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Abstract

Light is often described as an electromagnetic wave that is transversely polarized with respect
to its propagation direction. This description however breaks down when the light field is
strongly transversely confined. Such a light field exhibits a longitudinal component of its electro-
magnetic field. In this situation the spin and the orbital angular momentum of light are coupled
and thus not independent quantities anymore, e.g., the local spin depends on the propagation
direction of the light field.

In this thesis, the interaction between nanofiber-trapped atoms and spin–orbit coupled light
fields is studied in the dispersive and the resonant regime. In our system, the nanofiber pro-
vides an evanescent field interface between the strongly guided optical mode and neutral cesium
atoms. The atoms are confined in two diametric arrays in the vicinity of the nanofiber surface us-
ing a nanofiber-based two-color optical dipole trap. It is demonstrated that by using the peculiar
polarization pattern of the guided light fields, the two atomic ensembles can be simultaneously
optically pumped to opposite Zeeman states. Furthermore, it is shown that the state-dependent
light shifts induced by a fictitious magnetic field can be locally distinct. This enables the inde-
pendent coherent manipulation of the two ensembles via microwave radiation.

Moreover, due to the spin–orbit interaction of light, the system exhibits asymmetric scatter-
ing of photons by the atoms into counter-propagating nanofiber-guided modes. An asymmetry
of the scattering rates into the two propagation directions higher than 10:1 is demonstrated. It
is presented that this asymmetry can be tailored by the internal state of the atom and the polar-
ization of the excitation light field. Additionally, it is shown that the spin–orbit interaction in
our system can lead to nonreciprocal transmission of a nanofiber-guided light field. Building
on this property a nanoscale optical diode is demonstrated, which can be operated down to the
single-photon regime.
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Kurzfassung

Licht wird meistens als elektromagnetische Welle beschrieben, die bezüglich ihrer Ausbrei-
tungsrichtung transversal polarisiert ist. Diese Beschreibung ist für Lichtfelder, die lateral stark
eingeschlossen sind aber nicht mehr zutreffend. Solche Lichtfelder weisen eine longitudinale
Komponente in ihrem elektrischen Feld auf. Wenn dies der Fall ist, sind Spin- und Bahndrehim-
puls des Lichtfeldes gekoppelt. Sie sind damit keine voneinander unabhängigen Größen mehr,
was dazu führt, dass zum Beispiel der lokale Spindrehimpuls von der Ausbreitungsrichtung des
Lichtfeldes abhängt.

In dieser Arbeit wird die Wechselwirkung von Atomen, die an einer Nanofaser gefangen
sind, und Licht, das Spin-Bahn-Kopplung aufweist, untersucht. In unserem System wird durch
die Nanofaser eine Schnittstelle zwischen neutralen Cäsium-Atomen und dem evaneszenten Feld
der stark geführten optischen Moden realisiert. Mit Hilfe einer optischen Zweifarben-Falle, die
auf Dipolkräften beruht, sind die Atome nahe der Oberfläche der Nanofaser in zwei diame-
tral gegenüberliegenden Reihen gefangen. Die besondere Polarisation des evaneszenten Feldes
ermöglicht es, die beiden atomaren Ensembles gleichzeitig durch optisches Pumpen in unter-
schiedliche Zeeman-Zustände zu bringen. In dieser Arbeit wird außerdem gezeigt, dass die
zustandsabhängige Verschiebung der Energieniveaus, die durch fiktive Magnetfelder induziert
wird, von der räumlichen Position der Atome abhängt. Dies ermöglicht die unabhängige und
kohärente Manipulation der beiden atomaren Ensembles mit Mikrowellenstrahlung.

Photonen, die von den Atomen gestreut werden, koppeln durch die Spin-Bahn-Wechsel-
wirkung von Licht unterschiedlich stark an Moden, die sich in entgegengesetzter Richtung in
der Nanofaser ausbreiten. Hier wird gezeigt, dass diese Asymmetrie der Streuraten in die bei-
den Ausbreitungsrichtungen höher als 10:1 sein kann. Die Asymmetrie kann man abhängig von
der Polarisation des anregenden Lichtfeldes sowie des inneren Zustandes der Atome beeinflus-
sen. Hinzu kommt, dass die Spin-Bahn-Wechselwirkung von Licht in unserem System dazu
führen kann, dass Lichtfelder abhängig von ihrer Ausbreitungsrichtung durch die Nanofaser un-
terschiedlich stark transmittiert werden. Basierend auf diesem Effekt wird gezeigt, dass eine
optische Diode im Nanomaßstab realisiert werden kann, die auch mit einzelnen Photonen noch
funktioniert.
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CHAPTER 1
Introduction

The research on interaction of light and matter in the quantum regime is highly versatile and has
been very fruitful in the last decades. Only two years ago, in 2012, S. Haroche and D. Wineland
were awarded with the Nobel Prize in Physics “for ground-breaking experimental methods that
enable measuring and manipulation of individual quantum systems” [1,2]. In order to gain con-
trol over the external and internal degrees of freedom of single quantum systems like ions [3]
or atoms [4] one lets them interact with electromagnetic radiation. Over the years, matter-based
quantum systems with long coherence times could be realized with dopant ions in crystals [5],
nitrogen vacancy centers [6], quantum dots [7], trapped neutral atoms [8], and trapped ions [9].
On these grounds, the obtained advances, especially in the field of quantum information pro-
cessing [10], lead to the idea of combing different types of these systems into so-called hybrid
quantum systems [11] to profit from their distinct advantages. A light–matter interface, for ex-
ample, combines the ability of long-coherence times systems to process and store quantum in-
formation with the advantage of photons that are excellent in transmitting quantum information.
Such a hybrid quantum system can be a building block in a quantum communication network.
The great advantage of quantum communication compared to classical communication is that
it can be encrypted on a quantum level. This means, since the information sent through the
communication channel has a quantum nature it will be altered when it is measured. Therefore,
any eavesdropping on the communication channel would lead to a change of the transmitted
information and therefore would be detectable [12]. However, due to losses in a communication
channel at some point a signal has to be amplified. Due to the no-cloning theorem [13] it is not
possible just to copy the quantum information and amplify it as it is done in classical amplifiers.
In quantum communication this task is done by a quantum repeater [14] that makes it possible to
realize long-distance quantum communication [15]. Such a quantum repeater could be realized
by a light-matter interface.

A possible realization of hybrid quantum system as an atom–light interface lies in the effi-
cient coupling of an ensemble of neutral atoms to the evanescent field of light that propagates
in an optical nanofiber. An optical nanofiber can guide light fields like a standard fiber but has a
sub-wavelength diameter. An interesting property of the nanofiber is that the guided light fields
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1. INTRODUCTION

are strongly confined. However, this property is not unique to nanofibers: Today there is a strong
tendency to miniaturize physical systems either for its benefit for the computer industry or in or-
der to find and study interesting physical effects. Especially in nanoscaled optical systems one
always has to deal with strong confinement of light fields [16]. The properties of these fields are
different from freely propagating collimated light beams: By applying the paraxial approxima-
tion [17] to the Maxwell equations freely propagating collimated beams are usually treated as
plane waves that are purely transversely polarized. This approximation is valid in many phys-
ical systems. But out of the paraxial approximation a light field cannot be only transversely
polarized but also has a longitudinal component [18, 19]. This longitudinal component of the
electric field is π/2 phase shifted with respect to its transverse components [20]. The feature of
non-transverse polarization of a light beam becomes more significant when it is strongly con-
fined. Experimentally, the longitudinal component of at the waist of a focused light field has
been measured, e.g., in [21]. There, single molecules with fixed absorption dipole orientation
were used to probe the longitudinal component. In [22], it was even suggested to use focused
light fields as laser particle accelerator where the particles are driven by the Lorentz force that is
induced by the longitudinal component of the light field.

The occurrence of the longitudinal component is related to the spin–orbit interaction of light.
It has been studied not only in free space [23–25] but also in other situations when a light field is,
e.g., interacting with a plane dielectric interface [26,27] or a plane metasurface [28]. In the latter
case it is experimentally shown that the spin–orbit interaction of light can lead to the “spin Hall
effect” of light [29–32]. This effect describes the fact that the polarization components of a light
beam are spatially separated into two parts that have opposite circularity. Nanofiber-guided light
fields can locally exhibit these circular polarization components as well, even when the total spin
angular momentum of the light field is zero. In [33] it was proposed that on interaction of such
a light field with atoms it should thus be possible to spin-polarize the atoms. The interaction
of single atoms with nonparaxial photons was investigated in a microscale whisphering-gallery-
mode resonator and presented in [34, 35]

It was proposed in [36,37] that it should be possible to trap atoms along an optical nanofiber
and therefore create and interface between the nanofiber-guided modes and the atoms. This
interface consists of a two-color dipole trap for neutral cesium atoms that is generated by the
evanescent field of light that propagates in an optical nanofiber. One of the advantages of this
system is the fact that the atoms are efficiently coupled to light that propagate in the optical
nanofiber via the light’s evanescent field. Therefore, after interacting with the atoms the photons
can still be easily routed over long distances. Here, we employ the fact that the nanofiber is
realized as the waist of a tapered optical fiber: the light fields that propagate in a standard optical
fiber can be efficiently routed into and out of the nanofiber section. The nanofiber-based trap was
experimentally demonstrated for the first time in our group [38]. Then, we characterized this
system [39, 40] in terms of atomic temperature, distribution of the atoms in the trap, scattering
properties of atom, etc. We showed that the trapped atoms can dispersively interact with the
nanofiber-guided light fields and that this is nondestructive with respect to the atom number [41].
Furthermore, we showed that we can manipulate the external degree of freedom of the trapped
atoms by spatially moving them along the nanofiber [42]. Recently, we demonstrated that the
“matter-part” of the system exhibits good ground state coherence times so that it should be
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possible to store quantum information in the atoms for several milliseconds [43]. These results
triggered both theoretical and experimental research on this topic by various research teams,
e.g. [44–49].

In this thesis, the studies of this system of nanofiber-trapped atoms is extended. I investigate
the unique polarization pattern that is exhibited by the spin–orbit coupled nanofiber-guided light
fields. I then demonstrate that the internal state of the atoms can be manipulated via these fields.
In particular, experimental results are presented that show that the trapped atomic ensemble
can be polarized upon interaction with a nanofiber-guided light field that possesses a total spin
angular momentum of zero [50]. Moreover, it is demonstrated that, based on spin–orbit coupling,
this system can serve as a directional nanophotonic atom–waveguide interface. Here, I show
that the rate of photons emitted by the trapped atoms into counter-propagating nanofiber-guided
modes can be strongly asymmetric [51]. Furthermore, I demonstrate that our system can be
strongly nonreciprocal in terms of the transmission of a nanofiber-guided light field.

This work is structured in the following way: In chapter 2, the concept of light propagation
in optical fibers with a sub-wavelength diameter, so-called optical nanofibers will be studied. In
this chapter, the mode profile functions of the fundamental mode propagating in these nanofibers
are derived. I will show the spin–orbit interaction of these light fields and discuss the resulting
peculiar polarization properties. Chapter 3 is then focused on the dispersive interaction of light
and matter. Here, I will discuss how the optical two-color dipole trap can be realized via the
Stark interaction between nanofiber-guided light fields and neutral cesium atoms. After that, I
will present the experimental realization of a nanofiber-based two-color dipole trap for neutral
cesium atoms in chapter 4 and characterize the trapped atoms. In chapter 5, it is shown how the
internal state of the trapped atoms can be manipulated by making use of the features of the non-
paraxial guided light fields. In particular, I will show that the atomic ensemble can be optically
pumped by the fiber-guided light fields. In chapter 6, the directional incoupling of photons that
have been emitted by the trapped atoms is demonstrated. Furthermore, it is shown that, under
certain conditions, our system can exhibit a nonreciprocal behavior and that this can be used to
realize a nanoscale optical diode.
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CHAPTER 2
Optical nanofibers

The principle of guiding light in glass fibers is based on total internal reflection. The light inside
a fiber is reflected at the interface between the glass and the surrounding medium, if the refractive
index of the surrounding medium is lower than the one of glass. The first optical fibers were bare
glass fibers and did not transmit light very well. The problem was that due to the presence of the
evanescent field outside the fiber, light could easily be lost by scattering at defects or pollution
at the fiber’s surface. This problem was solved by cladding the fiber with a material with a
slightly lower index of refraction than the one of the glass core. Thus, the evanescent field is no
longer accessible from the outside and the guided light is “protected”. The optical properties of
the fibers were improved but, since the attenuation due to impurities in the glass was as high as
≈1000 dB/km, they were still not useful for guiding light over long distances [52]. Charles K.
Kao, one of the pioneers in optical fiber technology, who was awarded with the Nobel Prize in
Physics in 2009 “for groundbreaking achievements concerning the transmission of light in fibers
for optical communication” [53], paved the way for the vast usage of optical fibers for optical
data transmission. Thanks to his work and the work of his colleagues the attenuation in optical
fibers could be reduced to only 0.2 dB/km for wavelengths in the telecommunication band,
making them attractive for broadband and long-range communication. Today, optical fibers
form the backbone of our worldwide communication network used for example for internet
connections across continents and oceans.

In this chapter, I will first describe the modes of an electromagnetic field that is guided in
an optical fiber. The trapping and interfacing of neutral atoms with optical fibers takes place in
the evanescent part of the guided light field. Therefore, in the following section, I will focus
on this evanescent part with a close look at the polarization properties of the electric field. In
the next section I will provide an alternative description of the local polarization properties in
terms of spin–orbit interaction. In order to bring atoms so close to the fiber, that they can
interact with the evanescent field of a guided mode, we have to remove the cladding of the fiber
without deteriorating its transmission. Optical nanofibers can guide modes that possess a strong
and accessible evanescent field and still have a high transmission. The fabrication of optical
nanofibers is discussed in the last section.
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2. OPTICAL NANOFIBERS

2.1 Modes guided by an optical fiber

The propagation of light in optical fibers has been thoroughly studied in the literature [54, 55].
The derivation given here closely follows the one given by Yariv [55]. In this section, we derive
the electromagnetic field that propagates through an optical step index fiber with circular cross
section. At the end of the section I will present an expression for the evanescent field of the
fundamental mode that is guided by an optical nanofiber.

2.1.1 Wave equations for a circular waveguide

Let us consider a waveguide in form of an optical fiber that is cylindrically symmetric, i.e., its
refractive index n(r) only depends on the radial direction. In this case, it is convenient to write
the electromagnetic field in cylindrical coordinates. The electric and the magnetic fields that
propagate inside an optical fiber can be expressed by

E(r, t) = E(r, ϕ) exp[i(ωt− βz)] and H(r, t) = H(r, ϕ) exp[i(ωt− βz)], (2.1)

where ω is the angular frequency and t is the time. The value of the propagation constant β will
be determined later. Here, it is assumed that the wave propagates along the fiber axis, which is
defined as the z axis. The wave equation for the electric field that can be derived from Maxwell’s
equations reads

∇2E− µε∂
2E
∂t2

= −∇
(

1

ε
E ·∇ε

)
, (2.2)

where µ denotes the permeability and ε the permittivity of the material. The Laplace operator
∇2 is given by

∇2 =
∂2

∂r2
+

1

r

∂

∂r
+

1

r2

∂2

∂ϕ2
+

∂2

∂z2
.

Using the Maxwell’s equations that interconnect the electric and magnetic fields we can express
the transverse components Er, Eϕ, Hr, and Hϕ of the electric and magnetic field stated in
equation (2.1) in terms of the longitudinal components Ez and Hz:

Er =
−iβ

ω2µε− β2

(
∂rEz +

ωµ

β

1

r
∂ϕHz

)
Eϕ =

−iβ
ω2µε− β2

(
1

r
∂ϕEz −

ωµ

β
∂rHz

)
(2.3)

Hr =
−iβ

ω2µε− β2

(
∂rHz −

ωε

β

1

r
∂ϕEz

)
Hϕ =

−iβ
ω2µε− β2

(
1

r
∂ϕHz +

ωε

β
∂rEz

)
. (2.4)

Here, the abbreviation ∂x = ∂
∂x was used. These relations show that it is sufficient to solve the

wave equation for the longitudinal components Ez and Hz , only. The transverse components
can then be calculated directly from Eq. (2.3) and (2.4). Assuming that the fractional change of
the permittivity ε of the material over one optical wavelength is very small, the wave Eq. (2.2)
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2.1. Modes guided by an optical fiber

(a) Bessel functions

0 2 4 6 8 1 0
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(b) Modified Bessel functions
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 I 0 ( q r )
 I 1 ( q r )
 I 2 ( q r )

Figure 2.1: The Bessel functions Jl(x) and Yl(x) of order l = 0, 1, 2 are plotted in (a). The
modified Bessel functions Il(x) and Kl(x) of the same order are shown in (b).

can be simplified by neglecting the right hand side. In combination with (2.1) we then get for
the longitudinal components[

∂2
r +

1

r
∂r +

1

r2
∂2
ϕ + (k2 − β2)

] [
Ez(r, t)
Hz(r, t)

]
= 0 , (2.5)

where k = ωn/c0 is the wavenumber and c0 the speed of light in vacuum. This equation is
separable in the variables r and ϕ. The solutions take the following form:[

Ez(r, ϕ)
Hz(r, ϕ)

]
= ψ(r) exp(±ilϕ), with l = 0, 1, 2, ... . (2.6)

The physical meaning of l is similar to the quantum number describing the orbital angular mo-
mentum of an electron in an azimuthally symmetric potential [55]. Therefore, the sign of the
exponent can be understood as a “circulation” of the photons around the z axis, where the “+”
sign would corresponds to clockwise “circulation” and “−” sign to counter-clockwise “circula-
tion”. With this ansatz, Eq. (2.5) can be rewritten as:[

∂2
r +

1

r
∂r + (k2 − β2 − l2

r2
)

] [
Ez(r, t)
Hz(r, t)

]
= 0. (2.7)

This equation corresponds to the Bessel differential equation, where the solutions are called
Bessel functions of order l. For solving the Bessel differential equation, one has to consider two
different cases:

• For k2 − β2 > 0 the general solution of the equation above is

ψ(r) = c1Jl(hr) + c2Yl(hr), (2.8)

with c1 and c2 being constants that will be determined in the next section. Furthermore,
h2 = k2 − β2, and Jl and Yl being the Bessel functions of the first and second kind of the
order l, respectively.
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2. OPTICAL NANOFIBERS

n(r)

n2

n1

ra b

Figure 2.2: The sketch shows the profile of the refractive index n(r) as a function of distance r
from the center of the fiber of a step index circular waveguide. Here, n1 and n2 are the index of
refraction of the core and the cladding material, respectively. The radius of the core is denoted
by a and the radius of the cladding by b.

• For the case of k2−β2 < 0 the general solution is given by the modified Bessel functions
Il and Kl of the first and second kind of the order l, respectively

ψ(r) = d1Il(qr) + d2Kl(qr), (2.9)

with q2 = β2 − k2 and d1 and d2 being constants that will be determined in the next
section.

In figure 2.1 the Bessel functions and the modified Bessel functions are plotted for different
orders l. The Bessel functions plotted in Fig. 2.1 (a) show a strong oscillatory behavior, in
addition the Bessel functions of the second kind Yl diverge for hr → 0. The modified Bessel
functions of the first and of the second kind shown in (b) diverge for qr → ∞ and qr → 0,
respectively.

2.1.2 A step-index circular waveguide

In the following, we will see how to determine the values for the constants c1 and c2 given in
Eq. (2.8) and d1 and d2 given in Eq. (2.9). To describe the radial behavior of Ez and Hz guided
by an optical fiber one has to consider the radial dependency of the refractive index n(r). In
Fig. 2.2 n(r) is sketched for a step-index circular waveguide. The radius of the core of the
fiber is a and the radius of the cladding is b. We take the radius b to be very large, so that the
electromagnetic field at b is basically zero. The refractive index of the core is denoted n1 and
the refractive index of the cladding is denoted n2.

In order to have a transversely confined mode, the propagation constant β has to be smaller
than the propagation constant of a plane wave traveling in the core and bigger than the one of
a plane wave traveling in the cladding, i.e., n1k0 > β > n2k0 (with k0 = ω/c). Therefore, to
describe the fields inside the core (r < a), where n1k0 > β we have to use Eq. (2.8):[

Ez(r, t)
Hz(r, t)

]
=

[
A
B

]
[Jl(hr) exp(i(ωt± lϕ− βz)] (2.10)

8



2.1. Modes guided by an optical fiber

with h2 = n2
1k

2
0 − β2. The constant c1 from Eq. (2.8) is replaced by A and B. These complex

constants will be determined later. Note that in Eq. (2.10) the constant c2 in Eq. (2.8) has been
set to zero to ensure that the fields are not diverging for hr � 1.

For the fields outside the core (r > a) the propagation constant must fulfill β > n2k0 and
we therefore have to use Eq. (2.9) and get:[

Ez(r, t)
Hz(r, t)

]
=

[
C
D

]
[Kl(qr) exp(i(ωt± lϕ− βz)] , (2.11)

with q2 = β2 − n2
2k

2
0 . The constant d2 from Eq. (2.9) is replaced by C and D. Also these

complex constants that will be determined later. Here the constant d1 is set to zero to prevent a
diverging behavior for qr →∞.

Using the results that are given in Eq. (2.10) and (2.11) for the z component of the electric
and magnetic field, we calculate the other components via Eq. (2.3) and (2.4). For the core
region (r < a) this leads to

Er =
−iβ
h2

[
AhJ ′l (hr) +

iωµ(±l)
βr

BJl(hr)

]
exp [i(ωt± lϕ− βz)]

Eϕ =
−iβ
h2

[
i(±l)
r

AJl(hr)−
ωµ

β
BhJ ′l (hr)

]
exp [i(ωt± lϕ− βz)]

Ez = AJl(hr) exp [i(ωt± lϕ− βz)] (2.12)

Hr =
−iβ
h2

[
BhJ ′l (hr)−

iωεn1(±l)
βr

AJl(hr)

]
exp [(i(ωt± lϕ− βz)]

Hϕ =
−iβ
h2

[
i(±l)
r

BJl(hr) +
ωεn1

β
AhJ ′l (hr)

]
exp [i(ωt± lϕ− βz)]

Hz = BJl(hr) exp [i(ωt± lϕ− βz)] . (2.13)

In these equations, the derivative of the Bessel functions is denoted J ′l (x) = dJl(x)/dx. Outside
the core region (r > a) the fields have the following form:

Er =
iβ

q2

[
CqK ′l(qr) +

iωµ(±l)
βr

DKl(qr)

]
exp [i(ωt± lϕ− βz)]

Eϕ =
iβ

q2

[
i(±l)
r

CKl(qr)−
ωµ

β
DqK ′l(qr)

]
exp [i(ωt± lϕ− βz)]

Ez = CKl(qr) exp [i(ωt± lϕ− βz)] (2.14)

Hr =
iβ

q2

[
DqK ′l(qr)−

iωεn2(±l)
βr

CKl(qr)

]
exp [i(ωt± lϕ− βz)]

Hϕ =
iβ

q2

[
i(±l)
r

DKl(qr) +
ωεn2

β
CqK ′l(qr)

]
exp [i(ωt± lϕ− βz)]

Hz = DKl(qr) exp [i(ωt± lϕ− βz)] . (2.15)

To determine the coefficients A, B, C, and D, the boundary conditions for the fields have to be
considered: the components that are parallel to the dielectric interface between n1 and n2 (e.g.

9



2. OPTICAL NANOFIBERS

Eϕ, Ez , Hϕ, and Hz) have to be continuous at this position (r = a) [56]. With this requirement
four continuity equations can be derived from Eqs. (2.12)- (2.15) that yield a nontrivial solution
for A, B, C, and D. With this solution, a mode condition that determines the propagation
constant β can be formulated [55]

J ′l (ha)

haJl(ha)
=−

(
n2

1 + n2
2

2n2
1

)
K ′l(qa)

qaKl(qa)
(2.16)

±

(n2
1 − n2

2

2n2
1

)2(
K ′l(qa)

qaKl(qa)

)2

+
l2

n2
1

(
β

k0

)2
((

1

qa

)2

+

(
1

ha

)2
)2
1/2

.

We also get the constraints:

C

A
=

2β

q

B

A
=
i2ql

ωµ

Kl(qa)

Jl(ha)

(
1

q2a2
+

1

h2a2

)(
J ′l (ha)

haJl(ha)
+

K ′l(qa)

qaKl(qa)

)−1

D

A
=
Jl(ha)

Kl(qa)

B

A
. (2.17)

Thus, the quantities B, C, and D can be expressed in dependency of A. The parameter A
physically plays the role of the amplitude of the electromagnetic field. Its explicit relation to the
optical power that is guided in the mode will be stated in the next section.

The two equations for the determination of β given by the ± sign in Eq. (2.16) can be
rewritten and are typically designated as the EH and the HE modes. These so-called hybrid
modes have, in general, nonvanishing r, φ, and z components of the electric and magnetic field.
The mode equations read:

EH mode:
Jl+1(ha)

haJl(ha)
=
n2

1 + n2
2

2n2
1

K ′l(qa)

qaKl(qa)
+

(
l

(ha)2
−R

)
(2.18)

HE mode:
Jl−1(ha)

haJl(ha)
= −n

2
1 + n2

2

2n2
1

K ′l(qa)

qaKl(qa)
+

(
l

(ha)2
−R

)
(2.19)

with

R =

[(
n2

1 − n2
2

2n2
1

)2(
K ′l(qa)

qaKl(qa)

)2

+

(
lβ

n1k0

)2( 1

(qa)2
+

1

(ha)2

)2
]1/2

. (2.20)

These equations are transcendental and can be either solved numerically or graphically. Let us
consider l > 0. For the graphical solution both sides of the Eq. (2.18) and (2.19) are plotted
as a function of ha in Fig. 2.3. In this context, the V -parameter is used to express (qa) via
the relation (qa)2 = V 2 − (ha)2. The V -parameter or normalized frequency is defined as
V = ak0

√
n2

1 − n2
2. It is a property of the waveguide and sets, for a given wavelength, a limit to

the number of guided modes that can exist, as it can be seen in Fig. 2.3. With the value (ha)cross,

10



2.1. Modes guided by an optical fiber

(a) EH modes

- 0 . 5 0
0 2 4 6 8 1 0 1 2- 1 . 0

- 0 . 5

0 . 0

0 . 5

1 . 0

h a

 L H S
 R H S

E H 1 2
E H 1 1

(b) HE modes

0 2 4 6 8 1 0 1 2- 0 . 5 0

- 0 . 2 5

0 . 0 0

0 . 2 5

0 . 5 0

h a

 L H S
 R H S

H E 1 1 H E 1 2 H E 1 3

Figure 2.3: Graphical method for the determination of the propagation constant β for (a) the
EH modes and (b) the HE modes, with the parameters l = 1, n1 = 1.45, n2 = 1, and V = 8.
In the plots the value of V is indicated by the dotted line. The intersection point of the left hand
side (LHS) and the right hand side (RHS) of the mode equations (2.18) and (2.19) are marked
with blue dots and labeled with the name of the corresponding mode.
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0 1 2 3 4 5 6 7 8
n 2

n 1

E H 1 1

T E 0 1

T M 0 1

H E 1 2

H E 3 1H E 2 1

n eff

V - p a r a m e t e r

H E 1 1

Figure 2.4: Effective refractive index as a function of the V -parameter for a few of the lowest
order modes of a step index fiber with the following parameters: n1 = 1.45, n2 = 1, and
λ = 852 nm. The dashed line shows V = 2.405, separating the regimes of single and multi
mode operation.

where the left-hand-side (LHS) and the right-hand-side (RHS) of the mode equations (2.18)
and (2.19) intersect, the propagation constant can be determined by

β =

√
n2

1k
2
0 −

(
(ha)cross

a

)2

. (2.21)

For the special case of l = 0 solutions for the mode equations (2.18) and (2.19) exist, where
all the field components are radially symmetric. For the solutions of Eq. (2.18) the only non-
vanishing field components are Hr, Hz , and Eϕ and therefore is called transversely electric
(TE0m), where the first subscript stands for l = 0 and the second for the different mode solu-
tions m = 1, 2, 3, ... . For the solutions of Eq. (2.19) the nonvanishing field components are Er,
Ez , and Hϕ and according to this is called transversely magnetic (TM0m).

