and use them to couple
atoms. In this case, the interaction takes place in the optical near field close to the
surface of the dielectric [19], leading to modified spectral and radiative properties of the
atoms [20]. The evanescent field arising from the internal reflection of a laser beam in a
prism has been used in several experiments to investigate and cool alkali atoms at a few
micrometres above the surface of the dielectric [21–23]. Many other efforts have been
focused on the mechanical control of atoms using the strong non-dissipative forces arising
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in non-resonant evanescent fields. Evanescent wave mirrors for neutral atoms [24, 25]
and atom trapping above dielectric waveguides [26–28] are some examples. The latter
has not been yet experimentally demonstrated.

Optical fibres also count among the dielectric structures that enable tailoring of the
propagation properties of the light. The light guided in the core of a standard telecom-
munications optical fibre is isolated from the environment allowing low loss transmission
over long distances [29]. This property has not only been used in telecommunications
but also in quantum optics experiments to, e. g., demonstrate the quantum interference
of two indistinguishable photons [30] or to transmit quantum cryptography keys encoded
in the polarisation of the emitted photons [31]. On the other hand, the use of optical
fibres to enhance and control the interaction between light and matter is an innovative
aspect that has recently attracted much attention [32–35]. In this work I demonstrate
that ultra-thin optical fibres are good candidates for this issue.

Standard telecommunication optical fibres can be tapered in our custom-made pulling
facility at the University of Mainz down to diameters as small as 100 nm [36]. Such
tapered optical fibres (TOF) offer a strong transverse confinement of the guided mode
while exhibiting a pronounced evanescent field surrounding the fibre [37]. This allows to
efficiently couple atoms to the guided fibre mode at sub-micrometre distances from the
fibre surface [35]. I have built an experimental setup that allows to couple laser-cooled
caesium atoms to the evanescent field by inserting the waist of a 500-nm diameter TOF
into a magneto-optical trap (MOT). A rigorous analysis of the resonant interaction of
the atoms with the evanescent field as a function of the probe laser power shows clear
evidence of light-induced dipole forces and surface interactions (Chapter 3). The latter
includes the van der Waals (v.d.W.) potential and a significant enhancement of the
spontaneous emission rate of the atoms near the fibre surface.

Moreover, an ultra-thin optical fibre can be used to probe the fluorescence of laser-cooled
atoms in the MOT. The experimental results demonstrate the efficiency of the TOF as
a tool to collect and guide the spontaneous emission of the atoms (Chapter 4). The
measured spontaneous emission rate into the guided mode at the surface of the fibre is,
in addition, in good agreement with the theoretical calculations published in [38].

In the last part of my work I describe a new version of the experiment that enables to
couple two additional far-detuned lasers into the fibre following the theoretical proposal
from [39] (Chapter 5). When the laser fields have two opposite signs of the detuning with
respect to the atomic transition frequency, a two-colour dipole trap for caesium atoms
in the evanescent field of an ultra-thin optical fibre can be created. This opens the route
towards atom trapping and manipulation using ultra-thin optical fibres. The creation
of ensembles of fibre-coupled atoms at a fixed distance from the fibre surface, is a very
promising framework for slow light experiments [40], or the realisation of two-photon
gates in non-linear media [41].



Chapter 1

Light propagation in step-index
optical fibres

Optical fibres are key elements in modern telecommunications since they allow the trans-
mission of information over large distances in channels isolated from the environment.
The structure of a circular step-index optical fibre is shown in Fig. 1.1 (a). Only circular
step-index optical fibres will be considered in this thesis and will be simply referred to
as optical fibres. The cladding is typically made of silica (SiO2) and the core of silica
doped with Germanium ions to produce an increase in the refractive index of about 1%.
The refractive index profile of an optical fibre is schematically shown in Fig. 1.1 (b). The

core cladding

acore

acore

aclad

aclad

ncore

nclad

n0

n

r

a) b)

Figure 1.1: (a) Geometry of a step-index circular optical fibre. The diagram is not
at scale. (b) Schematic refractive index profile of a step-index fibre as a function of the
distance from the fibre axis. The core has a larger refractive index than the cladding.
n0 denotes the refractive index of the surrounding medium.

step-wise decrease of the refractive index n at the boundary between the core and the
cladding allows radial confinement of the light via total internal reflection [42]. The ratio
between the radius of the core and the cladding lies between 1/30 and 1/10 in standard
optical fibres. A large cladding radius is necessary because the small refractive index
difference at the core-cladding boundary results in a penetration of the field into the
cladding in the form of an evanescent wave. The evanescent field decays approximately
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exponentially inside the cladding, allowing part of the light to axially propagate outside
the core. The presence of light outside the core is one of the theoretical foundations of
this work and will be extensively treated in the next Chapters. The typical parameters
of a standard fibre with the single-mode cut-off at 760 nm (see Sect. 1.2) are shown in
Table 1.1. The parameter Θ in Eq. 1.1 is referred to as the numerical aperture of the

Single mode fibre

aclad = 62.5 µm
2 µm ≤ acore ≤ 5 µm

nclad = 1.452 (fused quarz)
0.06 ≤ Θ ≤ 0.15

Table 1.1: Typical parameters and dimensions of a standard fibre with single-mode
cutoff at 760 nm. Since the refractive index of silica is frequency dependent [43], the
value for nclad has been calculated at a wavelength of 852 nm.

fibre and plays a similar role as the numerical aperture of a lens (see Fig. 1.2).

Θ =
√

n2
core − n2

clad. (1.1)

1.1 Ray propagation in optical fibres

In this section some fundamental properties of light propagation inside optical fibres will
be discussed in the frame of geometric optics: The coupling of light into an optical fibre,
characterised by its numerical aperture (NA) (Sec. 1.1.1), and the nature of the different
modes of propagation in the fibre (Sec. 1.1.2) determined by the exact solutions of the
Maxwell equations. Geometric optics provides useful tools for intuitively understanding
these basic principles of light propagation in optical fibres. However, due to the wave
character of light some of the features from single-mode and ultra-thin optical fibres,
cannot be explained using this interpretation [29]. One should thus keep in mind that
the results exposed in this section are rather qualitative.

1.1.1 Numerical aperture of a fibre

The numerical aperture of a fibre is defined as the sine of the maximal angle that a
incoming ray can have at the fibre input and still be guided. The propagation of a light
ray inside an optical fibre by means of total internal reflection is shown in Fig. 1.2. The
ray does not escape from the core as long as the incidence angle at the core-cladding
interface θ remains smaller than the critical angle θc for the total internal reflection
condition at the core-cladding boundary given by

θ ≤ θc = arccos
[nclad

ncore

]

. (1.2)
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ncore

nclad

n0

θ
θ0

Figure 1.2: Schematic of the propagation of a light ray in an optical fibre.

Snell’s law determines θ for a given incidence angle θ0 at the fibre input,

n0 sin[θ0] = ncore sin[θ]. (1.3)

Combining Eqns. (1.2) and (1.3), and assuming n0 = 1 the condition for a ray to be
guided when entering the fibre reads

sin[θ0] ≤
√

n2
core − n2

clad. (1.4)

1.1.2 Hybrid and Transverse modes

The exact solutions of the Maxwell equations in the fibre lead to four differentiated set of
propagation modes: the hybrid modes HE and EH, having 6 non-vanishing components
of the electromagnetic field, and the transverse modes TE (transversal electric) and
TM (transversal magnetic) that have, at least, one vanishing component. Note that,
for reasons of symmetry, this is only true for the cylindrical components of the fields.
Figure 1.3 shows the propagation of a light ray spiraling in the fibre (skew ray). Since

core

cladding

Figure 1.3: Schematic of the propagation of a skew ray in an optical fibre. For
simplicity it is assumed the ray trajectory has a closed loop around the fibre axis.

the component of the electric field perpendicular to the surface acquires a phase shift
equal to π after each reflection while the parallel component remains unchanged all
the polarisation components will be mixed during the propagation. Therefore, in ray
trajectories that rotate around the fibre axis, no field components will be zero. The
skew rays thus constitute the hybrid modes HE and EH [29]. The transverse TE and
TM modes imply, consequently, non-rotating trajectories, i. e., rays that lie in a plane
comprising the fibre axis. Figure 1.4 shows the propagation of such meridional rays
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TE

TM

~E

~E

~E

~E

a)

b)

Figure 1.4: Propagation of the TE (a) and TM (b) modes in an optical fibre. ~E refers
to the electric field polarisation. For simplicity, only the propagation of vertical rays
are sketched on the right side.

with their corresponding polarisation of the electric field. Note that the polarisation of
both modes will not be mixed after each reflection. When using cylindrical coordinates
the TE modes have two vanishing components of the electric field, Er and Ez. On the
other hand, the TM modes have a vanishing azimuthal component of the electric field
Eφ and non-vanishing Er and Ez components. This becomes manifest in Fig. 1.4 (b)
where the polarisation of the propagating light ray has a fixed value of its projection
along the fibre axis. The refractive index difference at the boundary and the orientation
of the electric field component transversal to the propagation direction ~E⊥ = (Ex, Ey)

influence the z-component of the electric field. When ~E⊥ is perpendicular to the fibre
surface a non-vanishing z-component of the electric field arises. Moreover, the Maxwell
equations allow approximative solutions of the fields propagating in an optical fibre
under the weakly guiding condition

√

n2
core − n2

clad ≪ 1. (1.5)

Under this condition, θc, defined in Eq. (1.2), is small since nclad/ncore ≈ 1 and the
modes will satisfy:

| Ez |≪| Er,φ | . (1.6)

These modes are called LP (linearly polarised) modes and their detailed mathematical
description can be found in [44].

1.2 Solutions for the fields in an optical fibre: HE, EH,
TE and TM modes

The geometry of a vacuum-clad optical fibre that will be considered in the remainder
of this work is shown in Fig. 1.5. Because of the symmetry properties of the fibre a
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a

r
~p

φ z

Figure 1.5: Geometry and coordinate
system of a step-index optical fibre.

n(r) =

{

n1 if r < a
n2 if r > a

with n1 > n2

(1.7)

cylindrical coordinate system is chosen. Equation (1.7) gives the radial dependency of
the refractive index. The bulk at r < a acts as a waveguide playing the role of the core
in a standard optical fibre while the surrounding medium in r > a plays the role of the
cladding, producing a step-wise decrease of the refractive index at the boundary r = a
that allows the guiding of the fields. Both media are assumed to be non-absorbing and
to have a magnetic permeability equal to the vacuum permeability µ0. The solutions
for the fields propagating in such a fibre can be found in Appendix A and will not be
explicitly given here.

The condition for the continuity of the fields at the boundaries given by Eqns. (A.28)
leads to the following transcendental equation for the propagation constant β:

( J ′
l (ha)

haJl(ha)
+

K ′
l(qa)

qaKl(qa)

)(n2
1J

′
l (ha)

haJl(ha)
+
n2

2K
′
l(qa)

qaKl(qa)

)

=
( lβ

k0

)2[( 1

ha

)2
+

( 1

qa

)2]2
, (1.8)

where Jl(x) is the Bessel function of the first kind andKl(x) the modified Bessel function
of the second kind, J ′

l (hr) (K ′
l(qr)) denotes dJl(hr)/d(hr) (dKl(qr)/d(qr)), ε1 = n2

1ε0 is
the dielectric constant of the fibre, ε2 = n2

2ε0 is the dielectric constant of the surrounding
medium and l = 0, 1, 2, .... The following quantities have also been introduced:

h =
√

n2
1k

2
0 − β2,

q =
√

β2 − n2
2k

2
0. (1.9)

The propagation constant of the fields is defined as such β that the solution of the
electric field reads

~E ∼ exp[−i(βz − ωt)]. (1.10)

By numerically solving Eq. (1.8) we obtain a discrete set of values for β, each of them
corresponding to a different propagation mode in the fibre. This is a widespread result
in physics which occurs when confining waves in one or more dimensions. The solutions
of a particle confined in a potential well in quantum mechanics or the harmonics in a
chord are some examples.

It is convenient to solve Eq. (1.8) by isolating J ′
l (ha)/haJl(ha) and by making use of
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the relations

J ′
l (x) = Jl−1(x) −

l

x
Jl(x),

K ′
l(x) = −1

2
[Kl−1(x) +Kl+1(x)], (1.11)

to obtain
Jl−1(ha)

haJl(ha)
=

(n2
1 + n2

2

2n2
1

)Kl−1(qa) +Kl+1(qa)

2qaKl(qa)
+

l

(ha)2
±R, (1.12)

with

R =
[(n2

1 − n2
2

2n2
1

)2(Kl−1(qa) +Kl+1(qa)

2qaKl(qa)

)2
+

( lβ

n1k0

)2( 1

(qa)2
+

1

(ha)2

)2]1/2
. (1.13)

The ± signs in Eq. (1.12) stem from Eq. (1.8), which is quadratic in J ′
l (ha)/haJl(ha),

leading to two different sets of modes, the HE (−) and EH (+). This designation is
based on the contribution of Ez and Hz to the mode: Ez is larger (smaller) than Hz for
the EH (HE) modes [44]. Within each set of modes exist different solutions depending
on the value l. Hence, the modes are labelled as EHlm and HElm where m accounts
for the different solutions of Eq. (1.12) for a fixed l. Two special cases are those with
l = 0: TM, for the solutions EH0m, and TE, for the solutions HE0m. The differentiated
naming of these solutions stems from the special propagation properties of the TM and
TE modes explained in Sec. 1.1.

Figure 1.6 shows the graphical solution of Eq. (1.12) for the EH1m modes. The left- and
right-hand sides of Eq. (1.12) have been plotted as a function of the parameter ha for
l = 1. The intersections correspond to the propagating modes in the fibre, starting with
m = 1 at the first crossing. The right-hand side of Eq. (1.12) diverges at ha = V , where
V is a fundamental parameter for the fibre-field system given by

V =
2πa

λ

√

n2
1 − n2

2. (1.14)

Note that there is a lower limit in V for the EH1m modes that can propagate in the
fibre. Indeed, it can be shown that all EHlm modes have a cut-off value given by the m
roots of Jl(ha) = 0, e. g., ha = 3.832 for EH11, ha = 7.016 for EH12, and ha = 10.173
for EH13. The EH modes are hybrid, i. e., they have six non-vanishing components of
the fields and, as shown in Sec. 1.1, their propagation can be understood in geometric
optics as skew rays spiraling around the fibre axis.

Figure 1.7 shows the graphical solution of Eq. (1.12) for the HE1m modes. Note that
the HE11 mode has no cut-off. The HE11 can thus always propagate and, therefore, will
be referred to as the fundamental mode of the fibre. The HE modes are also hybrid,
i. e., they have six non-vanishing components of the fields.

Let us now consider the two special cases where l = 0. The graphical solutions of EH0m

have been plotted in Fig. 1.8. These are labelled as TM modes (transversal magnetic)
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A

B

EH11 EH12

EH13

3.832 7.016 10.173

V
ha

Figure 1.6: Solution of the EH modes (+) for l = 1 at V = 11.03. The left- and
right-hand sides of Eq. (1.12) have been labelled A and B, respectively.

because the magnetic field ~H is perpendicular to the fibre axis. Furthermore, Eφ = 0
and Hr = 0, leaving Hφ, Er and Ez as the only non-vanishing components. This is in
accordance with the geometric optics interpretation of the TM modes given in Sec. 1.1.
The cutoff for the TM01 lies at V = 2.405. This is the lowest cutoff value for any non-
fundamental mode to propagate inside fibre and thus sets the single mode condition
given by

V < 2.405. (1.15)

Hence, when this inequality holds only the fundamental mode HE11 can propagate.
This property has important applications in the telecommunications technology because
single-mode propagation allows better control of the group velocity of the signals [42].
The HE0m modes shown in Fig. 1.9 have a similar behavior as the EH0m modes. These
are labelled TE (transversal electric) because Ez = 0. Furthermore, Er = 0 and Hφ = 0,
leaving Eφ, Hr andHz as the only non-vanishing components. The cutoff for TE and TM
coincides, TE01 and TM01 therefore being the first two higher-order modes. Again, the
fields in the TE modes are in accordance with its interpretation in geometric optics. The

labelling sign l field components

EH + > 0 Ez, Er, Eφ, Hz, Hr, Hφ

HE − > 0 Ez, Er, Eφ, Hz, Hr, Hφ

TM + 0 Ez, Er, Hφ

TE − 0 Eφ, Hz, Hr

Table 1.2: Summary of the different modes hosted in the fibre indicating their l values
and field components. The column labelled as “sign” refers to the two possible branches
of solutions of Eq. (1.12)

different solutions of Eq. (1.12) have been summarised in Table (1.2). In the following,
the EH0m and HE0m modes will be referred to as TM0m and TE0m, respectively.
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A

B HE11 HE12
HE13

HE14

3.832 7.016 10.173 13.323

V
ha

Figure 1.7: Solution of the HE modes (−) for l = 1 at V = 11.03. The left- and
right-hand sides of Eq. (1.12) have been labelled A and B, respectively.

Let us now examine the dependence of the propagation constant β as a function of
the parameter V shown in Fig. 1.10. Here, the single-mode and multi-mode regimes
can be clearly distinguished. The first two excited modes TE01 and TM01 appear for
V ≥ 2.405. When decreasing (increasing) the V parameter, β/k0 tends to n2 (n1). This
illustrates the fact that by decreasing the radius of the fibre or increasing the wavelength
of the light, the fields will penetrate more into the surrounding medium. In the inverse
situation, the fields will be guided mostly in the bulk.

1.2.1 The fundamental HE11 mode: Rotating polarisation

I now present the field equations of the fundamental HE11 mode with rotating polarisa-
tion. From the solutions of the Maxwell equations given in Appendix A, the equations
for the electric field ~E can be obtained.

For r < a:

Er(r, φ, z, t) = − iA
β11

2h11
[(1 − s11)J0(h11r) − (1 + s11)J2(h11r)] exp[i(ωt± φ− β11z)],

Eφ(r, φ, z, t) = ±A
β11

2h11
[(1 − s11)J0(h11r) + (1 + s11)J2(h11r)] exp[i(ωt± φ− β11z)],

Ez(r, φ, z, t) =AJ1(h11r) exp[i(ωt± φ− β11z)]. (1.16)
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A

B TM01
TM02

TM03

2.405

5.520 8.654 11.792

V
ha

Figure 1.8: Solution of the TM modes of Eq. (1.12) at V = 11.03. The left- and
right-hand sides of Eq. (1.12) have been labelled A and B, respectively.

A

B TE01 TE02

TE03

2.405 5.520 8.654 11.792

V ha

Figure 1.9: Solution of the TE modes at V = 11.03. The left- and right-hand sides
of Eq. (1.12) have been labelled A and B, respectively.
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HE11

TM01

TE01

HE21 HE12

HE31

EH11

β/k0

V = 2πa
λ

√
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1 − n2

2
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1

1

2

2

3

3
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Figure 1.10: Normalised propagation constant β/k0 as a function of V for the first
seven modes of the fibre.

For r > a:

Er(r, φ, z, t) = − iA
β11

2q11

J1(h11a)

K1(q11a)
[(1 − s11)K0(q11r) + (1 + s11)K2(q11r)]

exp[i(ωt± φ− β11z)],

Eφ(r, φ, z, t) = ±A
β11

2q11

J1(h11a)

K1(q11a)
[(1 − s11)K0(q11r) − (1 + s11)K2(q11r)]

exp[i(ωt± φ− β11z)],

Ez(r, φ, z, t) =A
J1(h11a)

K1(q11a)
K1(q11r) exp[i(ωt± φ− β11z)], (1.17)

where,

s11 =
[ 1

(h11a)2
+

1

(q11a)2

][ J ′
1(h11a)

h11aJ1(h11a)
+

K ′
1(q11a)

q11aK1(q11a)

]−1

h11 =
√

k2
0n

2
1 − β2

11

q11 =
√

β2
11 − k2

0n
2
2 (1.18)

The +(−) sign in the equations above accounts for clockwise (counterclockwise) rotation
of the polarisation around the fibre axis. The normalisation constant A of the fields links
the power carried by the mode to the maximal field amplitude and can be determined
with use of Eq. (1.23) below.
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Figure 1.11: Field plot of the electric field com-
ponent perpendicular to the fibre axis ~E⊥ in the
HE11 mode for rotating polarisation at t = 0 and
z = 0. The following parameters have been as-
sumed: n1 = 1.452, n2 = 1, a = 250 nm and
λ = 852 nm.
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Figure 1.12: Field plot of ~E⊥ in the HE11 mode
for rotating polarisation at t = π/4ω and z = 0
for the same parameters as in Fig. 1.11.
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Figure 1.13: Field plot of ~E⊥ in the HE11 mode
for rotating polarisation at t = π/2ω and z = 0
for the same parameters as in Fig. 1.11.
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Figure 1.14: Field plot of ~E⊥ in the HE11 mode
for rotating polarisation at t = 3π/4ω and z = 0
for the same parameters as in Fig. 1.11.
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Figures 1.11, 1.12, 1.13 and 1.14 are vector plots of the electric field component transver-
sal to the fibre axis ~E⊥ = (Ex, Ey) at z = 0 and t = 0, t = π/4ω, t = 2π/4ω and
t = 3π/4ω, respectively. The fibre surface is indicated by a grey circle. The calculations
have been performed for a fibre of pure silica (n1 = 1.452) with a radius a = 250 nm,
surrounded by vacuum (n2 = 1) at a wavelength of λ = 852 nm. These fibre and wave-
length parameters correspond to the experiments presented in Chaps. 3, 4, and 5. As
expected, ~E⊥ rotates in time with respect to the fibre axis. However, the rotation is not
perfectly circular but elliptical and the ellipticity is position dependent. The position of
maximal ellipticity is located at the surface of the fibre. This stems from the boundary
conditions for the electric field [37], which lead to a discontinuity in the Er component
at the fibre surface. This produces a radial orientation of the ellipse, its long (short)
axis being oriented perpendicular (parallel) to the fibre surface, which becomes apparent
when comparing the point (0 µm, 0.25 µm) in Figs. 1.11 and 1.13.

The absolute value of the squared electric field averaged over one oscillation period
∣

∣ ~E(r)
∣

∣

2
in the HE11 mode is given by

∣

∣ ~E(r)
∣

∣

2

in
=
A2β2

11

2h2
11

[

(1 − s11)
2J2

0 (h11r) + (1 + s11)
2J2

2 (h11r) + 2
h2

11

β2
11

J2
1 (h11r)

]

, (1.19)

∣

∣ ~E(r)
∣

∣

2

out
=
A2β2

11

2q211

J2
1 (h11a)

K2
1 (q11a)

[

(1 − s11)
2K2

0 (q11r) + (1 + s11)
2K2

2 (q11r) + 2
q211
β2

11

K2
1 (q11r)

]

,

(1.20)
where | ~E(r)|2in (| ~E(r)|2out) denotes the time-averaged squared electric field inside (out-

side) the fibre. Since the above equations do not depend on φ, the distribution of
∣

∣ ~E(r)
∣

∣

2

is cylindrically symmetric. This stems from the averaging of the squared ~E field over
one oscillation period. As shown in Figs. 1.11 – 1.14, the electric field propagating in
the fibre is, in general, not cylindrically symmetric because the polarisation of the field
brakes the symmetry. However, for rotating polarisation, averaging over one period
washes out this symmetry breaking.

Equations (1.19) and (1.20) are useful for estimating the relative strength of the z-
component of the electric field ~E yielding |Ez(r = a)|2in/| ~E(r = a)|2in = 0.2 and |Ez(r =

a)|2out/| ~E(r = a)|2out = 0.1. This feature does not exist in free propagating beams, where
~E and ~H are perpendicular to the propagation vector ~k. Again, the discontinuity at
the boundary is produced by the Er component of the field because, although Ez is
continuous at the surface,

∣

∣ ~E(r)
∣

∣

2
is not.

Figure 1.15 shows the distribution of
∣

∣ ~E(r)
∣

∣

2

in
(inside) and

∣

∣ ~E(r)
∣

∣

2

out
(outside) normalised

to the value
∣

∣ ~E(r = a)
∣

∣

2

out
(surface) as a function of x and y. The regions where r < a

and r > a can be clearly identified due to the discontinuity at the boundary r = a.
This strong discontinuity arises from the large refractive index difference between the
bulk and the surrounding medium and from the strong radial confinement of the field
when λ > a. The strength of the evanescent field

∣

∣ ~E(r)
∣

∣

2

out
around the fibre is apparent

in Fig. 1.16:
∣

∣ ~E(r = a)
∣

∣

2

out
is about 58% of

∣

∣ ~E(r = 0)
∣

∣

2

in
and almost twice as large as
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Figure 1.15: | ~E(r)|2 normalised to | ~E(r = a)|2out plotted as a function of x and y.

The ticks in the vertical axis correspond to | ~E(r = ∞)|2out = 0, | ~E(r = a)|2in/| ~E(r =

a)|2out = 0.52, | ~E(r = a)|2out/| ~E(r = a)|2out = 1 and | ~E(r = 0)|2in/| ~E(r = a)|2out = 1.71.
The same parameters as in Fig. 1.11 have been assumed.

∣

∣ ~E(r = a)
∣

∣

2

in
. The fibre surface is indicated by the dashed vertical line. The decay

length of the evanescent field outside the fibre given by Λ11 = 1/q11 equals 244 nm
for the considered parameters. Furthermore, for fixed values of n1 and n2, the decay
length scales as λ/a. This wavelength dependence of the decay length is the basis of the
experiment presented in Chap. 5.

Poynting vector

The Poynting vector quantifies the energy flux of the electromagnetic field. In the case
of propagation in optical fibres, the average energy flux transmitted through the fibre is
given by the z-component of the cycle-averaged Poynting vector [45]

〈~S〉 =
1

2
Re

[

~E × ~H∗
]

. (1.21)

The fraction of power propagating inside and outside the fibre is given by

Pin =

∫ 2π

0
dφ

∫ a

0
〈Sz〉inrdr,

Pout =

∫ 2π

0
dφ

∫ ∞

a
〈Sz〉outrdr. (1.22)
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Figure 1.16: | ~E(r)|2 normalised to | ~E(r = a)|2out plotted as a function of r. The same
parameters as in Fig. 1.11 have been assumed.

The total power is then given by P = Pin +Pout. In order to find the Poynting vector of
the electromagnetic field in the HE11 mode, the equations of the magnetic field ~H are
needed. Those can be easily calculated using Eqns. (A.25) and (A.27) and will not be
explicitly given here. Using the mentioned relations together with Eqns. (1.16), (1.17),
and (1.22) a relation between the total transmitted power P and the normalisation
constant A can be obtained:

A =

√

4µ0ωP

πa2β11

(

Din +Dout

)−1/2
, (1.23)

with

Din =
[

(1 − s11)(1 + (1 − s11)
β2

11

h2
11

)(J2
0 (h11a) + J2

1 (h11a))+

+ (1 + s11)(1 + (1 + s11)
β2

11

h2
11

)(J2
2 (h11a) − J1(h11a)J3(h11a))

]

, (1.24)

Dout =
J2

1 (h11a)

K2
1 (q11a)

[

(1 − s11)(1 − (1 − s11)
β2

11

q211
)(K2

0 (q11a) −K2
1 (q11a))+

+ (1 + s11)(1 − (1 + s11)
β2

11

q211
)(K2

2 (q11a) −K1(q11a)K3(q11a))
]

. (1.25)

Note that the fraction of power propagating outside the fibre is then given byDout/(Din+
Dout).

Figure 1.17 shows the z-component of the cycle-averaged Poynting vector 〈Sz〉 versus
the radial position r. The surface of the fibre is indicated by the two dashed lines.
As expected, the radial distribution of the transmitted power has a gaussian-like shape
similar to | ~E(r)|2. The vectors shown at the position of the fibre surface correspond to
〈Sz〉out evaluated at r = a.
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Figure 1.17: z-component of the cycle-averaged Poynting vector as a function of the
radial position r for a power of P = 1 W. The same parameters as in Fig. 1.11 have
been assumed.