For many applications it is interesting to know the propagation constant β as a function of
the wavelength λ of the light that is sent into a fiber. In Fig. 2.4 the mode index defined as
neff = β/k0 is plotted as a function of the V -parameter. We can see from this graph that the
number of possible guided modes crucially depends on V . Furthermore, we can identify the
fundamental mode to be the HE11 mode, since this is the only mode that does not have a cut-off
frequency and that is therefore always guided. Thus, single mode operation can be guaranteed
for V < 2.405.
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2.1. Modes guided by an optical fiber

2.1.3 The fundamental mode for nanofibers

The optical nanofiber that is used in the experiments discussed in this thesis was fabricated
from a standard optical fiber (see section 2.4). It has a diameter of 500 nm to provide a strong
evanescent field [57]. The refractive index of the core is the one of fused silica (n1 = 1.4525)
and the refractive index of the cladding is the one of vacuum (n2 = 1). It thus corresponds to
a step index fiber and the previously derived results can be applied. With these parameters, the
nanofiber only guides the fundamental HE11 mode for all the light fields that will be used here.

In this section, the notations stated in the publications by Fam Le Kien et al. [58, 59] are
used. The only free parameter left to fully describe the electric field of the fundamental mode is
the fields amplitudeA (see Eq. (2.17)). In order to determineA its relation to the cycle-averaged
Poynting vector P = 1/2 ·Re(E×H*) can be used. The power flow along the fiber is given by

P =

∫ ∞
0

∫ 2π

0
Pz dr dϕ , (2.22)

where the total power P is the sum of the power inside and outside the core P = P in
z + P out

z .
One finds [59]

A =

√
P β

πa2ωε0

(
Din +Dout)−1/2

, (2.23)

where Din and Dout are related to the fractions of power traveling inside and outside the core.
They are given by

Din =n2
1

q2K2
1 (qa)

h2J2
1 (ha)

{
(1− s)(1− s1)

[
J2

0 (ha) + J2
1 (ha)

]
+ (1 + s)(1 + s1)

[
J2

2 (ha)− J1(ha)J3(ha)
]}

,

Dout =n2
2

{
(1− s)(1− s2)

[
K2

1 (qa)−K2
0 (qa)

]
+ (1 + s)(1 + s2)

[
K1(qa)K3(qa)−K2

2 (qa)
]}

,

with

s =

(
1

q2a2
+

1

h2a2

)(
J ′1(ha)

haJ1(ha)
+

K ′1(qa)

qaK1(qa)

)−1

s1 =
β2

k2
0n

2
1

s

s2 =
β2

k2
0n

2
2

s .

With all these ingredients, one can finally write down the mode profile function e(r) and
h(r) of the electric and the magnetic field of the fundamental quasi-circularly polarized HE11

mode [59].
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2. OPTICAL NANOFIBERS

• r < a

er = i
qK1(qa)

hJ1(ha)
[(1− s)J0(hr)− (1 + s)J2(hr)]

eϕ = −qK1(qa)

hJ1(ha)
[(1− s)J0(hr) + (1 + s)J2(hr)]

ez =
2q

β

K1(qa)

J1(ha)
J1(hr) (2.24)

and

hr =
ωε0n

2
1q

βh

K1(qa)

J1(ha)
[(1− s1)J0(hr) + (1 + s1)J2(hr)]

hϕ = i
ωε0n

2
1q

βh

K1(qa)

J1(ha)
[(1− s1)J0(hr)− (1 + s1)J2(hr)]

hz = i
2q

ωµ0
s
K1(qa)

J1(ha)
J1(hr) (2.25)

• r > a

er = i [(1− s)K0(qr) + (1 + s)K2(qr)]

eϕ = − [(1− s)K0(qr)− (1 + s)K2(qr)]

ez =
2q

β
K1(qr) (2.26)

and

hr =
ωε0n

2
2

β
[(1− s2)K0(qr)− (1 + s2)K2(qr)]

hϕ = i
ωε0n

2
2

β
[(1− s2)K0(qr) + (1 + s2)K2(qr)]

hz = i
2q

ωµ0
sK1(qr) (2.27)

The prefix “quasi” is added to underline the difference of these modes to freely propagating
light fields due to the appearance of nonvanishing axial components. In order to distinguish the
different modes we label them with f = +,− that denotes propagation in ±z direction of the
mode through the fiber, and p = +,− that denotes counterclockwise or clockwise rotation of
polarization, respectively [60]: e(f,p)

r = er, e
(f,p)
ϕ = p eϕ, and e(f,p)

z = fez and h(f,p)
r = p hr,

h
(f,p)
ϕ = hϕ, and h(f,p)

z = pfhz .
A linear superposition of equal weight of the quasi-circularly polarized light field yields so-

called quasi-linearly polarized light, e.g., 1/
√

2
(
e(f,+)ei(ϕ−φ0) + e(f,−)e−i(ϕ−φ0)

)
. The electric

and the magnetic field of the fundamental quasi-linearly polarized mode in cylindrical coordi-
nates then are

Elin(r, ϕ, z) = A
√

2

 er cos(ϕ− φ0)
ieϕ sin(ϕ− φ0)
fez cos(ϕ− φ0)

 · exp[ifβz − iωt] . (2.28)
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2.2. Polarization of the fundamental mode

and

Hlin(r, ϕ, z) = A
√

2

 ihr sin(ϕ− φ0)
hϕ cos(ϕ− φ0)
ifhz sin(ϕ− φ0)

 · exp[ifβz − iωt] . (2.29)

Together with Eqs. (2.26) and (2.27), we can see that the z component and the transverse com-
ponents (r and ϕ) are phase shifted by ±π/2 for both the electric and the magnetic field. This
leads to the fact that the evanescent field is locally elliptically polarized. This matter will further
be discussed in the next section.

In Fig. 2.5 (a), the real part of the electric field outside the fiber is plotted in the x-y and x-z
plane. For φ0 = 0, the transverse components of the electric field only point in the±x direction,
for x = 0 or y = 0. We will call this direction the main direction of polarization. Note that for
φ0 = π/2, the main direction of polarization is along the ±y direction. The plot in Fig. 2.5 (a)
reveals that for x 6= 0 and y 6= 0 the electric field has also a component that points along the
y direction for φ0 = 0. In Fig. 2.5 (b) we can see that the quasi-linearly polarized light field
exhibits a nonvanishing z component as well, which depends on the position z along the fiber.

In Fig. 2.5 (c), the intensity Elin.Elin∗ is plotted for the quasi-linearly polarized HE11 mode
inside and outside of the nanofiber. The intensity is normalized to the maximal intensity that
can be found for the parameters chosen here at the center of the fiber. The plot shows the
discontinuity of the intensity at the surface of the fiber. Furthermore, the intensity exhibits a
significant breaking of symmetry in the azimuthal direction: in the direction orthogonal to the
main direction of polarization (i.e. the y axis) the intensity is reduced by a factor of 4.8 (at the
fiber surface) with respect to the intensity along main direction of polarization (i.e. the x axis).
The intensity of the evanescent field depends on the wavelength λ of the light field propagating
inside the nanofiber and on the radius a of the latter. In Fig. 2.5 (d) the intensity for the quasi-
linearly polarized HE11 mode on the surface of the nanofiber (at x = a and y = 0 with φ0 = 0)
is plotted as a function of the ratio a/λ. The intensity is normalized to its maximum value for
a/λ = 0.23. This plot shows that the radius of the nanofiber has to be on the order of only few
hundred nanometer in order to ensure that a large fraction of the power traveling through the
nanofiber is guided in the evanescent field.

2.2 Polarization of the fundamental mode

When the interaction of light and atoms is studied, the polarization of the light field is of inter-
est. Depending on the polarization of a resonant light field, different atomic transitions can be
driven, i.e., only transitions where the total angular momentum is conserved are allowed. Thus,
a convenient way to express the electric field is in terms of spherical tensor components [61].
In this system the three basis vectors e−1, e0, and e+1 describe the part of the light that is σ−,
π, and σ+-polarized, respectively. In the experiments described here, an external magnetic field
can be applied along the y axis. Therefore, without loss of generality, the quantization axis is
chosen to be along the y axis. The transformation for the basis vectors from Cartesian coordinate

15



2. OPTICAL NANOFIBERS

(a) x and y components
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Figure 2.5: (a) Real part of the electric field of the HE11 mode outside the nanofiber at a fixed
time. The gray area represents a cut through the nanofiber with a radius a = 250 nm, and the
big green double arrow in indicates the main direction of polarization. In (b) the real part of the
electric field for a cut in the x-z plane is plotted while the main axis of polarization is still along
the x axis. In (c) the normalized intensity of the quasi-linearly polarized fundamental mode is
plotted. Note that the intensity is not continuous at the surface of the fiber (r = 250 nm). The
parameters for the plots are: a = 250 nm, λ = 852 nm, n1 = 1.4525, n2 = 1, and f = ±1. (d)
Intensity at the surface of the nanofiber depending on the ratio a/λ of the radius of the nanofiber
and the wavelength of the guided light field. The intensity is normalized to its maximal value at
0.23. The dashed line shows the intensity at a/λ = 0.29 that is for a = 250 nm and λ = 852 nm.

system to the spherical tensor components then reads [59]

e−1 =
1√
2

(ez − iex) , e0 = ey , e+1 = − 1√
2

(ez + iex) , (2.30)

The positive frequency envelope E of the electric field can be expanded like any arbitrary vector
in terms of the spherical tensor components to

E =
∑
q

(−1)qEqe−q , with q = −1, 0,+1 (2.31)
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2.3. Spin–orbit interaction

where

E−1 =
1√
2

(Ez − iEx) , E0 = Ey , E+1 = − 1√
2

(Ez + iEx) . (2.32)

Note that then the spherical tensor components of the electric field E−1, E0, and E+1 represent
σ+, π, and σ−-polarized light, respectively.

In Fig. 2.6, the electric field in terms of the spherical tensor components is plotted. The
plots in the left column show the fraction of σ+, σ−, and π polarization for a quasi-linearly
polarized light field with its main direction of polarization along the x axis. The first plot in
the left column shows the fraction of σ−-polarized light for a mode propagating in the positive
z direction (f = 1). This is denoted by the label {+z, σ−}. It is apparent that the light of
the evanescent field for this mode is almost completely σ−-polarized along the −x axis. At the
surface of the fiber, at y = 0 and x = −250 nm, 93 % of the light is σ−-polarized. On the lowest
plot in the left column, the fraction of σ+ polarization for the same mode is plotted {+z, σ+}.
Here, we can see that the light is almost fully σ+-polarized along the +x axis (for y = 0). Along
the y axis for x = 0 the light consists of equal parts of σ+ and σ− polarization and is therefore
linearly polarized.

When the mode propagates in the −z direction the circularity changes its sign: the light
at x < 0 that is almost fully σ−-polarized for propagation of the mode in the +z direction, is
almost fully σ+-polarized for a propagation of the mode in the −z direction. This is denoted by
the labels on the plots which signify that, e.g., the upper plot in the left column shows {+z, σ−}
and {−z, σ+}.

The fraction of π polarization for this mode is shown in the plot in the center of the left
column. Along the x and along the y axis, there is strictly no π-polarized light. On the surface
of the fiber at the angles 56 ◦, 124 ◦, 236 ◦, and 304 ◦, this mode exhibits a maximum fraction
of π polarization of only 8 %. Note that the fraction of π polarization is independent of the
propagation direction of the light field.

The plots in the right column of Fig. 2.6 show the same polarization components but for
quasi-linearly polarized light field with its main direction of polarization along the y axis. In this
configuration, the light outside the nanofiber is almost completely π-polarized with a maximum
of 100 % along the x axis as it is shown in the center plot. Along the y axis, the minimal
fraction of π polarization on the surface is still almost 73 %. Again, the π polarization does not
change when the propagation direction is changed from +z to −z. The fraction of σ+ and σ−

polarization for this mode is overall very weak and strictly zero for y = 0.

2.3 Spin–orbit interaction

In this section, I will present an alternative way to describe the local polarization of the evanes-
cent field of nanofiber-guided light. As discussed in the previous section, the local polarization
depends on both the position in the plane perpendicular to the fiber axis and on the direction
of propagation of the field along the fiber. This physical situation can be explained in terms of
spin–orbit interaction (SOI) of light. For light that exhibits SOI, spin angular momentum and
the orbital angular momentum are no longer independent physical quantities.
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2. OPTICAL NANOFIBERS

Figure 2.6: The square of the spherical tensor components E−1, E0, and E+1 are displayed
normalized to E2. The main direction of polarization of the quasi-linearly polarized light field
is the x axis for the left column and the y axis for the right column, as indicated by the big
green double arrow. The following parameters were used for the calculations: a = 250 nm,
λ = 852 nm, n1 = 1.4525, and n2 = 1. The quantization axis is chosen to be along the y axis.

A good overview on “spin–orbit interactions of light in isotropic media” is given in a review
article in [32]. SOI phenomena occur essentially in all modern optical applications dealing with
subwavelength scales, e.g., photonics, plasmonics, nano-optics etc.

In order to describe the SOI of nanofiber-guided light fields, the Poynting vector and the
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2.3. Spin–orbit interaction

angular momentum of the fundamental quasi-linearly polarized HE11 mode are analyzed in this
section. Furthermore, I will look at their local spin and orbital components in the evanescent
field in the plane transverse to the nanofiber axis. The second part of this section, is focused on
how to increase the spin–orbit coupling of the evanescent field for the nanofiber-guided modes.

2.3.1 Poynting vector and angular momentum density

An important characteristic of a light field is the cycle-averaged Poynting vector [56]

P =
1

2
Re [E ×H∗] . (2.33)

Here, we represent the electric and magnetic component of the field as E = 1/2
(
Ee−iωt +

E∗eiωt
)

and H = 1/2
(
He−iωt + H∗eiωt

)
, respectively, where E and H are the complex field

amplitudes. The Poynting vector describes the energy flux density of the light field. Further-
more, it is directly related to the momentum density p = 1/c2 · P . According to [62], the
momentum density can be decomposed into two parts – the orbital momentum density and the
spin momentum density: p = porb +pspin. When we apply such a decomposition to the Poynting
vector, we obtain [62, 63]

Porb =
c

4k
Im [ε0E∗ · (∇)E + µ0H∗ · (∇)H] = c2porb (2.34)

and

Pspin =
c

8k
∇× Im [ε0E∗ × E + µ0H∗ ×H] = c2pspin , (2.35)

where k = 2π/λ is the wave number of the light field in free space. In these equations, we use
the notation E∗ · (∇)E ≡

∑
i=x,y,z E∗i ∇Ei which applies for H as well.

For the fundamental quasi-linearly polarized HE11 mode, the only nonvanishing compo-
nent of the Poynting vector is its z-component. This means that for this mode the energy flow
points only along the fiber. This is in contrast to the quasi-circularly polarized fundamental
mode, where there is also an energy flow in the azimuthal direction around the fiber [63]. In
Fig. 2.7 (a)-(c) Pz , Porb

z , and Pspin
z are plotted for the quasi-linearly polarized fundamental mode

that has its main direction of polarization along the x axis and propagates in the +z direction.
Note that Pspin

z < 0 and thus points opposite to the propagation direction. Nevertheless, since
|Pspin
z |/|Porb

z | . 40 %, where equality is reached at the surface of the fiber, the total energy flow
still points in the propagation direction of the light field. Note furthermore, that for quasi-linearly
polarized light Pz , Porb

z , and Pspin
z are not azimuthally symmetric.

The spin momentum density pspin can also be expressed in terms of the spin angular mo-
mentum density jspin

local of the light field [62]

pspin =
1

2
∇× jspin

local , (2.36)

with

jspin
local =

1

4kc
Im [ε0E∗ × E + µ0H∗ ×H] . (2.37)
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2. OPTICAL NANOFIBERS

Figure 2.7: (a) Magnitude of the z component Pz of the total Poynting vector of the evanescent
field of a quasi-linearly polarized HE11 mode with its main direction of polarization along the
x axis and its spin and orbital parts, (b) Pspin

z , (c) Porb
z . Their magnitudes are normalized to the

maximum value of its orbit part at x = ±a and y = 0. Note that in (b) Pspin
z < 0 and thus points

in the direction opposite to the propagation direction. (d) Total angular momentum density jlocal
of the same mode as in (a)-(c) and its decomposition into (e) jspin

local and (f) jorb
local. Their magnitudes,

indicated by the color, are normalized to the maximum value of jorb
local at x = ±a and y = 0. For

these plots, the light field with λ = 852 nm propagates in the +z direction through the nanofiber
with a radius of a = 250 nm and n1 = 1.4525.
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2.3. Spin–orbit interaction

The orbital angular momentum density jorb
local that is generated by orbital momentum density

porb is an extrinsic origin-dependent quantity. It can be given in terms of the Poynting vector as
jorb
local = 1

c2
r ×Porb. In contrast to this, the spin angular momentum density jspin

local is an intrinsic
origin-independent quantity [62]. Its cross-section-integrated value, nevertheless, is determined
by the circulation of the spin momentum and can thus be expressed in terms of the Poynting
vector by

Jspin =

∫
jspin
locald

2r = 1/c2

∫ [
r×Pspin] d2r . (2.38)

Note that the integration is performed over the cross-sectional plane of the fiber and thus yields
the spin angular momentum per unit length.

In Fig. 2.7 (d)-(f) the angular momentum density jlocal = jorb
local + jspin

local and its spin and
orbital parts are plotted for the quasi-linearly polarized HE11 mode which has its main axis of
polarization along the x axis. These quantities only exhibit nonzero transverse components (x
and y components), i.e., there is no component in the z direction. Note that the integral of the
local spin and orbital angular momentum is zero for the quasi-linearly polarized HE11 mode.
Thus, their sum, i.e., the total angular momentum per unit length J =

∫
jlocald

2r, is zero as well.
Here, the consequences of the spin–orbit interaction of the light field are apparent: In con-

trast to paraxial light fields, where there is no SOI, the direction of the spin angular momentum
density is position-dependent and in general not parallel to the propagation direction of the
fields [62, 64]. For the present case of quasi-linearly polarized light fields, it is even orthogonal
to the propagation direction [51]. Furthermore, jspin

local points in opposite directions on opposite
sides of the fiber. This effect is often referred to as the spin-Hall effect of light [29, 31, 51, 65].
It is important to emphasize that the angular momentum density jlocal and its components point
in opposite directions for a change of the light field’s propagation direction.

All these properties of the spin–orbit coupled light manifest in the unique polarization of the
nanofiber-guided modes that have been discussed in the previous chapter 2.2. The most impor-
tant properties of the modes’ polarization are summarized in table 2.1, where the normalized
polarization components in the spherical tensor basis of the nanofiber-guided modes given by
ξj = E2

j /|E∗E|2 with j ∈ (σ+, π, σ−) are shown. Thus, ξj represents the part of the guided
mode that is σ+, π, and σ− polarized.

2.3.2 Maximizing the spin–orbit interaction

In order to increase the local spin density jspin
local, I will restrict myself to its electrical part only.

This is justified since I only investigate the interaction of the electric part of the light field with
the atoms. The electric part of jspin

local is proportional to the ellipticity vector

ε =
Im [E∗ × E]

|E|2
, (2.39)

which I will use in the following calculations. Here, I consider a quasi-linearly polarized
light field with its main axis of polarization along the x axis. In Fig. 2.8 (a) |ε| is plotted as a
function of the V-parameter V = 2π · a/λ0 ·

√
n2

1 − n2
2 where the ratio a/λ0 has been varied.
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main direction
of polarization

propagation
direction

ξσ− ξσ+ ξπ
left right left right left right

p = x
+z 92.1 % 7.9 % 7.9 % 92.1 % 0 % 0 %
−z 7.9 % 92.1 % 92.1 % 7.9 % 0 % 0 %

p = y
+z 0.0 % 0.0 % 0.0 % 0.0 % 100 % 100 %
−z 0.0 % 0.0 % 0.0 % 0.0 % 100 % 100 %

Table 2.1: Fractions, ξσ+ , ξπ, and ξσ− , of the nanofiber-guided mode that are σ+, π, and σ−

polarized, respectively, evaluated at the position of the atoms. Here, “left” stands for the position
at x = −480 nm and y = 0 nm and “right” stands for the position at x = +480 nm and
y = 0 nm. The main direction of polarization of the quasi-linearly polarized HE11 mode and its
propagation direction are indicated as well.

The ellipticity is shown at the surface of the fiber at (x = a and y = 0 nm) (solid red line) and
230 nm away from the fiber’s surface at (x = a+ 230 nm and y = 0 nm) (solid black line). For
λ0 � a the magnitude of the ellipticity approaches the theoretical limit for grazing incidence
of a light field at a dielectric surface of εg = (2n1

√
n2

1 − n2
2)/(2n2

1 − n2
2) ≈ 0.95 [34]. Here,

n1 = 1.4525 is the refractive index of silica and n2 = 1 the one of vacuum. When the V -
parameter exceeds V = 2.405, the waveguide reaches the multimode regime. At this point, the
magnitude of the ellipticity reaches ε ≈ 0.9. For a wavelength of λ0 = 852 nm this corresponds
to a fiber radius of a = 309 nm.

The ellipticity can also be increased by changing the refractive index of the core medium n1,
see Fig. 2.8 (b). But for the given radius a = 250 nm and λ0 = 852 nm already for n1 > 1.64
the fiber is no longer single-mode. Nevertheless, at this limit the ellipticity reaches ε ≈ 0.94.
In general, the magnitude of the ellipticity vector |ε| can vary from −1 to +1. The minimum
represents fully σ−-polarized light and the maximum fully σ+-polarized light with respect to a
quantization axis which is aligned parallel to ε. This means that at the position specified above
(1 + ε)/2 ≈ 97 % of the light field is σ+ polarized.

2.4 Tapered optical fiber with a nanofiber waist

In the previous sections, the propagation of a light field in optical nanofibers and the structure
of its electric field have been discussed. The nanofibers need to have a radius on the order of the
wavelength of the light field to provide such a strong evanescent field as shown in the previous
sections. In order to realize a nanofiber based dipole trap, the light field has to be coupled into
such a nanofiber. However, the coupling should efficient in order to efficiently interface the
trapped atoms.

Here, we realized the nanofiber as the waist of a tapered optical fiber (TOF). In Fig. 2.9,
a schematic picture of a TOF is shown. A light field is coupled into a standard optical fiber1

and propagates until it reaches the taper region, where the diameter of the fiber is decreasing.

1In this experiment, a “Liekki 6/125 Passive” was used, with a cladding diameter of 125µm and a effective mode
field diameter of 6µm.
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2.4. Tapered optical fiber with a nanofiber waist

(a) Ellipticity depending on V-parameter
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(b) Ellitpicity depending on n1
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Figure 2.8: The ellipticity depending on (a) the V-parameter for varying a/λ0 and (b) the
refractive index of the fiber n1. The ellipticity is plotted at the fiber’s surface x = a and y = 0 nm
(solid red line) and 230 nm away from the surface (solid black line). The gray dashed line
indicates the current configuration and the gray dotted line the limit for single-mode operation.
In (a) the parameters n1 = 1.4525 and n2 = 1 were used for the calculations. In (b) the radius
of the fiber was set to a = 250 nm and the wavelength of the light field to λ0 = 852 nm.

While propagating through the taper, the light field is first compressed and, for core diameters
smaller than the wavelength of the light field, expands again, leaves the core, and is guided by the
cladding. The mode transformation in the taper region has been studied in detail in [66]. At the
waist, the fiber reaches a diameter of about 500 nm and the evanescent field of the guided light
protrudes in the surrounding vacuum. The shape of the taper is of uttermost importance [67] to
guarantee an adiabatic transformation of the weakly guided fundamental mode of the standard
fiber to the strongly guided fundamental mode at the waist of the TOF. After propagating through
the waist, the light passes another taper region and is transformed back to the weakly guided
fundamental mode of the unstreched fiber. For cautiously designed taper regions transmission
of up to 99% [68] and higher [69] have been realized.

Production of tapered optical fibers

The TOF used here has been produced using the so-called flame brushing technique. A principle
sketch of a fiber pulling rig [70, 71], that produces those fibers, is shown in Fig. 2.10. The
fiber is mounted on a high-precision translation stage and heated from below with a hydrogen-
oxygen flame. The translation stage moves the fiber in an oscillatory way over the flame while it
simultaneously stretches and therefore thins the fiber. In order to reproducibly fabricate tapered
optical fibers with a predefined shape of the taper region and the waist the whole production
process is computer controlled2 [73].

The TOF is then fixed on an aluminum mount and put into a vacuum chamber. It is very
important for the whole procedure to take place in a dust-free environment, so that the waist of

2For more characteristics of the nanofiber used in the experiments here see [72].
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waist
Ø ~500nm

taper-
region

taper-
region

untapered
fiber

Ø ~125µm

untapered
fiber

Ø ~125µm
~5mm~35mm ~35mm

Figure 2.9: Schematic of a tapered optical fiber, where the light gray area indicates the core
and the darker gray region indicates the cladding of the fiber. A light field is coupled into the
fiber (green arrow) and propagates, guided by the core, inside the fiber shown by the sketched
intensity profiles (green curves). At the taper transition the core vanishes and the light is now
guided by the cladding. At the waist, the light field protrudes out of the fiber in the surrounding
vacuum.

positioning
stage

computer
control

fiber

burner

CCD

Figure 2.10: Schematic of a fiber pulling rig implementing the flame brushing technique. The
picture shows the computer that controls the movement of the positioning stages, the hydrogen
oxygen flame, the fiber mounted on the positioning stages, and a CCD camera for monitoring
the fiber diameter.

24



2.4. Tapered optical fiber with a nanofiber waist

the TOF stays clean. If this is respected, it is possible for the vacuum-clad fiber to guide optical
powers of a few 100 mW without showing degradation or fusing [74]. For creating a nanofiber
based dipole trap, this is an important property since the powers of the trapping light field can
reach several tens of mW.
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CHAPTER 3
Atom–light interaction

In order to investigate and harness the quantum nature of neutral atoms they have to be isolated
from the environment and the relevant internal and external degrees of freedom have to be con-
trolled. An unintended interaction of the atoms with the environment alters the quantum state of
the atom, leads to decoherence, and therefore has to be avoided. In our experiments, we want the
atoms to interact with fiber-guided light fields. Therefore, we need to bring the atoms very close
to the surface of the nanofiber. This can be realized by storing the atoms in a nanofiber-based
optical dipole trap. Except for the interaction with the trapping light fields, the atoms will then
ideally be isolated from the environment. To understand the working principle of these traps,
the dispersive interaction between atoms and light fields has to be studied.

In the first section of this chapter, I will focus on the level structure of cesium 133. In the
next section, I describe the dispersive interaction of the cesium atom with light fields. I will
calculate the atomic polarizabilities and the light shifts due to the ac Stark interaction. I then
calculate the dipole trapping potentials for nanofiber-guided light fields for cesium atoms. The
section is concluded by studying how the eigenenergies and the eigenstates of the atoms are
altered in the dipole trap. In the last section, I study fictitious magnetic fields that arise due to
the ac Stark interaction.

3.1 Hyperfine interaction

Cesium is an alkali-metal atom and has only one stable isotope with an atomic mass of 133 [75].
Alkali atoms are of particular interest because they have electronic transitions in the optical
domain and a simple hydrogen-like level scheme. In addition, they possess closed transitions
which makes is possible to conveniently cool, trap, and manipulate them with laser light fields.
Alkali atoms have fully occupied shells except for the outermost shell with only one valence
electron. The closed shells do not contribute to the angular momentum. Thus, the spin angu-
lar momentum S and the orbital angular momentum L of the atom is solely governed by the
contributions of the valence electron. The atomic state can be written in the Russel Saunders
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62P3/2

62P1/2
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251.00 MHz
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151.21 MHz
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F=4
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9.192 GHz

Figure 3.1: Level scheme of cesium for the D1 and D2 line showing the transition frequencies
for the different levels.

notation

n2S+1LJ , (3.1)

where n represents the principal quantum number and J = L+S is the total angular momentum.
The spin–orbit coupling leads to the fine structure of the atomic energy levels, where J can take
values in the range |L−S| ≤ J ≤ L+S . Furthermore, the total electronic angular momentum
J is coupled to the nuclear spin I and both form the total angular momentum F = I + J, which
leads to the hyperfine structure. The nuclear spin of Cs is I = 7/2 and S = 1/2 due to the
presence of only one valence electron. In figure 3.1 the level scheme1 of atomic cesium for the
D1 and the D2 lines and the corresponding transition frequencies are shown.

The hyperfine structure interaction operator V hfs is diagonal in the |nJFmF 〉 basis and is

1An energy level with the orbital angular momentumL = 0 is called “S” (sharp) and with the angular momentum
L = 1 is called “P” (principal)
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3.2. AC Stark shift and atomic polarizability

given by [76]

V hfs |nJFmF 〉 =

(
1

2
~AhfsG+ ~Bhfs

3
2G(G+ 1)− 2I(I + 1)J(J + 1)

2I(2I − 1)2J(2J − 1)

)
|nJFmF 〉 , (3.2)

with G = F (F + 1) − I(I + 1) − J(J + 1). Here, mF is the magnetic quantum number,
i.e., the projection of F onto the quantization axis. It can take 2F + 1 different values in the
usual way (mF = −F,−F + 1, ..., 0, ..., F − 1, F ). The hyperfine constants Ahfs and Bhfs
can be found in [75, 77] and are Ahfs = 2π · 2298.1579 MHz, Bhfs = 0 MHz for the 62S1/2

ground state and Ahfs = 2π · 50.2883 MHz, Bhfs = −2π · 0.4934 MHz for the 62P3/2 excited
state. An interesting feature of cesium 133 is that the energetic splitting of the hyperfine ground
states is used to define the second in SI-units. Therefore, this splitting is defined to be exactly
9192.631770 MHz [78, 79].

3.2 AC Stark shift and atomic polarizability

In this section, the focus lies on the dispersive interaction of an atom with a classical light field.
In 1914, Johannes Stark first discovered that an electric field can shift and split the spectral lines
of atoms or molecules, which is nowadays known as the Stark effect. Here, we discuss the
so-called ac Stark effect that occurs for interaction of atoms with alternating electric fields, like
light fields. The derivation given here follows closely [76].

3.2.1 AC Stark interaction

In the dipole approximation, the interaction of an atom with an electric field is described by the
operator

V E = −E · d , (3.3)

where E is the electric field and d is the atomic dipole operator. The electric field has the form

E =
1

2
Ee−iωt + c.c. , (3.4)

where E = Eu is the positive electric field envelope, that is composed of the field amplitude
E and the polarization unit vector u, both of which are in general complex quantities. The
angular frequency of the electric field is given by ω and c.c. denotes the complex conjugate of
the preceding term. Thus, the interaction operator can be written in the form

V E = −1

2
Eu · de−iωt − 1

2
E∗u∗ · deiωt . (3.5)

We consider the case where the light is far from resonance with the atom. Furthermore, we
assume that the interaction with the light results in a change of the eigenenergies that is small
compared to the fine structure splitting, i.e., J is a good quantum number. The change δEa of
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3. ATOM–LIGHT INTERACTION

the free eigenenergy ~ωa of an atomic state |a〉 is then calculated by applying the perturbation
theory. Treating the effect of the light field as a first order perturbation leaves, except for a few
atoms like hydrogen, the eigenenergy unchanged [80]. For second order perturbation theory, the
change of the eigenenergy for the eigenstate |a〉 is in general nonzero and can be written as

δEa = −|E|
2

4~
∑
b

Re

(
|〈b|u · d |a〉|2

ωb − ωa − ω − iγba/2
+

|〈a|u · d |b〉|2

ωb − ωa + ω + iγba/2

)
. (3.6)

Here, |b〉 is an eigenstate with the eigenenergy ~ωb. The linewidth of the transition |a〉 → |b〉
is given by γab = γa + γb, with γa,b being the spontaneous decay rates of the eigenstates |a〉
and |b〉, respectively. Equation (3.6) shows that the ac Stark shift depends quadratically on the
electric field and therefore linearly on the field’s intensity.

We rewrite the shift as an expectation value δEa = 〈a|V EE |a〉, where the effective operator
for the ac Stark interaction V EE is then given as [76]

V EE =
|E|2

4
[(u∗ · d)R+(u · d) + (u · d)R−(u∗ · d)] , (3.7)

with

R+ = −1

~
∑
b

1

ωb − ωa − ω − iγba/2
|b〉 〈b| ,

R− = −1

~
∑
b

1

ωb − ωa + ω + iγba/2
|b〉 〈b| . (3.8)

The effective operator V EE correctly describes the level shifts and the level mixing of degenerate
and non-degenerate states. A rigorous derivation of V EE can be found in [80–83].

To study the effect of an external light field on a realistic multilevel atom, an interaction
Hamiltonian Hint has to be introduced. Since the atomic states are perturbed by both, the hyper-
fine interaction V hfs and the ac Stark interaction V EE , the combined Hamiltonian reads:

Hint = V hfs + V EE . (3.9)

This Hamiltonian has to be diagonalized in order to find the new eigenstates and eigenenergies
of the system.

Since we only consider the case where J is a good quantum number, we can examine the
light shifts in each single fine structure manifold |nJ〉 separately. The interaction operator given
in Eq. (3.7) can then be written in terms of the hyperfine basis states |nJFmF 〉 and takes the
form

V EE =
∑

FmFF ′m
′
F

V EE
FmFF ′m

′
F
|nJFmF 〉 〈nJF ′m′F | , (3.10)
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with the matrix elements

V EE
FmFF ′m

′
F

=
1

2
|E|2

∑
K=0,1,2

q=−K,...,K

α
(K)
nJ {u

∗ ⊗ u}Kq (−1)J+I+K+q−mF

×
√

(2F + 1)(2F ′ + 1)

(
F K F ′

mF q −m′F

){
F K F ′

J I J

}
. (3.11)

Here, we introduced here the reduced dynamical polarizability α(K)
nJ of rank K. The Wigner

3-j and the Wigner 6-j symbols are denoted by the last two expressions in round brackets and
curly brackets, respectively. The expression {u∗ ⊗ u}Kq are the compound tensor components
defined as

{u∗ ⊗ u}Kq =
∑

µ,µ′=−1,0,1

(−1)q+µ
′
uµu

∗
−µ′
√

2K + 1

(
1 K 1
µ −q µ′

)
, (3.12)

where uµ are the spherical tensor components (see section 2.2) of the polarization vector u. The
ac Stark interaction operator (3.10) can further be written in the form

V EE = −1

4
|E|2

{
αsnJ − iαvnJ

[u∗ × u] · J
2J

+ αTnJ
3[(u∗ · J)(u · J) + (u · J)(u∗ · J)]− 2J2

2J(2J + 1)

}
(3.13)

that consists of the sum of three parts, called the scalar, vector and tensor component of the
interaction operator. In this equation, we introduced the scalar (αsnJ ), vector (αvnJ ), and tensor
(αTnJ ) part of the conventional dynamical polarizability:

αsnJ =
1√

3(2J + 1)
α

(0)
nJ

αvnJ =−

√
2J

(J + 1)(2J + 1)
α

(1)
nJ

αTnJ =−

√
2J(2J − 1)

3(J + 1)(2J + 1)(2J + 3)
α

(2)
nJ (3.14)

where the reduced dynamical scalar (K = 0), vector (K = 1), and tensor (K = 2) polarizabili-
ties α(K)

nJ are given by

α
(K)
nJ = (−1)K+J+1

√
2K + 1

∑
n′J ′

(−1)J
′
{

1 K 1
J J ′ J

} ∣∣〈n′J ′| |d| |nJ〉∣∣2
× 1

~
Re
(

1

ωn′J ′ − ωnJ − ω − iγn′J ′nJ/2
+

(−1)K

ωn′J ′ − ωnJ + ω + iγn′J ′nJ/2

)
. (3.15)

The three different parts of the ac Stark interaction operator given in Eq. (3.13) influence the
atomic levels in the following way: The scalar part results in a global shift on all the sublevels of
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(a) Scalar polarizability of 62S1/2
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(b) Vector polarizability of 62S1/2
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Figure 3.2: (a) Scalar and (b) vector polarizability of the 62S1/2 ground state of 133Cs as a
function of the wavelength. The dotted lines indicate the wavelengths of the two far detuned
trapping laser at 783 nm and 1064 nm used in the experiments described here and the tune-out
wavelength at 880.2524 nm.

a hyperfine multiplet and only depends on |E|2. The vector part acts on the magnetic sublevels
mF of one hyperfine level. The cross product (u∗ × u) of the polarization vector of the electric
field makes the vector part nonzero only for light fields with a polarization that exhibits a nonzero
ellipticity. In terms of spherical tensor components, this means u−1 6= u+1. For states, with total
angular momentum J = 1/2, e.g., the ground state of alkali atoms like cesium, the tensor part in
the interaction operator vanishes. This is due to the fact that the Wigner 6-j symbol in Eq. (3.15)
is zero for J = 1/2 and K = 2.

Note that Eq. (3.15) only fixes the real part of the complex polarizability. The imaginary
part of the complex polarizability is related to the scattering rate of the atom and is given in [84].
Furthermore, for far detuned light, one can neglect the contribution of the linewidth γn′J ′nJ of
the considered transition in Eq. (3.15).

Let us take a closer look at the form of the parts of the conventional dynamical polarizability
for atomic cesium. The atomic polarizability given in Eq. (3.14) is calculated for the ground
state and is shown in Fig. 3.2. For this calculation, only the contributions of the 62S1/2 → (6−
40)2P1/2 and 62S1/2 → (6−40)2P3/2 transitions only are taken into account. The tabled values
for the transition energies and the dipole matrix elements |〈n′J ′| |d| |nJ〉|2 are listed in [76]. Two
resonances are visible (see Fig. 3.2) at the wavelengths 852 nm and 894 nm representing the D2

and the D1 line, respectively. An interesting feature is revealed between the two resonances at
880.2524 nm: the scalar component of the polarizability vanishes whereas the vector component
remains nonzero. This wavelength is called a tune-out wavelength [85]. At this wavelength the
contributions of the scalar polarizabilities from the D2 and D1 transitions cancel each other.

In Fig. 3.3, the polarizability of the excited 62P3/2 is shown. For its calculation, the contri-
butions of the 62P3/2 → (6−40)2S1/2, 62P3/2 → (5−42)2D3/2, and 62P3/2 → (5−42)2D5/2

transitions are taken into account. With these plots, in conjunction with the ground state polar-
izabilities, it is possible to determine, for example, the so-called magic wavelength, where the
scalar polarizability of the ground and the excited state have the same value and their energy
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3.3. A two-color dipole trap

ground states 62S1/2 excited states 62P3/2

Wavelength αs6, 1/2 (a.u.) αv6, 1/2 (a.u.) αs6, 3/2 (a.u.) αv6, 3/2 (a.u.) αT6, 3/2 (a.u.)

1064 nm 1164.03 −198.64 −57.35 276.17 527.41

880.25 nm 0.00 12031.10 −3666.31 −8236.62 2246.71

783 nm −1761.63 −479.96 136.51 2418.42 −363.99

Table 3.1: Scalar, vector and tensor part of the dynamical atomic polarizabilities for the three
far off-resonant light fields used in the experiment. All values are given in atomic units.

levels therefore experience the same shift in first order approximation. Here, the blue-detuned
magic wavelength is 686.3 nm and the red-detuned magic wavelength is 935.2 nm [76]. The
terminology “blue-detuned” (“red-detuned”) refers to wavelengths that are shorter (longer) than
those of the D-line transitions.

In our experiment, we use three off-resonant light fields: a red- and a blue-detuned light
field for trapping the atoms and a light field at the tune-out wavelength. The polarizabilities for
these light fields are summarized in table 3.1. The calculated polarizabilities are given in atomic
units. The conversion to SI units requires multiplication by the factor (ea0)2/Eh, where e is the
charge of one electron, a0 is the Bohr radius, and Eh = mee

4/(4πε~)2 is the Hartree energy
with the electron mass me.

3.3 A two-color dipole trap

In the previous sections, the theoretical background regarding the character of the evanescent
field of nanofiber-guided light modes and the interaction of far detuned light fields with atoms
has been given. With these ingredients, it is possible to describe and to build a nanofiber-based
two-color dipole trap for cesium atoms.

In the previous section, we learned that the ac Stark interaction changes the eigenenergy
of atomic levels. For the ground state of cesium atoms and linearly polarized light, we only
have to consider the scalar part of the ac Stark interaction. Since the scalar part is proportional
to the intensity of the light field, we can generate a trapping potential by spatially modulating
the intensity of the light field. A common way to achieve this is to use a strongly focused
laser beam [86]. Another method that has been first theoretically discussed in [36, 37] and first
experimentally realized in [38] uses the spatially varying evanescent fields that are guided in an
optical nanofiber. Here, the basic properties of such a nanofiber-based two-color dipole trap for
atomic cesium will be discussed.

3.3.1 Dipole trap for neutral cesium atoms

The atoms should be trapped close to the surface of the nanofiber in order to maximize overlap
of the interaction cross section of the atom with the fiber-guided light fields. Furthermore, we
want to realize strong three-dimensional confinement to prevent collisions between the trapped
atoms and to fix them at a defined position with respect to the fiber.
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3. ATOM–LIGHT INTERACTION

(a) Scalar polarizability of 62P3/2
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(b) Vector polarizability of 62P3/2
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(c) Tensor polarizability of 62P3/2
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Figure 3.3: (a) Scalar, (b) vector, and (c) tensor polarizability of the 62P3/2 excited state of
cesium 133 as a function of the wavelength. The dotted lines indicate the wavelengths of the
two far detuned trapping lasers at 783 nm and 1064 nm used in the experiments described here
and the tune-out wavelength for the ground state at 880.2524 nm.
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3.3. A two-color dipole trap

In order to fulfill these requirements, we first need an attractive potential to bring the atoms
close to the nanofiber. A red-detuned light field sent through the fiber creates such an attrac-
tive potential, since the scalar ground state polarizability of the cesium atoms is positive for this
wavelength. To prevent the atom of getting adsorbed on the surface, we sent a blue-detuned
light field (αs6, 1/2 < 0) in the nanofiber that creates a repulsive potential for the atoms. This is
necessary since the spectral properties of adsorbed atoms would be drastically altered. To calcu-
late the spatial potential, the interaction Hamiltonian that is given in Eq. (3.10) is diagonalized.
In Fig. 3.4.(a) the potentials created by the red-detuned light field, Ured, by the blue-detuned
light field, Ublue, and the total potential, Utot = Ured + Ublue + UvdW, are plotted as a function
of the radial position from the fiber surface. Note that in this plot, the van der Waals potential,
UvdW, which is caused by surface interaction of the fiber and the atoms [36,57] is also taken into
account. The parameters that are used to calculate the results presented here are summarized in
table 3.2.

The red-detuned light field clearly generates an attractive potential, i.e., the potential de-
creases for r → a [Fig. 3.4 (a)]. The blue-detuned light field generates a repulsive potential.
Due to the fact that the decay constants of the evanescent field is wavelength-dependent, the
evanescent field of the blue-detuned light field is more strongly confined to the fiber than the
evanescent field of the red-detuned light field. For the given powers of the trapping light fields,
this causes Utot to have a minimum that is located at a distance of around r − a = 234 nm from
the fiber surface and that has a depth of Utot,min ≈ 140µK kB = 2.9 MHz h. Here, kB and h are
Boltzmann’s and Planck’s constant, respectively, and the zero of the energy scale corresponds to
an atom in free space in the absence of light fields, i.e., far from the fiber.

The azimuthal confinement is achieved by the azimuthally asymmetric intensity distribution
of a quasi-linearly polarized light field (see Fig. 2.5.(c) in the previous chapter). The total po-
tential in the x-y plane is plotted in Fig. 3.4.(b), where the spatially varying potential around the
fiber is apparent. In order to maximize the azimuthal confinement, both light fields are quasi-
linearly polarized while their main directions of polarization are orthogonal with respect to each
other: the red-detuned light field is polarized along the x axis and the blue-detuned light field
along the y axis.

The remaining spatial degree of freedom is along the fiber axis. Confinement in this direction
is realized by sending the red-detuned light field from both sides into the fiber, thereby creating
a standing wave. In 3.4.(c) the trapping potential along the fiber is shown. The full three-
dimensional confinement resulting from these settings is shown in Fig. 3.4.(d). The fiber and the
equipotential surfaces of the single trapping sites are presented to scale. The trapping sites form
two diametric one-dimensional arrays along the nanofiber.

Note that at the exact trapping minimum of the ground states only the scalar polarizability
contributes to the total potential since both light fields are perfectly linearly polarized at the
trapping minimum making the vector part zero: The blue-detuned light field has its main axis of
polarization along the y axis and is therefore completely linearly polarized along the x axis. The
red-detuned light field is everywhere completely linearly polarized since the ellipticity vectors
of the two counter-propagating light fields are anti-parallel and thus cancel each other [45].

The calculated trapping frequencies for the potentials shown in Fig. 3.4 are 119 kHz, 85 kHz,
and 186 kHz for the radial, azimuthal, axial direction respectively. Although the trap is strongly
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3. ATOM–LIGHT INTERACTION

Figure 3.4: (a) The potentials induced by the blue-detuned light field, Ublue (blue line), the
red-detuned light field, Ured (red line), the van der Waals interaction, UvdW (dashed green line),
and the resulting total potential, Utot = Ublue + Ured + UvdW (black line) as a function of the
radial distance r − a from the fiber surface. (b) Density plot of the total potential in the x-y
plane. The red and blue arrows indicate the main direction of polarization of the red- and the
blue-detuned light fields, respectively. The gray disk symbolizes the fiber. (c) Density plot of
the total potential in the x-z plane. The gray rectangle indicates the fiber. (d) To-scale three-
dimensional sketch of the nanofiber and the two resulting diametric one-dimensional arrays of
trapping sites. The red-shaded areas display equipotential surfaces at 25 µK and 75 µK above
the local minimum of the potential.
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3.3. A two-color dipole trap

Wavelength Power Quasi-linear
polarization

Propagation

Red-detuned light field 1064 nm 2× 0.77 mW along x axis standing wave
Blue-detuned light field 783 nm 8.55 mW along y axis running wave

Table 3.2: Parameters of the trapping light fields used to calculate the energy shifts presented in
this thesis.

anharmonic, the given trap frequencies are obtained by a quadratic fit assuming the trapping
potential to be harmonic close to the minimum.

3.3.2 Eigenstates and eigenenergies at the trapping minimum

In the experiment, the optical transition frequency of the D2 line of nanofiber-trapped atoms is
found to be inhomogeneously broadened [38, 72]. The reason for this broadening lies in the
state-dependent light shifts of the excited states due to the tensor part of the ac Stark interaction
in conjunction with the fact that the trapped atoms are initially not prepared in the same Zeeman
substate. We will see in this section that the mF substates in the excited 62P3/2 state of the
trapped atoms are, in general, not good quantum numbers. In order to drive specific optical
transitions in the atom, one has to define a convenient quantization axis. Experimentally, this is
often achieved by applying an external magnetic field and choosing the quantization axis along
this field. It is therefore of interest to study the shift of the energy levels due to the ac Stark
interaction in dependence of the Zeeman interaction caused by the external magnetic field. In
the following I will calculate the eigensystem of the ground and excited states at the spatial
position of the minimum of the trapping potential.

In Fig. 3.5 the decomposition of the eigenvectors |ψ〉 into the |F,mF 〉-basis for the 62S1/2

ground state and the 62P3/2 excited state is shown when no external magnetic field is applied.
The eigenvectors are column vectors and are sorted by their eigenenergy. For eigenvectors which
have degenerate eigenenergies I used the order that corresponds to the order when a magnetic
field is applied which is strong enough to lift the degeneracy of the eigenenergies. For the
calculation we considered the coupling of a complete hyperfine multiplet, e.g., F = 3 and
F = 4 for the ground state and F ′ = 2 to F ′ = 5 for the excited state. For the ground state,
although there is no magnetic field applied, the eigenstates are well defined: each eigenvector
has only one nonzero entry and, thus, mF is a good quantum number. Note that the negative
Landé factor gF=3 = −1/4 of the F = 3 ground state manifests in the order of the eigenvectors.
In contrast, for the excited 62P3/2 multiplet [Fig. 3.5 (b)] each eigenvector is a superposition of
several sublevels of one hyperfine level and the eigenstates cannot be assigned to a specific mF .
Therefore, mF is no longer a good quantum number.

In order to suppress the mixing an external magnetic field is applied. In Fig. 3.6, the decom-
position of the eigenvectors into the mF basis for the excited states are plotted for four different
values of the magnetic field. In a magnetic field of B = 3 G [Fig. 3.6 (b)] mF is already a good
quantum number for the F ′ = 2 state. But it takes a magnetic field of ≈ 10 G to make mF a
good quantum number for F ′ = 4 and F ′ = 5 as well. Nevertheless, for magnetic fields higher
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Figure 3.5: Eigenvectors |ψi〉 for (a) the 62S1/2 ground state and (b) the 62P3/2 excited state
of an atom that is located at the trap minimum. The eigenvectors decomposed into the mF basis
are presented as column vectors and are sorted by their eigenenergy from left (high) to right
(low). The eigenvectors are normalized to 1 and the value of their entries is color-coded. The
gray dashed lines separate the eigenvectors for different hyperfine states. There is no external
magnetic offset field applied.

than 30 G the levels can no longer be grouped by F as the system leaves the anomalous Zeeman
regime and starts to enter the hyperfine Paschen-Back regime [87], i.e., the level shifts due to
the Zeeman interaction reach the same order of magnitude as the hyperfine splitting. Note that
the mixing of the F ′ = 3 substates is, to first order, not influenced by the magnetic field since its
Landé factor gF ′=3 = 0 . In this hyperfine state, mF does not, even for magnetic fields higher
than 10 G, become a good quantum number.

In Fig. 3.7 the magnetic field dependence of the corresponding eigenenergies is shown for
the ground and excited states of trapped Cs atoms. In Fig. 3.7 (a) and (b), the eigenenergies for
the two ground states (F = 3, F = 4) are plotted. They clearly show the linear dependence
one would expect for the Zeeman interaction for low magnetic fields. The shift of the states for
Boff = 0 is due to the scalar ac Stark interaction of the trapping light fields with the atom.

For the excited hyperfine states, see (c) to (f), the energies of the sublevels are even for zero
offset field non-degenerate. This clearly shows the influence of the tensor part of the atomic
polarizability. For increasing magnetic fields, the eigenenergy of the sublevels changes: some
sublevels are still energetically almost degenerate until for high magnetic fields the linear de-
pendence of the eigenenergy on the magnetic field can be observed, as it is expected for pure
Zeeman interaction. Note that the Landé factor is gF ′=3 = 0 for the excited hyperfine state
F ′ = 3. Thus, the sublevels do not linearly depend on the magnetic field. For higher magnetic
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Figure 3.6: Decomposition of the eigenvectors |ψi〉 into the mF basis for the 62P3/2 excited
state in the presence of an external magnetic field of (a) Boff = 1 G, (b) Boff = 3 G, (c)
Boff = 10 G, and (d) Boff = 30 G. The eigenvectors are presented as column vectors and are
sorted by their eigenenergy from left (high) to right (low). The eigenvectors are normalized to 1
and the value of their entries is color-coded. The gray dashed lines separate the eigenvectors for
different hyperfine states.
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3. ATOM–LIGHT INTERACTION

fields, however, they show the second order quadratic dependency on the magnetic field.
With these results one can conclude, that, for the ground state of an atom directly at the

trapping minimum, the interaction of the atom with the trapping light fields has no severe ef-
fects. Since there is no tensor and vector component of the ac Stark interaction, the states are
just modified by the scalar component acting on the complete substructure of the 62S1/2 in the
same way. However, away from the trapping minimum, the vector component of the ac Stark
interaction does not vanish and has to be considered as well [88].

For the excited states, the tensor component plays a major role and the interaction has a
severe influence on the optical addressability of these states. However, with a high magnetic
field, it should be possible to drive defined Zeeman substate transitions. This is essential for the
implementation of quantum protocols in quantum optics experiments. The only exception is the
F ′ = 3 manifold which is mixed by the interaction with the trapping light field and not sensitive
to the magnetic field in first order. Thus, for this state, mF is not a good quantum number for
any given magnetic field.

3.4 Fictitious magnetic fields

In this section, I will take a closer look on the effect of the vector part of the ac Stark interaction
operator (see Eq. (3.13)) on the atoms. The vector part described by the operator

V EE
vec =

1

4
|E|2 iαvnJ

[u∗ × u] · J
2J

(3.16)

only occurs, as stated before, when the light field is to some degree elliptically polarized.
Another important fact is, that the vector component can be treated as a fictitious magnetic
field [89, 90], meaning that its effect on the atoms adds to the effect of an external magnetic
field. The interaction of an atom with a real external magnetic field B is described by the fol-
lowing Zeeman-Hamiltonian [91]

HZeeman = −µ · B = µBgJB · J , (3.17)

where µ is the magnetic moment of the atom, µB = e~
2mec

is the Bohr magneton, and gJ is the
Landé factor for the fine structure level |nJ〉. For varying magnetic fields, the second equality
is valid if µ can adiabatically follow the direction of the local magnetic field [84, 92]. Now, the
vector part of the ac Stark interaction operator can be written in terms of a fictitious magnetic
field Bfict [76]:

V EE
vec = µBgnJBfict · J , (3.18)

with

Bfict =
αvnJ

8µBgnJJ
i [E∗ × E] . (3.19)

In the special case where the perturbation of the ac Stark effect is small compared to the hyperfine
splitting, F is a good quantum number and Eq. (3.18) takes the form

V EE
vec = µBgnJFBfict · F . (3.20)
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(c) 62P3/2, F’=2
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(d) 62P3/2, F’=3
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(e) 62P3/2, F’=4
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(f) 62P3/2, F’=5
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Figure 3.7: Eigenenergies of the Zeeman sublevels in dependency of an external magnetic field
for (a) and (b) the hyperfine ground states, and (c) to (f) the hyperfine excited states. For high
magnetic fields, the eigenenergies can be identified with the mF level: black line mF = 0, red
line mF = +1, green line mF = −1, blue line mF = +2, cyan line mF = −2, etc. Note that
the plot range of Boff varies from (a) to (f). For details see text.
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The Landé factors that are used in the above equations are given by [76, 93]

gnJF = gnJ
F (F + 1) + J(J + 1)− I(I + 1)

2F (F + 1)
(3.21)

and

gnJ = gL
J(J + 1) + L(L+ 1)− S(S + 1)

2J(J + 1)
+ gs

J(J + 1) + S(S + 1)− L(L+ 1)

2J(J + 1)
. (3.22)

The orbital and the spin g-factors of the electron are gL = 1 and gS ' 2.0023193, respectively.
We can conclude from the vector form of Eq. (3.18) and Eq. (3.20) that the fictitious magnetic
field simply can be added to any real magnetic field that is present in the system. Note that
Bfict depends on J only and is therefore the same for all hyperfine levels in one fine structure
manifold |nJ〉. However, this also means that the fictitious magnetic field exerted by a given
external light field is, in contrast to a conventional external magnetic field, different for every
|nJ〉 manifold.

Here, we will investigate the fictitious magnetic field Bfict for cesium atoms that is induced
by nanofiber-guided light fields. In section 2.2, we have seen that the light of the evanescent
field of the quasi-linearly polarized HE11 mode can be elliptically polarized. This fact leads to a
fictitious magnetic field. Since for quasi-linearly polarized modes the transverse components of
the electric field are in phase with each other and are π/2 phase shifted with respect to the longi-
tudinal component, it follows that the fictitious magnetic field only has transverse components:
Bfict, z = 0.

In Fig. 3.8 the fictitious magnetic field of a quasi-linearly polarized light field experienced
by a cesium atom in the 62S1/2 ground state is plotted. The plot shows the magnitude |Bfict| as
a density plot. The white arrows additionally show the direction of Bfict. Note that Bfict points
in opposite direction on opposite sides of the fiber. This follows directly from the fact, that the
ellipticity vector ε = i(E×E∗)/|E|2 of the light field propagating in the fiber points in opposite
direction on opposite sides of the fiber.

As shown in Fig. 3.8 (a), |Bfict| can be as large as 70 G/mW at the surface of the fiber for
a light field at 880 nm. At the position of the atoms, there is still a fictitious magnetic field
of ≈ 5 G/mW. Taking into account the distance of ≈ 1µm between the atomic ensembles in
conjunction with the fact that Bfict points in opposite direction on opposite sides of the fiber, this
leads to extreme gradients of up to 100 000 G/mW/cm.