The two components of the averaged Poynting vector 〈~S〉 transversal to the fibre axis,
〈Sφ〉 and 〈Sr〉 account for the fraction of the energy flux of the electromagnetic field
that does not propagate. These two magnitudes give some insight into the process
of total internal reflection that radially confines the light in such an ultra-thin fibre.
Figures 1.18 show the only non-vanishing component of the cycle-averaged Poynting
vector transversal to the fibre axis, 〈Sφ〉, for σ+ (left) and σ− (right) polarisation,
respectively, assuming the same parameters as in Fig. 1.11. The non-vanishing azimuthal
component of the Poynting vector indicates that the light circulates around the fibre axis
during the propagation. This is in accordance with the geometric optics interpretation
of the hybrid modes given in Sec. 1.1 where the skew rays spiral around the fibre axis.
Furthermore, it has been calculated that the HE11 mode may have a total orbital angular
momentum of mℏ per photon with m = 0, 1, 2, i.e., the total orbital angular momentum
is a superposition of the quantum numbers 0, 1 and 2 [46]. Figs. 1.18 also show that
the orbital angular momentum is indeed coupled to the polarisation, i.e., to the spin.
This gives some insight into the adiabatic compressing of the light field taking place at
the tapering transition of the tapered fibres described in Sec. 1.3. When coupling light
into an ultra-thin optical fibre, the light field is not only focused, but also the spin and
the orbital angular momentum couple to each other, leading to an angular momentum
transfer from the spin to the orbital angular momentum.1

1The LP modes describe in good approximation the propagation of light in standard telecommuni-
cation optical fibres. These modes have a very small Ez component thereby leading to small Sφ. When
transferring the light field from a non-tapered standard optical fibre to an ultra-thin optical fibre the
above mentioned angular momentum coupling takes place.
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Figure 1.18: Vector plot of the only non-vanishing transversal component of the cycle-averaged
Poynting vector 〈Sφ〉 for σ+ (left) and σ− (right). The same parameters as in Fig. 1.11 have been
used.

1.2.2 The fundamental HE11 mode: Quasi-linear polarisation

I now present the field equations of the fundamental HE11 mode with quasi-linear po-
larisation. From Eqns. (A.24) and (A.26) in Appendix A, the solutions of the linearly
polarised fields can be obtained.

For r < a:

Ex(r, φ, z, t) = Alin
β11

2h11
[(1 − s11)J0(h11r) cos(ϕ0)−

− (1 + s11)J2(h11r) cos(2φ− ϕ0)] exp[i(ωt− β11z)],

Ey(r, φ, z, t) = Alin
β11

2h11
[(1 − s11)J0(h11r) sin(ϕ0)−

− (1 + s11)J2(h11r) sin(2φ− ϕ0)] exp[i(ωt− β11z)],

Ez(r, φ, z, t) = iAlinJ1(h11r) cos(φ− ϕ0) exp[i(ωt− β11z)]. (1.26)

For r > a:

Ex(r, φ, z, t) = Alin
β11

2q11

J1(h11a)

K1(q11a)
[(1 − s11)K0(q11r) cos(ϕ0)+

+ (1 + s11)K2(q11r) cos(2φ− ϕ0)] exp[i(ωt− β11z)],

Ey(r, φ, z, t) = Alin
β11

2q11

J1(h11a)

K1(q11a)
[(1 − s11)K0(q11r) sin(ϕ0)+

+ (1 + s11)K2(q11r) sin(2φ− ϕ0)] exp[i(ωt− β11z)],

Ez(r, φ, z, t) = iAlin
J1(h11a)

K1(q11a)
K1(q11r) cos(φ− ϕ0) exp[i(ωt− β11z)], (1.27)
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where q11, h11 and s11 have been defined in Sec. 1.2.1. The angle ϕ0 accounts for the
polarisation direction, ϕ0 = 0 leading to x-polarisation of the transverse ~E field and
ϕ0 = π/2 to y-polarisation. The normalisation constant Alin is related to the maximum
amplitude of the electric field and satisfies the relation Alin =

√
2A, where A is the global

constant of the fields with rotating polarisation given in Sec. 1.2.1. Using Eq. (1.23), the
relation between Alin and the total power transmitted through the fibre can be obtained.
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Figure 1.19: Field plot of the electric field component perpendicular to the fibre axis
~E⊥ in the HE11 mode with x-polarisation (ϕ0 = 0) at t = 0 and z = 0. The following
parameters have been assumed: n1 = 1.452, n2 = 1, a = 250 nm and λ = 852 nm.

Figure 1.19 shows the vector plot of the electric field component transversal to the fibre
axis ~E⊥ at z = 0 and t = 0. The fibre surface is indicated by a grey circle. The
calculations have been performed for a fibre of pure silica (n1 = 1.452), with a radius
of a = 250 nm, surrounded by vacuum (n2 = 1), a field wavelength of λ = 852 nm and
a polarisation direction given by ϕ0 = 0. The polarisation direction of ~E⊥ is not time
dependent but it does depend on the position. The largest deviations from a perfect
x-polarisation take place in the evanescent field at the surface of the fibre.

The absolute value of the squared electric field averaged over one oscillation period
∣

∣ ~E(r)
∣

∣

2
in the HE11 mode is given by

∣

∣ ~E(r, φ)
∣

∣

2

in
=
A2

linβ
2
11

4h2
11

[

(1 − s11)
2J2

0 (h11r) + (1 + s11)
2J2

2 (h11r) + 2
h2

11

β2
11

J2
1 (h11r)+

+ 2
(h2

11
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(1.29)

where | ~E(r)|2in (| ~E(r)|2out) denotes the time-averaged squared electric field inside (out-
side) the fibre. Similarly to the case of rotating polarisation, the equations above can
be used to estimate the strength of Ez, leading to |Ez(r = a, φ = 0)|2in/| ~E(r = a, φ =

0)|2in = 0.6 and to |Ez(r = a, φ = 0)|2out/| ~E(r = a, φ = 0)|2out = 0.25 at the fibre sur-

face [37]. Note that Ez vanishes where ~E⊥ is parallel to the fibre surface and reaches
its maximum value where ~E⊥ is perpendicular to it. This is in accordance with the ray
optics interpretation given in Sec. 1.1.
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Figure 1.20: | ~E(r, φ)|2 normalised to | ~E(r = a, φ = 0)|2out plotted against x and

y. The ticks in the vertical axis correspond to | ~E(r = a, φ = π/2)|2in/| ~E(r = a, φ =

0)|2out = 0.21, | ~E(r = a, φ = 0)|2out/| ~E(r = a, φ = 0)|2out = 1 and | ~E(r = 0)|2in/| ~E(r =
a, φ = 0)|2out = 1.04. The same fibre-field parameters as in Fig. 1.19 have been assumed.

Figure 1.20 shows the distribution of
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where r < a and r > a can be clearly identified due to the discontinuity at the boundary
r = a. The term cos[2(φ − ϕ0)] in Eqns. (1.28) and (1.29) breaks the cylindrical sym-
metry of the system producing a much larger evanescent field in the regions where the
component ~E⊥ is transversal to the fibre surface. This becomes apparent in Fig. 1.21.
The evanescent field is maximal at φ = 0 (right) and minimal at φ = π/2 (left). The
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fibre surface is indicated by a dashed vertical line.
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Figure 1.21: ~E(r, φ)|2 normalised to | ~E(r = a, φ = 0)|2out plotted as a function of r at φ = π/2 (left)
and φ = 0 (right) for the same fibre-field parameters as in Fig. 1.19.

The decay length of the evanescent field given by Λ11 = 1/q11 is polarisation independent
and, hence, takes the same value as for the case of rotating polarisation, i. e., 244 nm
for the considered parameters.

1.2.3 Evanescent field strength in the HE11 mode: Quasi-linear polar-
isation

The distribution of the cycle-averaged squared electric field | ~E|2 in the HE11 mode
with a fibre radius of a = 0.29λ and quasi-linear polarisation is given by Eqns. (1.28)
and (1.29). Under such conditions, the effective mode diameter is of the order of the
wavelength λ and a large fraction of the power is guided outside the fibre. In general,
for silica fibres surrounded by vacuum or by air, the ratio between the radius and the
wavelength necessary in order to have a significant evanescent field is a/λ < 1/2. A
meaningful minimisation of the mean field diameter in such ultra-thin optical fibres can
be found in [36]. Here, a similar treatment will be carried out. The wavelength of the
light and the refractive indices are fixed at the values λ = 852 nm, n1 = 1.452 and
n2 = 1. The radius of the fibre a is varied to maximise the value of | ~E|2out at the fibre
surface. The conclusions of this treatment are also valid for circular polarisation.

Figure 1.22 shows the variation of | ~E(x = a, y = 0)|2out normalised to its optimum value
at a = 0.23λ as a function of a/λ. The calculations have been performed assuming
the x-polarised electric field given by Eqns. (1.27). Note that the magnitude | ~E|2out is
evaluated at (x, y) = (a, 0), where the polarisation of the ~E field is perpendicular to the
fibre surface and the evanescent field is thus optimal. The maximum of the curve shown
in Fig. 1.22 corresponds to a fibre radius of a = 196 nm. The evolution of | ~E|2out at the
fibre surface while varying the fibre radius can be understood with help of Figs. 1.23–1.30,
where the cycle-averaged squared electric field normalised to its maximum value at the
fibre surface | ~E(x = a, y = 0)|2out,a=0.23λ is plotted against the x-coordinate normalised
to the wavelength λ. The fibre surface is indicated by the two vertical solid lines. For
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Figure 1.22: Distribution of | ~E(x = a, y = 0)|2out normalised to its optimum value
at a radius a = 0.23λ as a function of the ratio a/λ assuming x-polarisation of the
transverse field (see Eqns. (1.27)).

large values of the fibre radius a (Fig. 1.23) the field is mostly guided inside the fibre
and the evanescent field is small. As the fibre radius is reduced, the evanescent field
at the fibre surface | ~E(x = a, y = 0)|2out increases reaching its maximum at a = 0.23λ
(Fig. 1.28). Note that this is the maximum value of | ~E(x, y)|2 for any fibre radius at any
point (x, y). If the fibre radius is further reduced, the fibre will not be capable anymore
to radially confine the electric field, leading to a drastic increase of the mode diameter
that transforms ~E into a plane wave for vanishing radius (Fig. 1.30).

The knowledge of the evanescent field strength at the vicinity of the fibre surface is of
great relevance in quantum optics experiments where dipole emitters are coupled to the
evanescent field of the fibre. The parameters used above correspond to the experimental
work described in this thesis: Caesium atoms interacting with the evanescent field of an
ultra-thin optical fibre tuned at the resonant wavelength of the D2-line at 852 nm. The
optimal radius is 196 nm for this wavelength. However, when choosing the appropriate
experimental fibre radius certain experimental limitations must be taken into account,
e. g., the total transmission through the fibre or its mechanical properties [36].

1.2.4 The TE01 mode

I now present the electric field equations of the first higher-order mode, TE01.
For r < a:

Eφ(r, φ, z, t) =
ωµ0

h01
BJ1(h01r) exp[i(ωt− β01z)],

Ez(r, φ, z, t) = Er(r, φ, z, t) = 0. (1.30)
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function of the x-coordinate for x-polarised light and normalised to the wavelength λ for several
fibre radii.
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For r > a:

Eφ(r, φ, z, t) = −ωµ0

q01

J0(h01a)

K0(q01a)
BK1(q01r) exp[i(ωt− β01z)],

Ez(r, φ, z, t) = Er(r, φ, z, t) = 0, (1.31)

where,

h01 =
√

k2
0n

2
1 − β2

01,

q01 =
√

β2
01 − k2

0n
2
2. (1.32)

β01 denotes propagation constant of the TE01 mode given by Eq. (1.8) and B the nor-
malisation constant of the electric field which can be determined using Eq. (1.35) below.

Figure 1.31 shows the vectorial plot of the only non-vanishing electric field component
Eφ at z = 0 and t = 0 as a function of the coordinates x and y. The fibre surface
is indicated by a grey circle. The calculations have been performed for a fibre of pure
silica (n1 = 1.452), with a radius of a = 400 nm, surrounded by vacuum (n2 = 1),
and a field wavelength of λ = 852 nm corresponding to a V parameter of 3.11. Since
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Figure 1.31: Field plot of the electric field in the TE01 mode at t = 0 and z = 0 for
the following parameters: n1 = 1.452, n2 = 1, a = 400 nm and λ = 852 nm.

the polarisation in the TE01 mode is always parallel to the fibre surface, there is no
discontinuity of the electric field at the boundary. Furthermore, in accordance with the
ray optics picture given in Sec. 1.1, the TE01 mode has no z-component of the electric
field.

The squared ~E field averaged over one oscillation period inside and outside the fibre is
given by

∣

∣ ~E(r)
∣

∣

2

in
=
B2

2

(ωµ0

h01

)2
J2

1 (h01r), (1.33)
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Figure 1.32 shows the distribution of
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the considered parameters.

Normalisation

Using Eqns. (1.21) and (1.22) the following relation between the normalisation constant
B and the total power P can be obtained:
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Note that the fraction of power propagating outside the fibre is then given byD01, out/(D01, in+
D01, out).

The total power transmitted through the fibre P can be found by integrating the z-
component of the cycle-averaged Poynting vector 〈Sz〉 in the xy-plane. Indeed, in accor-
dance with the ray optics interpretation of the transverse modes given in Sec. 1.1, 〈Sz〉
is the only non-vanishing component of the cycle-averaged Poynting vector in the TE01

mode. The energy flow does not circulate around the fibre axis in those modes because
the light rays follow meridional reflection paths inside the fibre during the propagation.
Furthermore, since ~E and ~H are transversal, 〈Sz〉 ∝

∣

∣ ~E(r)
∣

∣

2
like for free propagating

beams.

1.3 Tapered optical fibres (TOF’s)

The theoretical description of the fields propagating in optical fibres with a radius com-
parable to the wavelength of the guided light has been given in Sec. 1.2. In order to
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reach such small fibre radii, standard optical fibres can be tapered using the procedure
explained in Sec. 1.3.1 below.

Figure 1.34 shows the schematic of a tapered optical fibre (TOF) with three separated
regions exhibiting different propagation properties.

(1) (2) (3)

Figure 1.34: Schematic of the light propagation in a tapered optical fibre (TOF). The
labels (1)-(3) denote the different propagation regions.

• (1) Unmodified single-mode optical fibre: The light is guided inside the core by
means of total internal reflection at the boundary with the cladding. The mode
diameter amounts to several micrometres. Approximative solutions of the Maxwell
equations can be found in this region, leading to the LP modes [44].

• (2) Taper transition: Here, the fibre becomes thinner and so does the core. The
light is radially compressed until the core becomes too thin to efficiently guide
the field. At this point, the light is guided in three regions, the remaining core,
the cladding, and the medium surrounding the cladding. Finally, the fibre radius
further reduces down to the value at the waist thereby further compressing the
light field. The influence of the core is then negligible and the light is guided at
the interface between the cladding and the surrounding medium. Therefore, the
cladding now plays the role of the core and the surrounding medium the role of
the cladding. Ideally, this compression should be adiabatic, i. e., there should
be no coupling between modes of different order and no coupling to radiating
modes during the process. As shown in Sec. 1.3.2, when such uncontrolled mode
excitations in the taper transition take place, the overall transmission of the fibre
decreases. In order to obtain an adiabatic taper transition a well controlled radius
profile of the transition is required.

• (3) Fibre waist: Here, the fibre radius remains constant at the sub-wavelength
regime. The light propagating in the waist exhibits a strong radial confinement
and a large evanescent field.

1.3.1 Flame-pulling of optical fibres

The tapering of optical fibres takes place in a computer controlled fibre pulling rig,
which is extensively described in the Ph.D. thesis of F. Warken [36]. The fabrication
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(a)

(b)

Figure 1.35: (a) Concatenation of several optical microscope pictures of a TOF. (b)
REM (Reflection Electron Microscope) picture of the waist of a TOF. The diameter of
the waist was measured to be 0.5 µm.

procedure of the fibres can be briefly described as follows: The fibre is heated with a
hydrogen-oxygen flame and elongated by pulling on both ends. The elongation of the
heated part, leads to a reduction of the fibre diameter in this region. At the realised
temperature, the fibre becomes soft but does not yet melt [36], permitting a controlled
tapering of the fibre. The pulling is carried out using two computer governed translation
stages [47] that allow sub-micrometre actuation of the positioning. The profile of the
taper transition is an important issue in the quality of a tapered fibre in order to avoid
losses and undesired mode-coupling in the transmission of light through the fibre. For
that, the translation stages also move the fibre with respect to the flame. Thereby,
a broad assortment of profiles can be realised. The taper profile as well as the final
diameter of the waist is previously simulated using a computer program. From this
simulations, the trajectories to be followed by the translation stages are determined
and, in the last stage of the production, executed in synchronisation with the gas flame.
This fibre pulling rig produces fibres with diameters ranging from several micrometres
to 100 nanometres. As an example, Figs. 1.35 (a) and (b) show the taper transition and
the waist of a standard optical fibre with a waist diameter of 500 nm, respectively. For
a better visualisation Fig. (a) shows a very steep profile because the slope of an optimal
taper transition is otherwise too shallow to be recognisable. Figure 1.35 (b) is a REM
picture of the fibre waist with a measured diameter of 0.5 µm.

1.3.2 Measurement of the transmission

The transmission through the fibre can be continuously monitored during the pulling
process, thereby giving valuable information not only about the quality of the taper but
also about the processes that introduce losses in the overall transmission.
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Figure 1.36: Transmission through a single-mode optical fibre during the pulling
process normalised to the transmission of the unprocessed fibre. The measurements
were done using a 852 nm diode laser and a non-polarisation maintaining fibre.
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Figure 1.36 shows the monitored transmission through a single-mode fibre during the
pulling process normalised to the transmission of the unprocessed fibre. The targeted
fibre diameter is 500 nm at the waist. The overall transmission at the end of the pulling
process is 79%, however, fibres of similar diameter with transmission up to 97% have
been produced. Although the pulling process required 146 seconds the most significant
effects took place during the last 15 seconds. The oscillatory behavior of the transmission
can be explained as an interferometric process between different modes guided through
the waist [48]: The oscillations of the transmission begin when the core diameter in the
waist is too small to guide the light. Therefore, the fields expand and reach the cladding
and the surrounding medium. At this fibre diameter the waist does not fulfill the single-
mode condition, i.e., few higher-order modes in addition to the fundamental mode can
propagate. The amount of power carried by each of them critically depends on the taper
transition connecting the unprocessed single-mode region of the fibre to the multi-mode
waist. At the end of the waist, the core recovers its original size and the fibre is single-
mode again. Here, the power carried by the higher-order modes that propagate in the
waist couples back either to the fundamental mode or to free-space modes outside the
fibre. This fraction of power that couples into the fundamental mode is determined by
the relative phase between the modes in the waist, which varies during the elongation,
leading to time-dependent oscillations of the transmission. The oscillations vanish when
the fibre waist diameter reaches the single-mode regime. At this point, the losses due
to excitation of higher-order modes are fixed and only depend on the taper transition
profile. Intuitively, the fibres with the best transmission are those that exhibit minimal
oscillations during the pulling process. This is an indication of adiabatic compression of
the light field in the taper region that minimises the losses [49].

1.3.3 Measurement of the local diameter and the surface quality of a
TOF

Other important factors that also determine the quality of an ultra-thin optical fibre
are the diameter of and the surface smoothness at the waist. Figure 1.37 shows a
TEM picture of the waist of a TOF. The targeted waist diameter was 500 nm. The
measurement yields a diameter of 483 nm with an estimated precision of ±3 nm, i. e. a
96.6% agreement with the simulations.

A biasing of the simulations with respect to the experimental values for the case of fibre
diameters smaller than 1 µm has been observed: The simulated diameters are between
5 and 10% larger than the measured values. This can be explained by the influence of
the gas flow coming from the flame that pushes the fibre perpendicularly to the pulling
direction, thereby further reducing its diameter.

Figure 1.38 shows a TEM picture of the surface at the waist of a TOF. Despite the
focusing not being optimal, the surface rugosity can be estimated to be less than 5 nm.
Furthermore, no indications of contamination on the surface can be observed. Since
a large fraction of power in such ultra-thin optical fibres propagates in the evanescent
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483 nm

100 nm

Figure 1.37: Transmission electron microscope (TEM) picture of the waist of a TOF
with a diameter of 483±3 nm. The patterns appearing in the picture are due to carbon
foils placed on top of the fibre to fix it to the substrate.

field, surface contamination by deposition of dust particles, oil or grease in the waist
leads to a strong decrease in the transmission.

The TEM pictures shown in Figs. 1.39 (a) and (b) reveal that the fibre was contaminated.
The contamination probably took place when the fibre was deposited on a surface that
had been in contact with oil. Other contamination mechanisms include diffusion of oil
in a vacuum chamber coming from the vacuum pump or dust deposition in a normal
atmosphere. In order to avoid them, the fibre pulling process must take place in a dust-
free environment [36] and the oil-free vacuum technology is a prerequisite for experiments
with tapered optical fibres [35].
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20 nm

Figure 1.38: TEM picture of the surface (dark bulk) at the waist of a TOF.

200 nm

(a) (b)

Figure 1.39: (a) TEM picture of the waist of a TOF that was contaminated. (b)
TEM picture of the contaminated surface of a TOF. The contaminating substance was
probably oil.



Chapter 2

Theory of the atom-field
interaction

The necessary theoretical basis for the following Chaps. 3 - 5 is given here. In particular,
approximations for the near-resonant and the far-detuned regimes of the atom-field
interaction are deduced. This Chapter is organised as follows: In Sec. 2.1 the Lorenz’s
model for the classical atom-field interaction is explained. Section 2.2 is devoted to the
near-resonant interaction, where the frequency of the external field is almost equal to the
transition frequency of the atom. Finally, Sec. 2.3 is devoted to the case of far-detuned
interaction, where the difference between the transition frequency of the atom and the
frequency of the external field is comparable to the energy difference between the atomic
levels.

2.1 Classical model of the atom-field interaction

I now derive the expressions of the scattering rate and the dipole force of an atom in a
monochromatic light-field using the Lorenz model. Let us consider the atom as a single
electron with charge -e and mass me elastically bound to the core with charge +e and
mass mcore ≫ me by a harmonic potential. In the presence of a time-dependent external
electric field ~E(t) = ~E0e

iωt the system can be described by the equation of motion of a
driven harmonic oscillator

~̈x(t) + Γω~̇x(t) + ω2
0~x(t) = − e

me

~E(t), (2.1)

where ω0 is the resonance angular frequency of the oscillator and Γω~̇x(t) describes the
damping of the electron motion. The dissipation rate due to classical dipole radiation
is given by [50]

Γω =
e2ω2

6πε0mec3
. (2.2)
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The stationary solution of Eq. (2.1) is then

~x(t) = −α(ω)

e
~E(t), (2.3)

where

α(ω) =
e2

me

1

ω2
0 − ω2 − iΓωω

(2.4)

is the polarisability of the atom. It is useful to express Eq. (2.3) using the induced dipole
moment of the atom ~d(t) = −e~x(t) = α(ω) ~E(t). Note that the polarisability α(ω) has a
real and a complex part which describe the in-phase and the quadrature components of
the atomic dipole moment ~d, respectively. Using the expression e2/me = 6πε0c

3Γω/ω
2

and the damping rate on resonance Γ = Γω0
the following relations are obtained

Re[α(ω)] = 6πε0c
3 (ω2

0 − ω2)Γ/ω2
0

(ω2
0 − ω2)2 + Γ2(ω3/ω2

0)
2
, (2.5)

Im[α(ω)] = 6πε0c
3 Γ2ω3/ω4

0

(ω2
0 − ω2)2 + Γ2(ω3/ω2

0)
2
. (2.6)

Im[α(ω0)]

Re[α(ω0 − Γ/2)] = Im[α(ω0)]/2

Re[α(ω0 + Γ/2)] = −Im[α(ω0)]/2

ω
ω0 ω0 + Γ/2ω0 − Γ/2

Figure 2.1: Real (red) and complex (black) parts of the polarisability α(ω) in the
Lorenz model.

Figure 2.1 shows the real (red) and complex (black) parts of the polarisability α as a
function of the frequency of the external field ω. Note that Im[α] > Re[α] near the
resonance, i. e., for ω ∼ ω0, but otherwise Im[α] < Re[α].

2.1.1 Scattering rate

In analogy to the driven harmonic oscillator, the average power dissipated by the atom
is given by

P =
〈

Re[ ~̇d(t) · ~E(t)]
〉

=
ω|E0|2

2
Im[α(ω)]. (2.7)
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Thus, the quadrature part of the polarisability describes the absorptive interaction of
the atom with the field, i. e., the atom dissipates energy from the external field by
absorbing and subsequently radiating it. In the classical picture, this is a continuous
process whereas in a quantum mechanical description the radiation is quantised. Hence,
the discretised scattering rate of an atom can be defined as

Γs =
|E0|2
2~

Im[α(ω)]. (2.8)

2.1.2 Dipole force

The cycle-averaged interaction energy between the atom and the field is given by

U = −1

2

〈

Re[~d(t) · ~E(t)]
〉

= −1

4
Re[α(ω)]|E0|2. (2.9)

The factor 1/2 accounts for the fact that the dipole moment of the atom is induced by
the external field. When the electric field has a spatial dependence, e. g., E0(r), a dipole
force ~F = −~∇U(r) arises as a result of the spatial variation of U . Hence, the dipole
force can be expressed as

~F =
1

4
Re[α(ω)]~∇(|E0(r)|2). (2.10)

Note that the dipole force points to the region with the largest value of |E0(r)|2 when
Re[α(ω)] > 0, i. e., ω < ω0, and to the region with the lowest value of |E0(r)|2 when
ω > ω0. The Lorenz model of the atom describes in good approximation the scattering
rate and the dipole potential for a two-level atom in the ground state. However, the
model is not accurate when ω ≃ ω0 because a non-vanishing population of the excited
state modifies the polarisability of the atom. Moreover, the model also fails in the limit
of large |ω−ω0| because in this case the multi-level structure of the atom must be taken
into account. In the following sections valid approximations for each of this limiting
cases will be given.

2.2 Near-resonant atom-field interaction: Saturation and
power broadening

This section is devoted to the description of the scattering rate and the dipole potential of
a two-level atom in the presence of a near-resonant electromagnetic field. The quantum
state of the atom is described as |ψ〉 = cg |g〉 + ce |e〉, where |g〉 and |e〉 refer to the
ground and the excited state, respectively. The population in the excited state |e〉 in
the steady-state regime of the atom-field interaction is given by [4]

|ce|2 =
|Ω|2/2γ2

1 + |Ω|2/γ2 + (2δ/γ)2
, (2.11)
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where Ω =〈g| ~E · ~d |e〉/~ denotes the Rabi frequency, δ = ω − ω0 the detuning of the
angular frequency of the laser, and γ the spontaneous emission rate of the atom. It is
convenient to write these expressions as a function of the free-space saturation intensity
of the atom Is, which is widely used as a characteristic value for a given transition:

|Ω|2
γ2

=
| ~E|2
γ2~

|〈g | ~d | e〉|2 = I/Is, (2.12)

where I denotes the free-space intensity of the field

I = ε0c
〈

Re[ ~E(t)2]
〉

, (2.13)

and

Is = γ
π~ω

3λ3
. (2.14)

In the case of an atom coupled to the evanescent field of an ultra-thin optical fibre
Eq. (2.14) is an approximation applicable provided that | ~Ez|2 is small compared to | ~E|2.

2.2.1 Scattering rate

Since in the steady-state regime the excitation rate must be equal to the decay rate, the
scattering rate of the atom is given by

Γs = γ|ce|2 = γ
I/2Is

1 + I/Is + (2δ/γ)2
. (2.15)
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Figure 2.2: Scattering rate Γs for the 62S1/2, F = 4 → 62P3/2, F
′ = 5 transition

of a caesium atom interacting with an electromagnetic field with intensity I = 0.1Is
(dotted), Is (solid) and 10Is (dashed) as a function of the ratio δ/γ. γ/2π = 5.2 MHz
for this transition.
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Figure 2.2 shows the scattering rate for the D2-line of a single caesium atom as a function
of the ratio δ/γ for three different intensities of the laser field I = 0.1Is (dotted), Is
(solid) and 10Is (dashed). Note that despite the intensities grow in factors of 10, the
maximal scattering rate does not. Indeed, the value of the scattering rate saturates
for I > Is leading to a smaller percentual increase in each step. This feature is called
saturation. As a result, Γs approaches γ/2 in the limit of large intensities. Moreover, Γs

is independent of δ in the regime where I/Is ≫ (2δ/γ)2. Hence, the scattering profile
becomes broader when increasing the intensity I, this is the so-called power broadening.
The power-broadened linewidth is then given by

γ′ = γ
√

1 + I/Is. (2.16)

Note that for I/Is exceeding 103, the two-level atom assumption is not valid anymore
for the D2-line in caesium because the neighbouring hyperfine levels have a separation
of about 200 MHz, i. e., such a strong field can excite more than one transition.

2.2.2 Dipole force

The large population of the excited state reached in the saturation regime modifies the
dipole potential given by Eq. (2.9). This stems from the different polarisabilities of the
ground state |g〉 and the excited state |e〉, which cannot be explained using the Lorenz
model. In the near-resonant case, the two polarisabilities are equal and opposite in
sign [51]:

αg(ω) = −αe(ω). (2.17)

The polarisability of a two-level atom is assumed to be of the form

α(ω, I) = αg(ω)|cg|2 + αe(ω)|ce|2. (2.18)

The population of the states satisfies the relation |cg|2+|ce|2= 1. It is thus possible to
use Eqns. (2.11), (2.12), (2.17) and (2.18) to obtain

α(ω, I) = αg(ω)
(

1 − I/Is
1 + I/Is + (2δ/γ)2

)

. (2.19)

Since the polarisability of the ground state αg(ω) is well described by the Lorenz model,
the results from Sec. 2.1 can be used to further simplify Eq. (2.19): Equations (2.5)
and (2.6) are approximated for the case of ω ≃ ω0 and substituted in Eq. (2.19) identi-
fying Γ = γ. This yields

Re[α(ω, I)] = −6πε0c
3

ω3
0

2δ/γ

1 + I/Is + (2δ/γ)2
, (2.20)

Im[α(ω, I)] =
6πε0c

3

ω3
0

1

1 + I/Is + (2δ/γ)2
. (2.21)
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Note that multiplying Eq. (2.21) by I/2~ and making use of Eqns. (2.12)–(2.14) the
scattering rate of the atom given by (2.15) is recovered. The dipole force exerted on the
atom is then given by

~F =
1

2
Re[α(ω, I)]~∇

〈

Re[ ~E(r, t)2]
〉

, (2.22)

which can be conveniently expressed as

~F = −~

2

δ

1 + I/Is + (2δ/γ)2
~∇(I/Is). (2.23)

2.3 Far detuned atom-field interaction

For large values of the detuning of the laser frequency with respect to the atomic ex-
citation frequency the multilevel structure of the atom must be taken into account.
Therefore, the two-level atom approximation is not valid anymore.

2.3.1 Semiclassical approach

In this section a semiclassical approximation for the atom-field interaction including
the multilevel structure of the atom is given. Let us consider a multilevel atom with
a number j of dipole-allowed transitions from the ground state to excited states. Each
transition can be approximated as an independent harmonic oscillator with solution

~dj(t) = αj(ω) ~E(t). (2.24)

Hence, the general solution will be a linear combination of the individual solutions
weighted by the oscillator strength of each transition fj yielding

α(ω) =
∑

j

fjαj(ω). (2.25)

The oscillator strength fj is related to the decay rate of each transition [52] through

fj = Γj
2πε0mec

3

e2ω2
j

2J ′ + 1

2J + 1
. (2.26)

ωj denotes the angular frequency of the j-transition, ωj = (Ee,j − Eg)/~. The factor
2J ′ +1/2J+1 in the above equation is the ratio between the degeneracies of the excited
and ground states, e. g., for a fine-structure transistion J = 1/2 → J ′ = 3/2 the factor
will be 4/2. Finally, the real and complex parts of the polarisability become

Re[α(ω)] = 2πε0c
3
∑

j

2J ′ + 1

2J + 1

(ω2
j − ω2)Γj/ω

2
j

(ω2
j − ω2)2 + Γ2

j (ω
3/ω2

j )
2
, (2.27)

Im[α(ω)] = 2πε0c
3
∑

j

2J ′ + 1

2J + 1

Γ2
jω

3/ω4
j

(ω2
j − ω2)2 + Γ2

j (ω
3/ω2

j )
2
. (2.28)
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With use of Eqns. (2.27) and (2.28), together with Eqns. (2.8) and (2.10) the dipole
potential and the scattering rate of the atom can be calculated.

2.3.2 Light shifts in multilevel atoms

A perturbative description of the interaction of a classical field ~E(t) = ~E0e
iωt with a

multi-level atom yields the energy shift ∆El of the atomic level |l〉 with an energy of El

and quantum numbers n, J , F , mF [53]:1

∆El(n, J, F,mF , µ) = − 3e2I

4mecε0
(2J + 1)(2F + 1)

∑

n′,J ′,F ′,m′

F

(2F ′ + 1)
fj

ωj∆′
j

( F 1 F ′

−mF −µ m′
F

)2{ J F I
F ′ J ′ 1

}2
.

(2.29)

The parameter µ accounts for the polarisation of the electric field, µ = ±1 for σ± and
µ = 0 for π-polarisation, fj is the oscillator strength of the transition j: nJ→n′J ′ given
by Eq. (2.26), and ∆′

j is the effective detuning of the angular frequency defined as

1

∆′
j

=
1

ωj − ω
+

1

ωj + ω
. (2.30)

The terms
(

...
)

and
{

...
}

are Wigner’s 3J- and 6J-symbols, respectively, which are a

generalisation of the Clebsch-Gordan coefficients [54].2

Figure 2.3 shows the frequency shifts ∆E/h of the 6P3/2, F = 5 (top) and 6S1/2, F = 4
(bottom) levels of the Cs atom induced by a light field with intensity I = 0.3 MW/cm2

at a wavelength of 780 nm (dashed) and 1064 nm (solid) for π-polarisation. The shifts
show the dependency on the hyperfine quantum number mF described in Eq. (2.29).
However, for an external light field with π-polarisation there is no favoured direction of
rotation and the mF dependency turns into an |mF | dependency.

In a quantum-mechanical description the dipole potential manifests on the energy shifts
of the internal states of the atom as Ul(~r) = El + ∆El(~r). In a spatially dependent
electric field the atom will, therefore, experience a force in the direction of the negative
gradient of the energy given by

~Fl = −~∇(∆El(~r)). (2.31)

1Note that the convention used in [53] differs from the one used here: |〈nJ||d||n’J’〉|2 corresponds to
(2J + 1)|〈nJ||d||n’J’〉|2 in this work. This stems from the different conventions for the normalisation of
the matrix elements 〈nJ||d||n’J’〉. In this work the convention used in [52] is followed.

2Many computer programs have a library with such functions that allows rapid implementation of
Eq. (2.29), see for example Mathematica 4.2 and higher.
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Figure 2.3: Frequency shifts ∆E/h of the 6P3/2, F
′ = 5 (top) and 6S1/2, F = 4

(bottom) levels of the Cs atom in interaction with an external field of intensity
I = 0.3 MW/cm2 at a wavelength of 780 nm (dashed) and 1064 nm (solid) with
π-polarisation. The x-axis represents the energy levels of the unperturbed states,
E6P3/2,F ′=5 (top) and E6S1/2,F=4 (bottom).

For the case of an atom interacting with more than one light field simultaneously, the
total energy shift is the sum of the individual shifts ∆El,Ω due to each of the fields,
~EΩ [55]. The force is therefore expressed as

~Fl = −
∑

Ω

~∇(∆El,Ω(~r)). (2.32)



Chapter 3

Evanescent field spectroscopy on
cold caesium atoms

3.1 Introduction

Ultra-thin optical fibres offer a strong transverse confinement of the fundamental fibre
mode while exhibiting a pronounced evanescent field surrounding the fibre [37]. This
combination allows to efficiently couple particles on or near the fibre surface to the guided
fibre mode, making tapered optical fibres (TOFs) a powerful tool for their detection,
investigation, and manipulation: The absorbance of organic dye molecules, deposited on
a subwavelength-diameter TOF, has been spectroscopically characterised via the fibre
transmission with unprecedented sensitivity [33]. The fluorescence from a very small
number of resonantly irradiated atoms around a 400-nm diameter TOF, coupled into
the guided fibre mode, has been detected and spectrally analysed [34, 38]. Moreover, it
has also been proposed to trap atoms around ultra-thin fibres using the optical dipole
force exerted by the evanescent field [26, 39]. In this chapter, the transmission of a res-
onant probe laser launched through a TOF is spectroscopically investigated. Thereby,
clear evidence of the mechanical effects of dipole forces on the atoms is found, leading
to a modification of the atomic density in the vicinity of the fibre. A rigorous analysis
furthermore shows that a detailed description of the absorption signal must take the
interaction of the atoms with the dielectric fibre into consideration (Sec. 3.7.2). In par-
ticular, this includes the mechanical and spectral effects of the van der Waals (vdW)
interaction [56] and a significant enhancement of the spontaneous emission rate of the
atoms due to a modification of the vacuum modes by the fibre [57]. An enhanced spon-
taneous emission of atoms in vacuo coupled to a continuous set of evanescent modes
has previously been observed in evanescent wave spectroscopy near a plane dielectric
surface [23]. Here, the atoms are interacting with a cylindrical ultrathin dielectric fi-
bre which, in difference to the plane geometry above, also sustains a strongly confined
mode. This single mode significantly contributes to the enhancement of the spontaneous
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emission, an effect which so far has only been observed before in experiments including
a resonant structure [58].

3.2 Experimental setup

The experimental setup used to perform the experiments described in this Chapter was
located in two different sites. From September 2004 to February 2007 the experiment
was located in the Institut für Angewandte Physik (IAP) at the University of Bonn.
From March 2007 until present the experiment is located in the Institut für Physik at
the University of Mainz. When moving from Bonn to Mainz the experimental setup
underwent several modifications and a number of elements of the original setup were
substituted. Since the majority of the experiments have been performed using the
original setup, I will focus the description on it. To account for the new elements, a list
of substitutions and their description will be given at the end of each section. Finally, a
schematic of the new setup is shown in Chap. 5. Moreover, when experiments have been
performed with the new setup this will be mentioned in their presentation. If nothing
is mentioned the original setup was used. The reader should bear in mind that the
new and the original setups are equivalent regarding the experiments presented in this
Chapter.

Figure 3.1 shows a schematic of the original experimental setup. A list of the labelled
elements can be found in Table 3.1 together with the section were their description can
be found. Some optical (4, 5, 6, 7, 9, 10, 18) and mechanical (20) elements will not be
described in this work but can be, e. g., found in [59]. As shown in the schematic, the
vacuum chamber (11) was mounted on a second optical table separated from the lasers
(1–3) and spectroscopy setups (21, 22). The laser light was then guided to the second
table with polarisation maintaining optical fibres (31). There are two characteristics of
the setup that are not reflected in Fig. 3.1: Firstly, the turbo and pre-vacuum pumps
are connected to the vacuum chamber via flexible bellows (23). Indeed, the pre-vacuum
pump is located in a different room than the rest of the experiment. Secondly, there
is a second imaging system located above the vacuum chamber (see Fig. 3.2). The
description of this system is given in Sec. 3.3.3.

The mode filter (16) consists of a 2-mm un-jacketed section of the fibre embedded in
index-matching gel. This ensures that the light propagating outside the core in the
so-called cladding modes will be out-coupled before reaching the APD (15). Figure 3.2
shows a schematic of the vacuum chamber and the geometry of the magnetic coils. The
labelling of Fig. 3.1 and Table 3.1 has been followed. The vertical imaging system (32)
and the optical table supporting the vacuum apparatus can be appreciated. The ion
getter pump shown in the figure was not used for the experiments: The influence of
charged particles on the fibre is unknown. Hence, to avoid the presence of charged
particles in the vacuum chamber that could damage the fibre the ion getter pump was
switched off.
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Figure 3.1: Schematic of the original experimental setup located in the IAP at the University
of Bonn. The mirrors have not been labelled. The solid arrows indicate the path of the beams
used for the magneto-optical trap. The dashed arrows indicate the path of the probe beam.
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Figure 3.2: Schematic of the vacuum apparatus located in the IAP at the University of Bonn.
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Number Description Section
1 cooling laser 3.3.1
2 repump laser 3.3.1
3 probe laser 3.4
4 Faraday isolator –
5 λ/2 plate –
6 polarising beam splitter –
7 λ/4 plate –
8 acousto-optical modulator (AOM) 3.4
9 convex lens –
10 glass substrate –
11 vacuum chamber 3.3.1
12 fibre mount 3.3.2
13 fibre positioner 3.3.2
14 Cs reservoir 3.3.1
15 avalanche photodiode (APD) 3.4
16 mode filter –
17 TOF 1.3
18 fibre coupler –
19 vacuum feed-through for fibres 3.3.2
20 chopper wheel –
21 polarisation spectroscopy setup 3.3.1
22 saturation spectroscopy setup 3.3.1
23 turbo and pre-vacuum pumps 3.3.1
24 microscope objective 3.3.3
25 camera objective 3.3.3
26 CCD-camera 3.3.3
27 vertical MOT beam 3.3.1
28 pressure gauge 3.3.1
29 magnetic coils 3.3.1
30 valve –
31 polarisation-maintaining optical fibre –
32 vertical imaging system 3.3.3

Table 3.1: List of elements labelled in Figs. 3.1 and 3.2.

3.3 A caesium magneto-optical trap around an ultra-thin
optical fibre

Probing and investigating cold caesium atoms using the evanescent field around an ultra-
thin optical fibre requires a sufficiently high atomic density at the vicinity of the fibre. A
simple way to tackle the problem is to insert the waist of a TOF into a magneto-optical
trap (MOT). Using this method, it has been shown that caesium atoms can be cooled
and trapped around an ultra-thin optical fibre with a diameter smaller than 1 µm.1

One could expect that the presence of the fibre affects the density of the cloud of atoms

1fibres with larger diameter in such a system have not been investigated
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trapped in the MOT. Indeed, a rigorous investigation of the atomic density distribution
inside the MOT using Monte-Carlo simulations reveals a significant influence of the
fibre on the density of the cloud at distances closer than 1 µm from the surface (see
Sec. 3.7.3). Nevertheless, the measured peak densities of the atom cloud do not differ
from the typical peak density of an unmodified MOT of about 1010 atoms/cm3 [60] (see
Sec. 3.8).

3.3.1 Magneto-optical trap for caesium atoms

During the last two decades the magneto-optical trap (MOT) has become one of the
most widely used tools to cool and trap neutral atoms [61–63]. The first experimen-
tal realisation of three dimensional laser cooling of atoms was reported by S. Chu in
1985 [64]. By adding a magnetic field gradient in combination with the right polarisa-
tion and frequency of the cooling beams an additional position-dependent force acting
on the atoms was obtained. Thereby, laser cooling and trapping of sodium atoms in
a MOT could be demonstrated few years later [65]. The principle of operation of a
magneto-optical trap relies on two forces: A velocity-dependent force that cools the
atoms and a position-dependent force that traps them.

(a) (b)
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Figure 3.3: (a) One-dimensional scheme of the operating principle of a magneto-
optical trap. The atomic ground and excited states are chosen to be J = 0 and J ′ = 1,
respectively. A magnetic field Bz = b×z produces an energy shift of the corresponding
Zeeman sub-levels. ω0 denotes the resonance frequency of the transition J → J ′ at
Bz = 0 and δ the detuning of the angular frequency of the laser beams with respect
to ω0. The laser beams are indicated by the red curly arrows. (b) Three-dimensional
scheme of a MOT. The quadrupole magnetic field is created using two coils in anti-
helmholtz configuration indicated by the two circulating arrows denoted by I. The
green lines indicate the direction of the magnetic field. The centre of the trap is located
at the crossing of the beams.

Velocity-dependent force: Three mutually orthogonal pairs of counter-propagating
laser beams that cross at the centre of the trap are used. The frequency of the laser
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beams is red-detuned by about the natural linewidth γ/2π of the considered transition2.
Due to the Doppler shift of the laser frequency in the reference frame of a moving atom,
the absorption of a photon is more likely if the momenta of the atom and the pho-
ton have opposite sign. Therefore, an atom will more likely absorb photons from the
beam propagating opposite to its direction of motion. Since the atom spontaneously
emits the photons in a random direction, the net average momentum change after sev-
eral absorption-emission cycles is opposite to its direction of motion. This leads to a
three-dimensional velocity-dependent force (friction) at the intersection of the beams
that cools the atoms. On the other hand, an atom continuously illuminated by a near
resonant field will also undergo heating, even at rest. This stems from the randomness
of the spontaneous emission which acts as a fluctuating force exerted on the atom. The
competition between the cooling and the heating processes leads to a stationary state
where the momentum of the atoms is described by a Maxwell-Boltzmann distribution
with a characteristic temperature TD = ~γ/2kB [4], where kB is the Boltzmann con-
stant. In absence of other processes that lead to further cooling of the atomic cloud
(e. g., polarisation gradient cooling [66]) TD determines the temperature of the atoms
in a MOT.

Position-dependent force: In order to obtain a restoring force that traps the atoms a
quadrupole magnetic field ~B(x, y, z) that vanishes at the centre of the trap and increases
linearly in all directions is used. The magnetic field shifts the Zeeman sub-levels of the
atoms by ∆E(x, y, z) = µBmJ ′B(x, y, z), where µB denotes Bohr’s magneton and mJ ′

is the considered Zeeman sub-level of the atom. Hence, the atomic energy levels are
shifted by an amount proportional to the distance of the atom from the trap centre.
Figure 3.3 (a) shows the energy level diagram of an atom inside the trap assuming a
one-dimensional linear magnetic field Bz = b× z. The ground state has been chosen to
be J = 0 and the excited state J ′ = 1, where J denotes the total angular momentum
of the atom. The atoms are illuminated with two laser beams, one with polarisation
σ+ propagating in the +z-direction and another with polarisation σ− propagating in
the −z-direction. When the frequency of the laser beams is tuned below the resonance
frequency of the J → J ′ transition one atom located at z < 0 will absorb more σ+

than σ− photons and will experience a net force towards z = 0. Analogously, one atom
located at z > 0 will absorb more σ− than σ+ photons and will also experience a net
force towards z = 0.

The generalisation to three-dimensions is then straightforward. Figure 3.3 (b) shows a
three-dimensional scheme of a MOT with three pairs of counter-propagating laser beams
indicated by the curly arrows. The inhomogeneous magnetic field is generated by two
coils in anti-Helmoltz configuration [67] with the point of zero magnetic field located
at the intersection of the beams. In summary, the combination of the inhomogeneous
magnetic field and the red-detuned counter-propagating laser beams with the appropri-
ate choice of the polarisation and the detuning produces both a friction and a restoring

2The following notation is used in this work: δ denotes the detuning of the angular frequency of the
laser ω with respect to the angular frequency of the atomic transition ω0. γ denotes the spontaneous
emission rate of the atoms and consequently γ/2π denotes the natural linewidth of the atomic transition.
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force that simultaneously traps and cools the atoms. The density and the size of the
cloud of atoms trapped in the MOT depends on the chosen parameters for the lasers
and the magnetic field gradient. With the parameters used in our setup the atom cloud
has a typical diameter of 1 mm (see Sec. 3.3.3) and a typical peak atomic density of
1010 atoms/cm3 (see Sec. 3.8).

Laser system

The simplified picture assuming a J = 0 → J ′ = 1 excitation transition as shown in
Fig. 3.3 (a) has to be extended to be applicable to a Cs atom which has a J = 1/2
ground state, a J = 3/2 excited state and a nuclear spin of I = 7/2. Figure 3.4 shows
the hyperfine level scheme of the D2-line of the caesium atom. The cooling transition
is chosen to be the F = 4 → F ′ = 5 which is the strongest hyperfine transition of the
D2-line [52]. Since the atoms in the F ′ = 5 state can only decay to the F = 4 state,
the cooling cycle is closed. However, due to the relatively small hyperfine splitting of
the excited 62P3/2 state there is a non-vanishing probability for the atoms to be excited
to the F ′ = 4 state. The atoms can then decay to the F = 3 state which is no longer
coupled to the cooling laser. In order to pump the atoms back to the F = 4 state the
repump transition F = 3 → F ′ = 4 is required.

D2-line

852.3 nm

62P3/2

62S1/2

cooling transition
repump transition

9,193 GHz

251,0 MHz

201,2 MHz

151,2 MHz

F ′ = 5

F ′ = 4

F ′ = 3
F ′ = 2

F = 4

F = 3

Figure 3.4: Hyperfine level scheme of the D2-line of the caesium atom. The arrows
indicate the cooling and repump transitions.

In our experiment, the cooling transition is excited using a diode laser in Littrow con-
figuration ((1) in Fig. 3.1) [68] which is actively frequency stabilised using a saturation
spectroscopy setup ((22) in Fig. 3.1) [69]. The resulting reference signal allows to lock
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the laser at a few γ detuned from the resonance, which suffices for the optimal realisa-
tion of a MOT. The linewidth of the F = 4 → F ′ = 5 transition is γ/2π = 5.22 MHz
leading to a Doppler temperature TD = 125 µK for Cs. For an optimal operation of the
MOT the power of the cooling laser in each of the six beams must be equal. The typical
power of the cooling laser at which our MOT was operated is 5 mW per beam with a
1/
√
e-diameter of 8 mm.

The repump transition is excited using a diode laser in Littrow configuration ((2) in
Fig. 3.1) which is actively frequency stabilised using a polarisation spectroscopy setup
((21) in Fig. 3.1) [69] with a power of 50 µW in each of the six beams. The cooling
and repump lasers are first coupled to the same single mode optical fibre and afterwards
separated in six beams following the configuration shown in Figs. 3.1 and 3.3 (b).

In the new setup the cooling transition is excited with a tapered amplifier laser system
(Sacher, SYS-420-0850-0500) with a maximum output power of 500 mW ((1) in Fig. 5.9).
The repump transition is excited with a diode laser in Littrow configuration (Sacher,
TEC100) with a maximum output power of 50 mW ((2) in Fig. 5.9). The guiding of
the lasers from the optical table to the chamber is realised by means of a fibre cluster
(Schäfter+Kirchhoff) with the integrated optics necessary for the adjustment of the
power and polarisation of the six MOT beams ((41) in Fig. 5.9). The laser beams are
outcoupled from the cluster using 6 fibre collimators (60SMS-1-4-A11-02) that provide
a beam diameter of about 10 mm.

Magnetic coils

The quadrupole magnetic field is created by two coils in anti-helmholtz configuration
along the z-axis ((29) in Figs. 3.1 and 3.2). The coils have a radius of 10 cm and
carry a current ranging from 5 to 8 A providing a magnetic field gradient between 5 and
9 Gauss/cm. The magnetic field gradient can be turned off within 1 ms (1/e-decay time)
using a field-effect transistor (FET) controlled by a TTL signal. The 1/e-decay time
was measured by placing a pickup coil near the vacuum chamber during the switching
and monitoring the induced current in the oscilloscope.

Vacuum system

The experiment takes place in ultra-high vacuum (UHV) environment inside a stainless-
steel vacuum chamber of approximately 7000 cm3 ((11) in Figs. 3.1 and 3.2). A turbo-
molecular pump with an evacuation power of 270 l/s is connected to the chamber with
a bellow ((23) in Figs. 3.1 and 3.2). The pre-vacuum pump is connected to the turbo-
molecular pump with another bellow. Both pumps in continuous operation provide
a base pressure of 4 × 10−9 mbar without baking the chamber. The pressure in the
vacuum apparatus is measured with a gauge at the connection between the chamber
and the bellow ((28) in Fig. 3.2). For this reason, it is possible that the real pressure in
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the chamber is slightly higher. Nevertheless, the pressure increases by about a factor of
10 when operating the MOT due to the background of Cs gas.

The chamber has a total of ten flanges for the access of the following elements: Six glass
view-ports anti-reflection coated at 852 nm, one home-built microscope objective for the
observation of the magneto-optical trap and the waist of the TOF ((24) in Fig. 3.1),
the bellow connecting the turbo-molecular pump (23), the Cs reservoir (14), and the
UHV-compatible fibre positioner (13) (see Sec. 3.3.2).

In the new setup a turbo-molecular pump with magnetic bearings (Pfeiffer, TMU-
200-MP-DN-100-CF-F) with an evacuation power of 180 l/s and a oil-free pre-vacuum
pump (Leybold, Scroll SC15D) are used ((23) and (22) in Fig. 5.9, respectively). The
turbo-molecular pump is flanged to the chamber with a vibration-damper ((40) in
Fig. 5.9) (Pfeiffer, PM006488-X) providing a base pressure of the vacuum apparatus
of 1×10−9 mbar. The vibration damper is necessary due to the high-frequency rotation
of the turbo-pump (800 Hz) which transmits vibrations to the chamber and to the opti-
cal table. Moreover, the pre-vacuum pump transmits mid- and low-frequency vibrations
to the turbo-pump. Therefore, the chamber is mounted on the optical table with use of
high-charge vibration damping mounts (Talleres Egaña SL., ESA50).

Sources of caesium atoms

A background gas of Cs atoms in the chamber is obtained using a Cs reservoir consisting
of a cylindric enclosure flanged to the vacuum chamber with an elbow valve to ensure
sealing ((30) in Fig. 3.1). Originally, the Cs was contained in a glass ampule within
the reservoir. Once the reservoir is flanged and the chamber is evacuated the ampule
is broken. When opening the valve, the Cs background pressure necessary to normally
operate a MOT is obtained in less than a minute.

In the new setup the Cs reservoir has been substituted by Cs dispensers (SAES Getters)
that provide a more accurate control of the amount of background gas in the chamber
((14) in Fig. 5.9). The dispensers consist of several layers of Cs in the form of a stable
salt deposited on a metal wire. When applying a current to the wire ranging from 2 to
4 A the salt is heated and Cs vapor is released at a temperature of about 800 K. Since
the effect of such a hot alkali atomic vapour on an ultra-thin optical fibre is unknown,
the dispensers are placed in such a way that the released atomic vapour first thermalises
upon collisions against the walls of the vacuum chamber. The current is applied using
wires inserted in the chamber with a UHV-compatible electrical feed-through ((42) in
Fig. 5.9).
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3.3.2 Tools for embedding and manipulating an ultra-thin optical fibre
in UHV

The properties of an ultra-thin optical fibre in vacuum do not differ from the properties
of the same fibre in air except for the fact that the fibre cannot dissipate heat into
the surrounding air. Due to the small thermal conductivity of silica, the black-body
radiation is thus the only cooling mechanism of the fibre in such an environment. This
is sometimes not sufficient to prevent the fibre waist to reach the melting temperature
when a powerful laser is transmitted through it. The diverse mechanisms that trigger
the fusing of the fibre are still unclear and will not be described in this work. This
section is devoted to describe the elements used to insert and control the position of an
ultra-thin optical fibre in UHV environment.