Figure 3.8 (a) shows Bfict for a light field with a wavelength of 880.25 nm, i.e., the tune-
out wavelength for Cs. In (b), the same is plotted for the blue-detuned trapping light field
with a wavelength of 783 nm. But here, its main direction of polarization is set to be along
the y axis. The magnitude of the fictitious magnetic field is reduced by a factor of 25 with
respect to Bfict induced by the light field at the tune-out wavelength although the local ellipticities
of both light fields is almost the same. This is directly related to the wavelength-dependent
vector polarizability, where |αv6,1/2,880 nm/α

v
6,1/2,783 nm| ' 25. In addition, one has to take the

wavelength-dependent decay constant of the evanescent field at the position of the trapping
minimum into account. Note as well, that Bfict points into opposite directions for the two light
fields. This stems from the opposite sign of αv6,1/2,880 nm and αv6,1/2,783 nm.
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3.4. Fictitious magnetic fields

Figure 3.8: The magnitude |Bfict| of the fictitious magnetic field for a light field with a wave-
length of (a) λ = 880.2524 nm and (b) λ = 783 nm is presented as a density plot of a cut
through the x-y plane. The white arrows show the direction of Bfict. The color scale shows
the magnetic field in Gauss per mW of power of the light field sent into the fiber. For (a) the
scale shows values from 0 G/mW to 70 G/mW, whereas for (b) the values vary from 0 G/mW to
2.8 G/mW. The green and the blue double arrows show, as in the plots before, the main direction
of polarization. The light fields propagate in the z direction.

The blue-detuned trapping light field is purely linearly polarized at the position of the trap-
ping minimum, since its main direction of polarization is along the y axis, see Fig. 3.4 (b).
However, there is still a fictitious magnetic field gradient induced by the blue-detuned light field
in the azimuthal direction. This magnetic field gradient leads to mF state-dependent potentials
for the ground state, which is thoroughly studied in [88]. Note that the red-detuned trapping light
field at a wavelength of 1064 nm exerts no fictitious magnetic field on the atoms: A balanced
standing wave formed out of two counter-propagating quasi-linearly polarized modes is purely
linearly polarized at every point in space.

In chapter 5, I will discuss how the fictitious magnetic fields induced by nanofiber-guided
light fields can be used to manipulate the trapped atoms.
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CHAPTER 4
Nanofiber-based trapping and

interfacing neutral cesium atoms

4.1 Introduction

A nanofiber-based two-color dipole trap for neutral cesium atoms was suggested in [36, 37] and
first experimentally realized in our group [38]. In the meanwhile, several other groups realized
this trap as well [46, 49]. This system is well suited for the implementation of quantum hybrid
systems [11]. The latter combine the advantages of two worlds: on one side, photons are excel-
lent for transporting quantum information over long distances, and, on the other side, trapped
atoms or ions are very well suited for storing and processing quantum information owing to their
long coherence times [94–96]. By using the nanofiber trap to interconnect long coherence time
systems via optical fiber links, the prerequisites for such a hybrid system can be ideally matched:
The atoms are efficiently interfaced with resonant light fields enabling interrogation or manip-
ulation of the atoms. The large optical densities of higher than 10 [38] that are realized with
only a few thousand trapped atoms, coherence times in the order of several milliseconds [43],
and excellent spatial control [42,50] are the qualifying properties of this system. Thus, it should
be possible to realize devices like quantum memories [15] and quantum repeaters [14, 97] in a
quantum network.

In this chapter, I will first present the experimental setup. In particular, I will introduce the
different components that are required to realize a two-color nanofiber-based optical dipole trap
for neutral cesium atoms. In the next section, I will show how to characterize the trapped atomic
ensemble by presenting the experimental methods that are used for measuring their optical den-
sity, their lifetime in the trap, the absolute number of trapped atoms, and their coherence times.
In this context, I will show that the lifetime and the coherence times of the trapped atoms are
interconnected.
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4.2 Experimental setup

The experimental setup consists of several parts that will be described in more detail. In the
first section, I will present the vacuum setup with the vacuum chamber where the tapered optical
fiber (TOF) is mounted. In the next section, I will introduce the magneto-optical trap (MOT)
that is used to trap and precool the cesium atoms. In this context I will describe how the atoms
are loaded from the MOT into the dipole trap. In the following section, the laser setup that is
needed to realize the two-color dipole trap is presented. In the last section, I will describe the
detection setup for measuring photons that are resonant with the Cs atoms and are used to probe
them.

4.2.1 Vacuum setup

For successful operation of the MOT and the dipole trap, it is mandatory to minimize the colli-
sion rate of the trapped Cs atoms with the background gas. Therefore, all the experiments are
carried out in an ultra-high vacuum (UHV) environment created in a stainless steel chamber. In
figure 4.1 a sketch of the vacuum chamber is shown. The chamber has a volume of approxi-
mately 7000 cm3 [57] and has several CF (ConFlat) flanges. A turbo-molecular pump1 and an
ion getter pump2 are used to evacuate the chamber. For standard operation, the turbo-molecular
pump is turned off and the vacuum pressure of approximately 5 · 10−9 mBar is sustained by the
ion getter pump only. The tapered optical fiber (TOF) is placed in the center of the chamber.
The TOF, which waist is ≈ 5 mm long, has a nominal diameter of 500 nm and is mounted on a
holder that can be moved up and down (i.e. in the y direction) with micrometer precision. The
feedthrough for the TOF, implemented as a Teflon ferrule with two holes for the fiber going into
and out of the chamber, is put in a Swagelok connector [98] to guarantee a sealed chamber.

Three Cs dispensers3 that are used separately to release atomic cesium vapor, are mounted
with a T-piece to the chamber. From this background gas, the Cs atoms are trapped and precooled
around the nanofiber in the middle of the chamber with a magneto-optical trap (MOT) which will
be described in the next section. The other flanges on the vacuum chamber are viewports that
are anti-reflection coated for a wavelength of 852 nm and that allow optical access for, e.g., the
light fields forming the MOT. Furthermore, a microscope objective [99] is mounted inside the
chamber to image the trapped atoms, i.e., to record their fluorescence signal. More details about
the vacuum setup can be found in [57, 72].

4.2.2 Magneto-optical trap

The energy of the thermal Cs atoms released by the dispensers is too high to trap them directly
in the nanofiber-based dipole trap. Furthermore, since the dipole potential is conservative, a
cooling would be required even for atoms that are cold enough. Thus, a magneto-optical trap
is used to cool and spatially confine the neutral atoms. The cooling is done optically only by
scattering near-resonant light, thereby dissipating the kinetic energy of the atoms: A light field

1TMU-200-M-P DN-100-CF-F-3P by Pfeiffer Vacuum GmbH
2Starcell 150 Dual by Varian Inc.
3CS/NF/12.8/40 FT 10+10 by SAES Advanced Tech. SPA
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Figure 4.1: Sketch of the vacuum chamber (top view). The TOF (blue line) enters the chamber
through c and is glued on a mount a. The mount can be moved in the y direction via the screw d
and a joint inside the chamber (not shown). The atoms and the waist of the TOF can be observed
through the viewport 5 via a microscope objective b. The Cs dispensers are placed at e. The
laser beams creating the MOT enter the chamber through the viewports 1 to 4 and from above
and below the chamber, i.e., from the ±y direction (not shown in the picture). An additional
viewport 6 can be used to couple further light fields into the chamber. The red ring represents
one of the two coils above and below the vacuum chamber that are used for creating the magnetic
field gradient for the MOT. The rectangles in brown are the coils that are used to compensate
stray magnetic fields, like the earth magnetic field.

that is slightly detuned from resonance exerts a velocity depending scattering force on an atom.
For two counter-propagating light fields and a small atom velocity v, this radiation pressure
force is proportional to the velocity: Fscat = −βv. The damping coefficient β is maximal for
red-detuned light fields δ = ωL − ω0 = −Γ/2 < 0, with the frequency of the light field, ωL,
and the frequency of the atomic transition, ω0. The scattering force thus acts as a friction that
decelerates the atom and cools it. The system of two counter-propagating beams can be easily
expanded in three dimensions by employing six beams from all three directions of space and,
therefore, forming a so-called three-dimensional optical molasses [93].

In conjunction with an inhomogeneous field B = B′ · z, the atoms can not only be cooled
but additionally spatially confined. In Fig. 4.2, the principle of the confinement is shown in
one dimension for two counter-propagating beams: The inhomogeneous magnetic field is, for
example, negative for z < 0 and positive for z > 0. For the excited state of an atom with,
e.g., Je = 1, the magnetic sublevels are split due to Zeeman interaction. A σ+-polarized light
field with a frequency ωL that is red-detuned with respect to the free space atomic resonant
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Figure 4.2: Principle configuration for a MOT in one dimension. The solid lines are the atomic
levels for the ground (J = 0) and the excited (J = 1) state. The substates are shifted due
to the inhomogeneous magnetic field. The red arrows represent the σ±-polarized light fields
propagating along the ±z direction, respectively. The dashed line represents the frequency ωL
of the light fields that is detuned by δ from the atomic resonance at the center of the trap.

δ = ωL − ω0 is propagating along the +z direction. If the atom is positioned at z < 0, it
experiences a restoring force towards z = 0 since the σ+-polarized light that drives the shifted
|Jg = 0,mJ = 0〉 → |Je = 1,mJ = +1〉 transition is resonant with the atom. If the atom is
placed at z > 0, it is resonant with the σ−-polarized light field propagating in the −z direction.
Thus, the atom experiences again a force towards z = 0 which leads to spatial confinement.
This concept can be expanded to three dimensions using the six laser light beams for the optical
molasses and a magnetic quadrupole field that has its zero in the center where the six beams
cross each other. Note that this scheme is not limited to the simple level scheme that is described
here but also works for any Jg → Je = Jg + 1 transition. [93].

In our system the cooling light field is provided by a commercially available laser system4,
composed of a frequency-seeded tapered amplifier. The frequency of this laser is stabilized to
atomic cesium via a Doppler-free saturation spectroscopy [100]. The frequency of this light field
is slightly red-detuned with respect to the F = 4→ F ′ = 5 transition of the D2 line. Due to off-
resonant excitations, it is possible that the cooling light field excites the atoms to the F ′ = 4 level
from where they can decay to the F = 3 ground state and where they are consequently lost from
the cooling cycle. Therefore, a repumping laser5 light, which is resonant with F = 3→ F ′ = 4
transition, is needed. This laser is stabilized via a polarization spectroscopy [100] on the desired
transition. The light fields of both lasers are overlapped and coupled into a so-called “fiber port
cluster”6. In the cluster, the beams are split into six beams and are balanced in power. Optical
fibers guide the six light fields to the six viewports, where the beams are sent into the vacuum
chamber crossing each other in the center of the chamber. The beams have 1/e2-diameter of
13 mm [72] and the total powers are 70 mW and 220µW for the cooling and the repumping
light fields, respectively.

The magnetic quadrupole field for the MOT is provided by two coils placed above and below

4The tapered amplifier is a TEC400 and the seeding laser is a TEC500, both manufactured by Sacher Lasertech-
nik GmbH.

5Lynx TEC100 manufactured by Sacher Lasertechnik GmbH
6Fiber port cluster 1 to 6 for 852 nm by Schäfter + Kirchhoff

48



4.2. Experimental setup

the chamber that are in anti-Helmholtz configuration. While operating the MOT, they provide a
maximal magnetic field gradient of 3.5 G/cm at 8 A [101]. Since the experiment is not shielded
from external magnetic fields, like the magnetic field of the earth, they have to be compensated
for. For this purpose, there are two magnetic field coils in the x direction and two magnetic field
coils in the z direction. In the y direction, we directly move the fiber with the translation stage
to the position of the atoms in the MOT.

In order to load the atoms from the MOT into the fiber-based dipole trap, the magnetic
quadrupole field is ramped down and the cooling laser is further red-detuned from resonance.
With this standard technique which is typically used to load steep dipole traps, the temperature
of the atoms in our trap is reduced from≈ 100µK in the MOT to≈ 28µK in the dipole trap [72].
For further details on the MOT setup, see [57, 72, 101].

The two magnetic field coils that provide the magnetic quadrupole field for the MOT can be
switched electronically to Helmholtz configuration. Thus, they can also provide a homogeneous
magnetic offset field along the y axis with a magnitude of maximally Boff = 28 G. Although the
two coils are not geometrically in Helmholtz configuration, the magnetic field in the middle of
the chamber, i.e., at the position of the trapped atoms, is approximately homogeneous [101].

4.2.3 Nanofiber-based dipole trap

To realize the nanofiber-based dipole trap, we use a far blue- and a far red-detuned light field,
as described in section 3.3. The red-detuned light field has to be sent into the fiber from both
directions to create a standing wave. In addition to these light fields, we use resonant and near-
resonant light fields to probe and manipulate the trapped atoms. They all have to be combined
so that they can be coupled simultaneously into the TOF. When they leave the TOF again, they
have to be split up so that only the resonant probe light field can be detected. Each light field
can be turned on and off separately and its power can be controlled via an AOM.

The TOF is not polarization maintaining since it is produced from a non-polarization main-
taining fiber. In particular, the birefringence in the taper region alters the polarization of any
guided light field. In order to ensure that the light fields are quasi-linearly polarized at the waist
of the TOF, we provide the following measures: First, the polarization of the light is made purely
linear before coupling it into the TOF. This linear polarization can be turned via a halfwave plate.
Then, the light field passes through a Berek compensator [102] and is then coupled in the TOF.
With this plate, we can precompensate for the birefringence of the fiber, i.e., set the polarization
of the light field in a way that it is quasi-linearly polarized at the waist of the TOF.

In figure 4.3, a sketch of the beam paths for the two trapping laser fields is shown. The
red-detuned light field with a wavelength of 1064 nm is provided by a Nd-YAG laser7. The light
field is split by a polarizing beam splitter (PBS2) and sent from both sides into the TOF. The
powers of the two light fields propagating in opposite directions through the fiber are balanced
via a halfwave plate (HW1) in front of PBS2. The polarization of both light fields is “cleaned”
to be purely linear by two polarizers (PBS3 and PF1

8).

7Excelsior 1064-650 manufactured by Spectra Physics
8LPVIS 050-MP by Thorlabs Inc.
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Figure 4.3: Simplified sketch of the beam paths for the red- and blue-detuned trapping light
fields. The sketch shows the following optical elements: acousto-optical modulators (AOM),
polarizing beam splitters (PBS), non-polarizing symmetric beam splitters (50:50), Berek com-
pensator plates (Berek), half- and quarterwave retardation plates (HW and QW), polarization
filter (PF), short-pass filter (SPF), and dichroic mirrors (DM).

The blue-detuned light field at a wavelength of 783 nm is provided by a diode laser9. Its
polarization is controlled by a polarization filter (PF3), a halfwave plate (λ/24), and a Berek
compensator (Berek3), in order to ensure quasi-linear polarization at the waist of the TOF. The
blue-detuned light field is overlain with the red-detuned light field with a dichroic mirror (DM1).
Before that, it passes a short-pass filter (SPF)10, in order to block the amplified spontaneous
emission background of the laser diode that is resonant with the D-lines of atomic cesium.

Additional light fields, which are resonant or close to resonance with the D-lines of Cs
can be coupled into the TOF via a dichroic mirror (DM3)11. Then, these light fields have the
same propagation direction as the blue-detuned light field. To have these light fields counter-
propagating with respect to the blue-detuned light field, they can be coupled into the TOF with
a 50:50 beam splitter. The polarizations of these light fields are as well controlled by λ/2-plates
and Berek compensators (not shown in Fig. 4.3). The light that is resonant with the atoms and
coupled out of the two ends of the TOF is directed to two detectors, respectively.

9DL100/02479 manufactured by Toptica Photonics AG
10XIS0810-Shortpass by Asahi Spectra, with a transmission of 89,6 % at 783 nm
11DMSP 805 by Thorlabs Inc.
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Obtaining quasi-linearly polarized light in the nanofiber

In this section I will briefly introduce the method that is used to align the polarization of light
fields that are launched into the TOF so that they are quasi-linearly polarized at the nanofiber. It
relies on the detection of light that is scattered by imperfections at the surface of the nanofiber
and inhomogeneities in the bulk silica. Here, we assume that the imperfections are point-like
dipole emitters so that the local polarization of the fiber-guided mode is conserved. We record
the Rayleigh-scattered intensity in a direction orthogonal to the fiber with a CCD camera. Using
the example of the blue-detuned light field, we obtain a sinusoidal signal with the camera by
turning its main axis of polarization with a half-wave plate (HW4 in Fig. 4.3). The visibility
of this Rayleigh-scattered pattern is a direct measure of the linearity of the polarization and is
increased by tilting the Berek compensator (Berek3) that thus compensates for the birefringence
of the TOF. By reaching maximal visibility, we therefore have the best possible approximation
of quasi-linearly polarized light at the nanofiber. We use this method as well to fix the main
direction of polarization of the nanofiber-guided light fields. The direction can be aligned with
a precision of a few degrees at best. Here, systematic errors, like the numerical aperture of the
camera that always provides a finite azimuthal resolution, play a crucial role. More details on
this method can be found in [39]. In chapter 5.4, I will present a method that can be performed
additionally in order to obtain an even higher control of the polarization of the nanofiber-guided
light fields.

4.2.4 Detection system

Since the light that propagates in the nanofiber is strongly transversely confined, the intensity
in the evanescent field is very high: already a few hundred pW is sufficient to reach saturation
intensity at the position of the trapped atoms. Therefore, we only use very weak light fields on
the order of a few pW of optical power to probe the atoms. For the detection of these weak light
fields, which are resonant with the D2 line, there is one single photon counter module (SPCM)12

placed at each output of the TOF. To prevent non-resonant light to get to the SPCM, the light is
filtered by several stages. First, we use dichroic mirrors which reflect the red-detuned trapping
light field at 1064 nm and transmit only shorter wavelengths. To block the blue-detuned trapping
light field at 783 nm as well, there is a band-pass filter13 around 852 nm with full width at half
maximum (FWHM) of its transmission of 12.5 nm. With these measures, all the photons that
are far from resonance can be filtered out.

However, a major issue is the presence of resonant and near-resonant photons. These pho-
tons stem from Raman scattering processes in the glass fiber itself induced by the blue-detuned
trapping laser field at 783 nm. In general, when photons undergo an inelastic scattering process
with molecules they can emit so-called Stokes photons having a lower energy than the incident
photons [100]. In a solid material, the energy difference of the incoming photon and the Stokes
photon is carried away by phonons in the material. The energetic shift of the Stokes photons
relative to the energy of the incident or pump photons is called Stokes shift and is a material-

12SPCM-AQRH-14-FC by Excelitas Technologies GmbH & Co.KG
13Semrock LL01-852-12,5 (MaxLine Laser Line Filter)
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dependent property. For a silica-core single mode fiber the spectrum for Stokes shifted photons
is given in [103].

In our group14 the Raman Stokes spectra for the same type of fiber that is used here, the
Liekki Passive 6/125, has been measured. From these measurements, the characteristic value of
Stokes photons at the resonance of cesium (852 nm) turns out to be (0.04±0.01) pW/(m·mW·nm)
for pump photons with a wavelength of 783 nm. This means, for each milli-Watt of power of the
blue-detuned trapping light field inside the fiber, we get 0.04 pW of Raman light at 852 nm per
meter of optical fiber per nanometer wavelength interval in the region around 852 nm. The same
amount of light counter-propagates with respect to the propagation direction of the blue-detuned
light field because the spontaneous Raman scattering process is isotropic.

Without any filter, these Stokes photons would produce a large background of several tens of
pW per mW of power of the blue-detuned light field on all the signals that should be measured
with the SPCMs. Therefore, a volume Bragg grating15 (VBG) was inserted in the beam path
that leads to the detectors. It replaces a line filter [104] used in previous experiments [101]. The
reflection Bragg grating has a very high on-resonance transmission of 94 % and a spectral width
of only 0.12 nm [105]. Thanks to the VBG, we could reduce the amount of detected Stokes
photons to only 0.10 ± 0.01 photon per mW of the blue-detuned trapping light field in a time
window of 1µs. This matches very well with the Raman Stokes spectrum taken independently14:
with the fiber length of 5 m, one predicts 0.10 ± 0.03 photons per mW of the blue-detuned
trapping light field in 1µs in a spectral window of 0.12 nm. With these measures, the amount
of background photons is suppressed to a level, at which the SPCMs are not saturated by Stokes
photons and a signal of a few pW can be easily distinguished from the background level.

4.3 Characterization of nanofiber-trapped atoms

The theoretical description of a nanofiber trap has been given in the previous chapters. In this
section, I will characterize the trapped atoms. Figure 4.4 shows a sketch of the parts of the
experimental setup that are needed for trapping and manipulating the atoms with light fields,
microwave (MW) radiation, and external magnetic fields.

The atoms are strongly confined in the two linear diametric arrays of trapping sites along
the fiber. Due to the strong confinement of the atoms, the interaction of nanofiber-guided light
fields and the trapped atoms takes place in the Lamb-Dicke regime (Lamb–Dicke parameter:
η < 0.11). Due to the collisional blockade effect [106] during the molasses phase while loading
the dipole trap, there is at most one atom per trapping site and a mean occupation number of
at most 0.5 atoms per trapping site can be reached [39]. The initial temperature of the trapped
atoms corresponds to a low mean motional quantum number on the order of 〈n〉 = 3 and results
in a small trapping volume [39].

14Project work by Daniel Weiss, 2013
15RBG-582-94 #Q06-34-A3 manufactured by OptiGrate Corp.
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Figure 4.4: Simplified sketch of the experimental setup. In (a) the tapered optical fiber (TOF),
the laser beam paths, and the trapped atoms (yellow spheres) at the waist of the nanofiber are
shown. Detector 1 (2) measures the light that propagates in the +z (−z) direction. The mi-
crowave radiation (MW) is tunable around the transition frequency of the two hyperfine ground
states. (b): transverse cut through the nanofiber. The red and the blue arrow show the main
direction of polarization of the red-detuned and the blue-detuned quasi-linearly polarized trap-
ping light fields, respectively. An external magnetic offset field Boff can be applied along the y
direction.

4.3.1 Spectroscopy and saturation

An important method to obtain information about the trapped atoms is transmission spectroscopy.
To obtain such a spectrum, the transmission of a resonant light pulse at a given frequency is mea-
sured. After averaging this signal for several experimental runs, the frequency of the light pulse
is changed and its transmission is again measured. In this manner, the frequency is scanned
over the |F = 4〉 → |F ′ = 5〉 transition of the D2 line. In Fig. 4.5 (a), a typical transmission
spectrum is shown. The center of the spectrum is significantly shifted (by ≈ 9 MHz) with re-
spect to the free-space resonance, due to light shifts of the ground and excited state induced by
the ac Stark interaction. As seen in chapter 3.3.2, the magnetic sub-states of the F ′ = 5 level
are energetically splitted. Thus, for fitting this inhomogeneously broadened spectrum, all pos-
sible transitions have to be taken into account. The fit function is therefore the sum of several
saturated Lorentzian line profiles describing the different transitions taking into account their
relative strengths. This fit directly returns an optical density of OD = 13± 2 [38].

The OD depends on the coupling efficiency of the nanofiber-guided light field to the atoms.
This efficiency is related to the local intensity at the atomic position and thus depends crucially
on the radial distance of the trapped atoms to the fiber. Furthermore, it depends on the strength
of the driven transition and on the main direction of polarization of the guided mode because the
intensity of the quasi-linearly polarized HE11 mode varies strongly in the azimuthal direction,
see chapter 2. Due to the finite temperature of the atoms, their position cannot be determined
directly. The OD is therefore not a reliable measure to determine the absolute atom number.
Nevertheless, for one given set of parameters (power, polarization, and propagation direction of
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Figure 4.5: (a) Transmission spectrum of nanofiber-trapped atoms. The transmission is
recorded in dependency of the frequency detuning of the probe with respect to the free-space
resonance. The red line is a fit taking all possible light-shifted transitions between the F = 4
state and the F ′ = 5 state into account. (b) Saturation measurement to determine the absolute
number of trapped atoms. The amount of absorbed and scattered power is plotted in dependency
of the power of a resonant light pulse that is sent into the fiber. The red solid red line is a fit that
yields the total atom number, here ≈ 2000. These figures are taken from [38].

the trapping light fields) the OD is proportional to the atom number and we thus use this method
routinely in our experiments after an initial calibration measurement, see below.

A typical experimental sequence in which the transmission spectroscopy is used is structured
in the following way: After loading the atoms from the magneto-optical trap into the dipole
trap, they are optically pumped into the F = 4 ground state manifold. Then, we record a
transmission spectrum by scanning the frequency of the probe light field within a typically 5 ms-
long pulse over≈ 100 MHz over the F = 4→ F ′ = 5 transition. Here, we perform a frequency
sweep in order to obtain the optical density within one experimental run. Next, the desired
experiment is performed. For example, the atoms are transferred from one hyperfine ground state
to the other by exposing them to microwave (MW) radiation. Subsequently, another transmission
spectrum of the F = 4 manifold is recorded. The optical density obtained from this spectrum
is proportional to the number of atoms in this manifold and yields the actual signal, i.e., how
many atoms have been transferred via the MW-pulse from F = 4 to F = 3. Furthermore, by
taking the ratio of the optical densities obtained by the transmission spectra at the beginning and
the end of the sequence, the effect of shot-to-shot fluctuations of the atom number in our trap is
canceled.

Saturation measurement

In order to determine the absolute number of trapped atoms, it is necessary to perform a satu-
ration measurement: A short (≈ 2µs-long) resonant light pulse is sent into the nanofiber and
its transmission is recorded. We compare this transmission with the transmission of a reference
light pulse that is sent through the fiber without atoms in the dipole trap. Thus, we can deter-
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mine the amount of light that is absorbed and scattered by the trapped atoms. The power of
the light pulses is increased in different experimental realizations. In this manner, we record
the amount of absorbed and scattered light by the atoms in dependency of the input power. In
Fig. 4.5 (b), the outcome of such a saturation measurement is shown. The data points can be
described by a generalized Beer-Lambert law [38, 72] that takes into account the varying power
of the light field due to absorption along the atomic ensemble. A fit of this function yields that
the absorbed power saturates at ≈ 7.3 nW. From the fact that a single fully saturated Cs atom
radiates about PCs = 3.8 pW of optical power, we can conclude that≈ 2000 atoms were trapped
and contributed to the signal.

Lifetime

The mean time the cesium atoms remain trapped in the nanofiber-based trap is an important
time scale. To determine this lifetime, the OD of the atomic ensemble is measured for different
waiting times after the loading of the dipole trap. Note that although the OD might not be a good
measure since the temperature of the atomic ensembles is changing throughout the measurement,
the experimental data can be well described by the expected exponential decay. Fig. 4.6 shows
a typical outcome of such a measurement. The data points are fitted with an exponential decay
f(t) = e−t/τ , returning the decay constant τ as the characteristic lifetime of the trapped atoms.
In this figure, the lifetimes of the atoms in two different trapping configurations is shown. The
lifetime for a trap depth of 354µK, corresponding to the trap presented in [38], is τ = 57 ±
2.7 ms. For a more shallow trap with a depth of 157µK, the lifetime was found to be τ =
170 ± 3.8 ms. The different trap depths have been obtained by proportionally changing the
power of the blue-detuned trapping light field PBlue and the power of the red-detuned trapping
light field PRed, i.e., PBlue/PRed = const. The powers to obtain the trapping potential presented
in [38] with a depth of 354µK are PBlue = 25 mW and PRed = 2.2 mW per beam for the
standing wave.

The dependency of the lifetime on PBlue is shown in Fig. 4.7. One can see that the lifetime
is almost constant at ∼ 50 ms for PBlue > 20 mW. For lower powers, the lifetime increases up to
∼ 170 ms. For the two data points on the very left the error on the lifetime is much bigger than
for the other measurements: for these shallow traps almost no atoms could be trapped anymore,
so the signal was very weak.

The lifetime we expect from losses due to collisions with the background-gas is on the order
of seconds [107]. A possible explanation for the deviation of this value and our experimental
results can be given by considering the mechanical vibration modes of the fiber in conjunction
with the anharmonicity of our trap: In typical tapered optical fibers there exist high-Q torsional
modes (Q-factor of ≈ 2.5 · 104) that are thermally excited [74, 108]. The frequency of the
fundamental torsional mode depends on the shape of the taper transition and the length of the
waist of the TOF and is ≈ 150 kHz for our fiber radius profile. This mechanical vibration
optomechanically couples to the nanofiber-guided light fields. In our case, the blue- and the red-
detuned trapping lasers then can exhibit polarization and phase fluctuations at a few hundred
kHz. Since the trapping potential is anharmonic, the trap frequencies are not “sharp” and well
defined, but can be better described as frequency bands. Therefore, it is very likely that the high-
Q torsional modes lie in such a frequency band. Thus, due to the coupling of the torsional modes
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Figure 4.6: Measurement of the lifetime of the atoms in the dipole trap. The relative atom
number is plotted as a function of the time the atoms were stored in the trap. The solid lines are
fits by an exponential decay returning the characteristic decay constant. The black (blue) data
points are lifetime measurements for atoms in a trap obtained with PBlue = 25 mW (PBlue =
11 mW) yielding a lifetime of τ = 57 ± 2.7 ms (τ = 170 ± 3.8 ms). Each data point has been
averaged over 40 experimental realizations.

to polarization of the trapping light fields and therefore to the azimuthal degree of freedom, a
heating of the atoms would be inevitable and the lifetime of the atoms in our trap would be
limited.