UHV-compatible fibre holder and positioning system

The tapered fibre is transferred from the pulling facility to the vacuum chamber using
a custom-made aluminum fibre mount. Hence, the mount is designed to fit both in the
pulling rig [36] and in the geometry of the MOT. Figure 3.5 shows a schematic of the
transfer of the tapered fibre from the pulling rig onto the fibre mount. The fibre is

magnetmagnet

fibre mount

UV-glue UV-glue

fibre waist

actuator voltage

actuatoractuator

v-groovev-groove

Figure 3.5: Schematic of the transfer of the tapered optical fibre from the pulling rig
onto the fibre mount. The fibre is fixed to the mount using UV-glue.

mounted on the pulling stages using two v-grooves and is fixed with two magnets. Once
the tapering process is completed the mount is placed underneath the fibre and moved
upwards using two piezzo-actuators. The fibre waist is aligned to the centre of the hole
of the mount with an estimated precision of ±1 mm. This is necessary for the subsequent
alinement of the fibre waist with the MOT inside the vacuum chamber (see Sec. 3.3.3).
At the contact points between the fibre and the mount, two drops of UV-glue are applied
to fixate it. Note that the contact positions must be located at the untapered region
of the fibre to avoid losses. The magnets can be then carefully detached and the fibre
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mount assembled with the body of a UHV-compatible fibre holder as shown in Figs. 3.6
(a), (b), and (c).

The vertical and side views of the UHV-compatible fibre holder used to mount the fibre
in the vacuum are shown in Figs. 3.6 (a) and (b). The body of the holder is a stainless
steel reducing adapter (DN 100 to DN 35) with a length of 7 mm (1). A UHV-compatible
mechanical feed-through (4) is attached to the DN 35 flange. The holder is flanged to
the chamber (2) with use of the DN 100 flange. To introduce the fibre inside the vacuum,
a fibre feed-through is used (5). Its description can be found in the next section. The
inset in (a) shows the aluminum mount where the fibre is fixated. As shown in Fig. 3.6
(c), the mount is attached to the holder using a junction consisting of a bronze plate (9)
and a spring (7). The mechanical arm of the feed-through (8) presses the mount and
the spring applies a restoring force allowing vertical displacement of the fibre of several
centimetres inside the chamber. This is described by the red arrows in Figs. 3.6 (b) and
(c).

The process of inserting the tapered fibre in the vacuum takes place at two locations: In
the pulling facility where the fibre is transferred onto the mount and assembled to the
fibre holder and on the optical table where the holder is flanged to the chamber. The
pulling facility is equipped with a laminar flow box to minimise the risk of contamination
of the fibre by dust [36]. In the new setup a second laminar flow box is located above
the optical table and the vacuum chamber (see Fig. 5.10), whereas in the original setup
this was not the case.

UHV feed-through for optical fibres

In the first stages of the experiment the optical fibre was coupled into the vacuum
system by means of a stain-less steel con-flat flange with two holes. The fibre was
threaded through the wholes and glued in such a way that the holes were obturated
and thereby the chamber was sealed. However, this method is tedious. In the present
an alternative approach based on a teflon ferrule as a feed-through for coupling optical
fibres into UHV is used. This was first proposed by E. R. I. Abraham and E. Cornell in
1998 [70].

Figure 3.7 shows a sketch of the functioning of such feed-through. We use a standard
stain-less Swagelok connector (SS-400-1-2RS) welded to a con-flat flange. The Swagelok
metal ferrule is substituted by a custom-made ferrule of teflon with two axial holes to
couple the optical fibre into the vacuum system. The optical fibre is threaded through
the Swagelok nut, then through the ferrule and finally through the male connector
welded to the flange. To seal the vacuum chamber the ferrule is inserted in the male
connector and then fixed with the nut. When tightening the nut, the vacuum system
is sealed. The nut is tightened one and a half full turns after finger-tight. The teflon
inserts are permanently deformed via the tightening but the fibre does not brake inside
the ferrule because the jacket protects it. Using this method the fibres can be easily
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Figure 3.6: Vertical (a) and side (b) views of the fibre holder. (c) shows the junction
between the fibre mount and the holder allowing vertical displacement of the fibre inside
the chamber. The following elements are indicated: (1) reducing adapter, (2) vacuum
chamber, (3) fibre mount (inset in (a)), (4) UHV-compatible mechanical feed-through
(the red arrows indicate its functioning), (5) fibre feed-through, (6) TOF, (7) spring,
(8) mechanical arm, (9) bronze plate.
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Figure 3.7: Section of the fibre feed-through system. All units are in millimetres.

removed and replaced. Moreover, no change in the evacuation speed with respect to the
normally sealed chamber without the feed-through has been observed. The sealing has
been leak-tested applying ethanol and acetone to the teflon junction and no subsequent
increase of the pressure in the chamber has been observed. A Helium leak-test has also
been performed. The ferrule is, indeed, not less sealant than the rest of the elements
attached to the chamber. Moreover, the laser transmission through a fibre coupled into
and out from the vacuum chamber using the teflon feed-through has been measured
after tightening the nut for the optimal sealing with no noticeable change.

0.3 mm 2.3 mm

(a) (b)

Figure 3.8: Front (a) and side (b) microscope images of a teflon ferrule machined in
the workshop of the IAP at the University of Bonn. In the side view two fibres threaded
through the holes are visible.

Figure 3.8 shows two microscope images of the teflon ferrule machined by the workshop
of the Institut für Angewandte Physik (IAP) at the University of Bonn. The 0.3 mm
diameter off-axis holes have been chosen to thread a standard single mode fibre with a
diameter of 0.25 mm including the jacket.
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3.3.3 Positioning of the fibre and the MOT

The optical system used for observing and positioning the fibre and the MOT is schemat-
ically shown in Fig. 3.9. We use two independent imaging systems with a relative angle
close to 90◦ to simultaneously obtain a vertical and a lateral view of the fibre waist and
the atomic cloud trapped in the MOT. The vertical image is obtained with a convex lens
in 2f − 2f configuration outside the vacuum chamber that projects the image 1:1 onto
the chip of a CCD-camera. The precision on the positioning of the MOT is limited by
the spherical aberration of the system [42]. In our case this is calculated to be less than
0.2 mm. Since the image is formed due scattering of the MOT beams, the chromatic
aberrations play no role in the imaging. The lateral imaging system ((24) in Fig. 3.1)
uses an anti-reflection coated lens system with NA = 0.29 and a working distance of
36.5 mm [71]. The lens system is installed inside the vacuum chamber and the image
is captured by the CCD-camera through a view-port. An iterative alinement process
using both optical systems is followed: We displace the fibre towards the MOT using the
positioner described in Fig. 3.6 (c) until they overlap in the lateral image. Then, using
the vertical image we displace the atomic cloud towards the fibre until they overlap.
By subsequently repeating this process a simultaneous overlapping in both images is
achieved. The displacement of the atomic cloud is realised by means of a bias magnetic
field. A strong permanent magnet placed at a few ten centimetres from the centre of
the trap suffices to displace the MOT over a range of 4 mm. The iterated displacements
of the MOT can produce a decrease in the density of the atomic cloud which can be
corrected by re-adjusting the molasses.

TOF

mount CCD-camera

CCD-camera

objective

MOT

lens system

convex lensvacuum chamber

Figure 3.9: Optical system used for overlapping the fibre waist and the MOT.
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Figure 3.10 shows a picture of the atomic cloud trapped in the MOT in overlap with
the waist of a TOF. The image was captured using the vertical imaging system shown
in Fig. 3.9 and was confirmed by the lateral imaging system to ensure 3D overlap of
the waist with the MOT. The fibre waist is visible due to the scattering of light from
the laser beams and is designed to have a diameter of 500 nm. This is smaller than the
diffraction limit of the optical system and, therefore, the dimensions of the fibre cannot
be resolved.

5 mm

4.
3

m
m

Figure 3.10: Image of the Cs cloud trapped in a MOT in spatial overlap with the
500-nm diameter waist of a tapered optical fibre. The fluorescence of the atom cloud
during the normal operation of the MOT is detected with a CCD-camera. This picture
was taken using the new setup (see Figs. 5.9 and 5.10). The red dashed line indicates
the position of the axis considered in Fig. 3.11 to fit the profile of the cloud trapped in
the MOT.

Figure 3.11 shows a one-dimensional plot of the fluorescence of the cold atom cloud in
the MOT (black) as a function of the position along the axis denoted by the red dashed
line in Fig. 3.10. The size of the cloud can be determined by fitting the experimental
values to a one-dimensional Gaussian distribution (red) given by

G(x) = G0 +
A

σ
√

2π
exp

[

− x2

2σ2

]

, (3.1)

with G0 = −25 ± 1, A = (4.1 ± 0.1) × 105, and σ = 0.59 ± 0.01. The non-vanishing
value of G0 stems from the JPEG compression format used to save the picture. This is
a lossy compression format that retrieves the data that is not noticeable for the human
eye. The signal arising from the light scattered by the fibre has been indicated by an
arrow. The position of the fibre is 80 µm displaced from the centre of the cloud. The
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Figure 3.11: One-dimensional plot of the fluorescence of the cold atom cloud during
the normal operation of the MOT as a function of the position along the x-axis (black)
denoted by the red dashed line in Fig. 3.10. The red curve is a Gaussian fit of the
experimental values. The point x = 0 has been set to coincide with the centre of the
gaussian fit. The arrow denotes the position of the fibre.

cloud of cold atoms in the MOT of the original setup was measured to have about the
same size.

3.4 Tools for atom detection

Probe laser

The atoms are probed with a diode laser in Littrow configuration ((3) in Fig. 3.1) which
is frequency scanned by ±24 MHz with respect to the 62S1/2, F = 4 → 62P3/2, F

′ = 5
transition using an AOM ((8) in Fig. 3.1) (Crystal Technologies, 3110-120): The laser
is frequency stabilised using a polarisation spectroscopy setup ((21) in Fig. 3.1) to the
crossover signal of the F = 4 → F ′ = 3 and the F = 4 → F ′ = 5 transition. Thus,
the laser frequency is locked about 225 MHz below the transition to be probed. An
acousto-optical modulator (AOM) in double pass configuration allows to shift upwards
the frequency of the probe laser by the same amount. The AOM is operated using
a voltage controlled oscillator (VCO). Using an RF-spectrum analyser the frequency
output of the VCO can be monitored during the measurements. Moreover, the voltage
dependence of the frequency output of the VCO was measured to be almost linear in
the range of interest. The emission linewidth of the laser was experimentally deter-
mined to be 1 MHz with an integration time of 10 ms through a frequency beating
measurement with another laser with a well known linewidth. This allows to resolve
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the γ/2π =5.22 MHz natural absorption linewidth of the Cs D2-line in Doppler-free
spectroscopy.3 The polarisation of the laser at the fibre input is linear. However, since
the TOF is not polarisation-maintaining, the polarisation at the fibre waist is unknown.
Therefore, an incoherent, equally weighted mixture of linearly and circularly polarised
light is assumed, leading to a saturation intensity for the Cs D2-line in free-space of
18 W/m2.

In the new setup a laser diode in Littman configuration [72] (Sacher, SYS-500-850-20)
with a maximal output power of 20 mW is used ((3) in Fig. 5.9). The laser has a
specified emission linewidth narrower than 1 MHz with an integration time of 10 ms.

Avalanche photodiode (APD)

An FC connectorised APD (PerkinElmer, C30902E) is used to detect the transmission
through the TOF. The APD signal is then recorded with a digital storage oscilloscope
and averaged over 4096 traces. The APD uses an amplification circuit, which allows to
detect powers of few pW in a single shot [71]. Averaging the signal over several thousand
traces further allows measurements down to few fW. This large amplification limits the
maximal power that can be detected to several hundred nW and the bandwidth of de-
tection to 5 kHz, i. e., signals varying at larger frequencies cannot be efficiently detected.
Therefore, an additional switching circuit was built to decrease the magnification by a
factor of 100, 10 or 1.

The FC connectorised APD can also be used to detect a free-propagating beam. A
convex lens focusing the beam into the light-pipe attached to the chip suffices for this
purpouse. This is, e. g., the case for the new setup (Fig. 5.9). Moreover, depending on
the use the convex lens is sometimes not necessary. This is the case for the beam used
in the free-beam spectroscopy presented in Sec. 3.6.4.

3.5 Experimental sequence

Figure 3.12 conceptually describes the experimental scenario. A cloud of laser-cooled Cs
atoms in a MOT is spatially overlapped with the waist of a TOF in UHV environment
using the methods described in Sec. 3.3. The evanescent field spectroscopy is performed
with the probe laser launched through the fibre and the transmission is measured with
the APD described above. The TOF used for this experiment (Newport F-SF) was
designed to have a waist diameter of 500 nm and yielded a transmission of 93% after the
tapering. As explained in Sec. 1.3.2, the transmission is calculated by considering the
power transmitted through the fibre before and after the tapering. During the evacuation
of the chamber the transmission dropped to 40% possibly due to contamination with oil

3The convolution of two gaussian distributions leads to another gaussian distribution with a linewidth
σ =

√

σ2

1
+ σ2

2
.
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from the pre-vacuum pump.4 After a few days in UHV environment the transmission
increased and stabilised at 80%. The TOF fulfills the single mode condition at 852 nm
wavelength given by Eq. (1.15), and the laser is therefore guided in the fundamental
HE11 mode (see Sec. 1.2.1).

photodetector

cold atom cloud

frequency scanned laser

Figure 3.12: Conceptual description of the experimental scenario. A cloud of laser
cooled atoms is spatially overlapped with a 500-nm diameter waist of a TOF. The
transmission of a frequency scanned laser through the fibre is measured using a pho-
todetector.

3.5.1 Timing sequence of the experiment

on

onoff

off

+24 MHz

−24 MHz

0probe laser

probe laser

detuning

cooler, repumper,

magnetic field

5 ms5 ms

Figure 3.13: Timing sequence of the experiment.

The timing of the experimental sequence is shown in Fig. 3.13: During the first 5 ms the
atoms are captured and cooled in the MOT while the probe laser is off. In the following
5 ms the cooling and repump lasers and the magnetic field are switched off and the probe
laser is on. Thus, the atoms are not influenced by the MOT lasers or the magnetic field.
The cooling and repump lasers are shuttered using a chopper wheel that delivers a
trigger signal for the rest of the elements involved in the sequence. The probe laser is
switched and scanned using an AOM as described in Sec. 3.4. The duration of the two
stages of the sequence does not need to be equal or fixed at 5 ms. The lower limit of the

4For this reason the pre-vacuum pump was substituted by the oil-free pump in the new setup.
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probe laser pulse duration is given by the bandwidth of the APD in combination with
the amplitude of the frequency scan: The time modulation of the absorption of the cold
atom cloud should be slower than the rise time of the APD (5 kHz → 0.2 ms). Hence,
the scan of the linewidth of the absorption of the atoms γ/2π =5.22 MHz should not be
performed in less than 0.2 ms. If the amplitude of the scan is set to 50 MHz, the time
needed is at least 2 ms. On the other hand, the upper limit of the probe pulse duration
is given by the characteristic time-of-flight of the atoms released from the MOT, which
has been measured to be approximately 8 ms (see Sec. 3.6.3). The cooling time can be as
long as desired but not shorter than the time needed to re-capture the atoms that have
been previously released. For a free-fall time of 5 ms, the re-capture time is shorter than
the rise time of the APD. The magnetic field gradient is switched off using a field-effect
transistor (FET) synchronised to the trigger signal of the chopper wheel. The 1/e-decay
time of the magnetic field gradient after the switching off the current applied on the
magnetic coils has been measured to be 1 ms (see Sec. 3.3). The switching is required
since the presence of the magnetic field gradient used for the normal operation of the
MOT would lead to a broadening of the measured absorbance profiles of the cold atom
cloud of about 1 MHz (see Sec. 3.6.4).

3.6 Experimental results

Figure 3.14 shows the measured APD signal in AC mode as a function of time using the
experimental sequence shown in Fig. 3.13. The reference signal in absence of the cold
atom cloud (black dashed) is obtained by running the molasses normally but without
magnetic field. The central part of the measured signal from t = 0 to t = 4.5 ms
corresponds to the transmission of the frequency scanned probe laser through the fibre.
The shape of the laser pulse is determined by the efficiency of the AOM. The increased
background signal measured at t < 0 and at t > 5 ms results from the coupling of the
MOT beams to the guided fibre mode HE11. This stems from the scattering of the beams
at the surface of the fibre. The reference at zero power is measured by introducing a
small time delay of about 0.5 ms between the two periods of the sequence where both
the MOT lasers and the probe laser are switched off. The red solid curve shows the APD
signal when cold atoms are trapped and cooled in the MOT and subsequently released.
The transmission decreases by 23% when the frequency of the probe laser matches the
resonance frequency of the atoms. Note that the measured signal at t < 0 and at
t > 5 ms is larger when the atoms are present. This effect is due to the fluorescence of
the atoms coupled to the guided fibre mode at the waist (see Chap. 4).

3.6.1 Data analysis

The measurement shown in Fig. 3.14 allows to extract information about the interaction
of the atoms with the evanescent field propagating in the HE11 mode at the waist of the
fibre. The atomic absorption leads to an attenuation of the transmission of the probe
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Figure 3.14: Measured APD signal in AC mode as a function of time: In the presence
of the laser cooled atoms (red solid) and in their absence (black dashed). The used
experimental sequence is shown in Fig. 3.13. The peak probe laser power was set to
11 pW.

laser through the fibre according to Beer’s law. The transmitted power P is, therefore,
given by

P = P0e
−A(δ), (3.2)

where P0 is the power transmitted through the fibre in absence of the atom cloud and
δ is defined as

δ = (ω − ω0), (3.3)

where ω is the angular frequency of the probe laser and ω0 is the angular frequency of
the atomic transition. The absorbance A(δ) is calculated as

A(δ) = − ln[P/P0]. (3.4)

A(δ) can thus be directly extracted from the data in Fig. 3.14 once the time axis has
been converted to a frequency axis according to the calibration described in Sec. 3.4.
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Figure 3.15: Peak absorbance of the atom cloud (circles) and fitted theoretical func-
tion (red solid) as a function of the probe laser power.

3.6.2 Absorbance on resonance as a function of the probe power

The peak absorbance of the cold atom cloud varies as a function of the power of the
probe laser due to the saturation of the probed atoms (see Sec. 2.2). Using Eq. (3.4) the
power dependency of the absorbance on resonance A(δ = 0) can be approximated as

A(δ = 0) = − ln

[

1 − A0

1 + sPP0

]

≃ A0

1 + sPP0
, (3.5)

where A0 is the absorbance on resonance for vanishing powers and P0 is the power of the
probe laser. The quantity sPP0 is the mean saturation parameter of the atoms in the
cloud: Since the atoms are at different distances from the fibre surface, the saturation
parameter of each individual atom is different. The approximation in Eq. (3.5) is justified
by the experimental values shown in Fig. 3.15, where A0 has a value of 0.31. Here, the
peak absorbance of the atom cloud (circles) obtained in a set of measurements like the
one shown in Fig. 3.14 is plotted as a function of the probe laser power. By fitting
the experimental values with the theoretical curve (red solid) given by Eq. (3.5) the
following values of the parameters A0 and sP are obtained:

A0 = 0.28 ± 0.01, (3.6)

sP = (0.006 ± 0.001) pW−1. (3.7)

Using the fitted value of sP , we can estimate that for a probe laser of 170 pW the mean
saturation parameter is equal to 1.
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3.6.3 Time-of-flight measurements of the cold atom cloud using a TOF

By releasing the atoms from the MOT and by measuring the absorption of the probe
laser after a variable time of flight, the temperature of the atoms can be estimated.
Using the experimental sequence shown in Fig. 3.13 a delay between the cooling and
probing cycles is introduced where all lasers and the magnetic field are switched off.
Figure 3.16 shows the peak absorption of the atom cloud as a function of the delay
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Figure 3.16: Transmission of the probe beam through the tapered optical fibre on
resonance (squares) and fitted exponential decay (red solid) as a function of the delay
time between the cooling and probing cycles. This measurement was performed with
the new setup (Fig. 5.9).

between the cooling and probing cycles. The 1/e-decay time of the density of the atom
cloud at the position of the fibre is found to be 8.2 ± 0.8 ms. We can estimate that the
density variation of the cold atom cloud during the probing time of 5 ms is about 40%
of its peak value. Comparing the experimental results with the theory of a ballistically
expanding atom cloud in the presence of gravity, the temperature of the atoms in the
MOT can be determined. Following the notation introduced in Fig. 1.5, the z-axis is
set parallel to the fibre axis. Since the waist of the TOF is longer than the extension of
the size of the cloud along the fibre axis a 2D-distribution in the xy-plane can be used
to describe the density of the cloud. The distribution of the density of a cloud of atoms
with temperature T during the fall is given by [73]

ρ(x, y, t) =
1

2πσ2(t)
exp

[

− (y2(t) + x2)

2σ2(t)

]

, (3.8)

where

y(t) = y +
1

2
gt2 (3.9)

determines the time evolution due to gravity and

σ(t) =
√

σ2
0 + (kBT/mCs)t2 (3.10)
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Figure 3.17: Calculated density distribution of the atom cloud with a temperature
of 135 µK as a function of the position on the y-axis at x = 0 at three different times:
t = 0 (solid), t = 2.5 ms (short-dashed), and t = 5 ms (long-dashed).

determines the expansion of the cloud due to its temperature T . I determine the tem-
perature of the atom cloud by searching T such that

ρ(x = 0, y = 0, t = τ, T ) =
1

e
ρ(x = 0, y = 0, t = 0, T ) (3.11)

is fulfilled where τ is the 1/e-decay time of the absorption measured in Fig. 3.16. This
yields a temperature of T = 135 µK. Note that this must be taken as an estimation
since Eq. (3.8) is not an exponential of the form ρ(t) = A exp[−t/τ ] at x = y = 0.
Figure 3.17 shows the time evolution of the 2D-distribution of the density of the atom
cloud given by Eq. (3.8) with T = 135 µK as a function of the position on the y-axis
at x = 0. The solid curve is the density distribution at t = 0. The short-dashed curve
is the density distribution at t = 2.5 ms, the typical time value when the probe laser
is tuned to the resonance of the atom cloud according to the timing of the experiment
shown in Fig. 3.13. Finally, the long-dashed curve is the density distribution at the end
of the probe cycle, typically at t = 5 ms.

3.6.4 Frequency-dependent absorbance of the cold atom cloud

The absorbance of the cold atom cloud A(δ) as a function of the detuning of the probe
laser is shown in Fig. 3.18 (black). The zero point of the detuning has been fitted and
is set to coincide with the peak value of the profile. The peak absorbance is found to
be A(δ = 0) = 0.27 which corresponds to an absorbed power of 2.6 pW for an incident
power of 11 pW. The linewidth W/2π of the absorbance profile is defined as the full
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Figure 3.18: Absorbance of the cold atom cloud in the evanescent field around the
fibre (black) as a function of the detuning of the probe laser with a power of 11 pW.
The Lorentzian curve (red) given by Eq. (3.13) has been fitted to the experimental
values using the method of the least-squares.

width at half maximum (FWHM)

A(δ = W/2) =
1

2
A(δ = 0), (3.12)

which can be determined by fitting the measured absorbance profiles with the Lorentzian
function

L(δ) =
2C

π

1/W

1 + (2δ/W )2
(3.13)

using the method of the least-squares with W and C as fitting parameters (red).

The agreement between the experimental and the fitted curves is very good except in
the regime of −24 < δ/2π < −16 MHz. This deviation stems from a slight asymmetry of
the experimental curve, which could not be systematically reproduced. As a check, the
laser was scanned from negative to positive detunings and viceversa and no correlations
between the asymmetry and the direction of scan were observed.

Estimation of the error in the measurement of the linewidths

Systematic errors in the measurement of the widths can arise from the following sources:

• Laser linewidth: The measured absorbance profile is a convolution of the ”real”
absorbance profile with width W0, and the laser line with width WL. Hence, the
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measured width W is given by W ≃
√

W 2
0 +W 2

L. The experimentally measured

linewidth of the laser WL/2π = 1 MHz, leads a maximal overestimation of a 2%
when approaching the natural linewidth of the Cs D2-line W0/2π = 5.22 MHz.

• Time of flight through the evanescent field: The interaction time of the atoms with
the evanescent field depends on their mean velocity inside the MOT, vD ≃ 10 cm/s,
and on the decay length of the evanescent field in the HE11 mode given by Λ11

(see Sec. 1.2.1). The interaction time is thus on the order of 1 µs, leading to a
frequency broadening of 1 MHz that produces a maximal overestimation of the
linewidth W of 2%.

• Magnetic field gradient: The repetition of the same measurement with and with-
out switching off the magnetic field gradient during the probe cycle, leads to a
broadening of 1 MHz in the latter case. Hence, the magnetic field gradient needs
to be switched off during the spectroscopy. Since it has a decay time of 1 ms
after switching off, the broadening of the curves due to the residual magnetic field
gradient can thus be neglected.

• Numerical fit: The error in the fitting performed applying Eq. (3.13) using the
method of least squares is< 1%. However, modifications on the measured linewidth
on the order of ±2% have been observed by repeatedly fitting the same curve while
varying the fitting range in a few percent.

• Variations in the peak atomic density due to free expansion of the cold atom cloud:
As shown in Fig. 3.16, the density decreases by 40% of its maximal value during
the probing time, however, the time delay between the two points defining the
width is of 2 ms. This leads to a decrease in the density of 20%, which produces
an underestimation of the linewidth given by

∆W

W
≃ 0.2

W

∣

∣

∣

∣

A(δ)

(dA/dδ)

∣

∣

∣

∣

δ=W/2

= 0.04. (3.14)

To estimate the statistical error, the measurements have been repeated under the same
conditions several times, leading to a statistical deviation of ∆W/W = ±5%.

Free-beam spectroscopy of the cold atom cloud

To investigate if the experimental setup allows to resolve the natural linewidth of the
Cs D2-line, free beam spectroscopy on the cold atom cloud has been performed (see
Fig. 3.1). For this purpose a Gaussian beam previously mode-filtered using a single-
mode standard optical fibre is used. The beam has a peak intensity of I = 2.9 µW/m2

and approximately the same cross-section as the atom cloud. The chosen value of the
intensity I ∼ 10−7Is excludes any power broadening of the absorbance line of the atoms.
Figure 3.19 shows the absorbance profile of the cold atom cloud (black) measured using
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Figure 3.19: Absorbance profile of the cold atom cloud (black) as a function of the
detuning of the probe laser. The spectroscopy was performed with a Gaussian beam
of intensity I = 2.9 µW/m2. The Lorentzian curve (red) given by Eq. (3.13) is a least
square fit to the experimental values.

free-beam spectroscopy in a similar experimental sequence as in Fig. 3.13. The width
of the curve has been calculated by fitting Eq. (3.13) (red) to the experimental values,
leading to a measured linewidth of W/2π = (5.27 ± 0.3) MHz, which confirms that our
detection setup can resolve the natural linewidth of the Cs atoms.

3.6.5 Linewidths vs incident power: Light-induced dipole forces and
atom-surface interactions

According to Eq. (2.16) the linewidth of the absorbance profiles is a measure of the
degree of saturation of the probed atoms. However, when the atoms interact with the
evanescent field around an ultra-thin optical fibre the linewidth of the profiles is further
modified by a number of additional effects that can be conveniently classified in two
classes: Light-induced dipole forces and surface interactions.