The presence of these torsional modes might be an explanation of the drastic change of the
lifetime in dependency of the trap depth as well. In order to change the trap depth, the powers of
the red and the blue trapping light fields have to be varied. This leads to a change of both the trap
frequencies and the frequencies of the torsional modes: The trap frequencies change because
the curvature of the potential changes when the trap depth is changing. The frequency of the
torsional mode depends on the properties of the nanofiber, like its length or its elastic modulus.
Both properties are depending on the temperature which is changed when the power of the blue-
detuned trapping light field is varied by tens of mW [109]. In the measurement presented here,
the power of the blue-detuned light field varied from 4 mW to almost 40 mW. Thus, by changing
the powers of the trapping light fields, the band of trap frequencies might move in frequency
space and, at some point, overlaps with the well-defined frequency of a torsional mode. In this
case the atoms would start to get heated more efficiently.

A final answer to the question of the cause of the drastic change in lifetime can only be
given by further experiments and thorough simulations of the trap frequencies. In the following,
we simply made use the fact that the lifetime is strongly increased for lower trapping powers.
Accordingly, we chose the powers of the trapping light fields to be 8.5 mW for the blue-detuned
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Figure 4.7: Measured lifetime of the trapped atoms as a function of PBlue. The dashed line
indicates the power PBlue = 8.5 mW that is used in the following.

light field and 0.77 mW per beam for the red-detuned standing wave, yielding a trap depth of
≈ 140µK.

4.3.2 Coherence properties

In order to perform quantum optics experiments and to use our system, e.g., for storing quantum
information, it has to exhibit good coherence times. In general, the proximity to the nanofiber
and the possible presence of, e.g., patch potentials [110] and Johnson noise [111] might hamper
good coherence properties. But despite these objections we demonstrated that this system has
good ground state coherence times in the order of milliseconds [43].

We use a tunable microwave (MW) field at 9.2 GHz to drive transitions between the two
cesium hyperfine ground states. A MW horn positioned outside the vacuum chamber directs
the MW radiation to the trapped atoms. The measurements of the ground state coherence times
presented in the following were performed on the |F = 3,mF = 0〉 → |F = 4,mF = 0〉 clock
transition, i.e., the least magnetic field-sensitive transition, and should thus yield the highest
coherence times. In order to lift the degeneracy of the magnetic sublevels, an external magnetic
offset field is applied along the y axis. The magnetic field is provided by the same coils that
are used to supply the quadrupole field for the MOT. To provide the homogeneous magnetic
field, the coils are switched from anti-Helmoltz configuration to Helmholtz configuration. In
addition, the magnetic field is necessary to prevent the atoms to change their internal state: In
our trap the atoms move in state-dependent potentials due to strong fictitious magnetic field
gradients induced by the vector light shift of the blue-detuned trapping light field [88]. The
fictitious magnetic field exhibits a strong gradient with a zero-crossing. At this point, the ground
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(a) Ramsey interferomtry

time
tdelay timetecho/2

tdelay

(b) Spin-echo technique

Figure 4.8: (a) Principle of Ramsey interferometry: Atoms, initially prepared in the
|F = 3,mF = 0〉 state, are prepared in a superposition with |F = 4,mF = 0〉 by means of a
first MW π/2 pulse which is near-resonant with the corresponding transition. After a wait-
ing time tdelay, the atoms are subjected to a second MW π/2 pulse. Finally the population in
|F = 4,mF = 0〉 is measured. (b) Principle of the spin-echo technique: Between the two MW
π/2 pulses a π pulse is applied leading to a rephasing of the atomic spins. At tdelay = techo the
atomic spins have rephased and a revival of the Ramsey fringes is expected.

state potentials are degenerate. Thus, spin flips between adjacent magnetic sublevels occur.
These spin flips can be prevented by applying a magnetic offset field [88], which removes the
degeneracy point of the ground-state potentials. Experimentally, we found that a homogenous
field of 3 G is sufficient to avoid spin flips [43].

From Ramsey interferometry performed on the clock transition, we deduced the reversible
dephasing time T ∗2 . For this measurement, the population transfer from the |F = 3,mF = 0〉
to the |F = 4,mF = 0〉 state was measured in dependency of the time between two MW π/2
pulses [see Fig. 4.8 (a)]. The resulting fringes decay in a characteristic time T ∗2 = 0.6 ms [43].
This time is limited by an inhomogeneous broadening mechanism of the clock transition. The
broadening stems from the finite initial temperature of the atoms in the trap in conjunction
with a vibrational-state-dependent transition frequency: Atoms that occupy different vibrational
states accumulate different phases while evolving during the Ramsey measurement leading to a
decrease of the amplitude of the fringes [43]. We showed that this dephasing is reversible by
means of a the spin-echo technique [see Fig. 4.8 (b)]: A MW π pulse is applied in between two
π/2 pulses at a certain time techo/2. With this technique, it is possible to induce a revival of
the Ramsey fringes at techo. The amplitudes of the echo signals decreases with increasing echo
times techo. The decay constant of the amplitudes correspond to the irreversible dephasing time
T ′2.

Figure 4.9 shows the evolution of the coherence C(t) as a function of the echo time as
presented in [43]. In this context, the quantity C(t) is a measure of the coherence of the superpo-
sition of |F = 3,mF = 0〉 and |F = 4,mF = 0〉 that can vary between 0 and 1, and is obtained
by fitting the amplitudes of the spin echo signals and by theoretically modeling the evolution
of the density matrix of the atomic states (for details see [43]). From this measurement, we
can infer the irreversible dephasing time, T ′2, to be larger than 3.7 ms. The loss of coherence is
directly related to the heating rate in our system. A simulation of the evolution of the coherence
that assumes a heating rate of 3 mK/s is also shown in Fig. 4.9.

In continuation of the experiments presented in [43], Fig. 4.9 also shows the coherence
derived from the result of the spin-echo measurement for a trap with a depth of 140µK (i.e.,
PBlue = 8.5 mW and PRed = 0.77 mW per beam). As expected, the coherence is preserved for
longer times since the heating rate is lower. A detailed analysis of the coherence time depending
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Figure 4.9: Comparison of the evolution of the coherence depending on the echo time for a trap
with a depth of ≈ 400µK (large red disks) and with a depth of 140µK (large black squares).
The small red squares are obtained by simulating the coherence for a heating rate of 3 mK/s as
in [43]. The small black squares and the dashed gray squares are obtained by simulating the
coherence for the shallow trap for a heating rate of 0.4 mK/s and 0.8 mK/s, respectively.

on the trapping light fields is beyond the scope of this thesis, but we can already conclude that
these measurements are in agreement with the fact that, here, the heating rate must be signifi-
cantly lower than for the trap with shorter lifetime. In Fig. 4.9, the evolution of the coherence
is simulated for a heating rate of 0.4 mK/s and 0.8 mK/s describing the data much better than a
heating rate of 3 mK/s.

4.3.3 Manipulation of first order magnetic field-sensitive states

Adiabatic rapid passage

An alternative way to transfer population between |F = 3,mF 〉 and |F = 4,mF 〉 employs the
so-called “adiabatic rapid passage” (ARP). Compared to a transfer of population that is achieved
by applying a microwave π-pulse, ARP is very robust against fluctuations of experimental pa-
rameters like the resonant Rabi frequency Ω0 and the detuning δ. For example, in the case of
broadened transitions for which a π-pulse is not efficient, it is still possible to transfer almost
100 % of the population via ARP [112].

To explain how ARP works [113], let us consider the interaction between a two-level atom
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Figure 4.10: (a) The energy of the dressed states (solid red lines) and the bare states (blue
dashed lines) plotted as a function of the detuning δ. (b) The population P1 of the state |1〉
(solid line) and the population P2 of the state |2〉 (dotted line) are plotted as a function of the
detuning δ [113].

and an electromagnetic field. The Hamiltonian in the rotating-wave approximation reads

H =
~
2

[
0 Ω0(t)

Ω0(t) −2δ(t)

]
. (4.1)

Here, Ω0(t) is the resonant Rabi frequency and δ = ω − ω0 is the detuning of the frequency of
the field ω with respect to the transition frequency ω0 of the two atomic levels, |1〉 and |2〉. The
eigenstates of this system are called dressed states and are

|+〉 (t) = sin[θ(t)] |1〉+ cos[θ(t)] |2〉 ,
|−〉 (t) = cos[θ(t)] |1〉 − sin[θ(t)] |2〉 , (4.2)

with the mixing angle θ(t) which is defined by tan[2θ(t)] = Ω0(t)/δ(t). The eigenenergies
corresponding to the dressed states |±〉 are ~ω± = δ

2 ±
~
2

√
Ω0(t)2 + δ(t)2.

Let us consider for the ARP that the frequency ω of the electromagnetic field is detuned
from the resonance frequency ω0 of the atomic transition. Then, the detuning is slowly scanned
through the resonance, δ(t) = α · t (with α being an arbitrary constant) from very large negative
values (δ < 0, |δ| � Ω0) to very large positive values (δ > 0, |δ| � Ω0), or vice versa. The Rabi
frequency is kept constant, Ω0 = const. 6= 0. In Fig. 4.10 (a), the energies of the dressed and
bare states are plotted as a function of the detuning. In contrast to the bare states, the coupling
prevents the dressed states from crossing at δ = 0. For large positive or negative detunings their
energies approach the energies of the bare states. While the detuning is swept, the mixing angle
θ(t) evolves from π/2 to 0, which changes the composition of the dressed states according to
Eqs. (4.2). Thus, starting in state |1〉, when the change of the detuning is slow enough, the system
evolves adiabatically and stays in the dressed eigenstate |+〉. Eventually, it ends up in |2〉. In

60



4.3. Characterization of nanofiber-trapped atoms

Fig 4.10 (b), the population of the bare states is plotted as a function of the detuning. It shows
that the sweep of the detuning causes a complete transfer of the population from state |1〉 to |2〉,
or vice versa. In order to adiabatically transfer the atomic population via this method from one
state to the other, the change of the detuning must fulfill the adiabaticity criterion [114]:

d

dt
|δ| � Ω2

0 . (4.3)

Note that the exact shape of the time evolution of the detuning is not crucial for the transfer.
We have successfully implemented the ARP technique in our system: We load the cesium

atoms in the two-color dipole trap in the F = 3 hyperfine ground state. While applying a
homogenous magnetic field of 3 G to selectively address the Zeeman substates, we sweep the
frequency of the MW source over the |F = 3,mF = −3〉 → |F = 4,mF = −3〉 π-transition.
After this, a transmission spectrum of the F = 4 to F ′ = 5 transition is taken in order to
determine the transferred population in the previously unoccupied F = 4 state. The sweep
span is kept constant at 200 kHz. We found from separate measurements that the detuning has
to be at least ±100 kHz in order to transfer all the atoms. The number of transferred atoms is
normalized to the maximally achieved transfer via the π-pulse method (Rabi oscillations) on the
|F = 3,mF = −3〉 → |F = 4,mF = −3〉 π-transition. In Fig. 4.11, the normalized number of
transferred atoms is shown as a function of the sweep time of the frequency for the π-transition
and the |F = 3,mF = −3〉 → |F = 4,mF = −4〉 σ−-transition.

Via ARP, it is possible to transfer the atoms from one specific Zeeman substate to another
with a very high efficiency. Even for the σ-transition, where it was found to be almost impossible
to transfer the atomic population with a π-pulse [101], we can achieve a high transfer efficiency.
Furthermore, we can deduce from this measurement that the optimal sweep time is different
for different transitions. It is thus necessary to characterize and to optimize the parameters of
the ARP for every transition. Note that the sweep speed of 200 kHz in 0.1 ms shows the most
efficient transfer for the |F = 3,mF = −3〉 → |F = 4,mF = −3〉 π-transition and fulfills the
adiabaticity criterion stated in Eq. (4.3). A reason why it is almost not possible to transfer
atomic population with a MW π pulse on a σ-transition in our system has not been found yet.
An explanation could be that the fraction of the MW radiation that is σ-polarized is very small.
Thus, the required π-pulses would be very long and not efficient due to the limited coherence
time.
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Figure 4.11: Atomic population transferred from the F = 3 to the F = 4 hyperfine state
with adiabatic rapid passage as a function of the time the frequency sweep takes. The fre-
quency span is kept constant at ∆ = ±100 kHz. The red (black) data points shows the
ARP for the |F = 3,mF = −3〉 → |F = 4,mF = −3〉 π-transition (|F = 3,mF = −3〉 →
|F = 4,mF = −4〉 σ−-transition).
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CHAPTER 5
Discerning and selectively

manipulating nanofiber-trapped atoms

In the previous chapter, we have seen that the trapping sites of the two-color dipole trap form
two diametric linear arrays along the optical nanofiber. The trapped atoms are therefore arranged
in two spatially separated ensembles that, in general, interact simultaneously with all light fields
that propagate through the nanofiber. In this chapter, I will show that the two atomic ensembles
can be simultaneously and independently manipulated with fiber-guided light fields. This would
not be possible with conventional light fields, but can be realized thanks to the extraordinary
polarization pattern of strongly confined nanofiber-guided light. With the techniques I present
in this chapter, we gain full control over the azimuthal position of the trapped atoms around the
nanofiber. This means, we can selectively address one atomic ensemble on only one side of the
fiber to perform experiments with.

In the first part of this chapter, I will explain how to prepare the trapped atoms in a given
Zeeman substate using optical pumping schemes involving fiber-guided light. Furthermore, I
will show that it is possible to optically prepare one atomic ensemble in one state and, simul-
taneously, the other ensemble in another state. In the second part, I will study how fictitious
magnetic fields can be used to selectively manipulate the two atomic ensembles and to perform
state preparation. The majority of the experiments that I present in this chapter are published as
an article in Physical Review A [50].

5.1 Introduction

For what follows in this chapter, it is important to introduce an unambiguous nomenclature
concerning the spatial arrangement of the two atomic ensembles relative to the nanofiber. In
figure 5.1, the nanofiber and the trapped atoms are sketched. All the atoms are trapped in the x-z
plane, i.e., y = 0. We will refer to the atomic ensemble that is trapped on the positive half-space
x > 0 as the “right ensemble” or the atoms that are trapped on the “right side” of the nanofiber.
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x

y

z

Figure 5.1: Sketch of the optical nanofiber (gray cylinder) and the trapped atoms (yellow
spheres). The atoms are trapped in linear arrays forming one ensemble on the “right side”
of the fiber (x > 0) and one ensemble on the “left side” of the fiber (x < 0). The propagation
directions of the blue-detuned and red-detuned trapping light fields are indicated by the blue and
red arrows, respectively. A homogeneous magnetic offset field can be applied along the y axis.

Following this definition we will refer to other atomic ensemble that is trapped on the negative
half-space x < 0 as the “left ensemble” or the atoms that are trapped on the “left side” of the
nanofiber. Here, we choose the quantization axis along the y axis, i.e., the axis along which an
homogenous magnetic field can be applied.

5.2 Optical Pumping

For performing experiments with ensembles of atoms, it is often useful that their internal state
is the same. In this case one speaks of a polarized ensemble. The interaction of the atoms with
resonant light fields can lead to a change of the internal state of the atom and thus to a redistri-
bution of the atomic population over the hyperfine and Zeeman sublevels. This redistribution is
referred to as optical pumping [115, 116].

In our nanofiber-based dipole trap, the trapped atoms are initially optically pumped into one
hyperfine ground state, where they are distributed over the Zeeman sublevels. Note that we ex-
perimentally observed that the distribution over the Zeeman substates depends on the respective
hyperfine manifold: When the atoms are loaded in the F = 4 manifold, followed by the ap-
plication of a homogeneous magnetic field which allows us to spectrally separate the Zeeman
substates, the atoms preferentially end up in the negative mF states. In contrast, they preferen-
tially end up in the positive mF states when they are loaded in the F = 3 manifold [101].

In this section, I will present experiments that demonstrate optical pumping of nanofiber-
trapped cesium atoms with fiber-guided light fields. I will show, in the first part, how optical
pumping into a first order magnetic field-insensitive Zeeman state is realized. In the second part,
optical pumping of the trapped atoms into the outermost Zeeman states is shown. In this context,
I will show that the presented scheme allows us to simultaneously optically pump one atomic
ensemble into one outermost Zeeman state and the other ensemble into the other outermost state.
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6P1/2

F'=4

6S1/2

F=4
mF = -4 mF = -3 mF = -2 mF = 0 mF = 1 mF = 2 mF = 3mF = -1 mF = 4

Figure 5.2: Optically pumping the atoms into the |F = 4,mF = 0〉 state: The solid, dotted,
and dashed arrows represent π, σ−, and σ+ transitions, respectively. The relative strength of
a transition is roughly indicated by the thickness of the arrow. The red arrows represent the
excitation light resonant with the |F = 4〉 → |F ′ = 4〉 transition of the D1 line and the green
arrows represent the spontaneous emission process. The yellow spheres indicate the population
of atoms that accumulates mostly in mF = 0. Note that the mF = 0 ↔ mF = 0 transition is
dipole-forbidden.

5.2.1 Optical pumping intomF = 0

A possible way to perform optical pumping is to transfer the atoms into a so-called dark state
in which they are decoupled from the excitation light field [93]. To realize optical pumping
into the magnetic substate mF = 0 of the F = 4 manifold, we employ the fact that the π-
transition |F = 4,mF = 0〉 ↔ |F ′ = 4,mF = 0〉 is dipole-forbidden. In figure 5.2, this method
is depicted: π-polarized light excites the atoms in all mF 6= 0 states. Since there is a finite
probability for the excited atoms to decay towardsmF = 0, they will eventually all end up in this
state after some scattering processes. For the transition described here, the relative probability
to undergo a σ transition towards the mF = 0 state is even higher than towards the outermost
mF = ±F states. Thus, after only a few scattering processes, most atoms will be prepared in
the mF = 0 state [117].

For the implementation of this scheme in our system, we have to consider the following: In
chapter 3.3.2 we saw that, for atoms trapped in the nanofiber-based dipole trap, mF , in general
is not a good quantum number for the 6P3/2 excited state. This is caused by the tensor part
of the ac Stark operator that describes the coupling of the atoms with the trapping light fields.
However, the 6P1/2 excited state of the D1 line has a total angular momentum J = 1/2 and since
the tensor part of the ac Stark interaction therefore vanishes,mF is still a good quantum number.
For the considered optical pumping process, we need to drive specific transitions between the
mF states and we therefore use a light field that is resonant with the D1 line. The light with
a wavelength of 894 nm is provided by a homemade external cavity diode1 laser (ECDL). Its
frequency is stabilized with a grating and locked on the |6S1/2, F = 4〉 → |6P1/2, F

′ = 4〉
hyperfine transition via a polarization spectroscopy. The light field is attenuated by several filters
and finally propagates in the nanofiber with a power of ≈ 8 pW. This yields s = I/Isat = 0.04

1L904P010 by Thorlabs
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for the saturation parameter at the trapping minimum.

The optical pumping light field has to be π-polarized at the position of the atoms in order to
realize the presented pumping scheme. Therefore, we choose the light field to be quasi-linearly
polarized in the nanofiber and set its main direction of polarization along the y axis, which leads
to the desired polarization at the position of the atoms at the minimum of the trap (see Fig. 2.6
in chapter 2.2).

Atoms which are excited by the optical pumping light field to the |6P1/2, F
′ = 4〉 state have

a high probability of 58 % to decay in the |6S1/2, F = 3〉 ground state. These atoms are lost from
the optical pumping process and thus have to be repumped to the F = 4 hyperfine ground state.
For optically repumping the atoms, we employ the repumper beam that is used for the magneto-
optical trap and is shone in simultaneously with the optical pumping light field to pump the
atoms into mF = 0. During the whole optical pumping process, an external magnetic field of
3 G is applied along the y axis to prevent the atoms to undergo spin flips.

In order to have a measure for the efficiency of the optical pumping process, we studied
Rabi oscillations on the |F = 4,mF = 0〉 ↔ |F = 3,mF = 0〉 clock transition: Initially, the
atoms are prepared in the F = 4 hyperfine manifold. The optical pumping light field is reso-
nant with the Stark shifted |F = 4〉 → |F ′ = 4〉 transition and was turned on for 500µs. The
repumper light field illuminated the atoms at the same time and was kept on for additional 2 ms
in order to make sure that no atom remains in the F = 3 ground state. Then, a MW pulse with a
length tMW pulse that is resonant with the clock transition was applied to transfer the atoms from
|F = 4,mF = 0〉 to |F = 3,mF = 0〉. To remove all the atoms that remained in F = 4, an ex-
ternal push-out laser [118] was shone on the atoms for 10µs. The push-out laser is σ−-polarized
and drives the closed |F = 4〉 → |F ′ = 5〉 transition of the D2 line. It thus resonantly heats and
expels the addressed atoms from the trap. At this point, only atoms that have been transferred
by the MW pulse from |F = 4,mF = 0〉 to |F = 3,mF = 0〉 remained trapped. A consecutive
repumping laser brought these atoms back to the F = 4 state. Then, the F = 4 manifold was
probed via transmission spectroscopy in order to determine the number of transferred atoms.
In Fig. 5.3, the results of this measurement with and without optical pumping is shown. The
number of atoms that have been transferred by the MW pulse is plotted as a function of the pulse
length. We normalized this number to the total number of atoms in the F = 4 manifold after op-
tical pumping. In order to obtain this reference, we performed an additional measurement where
we probed the F = 4 manifold directly after the optical pumping procedure via transmission
spectroscopy.

From the results of the measurement, which are plotted in Fig. 5.3, we can conclude that
43 %±1 % of the atomic population in the F = 4 manifold is prepared in the |F = 4,mF = 0〉
state. This number could be further increased to 67 %±6 %, by carefully aligning the polariza-
tion of the optical pumping light field. For comparison, without optical pumping, only 1.6 %±
0.6 % of the population in the F = 4 manifold is found in |F = 4,mF = 0〉. This means that
we could increase the number of atoms in mF = 0 by a factor of up to ≈ 40. As a possible
drawback of this method the atoms are presumably heated by the pumping light fields, thereby
reducing the coherence times. However, this effect has not been confirmed yet.
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Figure 5.3: Rabi oscillations on the clock transition with (red dots) and without (black squares) a
preceding optical pumping procedure towards mF = 0. The solid lines are the result of a global
fit f(t) = A/2(1− cos[π · t · Ω0]). The fit yields the amplitude A = 0.426(8) (A = 0.016(6))
of the red (black) curve and the shared Rabi frequency Ω0 = 33.9(3) kHz. Thanks to optical
pumping, the number of atoms in mF = 0 could be increased by a factor of 26 ± 3 in this
measurement.

Loss of atoms in an external magnetic field
During the optical pumping process, we observed a loss of atoms from the trap that is much
higher than what would be expected by taking the lifetime of the atoms in the trap into account.
It turned out that the atoms escape from the trap under the following condition: the atoms are
optically pumped from one hyperfine ground state to the other (F = 3 ↔ F = 4) with an ex-
ternal or fiber-guided light field while a homogeneous magnetic field is applied. As an example,
we recorded the number of atoms after optically pumping them from the F = 4 to the F = 3
state in the presence of a homogeneous external magnetic field. For this purpose, we initially
prepared the atoms in the F = 4 manifold. Then, the external magnetic field was applied and
the atoms were optically pumped via a 5 ms long pulse to the F = 3 manifold. In this case, the
optical pumping was performed with the MOT cooler light field, although it is resonant with the
F = 4 to F ′ = 5 transition. After turning the external magnetic field off again, the atoms were
transferred back to F = 4 where they were probed via transmission spectroscopy. The result
of this measurement is shown in Fig. 5.4 where the number of atoms, normalized to the number
of atoms measured without applying an external magnetic field, is plotted in dependence of the
magnitude of the external magnetic field. The measurement shows a drastic loss of atoms of
up to 85 % during the pumping process in the presence of a magnetic field. Furthermore, the
measurements reveal that the magnetic field at which the loss of atoms is maximal depends on
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Figure 5.4: Number of atoms that remain in the trap after the atoms are optically pumped from
one hyperfine ground state to the other in dependence of the applied external magnetic field.
The measurement was performed for a trap depth of ≈ 220µK (black points) and ≈ 560µK
(red points). The corresponding powers of the trapping light fields are 13.5 mW (27.2 mW) for
the blue-detuned light field and 2× 1.35 mW (2× 2.7 mW) for the red-detuned light field.

the trapping parameters, e.g., the trap depth.
This effect has been observed in other steep dipole traps as well, e.g., in microtraps [119]. How-
ever, the cause of this effect is still under investigation. In [88], it is described in detail that in
our trap the minima of the trapping potentials of the mF 6= 0 Zeeman sublevels of the hyperfine
ground states are spatially shifted in the azimuthal direction due to the fictitious magnetic field
induced by the blue-detuned trapping light field. In fact, due to the opposite sign of the Landé
factors, the minima of the |F = 4,mF 〉 potentials are shifted in the opposite direction than the
minima of the |F = 3,mF 〉 potentials. Therefore, an atom that is at the trapping minimum in
a given mF state in F = 4 and that undergoes a transition to F = 3 might end up in a higher
vibrational level when the quantum number of the mF sublevel does not change. However, this
effect should vanish for high magnetic fields.

5.2.2 Optical pumping into the outermost Zeeman states

In order to prepare the trapped atoms in an outermost Zeeman substate mF = ±F of a given
F -manifold, we can optically pump them with σ±-polarized light driving mF ′ − mF = ±1
transitions towards a F ′ state with F ′ = F + 1. In this situation, the optical pumping process
does not rely on pumping the atoms into a dark state, but rather on driving a cycling transition
where the atom always decays to the state it has been excited from [117]. This method is depicted
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Figure 5.5: Optical pumping with (a) σ−-polarized light and (b) σ+-polarized light. The solid,
dotted, and dashed arrows represent π, σ−, and σ+ transitions, respectively. The relative strength
of a transition is roughly indicated by the thickness of the arrow. The red arrows represent
the excitation light resonant with the D2 line and the green arrows represent the spontaneous
emission process. The yellow spheres indicate the population of atoms that accumulate mostly
in (a) mF = −4 or (b) mF = +4.

in Fig. 5.5 (a) and (b) for a σ−-polarized and a σ+-polarized pumping light field, respectively.
With an external σ±-polarized light field, all the atoms trapped along the fiber can be pumped

in the mF = ±F state. Nevertheless, a fiber-guided field opens interesting possibilities: The
evanescent field of a quasi-linearly polarized nanofiber-guided light field with its main direction
of polarization along the x axis is almost fully σ+-polarized on one side of the fiber and almost
fully σ−-polarized on the opposite side (see section 2.2). Taking advantage of this property, one
and the same light field allows us to simultaneously optically pump the two atomic ensembles
in two different outermost mF states, respectively.

To demonstrate this, the atoms are prepared in the F = 4 manifold where they are initially
distributed over all mF states. In order to physically define the required quantization axis, we
apply a magnetic offset field along the y axis. We set Boff = 28 G in order to clearly optically
separate the two outermost transitions. This allows us to quantify the efficiency of the optical
pumping process via transmission spectroscopy. We apply this comparatively large magnetic
field already for the optical pumping sequence, although the latter could be performed in much
lower magnetic fields. However, changing Boff takes several milliseconds and we want to avoid
this delay since it would lead to a loss of signal due to the finite lifetime of the atoms.

For the optical pumping process, we launch a quasi-linearly polarized pump light field into
the nanofiber that is resonant with the ac Stark shifted F = 4 → F ′ = 5 transition of the
D2 line. To provide the desired polarization at the position of the atoms, its main direction of
polarization is along the x axis, i.e., in the plane containing the atoms. In order to address all
the Zeeman substates, the frequency of the pump light field is scanned in 1 ms over 135 MHz.
A transmission spectrum of a subsequent probe pulse is recorded by sweeping its frequency
continuously in 5 ms over 135 MHz.

The recorded number of transmitted photons is plotted in Fig. 5.6, see red dots. It is normal-
ized to the number of transmitted photons of a reference probe pulse that is recorded without
trapped atoms. The power of the pumping and probing light fields is 4 pW to minimize the heat-
ing and the resulting loss of the atoms. In the spectrum, two resonances can be identified as dips
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Figure 5.6: Transmission spectrum of the probe light field recorded in a magnetic field ofBoff =

28 G. The two transmission dips at ∆
(±)
probe stem from the two atomic ensembles trapped on the

left side (x < 0) and on the right (x > 0) of the nanofiber, as indicated by the yellow disks.
The black (red) data points are recorded with (without) applying the push-out laser to remove
the atomic ensemble at x > 0 from the trap. The solid lines are fits to the measured data points.
The red, blue, and green double arrows in the sketch indicate the main direction of polarization
of the red-detuned, the blue-detuned, and pumping/probing light field, respectively.

in the transmission. This transmission spectrum is fitted with the following function

T (∆probe) = exp

− ∑
k=+,−

ODk

1 +
4
(

∆probe−∆
(k)
probe

)2

Γ2

 . (5.1)

The exponent takes two Lorentzian line profiles into account that correspond to two atomic
resonances at a probe field detuning ∆

(±)
probe. The two Lorentzians have a common linewidth

Γ and individual optical densities OD±. From the fit, we find the two resonances to be at
∆−probe = −38.55(7) MHz and ∆

(+)
probe = 39.82(8) MHz with a linewidth of Γ = 8.3(2) MHz

and an optical density of OD− = 1.55(6) and OD+ = 4.6(3), respectively.
The linewidth is slightly larger than the natural linewidth of cesium Γnat = 5.2 MHz. This

deviation can be explained by taking into account that the transition is inhomogeneously broad-
ened due to the light shifts induced by the trapping light fields. Assuming the temperature of the
atoms to be T = 50µK, which is in reasonable agreement with previous measurements [39],
we calculate the radial probability distribution of the position of the atom in the trap (in the
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Figure 5.7: Experimental sequence to optically pump the two atomic ensembles into the
|F = 4,mF = ±4〉 states, respectively. The dashed line in the row of the push-out light field
shows that the push-out light field is turned on at the indicated instance if one atomic ensemble
is to be removed from the trap.

|F = 4,mF = ±4〉 state). We then calculate the linewidth of the inhomogeneously broadened
transition and find ΓT=50µK = 8.01(6) MHz. This value matches well with the fitted linewidth.

The difference of the fitted frequencies of the two resonances ∆
(+)
probe−∆

(−)
probe = 78.4(1) MHz

perfectly agrees with the splitting between the two outermost σ+ and σ− transitions of the F =
4→ F ′ = 5 transition of 78.4 MHz for Boff = 28 G [120]. This endorses our interpretation that
the atomic ensembles indeed have been transferred by the pumping light field to the outermost
|F = 4,mF = −4〉 and |F = 4,mF = +4〉 states. Here, the optical pumping light field was
propagating in the −z direction. Thus, the optical pumping light field was σ+- (σ−-) polarized
on the left (right) side of the nanofiber. Therefore, the atomic ensemble trapped on the left (right)
side has been transferred to the |F = 4,mF = +4〉 (|F = 4,mF = −4〉) state.

Furthermore, the fit yields the ODs for the two atomic ensembles. Thus, recording a trans-
mission spectrum in the way that it is presented here, enables us to determine the two optical
densities of the two atomic ensembles in one experimental run. The experimental sequence used
for the optical pumping process is summarized in Fig. 5.7.

This side-dependent state preparation allows us to selectively address and manipulate the
two atomic ensembles independently. We can, for example, expel only one ensemble from
the trap. To do so, we illuminate the atoms after the optical pumping pulse for 5 ms with
a push-out light field. The frequency of this light field is resonant with the Zeeman-shifted
|F = 4,mF = −4〉 → |F = 5,mF = −5〉 cycling transition. It resonantly heats and expels the
addressed atoms from the trap. Since the push-out light field might also redistribute the Zeeman-
state populations of the atoms we subsequently perform another pumping pulse to ensure that the
atoms are in the outermost Zeeman substates. The black data points in Fig. 5.6 correspond to the
subsequently recored transmission spectrum. The resulting spectrum now shows the transmis-
sion dip at ∆

(+)
probe only, which is almost unaffected by the push-out light field (OD+ = 3.5(2)).
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The transmission dip at ∆
(−)
probe is essentially not visible anymore (OD− = 0.11(1)). Thus, the

atomic ensemble on the right side of the fiber (at x > 0) has been almost completely removed
from the trap [50]. The fact that the atoms on the left side of the fiber have also been slightly
affected by the push-out light field can be attributed to off-resonant excitation and a resulting
loss of atoms.

Changed propagation direction of the optical pumping light field

From the data presented in Fig. 5.6, we conclude that the optical density of the atomic ensemble
trapped on the left side of the fiber is higher than the OD of the other atomic ensemble, i.e.,
OD− <OD+ . When the propagation direction of the optical pumping light field is changed to
the +z direction, the atomic ensemble on the left (right) of the nanofiber is subject to σ−- (σ+)
polarized light. Therefore, by performing the same optical pumping experiment, we expect
OD− >OD+ since the atomic ensemble with the higher optical density will now be pumped to
the |F = 4,mF = −4〉 state. The results of this measurement presented in Fig. 5.8 (blue data
points) confirm this prediction. Here, it can be observed that the optical densities of both ensem-
bles for a pumping light field propagating in the +z direction (see blue data points) are smaller
than the optical densities obtained from the transmission spectrum where the pumping light field
propagated in the −z direction (red data points). Since for both measurements the atoms were
prepared in the same way, a possible explanation is that the alignment of the polarization for the
probing light field propagating in the +z direction was imperfect. Thus, the light field coupled
less to the atoms and the optical density was reduced.

In conjunction with the atomic conveyor-belt presented in [42] the presented techniques give
full control over the axial and the azimuthal position of the atoms around the nanofiber. For the
experiments I will describe in the next chapter (Ch. 6), the capacity to prepare just one atomic
ensemble is essential. Furthermore, it can be very advantageous if one wants to couple nanofiber-
trapped atoms with other quantum devices like SQUIDs2 [47]. For coupling nanofiber-trapped
atoms to whispering gallery resonators like a bottle resonator [121, 122] for performing cavity
quantum electro-dynamics experiments [123] the presented technique is useful as well.

5.3 Selective addressing of atoms prepared in the same substate

In this section, I show that it is possible to discern and to selectively address the two atomic
ensembles even when they are in the same Zeeman substate. I will first demonstrate the method
on the least magnetic field-sensitive state, namely mF = 0. This makes it possible to work
with both ensembles in the state with the longest coherence time of our trap [43], while it
is still possible to selectively manipulate them. For this purpose, we will make use of light-
induced fictitious magnetic fields that arise in our system, see chapter 3.4. We will first inves-
tigate the effect of the fictitious magnetic field that is induced by fiber-guided light fields on
the |F = 3,mF = 0〉 ↔ |F = 4,mF = 0〉 clock transition. In the subsequent section, I will
then present two methods that allow us to discern and to selectively manipulate the two atomic
ensembles even when they are prepared in the same Zeeman substate [50].

2superconducting quantum interference device
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Figure 5.8: Transmission spectrum of the optically pumped ensemble. The optical pumping
was performed with the pumping light field propagating in the −z direction (red data points)
and in the +z direction (blue data points).

5.3.1 Lifting the degeneracy between the two atomic ensembles

An off-resonant nanofiber-guided light field can induce fictitious magnetic fields on the trapped
atoms, as discussed in chapter 3.4. For a quasi-linearly polarized light field, the fictitious mag-
netic field at the position of the atoms is maximized when the main direction of polarization of
the light field is oriented along the x axis (in the plane containing the atoms). The two atomic
ensembles are then subject to opposite fictitious magnetic fields, since Bfict has opposite signs
on opposite sides of the fiber, see Fig. 5.9 (a). The linear Zeeman effect thus leads to the desired
degeneracy for first-order magnetic-field-sensitive transitions.

For transitions that only exhibit a quadratic dependency on the magnetic field, like the
|F = 3,mF = 0〉 → |F = 4,mF = 0〉 clock transition, the induced fictitious magnetic fields
cannot lift the degeneracy of this transition frequency for the two atomic ensembles. However,
an external homogeneous magnetic offset field Boff additionally applied along the +y direction,
leads to the desired lift of degeneracy. As depicted in Fig. 5.9 (b), the atomic ensemble trapped
on the left side of the fiber experiences a different magnitude of the total magnetic field than
the ensemble on the right side. In our experiments, where |Boff| > |Bfict|, one atomic ensemble
experience a total magnetic field of |Btot| = |Boff + Bfict| = Boff + Bfic and the other atomic
ensemble of |Btot| = Boff −Bfic.

A nanofiber-guided light field that induces the desired fictitious magnetic fields, in general,
also induces scalar light shifts. For the nanofiber-based dipole trap, these unwanted scalar shifts
would lead to a significant distortion of the trapping potential due to the strong radial intensity
gradient of the nanofiber-guided fields [124]. A possibility to circumvent this problem lies
in the proper choice of the wavelength of the light field that induces the fictitious magnetic
field. As discussed in chapter 3.2.1, at a tune-out wavelength [85], the scalar part of the atomic
polarizability vanishes whereas the nonzero vector part leads to the desired fictitious magnetic
field. For Cs atoms λ0 = 880.2524 nm is a tune-out wavelength [76]. Another way to induce
fictitious magnetic fields can be realized by employing the trapping light fields. For the standard
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Figure 5.9: (a) Fictitious magnetic field of the quasi-linearly polarized tune-out light field
around the nanofiber. At the position of the atoms (x = ±480 nm and y = 0 nm) its mag-
nitude is |Bfict| = 5.37 G/mW. (b) Resulting total magnetic field when the fictitious magnetic
field of the tune-out light field is superposed with an additional homogeneous magnetic offset
field applied along the y axis. At the position of the atoms (x = ±480 nm and y = 0 nm) the
magnitude of the total magnetic field is different. For this plot |Boff| is chosen to be bigger than
|Bfict|at the position of the atoms. Additionally, the total magnetic field |Btot| is normalized to its
maximal value.

trapping configuration (see chapter 4) the trapping light fields are perfectly linearly polarized at
the position of the atoms and thus do not induce fictitious magnetic fields. However, a slight
modification of the imbalance of the power of the two counter-propagating red-detuned light
fields, or a tilt of the main direction of polarization of the blue-detuned light field results in
Bfict 6= 0 at the position of the atoms. At the same time, these small deviations from the standard
configuration do not significantly modify the scalar shift and, thus, leave the trapping potential
essentially unchanged.

5.3.2 Levelshifts due to fictitious magnetic fields

Here, we study the effect of fictitious magnetic fields induced by a laser at the tune-out wave-
length λ0 = 880.2524 nm on the clock transition. The light field is provided by a frequency
stabilized titanium:sapphire laser3 (Ti:Sa). It is coupled in the tapered optical fiber on the same
beam paths as the probing light field at 852 nm (see chapter 4.2.3). The light field is quasi-
linearly polarized in the nanofiber with its main direction of polarization along x axis, i.e., in
the plane containing the atoms. Therefore, its ellipticity and thus the induced fictitious magnetic
field is maximal at the position of the atoms, see chapter 3.4.

In order to measure changes in the transitions frequency of the clock transition, we per-
formed MW spectroscopy. To this end, the atoms are prepared in the F = 3 hyperfine ground

3Matisse-TX Light by Sirah Lasertechnik GmbH
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(a) MW Spectrum for Pfict = 1 mW
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(b) MW Spectrum for Pfict = 3.5 mW
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Figure 5.10: MW spectrum of the |F = 3,mF = 0〉 ↔ |F = 4,mF = 0〉 transition: the num-
ber of transferred atoms is plotted as a function of the detuning ∆MW of the MW pulse. The
detuning is taken relative to the clock transition frequency in free space. The solid line is a
fit with Eq. (5.2) yielding the detuning at resonance of (a) ∆MW, res = −4.3 ± 0.4 kHz for
Pfict = 1 mW and (b) ∆MW, res = 67± 3 kHz for Pfict = 3.5 mW. Furthermore, the fit returns the
resonant Rabi frequency Ω0/(2π) = (33± 1) kHz.

state. Then, the light field at the tune-out wavelength is launched with a certain power Pfict into
the TOF, creating a magnetic field as shown in Fig. 5.9 (a). It has the same magnitude |Bfict| for
both atomic ensembles on the two sides of the fiber. In this situation, both sides are degenerate
and the frequency of the transition is unequivocally defined. We can spectrally resolve the clock
transition by applying a MW π-pulse of a duration of T = 14.7µs. The π-pulse transfers the
atoms to the F = 4 manifold where the number of atoms is subsequently measured via trans-
mission spectroscopy. In Fig. 5.10 (a), the number of transferred atoms is plotted as a function
of the frequency of the MW radiation. With this measurement we can determine the MW res-
onance frequency of the clock transition with respect to the resonance in free space. We fit the
data with the following function that describes the evolution of the population PF=4(∆MW) due
to the MW radiation [125]

PF=4(∆MW) = A · Ω2
0

Ω2
· sin2

(
Ω · T

2

)
+ y0 , with Ω2 = (∆MW − δ)2 + Ω2

0 (5.2)

where Ω0 is the resonant Rabi frequency, T is the duration of the MW pulse, A the amplitude,
and y0 an offset. Here, ∆MW is the detuning of the frequency of the MW radiation with respect to
the transition frequency of the clock transition in free space. This fit yields the shifted transition
frequency δ of the clock transition relative to its value in free space. Furthermore, the fit shows
that the data can be well described by a Fourier-limited line shape. For this measurement, no
external magnetic field was applied.

In Fig. 5.11, we plot the resonance frequency of the clock transition as a function of the
power Pfict of the tune-out light field. A quadratic dependency of the transition on the power
is clearly observed. The fit of a quadratic function yields a quadratic dependency of the res-
onance frequency of 10.2(5) kHz/mW2. This behavior is expected since Pfict ∝ Bfict and the
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Figure 5.11: Resonance frequency ∆MW,res of the clock transition as a function of the power
of the tune-out light field. The blue line is a quadratic fit that yields a quadratic shift of the
transition of 10.2 kHz/mW2 and a differential scalar shift of −9.5 kHz/mW.

shift of the clock transition quadratically depends on the magnetic field δ = α0 · B2
fict with

the constant α0 = 0.427 kHz/G2 [120]. Thus, we can calculate a light-induced magnetic field
of 4.9(1) G/mW at the position of the trapped atoms. It is in reasonable agreement with the
expected 5.35 G/mW obtained by calculating the energy difference between the trapping min-
ima of the |F = 3,mF = 0〉 and |F = 4,mF = 0〉 states for different values of Pfict. For this
calculation, the scalar and vector shifts induced by the trapping and tune-out lasers were taken
into account. The small discrepancy between the measured and the calculated value can be
explained by taking into account that the polarization of the tune-out light field might be not
perfectly quasi-linearly polarized. Furthermore, the energy of atoms is not equal to that of the
trapping minimum since the atoms are in a low motional state [39]. The fit reveals furthermore a
differential scalar shift of (−9.5±1.6) kHz/mW indicated by the finite slope at Pfict = 0. This is
due to the hyperfine splitting ∆νhfs ≈ 9.2 GHz of the F = 3 and F = 4 manifolds. The tune-out
condition cannot be fulfilled for both states. The measured differential scalar shift corresponds
to the scalar shift induced by a light field ∆νhfs away from the tune-out frequency. The three
data points obtained for Pfict > 3 mW plotted in Fig. 5.11 where not taken into account for the
fit. For these powers the induced fictitious magnetic field distorts the trapping potential in a way
that leads to a significant broadening of the transition, see Fig. 5.10 (b). I will comment on this
fact in chapter 5.3.5.

The usage of fictitious magnetic fields compared to real magnetic fields has the advantage
that these fields can be varied as quickly as one can modulate the optical power of the tune-out
light field. This means even very high magnetic fields on the order of tens of Gauss can be turned
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Figure 5.12: MW spectrum of the |F = 3,mF = 0〉 → |F = 4,mF = 0〉 transition with (with-
out) applying the light field at the tune-out wavelength shown by the red (black) data points. The
number of transferred atoms is plotted as a function of the frequency detuning ∆MW of the MW
pulse. The solid lines are a fits yielding the shift of the resonances.

on and off on a timescale much smaller than 1µs.

5.3.3 Discerning atoms prepared inmF = 0

As we have seen in the previous section, the fictitious magnetic field induced by the light field
at the tune-out wavelength leads to the same frequency shift for both atomic ensembles on the
two sides of the nanofiber. In order to lift the degeneracy of the transition frequency of the clock
transition for the two atomic ensembles, we now apply an external homogeneous magnetic offset
field Boff along the +y direction in addition to the fictitious magnetic field, see Fig 5.9 (b).

To demonstrate the lift of degeneracy for the two ensembles on this transition, the following
experimental steps were conducted: The Cs atoms are loaded in the F = 3 hyperfine manifold.
After applying the magnetic offset field of Boff = 28 G, a 103-µs long MW-π pulse is applied
to transfer the atoms that are initially in |F = 3,mF = 0〉 to |F = 4,mF = 0〉. Note that the
power of the MW is lower, compared to the measurements presented in the previous section
[see Fig. 5.10 (a)], in order to use longer π-pulses to obtain a higher spectral resolution of
≈ 10 kHz. Here, the resonant Rabi frequency is Ω0/(2π) ≈ 2.7 kHz. The population of the
initially empty F = 4 manifold is then measured via transmission spectroscopy. In Fig 5.12,
the transferred population as a function of the MW detuning ∆MW is plotted (black data points)
when Bfict = 0 G [50]. The MW spectrum is fitted as described in the previous section (see
Eq. (5.2)). One single Fourier limited peak can be observed, showing that in this situation the
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two atomic ensembles contribute equally to the signal and are not discernible. The shift of
the resonance frequency of ∆MW, res = 339.5(3) kHz with respect to the free space detuning
is in reasonable agreement with what is expected from the quadratic Zeeman shift of the clock
transition ∆MW, theo = (340 ± 7) kHz [120]. For this calculation, we took into account that the
experimentally found value for the maximal magnetic offset field is actually Boff = (28.2 ±
0.3) G [101].

In order to discern the two atomic ensembles, we change the described experimental se-
quence: before we apply the MW-π pulse, we turn on the light field at the tune-out wavelength
with a power of P880 = 100µW. The resulting MW spectrum is shown by the red data points in
Fig 5.12. The spectrum clearly shows two Fourier limited peaks with a resonance frequency of
∆

(+)
MW = 347.7(4) kHz and ∆

(−)
MW = 331.1(4) kHz, which we identify as the contributions of the

two atomic ensembles on both sides of the fiber [50].
Here, we work in the regime Boff � Bfict, where the shift of the clock transition is given

by α0(Boff + Bfict)
2 ≈ α0(B2

off ± 2Boff · Bfict). So the difference of the two transition frequen-
cies is ∆

(+)
MW − ∆

(−)
MW = 16.6(6) kHz = 4|Boff| · |Bfict|. Thus, with large offset fields we can

proportionally enhance the splitting. We experimentally observe the expected behavior that the
transitions split symmetrically around the resonance obtained without fictitious magnetic field.
From the measured splitting in conjunction with the applied offset field, we can deduce the fic-
titious magnetic field at the position of the atoms to be Bfict = 0.35 G. From the calculations
that were performed to explain the results of the measurement presented in Fig. 5.11 we would
expect Bfict = 0.535 G for P880 = 100µW. This deviation can be explained by slightly different
trapping parameters in conjunction with an uncertainty in P880. For example, if the power of
the blue-detuned trapping light field is higher by 6 % (i.e. Pblue ≈ 9 mW) the position of the
atoms will be significantly further away from the surface of the fiber (r ≈ 250 nm) than with
Pblue = 8.5 mW (r ≈ 230 nm). In combination with a power P880 ≈ 80µW this already leads
to a reduced splitting of ≈ 17 kHz.

5.3.4 Selectively addressing magnetic field-sensitive states

In order to induce fictitious magnetic fields at the position of the atoms, we will now study
the scheme that solely relies on tilting the main direction of polarization of the blue-detuned
trapping light field. We will analyze the effect on the |F = 3,mF = −3〉 → |F = 4,mF = −3〉
transition. Let us introduce the tilt angle ϕB ≡ π/2− φ0 for the main direction of polarization
for the blue-detuned light field. Usually, in our setup its main direction of polarization is along
the y axis (ϕB = 0◦) and it is therefore purely linearly polarized at the position of the atoms,
see chapter 2.2 and 3.3. For ϕB 6= 0◦, the field at the position of the atoms becomes elliptically
polarized and thus induces a fictitious magnetic field. In Fig. 5.13, the two spatial components
of Bfict pointing in x and y directions are shown in dependence of ϕB . For ϕB < 10◦, we
can observe a small y-component and a larger x-component. The latter can be neglected for
application of an offset field along the y direction with Boff � Bfict, x. The y-component of
Bfict points in opposite directions for the two atomic ensembles. As discussed in the case of
the tune-out light field, this leads, in conjunction with the offset field, to a side-dependent total
magnetic field (Btot = Boff ± Bfict, y). Therefore, the Zeeman substate |F = 3,mF = −3〉 is
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(a) Bfict for ϕB = −180◦ to 180◦
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(b) Bfict for ϕB = −10◦ to 10◦
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Figure 5.13: (a) Fictitious magnetic field induced by the blue-detuned trapping light field de-
pending on the tilt angle of its main direction of polarization. Bfict is calculated for the typical
trapping power of 8.5 mW. The black (red) curves are the x (y) component of Bfict. The solid
(dashed) lines represent Bfict at x = 480 nm and y = 0 nm (x = −480 nm and y = 0 nm), i.e.,
at the position of the atoms on the right (left) side of the nanofiber. (b) Expanded view of (a)
for small tilt angles ϕB . The inset illustrates the fiber, the atoms (yellow spheres), and main
direction of the polarization of the blue- and the red-detuned light field for a tilt angle ϕB 6= 0◦.

ϕB = 0◦ ϕB = 10◦

νaxial 186 kHz 183 kHz
νradial 119 kHz 118 kHz
νazimuthal 85 kHz 81 kHz
radial trap position 234 nm 238 nm
azimuthal trap position 0◦ 6.9◦

Table 5.1: Parameters of the trapping potential for different tilt angles ϕB of the main direction
of the polarization of the blue-detuned trapping light field, with Pblue = 8.5 mW and Pred =
2 × 0.77 mW. The radial position of the minimum of the trapping potential is given from the
fiber surface. The change of the azimuthal position of the trapping minimum is given relative to
the azimuthal position of the unperturbed trap.

shifted differently for the two atomic ensembles. Furthermore, for small tilt angles (ϕB < 10◦)
the trapping potential is virtually not changed, see the trapping parameters in Tab. 5.1.

We will combine the side-dependent optical pumping technique presented in chapter 5.2.2
and MW spectroscopy to demonstrate that we can address the atoms of only one atomic ensem-
ble that are in |F = 3,mF = −3〉 with MW radiation. For the experiment, we load the atoms
in the dipole trap in the F = 3 hyperfine ground state. A magnetic offset field Boff = 3 G
separates neighboring hyperfine transitions by ≈ 1 MHz making them easily resolvable with
MW radiation. The atoms that are initially in the |F = 3,mF = −3〉 state are transferred with
a 40µs-long π-pulse to the |F = 4,mF = −3〉 state. Then, Boff is increased to 28 G to perform
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the optical pumping sequence explained in section 5.2.2: the transferred atoms that are trapped
on the right side of the fiber (x > a) are optically pumped to |F = 4,mF = −4〉, whereas
the transferred atoms that are trapped on the left side of the fiber (x < a) are pumped to the
|F = 4,mF = +4〉. The sequence is concluded by measuring a transmission spectrum of the
probing laser as in section 5.2.2. From this transmission spectrum, we can determine the optical
densities (OD±) of the atomic ensemble trapped on the left and on the right side of the fiber
simultaneously, as shown in Fig. 5.6. The ODs we obtain here are proportional to the number of
atoms of the two atomic ensembles that have been transferred via the MW pulse at a given MW
detuning. We record the ODs for different values of the MW detuning ∆MW and plot them in
Fig. 5.14 (a). The OD of the atoms trapped on the right side of the fiber (corresponding to the
optical resonance of ∆

(−)
probe) is plotted as red data points. The OD of the atoms trapped on the

left side of the fiber (corresponding to the optical resonance of ∆
(+)
probe) is plotted as black data

points. The data points are fitted with the Fourier limited pulse shape [see Eq. (5.2)] to obtain
the resonance frequencies for the two atomic ensembles. We will refer with ∆

(−)
MW (∆(+)

MW) to the
resonance for the atomic ensemble on the right (left) side of the nanofiber.

For ϕB = 0◦ [Fig. 5.14 (a)], the MW resonances are ∆
(+)
MW = −6.384(3) MHz and ∆

(−)
MW =

−6.381(1) MHz. Here, we transferred the ensembles of both sides of the fiber with one MW
π-pulse at the same time. For ϕB = 5◦ [Fig. 5.14 (b)] the MW resonances are found at ∆

(+)
MW =

−6.371(1) MHz and ∆
(−)
MW = −6.403(1) MHz corresponding to a splitting of 31.1(8) kHz.

Thus, already by tilting the polarization of the blue trapping light field by 5◦ we can selectively
transfer one specific atomic ensemble: the resolution of the performed MW spectroscopy, set
by the 40 µs-long π-pulse, is ≈ 25 kHz. The splitting can be further increased by increas-
ing the tilt angle: For ϕB = 8◦ [Fig. 5.14 (c)] the MW resonance frequencies are found
at ∆

(+)
MW = −6.358(1) MHz and ∆

(−)
MW = −6.419(1) MHz corresponding to a splitting of

60.7(9) kHz. For this splitting the two atomic ensembles are easily discernible via MW spec-
troscopy [50].

Theoretically, for ϕB = 8◦, we expect a splitting of the MW transition frequencies of ≈
20 kHz. This calculation takes the small deformations of the trapping potential by the tilted
polarization of the blue-detuned light field into account. When we consider this effect, we see
that the position of the minimum is azimuthally displaced and the atoms actually experience
a smaller magnetic field than at their original position (x = ±480 nm and y = 0 nm). We
assume that the deviation of the expected splitting of 20 kHz with the measured value of 61 kHz
is explained by an additional ellipticity of the blue-detuned light field. With the method we use
to make fiber-guided light fields quasi-linearly polarized in the nanofiber, we can only ensure
that the blue-detuned light field is correctly polarized for ϕB = 0◦ (see chapter 4.2.3). As
soon as we turn the main direction of polarization of the quasi-linearly polarized light field, we
might introduce a quasi-linearly polarized component that has its main direction of polarization
orthogonal to the previous. This can be explained by a small birefringence of some optical
components, e.g., dichroic mirrors, on the optical path of the light field before it is coupled into
the TOF. Only a small fraction of 2 · 10−4 of the orthogonal component is sufficient to induce
additional fictitious magnetic fields that are strong enough to explain the measured splitting.

In Fig. 5.14, we can observe that the MW transition frequency ∆
(−)
MW of the atomic ensemble

80



5.3. Selective addressing of atoms prepared in the same substate

0.0

0.1

0.2

0.3

0.0

0.1

0.2

0.3

-6.44 -6.42 -6.40 -6.38 -6.36 -6.34 -6.32
0.0

0.1

0.2

0.3

MW detuning ΔMW (MHz)

O
pt

ic
al

 d
en

si
ty

(a)

(b)

(c)

Figure 5.14: Optical density of the atomic ensemble trapped on the left side of the nanofiber
(black data points) and of the ensemble trapped on the right side of the nanofiber (red data
points) plotted as a function of the detuning of the MW frequency ∆MW. The detuning is given
with respect to the free space transition frequency of the F = 3 → F = 4 hyperfine transi-
tion. The resulting spectra are obtained by transferring the atoms from |F = 3,mF = −3〉 to
|F = 4,mF = −3〉 for different tilt angles (a) ϕB = 0◦, (b) ϕB = 5◦, (c) ϕB = 8◦ of the main
direction of polarization of the blue-detuned trapping light field. Here, the pumping light field
transferring the atoms in the outermost Zeeman substates propagates in the −z direction.

trapped on the right side (x > a) of the nanofiber decreases for increasing ϕB . Whereas ∆
(+)
MW of

the atomic ensemble trapped on the left side (x < −a) of the nanofiber increases for increasing
ϕB . This fact is explained by the direction of the fictitious magnetic field induced by the blue-
detuned trapping light field. In Fig. 5.13, we can see that Bfict ‖ Boff for the ensemble at
x > a. Thus, the total magnetic field increases for increasing ϕB . This means for the transition
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Figure 5.15: MW spectra as in Fig. 5.14 (c) with the optical pumping light field propagating in
the (a) −z direction and (b) +z direction.

|F = 3,mF = −3〉 → |F = 4,mF = −3〉 that its transition frequency decreases. In contrast
to this, Bfict is anti-parallel to Boff for the ensemble at x < −a. Thus, the total magnetic
field decreases for increasing ϕB . This means that the transition frequency of the transition
|F = 3,mF = −3〉 → |F = 4,mF = −3〉 increases.