The light-induced dipole forces arising from the interaction of a near-resonant light
field with a neutral atom have been explained in Sec. 2.2. The frequency of the light
field is scanned during the spectroscopy. Hence, in addition to the resonant absorption
of the probe beam by the atoms the field also interacts with the atoms dispersively
resulting in a dipole force that mechanically influences them. Moreover, the dipole force
is proportional to the intensity gradient of the light field, which is very strong in the
evanescent field due to the exponential decay of the intensity outside the fibre. This will
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be shown in Sec. 3.7.3.

The surface interactions will be explained in Sec. 3.7.2. One atom located at the vicinity
of the surface of a metal or dielectric will undergo a modification of the radiative prop-
erties and a shift of the atomic energy levels [20]. This can be intuitively understood as
dipole-dipole interaction between the electric dipole of the atom and its image induced
on the surface of a reflector.

0

0

5

6

7

8

9

10

50 100 150 250 300 350200 400

Probe laser power (pW)

L
in

ew
id

th
(M

H
z)

Experiment
Reduced model

Figure 3.20: Linewidth of the measured absorbance profiles (circles) versus the probe
laser power. The solid line is a theoretical model not taking into account light-induced
dipole forces and surface interactions.

Figure 3.20 shows the linewidths of the absorbance profiles plotted as a function of
the probe laser power (circles). The experimental values are obtained by repeating the
measurement shown in Fig. 3.18 for different probe laser powers. For comparison, a
theoretical model (solid) that calculates the laser linewidth in absence of light-induced
dipole forces and surface interactions is shown. In the following, this will be referred
to as the reduced model to distinguish it from the full model that will be presented in
Sec. 3.7.

The disagreement between the experimental values and the reduced model points out the
regimes where each of the above mentioned effects dominates: For probe laser powers
larger than 50 pW the measured linewidths are considerably narrower than the pre-
dictions of the reduced model. The experimental values show significantly less power
broadening. I will show in Sec. 3.8 that this narrowing can be explained by the effect of
the light-induced dipole forces on the density of the atomic cloud. On the other hand,
the linewidths measured for probe laser powers smaller than 50 pW are broader than
the predictions of the reduced model. This can be better appreciated in Fig. 3.21 where
the widths in the regime of low powers of the probe laser are shown. While the reduced
model approaches the natural linewidth of the D2-line of Cs of γ/2π = 5.22 MHz for
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Figure 3.21: Linewidth of the measured absorbance profiles (circles) against the probe
laser power for low laser powers. The solid line indicates the reduced model not taking
into account light-induced dipole forces and surface interactions.

vanishing powers, the experimental values approach a linewidth of 6.2 MHz, i. e., about
20% broader. As we will see in Sec. 3.8, this can be explained by means of atom-surface
interactions that modify the spectral properties of the atoms near the fibre.

3.7 Model for near-resonant interaction of cold atoms with
the evanescent field of a TOF

3.7.1 Reduced model

In the following, I will first introduce the reduced model that was used to generate the
theoretical curves in Figs. 3.20 and 3.21.

The variation of the intensity I of a laser beam passing through an absorbing medium
along the z-axis is given by [4]

dI = Iσsρdz, (3.15)

where ρ is the density of scatterers in the medium and σs the individual scattering cross
section. For the case of a cloud of atoms, Eq. (3.15) reads

dI = ~ω
γ

2

I/Is
1 + I/Is + (2δ/γ)2

ρdz. (3.16)

Is is the free-space saturation intensity of the atoms defined in Eq. (2.14), δ the angular
frequency detuning defined in Eq. (3.3), ω the angular frequency of the laser, and γ the
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spontaneous emission rate of the atoms. This equation can be approximated for the
case of low optical densities as

dI(r, z) = ~ω
γ

2

IP0
(r)/Is

1 + IP0
(r)/Is + (2δ/γ)2

ρdz, (3.17)

where the magnitude IP0
(r) is the unmodified intensity of the laser beam and r denotes

the radial position. The low optical density approximation assumes that the power
incident in one atom is not influenced by the rest of the atoms in the cloud. This results
in a linear dependence of the transmitted power on the extension of the cloud along
the direction of propagation of the field. If the low optical density approximation was
not used, this dependence would be exponential. This is justified because the maximal
experimentally measured absorbance is A(δ = 0) ≃ 0.3 for P0 ≤ 3 pW, leading to a
maximal deviation of a 14% between Eqns. (3.17) and (3.16). Using Eq. (2.15), the line
shape of the absorbance profiles can be expressed as

A(δ, P0) =
~ω

P0

∫

ρ(r, z)Γs(IP0
)dV, (3.18)

where Γs(IP0
) is the scattering rate of one atom and ρ(r, z) is the atom density inside

the MOT given by

ρ(r, z) =
{ n0

σ3(2π)3/2
e−(r2+z2)/2σ2

}

g(r). (3.19)

The term in curly brackets corresponds to a Gaussian density distribution of an unper-
turbed atomic cloud with an experimentally measured 1/

√
e-radius of σ = 0.6 mm and

a total atom number n0. Note that the latter is not relevant to simulate the linewidths
which are independent of n0. The factor g(r) accounts for the perturbation of the density
introduced by the fibre at distances close to the surface.

Figure. 3.22 shows a schematic of the influence of the fibre in the density of the atom
cloud at distances close to the surface. The black arrows denote classical atomic trajec-
tories that cross a point at a radial position r. The density of atoms at this point is thus
proportional to the number of atomic trajectories that cross it. The red arrows show
one example of atomic trajectory that collides with the fibre. Upon collision with the
fibre surface, the atoms are either adsorbed [74] or rapidly expelled with a kinetic energy
of Ek/kB = 300 K and do not contribute to the absorbance. The quantity g = α/2π
therefore determines the amount of shadowing produced by the fibre. Hence, the density
of the atom cloud at a distance r from a cylinder with radius a is modified by a factor
g(r). Due to the geometry of the system, g(r) can be approximated as

g(r) = 1 − 1

π
arcsin(a/r), (3.20)

which, leads to g(r = a) = 1/2 at the fibre surface.
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Figure 3.22: Schematic of the influence of a fibre with radius a on the density of
the cold atom cloud near the surface. The black arrows denote the classical atomic
trajectories that contribute to the density at the radial position r. The red arrow
shows one example of the trajectory of an atom colliding with the fibre surface. The
atom is subsequently expelled with a kinetic energy of Ek/kB = 300 K (dashed line).

3.7.2 Surface interactions between a neutral atom and a dielectric fibre

A simple physical picture of the interaction of atoms with a dielectric body relies on
the dipole-dipole interaction between the electric dipole moment of the atom ~d and the
image dipole induced on the bulk material. Although for a neutral atom the permanent
electric dipole is zero, 〈~d(t)〉 = 0, its quantum fluctuations are non-zero (∼ 〈~d2〉 6= 0).
This leads to correlated fluctuations of the image dipole that interact with the original
dipole. As a result, an attractive potential with a position dependence proportional
to (r − a)−3 arises in the near-field approximation (i. e., instantaneous image): The
van der Waals potential. In the far-field regime an additional factor (r − a)−1 appears,
leading to the Casimir-Polder potential. This classical picture is valid for an atom
in the ground state, but fails to describe the behaviour of an excited atom. In this
case the radiative properties associated to the spontaneous emission of the atom must
be considered. Firstly, the dipole fluctuations of an atom in an excited state are larger
than those in the ground state. This can be intuitively understood assuming one electron
orbiting around the atom. The bigger the radius of the orbit is, the larger 〈~d2〉 will be.
This leads to a red-shift of the atomic transition frequency because the excited level of
the atom experiences a larger van der Waals potential than the ground state. Another
effect arising from the presence of the dielectric body is a modified lifetime of the excited
state of the atom, i. e., a modified spontaneous emission rate. Each of the modes of
the electro-magnetic field in which the radiation can be emitted (e. g., the guided mode
of an ultra-thin optical fibre) contributes to the spontaneous emission. Hence, a full
description of the radiation requires a weighted integration over all the possible modes
available for the atomic emission with their correspondent coupling strength. Since the
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fibre modifies the density of modes, the atomic spontaneous emission rate is, thereby,
modified.

Van der Waals interaction

The classical van der Waals potential of an atom near the surface of a dielectric cylinder
of infinite length is given by [56]

VvdW(r) =
~

2π3ε0

∞
∑

l=−∞

∫ ∞

0

(

k2K ′2
l (kr) + (k2 + l2/r2)K2

l (kr)
)

× (3.21)

×
(

∫ ∞

0
α(iξ)Gl(iξ)dξ

)

dk, (3.22)

where

Gl(ω) =
(ε(ω) − ε0)Il(ka)I

′
l(ka)

ε0Il(ka)K
′
l(ka) − ε(ω)I ′l(ka)Kl(ka)

. (3.23)

ε0 is the dielectric constant in vacuum, k the wave-number in vacuum, Il(x) the modified
Bessel function of first kind, Kl(x) the modified Bessel function of second kind and I ′l(x)
(K ′

l(x)) denotes dIl(x)/dx (dKl(x)/dx). The frequency-dependent dielectric function of
silica ε(ω) is given by [43]

n2(ω) =
ε(ω)

ε0
= 1 +

0.6961663 λ2

λ2 − 0.06840432
+

0.4079426 λ2

λ2 − 0.11624142
+

0.8974794 λ2

λ2 − 9.8961612
, (3.24)

where λ is in units of micrometers. The multilevel structure of the atom is taken into
account by using α(ω) ≃ Re[α(ω)] given by Eq. (2.27). Note that this approximation
neglects the resonant frequencies of the silica. This is justified because they are substan-
tially different and weaker than those of the atom. When calculating Re[α(ω)] for the
excited state, the downward transition back to the ground state must also be included.
Note that this calculation does not take into account the hyperfine structure of the atom
and, therefore, it is only valid for quantum states with low orbital angular momentum
like S and P . For the case of silica, the frequency dependence of ε(ω) can be neglected
because its variation over the range defined by the strongest transitions of Cs (visible
to infrared) is smaller than 3%. The validity of the approximations can be checked by
calculating the well-known coefficient of the v.d.W. potential of a ground-state Cs atom
near an infinite planar silica surface C3 = 5.6 × 10−49 J m3 given by [39]

C3 =
~

16π2ε0

∫ ∞

0
α(iξ)

ε(iξ) − ε0
ε0 + ε(iξ)

dξ. (3.25)

Using an average value of ε/ε0 = (1.43)2, a deviation of less than 1% is obtained for
the C3 coefficient. Moreover, the used approximations lead to a ratio between the two
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integrated polarisabilities of the ground and excited states of 1.94, in accordance with
the experimental value of [75]

C3(6
2P3/2)

C3(62S1/2)
≃ 2. (3.26)
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Figure 3.23: Van der Waals potential between a dielectric fibre and a Cs atom in the
62S1/2 (red) and 62P3/2 (black) states as a function of the distance to the fibre surface.
The calculations have been performed for a cylindrical fibre with radius a = 250 nm
and a frequency-independent refractive index of n = 1.43.

Figure 3.23 shows the variation of the Van der Waals potential between a dielectric
cylinder of infinite length and a Cs atom in the 62S1/2 (red) and 62P3/2 (black) states
versus the distance to the fibre surface. Due to the larger polarisability of the excited
state, the energy shift of the 62P3/2 state is larger than the one of the 62S1/2 state. As
a result, the transition frequency between these two states is shifted by

∆E
h

=
1

h

(

V62P3/2
− V62S1/2

)

. (3.27)

The frequency shift ∆E/h of the 62S1/2 → 62P3/2 transition is plotted versus the atom-
surface distance in Fig. 3.24. Note that in the experiment the probe laser was scanned
from -24 to +24 MHz, which implies that atoms closer than 30 nm to the fibre surface
will not contribute to the observed spectrum (see Sec. 3.5.1).

• Infinite planar surface approximation:

This useful analytical solution of the v.d.W. potential is obtained when approximating
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Figure 3.24: Frequency shift of the 62S1/2 → 62P3/2 transition versus the distance
from the fibre surface. The calculations have been performed for a cylindrical fibre with
radius a = 250 nm and a frequency-independent refractive index of n = 1.43.

the cylinder as an infinite planar surface. The potential is then given by

Vplanar = −C3

d3
, (3.28)

where d denotes the distance between the atom an the surface and the coefficient C3 is
given by Eq. (3.25). The C3 coefficients for several dielectric bulk materials and different
transitions of the Cs atom have been measured in a number of experiments [76, 77].
Figure 3.25 shows the ratio between the v.d.W. potential induced by a silica fibre and
by an infinite planar silica surface plotted against the distance from the surface. The
calculations have been performed for a Cs atom in the ground state and two different
values of the fibre radius: 250 nm (solid), and 400 nm (dashed). As expected, the
ratio Vfibre/Vplanar approaches one at vanishing distances. Indeed, for distances smaller
than 100 nm Vfibre/Vplanar > 0.9. Hence, this approximation describes the potential
induced by a fibre of 250 nm radius with an accuracy better than a 10% in the region
where the v.d.W. shift is not negligible compared to the accuracy of the experimental
measurements. As described in Sec. 3.6.4 the estimated accuracy of the measurements
of the linewidth is ±5%, i. e., about ±0.3 MHz.

Casimir potential

The Casimir potential can be viewed as a retarded van der Waals potential due to the
finite velocity of the virtual photons that transmit the interaction [27]. While the v.d.W.
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Figure 3.25: Ratio between the v.d.W. potential of a Cs atom near a dielectric
fibre and the potential near an infinite planar silica surface versus the atom-surface
distance. Solid: For a fibre radius of 250 nm. Dashed: For a fibre radius of 400 nm.
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potential (d−3) is valid at distances d smaller than λ/10, the Casimir potential (d−4) is
valid asymptotically for large distances [20]. There is a smooth crossover between the
two approximations at d ≃ λ/10 from the surface, which for Cs takes place at about
100 nm from the surface. The Casimir potential for a ground-state Cs atom near an
infinite dielectric surface can be approximated as [78]

VCas = − 3

8π

~cα(0)

4πε0d4

n2 − 1

n2 + (30/23)n+ 7/23
, (3.29)

where α(0) = 399.9 a.u. is the static polarisability of Cs [76]. Assuming a refractive
index of n = 1.43 a Casimir interaction coefficient of C4 = 5.78×10−56 J·m4 is obtained,
where VCas = −C4/d

4.

Figure 3.26 shows a comparison between the variation of the Casimir (dashed) and
v.d.W. (solid) potentials of a ground-state Cs atom near a planar infinite silica surface.
The crossover between the two potentials takes place at a distance of d ∼ 100 nm from
the surface. At smaller (larger) distances, the v.d.W. (Casimir) approximation should
be used, however, the deviations arising from the use of the v.d.W. potential at distances
larger than 100 nm from the surface are rather small.

The Casimir potential of an atom in the excited state presents an oscillatory behaviour
that can be approximated as cos[k · d], where k is the wave-number associated to the
considered radiative process [79]. In the simulations presented in Sec. 3.7.4 the v.d.W.
shift of the 62S1/2 → 62P3/2 transition frequency given by Eq. (3.27) was used for the
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Figure 3.26: Variation of the Casimir (dashed) and van der Waals (solid) potentials
of a ground-state Cs atom as a function of the distance from an infinite planar silica
surface.

whole range of distances from the surface and this oscillatory behaviour was thus not
taken into account. This is justified because the deviations produced by this approxi-
mation in the simulations are negligible compared to the accuracy of the experimental
measurements.

In the case of the surface traps presented in Chap. 5, the use of the v.d.W. potential for
the whole range of distances is always a conservative estimation of the surface potential.
Therefore, only the non-retarded van der Waals interaction will be considered in this
work.

Modifications of the spontaneous emission rate

The full quantum mechanical calculation of the modified spontaneous emission rate of Cs
atoms near the surface of an ultra-thin optical fibre is laborious and can be found in [38].
In this section, an approximative solution of the problem based on classical calculations,
which do not include the magnetic structure of the atom is presented. The spontaneous
emission rate of an atom near an ultra-thin optical fibre has two contributions: The
emission into radiating modes, i. e., modes propagating in free-space, and the emission
into guided modes (the HE11 in the case of a single mode fibre). A third contribution due
to non-radiative decay is neglected because silica has a negligible absorption at 852 nm.
Hence, the total spontaneous emission rate is given by

γtotal(r) = γrad(r) + γguided(r). (3.30)

Using a quasistatic approximation (ka≪ 1), the contribution to γrad(r) from the three
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possible orientations of the dipole moment is given by [57]

γ
(r)
rad(r) ≃ γ0

∣

∣

∣
1 +

n2 − 1

n2 + 1

a2

r2

∣

∣

∣

2
, (3.31)

γ
(φ)
rad(r) ≃ γ0

∣

∣

∣
1 − n2 − 1

n2 + 1

a2

r2

∣

∣

∣

2
, (3.32)

γ
(z)
rad(r) ≃ γ0, (3.33)

where γ0 is the spontaneous emission rate of the atom in free space. If the dipole
moment has no preferred orientation, γrad is an equally weighted average of the three

possible orientations. Note that the longitudinal component γ
(z)
rad stays unmodified by

the presence of the fibre. This is only the case in the quasistatic approximation where
electrostatic reflection coefficients hold [80].

It has been shown that γj
guided(r) with j = {r, φ, z} has the same radial dependency as the

corresponding component of the evanescent field intensity around the fibre |Ej(r)|2 [38].
Therefore, the total emission rate into guided modes can be approximated as

γguided(r) ≃ γaγ0
| ~E(r)|2

| ~E(a)|2
, (3.34)

where the product γaγ0 gives the decay rate into guided modes at the surface of the
optical fibre. Approximative expressions of γa for ka≪ 1 can be found in [57]:

γ(r)
a ≃

[ 48n4

(n2 − 1)2(ka)6
exp

(

− 2

(ka)2
n2 + 1

n2 − 1
+
n2 + 1

4
− 2θ

)]

, (3.35)

γ(φ)
a ≃

[ 48

(n2 − 1)2(ka)6
exp

(

− 2

(ka)2
n2 + 1

n2 − 1
+
n2 + 1

4
− 2θ

)]

, (3.36)

γ(z)
a ≃

[ 12

(ka)6
exp

(

− 2

(ka)2
n2 + 1

n2 − 1
+
n2 + 1

4
− 2θ

)]

, (3.37)

where θ ≃ 0.577 is the Euler’s constant. The equations above are only valid for single
mode fibres since only the contribution of the fundamental mode is taken into account.
This classical quasistatic approximation leads to a 30% smaller value of γrad than the
full quantum-mechanical calculation. The value of γguided is, on the other hand, only
7% smaller [38].

Figure 3.27 shows the ratios of the spontaneous emission rates γtotal(r)/γ0 (solid),
γguided(r)/γ0 (dash-dot), and γrad(r)/γ0 (dashed) as a function of the distance from
the fibre surface. The largest contribution leading to an increase of the spontaneous
emission rate corresponds to the emission into the HE11 mode.

While all the above calculations have been performed classically one should bear in
mind that a full quantum mechanical description we are dealing with cavity quantum
electrodynamics (CQED) effects. In this picture, the modified spontaneous emission
stems from the modification of the vacuum modes, in particular due to the presence of
the strongly confined guided HE11 mode.
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Figure 3.27: Ratios of the spontaneous emission rates γtotal(r)/γ0 (solid),
γguided(r)/γ0 (dash-dotted), and γrad(r)/γ0 (dashed) as a function of the distance from
the fibre surface. The calculations have been performed for a fibre of radius 250 nm
with a refractive index n = 1.45.

3.7.3 Monte-Carlo simulations of the relative density of the atom cloud

Since the van der Waals interaction influences the atoms close to the fibre surface both
spectrally and mechanically the influence of the fibre on the atomic density is not fully
described by the geometrical factor g(r) used to develop the reduced model. Further-
more, the strong radial confinement of the guided mode around the fibre leads to a
large intensity gradient that induces dipole forces on the atoms in the presence of the
probe laser. The dipole forces depend on the probe laser power P0 and its detuning with
respect to the atomic transition frequency. To describe the relative atomic density close
to the fibre fδ,P0

(r) during the spectroscopic measurements, Monte-Carlo simulations of
classical atomic trajectories in the vicinity of the fibre including the above mentioned
effects have been performed. For the v.d.W. interaction the full solution of the cylinder-
atom problem has been used, however, the planar surface approximation has also been
tested leading to the same results. We simulate 5.000 classical trajectories of thermal
atoms inside the cloud. From the number of trajectories that cross a given volume ele-
ment dV and from their velocity, a value for the relative density of atoms in the volume
is inferred. Due to the geometry of the system the simulations can be reduced to a 2D
problem. Each trajectory is obtained by numerically solving the 2D-equation of motion
given by

mCs~̈r = ~Fdip(r) + ~FvdW(r). (3.38)

The first term on the right side denotes the near-resonant dipole force given by

~Fdip(r) = −~

2

δ − δvdW(r)

1 + I(r)/Is + (2(δ − δvdW(r))/γ)2
~∇(I(r)/Is), (3.39)
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where I(r) is the intensity of the evanescent field in the HE11 mode with rotating
polarisation given by Eqns. (1.20) and (2.13). Although the polarisation is unknown, for
symmetry considerations the intensity distribution for the assumed isotropic polarisation
is the same as for rotating polarisation. The quantity δ is defined in Eq. (3.3). The
spectral effects of the v.d.W. potential are included as a position-dependent detuning of
the resonant frequency of the atom δvdW(r) = ∆EvdW/~, while the mechanical effects
are included in the second term of the right side of Eq. (3.38), given by

~FvdW(r) = −~∇Vvdw(r). (3.40)

The value of the potential VvdW of a ground-state atom is used for the calculations. The
validity of this approximation will be discussed below.
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Figure 3.28: Simulated atomic trajectories for a probe laser power of 1 nW propagat-
ing in the HE11 mode of a 250-nm radius optical fibre with detunings δ/2π = −3 MHz
(a) and δ/2π = +3 MHz (b). The atoms have a fixed velocity of 10 cm/s. The fi-
bre is indicated by the circle and the extension of the evanescent field is schematically
indicated by the shaded area.

Figures 3.28 (a) and (b) show several simulated atomic trajectories with a probe laser
power of 1 nW and detunings −3 and +3 MHz, respectively. The modulus of the
initial velocity of the atoms vD is 10 cm/s, corresponding to the mean velocity of the
thermal atoms at the Doppler temperature of the MOT TD = 125 µK, and the angular
distribution ranges from 0 to π/2 in (a) and from 0 to π/4 in (b). The atom source is
located at (1500, 0) nm, i. e., at a distance where both the light-induced dipole force and
the v.d.W. interaction can safely be neglected. The trajectories in (a) are influenced
by the red-detuned probe laser, and the atoms are accelerated towards the fibre. One
could intuitively expect that some stable orbits appear. However, this is not possible at
the given laser wavelength due to the bad cancellation between the centrifugal potential
(∼ 1/r2) and the dipole potential induced by the evanescent field [81]. The effect of the
repulsive blue-detuned dipole force becomes apparent in (b). The atoms are repelled
from the regions of higher intensity, however, at distances closer than 100 nm from the
surface, the net force becomes attractive. This effect has two origins: Firstly, the v.d.W.
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shift of the resonant frequency decreases the strength of the repulsive force. Secondly,
the v.d.W. force is stronger than the light-induced dipole force at short distances.

The distribution of the modulus of the initial velocity v is determined by a 3D-Maxwell
distribution projected to 2D:

p(v, TD) = 4π
( mCs

2πkBTD

)3/2
v2 exp

(

− mCsv
2

2kBTD

)

. (3.41)

The initial angle of the trajectory is then given by the oven distribution [82]

θ = arccos(R), (3.42)

where R denotes a function generating random numbers from 0 to 1. Note that for
symmetry considerations is not necessary to move the starting point of the atomic
trajectories along the azymuthal direction.
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Figure 3.29: Simulations of the relative density of the cold atom cloud around an
ultra-thin fibre for different detunings of the probe laser versus the distance from the
fibre surface; solid line δ/2π = 0, dotted line δ/2π = −3 MHz, dashed line δ/2π =
+3 MHz. The following parameters have been used for the simulations: A fibre radius
of 250 nm, a probe laser power of 1 nW and a 3D Maxwellian velocity distribution of
Cs atoms at a temperature of 125 µK. For the simulation of this three curves 100.000
trajectories were used, which required an overall calculation time of 6 hours.

Figure 3.29 shows the relative atomic density fδ,P0
(r) as a function of the distance from

the fibre surface for P0 = 1 nW and detunings δ/2π = −3 (dotted), 0 (solid), and
+3 MHz (dashed). fδ,P0

(r) exhibits a strong frequency dependence. In all three cases
the relative atomic density is zero at the surface of the fibre due to the v.d.W. force.
The reason is that the atoms are strongly accelerated at distances closer to 100 nm from
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the surface and, therefore, spend less time in a given volume element dV . Upon collision
with the fibre surface, the atoms are either adsorbed or rapidly expelled with a kinetic
energy of Ek/kB = 300 K and do not contribute to the density anymore. The density
has been normalised to its value at the starting position of the atomic trajectories for
zero detuning of the probe laser. The relative density for positive detunings at large
distances is larger than the one for zero detuning due to the contribution from repelled
atoms. On the other hand, one would naively expect that the density near the fibre
becomes larger for the case of negative detunings. This is not the case because the
presence of a higher number of atoms is counteracted by a shorter average time of flight
of the atoms through a given volume element due to their larger velocities. Indeed, the
largest integrated density in the region of the evanescent field defined by a < r < Λ11 is
found for zero detuning. As a test, the simulations have also been performed in absence
of v.d.W. interaction, leading to fδ=0,P0

(r) = g(r), i. e., the geometric factor included
in the reduced model (see Eq. (3.20)).

Effects neglected in the simulations

• Van der Waals potential of the excited state: Vvdw has been assumed to be the
v.d.W. potential of a ground-state atom although the population of the excited
state is not negligible during the spectroscopy measurements. In the limit of
large saturation, the population is equally distributed between the ground and
the excited states, leading to a 50% increase of the v.d.W. potential according to
Eq. (3.26). However, the measured signal will not be notably modified by this
effect because the mean distance of the probed atoms from the fibre surface also
increases with increasing probe laser power (see Sec. 3.8).

• Vibrations of the fibre: The vibrations of the fibre are assumed to be slow compared
to the mean velocity of the atoms vD = 10 cm/s. Moreover, no vibrations of
the fibre have been observed during the experiment, i. e., the amplitude of the
vibrations is smaller than the resolution of the imaging system ∼ 10 µm.

• Light-pressure: The movement of the atoms in the axial direction due to the light-
pressure force during the interaction time tD is estimated to be (~kγ/2mCs) ×
t2D/2 ∼ 10 nm. This value is negligible compared to the 5 mm-length of the fibre
waist.

3.7.4 Modelling of the absorbance profiles

The absorbance profiles can be modelled as follows:

A(δ, P0) =
~ω

P0

∫

ρδ,P0
(r, z)Γs(IP0

(r), γ(r), δ − δvdW(r))dV, (3.43)
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where the integral ranges over the space outside the fibre. Γs(IP0
(r), γ(r), δ − δvdW(r))

is the scattering rate of an atom in the evanescent field with intensity IP0
(r), with a

position dependent spontaneous emission rate γ(r) (γ(r)total in Eq. (3.30)), and a v.d.W.
shift of the angular frequency of the atomic transition δvdW given by Eq. (3.27). The
density distribution of the atom cloud is now given by

ρ(r, z) =
{ n0

σ3(2π)3/2
e−(r2+z2)/2σ2

}

fδ,P0
(r), (3.44)

where the relative atomic density near the fibre fδ,P0
(r) is obtained from the simulations,

the term in curly brackets describes the Gaussian density distribution of the unperturbed
MOT, and n0 is a fitting parameter accounting for the number of atoms inside the MOT.
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Figure 3.30: Simulated absorbance of the atoms as a function of the probe laser
detuning with a power of 52 pW.