Changed propagation direction of the optical pumping light field

Here, I show that the resonance ∆
(−)
MW (∆(+)

MW) indeed correspond to the atomic ensemble trapped
on the right (left) side of the nanofiber. In section 5.2.2, we could demonstrate that it is possible
to selectively pump the two atomic ensembles into the different outermost Zeeman substates. In
Fig. 5.15 (a), the MW spectrum of the |F = 3,mF = −3〉 → |F = 4,mF = −3〉 transition is
again shown for ϕB = 8◦. Here, the optical pump light field propagates in the −z direction:
OD− (red data points) corresponds to the atoms trapped on right side of the nanofiber (x > 0)
and OD+ (black data points) corresponds to the atoms trapped on the left side of the nanofiber
(x < 0). In Fig. 5.15 (b), the propagation direction of the pumping light field is reversed to
the +z direction: OD− (red data points) now corresponds to atoms trapped on the left side
of the nanofiber and OD+ (black data points) corresponds to atoms on the right side of the
nanofiber. Recall that OD− (OD+) is the optical density of the atomic ensemble that has been
pumped to the |F = 4,mF = −4〉 (|F = 4,mF = +4〉) state. Thus, the resonance ∆

(−)
MW indeed
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Figure 5.16: Trapping potentials in radial direction of the |F = 4,mF = 0〉 (|F = 3,mF = 0〉)
ground state plotted in red (blue) for different powers P880 of the light field at the tune-out
wavelength: solid black line P880 = 0 mW. For the colored solid, dashed, and dotted lines
the power is P880 = 3.5 mW, P880 = 6 mW, and P880 = 10 mW, respectively. As shown in
Fig. 5.9 (a), the induced fictitious magnetic field is ≈ 70 G/mW at the surface of the nanofiber
(x = a and y = 0). The plots are calculated for a power Pblue = 8.5 mW of the blue-detuned
light field and a power Pred = 2× 0.77 mW of the red-detuned light field.

corresponds to the atomic ensemble on the right side of the nanofiber and can be transferred to
|F = 4,mF = −4〉 or to |F = 4,mF = +4〉 for propagation of the pump light field in the −z
or +z direction, respectively.

5.3.5 Limitations of the methods involving fictitious magnetic fields

In the measurements that are presented in the previous sections, we experimentally observed
that a fictitious magnetic field of a certain strength distorts the trapping potential significantly.
This manifests in a broadening of the MW transition, see, e.g., the broadened mF = 0 to
mF = 0 clock transition in Fig. 5.10 (b). We attribute this to the fact that the trapped atoms
move radially in a strong gradient of the fictitious magnetic field (see Fig. 5.9). This leads to
position-dependent light shifts and, thus, to a distortion of the trapping potential. In Fig. 5.16, the
trapping potentials of the |F = 4,mF = 0〉 and |F = 3,mF = 0〉 ground states are plotted for
different powers of the light field at the tune-out wavelength. The plot reveals that the trapping
potentials are significantly altered. Furthermore, the plot shows that the radial position of the
minima of the trapping potential of the two hyperfine ground state moves in opposite directions.
For |F = 3,mF = 0〉 high fictitious magnetic fields (P880 > 6 mW) even lead to an opening of
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the trap towards the nanofiber.
A similar behavior is observed on the first-order magnetic-field-sensitive transitions. For

example, for the |F = 3,mF = −3〉 ground state a fictitious magnetic field induced by P880 ≈
200µW is already sufficient to open the trap. For the method that uses the tilted polarization of
the blue-detuned light field to induce fictitious magnetic fields, these distortions occur as well.
However, for the measurements presented here (see Fig. 5.14) the transitions were not broadened
and we therefore conclude that the deformation of the trap has still been small.

5.4 Optimizing the trapping potential

In the previous section, we have seen that the blue-detuned trapping light field induces fictitious
magnetic fields on the trapped atoms when it is not purely linearly polarized at the position of
the atoms. These fields are strong enough that their influence on the transition frequencies of
the hyperfine ground states can be detected via MW spectroscopy, which we used to discern the
two atomic ensembles on the two sides of the fiber. In addition, we can use this as a tool to get
a better control over the polarization of the blue-detuned trapping light field. This will help to
ensure that the light field is quasi-linearly polarized at the nanofiber and that the main direction
of polarization is along the y axis.

In [39], we describe in detail a method to align the polarization of light fields that are
launched into the TOF to be quasi-linearly polarized at the nanofiber, see as well chapter 4.2.3.
In order to improve the adjustment of the polarization, we can now apply the new technique and
observe the different MW transitions frequencies for the two atomic ensembles in dependency
of the ϕB . In Fig. 5.17 (a), the result of such an exemplary measurement is shown. From a sinu-
soidal fit we conclude that the correct angle of the main direction of polarization can be set with
a precision of ≈ ±0.1◦. The minimal splitting of ≈ 20 kHz that is present in this measurement
stems from the fact that for this measurement the polarization of the blue-detuned light field was
not perfectly quasi-linearly polarized. With additional adjustment of the Berek compensator that
controls the polarization of the blue-detuned light field this splitting was further reduced.

Furthermore, the standing wave of the red-detuned trapping light field can induce a ficti-
tious magnetic field as well when it is not perfectly balanced in terms of power. A balanced
quasi-linearly polarized nanofiber-guided standing wave is at every position perfectly linearly
polarized [45]. Let the power of one beam of the standing wave be Pred, 1 = 0.77 mW while
the other beam has a power of Pred, 2 = f · Pred, 1. In Fig. 5.17 (b), the fictitious magnetic field
induced at the level of the atoms by the red-detuned standing wave is shown in dependency of
the imbalance factor f . Thus, with this tool we can balance the power of the red-detuned stand-
ing wave very precisely and thus reduce residual fictitious magnetic field at the positions of the
atoms as well.

However, even for a perfectly aligned trap we still expect a broadened |F = 3,mF = −3〉 ↔
|F = 4,mF = −3〉 transition. A MW spectrum of this transition is shown in Fig. 5.18, where
the number of transferred atoms into the F = 4 manifold is plotted as a function of the MW
detuning. Since the Landé-factors of the two hyperfine ground states have opposite signs, the
fictitious magnetic field induced by the blue-detuned light field at azimuthal positions ϕ 6=
0, π act differently on these states. This leads to the fact that the trapping potential of the
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(a) Tilted blue-detuned light field
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(b) Imbalanced red-detuned standing wave
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Figure 5.17: (a) The difference of the transition frequencies of the |F = 3,mF = −3〉 ↔
|F = 4,mF = −3〉 transition depending on the tilt angle ϕB of the main direction of the po-
larization of the blue-detuned light field. (b) Calculation of the induced fictitious magnetic field
by a red-detuned standing wave that consists of two light fields with different powers. The solid
(dashed) line represents Bfict for the atoms trapped at x = 480 nm and y = 0 nm (x = −480 nm
and y = 0 nm).

|F = 3,mF = −3〉 state has a different shape than the trapping potential of the |F = 4,mF =
−3〉 state. When we approximate these trapping potentials to be harmonic, we get an az-
imuthal trapping frequency for |F = 3,mF = −3〉 of ≈ 97 kHz and for |F = 4,mF = −3〉
of ≈ 87 kHz. Since the atoms in the trap have a finite temperature, they are distributed over var-
ious vibrational states [43]. Thus, we expect a broadened MW transition. Here, we calculated
a MW spectrum by furthermore taking the Franck-Condon factors for the different vibrational
states into account. In Fig. 5.18, we plot the calculated spectrum for a temperature of the atomic
ensemble T = 10µK (red solid line). Here, we shifted the frequency of the data points to
match the center of the calculated spectrum and normalized them to its height. We find that the
spectrum for the accurately aligned trap is in good agreement with the theoretically expected
shape.
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Figure 5.18: MW spectrum of the |F = 3,mF = −3〉 ↔ |F = 4,mF = −3〉 transition for
an accurately aligned trap. The solid line represents the calculated shape of the MW spectrum
of this transition, taking into account the different azimuthal trap frequencies of the trapping
potentials for the two states and a finite temperature of the atoms. See text for more information.
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CHAPTER 6
Nonreciprocal waveguide based on

spin–orbit interaction

Classical or quantum electromagnetic fields possess angular momentum which is composed of
a spin part and an orbital part [126]. The spin angular momentum (SAM) is an intrinsic (origin
of space independent) quantity that is associated with the degree of circular polarization of the
light field [32]. The orbital angular momentum (OAM) can exhibit both intrinsic and extrinsic
behavior and thus is described as “quasi-intrinsic” [32, 126, 127]. For paraxial light fields, e.g.,
freely propagating and not-focused light fields, the SAM and the OAM are independent physical
quantities. These light fields can be, e.g., tailored that they exhibit no SAM and carry an integer
multiple of ~ of OAM per photon, as it is the case for Gauss-Laguerre beams [128]. For the
simple case of a circularly-polarized collimated Gaussian beam, the field has one ~ of SAM per
photon and no OAM.

When the light field is strongly confined by, e.g., focusing it with a high numerical aperture
lens or by guiding it via a nanoscale waveguide, the field generally exhibits a significant spin–
orbit interaction (SOI) [32]. That means that the orbital angular momentum and the spin angular
momentum are not independent quantities anymore. In [65], it is presented that when a circular
polarized light field is strongly focused, its spin angular momentum can partly be transferred to
the orbital angular momentum. This was observed by the rotation of gold particles that interacted
with tightly focused light. In [31], it is demonstrated experimentally that already non-confined
classical light fields exhibit SOI when they propagate along a curved trajectory. The SOI in
this experiment manifests in two phenomena: First, the light’s polarization state is affected by
its curved trajectory. Second, the spin also affects the trajectory, i.e., a polarization-dependent
perturbation of the trajectory occurs, which is revealed by a spatial separation of the light field
into two beams with opposite circularity.

In the first part of this chapter, I will demonstrate that the spin–orbit interaction of the
nanofiber-guided light fields leads to a directionality in the spontaneous emission of photons
that are emitted by the trapped atoms into counter-propagating modes of the nanofiber. I will
show that we can tailor the asymmetry of the scattering rates by changing the internal state of
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the atoms and by suitably exciting them. In the second part of this chapter, I will show how
the effect of SOI can lead to a nonreciprocal behavior of the system regarding the transmittance
of a nanofiber-guided light field. Taking advantage of this effect, I will show the experimental
realization of a nanofiber-based optical diode.

6.1 Directional spontaneous emission into optical nanofibers

It is possible to couple light into propagating electromagnetic surface waves in metal-dielectric
nanostructure waveguides known as surface plasmon polaritons. In [129–131], it was shown
that the SOI leads to directional launching of surface plasmon polaritons into these waveguides.
These asymmetric scattering patterns have been observed recently as well in sub-wavelength
hyperbolic metamaterials [132]. The directional scattering of photons, emitted by quantum dots
into photonic-crystal waveguides, has been proposed [133,134]. In [135], directional incoupling
of the emission of a sub-wavelength nearfield probe source into a photonic-crystal waveguide
has been demonstrated. In [136], the directional scattering of photons by a gold nanoparticle
into a nanofiber has been studied in detail in dependency of the polarization of the excitation
laser and the position of the nanoparticle.

Here, I will demonstrate that the SOI in our system leads to a directional spontaneous emis-
sion of photons into the nanofiber. We investigated this effect with nanofiber-trapped atoms as
the photon emitters and observed an asymmetry of higher than 10:1 of the emission rates into
counter-propagating nanofiber-guided modes.

We summarized the majority of the experiments that I present in this chapter in an article
which is accessible on the ArXiv [51].

6.1.1 Basic idea of the experiment

I showed in chapter 2.3 that the sign of the spin angular momentum of the nanofiber-guided light
field depends on the propagation direction. The polarization of a nanofiber-guided mode with
its main direction of polarization along the x axis that propagates in the +z direction exhibits,
e.g., an almost unity overlap with σ+-polarization at the spatial position x > a and y = 0 (see
Tab. 2.1), with a being the radius of the fiber. Changing the propagation direction of the mode
to the −z direction the overlap with σ−-polarization is almost unity. As before, the quantization
axis is taken to be along the y axis.

In order to probe the propagation-depending polarization of the guided modes, we perform
the following experiment. The principle of the experiment is sketched in Fig. 6.1. We prepare
only one atomic ensemble on one side of the optical nanofiber. The atoms are then prepared
in one outermost Zeeman substate |F = 4,mF = −4〉 . The next step is to excite the atoms
with an external light field that propagates along the y axis. This light field is σ−-polarized
and thus drives the atoms on the cycling transition. A fraction of the purely σ−-polarized light
field that is scattered by the atoms is coupled into the nanofiber. This light is measured by two
detectors positioned at the two outputs of the nanofiber. We will see that this light propagates
preferentially in one direction through the nanofiber since it mostly couples to one mode. It is
essential that we work with only one atomic ensemble. since the other atomic ensemble would
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Figure 6.1: Schematic of the experiment: one atomic ensemble (yellow spheres) is trapped on
one side of the nanofiber (gray cylinder) at the transverse position x = 480 nm and y = 0 nm.
The atoms are excited by an external σ−-polarized light field (vertical green arrow) propagating
along the y axis. The fluorescence light that is emitted by the atoms into the fiber (horizontal
green arrow) is measured by two detectors that are positioned at both ends of the fiber.

preferentially scatter in the opposite mode. Their combined emission would make it impossible
to detect any directionality.

In the first part of this section, we will take a look at the electric field of the external excitation
laser. Since the atoms are positioned only a few hundred nanometer away from the fiber, we may
have to consider the scattering effects of the light field by the fiber. In the subsequent section
I will show the experimental results and how the directionality can be tuned by changing the
internal state of the atoms.

6.1.2 Light scattering by an optical nanofiber

In this section, I study the effect of light scattering by an infinite circular cylinder at normal
incidence. I follow the approach outlined in [137]: the incoming light field is approximated as
a plane wave that propagates along the y axis. As usual, the axis of the fiber is the z axis (see
Fig. 6.2). The polarization of this light field can be decomposed into the two basis modes, the
transverse magnetic (TM) and the transverse electric (TE) case. For the TM mode, the electric
field is linearly polarized in a direction parallel to the cylinder axis (i.e. the z axis). For the TE
mode, the electric field is linearly polarized in a direction parallel to the x axis. From these two
basis modes, we can compose any polarization of the incoming light field.

The electric field outside the cylinder is the sum of the incident field Ein and the scattered
field Escat. They read for the
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Figure 6.2: A plane wave propagates along the y axis (indicated by the green arrow). The
polarization of the wave is either TM, where the electric field is linearly polarized along the z
axis, or TE, where the electric field is linearly polarized along the x axis. The gray disk indicates
the nanofiber. The spatial coordinates are given by r and φ. Note that the angle φ is measured
with respect to the y axis.

• TM mode

Ein
z (r, φ) = eikr cosφ , (6.1)
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z (r, φ) = −b0H(1)

0 (kr)− 2

∞∑
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ilblH
(1)
l (kr) cos (lφ) , (6.2)

• TE mode

Ein
r (r, φ) = sin (φ)eikr cosφ ,

Ein
φ (r, φ) = cos (φ)eikr cosφ , (6.3)
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[
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l (kr) cos (lφ)

]
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The coefficients al and bl are [137]

al =
J ′l (nκ)Jl(κ)− nJl(nκ)J ′l (κ)

J ′l (nκ)H
(1)
l (κ)− nJl(nκ)H

′(1)
l (κ)

,

bl =
nJ ′l (nκ)Jl(κ)− Jl(nκ)J ′l (κ)

nJ ′l (nκ)H
(1)
l (κ)− Jl(nκ)H

′(1)
l (κ)

, (6.5)

where κ = ka is the size parameter and the prime indicates the first derivation with respect to
the argument. The Hankel function of the first kind is defined as H(1)

l (x) ≡ Jl(x) + iYl(x)
with Jl(x) and Yl(x) being the Bessel functions of the first and second kind, respectively. For
these calculations, it is assumed that the cylinder is isotropic. Note that the only nonvanishing
component of the TM mode is the z component. For the TE mode the nonvanishing components
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6.1. Directional spontaneous emission into optical nanofibers

Figure 6.3: (a) Intensity and normalized polarization components (b) ξσ− , (c) ξσ+ , and (d) ξπ
of a σ−-polarized plane wave that propagates along the y axis and is scattered by the nanofiber.
For this calculation the fiber radius is a = 250 nm, the wavelength of the incident light field is
λ = 852 nm, and the quantization axis is chosen along the y axis. The intensity of the incident
field is normalized to one.

are the r and the φ component. The electric field outside the fiber for, e.g., a σ−-polarized
incident field can be composed from the two basis modes

Eσ
−

=
1√
2

(
ETE − iETM) . (6.6)

Thus, the r, φ, and z component of Eσ
−

are:

Eσ
−

r (r, φ) =
1√
2

(
Ein
r (r, φ) + Escat

r (r, φ)
)
, (6.7)

Eσ
−

φ (r, φ) =
1√
2

(
Ein
φ (r, φ) + Escat

φ (r, φ)
)
, (6.8)

Eσ
−

z (r, φ) = − i√
2

(
Ein
z (r, φ) + Escat

z (r, φ)
)
. (6.9)
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With this information, we can take a look how the intensity and the polarization of a σ−-
polarized plane wave impinging on the nanofiber are altered by the presence of the latter. In
Fig. 6.3 (a), we plot the intensity of the light field that propagates in the y direction. The in-
tensity has been normalized to the intensity of the incident light field. The plot reveals that the
intensity can be tremendously changed: behind the fiber (x = 0 nm and y = a = 250 nm)
constructive interference of the incident and scattered light field leads to a two-fold increase of
the intensity, whereas in front of the fiber (x = 0 nm and y = −250 nm) the fields interfere
destructively and the intensity is reduced by more than 50 %. However, at the position of the
atoms (x = ±480 nm and y = 0 nm) the intensity is almost not altered by the presence of the
fiber and is decreased by only ≈ 1.5 %.

The part of the light field that is σ−-, σ+-, and π-polarized is given in the spherical tensor
basis by ξj = |E2

j |/|E∗E|2 with j ∈ (σ+, π, σ−). The ξj are plotted in Fig. 6.3 (b), (c), and (d),
respectively. These plots reveal as well that the change of the polarization can be significant,
e.g., the part of the light that is σ−-polarized is decreased maximally by almost 35 %. However,
at the position of the atoms the polarization is almost not altered at all with ξσ− = 0.983.

Note that these small changes in intensity and polarization are exactly the same for the atoms
positioned on the left and on the right side of the nanofiber. Nevertheless, in the experimental
setup the external light field hits the fiber under a small angle in the x-y plane. This leads to
small deviations of the intensity and the ξj between the atomic positions on the left and on the
right sides of the fiber. However, for tilt angles ≤ 5◦ of the laser beam with respect to the
nanofiber these deviations are still smaller than 2 %. In summary, to a very good approximation,
the external light field at the position of the atoms is unperturbed by the presence of the nanofiber.

6.1.3 Experimental realization

For the experimental observation of directional spontaneous emission of photons by atoms into
the nanofiber, we prepare one atomic ensemble on one side of the nanofiber, see Fig. 6.1. For
this purpose, we make use of the techniques presented in chapter 5. For the first set of mea-
surements, we prepare the atoms on one side of the nanofiber in the |F = 4,mF = −4〉 state:
The atoms of both atomic ensembles are initially distributed in the F = 4 manifold. In a mag-
netic offset field Boff = 3 G that is applied to prevent spin flips we perform optical pumping
into the |F = 4,mF = 0〉 state, see chapter 5.2.1. The quantization axis is taken to be parallel
to the magnetic field, i.e., along the y axis. In order to discern the two atomic ensembles, we
use the technique presented in chapter 5.3.3: we send a light field at the tune-out wavelength
with a power of 100µW through the nanofiber. Thus, the degeneracy of the clock transition
frequency for the two atomic ensembles is lifted. To enhance the effect of the tune-out light
field, we apply a homogeneous magnetic offset field of B = 28 G as described before. Here,
we chose to discern the atoms via the tune-out light field and not by tilting the polarization of
the blue-detuned trapping light field. In principle, there should be no difference between the two
techniques. But in the current experimental setup we can turn on and off the tune-out light field
within one experimental run, whereas a tilt of the polarization cannot be change that fast since
it has to be done manually. Thus, we can turn on the tune-out light field only for the time it is
needed to discern the two ensembles in order to avoid a possible distortion of the trap as long as
possible.
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Figure 6.4: Experimental sequence to prepare one atomic ensemble in the |F = 4,mF = −4〉
state. At the beginning of the sequence the atoms are in the F = 4 manifold.
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Figure 6.5: (a) Atomic level scheme of the 62S1/2, F = 4 ground state and the 62P3/2, F ′ = 5
excited state. The initial state of the atoms is indicated by the yellow sphere. The transition
driven by the external laser is shown by the red arrow and the possible decay channel of the
excited atom by the green arrow. (b) Sketch of the propagation direction of the light that is
emitted by the atoms (yellow spheres) and coupled into the nanofiber (gray rectangle). The
relative amount of light that propagates into a given direction is roughly indicated by the strength
and the size of the arrows. Here, the polarization of the emitted light is σ−.

Now, we transfer the atoms that are trapped on the left side of the nanofiber (x < −a) to the
|F = 3,mF = 0〉 state via a 14.7µs-long MW π-pulse. All the atoms from both atomic ensem-
bles that remained in the F = 4 manifold are now optically transferred to the F = 3 manifold.
Here, we used a 1 ms-long pulse of the MOT cooler light fields. With the preceding experimental
steps, we have emptied the F = 4 manifold and maximized the number of atoms of the atomic
ensemble trapped on the left side of the fiber that are in |F = 3,mF = 0〉. Via another MW π-
pulse, which only addresses these atoms, they are transferred back into |F = 4,mF = 0〉. Now,
the only remaining atoms in the F = 4 manifold are in |F = 4,mF = 0〉 and located on the left
side of the fiber. All the other atoms that are still trapped are in the other hyperfine ground state.
To finalize the preparation procedure the atoms are optically pumped to |F = 4,mF = −4〉 by
sending an optical pumping light field that propagates through the nanofiber in the +z direction,
see chapter 5.2.2. The experimental sequence is summarized in Fig. 6.4.

A resonant σ−-polarized light field that propagates along the y axis drives the cycling tran-
sition |F = 4,mF = −4〉 ↔ |F ′ = 5,mF ′ = −5〉 of the prepared atoms, see Fig. 6.5 (a). As
we have seen in the previous section 6.1.2, at the position of the atoms the light field is virtu-
ally not altered by the presence of the fiber. On this closed transition the atoms can only emit
σ−-polarized light. The light that is scattered by the atoms into the nanofiber is detected by two
SPCMs at both ends of the nanofiber: detector 1 (2) records the light that propagates in +z (−z)
direction. We record the number of photons on each detector within 20µs. In Fig. 6.6 (a) the
number of photons detected by the two detectors as a function of time is plotted. The measure-
ment reveals a drop of the signal which we attribute to the loss of atoms from the trap due to
photon recoil heating because of the external light field. We integrate these signals over 10µs
and calculate the fractions η1 and η2 of the total incoupled light that is detected by detector 1
and detector 2, respectively, see Fig. 6.7 (a).

Then, this measurement is repeated but this time the atomic ensemble trapped on the right
side of the nanofiber (x > a) is prepared in |F = 4,mF = −4〉. In order to do so, the same
experimental sequence is performed but the frequency of the MW π pulses is changed by ≈
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(a) Atoms trapped at x < −a
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(b) Atoms trapped at x > a
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Figure 6.6: Number of photons that have been emitted into the +z (−z) direction and measured
by detector 1 (2) as a function of the time. The external light field illuminated the atoms that are
prepared in |F = 4,mF = −4〉 for 20µs. The counts given by the detector are converted into a
number of photons by taking optical losses in the setup and the detector efficiency into account.
Each data point was averaged over 3600 experimental runs and was corrected for background
photons by recording and subsequently subtracting the signal without having atoms trapped.
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Figure 6.7: (a) Measurement results and (b) theoretical prediction of the fraction of incou-
pled light η1 and η2 emitted by the atoms on the left (right) side of the nanofiber at x < −a
(x > a) that is recorded by detector 1 and 2, respectively. Here, the atoms were prepared in
|F = 4,mF = −4〉.

30 kHz to address the clock transition of the atomic ensemble trapped on the right side of the
fiber. For the final step of the sequence the atoms on the right side of the fiber that are in
the |F = 4,mF = 0〉 state have to be optically pumped to |F = 4,mF = −4〉. Therefore, the
propagation direction of the optical pumping light field is changed so that it propagated in the
+z direction. Then, the atoms are illuminated by the external σ−-polarized light field and the
photons that are scattered into the nanofiber are recorded, see Fig. 6.6 (b). The fractions η1 and
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Figure 6.8: (a) Atomic level scheme of the 62S1/2, F = 4 ground state and the 62P3/2, F ′ = 5
excited state. The initial state of the atoms is indicated by the yellow sphere. The transition
driven by the external laser is shown by the red arrow and the possible decay channels of the
excited atom by the green arrows. (b) Sketch of the propagation direction of the light that
is emitted by the atoms (yellow spheres) and coupled into the nanofiber (gray rectangle). The
relative amount of light that propagates into a given direction is roughly indicated by the strength
and the size of the arrows. Here, the polarization of the emitted light is σ+, π, and σ−.

η2 are plotted in Fig. 6.7 (a), as well. The experimental data is averaged over 3600 experimental
runs.

When the atoms are located on the left side of the nanofiber (x < −a), then detector 1
records significantly more light (η1 = 92 % ± 3 %) than detector 2. The main propagation
direction of the incoupled light is reversed, when the atoms are located on the right side of
the nanofiber (x > a). Then, detector 2 records significantly more light (η2 = 86 % ± 3 %)
than detector 1. The main propagation direction of the incoupled light for the two different
scenarios is sketched in Fig. 6.5 (b). The theoretically expected values for η1 and η2 are plotted
in Fig. 6.7 (b) and are in good agreement with our measurements. The theoretical model will be
discussed in the next section. The experimental data reveal that the directionality given by the
ratio of η1 and η2 for the atomic ensemble on the right side (1 : 6.1) is not as good as for the
ensemble on the left side (11.5 : 1). This could be caused by the polarization of the external
excitation light field that might be not fully σ−-polarized at the position of the ensemble trapped
on the right side. Nevertheless, from the calculations described in section 6.1.2 this should be
ruled out. Another possibility is imperfect optical pumping: if the optical pumping light field
that propagates in the +z direction is not perfectly aligned to be quasi-linearly polarized in the
nanofiber, the atoms may not all be optically pumped into |F = 4,mF = −4〉. After being
excited they then can emit, e.g., π-polarized light that couples with the same probability to both
propagation modes which would reduce the contrast of the directional emission.

For the next set of measurements, we want to study how the directional emission depends
on the polarization of the light emitted by the atoms. In order to do so, we change the internal
state of the atoms and prepare them in |F = 4,mF = 0〉: We follow the experimental sequence
explained above, see Fig. 6.4, with the exception that we do not perform the last optical pumping
step. Thus, at this time all the atoms that are trapped in the |F = 4,mF = 0〉 are located on only
one side of the nanofiber. The atoms are excited by a σ−-polarized light field propagating along
the y axis as before. The involved atomic levels and transitions are shown in Fig. 6.8 (a). Again,
we perform a measurement for the atoms trapped on the left side (x < −a) of the nanofiber and
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(a) Atoms trapped at x < −a
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(b) Atoms trapped at x > a
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Figure 6.9: Number of photons that have been emitted into the +z (−z) direction and measured
by detector 1 (2) as a function of the time. The external light field illuminated the atoms that
are prepared in |F = 4,mF = 0〉 for 20µs. The counts given by the detector are converted
into a number of photons by taking into account the coupling efficiency into the detector and
the detector efficiency. Each data point was averaged over 4000 experimental runs and was
corrected for the background.
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(a) Experiment (b) Theory

Figure 6.10: (a) Measurement results and (b) theoretical prediction of the fraction of incoupled
light η1 and η2 emitted by the atoms on the left (right) side of the nanofiber at x < −a (x > a)
that is recorded by detector 1 and 2, respectively. The atoms were prepared in |F = 4,mF = 0〉.

a measurement for the atoms trapped on the right side (x > a) of the nanofiber. The number
of photons recorded by detector 1 and 2 is plotted as a function of time and shown in Fig. 6.9.
The resulting fractions η1 and η2 are shown in Fig. 6.10 (a). The presented experimental data
is the result of an average over 4000 experimental runs. Here, the emission of the light into the
nanofiber is almost balanced. For the atoms trapped on the left (right) side of the nanofiber we
find η1 = 66 % ± 2 % (η2 = 57 % ± 1 %). The theoretically expected values for η1 and η2 are
plotted in Fig. 6.10 (b) and are again in good agreement with our measurements.
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The small deviations of the experimental results from the theory might be explained by
optical pumping: While the external σ−-polarized light field illuminates the atoms, it excites
the atoms that are initially in |F = 4,mF = 0〉. Since the atoms in this experimental setting are
not on a cycling transition, optical pumping will occur to some extent. Nevertheless, the atoms
will not be pumped to the outermost state since the atoms will be out of resonance after a few
scattering processes. Due to the high magnetic field of Boff = 28 G the |F = 4,mF = −2〉 →
|F ′ = 5,mF ′ = −3〉 transition is already detuned by ≈ 12 MHz which is approximately twice
the natural linewidth.