Figure 3.30 shows the simulated absorbance of the atom cloud as a function of the
detuning of the probe laser frequency for a probe power of 52 pW. The number of atoms
n0 has been determined by matching the maximal value of the absorbance with the
experimental values. This leads to a peak density at the centre of the cold atom cloud
of 7.4 × 109 atoms/cm3 using Eq. (3.44). Each of the squares shown in the figure are
determined by Eq. (3.43) for a given value of the probe laser detuning δ/2π, meaning
that the relative atomic density fδ,P0

(r) for the corresponding detuning and laser power
is used in the integration. The noise-like variations of the profile stems from the limited
amount of trajectories that could simulated. This was due to the complexity of the
Monte-Carlo simulations which required a large computing time. In order to infer the
linewidth of the simulated absorbance profile the same method as with the experimental
values was used.
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The effective number of fully saturated atoms contributing to the signal on resonance
NP0

reads

NP0
=

2

γ0

∫

ρδ=0(r, z)Γs(IP0
(r), γ(r), δvdW(r))dV, (3.45)

where the notation used in Eq. (3.43) is followed. Note that NP0
is power dependent

and can be lowered by reducing P0. This is due to saturation: The atoms close to the
fibre will not absorb significantly more light while increasing the power, whereas the
atoms far from the fibre significantly increase their contribution. This also leads to a
power dependency of the mean atom-fibre distance on resonance given by

dP0
=< r > −a (3.46)

< r > =

∫ ∞
a r2ρδ=0(r)Γs(IP0

(r), γ(r), δvdW(r))dr
∫ ∞
a rρδ=0(r)Γs(IP0

(r), γ(r), δvdW(r))dr
, (3.47)

which can be adjusted down to 248 nm for vanishing powers of the probe laser.

3.8 Comparison between the model and the experimental
results

Figure 3.31 shows four examples of measured (black solid) and simulated (squares)
absorbance profiles for different powers of the probe laser ranging over three orders of
magnitude: (a) 6 pW, (b) 52 pW, (c) 200 pW, and (d) 1 nW. The zero-point frequency
has been chosen as to be equal for the experimental and simulated values. Note that
the simulations predict a small frequency shift on the order of 0.5 MHz in the regime of
low powers, however, an observation of this shift was beyond the spectroscopic precision
of our experimental setup. The fitted value of the peak atomic density is obtained by
matching the simulated absorbance on resonance with the experimental values.

Probe power (pW) Fitted peak density (×109 at/cm3) NP0
dP0

(nm)

6 6.2 0.3 249

52 7.4 2 281

200 8.6 7 328

1000 8.9 17 407

Table 3.2: Values of the probe laser power, fitted peak density, effective number of
fully saturated atoms NP0

and mean distance of the probed atoms to the fibre dP0

corresponding to the measurements shown in Fig. 3.31.

The values of the fitted peak density, the effective number of fully saturated atoms
NP0

, and the mean distance of the probed atoms to the fibre dP0
corresponding to the

measurements on Fig. 3.31 (a)–(d) are shown on Table 3.2. Figures 3.32 (a), (b) and (c)
show the variation of the valuesNP0

, dP0
, and the fitted peak atomic density as a function

of the probe laser power, respectively. Surprisingly, the fitted peak density of the cold
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Figure 3.31: Measured (black solid) and simulated (squares) absorbance profiles of the atoms
as a function of the detuning of the probe laser for a power of (a) 6 pW, (b) 52 pW, (c) 200 pW,
and (d) 1 nW. The effective number of fully saturated atoms contributing to the spectra is 0.3,
2, 7, and 17, respectively (see Eq. (3.45)).

atom cloud depends on the power of the probe laser (see (c)). This is presumably due to
the accumulation of thermal atoms at the surface of the TOF resulting in a change of the
transmission through the fibre as a function of the probe power: When the Cs reservoir
is open the atoms are adsorbed on the surface of the fibre as well as on the walls of the
vacuum chamber due to the v.d.W. potential. It has recently been shown that a laser
propagating through a TOF can produce light-induced atomic desorption (LIAD) of the
atoms accumulated on the surface of the waist resulting in a self-modulated transmission
as a function of the laser power [83], being the transmission for low powers of the probe
laser lower than for large powers. This can lead to an underestimation of the probe laser
power at the position of the cold atoms in the regime of low powers. When using this
value of the measured probe laser power to simulate the absorbance given by Eq. (3.43),
the calculated peak absorbance becomes larger than in the measurement. This results
in a lower value of the fitting parameter n0 when matching the calculations to the
experimental data and therefore leads to a lower value of the calculated peak density of
the cold atom cloud. The influence of the adsorbed atoms on the transmission through
the fibre has also been observed in our setup, specially when using the Cs-dispensers:
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Figure 3.32: Effective number of fully saturated atoms on resonance (a) , Mean atom-
fibre distance on resonance (b), and peak density of the atom cloud (c) as a function
of the probe laser power. The red solid curves are a guide to the eye.

At low powers of the probe laser (1 to 100 pW), the transmission decreases over a time-
scale ranging between few seconds to few minutes after turning on the current applied
on the dispensers. If an additional off-resonant laser with a power of few tenths of µW
is launched through the fibre, the transmission of the probe recovers its original value.
When using the Cs reservoir the same effect has also been observed in a minor degree.
In addition, a non-reversible decrease of the transmission through the fibre over several
months has been observed, possibly due to degradation of the surface at the waist.

Figure 3.33 shows the width of the measured absorbance profiles versus the probe laser
power (circles). The linewidths predicted by the full model are shown in red squares.
The red line joining the simulated values is a guide to the eye. For comparison, the
expected linewidths in absence of light-induced dipole forces and surface interactions
(solid line) are also shown. While the full model agrees very well with the experimental
data, the reduced model strongly deviates both for high and low powers. For probe
laser powers larger than 50 pW, the absorbance profiles are considerably narrower than
what would be expected in absence of dipole forces and surface interactions. For 1 nW of
probe laser power this narrowing exceeds 40%. As shown in Fig. 3.29, the narrowing can
be explained by the effect of the light-induced dipole forces on the density of the atomic
cloud. For distances smaller than 370 nm, i. e., in the region that contains more than
75% of the evanescent field power, the largest integrated density of the atomic cloud is
predicted in the case of zero detuning. For blue (δ/2π = +3 MHz) and red (δ/2π = −3
MHz) detunings, this integrated density is lowered due to the effect of the light-induced
dipole forces. This results in a reduced absorbance and leads to an effective narrowing of
the absorbance profile. In addition, the measured asymmetry of the absorbance profiles
for large powers is also reproduced (see Fig. 3.31 (d)). The integrated density for red
detunings is larger than for blue detunings (see Fig. 3.29).

Figure 3.34 shows the linewidths for the limit of low probe laser powers, i. e., low
saturation and negligible light-induced dipole forces. The measured linewidths approach
6.2 MHz for vanishing powers. This result exceeds the natural Cs D2 linewidth in free
space by almost 20 %. This broadening can be explained by surface interactions, i. e., the
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Figure 3.33: Linewidth of the absorbance profiles versus the probe laser power for the
full range of powers. The squares (circles) correspond to the simulated (experimental)
values. The red line joining the simulated values is a guide to the eye. The solid line
is the reduced model not taking into account light-induced dipole forces and surface
interactions.

vdW shift of the Cs D2-line and the modification of the spontaneous emission rate of the
atoms near the fibre. Both effects have the same magnitude and only their combination
yields the very good agreement between the full model and the experimental data.

The v.d.W. interaction and the modification of the spontaneous emission rate of the
atoms near the fibre have been described in Sec. 3.7.2. Their influence on the broadening
of the absorbance profiles can be sumarised as follows:

• Van der Waals interaction: The resonance frequency of the atoms is red-shifted as
a function of the atom-surface distance. When several atoms at different radial po-
sitions simultaneously interact with the evanescent field the measured absorbance
profiles are inhomogeneously broadened. This also results in a red-shift of the
peak of the curves predicted by the simulations that could not be experimentally
resolved.

• Increase of the spontaneous emission rate: The spontaneous emission rate of the
atoms is directly related to the linewidth of the absorption profiles. Hence, an
increase of the spontaneous emission rate of the atoms near the fibre results in a
broadening of the lines.

The effect of the surface interactions is only apparent for low laser powers for two rea-
sons: Firstly, the light-induced dipole forces that narrow the profiles must be negligible.
Secondly, the mean distance of the probed atoms depends on the probe laser power (see
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Eq. (3.47)), i. e., the lower the powers, the closer the probed atoms are to the fibre
surface. The limiting value is given by the shape of the evanescent field and by the
on-resonance relative atomic density close to the fibre (Fig. 3.29 (solid)). However, for
red-detuned frequencies of the probe laser the mean distance of the probed atoms from
the fibre surface is further reduced [34].
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Figure 3.34: Linewidth of the absorbance profiles versus the probe laser power for the
range of low powers. The squares (circles) correspond to the simulated (experimental)
values. The red line joining the simulated values is a guide to the eye. The solid line
is the reduced model not taking into account light-induced dipole forces and surface
interactions.



Chapter 4

Probing the fluorescence of laser
cooled atoms with an ultra-thin
optical fibre

In Chap. 3 it has been demonstrated that the evanescent field arising around a 500-nm
diameter ultra-thin optical fibre can be used to probe and mechanically influence laser
cooled caesium atoms. It has also been shown that the presence of the guided fibre
mode substantially enhances the spontaneous emission of atoms near the fibre surface.
The following Chapter deals with the measurement of the spontaneous emission of Cs
atoms inside a MOT using the waist of a TOF. The ultra-thin part of a TOF can be
used as a sub-wavelength probe to efficiently collect and guide the fluorescence emitted
by the atoms. The large evanescent field and the strong confinement of the guided fibre
mode results in a substantial probability for an atom to spontaneously emit photons
into the guided mode. Recently, it has been theoretically calculated that a Cs atom
placed on the surface of a 400-nm diameter fibre can emit about 30% of its fluorescence
into the HE11 mode [38]. On the experimental side, in an experiment similar to the
one presented here the fluorescence of less than 0.1 atoms on average has recently been
measured [34].

The experimental setup used for this experiment is the same as the one described in
Sec. 3.2. However, in what follows, the probe laser was not used. Instead, the atoms
are excited using the cooling laser and their fluorescence coupled to the fibre mode is
detected by the APD at one end of the fibre.

Figure 4.1 conceptually describes the experimental scenario (a) and the time-sequence
(b). As described in Sec. 3.3.3, the MOT is spatially overlapped with the waist of the
TOF. The fluorescence of the atoms is modulated by switching the repump laser that
excites the 62S1/2F = 3 → 62P3/2F

′ = 4 transition. The repump laser of a Cs MOT
is used to counteract the pumping to the F = 3 state produced by the off-resonance
excitation of the F = 4 → F ′ = 4 transition by the cooler laser (see Sec. 3.3.1). Hence,
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photodetector

cold atom cloud cooler

repumper
on off

5 ms5 ms

(a) (b)

Figure 4.1: Sketch of the experimental setup (a) and the timing sequence of the
experiment (b). A cloud of laser cooled atoms is spatially overlapped with a 500-nm
diameter waist of a TOF. The coupling of the fluorescence emitted by the atoms into
the guided fibre mode is measured using a photodetector.

by switching the repump laser on and off the atoms can be optically pumped into the
F = 3 state. In this state, the atoms do not absorb photons from the cooling laser and
their fluorescence ceases. The experimental time-sequence is divided into the following
intervals: During the first 5 ms the repump laser is on. The MOT cools and traps the
atoms and a significant part of the photons scattered by the atoms during the cooling
is emitted into the fibre mode and is subsequently detected with the APD. During this
period the population remains mostly in the F = 4 and the F ′ = 5 states. During the
second period of 5 ms the repump laser is blocked using a chopper wheel.

The population of the energy levels during the two periods is schematically shown in
the upper graphs of Figs. 4.2 (a) and (b), respectively. The resonant transitions of the
cooling and repump lasers are indicated by the solid arrows. The off-resonant excitation
F = 4 → F ′ = 4 is indicated by the dashed arrow. The curly arrows indicate the
spontaneous emission. In the lower graphs the corresponding coupling of the atomic
fluorescence into the guided fibre mode is schematically shown. Figure 4.2 (a) describes
how the atoms located within the decay length of the evanescent field spontaneously
emit into the guided fibre modes. On the other hand, atoms the that are outside this
decay length will not contribute to this process [34]. Figure 4.2 (b) schematically shows
that the atoms that have been optically pumped into the F = 3 level do not emit
fluorescence.

Figure 4.3 shows the measured power at one fibre end as a function of time using the
experimental sequence described in Fig. 4.1 (b). The signal has been averaged over 4096
traces. Note that the total amount of power coupled into the guided mode is twice as
large since the detection is only performed at one end of the fibre. The black line shows
the measurement with an optimal alinement between the fibre waist and the MOT. The
rise time of the detected power is on the order of the rise time of the APD (∼0.2 ms),
whereas the decay time is much longer (∼1 ms). The latter is due to the finite time
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D2-line D2-line

62P3/2 62P3/2
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F ′ = 5 F ′ = 5
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F ′ = 3 F ′ = 3
F ′ = 2 F ′ = 2

F = 4 F = 4

F = 3 F = 3

Figure 4.2: On the top the level scheme of the D2-line of Cs and the laser induced
transitions with (left) and without (right) repump laser is shown. The solid arrows
denote the resonant laser excitations, the dashed arrow the off-resonant F = 4 → F ′ = 4
excitation, the curly arrows the spontaneous emission, and the circles the population
distribution. On the bottom the coupling of the atomic fluorescence at the fibre waist
is schematically shown, correspondingly.



92 Probing the fluorescence of laser cooled atoms

MOT aligned with the waist

MOT 2 mm off the waist

onon off

repumperrepumperrepumper

Time(ms)

M
ea

su
re

d
p
ow

er
(f

W
)

0 2 4 6

0

30

60

90

120

150

180

210

240

8 10

Figure 4.3: Detected power at the fibre end as a function of time with optimal
alinement between the fibre and the MOT (black) and 2 mm displacement of the MOT
(red). The periods where the repump laser is on (off) are shaded in blue (white).

it takes to optically pump the atoms into the F = 3 level. The probability for the
atoms to be excited on the F = 4 → F ′ = 4 transition in the MOT is small compared
to the probability of the F = 4 → F ′ = 5 transition. Hence, the pumping process is
long compared to the lifetime of the atom. This relative probability can be estimated
as ∼ 10−4, i.e., one atom scatters on average 104 photons from the cooling laser before
being pumped into the F = 3 state. This results in an expected time constant of the
optical pumping on the order of 1 ms [84].

As a comparison, a reference measurement with a misalinement of 2 mm between the
fibre waist and the MOT is shown (red). This was done using a permanent magnet
that allows displacement of the MOT over several mm. The atoms are too far from the
waist to emit into the guided mode and the detected signal therefore corresponds to the
coupling of the repump laser at the waist. The constant coupling of the cooling laser
does not contribute to the measured signal which was recorded in AC modus. Note that
the rise and decay times for the reference measurement are on the order of the reaction
time of the APD. The amount of power emitted by the atoms into the guided mode can
then be estimated by substracting the two measurements.

The power detected in the measurement shown in Fig. 4.3 is proportional to the pop-
ulation in the F = 4 state. Hence, the population distribution among the hyperfine
levels of the ground state can be inferred from this measurement. Figure 4.4 shows
the time variation of the population in the F = 4 state p4(t) normalised to the total
population in the ground state p4(t) + p3(t) upon switching off the repump laser. Note
that p3(t) denotes the population in the F = 3 state. An exponential function of the
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Figure 4.4: Decay of the population in the F = 4 hyperfine state p4(t) normalised
to the total population of the ground state p4(t) + p3(t) (black). The red curve is
an exponential function that has been fitted to the experimental values with a decay
constant equal τ = 1.3± 0.1 ms. t = 0 corresponds to the time when the repump laser
is switched off.

form f(t) = f0 exp[−t/τ ] (red) has been fitted to the experimental values yielding a
decay constant of τ = 1.3 ms. This result is in good agreement with the expected time
constant of the optical pumping of 1 ms.

The value of the probability for one atom to be pumped into the F = 3 state can
now be determined: Using Eq. (2.15) in Sec. 2.2 the scattering rate of the atoms in
the MOT can be estimated. Assuming a total intensity of the molasses of IMOT =
10Is and a red-detuning of the cooling laser equal to the natural linewidth a value of
10.9× 106 s−1 is obtained for the scattering rate. Matching this result to the measured
time constant of the optical pumping into the F = 3 state equal τ = 1.3 ms yields a
value of (0.7± 0.1)× 10−4 for the pumping probability. This is in good agreement with
the expected probability of 10−4.

One could expect that the presence of the fibre affects the time constant of the optical
pumping process being considered. This is not the case for two reasons: Firstly, the
optical pumping of the atoms takes place at any distance from the fibre surface. Sec-
ondly, one atom spends in average 1 µs in the vicinity of the fibre (see Sec. 3.6.4), which
is negligible compared to the time it takes to pump the atoms into the F = 3 state
(1.3 ms).

4.1 Emission rate into the guided mode

The total power measured in Fig. 4.3 when the repump laser is on can be used to
investigate the efficiency of the TOF as a tool for probing the atomic fluorescence. The
spontaneous emission rate of the atoms into the guided mode at the surface of the fibre
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is a measure of this efficiency. The total amount of power coupled into the guided fibre
mode is given by

Pguided =

∫

~ωρ(r, z)
γguided(r)

γ(r)
Γs(IMOT, γ(r), δMOT − δvdW)dV. (4.1)

Γs(IMOT, γ(r), δMOT−δvdW) is the scattering rate of an atom illuminated by the molasses
of the MOT including the surface interactions (see Sec. 3.7). γ(r) is the total spontaneous
emission rate of the atom (γtotal(r) in Eq. (3.30)), δvdW is the v.d.W. shift of the atomic
transition frequency given by Eq. (3.27), and ρ(r, z) the density of the atom cloud given
by

ρ(r, z) =
{ n0

σ3(2π)3/2
e−(r2+z2)/2σ2

}

f(r). (4.2)

n0 is the number of atoms inside the MOT and the relative density factor f(r) is obtained
as described in Sec. 3.7. The spontaneous emission rate of the atoms into the guided
mode γguided(r) is given by

γguided(r) ≃ γaγ0
| ~E(r)|2

| ~E(a)|2
. (4.3)

Hence, the spontaneous emission rate into the guided mode at the fibre surface is
γguided(a) ≃ γaγ0, where γ0 is the spontaneous emission rate of the atoms in free-
space. By comparing Eq. (4.1) with the experimental values shown in Fig. 4.3 the
value of γguided(a) can be deduced. Assuming a peak density of the atom cloud equal
1 × 1010 atoms/cm3 (see Sec. 3.8), an overall intensity of the molasses of IMOT = 10Is,
and a red-detuning of the cooling laser equal to the natural linewidth a value of γa = 0.19
is obtained. According to Eqns. (3.37), γa has a theoretically calculated value of 0.28.

Comparison with the previous measurements of the atomic absorption

The measurements described in Chap. 3 can also be used to deduce a value for γguided(a).
The experimental sequence used for this measurements has been described in Sec. 3.5
and will not be repeated here.

The upper graph of Fig. 4.5 shows a measurement of the transmission of the probe laser
as a function of time in the presence of the atoms (black) and in their absence (red).
The latter was realised by switching off the magnetic field. The centre pulse starting at
t = 0 corresponds to the transmission of the probe laser. This is not relevant for the
calculations presented in this section. In the following, the description will be focused on
the cooling period shaded in blue. During this period the atoms are trapped and cooled
in the MOT. The power detected at one end of the fibre with (black) and without (red)
atoms is shown in the lower graph. The spontaneous emission into the guided fibre
mode is given by the difference between the two measurements leading to a value of
about 500 fW. This value is much larger than the value of the fluorescence shown in
Fig. 4.3. This difference between the two measurements is probably due to the different
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Figure 4.5: Upper graph: Measured signal in the APD as a function of time during
the experimental sequence described in Sec. 3.5 with (black) and without atoms (red).
The cooling cycle is shaded in blue. Lower graph: Power detected at one end of the
fibre during the cooling cycle. The power calibration of the APD is 1.38 mV/pW. t = 0
corresponds to the time when the cooling cycle starts.
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density of the atom cloud. Indeed, the density of the atom cloud can vary in one order
of magnitude when modifying the power or the detuning of the molasses.

Using the results of 9 measurements equivalent to the one shown in Fig. 4.5 performed
under the same experimental conditions, an average value of (313± 112) fW is obtained
for the detected fluorescence of the atoms. This leads to a value of γa = 0.35 ± 0.13.
A peak density of the atom cloud equal 1 × 1010 atoms/cm3 (see Sec. 3.8), an overall
intensity of the molasses of IMOT = 10Is, and a red-detuning of the cooling laser equal
to the natural linewidth have been assumed for the calculations.

The two estimations of the value γa demonstrate the good effectiveness of the collection
of the atomic fluorescence at the ultra-thin part of the TOF. An optimisation of the
fibre radius as described in Sec. 1.2.3 could further improve the sensitivity up to 30%.



Chapter 5

Towards atom-trapping in
evanescent field dipole traps
around ultra-thin optical fibres

Dipole traps which rely on the dipole forces arising from the interaction of neutral atoms
with far-detuned light fields have been one of the key advances in quantum optics in the
last decade. Such traps have been used in many variants to trap and guide single neu-
tral atoms [3], form an all-optical Bose-Einstein condensate (BEC) [85], or form a BEC
of diatomic molecules [86] among others. Moreover, the atoms located in the trap are
embedded in a far-detuned optical field providing weak resonant interaction that allows
to control their external degrees of freedom while preserving the coherence of the atomic
internal states [87]. The latter is a necessary condition for the implementation of quan-
tum information processing. Within this context, the precise control of the interaction
between the trapped atoms (acting as a storage unit of the information) and the photons
(acting as the carriers of the information) is a crucial issue [88]. In the previous Chap-
ters ultra-thin optical fibres have been proven to be a very promising tool to control this
interaction: guided photon to atom (Chap. 3) and atom to guided photon (Chap. 4). In
a theoretical proposal it has been shown that trapping and guiding of neutral atoms in
the evanescent field arising around the waist of a TOF is conceivable [39]. This method
would allow to mechanically manipulate the atoms while controlling their coupling to
the guided fibre modes thereby realising fibre-coupled atomic ensembles. Such a con-
figuration would, e. g., be promising for slow-light light experiments with ensembles of
fibre-coupled atoms [40] and for the implementation of two-photon quantum gates using
electromagnetically induced transparency (EIT) [41]. One scheme to trap Cs atoms in
the evanescent field around a 500-nm diameter fibre based on a two-colour dipole trap
is described in this Chapter both theoretically (Sec. 5.1) and experimentally (Sec. 5.2).
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5.1 Two-colour evanescent field dipole trap

The characteristic decay length Λ of the evanescent field intensity outside the fibre de-
pends on the wavelength of the guided light. This feature makes it possible to concieve
a two-colour trapping scheme for Cs atoms around an ultra-thin optical fibre where
the two laser frequencies have opposite signs of the detuning with respect to the atomic
transition frequency. The right combination of a repulsive potential (blue-detuned) with
a shorter decay length and an attractive potential (red-detuned) with a longer decay
length leads to a trapping minimum at a few hundred nanometres from the fibre sur-
face. While the attractive potential prevents the atoms from escaping towards larger
radial positions, the repulsive potential counteracts the attractive potential and the
v.d.W. potential near the surface preventing the atoms from colliding with the fibre. In
addition, coupling the red-detuned laser from both fibre ends in a standing wave con-
figuration produces a sinusoidal modulation of its intensity along the fibre axis allowing
3-dimensional confinement of the atoms. This modulation leads to the formation of
an array of microtraps along the fibre waist with a period of about half a micrometre
extending over a length of several millimetres.

The wavelength-dependency of the decay length of the evanescent field can be appreci-
ated in Figs. 5.1 (a) and (b). In (a) the radial variation of the intensity of the electric
field propagating in the HE11 mode of a 250-nm radius optical fibre with rotating polar-
isation is shown (see Sec. 1.2.1). For comparison, two different wavelengths have been
used: 780 nm (blue solid) and 1064 nm (red dashed). The surface is indicated by the
vertical line at r = 250 nm. On the right hand side of the surface the different char-
acteristic decay lengths of the intensity in the evanescent field for different wavelengths
become apparent. The 780-nm field is more tightly bound to the fibre than the 1064-nm
field. The appropriate choice of the laser powers allows to adjust the radial position
where the light-induced potentials cancel. Figure 5.1 (b) shows the variation of the
characteristic decay length of the evanescent field as a function of the V parameter (see
Eq. (1.14) in Sec. 1.2). A larger wavelength leads to a larger characteristic decay length
of the evanescent field.

5.1.1 Linearly polarised fields

I will now calculate the trapping potential created by two linearly polarised fields prop-
agating along the fibre. The dipole potential created by the evanescent field of two
x-polarised lasers with different frequencies propagating in the fundamental mode of
the fibre is given by

Ud(r, φ) =
1

2
(Re[α1]| ~E1(r, φ)|2 + Re[α2]| ~E2(r, φ)|2), (5.1)

where | ~Ei(r, φ))|2 with i = 1, 2 denotes the value of the cycle-averaged squared electric
field outside the fibre given by Eq. (1.29). Re[αi] is the real part of the polarisability of
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Figure 5.1: (a) absolute value of the squared electric field propagating in the HE11 mode
at wavelengths of 780 (blue solid) and 1064 nm (red dashed) normalised to the value
|Eλ=780(a)|2out as a function of the radial position. The power of the two lasers is assumed
to be equal. (b) variation of the characteristic decay length Λ as a function of the V
parameter. The three vertical dashed lines indicate the values of Λλ=1064 = 452, Λλ=852 =
244, and Λλ=780 = 200 nm corresponding to three different wavelengths considered in this
work, 1064, 852, and 780 nm. The calculations have been performed for a fixed fibre radius
of 250 nm.

a multilevel atom in a far-detuned electric field given by Eq. (2.27). If the second laser
is set in a standing wave configuration, an additional axial modulation of the intensity
of the field arises [42] yielding,

Ud(r, φ, z) =
1

2
(Re[α1]| ~E1(r, φ)|2 + 4Re[α2]| ~E2(r, φ)|2 cos2[β2z]). (5.2)

The total potential experienced by the atoms is given by the sum of the dipole potential
Ud and the van der Waals potential VvdW (Eq. (3.22)) as

U(r, z) = Ud(r, z) + VvdW(r). (5.3)

The v.d.W. potential between a ground-state Cs atom and an infinite planar silica surface
given by Eq. (3.28) is used. As explained in Sec. 3.7.2, this is always a conservative
assumption.

Figure 5.2 shows the variation of the trapping potential for a ground-state Cs atom
in the evanescent field as a function of the distance from the fibre surface along the
x-axis (a) and along the y-axis (b) at z = 0. The calculations have been performed
for a fibre radius of 250 nm, a blue-detuned laser (~E1) at a wavelength of 780 nm with
a power of P780 = 30 mW and a red-detuned laser ( ~E2) at a wavelength of 1064 nm
with a total power of P1064 = 13 mW (6.5 mW in each of the arms of the standing
wave). Note that the total amount of power coupled into the fibre is 43 mW, which is
a reasonable value for a fibre in UHV environment.1 The plot of the trapping potential

1Appropriately fabricated fibres with a radius ranging from 200 to 500 nm can carry more than
300 mW in such an environment without fusing. This is, to the author’s knowledge, an unprecedented
achievement which is, yet, not fully understood.
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in the x-direction (parallel to the polarisation of the fields) is shown in (a). The 1.5-
mK depth of the potential at the minimum suffices to trap Cs atoms that have been
previously trapped and cooled in a MOT (see Sec. 3.3.1). On the other hand, the
potential in the y-direction (perpendicular to the polarisation of the fields) shown in
(b) is significantly shallower with a depth of 0.78 mK. This behaviour stems from the
different strength of the evanescent field depending on the orientation of the polarisation
with respect to the fibre surface, leading to a “strong” (a) and a “weak” (b) direction
of the potential. The minimum of the trapping potential is located in the “strong”
direction at a distance of d = 240 nm from the fibre surface. The trapping oscillation
frequency in the x-direction at the potential minimum calculated using an harmonic
oscillator approximation is ωr/2π = 428 kHz. The extension of the trapping volume
along the radial direction for an atom at a temperature of 100 µK is equal to 85 nm.

To account for the experimental inaccuracies in the adjustment of the laser powers
the blue dashed and red dotted curves are shown in Figs. 5.2 (a) and (b). The blue
dashed line has been calculated for the case where the power of the blue-detuned laser
is P780 = 1.15 × 30 mW and the power of the red-detuned laser P1064 = 0.85 × 13 mW.
This implies an inaccuracy of 15% in the adjustment of the powers but also an anti-
correlation of the variations leading to a “worst case” situation: An increase in the power
of the blue-detuned laser (repulsive potential) shifts the trapping minimum towards
larger radial positions and decreases the depth of the trap. A decrease of the power
of red-detuned laser (attractive potential) has a similar effect. Hence, the trap depth
decreases to 0.89 mK in the “strong” direction and the trapping minimum is displaced
towards larger radial position at a distance of 299 nm from the fibre surface. Despite the
shallowing of the trap, the depth still suffices to trap laser cooled Cs atoms. The inverse
situation is described by the red dotted line. The power of the blue-detuned laser is set
to P780 = 0.85×30 mW and the power of the red-detuned laser to P1064 = 1.15×13 mW.
The trap depth increases to 2.55 mK and the trapping minimum is displaced towards
the fibre surface at a distance of 179 nm. The repulsive potential created by the blue-
detuned laser is still sufficient to counteract the v.d.W. potential. Thereby, a positive
valued maximum of the potential separating the atoms from the fibre is maintained. If
the v.d.W. potential cannot be totally counteracted, the free atoms may find a path
towards the fibre surface before being cooled into the trap. This will result in a lower
loading efficiency. This treatment shows that the proposed trap configuration is robust
against experimental inaccuracies in the adjustment of the laser powers.

Figure 5.3 shows the contour plots of the trap in the planes x = 0 (a) and y = 0 (b)
for the same parameters as in Fig. 5.2 (black solid). Although the v.d.W. potential has
been taken into account in the calculations, the contours are too close to the fibre to be
recognisable and have been suppressed from the plot. The trap exhibits a periodicity of
π/β2 = 498 nm in the axial direction, which corresponds to the standing-wave periodicity
of λ/2, where λ = 2π/β2 is the wavelength of the red-detuned laser in the fibre and β2

the propagation constant. The axial oscillation frequency of the trap in the plane x = 0
is calculated to be 651 kHz. The extension of the trapping volume along the axial
direction for an atom with a kinetic energy corresponding to 100 µK is 54 nm. The
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contour plot of the trap in the plane z = 0 is shown in Fig. 5.4, exhibiting the symmetry
breaking already seen in Figs. 5.2 (a) and (b). The calculated trap frequency and trap
size in this direction are 98 kHz and 363 nm, respectively. The resulting configuration
consists of two axial arrays of microtraps at each side of the fibre with an estimated
volume of 1.7 × 10−15 cm3 for each microtrap at the considered atomic temperature.

Scattering rate, trapping lifetime and coherence time of the atoms in the
trap

Following the notation introduced in Eq. (5.1), the scattering rate of a multi-level atom
at the axial position of the microtrap reads

Γs =
1

2~
(Im[α1]| ~E1(r, φ)|2 + 4Im[α2]| ~E2(r, φ)|2), (5.4)

where Im[αi] is the complex part of the polarisability of the atom given by Eq. (2.28). A
total scattering rate of 28 s−1 for a Cs atom located at the trapping minimum is obtained.
The individual scattering rates of the red- and blue-detuned lasers are Γ1064 = 5.7 s−1

and Γ780 = 22.3 s−1, respectively. The coherence time of one atom in the microtrap is
limited by the scattering rate of the atoms as

τcoh =
1

Γs
, (5.5)

leading to a value of τcoh = 36 ms. Every scattered photon imparts an energy equal two

times the recoil energy E(rec)
i = (~βi)

2/2mCs where βi is the propagation constant of
the fields i = 1, 2 in the HE11 mode. The absorption of photons from the dipole lasers
results in a heating of the atoms that limits their lifetime in the trap. For a trap depth
of U0, the quantity [39]

τtrap =
U0

2
∑

i EiΓi
(5.6)

provides a good estimation of the trap lifetime due to recoil heating. The value of the
lifetime of a Cs atom in the microtrap is then τtrap = 185 s. Note that this time is
much longer than the typical lifetime of the atoms in a dipole trap of ∼ 10 s due to
background gas collisions at a pressure of 10−10 mbar [4]. Hence, the recoil heating is
not a limiting factor for the lifetime of the atoms in the trap.

Light Shifts

The quantum-mechanical interpretation of the dipole potential is based on light-induced
energy shifts of the atomic levels in the presence of an external field. In some special cases
the light shift of the ground state of the atom is equivalent to the dipole potential in the
(semi)classical picture of the atom-field interaction. This is the case for the light-shifts
induced by a π-polarised field, where the different magnetic sub-levels of the ground
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Figure 5.2: Variation of the trapping potential at z = 0 as a function of the distance from the
fibre surface along the x-axis (a) and along the y-axis (b) assuming x-polarisation of the two-colour
evanescent field. The solid black curve has been calculated for P1064 = 13 mW and P780 = 30 mW.
The dashed and dotted curves correspond to two cases of a mismatch in the laser powers: Blue dashed
line for P1064 = 0.85×13 mW and P780 = 1.15×30 mW, and red dotted line for P1064 = 1.15×13 mW
and P780 = 0.85 × 30 mW. The surface of the fibre is indicated by the vertical grey line.
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Figure 5.3: Contour plot of the trap in the planes y = 0 (a) and x = 0 (b) for the same parameters
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Figure 5.4: Contour plot of the trap in the plane z = 0 for the same parameters as
in Fig. 5.2 (black solid). The fibre surface is indicated by the grey circle. The shown
equipotential lines take the values: 1, 0, −0.2, −0.4, −0.8, −1.4, −0.4, and −0.2 mK
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state are equally shifted. In the case of circular polarisation the magnetic sub-levels of
the ground state undergo a different shift. The light-induced shifts of the energy levels
of a Cs atom in a two-colour evanescent field trap can be calculated using Eq. (2.29)
from Sec. 2.3.2. For the case of a linearly-polarised external field, the quantisation axis
can be set parallel to the electric field and, therefore, π-polarisation can be used for the
calculations. Note that in the case of the evanescent field arising around the fibre, this
is an approximation valid when |E|2 ≫ |Ez|2.2 Indeed, |Ez|2/|E|2 ≃ 0.26 for 780 nm
and |Ez|2/|E|2 ≃ 0.17 for 1064 nm at about 100 nm from the fibre surface along the
polarisation direction. The reader should thus bear in mind that the results obtained in
this section may deviate from the full calculations to some extent.

Figure 5.5 shows the light shifts of the 62P3/2F
′ = 5 (upper graphs) and 62S1/2F = 4

(middle graphs) states of a Cs atom in the two-colour evanescent considered in Fig. 5.2 as
a function of the distance from the fibre surface in the x- (left column) and y-directions
(right column). The shifts of the energy levels produced by the v.d.W. potential have
also been taken into account (see Sec. 3.7.2). On the upper graphs themF -dependency of
the shifts of the excited state becomes apparent. For π-polarised light this dependency is
scalar, i. e., the levels with the same value of |mF | quantum number are degenerate. For
the ground state the different magnetic sub-levels are fully degenerate. The frequency
shifts of the 62S1/2F = 4 → 62P3/2F

′ = 5 excitation transition are shown in the graphs
on the bottom (dashed). The frequency shift averaged over the magnetic sub-levels is

2The z-component of the electric field in the HE11 mode is dephased by π/2 with respect to the
transverse component E⊥ (see Eqns. 1.27). Hence, the polarisation is elliptical.
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indicated by the solid curve, leading to an average value of ∼ 30 MHz for an atom
trapped in the evanescent field potential. Note that the values of the ground-state
potential predicted by the classical and quantum-mechanical calculations coincide with
an accuracy better than 1%.

5.1.2 Circularly polarised fields

The trapping potential created by two circularly polarised fields propagating in the
fibre has not yet been experimentally implemented. However, due to the interesting
geometry of the trap it will be briefly described here. The trapping potential created
in the evanescent field by two circularly polarised laser fields with different frequencies
propagating in the fundamental mode of the fibre is given by

U(r, z) =
1

2
(Re[α1]| ~E1(r)|2 + 4Re[α2]| ~E2(r)|2 cos2[β2z]) + VvdW(r). (5.7)

Note that the red-detuned laser (E2(r)) is set in a standing-wave configuration. | ~Ei(r)|2
is the value of the cycle-averaged squared electric field outside the fibre given by Eq. (1.20)
and Re[αi] the real part of the polarisability of a multilevel atom given by Eq. (2.27).
As in the above section, the v.d.W. potential of a planar silica surface VvdW(r) given by
Eq. (3.28) is used. Note that the potential given by Eq. (5.7) is cylindrically symmetric
in contrast to the potential created by the linearly polarised fields given by Eq. (5.1).

Figure. 5.6 shows the radial variation of the trapping potential of a ground-state Cs atom
in the evanescent field of an ultra-thin optical fibre assuming the same parameters as in
Fig. 5.2. Black solid, P780 = 30 mW of blue-detuned laser light ( ~E1) and P1064 = 13 mW
of red-detuned laser light ( ~E2). Blue dashed, P780 = 1.2 × 30 mW and P1064 = 0.8 ×
13 mW. Red dotted, P780 = 0.8 × 30 mW and P1064 = 1.2 × 13 mW.

The trapping potential described by the black solid line has minimum at 237 nm from
the fibre surface. The depth of the potential is 1.1 mK. The radial frequency of the trap
takes the value ωr/2π = 348 kHz and the extension of the trapping volume along the
radial direction for an atom with a kinetic energy corresponding to 100 µK is 100 nm.
The trapping potential described by the dashed blue curve has a trap depth of 0.58 mK
and the trapping minimum is located at a distance of 313 nm from the fibre surface.
Hence, the trap is shallower than the one described by the black solid curve and the
trapping minimum has been displaced to larger radial positions. The red dotted curve
describes the inverse situation. The trap depth increases to 2.2 mK and the trapping
minimum is displaced towards the fibre surface at a distance of 160 nm, however, the
repulsive potential created by the blue-detuned laser suffices to maintain a positive
valued maximum of the potential separating the atoms from the fibre.

Note that the variation of the laser power is here assumed to be 20% whereas for linearly
polarised fields it was considered to be 15%. The cylindrical symmetry of the dipole
potential for circular polarisation of the fields better counteracts the v.d.W. potential
and the trap is thus more stable against mismatch of the laser powers.
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Figure 5.5: Frequency shifts induced on the 62P3/2F
′ = 5 (upper graphs) and 62S1/2F = 4 (middle

graphs) states by the two-colour evanescent field as a function of the distance from the fibre surface
along the x-axis dx (left column) and along the y-axis dy (right column). The labels denote the
mF sub-levels. Bottom: Shift of the 62S1/2F = 4 → 62P3/2F

′ = 5 transition frequency (dashed).
The solid curve is the average over the mF sub-levels. The calculations have been performed for the
same parameters as in Fig. 5.2. The shifts of the energy levels produced by the v.d.W. potential
have also been taken into account (see Sec. 3.7.2).
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Figure 5.7 shows the contour plot of the trap in the plane x = 0 for the same parameters
as in Fig. 5.6 (black solid). The axial oscillation frequency of the trap is calculated to
be 553 kHz. The trap size in the axial direction for an atom with a kinetic energy
corresponding to 100 µK is 64 nm. The cylindrical symmetry of the potential can be
appreciated in the contour plot of the trap in the plane z = 0 shown in Fig. 5.8. The
trap size in the azimuthal direction can be estimated as 2πrmin ≃ 3 µm, where rmin

denotes the radial position of the trapping minimum. Hence, each of the microtraps
has a toroidal shape with an estimated volume of 7.4 × 10−14 cm3 at the considered
temperature of the atoms.

The scattering rates, trap lifetime and coherence time of the atoms in the trap can be
calculated using Eqns. (5.4)–(5.6). The scattering rates for the blue- and red-detuned
lasers are 15.5 s−1 and 2 s−1, respectively. The coherence time is 57 ms and the trapping
lifetime is 205 s.

As mentioned in Sec. 5.1.1, the potential created in the evanescent field of two circularly-
polarised lasers induces a different energy shift of the magnetic sub-levels of the ground
state of the Cs atom. Hence, depending on the polarisation of the fields the magnetic
sub-levels of the ground state of the atoms will be differently shifted. In this case, the
classical picture is valid as an approximation of the potential averaged over the magnetic
sub-levels.

5.2 Experimental Setup

Figures 5.9 and 5.10 show the schematic of the new experimental setup located at the
University of Mainz. A list of the labelled elements is given in Table 5.1 together with
the section were their description can be found. The most significant changes with
respect to the original setup are listed below.

• New elements: The new elements used in the setup are denoted with the symbol
* in Table 5.1. The description of those elements can be found in the sections
indicated in the table. The new elements that do not provide a significant mod-
ification of the setup are not described. These are: Optics (4–10, 18, 25, 26, 34,
43), spectroscopy setups (20 and 21), vacuum measurement and sealants (28, 30,
and 42), photodetectors (37).

• Laser setup: The cooling (1), repump (2) and probe (3) lasers are described in
Sects. 3.3.1 and 3.4. The two dipole lasers (38, 39) with the corresponding setup
to couple them into the polarisation maintaining TOF (17) and to subsequently
separate them again are described in Sec. 5.2.2. The TOF is described in Sec. 5.2.1.

• Optical table: The vacuum chamber (11) and the lasers (1–3, 38, 39) are now
mounted on the same optical table (see Fig. 5.10). To avoid the coupling of
vibrations from the pumps to the lasers, several vibration damping elements (40
and 44) have been installed (see Sec. 3.3.1)
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• Fibre cluster (41): The guiding of the lasers from the optical table to the chamber is
realised by means of optical fibres that issue from a fibre cluster with the integrated
optics necessary for the adjustment of the power and the polarisation of the six
MOT beams (see Sec. 3.3.1).

• Frequency control of the MOT beams: The detuning of the cooling and repump
lasers is controlled by AOMs (8) in double pass configuration. This is relevant for
the efficient loading of dipole traps (see Outlook).

• Laminar flow box: A laminar flow box is located above the vacuum chamber (see
Fig. 5.10). This is only used during the installation of the TOF into the vacuum
chamber to minimise the risk contamination of the waist of the fibre by dust.

5.2.1 Polarisation maintaining TOF

The creation of a two-colour dipole trap for Cs atoms around an ultra-thin optical
fibre requires an optimal control of the polarisation at the waist. For this purpose,
a polarisation maintaining (PM) TOF is used. The chosen fibre is a Liekki Passive-
10/123-PM with a numerical aperture NA=0.078. The core diameter is 10 µm and the
cladding diameter is 123 µm in the untapered region. The target diameter at the waist
is 500 nm.

The fibre has a “Panda” structure based on two off-axis stress applying parts (SAP) at
each side of the core (see Fig. 5.11). The stress induces a birefringence of ∆n = 2.2×10−4

in the core thereby splitting the two orthogonal polarisation bases into two distinct
modes. This is only the case in the untapered region of the fibre because the core does not
participate in the guiding at the waist. The effect of the SAP on the guiding properties at
the waist is unknown. However, since the cylindrical symmetry is broken the propagation
constant of the two polarisation bases will probably be also different there. One might
expect that the presence of the SAP at the waist of the fibre modifies the intensity profile
of the evanescent field outside the fibre. This is also unknown. However, the SAP, which
are usually made of boron-doped silica have a refractive index only about 1% smaller
than the refractive index of the cladding and their volume corresponds to approximately
20% to 30% of the total volume of the fibre (see e. g., [89]). Hence, I assume that their
effect on the evanescent field can be neglected and that the description of the trapping
potentials described in Sec. 5.1.1 holds.

Experimentally, it has been found that for a TOF with a diameter of 500 nm at the
waist, the polaristion at the output of the TOF has an eccentricity of ε = 0.92 when the
polarisation axis of the input light is parallel either to the slow or the the fast axes of
the fibre. The eccentricity is given by

ε =
√

(l22 − l21)/l
2
2, (5.8)
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Figure 5.9: Schematic of the new experimental setup located at the University of Mainz. The
mirrors have not been labelled. The dotted and dashed arrows indicate the path of the red- and
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Number Description Section
1 cooling laser* 3.3.1
2 repump laser* 3.3.1
3 probe laser* 3.4
4 Faraday isolator* –
5 λ/2 plate* –
6 polarisation beam splitter* –
7 λ/4 plate* –
8 acousto-optical modulator* 3.4
9 convex lens* –
10 glass substrate* –
11 vacuum chamber 3.3.1
12 fibre mount 3.3.2
13 fibre positioner 3.3.2
14 Cs dispensers* 3.3.1
15 avalanche photodiode (APD) 3.4
16 holographic diffraction grating* –
17 TOF* 5.2.1
18 fibre coupler* –
19 vacuum feed-through for fibres 3.3.2
20 polarisation spectroscopy setup* 3.3.1
21 saturation spectroscopy setup* 3.3.1
22 turbo-molecular pump with magnetic bearings* 3.3.1
23 pre-vacuum pump* 3.3.1
24 microscope objective 3.3.3
25 camera objective* 3.3.3
26 CCD camera* 3.3.3
27 to vertical MOT beam 3.3.1
28 pressure gauge* 3.3.1
29 magnetic coils 3.3.1
30 vacuum valve* –
31 polarisation-maintaining optical fibre 5.2.1
32 beam dump –

33a,b dichroic mirrors* 5.2.2
34 broad-band mirrors* –
35 optical band-pass filter* 5.2.2
36 optical low-pass filter* 5.2.2
37 photodetector* –
38 Nd-YAG laser at 1064 nm* 5.2.2
39 diode laser at 780 nm* 5.2.2
40 vibration damper* 3.3.1
41 fibre cluster* 3.3.1
42 electrical feed-through* 3.3.1
43 Fabry-Perot spectrum analyser* –
44 Vibration damping mounts* 3.3.1

Table 5.1: List of elements labelled in Figs. 5.9 and 5.10.



112 Towards atom-trapping in evanescent field dipole traps

Core

Cladding

SAP

Figure 5.11: Schematic of the “Panda” structure of the optical fibre.

T
ra

n
sm

is
si

on
(%

)

Time (s)

T
ra

n
sm

is
si

o
n

(%
)

Time (s)

0

00

0

4040

8080

120120

50

50

100

100

150

150

200

200

0

0

100100

110 110

120120

130130

7

7

14

14

Figure 5.12: Transmission through a single-mode polarisation maintaining optical
fibre (Liekki Passive-10/123-PM) during the pulling process normalised to the trans-
mission of the untapered fibre. The measurements were done using a 852 nm diode
laser.



5.2 Experimental Setup 113

where l1 and l2 are the two axes of an ellipse. This is approximately independent of
the wavelength of the transmitted light within a range from 780 to 1064 nm. Moreover,
the polarisation axis of the output light remains constant over time scales longer than
hours.

Figure 5.12 shows the measured transmission through the PM-fibre during the pulling
process. The transmission of the tapered fibre is about 83% of its original value. The
inset of the figure shows the variation of the transmission during the first 17 seconds of
the pulling process. Note that the transmission oscillates from the very beginning of the
pulling process exceeding its original value in about 30% at the maximum. This is due
to a bending of the fibre during the pulling process. As it can be deduced from the small
numerical aperture, this fibre has a very small refractive index difference between the
core and the cladding. Hence, it is specially sensitive to bending. Each of the pulling
steps modifies this bending and thereby the transmission through the fibre.

5.2.2 Dipole lasers

• Red-detuned laser: A single-frequency Nd-YAG laser (38) (Spectra Physics EXLSR-
1064-800-CDRH) emitting at a wavelength of 1064 nm with 650 mW optical output
power is used. The total transmission through a TOF with 500 nm diameter at
the waist ranges between 40 and 60 %, including the coupling efficiency at the
fibre input.

• Blue-detuned laser: A grating-stabilised diode laser (39) (Toptica LD-780-0150-
02) emitting at a wavelength of 780 nm with a maximal output power of 150 mW
is used. The transmission through a 500-nm diameter TOF including the coupling
efficiency ranges between 60 and 80%.

The setup used for the coupling of the dipole lasers into the optical fibre is shown
in Fig. 5.9. The red- (dotted arrows), blue-detuned (dashed arrows) and probe (solid
arrows) lasers are combined using a phase-neutral dichroic mirror (Laseroptik) (33a)
with a specified reflectivity R > 99.8% at a wavelength of 1064 nm and a transmission
T > 98% at wavelengths ranging from 780 to 852 nm. The probe (3) and blue-detuned
(39) lasers are previously overlapped with a glass substrate (10). The red-detuned laser
(38) is also coupled at the other fibre end (17) using a second dichroic mirror (33b).
This is also used to separate the Nd-YAG laser from the rest of the lasers. In order to
separate the probe from the blue-detuned laser a holographic diffraction grating (16) is
used. In addition, a bandpass filter (Thorlabs FB850-40) centred at 850 nm with 40 nm
bandwidth (35) is mounted in front of the APD (15). The measured transmission of
the filter is 80% at 852 nm and < 0.01% at 780 nm. In order to eliminate the radiation
emitted at 852 nm by the blue-detuned laser, a low-pass filter (Thorlabs FES0800) with
a transmission of 80% at 780 nm and < 0.01% at 852 nm is used (36). With this setup,
the background signal detected by the APD lies in the low pW regime, while keeping
the overall detection efficiency of the probe laser as high as 60%.
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5.3 Experimental results

The influence of the two-colour evanescent field on laser cooled Cs atoms in the vicinity
of a 500-nm diameter TOF has been clearly observed. However, the efforts to load the
trap using the theoretically calculated parameters of the dipole lasers with atoms that
have been previously trapped and cooled in the MOT were so far unsuccessful. The
attempts consisted on simultaneously operating the MOT and the dipole trap during
several seconds and then measure the transmission of a resonant probe beam a few
tenths of milliseconds after switching off the MOT. This failure may be an indication
that the process of cooling the atoms in such a surface trap using the molasses of the
MOT is inefficient due to the steepness of the potential or due to the presence of the
fibre. One possible approach to tackle the problem consists in using an external dipole
trap in which the atoms can be cooled and subsequently transferred to the evanescent
field surface trap. This will be briefly described in the outlook. In the following, some
measurements of the light-induced shifts are presented.

5.3.1 Light-induced shifts

Figure 5.13 shows the measured absorbance profile of the cold atom cloud in the presence
of the dipole laser fields described in Sec. 5.2.2. The measurements have been performed
using the experimental sequence shown in Fig. 3.13 of Sec. 3.5.1 with the dipole lasers
in continuous operation. The probe laser is launched through the fibre simultaneously
with the red-detuned laser alone (red-dashed), with the blue-detuned laser alone (blue-
dotted), and with both dipole lasers (black solid). The chosen parameters for the lasers
are: 53 pW for the probe laser, 3 mW for the red-detuned laser (Nd-YAG at 1064 nm)
and 1.8 mW for the blue-detuned laser (diode laser at 780 nm). The three lasers had
the same polarisation (linear) and were coupled as a running wave. The point of zero
detuning has been fitted to the maximal absorbance of the cloud in the presence of
both dipole lasers. Note that the powers used for the dipole lasers are low compared to
the powers necessary for operating the trap. It has been observed that the linewidths
become broader for increasing powers of the trapping fields. At powers larger than 1
to 5 mW the maximal absorbance decreases to a point where the absorbance profiles
are not measurable using this method. This broadening can be explained by the light-
shifts of the atomic transition frequency which depend on the magnetic sub-levels of
the excited state (see Figs. 5.5). Since the atomic population is distributed among all
the magnetic sub-levels, this results in an inhomogeneous broadening of the absorbance
profile. The measured linewidths of the absorbance profiles are ∼10 MHz (black solid),
∼11 MHz (blue dotted), and ∼12 MHz (red dashed). Using Eqns. (2.23) and (2.27) it
can be shown that the maximal dipole force induced by the probe laser with 53 pW is
one to two orders of magnitude smaller than the dipole force induced by the red- and
blue-detuned laser fields with a few mW of power. Hence, no significant narrowing of
the profiles due to variations of the density of the atom cloud during the spectroscopy
occurs in this case.
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Figure 5.13: Measured absorbance of the cold atom cloud as a function of the detuning
of the probe laser for three configurations of the dipole fields: 1.8 mW of the blue-
detuned laser light (blue dotted), 3 mW of the red-detuned laser light (red dashed),
1.8 and 3 mW of the blue- and red-detuned laser light, respectively (black solid). The
power of the probe laser was set to 53 pW.

The absorbance of the cloud in the presence of the red-detuned dipole field (red dashed)
is clearly asymmetric. The integrated absorbance for positive values of the detuning
is larger than the integrated absorbance for negative values. This is due to the light-
induced shift of the excitation transition of the atoms produced by the red-detuned
laser. As shown in Fig. 2.3 of Sec. 2.3.2 a Cs atom interacting with a red-detuned light
field at a wavelength of 1064 nm undergoes a frequency shift of the atomic levels. The
energy of the ground state 62S1/2F = 4 is lowered and the energy of the excited state
62P3/2F

′ = 5 is rised (averaging over the magnetic sub-levels). Hence, the frequency
of the atomic transition increases in the presence of the red-detuned dipole laser. One
could expect that this produces a shift in the curve but not necessarily an asymmetry
of the profile. Indeed, the asymmetry stems from the fact that the atoms closer to the
fibre undergo a larger light-shift of the transition frequency and at the same time have
a higher contribution to the absorbance. The latter stems from the intensity profile of
the evanescent field of the probe laser, which decays (quasi) exponentially outside the
fibre. A blue-detuned light field produces the opposite effect (see Fig. 2.3). This can
be appreciated in the dotted curve showing the absorbance profile of the cloud in the
presence of the blue-detuned laser.

The peak absorbance of the profile measured in the presence of the blue-detuned laser
is larger than in the other two cases. This might be due to the smaller decay length of
the evanescent field of the 780-nm laser and due to the lower laser power compared to
the red-detuned laser.

The profiles shown in Fig. 5.13 can now be compared to the profile in the absence of



116 Towards atom-trapping in evanescent field dipole traps

dipole fields. Such a measurement has not been performed with the new setup. For the
purpouse of the comparison, the reader is referred to Fig. 3.31 (b) from Sec. 3.8 where
a measurement for a probe laser power of 52 pW performed with the original setup
is shown. The peak absorbance is 0.23 and the linewidth 7.3 MHz. While the peak
absorbance is greater than the peak absorbance of the profiles shown in Fig. 5.13, the
linewidth is narrower. As mentioned above, this broadening of the profiles in the presence
of the red- and blue-detuned laser fields stems from the inhomogeneous broadening
produced by the different shifts of the Zeeman sub-levels. Note that the comparison
is only qualitative since the experiments were performed with different fibres, Newport
FS-F for Fig. 3.31 and Liekki Passive-10/123-PM for Fig. 5.13. Nevertheless, it has been
observed that the absorbance profiles measured with the two fibres in the absence of the
dipole laser fields are comparable.

The measurements presented in this section show a clear influence of the two-colour
evanescent field on the spectral properties of laser cooled Cs atoms. A further analysis
of the absorbance profiles using the simulations described in Sec. 3.7.3 including the
two-colour evanescent field may also prove the mechanical influence of the dipole lasers
on the atoms.



Conclusions

In this thesis I investigated the interaction of laser cooled caesium atoms with the evanes-
cent field arising around ultra-thin optical fibres with diameter smaller than the guided
light. The ultra-thin optical fibres are produced by tapering a standard telecommuni-
cation optical fibre with the custom-made tapering facility available in our group [36].
In the first part of this thesis I extensively analysed the guiding properties of such fi-
bres. The knowledge of the propagation properties of the guided fibre modes is essential
for using them as a tool to investigate cold atoms. Moreover, such modes are of high
interest by themselves exhibiting characteristics not found in free propagating beams.
The discontinuity of the intensity at the fibre surface and the strong confinement of the
electric field are two examples of that [37].

I developed an experiment that allows to spectroscopically investigate a cloud of laser
cooled atoms using a tapered-optical fibre (TOF). By overlapping a magneto-optical
trap (MOT) with the waist of a TOF the transmission of a frequency scanned probe
laser launched through the fibre was measured in the presence of the atoms. In order to
accurately analyse the interaction of the atoms with the evanescent field of the fibre I
developed a theoretical model that describes the absorbance profiles of the atom cloud as
a function of the frequency of the probe laser. The model includes a detailed analysis of
the density of the atom cloud in the vicinity of the fibre using Monte-Carlo simulations
of the atomic trajectories inside the cloud. The results of this analysis were confirmed
in a recent publication using a different approach [90]. The modelling of the absorbance
profiles revealed the importance of two effects that strongly influence the atoms both
spectrally and mechanically: The light-induced dipole forces and the surface interactions.

I also showed that ultra-thin optical fibres can be used as an efficient tool to measure
the fluorescence of the cold atom cloud. The efficiency of this method relies on the inter-
action of the atoms with the fibre leading to an enhancement of the atomic spontaneous
emission rate into the guided fibre mode.

During the last year and a half of my graduate work I built a new experimental setup
at the University of Mainz that allows to couple two additional dipole lasers into the
TOF. I also experimentally solved the problem of fabricating fibres that do not fuse
when a laser with a power of several milliwatts is launched through it. This is an
indispensable condition to create the two-colour evanescent field dipole traps described
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in this thesis. The spectral influence of the two-colour evanescent field on the atoms was
spectroscopically investigated. The light-shifts of the energy levels of the atoms induced
by the dipole lasers were clearly observed by measuring the absorbance profile of the
atom cloud.

As a concluding remark, this thesis demonstrates that ultra-thin optical fibres are an
efficient tool to enhance light-matter interaction in two directions: Guided photon to
atom and atom to guided photon. In a long-term perspective, this enhanced interaction
can be used in combination with the atom manipulation technologies to prepare ensem-
bles of fibre-coupled atoms. For this purpouse, the first steps towards atom trapping
and manipulation around ultra-thin fibres have already been done.



Chapter 6

Outlook

In this Chapter I present the actual status of the experiment and briefly describe the
latest measurements that have been performed towards the direction of atom trapping
and manipulation using the evanescent field of a TOF (Sec. 6.1). In the last Section a
novel type of evanescent field surface trap that allows atom trapping in the dark, thereby
suppressing the light shifts of the energy levels is described (Sec. 6.2).

6.1 External dipole trap to approach the atoms to the fibre

Due to the difficulties of loading the atoms into the surface microtraps presented in
Sec. 5.1.1, an external dipole trap creating a purely attractive potential for Cs atoms
has been set up. The atoms are loaded into the external dipole trap which is overlapped
with the fibre waist and, as a next step, an adiabatic transfer of the atoms into the
evanescent field dipole trap should be possible [91].

Figure 6.1 schematically shows the setup for the external dipole trap. A red-detuned
laser beam (Nd-YAG, (3)) with Gaussian profile at a wavelength of 1064 nm is tightly
focused inside the vacuum chamber (13) through the microscope objective (7). The
laser is transmitted through a PM single-mode optical fibre (2) and overlapped with the
lateral imaging system (see Sec. 3.3.3) using a polarisation beam-splitter (PBS) (6). A
band-pass filter for 850 nm (see Sec. 5.2.2) is used to remove the scattered light from
the dipole beam that would otherwise saturate the CCD-chip. The power of the laser
beam is 320 mW. The beam radius at the focus is calculated to be 7 µm, leading to
a depth of the potential of 700 µK at the trapping minimum (11). The focal point of
the beam is overlapped with the MOT (12). An imaging beam (9) is coupled through
a view-port underneath the chamber. The beam goes upwards through the centre hole
of the mount (8) to the MOT. The atom cloud absorbs part of the light of the imaging
beam creating a shadow. The shadow is then imaged with a 2f − 2f imaging system
((1) and (14)).
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Figure 6.1: Experimental setup used for the external dipole trap. Labels: 1 CCD-
camera, 2 PM-fibre, 3 Nd-YAG laser, 4 camera objective, 5 band-pass filter, 6 PBS,
7 microscope objective, 8 fibre mount, 9 imaging beam, 10 TOF, 11 dipole trap, 12
MOT, 13 vacuum chamber, 14 convex lens.

Table 6.1 shows the experimental sequence used to load the dipole trap and image the
atoms. The described sequence has been optimised by using a method of trial-error.
There are other combinations of the parameters that lead to an efficient loading of the
trap. In the first period of 3 s the atoms are trapped and cooled in the MOT. The
parameters used for the MOT beams and the magnetic field gradient are shown in the
Table. During the next period of 120 ms the dipole trap is loaded. The dipole beam is
switched on and the dipole trap therefore operates simultaneously with the MOT. The
power and the detuning of the MOT beams vary as a function of time during this period.
The chosen characteristic time of the variation is 80 ms. The magnetic field gradient
maintains its original value. In the next period a time-delay of 60 ms is introduced
where the MOT beams and the magnetic field are off. During this period the atoms
from the MOT that are not trapped in the dipole potential are released. Hence, the
duration of the delay must be longer than the time it takes the atoms released from the
MOT to leave the region of the dipole trap ∼10 ms. In the last period an absorption
image of the atoms is recorded during an integration time of 40 µs. The power of the
imaging laser is set to 90 µW and the 1/

√
e-radius of the beam is σ = 1.5 mm. During

this period the dipole beam is off in order to eliminate the light shifts of the energy
levels.

Figure 6.2 shows the absorption image of the atom cloud released from the external
dipole trap. The measurement was performed using the sequence described in Table 6.1.
Note that the extension of the atom cloud along the x-direction is about the same as
for the MOT. The dimensions of the cloud are estimated to be 1 mm along the x-axis
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MOT loading dipole trap loading delay imaging

time duration 3 s 120 ms 60 ms 40 µs

cooling P0 = 150 mW, P (t) = (P0/3) + (2P0/3) exp [−t/(80 ms)], off off

laser δ0 = −γ δ(t) = δ0(10 − 9 exp [−t/(80 ms)])

repump P0 = 160 µW, P (t) = P0 exp [−t/(80 ms)], off off

laser δ0 = 0 δ = 0

magnetic field 8 Gauss/cm 8 Gauss/cm off off

gradient

Nd-YAG off P = 320 mW P = 320 mW off

imaging off off off P0 = 90 µW

laser σ = 1.5 mm

Table 6.1: Experimental sequence for the loading of atoms in the dipole trap and subsequently
image them. The power P and detuning of the lasers in each of the steps are shown.
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Figure 6.2: Absorption image of the atoms released from the dipole trap. The ab-
sorption image was taken with a 40 µs integration time.

and 0.15 mm along the y-axis.

By overlapping the dipole trap with the waist of the fibre, the interaction of cold atoms
with the surface of the fibre can be systematically investigated [92]. Moreover, when
coupling the dipole beams described in Sec. 5.2.2 into the fibre, the lifetime of the atoms
in the trap as a function of the parameters of the guided dipole beams can be measured.
Finally, an adiabatic transfer of the atoms trapped in the external dipole trap into the
two-colour evanescent field dipole trap should be possible [91].
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6.2 Blue-detuned evanescent field traps based on two-mode
interference

We have recently proposed a novel concept of blue-detuned evanescent field surface traps
for cold neutral atoms based on two-mode interference in ultra-thin optical fibres [93].
When two or more transverse modes with the same frequency co-propagate in the fi-
bre, their different phase velocities cause a stationary interference pattern to establish.
Intensity minima of the evanescent field at any distance from the surface can be cre-
ated and an array of optical microtraps can thus be obtained around the fibre. In this
section, I discuss one possible combination of two low order modes, the HE11 and the
TE01, yielding a trap at one to two hundred nanometres from the fibre surface which,
using a few ten milliwatts of trapping laser power, has a depth on the order of 1 mK
and a trapping lifetime exceeding 100 seconds for Cs atoms.

6.2.1 Modal dispersion and polarisation configuration

Let us assume a fibre-field configuration where only four modes can propagate: The
fundamental mode HE11 and the first three higher order modes, the TE01, the TM01

and the HE21. Assuming that the modes can be pairwise excited, three pairs of modes
can be used to trap cold neutral atoms in the intensity minima formed at the posi-
tions of destructive interference in the evanescent field surrounding the fibre. These
combinations are HE11+TE01, HE11+HE21 and TE01+HE21.

1 Here, I will only discuss
the trap resulting from the interference between the HE11 and TE01 modes. The other
combinations can be found in [93].

Figure 6.3 shows the propagation constant β for the first seven modes in the fibre
normalised to the wavenumber in free space k0 as a function of the V parameter given
by Eq. (1.14) in Sec. 1.2. The dashed vertical line located at V = 3.11 indicates the
value of the V parameter for the configuration considered here: An ultra-thin optical
fibre of pure silica (n1 = 1.452) with a radius a = 400 nm, surrounded by vacuum
(n2 = 1) and a wavelength of λ = 850.5 nm. At this value of V the phase velocities
of the four modes that can propagate differ significantly. This difference will cause an
interference pattern to establish along the fibre and, in addition, results in different
radial decay lengths of the evanescent field outside the fibre for each mode. The modal
dispersion can therefore be used to create a tailored evanescent field resulting from the
interference of two or more co-propagating modes. One blue-detuned neutral atom trap
using two co-propagating modes exhibits three-dimensional confinement: Radially, due
to the tailored evanescent field, axially, due to the difference in the phase velocity, and

1The TM01 mode cannot be used to create a trap: The necessary degree of cancellation of the electric
field at the position of destructive interference only occurs if the polarisation in both modes matches
reasonably good. Since the projection of the electric field on the propagation axis z for the TM01 mode
is much larger than for the rest of the considered modes the TM01 mode does not have the necessary
degree of polarisation matching with the rest of the modes to form a useful trap.
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Figure 6.3: Normalised propagation constant β/k0 versus the V parameter. The
dashed vertical line located at V = 3.11 indicates the configuration considered in this
section.

azimuthally, because the different modes have different polarisation distributions around
the fibre axis.

Figures 6.4 and 6.5 show the vector plots of the electric field component transverse
to the fibre axis ~E⊥ = (Ex, Ey) at t = 0 and z = 0 propagating in the HE11 and
TE01 modes, respectively. The HE11 mode is assumed to be x-polarised and is given
by Eqns. (1.26) and (1.27) in Sec. 1.2.2 with ϕ0 set to zero. The TE01 mode is given
by Eqns. (1.30) and (1.31) in Sec. 1.2.4. The decay lengths of the two modes in the
considered configuration are Λ11 = 164 and Λ01 = 277 nm, respectively.

6.2.2 HE11+TE01 trap

As an example, I discuss the properties of the trap resulting from the interference be-
tween the HE11 and TE01 modes for Cs atoms. By choosing the appropriate power
distribution between the modes, an array of local minima of the field intensity at any
distance from the fibre surface can be created at the positions where the two fields op-
timally cancel. For blue-detuned light with respect to the atomic transition frequency
a dipole force proportional to the negative gradient of the field intensity is then exerted
on the atoms confining them in the intensity minima (see Sec. 2.3).

The trap can be created with 50 mW of light and the fibre-field parameters described
above. With 72% of the power propagating in the HE11 mode and 28% in the TE01

mode, a trap for cold Cs atoms with a trapping minimum at 134 nm from the fibre
surface is formed. The depth of the trap is 0.92 mK and the trapping lifetime resulting
from heating due to spontaneous scattering of photons exceeds 100 seconds for Cs atoms
with an initial kinetic energy corresponding to 100 µK.
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Figure 6.4: Field plot of the electric field
component perpendicular to the fibre axis
~E⊥ = (Ex, Ey) for the HE11 mode at t = 0,
z = 0 and for ϕ0 = 0 (see Eqns. (1.26)
and (1.27)). The fibre is indicated by the grey
circle. The following parameters have been
used: a = 400 nm, n1 = 1.452, n2 = 1, and
λ = 850.5 nm.
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Figure 6.5: Field plot of the electric field ~E
for the TE01 mode at t = 0 and z = 0 (see
Eqns. (1.30) and (1.31)). The fibre is indicated
by the grey circle. The fibre parameters are
identical to Fig. 6.4.

Figure 6.6 shows a contour plot of the trapping potential including the van der Waals
(v.d.W.) surface potential in the plane z = 4.61 µm (Eq. (3.28) in Sec. 3.7.2). The fibre
surface is indicated by a grey circle and the equipotential lines are labelled in mK. The
trapping minimum is located at φ = π/2, r = 534 nm and z = 4.61 µm. The trapping
minimum lies on the y-axis because here the polarisation of the two modes matches and
the interference is maximally destructive. This polarisation matching between the two
modes can be understood when comparing Figs. 6.4 and 6.5.

The contour plot of the trapping potential in the plane x = 0 is shown in Fig. 6.7. The
fibre surface is indicated by two vertical grey lines. The interference between the modes
creates an array of traps in the axial direction with a periodicity given by the beat
length of the two co-propagating modes, z0 = 2π/(β11 − β01) = 4.61 µm. In addition,
there is a second array of traps on the opposite side of the fibre with same periodicity
which is shifted by z0/2. The potential has a sin2((β11 − β01)z) dependence in the axial
direction.

Figure 6.8 shows the trapping potential along the y-axis. The fibre surface is indicated
by the vertical grey line. The solid black line corresponds to the sum of the light-induced
potential and the v.d.W. potential when 72% of the power propagates in the HE11 mode.
The dashed and dotted lines correspond to the same potential assuming slightly different
power distributions between the modes: The parameter τ is defined such that P11 = τP
and P01 = (1 − τ)P, where P denotes the total power transmitted through the fibre,
P11 the power propagating in the HE11 mode, and P01 the power propagating in the
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TE01 mode. I assume that τ can be controlled with a precision of σ = 0.05
√

τ0(1 − τ0),
i. e., σ = 0.025 for τ0 = 0.5. For the case of τ0 = 0.72 the power distribution between
the modes τ would then be controlled within ±0.022. This value is considered to be
a conservative assumption for the precision of the power distribution between the two
modes. For the case of P11 = (τ0 +σ)P (dotted line) the trap is 27% shallower compared
to the trap for P11 = τ0P (solid line), whereas for the case of P11 = (τ0 − σ)P (dashed
line) the trap is 30% deeper. While the trap depth increases when decreasing τ , the
trapping minimum is also shifted towards the fibre. When further decreasing τ the
depth of the trap thus drastically reduces because the v.d.W. potential becomes larger
than the light-induced potential. Furthermore, the potential barrier in the direction
towards the fibre becomes narrower which would eventually lead to tunnelling of the
atoms. The parameters presented here have been chosen in such a way that even with
realistic experimental uncertainties the trap remains sufficiently deep and the tunnelling
is negligible compared to the trapping lifetime. Note that the total potential is slightly
negative at its minimum due to the influence of the v.d.W. potential. Since the z-
component of the electric field in the HE11 mode vanishes at φ = π/2, the polarisation
in the two modes perfectly matches at the intensity minimum and the v.d.W. potential
at this position is the only influence on the atoms.

Using a harmonic potential approximation the trapping frequencies can be calculated.
These are: ωφ/2π ≈ 1.07 MHz in the azimuthal direction, ωz/2π ≈ 528 kHz in the axial
direction, and ωr/2π ≈ 770 kHz in the radial direction. The extensions of the trapping
volume in this directions for Cs atoms with a kinetic energy corresponding to 100 µK
are: 34 nm, 68 nm, and 47 nm, respectively.

The calculations of the lifetime have been performed assuming Cs atoms with an initial
kinetic energy equivalent to 100 µK trapped in a three dimensional classical harmonic
potential with oscillation amplitudes corresponding to the above given extensions of the
trapping volume. From that, the mean squared field amplitude at the position of the
atom has been calculated by integrating over all possible classical oscillation modes.
Using this method, a scattering rate of 39 photons/second and a trapping lifetime of
108 seconds is found.
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Figure 6.6: Contour plot of the HE11+TE01

trap for Cs atoms in the plane z = 4.61 µm for
the following parameters: P = 50 mW, τ = 0.72,
λ = 850.5 nm, a = 400 nm, n1 = 1.452, and
n2 = 1. The fibre surface is indicated by the grey
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Figure 6.8: Plot of the trapping potential versus the position along the y axis for
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Appendix A

Maxwell’s equations in a
step-index circular optical fibre

a

r
~p

φ z n(r) =

{

n1 if r < a
n2 if r > a

with n1 > n2

(A.1)

Figure A.1: Geometry of the fibre and variation of the refractive index as a function
of r

This appendix is dedicated to solve the Maxwell’s equations in an optical fibre. The
the refractive index n as a function of r is given by Eq. (A.1), where a denotes the
fibre radius, n1 the refractive index inside the fibre, and n2 the refractive index in the
surrounding medium. For simplicity, we use cylindrical coordinates. The Maxwell’s
equations are given by [29]

~∇× ~H = ε(r)
∂ ~E

∂t
, (A.2)

~∇× ~E = −µ0
∂ ~H

∂t
, (A.3)

~∇ · (ε(r) ~E) = 0, (A.4)

~∇ · ~H = 0. (A.5)

(A.6)

From Eqns. (A.2)–(A.5), the wave equation of the fields

~∇2 ~E − µ0ε(r)
∂2 ~E

∂t2
= −~∇(

~E

ε(r)
· ~∇ε(r)) (A.7)
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can be deduced. Firstly, we apply the curl operation on Eq. (A.3) and use the relation
~∇× (~∇× ~E) = ~∇(~∇· ~E)−∇2 ~E. Secondly, we use Eqns. (A.2) and (A.4) to simplify the
resulting relation obtaining Eq. (A.7). The form of the wave equation for ~H is identical
as Eq. (A.7) and will not be explicitly given. The right-hand term in (A.7) is in general
non-zero. However, due to the symmetry of the problem, ∂ε(r)/∂z vanishes. Hence, the
components Ez and Hz can be solved first and Er, Hr, Eφ and Hφ can be expressed in
terms of Ez and Hz. For the next steps the form of the following operators in cylindrical
coordinates will be useful:

[~∇ · ~A]r,φ,z = ∂rAr +
1

r
∂φAφ + ∂zAz, (A.8)

[~∇× ~A]r,φ,z = (
1

r
∂φAz − ∂zAφ)r̂ + (∂zAr − ∂rAz)φ̂+ (∂rAφ − 1

r
∂φAr)ẑ, (A.9)

[∇2]r,φ,z = ∂2
r +

1

r
∂r +

1

r2
∂2

φ + ∂2
z . (A.10)

Due to the geometry of the problem, the solutions of Eq. (A.7) for the z-component take
the form of

Ez(~r, t) = Ez(r, φ) exp[i(ωt− βz)], (A.11)

where β is the axial propagation constant of the field. Substituting Eq. (A.11) into
Eq. (A.7) and using Eq. (A.10) we obtain the wave equation in cylindrical coordinates

[

∂2
r +

1

r
∂r +

1

r2
∂2

φ + (k2 − β2)
]

Ez(r, φ) = 0, (A.12)

where k2 = µ0εω
2. This equation is separable with solutions of the form

Ez(r, φ) = R(r) exp[±ilφ], (A.13)

where l = 0, 1, 2, .... Then, Eq. (A.12) becomes the Bessel differential equation for the
radial functions R(r)

[

∂2
r +

1

r
∂r + (k2 − β2 − l2

r2
)
]

R(r) = 0. (A.14)

The general solutions of Eq. (A.14) are Bessel functions of order l depending on the sign
of the magnitude k2 − β2:

If k2 − β2 > 0 then, R(r) = c1Jl(hr) + c2Yl(hr), with h2 = k2 − β2, (A.15)

If k2 − β2 < 0 then, R(r) = c3Il(qr) + c4Kl(qr), with q2 = β2 − k2. (A.16)

Jl denotes the Bessel function of the first kind, Yl the Bessel function of the second kind,
Il the modified Bessel function of the first kind and Kl the modified Bessel function of
the second kind, all of them of order l. Note that the axial propagation constant β of
any lossless mode must lie within the range of values given by

n2k0 ≤ β ≤ n1k0, (A.17)
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where k0 = ω/c is the wavevector of the propagating field in vacuum. Therefore, the
solution will take the form of Eq. (A.15) for r < a, and the form of Eq. (A.16) for r > a.
β ≤ n2k0 leads to another set of solutions where the fields do not only propagate axially,
but also radially, i. e., leading to lossy fibre modes.

The fields must be finite as r → 0. Since Yl diverges for small arguments, we deduce
that c2 = 0. Analogously, the guided fields must vanish for large r. Since Il diverges as
r → ∞, we deduce that c3 = 0. Therefore, Ez and Hz can be expressed as

Ez(r, φ, z, t) = AJl(hr) exp[i(ωt± lφ− βz)], (A.18)

Hz(r, φ, z, t) = BJl(hr) exp[i(ωt± lφ− βz)], (A.19)

h =
√

n2
1k

2
0 − β2 (A.20)

for r < a, and

Ez(r, φ, z, t) = CKl(qr) exp[i(ωt± lφ− βz)], (A.21)

Hz(r, φ, z, t) = DKl(qr) exp[i(ωt± lφ− βz)], (A.22)

q =
√

β2 − n2
2k

2
0 (A.23)

for r > a. Using the expressions above together with Eqns. (A.2), (A.3) and (A.9), Er,
Eφ, Hr and Hφ can be expressed in terms of Ez and Hz.

For r < a:

Er(r, φ, z, t) = −β
h

[

iAJ ′
l (hr) −

ωµ0(±l)
β

B
Jl(hr)

hr

]

exp[i(ωt± lφ− βz)],

Eφ(r, φ, z, t) =
β

h

[

(±l)AJl(hr)

hr
+
iωµ0

β
BJ ′

l (hr)
]

exp[i(ωt± lφ− βz)],

Ez(r, φ, z, t) = AJl(hr) exp[i(ωt± lφ− βz)], (A.24)

Hr(r, φ, z, t) = −β
h

[

iBJ ′
l (hr) +

ωε1(±l)
β

A
Jl(hr)

hr

]

exp[i(ωt± lφ− βz)],

Hφ(r, φ, z, t) =
β

h

[

(±l)BJl(hr)

hr
− iωε1

β
AJ ′

l (hr)
]

exp[i(ωt± lφ− βz)],

Hz(r, φ, z, t) = BJl(hr) exp[i(ωt± lφ− βz)], (A.25)

where J ′
l (hr) = dJ(hr)/d(hr) and ε1 = n2

1ε0 is the dielectric constant inside the fibre.

For r > a:

Er(r, φ, z, t) =
β

q

[

iCK ′
l(qr) −

ωµ0(±l)
β

D
Kl(qr)

qr

]

exp[i(ωt± lφ− βz)],

Eφ(r, φ, z, t) = −β
q

[

(±l)CKl(qr)

qr
+
iωµ0

β
DK ′

l(qr)
]

exp[i(ωt± lφ− βz)],

Ez(r, φ, z, t) = CKl(qr) exp[i(ωt± lφ− βz)], (A.26)
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Hr(r, φ, z, t) =
β

q

[

iDK ′
l(qr) +

ωε2(±l)
β

C
Kl(qr)

qr

]

exp[i(ωt± lφ− βz)],

Hφ(r, φ, z, t) = −β
q

[

(±l)DKl(qr)

qr
− iωε2

β
CK ′

l(qr)
]

exp[i(ωt± lφ− βz)],

Hz(r, φ, z, t) = DKl(qr) exp[i(ωt± lφ− βz)], (A.27)

where K ′
l(qr) = dK(qr)/d(qr) and ε2 = n2

2ε0 denotes the dielectric constant in the
surrounding medium. The term ±l in the exponential was introduced in Eqns. (A.13),
the ansatz functions for the solution of the wave function in cylindrical coordinates.
This leads to the solutions of the fields for circular polarisation, the + (−) sign cor-
responding to the solution for clockwise (counterclockwise) rotation of the transverse
field ~E⊥ = (Ex, Ey) around the fibre axis. The solutions for linearly polarised light are
obtained using another type of ansatz functions: Ez(r, φ) = R(r) cos[lφ] and Ez(r, φ) =
R(r) sin[lφ]. In addition, as shown in Sec. 1.2.1, the number l is related to the orbital
angular momentum of the propagating electromagnetic field. This introduces an inter-
esting relation between the polarisation of the field and its orbital angular momentum
in optical fibres. The magnitudes A B, C, D and β, are determined by the boundary
conditions and by the total power of the electromagnetic field given by

Eφ,z(r = a)|1 = Eφ,z(r = a)|2,
Hφ,z(r = a)|1 = Hφ,z(r = a)|2, (A.28)

P =
ω

2π

∫ 2π
ω

0
dt

∫

S
SzdS. (A.29)

The sub-indices 1 and 2 in Eqns. (A.28) account for the regions where r < a and r > a,
respectively. P is the total power transmitted through the fibre and Sz is the component
of the Poynting vector along the fibre axis. Imposing the boundary conditions given
by (A.28) on Eqns. (A.24)–(A.27) the following relations for the constants A B, C and
D are obtained:

AJl(ha) − CKl(qa) = 0,

A
[ i(±l)
h2a

Jl(ha)
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+B
[
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hβ
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l (ha)
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+D
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l(qa)
]

= 0,

BJl(ha) −DKl(qa) = 0,
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+B
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]

+ C
[ωε2
qβ

K ′
l(qa)

]

+D
[ i(±l)
q2a

Kl(qa)
]

= 0.

(A.30)

Equations (A.30) lead to a nontrivial solution for the constants provided that the de-
terminant of their coefficients equals zero [44]. This requirement leads to the mode
condition that determines the propagation constant β for each mode,

( J ′
l (ha)

haJl(ha)
+

K ′
l(qa)

qaKl(qa)

)(n2
1J

′
l (ha)

haJl(ha)
+
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l(qa)

qaKl(qa)

)

= l2
[( 1

ha

)2
+

( 1

qa

)2]2( β

k0

)2
, (A.31)
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and to the relations between the constants A, B, C and D given by

C

A
=

Jl(ha)

Kl(qa)
,

B

A
=

iβ(±l)
ωµ0

( 1

h2a2
+

1

q2a2

)( J ′
l (ha)

haJl(ha)
+

K ′
l(qa)

qaKl(qa)

)−1
,

D

A
=

C B

A2
.

(A.32)

Note that B/A is complex producing a relative phase of π/2 between Er and Eφ and,
thus circular polarisation of the transverse field. Finally, Eq. (A.29) allows the determi-
nation of A by imposing the desired power of the electromagnetic field. In practice P is
measured with a photodetector at the output of the fibre.
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