The results that are presented in this section, demonstrate that the emission of photons into
the nanofiber in a given direction can be more than ten times stronger than in the opposite direc-
tion. Furthermore, the results show that we can qualitatively change the directional scattering of
photons by changing the quantum state of the atomic emitter.

Theoretical estimation

To compare our results with a theoretical prediction, we make the following considerations:
An atom that has been excited by the external light field has in general three possible decay
channels. The probability for the atom to decay via a σ+, σ−, or π transition is Pσ+ , Pσ− , or
Pπ, respectively. In order to calculate the probability to scatter photons into a given nanofiber-
guided mode, we use the overlap of the emitted polarization with the four basis modes that are
summarized in Tab. 2.1. The basis modes have their main direction of polarization p along the
x axis or along the y axis (p = x or y) and propagate in the +z or in the −z direction. The
probability of scattering into the +z direction can be written as

P (+z) = P (+z, p = x) + P (+z, p = y)

= P (+z, p = x|σ+) · Pσ+ + P (+z, p = x|σ−) · Pσ−
+ P (+z, p = x|π)︸ ︷︷ ︸

=0

·Pπ

+ P (+z, p = y|σ+)︸ ︷︷ ︸
=0

·Pσ+ + P (+z, p = y|σ−)︸ ︷︷ ︸
=0

·Pσ−

+ P (+z, p = y|π) · Pπ . (6.10)

The probabilities P (+z, p|σ+), P (+z, p|σ−), and P (+z, p|π) that a σ+-, σ−-, or π-polarized
photon, respectively, is emitted into the p basis mode and propagates in the +z direction are
given by the product of two conditional probabilities: One is given by the overlap of the po-
larization of the emitted photon with the p basis mode, namely ξσ+ , ξσ− , and ξπ. The other
contribution, denoted by Aeff,x (Aeff,y), takes the effective area of the p = x (p = y) basis mode
at the position of the atom into account [101]. The effective area is defined as the ratio of the
power in the nanofiber-guided mode and the intensity of evanescent field at the position of the
atoms Aeff = P/I(rat) [138]. Thus, for an atom trapped on the left side of the nanofiber we get

P (+z) = 0.08 ·Aeff,xPσ+ + 0.92 ·Aeff,xPσ− +Aeff,y · Pπ . (6.11)

For an atom that is prepared in the |F = 4,mF = 0〉 state and then excited to the |F ′ =
5,mF ′ = −1〉 state we have [120] Pσ− = 5/15, Pπ = 8/15, and Pσ+ = 2/15. In this
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case, our calculation predicts for an atom located on the left side of the nanofiber that η1 =
P (+z)/[P (+z) + P (−z)] = 60 % of the incoupled light is propagating in the +z direction.
Here, we have taken into account that the ratio of the effective areas for the two basis modes
is given by Aeff,y/Aeff,x = 0.36. For an atom prepared in the |F = 4,mF = −4〉 state and
then excited to the |F ′ = 5,mF ′ = −5〉 state the situation is even simpler, since Pσ− = 1 and
Pπ = Pσ+ = 0. We therefore find η1 = 92 %. The results of these calculations are in very good
agreement with our experimental results and are shown in Fig. 6.7 (b) and Fig. 6.10 (b).

For these calculations, we considered only one atom. This is justified since the contributions
of all atoms add up incoherently [40].

A general model to describe the scattering of light of an atom that is close to an optical
nanofiber is given in [60]. Using this formalism, the absolute optical power that is emitted by
an atom into a given nanofiber-guided mode can be calculated. This model further allows to
study the emission behavior for an atom that has been prepared in a superposition of Zeeman
substates.

6.2 Nanofiber-based optical diode

Analogously to electronic diodes that are nonreciprocal for an electrical current, a device that
exhibits a nonreciprocal transmittance of a light field is called an optical diode. The most com-
mon optical diodes are based on the Faraday effect that is nonreciprocal and turns the direc-
tion of linearly polarized light depending on an applied magnetic field [139]. These so-called
Faraday isolators require large magnetic fields and are usually several centimeters in size. The
development of nanophotonic devices for optical signal processing purposes makes integrated,
nano-scale optical isolators highly desirable and a matter of active research. Optical diodes
based on Faraday rotation in chip-sized silicon waveguide-systems have been experimentally
demonstrated in [140–142]. These works made use of fact that the magneto-optic materials
used in the waveguides have high Faraday constants which allow miniaturizing of the device.
Other works with chip-sized systems demonstrated that light shows nonreciprocal properties in
parity-time-symmetric metamaterial waveguides: In [143], the symmetry breaking of light pro-
pagation in a coupled two-channel system was observed. In [144], unidirectional invisibility was
demonstrated, which means that the reflection coefficient of the used waveguide is nonrecipro-
cal. In [145], nonreciprocal mode conversion has been shown. However, the implementation of
an optical diode has not been demonstrated in these systems yet [146].

Nevertheless, using nonlinear effects in optical waveguides [147] or microcavities [146,148],
optical diodes have been realized. These implementations require high optical powers in order
to work. This makes their use in single-photon applications impossible. However, such a single-
photon diode would be of particular importance in quantum information processing protocols
where single photons carry quantum information. Micron-sized optical diodes based on micro-
resonators that should work at the single-photon level have been proposed in [149] and [150].
The first work proposes to make use of the nonlinear coupling between light and a mechanical
mode inside a micro-resonator. The second work proposes to exploit the coupling of helicity-
sensitive transitions between Zeeman levels of, e.g., a quantum dot to a micro-resonator.
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(a) Propagation in +z
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(b) Propagation in -z (c) Atomic level scheme

Figure 6.11: A light field that is quasi-linearly polarized along the x axis propagates along
(a) the +z direction and (b) the −z direction (straight green arrow). Its polarization outside
the nanofiber is sketched (curved green arrows) in the x-z plane, i.e., the plane containing the
atoms. The quantization axis is taken to be the y axis. (c) Simplified atomic level scheme
with the ground state |g〉 and the two excited states |e+〉 and |e−〉 that are coupled by σ+- and
σ−-transitions respectively.

In this section, I will report on the realization of an optical diode based on nanofiber-trapped
atoms which could operate in the single-photon regime.

6.2.1 Basic idea of the nanofiber-based optical diode

In the previous chapters (see, e.g., chapter 2.2), I discussed the polarization properties of the
quasi-linearly polarized fundamental nanofiber-guided modes. Let us consider a light field that
propagates in the +z direction and has its main direction of polarization along the x axis. The
quantization axis is again taken to be along the y axis. At the position of an atom, e.g., at
x = 480 nm and y = 0 nm, it is almost purely σ+-polarized, see Fig. 6.11 (a). For reasons
of simplicity, let us assume that the light field is fully σ+-polarized at this position. The light
field thus drives the |g〉 → |e+〉 transition of an atom placed at this specified position, see
Fig. 6.11 (c). When the light field propagates in the opposite direction, i.e., the−z direction [see
Fig. 6.11 (b)] it is σ−-polarized at the position of the atom and drives the |g〉 → |e−〉 transition
of the atom.

In order to make this system nonreciprocal in terms of transmission of the light field, an
imbalance between the absorptions of the σ+-polarization and the σ−-polarization has to be
realized. This can be achieved in two ways: First, a homogenous magnetic field can be applied,
which lifts the degeneracy of |e−〉 and |e+〉. The frequency of the light field could then be tuned
such that it is resonant with one transition and therefore out of resonant with the other. Second,
in a multilevel atom, different transitions have different Clebsch-Gordon coefficients, i.e., not
the same transition strengths. Both ways lead to the situation that the light field is more strongly
absorbed for a certain propagation direction but less strongly for the opposite one.

In our system, we will combine the two methods: Additionally to the application of a strong
magnetic offset field, we prepare the atoms in an outermost Zeeman substate |F = 4,mF = ±4〉.
There, the strength of the |F = 4,mF = ±4〉 → |F ′ = 5,mF ′ = ±5〉 transition is 45 times
larger than the |F = 4,mF = ±4〉 → |F ′ = 5,mF ′ = ±3〉 transition.
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Figure 6.12: Transmission of a probe pulse as a function of its detuning ∆probe. The probe pulse
propagates along the −z direction (black squares) and along the +z direction (red disks). The
solid lines are fits that yield the on-resonance transmission. Each data point corresponds to an
average over 80 experimental realizations.

6.2.2 Experimental realization

To realize an optical diode with nanofiber-trapped atoms, we carried out the following steps:
Initially, the atoms are prepared in the F = 4 manifold. Then, a magnetic offset field Boff =
28 G is applied along the y axis and the optical pumping procedure presented in chapter 5.2.2
is performed to transfer the trapped atoms into the outermost Zeeman substate. The optical
pumping light field propagates in the−z direction. Thus, the atomic ensemble on the left side of
the nanofiber (x < −a) is transferred to the |F = 4,mF = +4〉 state and the atomic ensemble
on the right side (x > a) to the |F = 4,mF = −4〉 state. Now, we probe the atoms with a light
field that is resonant with the F = 4 → F ′ = 5 transition and polarized like the pumping light
field: quasi-linearly polarized with its main direction of polarization along the x axis (p = x).
For these measurements, it propagates in the same direction as the pumping light field (f =
−z). The transmission of a 300µs-long probe pulse with a power of ≈ 0.8 pW is recorded and
normalized to its transmission without trapped atoms. The signal without having atoms trapped
is always measured in the same experimental run by turning off the red-detuned trapping light
field for a few milliseconds, thereby expelling all atoms. A transmission spectrum is taken by
repeating the measurement for different detunings of the probe light field and shown in Fig. 6.12
(black squares). The detuning of the probe light field ∆probe is given with respect to the F =
4 → F ′ = 5 transition of the trapped atoms without applying a magnetic offset field. In order
to determine the on-resonance transmission, the spectrum is fitted with a function similar to
Eq. (5.1), see solid black line. The fit will be explained in more detail later in this section.
Here, we do not expect power broadening since the intensity of the propagating light field at the
position of the atoms is only 2 % of the saturation intensity of the strongest transition.

The transmission at the detuning of the probe light field ∆(−) = −38.9 ± 0.1 MHz is
T

(−)
−z = 25 ± 2 % and at ∆(+) = 38.9 ± 0.1 MHz it is T (+)

−z = 13 ± 1 %. In Fig. 6.13, the
involved transitions are sketched. At ∆(+), the probe light field is resonant with the cycling tran-
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Figure 6.13: Level scheme and population of the atomic ensemble trapped on (a) the left side
and (b) the right side of the nanofiber. The yellow spheres indicate that the atoms on the left
(right) side have been pumped to |F = 4,mF = +4〉 (|F = 4,mF = −4〉). The red arrows
indicate the probe light field at (a) ∆(−) and (b) ∆(+). The thickness of the arrow indicates the
relative strength of the light field’s polarization components. The probe light field propagates in
the −z direction.

sition |F = 4,mF = 4〉 → |F ′ = 5,mF ′ = 5〉. It therefore only addresses the atoms trapped
on the left side of the nanofiber since they have been pumped into |F = 4,mF = 4〉. At this po-
sition, the the probe light field is mostly σ+-polarized (ξσ+ = 92 %). Thus, the probe light field
is absorbed by the atoms and its transmission is reduced. The small part of the light field that is
σ−-polarized is detuned by 31 MHz with respect to the |F = 4,mF = 4〉 → |F ′ = 5,mF ′ = 3〉
transition. The other dip in the transmission spectrum is found at a detuning of the probe
light field of ∆(−). At this detuning the probe light field is resonant with the cycling transi-
tion |F = 4,mF = −4〉 → |F ′ = 5,mF ′ = −5〉. Thus, it only addresses the atoms trapped on
the right side of the nanofiber since they have been pumped into |F = 4,mF = −4〉. At this
position the polarization of the probe light field is mostly σ−-polarized (ξσ− = 92 %). Thus, the
probe light field with this detuning is absorbed as well and its transmission is reduced.

Now, the measurement is repeated for a probe light field that propagates in the +z direction,
whereas the optical pumping light field still propagates in the −z direction. The transmission
spectrum resulting from this measurement is shown in Fig. 6.12 (red disks). The fit of the data
yields a transmission T (−)

+z = 55±2 % at ∆(−) and T (+)
+z = 78±2 % at ∆(+). The involved level

schemes for the trapped atoms are sketched in Fig. 6.14. Here, at ∆(+) the light field is resonant
with the |F = 4,mF = 4〉 → |F ′ = 5,mF ′ = 5〉 transition. But only a small fraction ξσ+ =
8 % of the light field on the left side of the fiber is σ+-polarized and can drive this transition.
The major part of the probe light field is σ−-polarized (ξσ− = 92 %). But this polarization
component cannot significantly drive the |F = 4,mF = 4〉 → |F ′ = 5,mF ′ = 3〉 transition
since it is detuned by 31 MHz. Furthermore, the strength of this transition given by the Clebsch-
Gordon coefficients is by a factor of 45 smaller than the strength of the |F = 4,mF = 4〉 →
|F ′ = 5,mF ′ = 5〉 transition [120]. Thus, the absorption of the probe light field by the atoms
is drastically decreased, i.e., its transmission is higher. The fact that the transmission at ∆(−) is
higher than for the case where the probe and the pumping light field are co-propagating can be
explained analogously [see level scheme in Fig. 6.14 (b)].

These results show that the on-resonance transmission of a probe light field depends strongly
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Figure 6.14: Level scheme and population of the atomic ensemble trapped on (a) the left side
and (b) the right side of the nanofiber. The yellow spheres indicate that the atoms on the left
(right) side have been pumped to |F = 4,mF = +4〉 (|F = 4,mF = −4〉). The red arrows
indicate the probe light field at (a) ∆(−) and (b) ∆(+). The thickness of the arrow indicates the
relative strength of the light field’s polarization components. The probe light field propagates in
the +z direction.

on its propagation direction through the nanofiber. The on-resonance transmission at ∆(+) is
about 6 times larger for propagation of the probe light field in the −z direction than in the
+z direction, i.e., co- and counter-propagating with the pumping light field, respectively. At
∆(−), the on-resonance transmission differs by a factor of about 2.2 for the different propagation
directions of the probe light field.

The nonreciprocal behavior in the transmission of a light field can be used to realize a
nanofiber-based optical diode: a light field is absorbed when it is resonant with one of the two
atomic ensembles and is launched into the fiber in one direction. However, when the same light
field propagates in the opposite direction, it is almost fully transmitted. According to the termi-
nology used for diodes we will call the propagation directions blocking and passing direction,
respectively. In the presented experimental realization the optical diode worked best for a light
field at ∆(+). Here, we obtain an isolation I(+) = 10 · log(T

(+)
+z /T

(+)
−z ) = (7.8± 0.9) dB while

the passing direction still shows a transmission of T (+)
+z = 78 %.

The results show that, at ∆(−), the figures of merit for our optical diode, i.e., transmission in
passing direction and the isolation, are not as good as for ∆(+). Since the dip in the transmission
spectrum at ∆(−) (∆(+)) is caused by the atomic ensemble trapped on the right side (left side)
of the nanofiber, the different behaviors might be explained as follows: For the diode in the
blocking configuration (f = −z for the probe light field), the absorption is not very high at
∆(−). We attribute this fact to a small number of atoms trapped on the right side of the nanofiber.
For the diode in the passing configuration (f = +z for the probe light field), the transmission
∆(−) is not very high, which we attribute to the fact that the optical pumping procedure was
imperfect. We know from experimental observations that the atoms populate preferentially the
negative mF levels when they are initially loaded in the F = 4 manifold and a magnetic offset
field is applied [101]. Therefore, for an imperfect optical pumping procedure not all atoms
trapped on the left side of the nanofiber were pumped into |F = 4,mF = 4〉 and some also
stayed in |F = 4,mF = −4〉. There, they can absorb the probe light field when its detuning is
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∆(−) which leads to a reduced transmission.
In the next measurements, we study the performance of the diode while turning the main

direction of polarization of the probe light field. Thus, we perform the same experimental steps
described above and measure a transmission spectrum similar to the one shown in Fig. 6.12 for
different angles φ0 of the main direction of polarization of the probe light field. The preceding
optical pumping light field is unchanged, i.e., it propagates along the −z direction and has its
main axis of polarization along the x axis.

For φ0 = 0 the main direction of polarization of the probe light field is along the x axis,
which corresponds to the experimental situation described above. This means the light field
drives σ±-transitions and depending on its detuning and its propagation direction, the probe
light field can be absorbed by the atoms on the |F = 4,mF = ±4〉 → |F ′ = 5,mF ′ = ±5〉
transition. For φ0 = π/2, the main direction of polarization is along the y axis and the light
field is completely π-polarized at the position of the atoms. Thus, depending on the detuning the
probe light can be absorbed by the atoms on the |F = 4,mF = ±4〉 → |F ′ = 5,mF ′ = ±4〉
transition. Note that this does not depend on the propagation direction of the probe light field
(see chapter 2.2).

These measurements yield, for each setting of φ0, two transmission spectra similar to those
presented in Fig. 6.12: one for each propagation direction of the probe light field. To obtain
the on-resonance transmissions at ∆(+), we fit all transmission spectra simultaneously with
a function similar to Eq. (5.1) but taking into account four Lorentzians, corresponding to the
|F = 4,mF = ±4〉 → |F ′ = 5,mF ′ = ±5〉 and |F = 4,mF = ±4〉 → |F ′ = 5,mF ′ = ±4〉
transitions. For this fit, the detunings of the four transitions are taken to be global fit parameters.
The width of the transition Γ is fixed for the global fit and obtained by a separate fit of Eq. (5.1)
to the data points (black squares) shown in Fig. 6.12. This is justified, because this data set shows
the strongest dips in the transmission and is thus most sensitive to the width of the transition.
This fit yields Γ = 7.6± 0.3 MHz, which is slightly higher than the natural line width. This can
be explained by the finite temperature of the atoms (see chapter 5.2.2).

In Fig. 6.15 the on-resonance transmissions at ∆(+) for different angles φ0 for a light field
propagating in the −z direction (black squares) and in the +z direction (red disks) are shown.
The plot reveals that for φ0 = 90◦ the transmissions T (+)

+z and T
(+)
−z are almost the same

and the system shows a reciprocal behavior. This is expected, since the light field drives the
|F = 4,mF = 4〉 → |F ′ = 5,mF ′ = 4〉 transition independentls of the light’s propagation di-
rection. Due to its weak transition strength that is 5 times weaker than the |F = 4,mF = 4〉 →
|F ′ = 5,mF ′ = 5〉 transition, the total absorption is very weak. These results show that by
changing the polarization of the probe light that propagates in the nanofiber, the system is either
strongly nonreciprocal for the transmission of the probe light field or reciprocal.

Theoretical prediction

To explain the shape of the transmission depending on φ0, we model the transmission T±z(φ0)
of a light field propagating in the nanofiber when a single atom is prepared in |F = 4,mF = 4〉
on the left side of the nanofiber. We assume that the transmission can be decomposed in the
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Figure 6.15: Transmission in the passing direction +z (red disks) and in the blocking direction
−z (black squares) depending on the main direction of polarization φ0 of the probe light field.
The detuning is ∆(+). The solid lines are fits to the data points that yield a mean atom number
〈N〉 = 27± 1. The dashed line is the isolation I calculated from the fitted functions. The data
points are averaged over 80 experimental runs.

following way:

T±z(φ0) = t90◦
±z +

(
t0
◦
±z − t90◦

±z

)
cos (φ0)2 . (6.12)

Here, the coefficients t0
◦
±z and t90◦

±z are the transmissions of a light field that propagates in the
±z direction and has its main direction of polarization along the x axis (φ0 = 0◦) and along the
y axis (φ0 = 90◦), respectively. These values can be calculated with the formalism presented
in [151] and are tabulated for our trapping geometry in Tab. 6.1. Since we not only trap one
but N atoms, we substitute the transmission coefficients t±z in Eq. (6.12) by tN±z . However, the
number of trapped atoms fluctuates for different experimental realizations. When we assume
that these fluctuations are Poissonian we can further substitute tN±z by exp [−〈N〉 (1− t±z)],
where 〈N〉 is the mean number of trapped atoms. We fit the modified Eq. (6.12) to the data
plotted in Fig. 6.15 and obtain 〈N〉 = 27 ± 1. From the fitted curves, we can calculate the
isolation I(φ0) and plot it as well in Fig. 6.15 (dashed line): the highest isolation is obtained as
expected for φ0 = 0◦, since the nonreciprocal behavior is the strongest for this angle.

Note that the only accurate method to obtain the number of trapped atoms is performing a
saturation measurement. Here, the mean number of trapped atoms resulting from the fit depends
on the transmission coefficients of a single atom. These coefficients result from calculations tak-
ing into account our trapping configuration. For deviations in, e.g., the powers of the trapping
light fields, the distance of the atoms from the fiber could change and, thus, the actual trans-
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t0
◦
−z t90◦

−z t0
◦

+z t90◦
+z

91.39 % 99.96 % 99.24 % 99.96 %

Table 6.1: Transmission coefficients for a light field that propagates in the±z direction through
the fiber with its main direction of polarization along the x axis (φ0 = 0◦) or along the y axis
(φ0 = 90◦) when one atom is trapped 230 nm away from the fiber surface and is prepared in the
|F = 4,mF = 4〉 state.
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Figure 6.16: Calculated isolation I (black line) and transmission T+z(0
◦) in passing direction

of the optical diode as a function of the mean atom number 〈N〉. The black and the red data
point are the measured values for the isolation and the transmission, respectively, for φ0 = 0◦.
As before, the quantization axis is taken to be along the y axis.

mission coefficients would deviate from the calculated values. Therefore, the mean number of
trapped atoms 〈N〉 stated here has to be taken as a rough approximation.

In Fig. 6.16, the isolation and the transmission T+z(0
◦) in passing direction is plotted as

a function of the mean atom number 〈N〉. At 〈N〉 = 27, we plotted the measured values for
the isolation and the transmission in passing direction. The measured values are in reasonable
agreement with the theoretical prediction. Remarkably, for higher atom numbers 〈N〉 ≈ 100
the predicted isolation reaches I = 34 dB, while the predicted transmission in the passing di-
rection only drops to T+z(0

◦) = 47 %. Thus, with our system, we should be able to realize an
optical diode that exhibits high isolation while the transmission in the passing direction remains
reasonably high. For comparison, the systems based on Faraday rotation in chip-sized silicon
waveguides presented in [140,142] exhibit similar values for the isolation (≈ 20 dB) and for the
transmission in passing direction (≈ 50 %).

In order to optimize the optical diode, we could minimize the absorption of the mode that
propagates in the +z direction. Let us consider an atom that emits σ−-polarized light (q ≡ −1)
with respect to a quantization axis. The scattering coefficient into the mode that is quasi-linearly
polarized and has its main direction of polarization along the x-axis can be written as [60]

γ(fx) ∝ (|er| sin(θ) + fq |ez|)2 . (6.13)

Here, θ is the angle between the x axis and the quantization axis. For all experimental real-
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izations described in this thesis, the quantization axis coincided with the y axis, i.e., θ = 90◦.
Remarkably, for an angle

θcrit = f arcsin
|ez|
|er|

= 33.1◦ , (6.14)

the scattering into the mode polarized along x that propagates in the +z direction (f = 1) is
zero, whereas it is nonzero for the mode propagating in the other direction: γ(fx) 6= 0. This
leads to the following situation at, e.g., the right side of the fiber (x > a): For a quantization
axis along the y axis (θ = 90◦) the overlap of the polarization of a light field that propagates in
the +z direction with σ+-, π-, and σ−-polarization is ξσ+ = 92 %, ξπ = 0 %, and ξσ− = 8 %,
respectively, see chapter 2.2. For a quantization axis with θcrit, the overlaps are ξσ+ = 46 %,
ξπ = 54 %, and ξσ− = 0 %. In Fig. 6.14, the level scheme for the situation θ = 90◦ is shown.
For θ = θcrit the part of the light fields represented in Fig. 6.14 by the thin arrows driving
the |F = 4,mF = ±4〉 → |F ′ = 5,mF ′ = ±5〉 transition do not exist anymore. Thus, the
absorption of the probe light is drastically reduced.

Nevertheless, there is still a π- and σ∓-polarized component that couples to the |F =
4,mF = ±4〉→ |F ′ = 5,mF ′ = ±4〉 and→ |F ′ = 5,mF ′ = ±3〉 transitions, respectively and
that can thus still be absorbed. This can be omitted when a magnetic offset field is applied along
the quantization axis that shifts the π- and σ+-transitions out of resonance. In Fig. 6.17 (a),
the transmission of the fiber-based optical diode is plotted for 27 atoms in dependency of the
direction of the quantization axis for different Boff. The plot shows the expected behavior of
maximal transmission for θ = θcrit for increasing Boff for a light field propagating in +z direc-
tion. The absorption in blocking direction (−z) also decreases at this angle and, therefore, the
isolation decreases as well [see Fig. 6.17 (b)]. Nevertheless, with the quantization axis at θcrit
the isolation could be increased by increasing the number of trapped atoms while maintaining a
high transmission in passing direction.
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Figure 6.17: (a) Calculated transmission of a light field propagating in blocking direction (−z)
(black lines) and in passing direction (+z) (red lines). (b) Isolation of the fiber based optical
diode. The curves are calculated for Boff = 0 G (solid lines), Boff = 10 G (long-dashed lines),
and Boff = 28 G (short-dashed lines). The gray vertical line marks θcrit = 33.1◦.
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CHAPTER 7
Summary & Outlook

In this thesis, the interaction of spin–orbit coupled light with trapped neutral atoms was investi-
gated experimentally and theoretically. For this purpose, we trapped cesium atoms in the vicinity
of an optical nanofiber. I described the fundamental mode that is guided by such a nanofiber and
exhibits a prominent evanescent field. For such strongly confined light fields its spin and or-
bital angular momentum are coupled quantities. In particular, the fundamental quasi-linearly
polarized nanofiber-guided mode exhibits a spin angular momentum that is purely transverse.
Depending on the propagation directions of the light field the direction of the spin changes
sign. I showed that the spin–orbit interaction manifests in the fact that the polarization of the
nanofiber-guided light field is not only transverse polarized but also exhibits an azimuthally
varying longitudinal component. This component is π/2-phase shifted with respect to the trans-
verse polarized components of the nanofiber-guided light field. Thus, the local polarization
azimuthally varies from being almost completely σ±-polarized to being completely π-polarized
with respect to a quantization axis that is orthogonal to the fiber’s axis.

In the following, I showed how it is possible to trap neutral atoms in the evanescent field
around such a nanofiber. The effect of the ac Stark interaction on the atoms in the nanofiber-
based two-color dipole trap was investigated. I showed in particular that for the excited state’s
energy levels of the trapped atoms mF is, in general, not a good quantum number. However, an
additional interaction with an external magnetic field leads, to some extent, to a situation where
the atomic energy levels can again be described in the mF -basis where mF is a good quantum
number. Moreover, it was discussed that the vector part of the ac Stark interaction has an effect
on the Zeeman substates of the trapped atoms that can be treated as a magnetic field.

I demonstrated that the internal state of the trapped atoms can be manipulated via fiber-
guided light fields. I showed in particular that we used the properties of the spin–orbit coupled
light fields to prepare via optical pumping one of the two atomic ensembles that are trapped
along the fiber in a different Zeeman substate than the other. Even when all atoms are prepared
in the same Zeeman substate, it is possible to discern the two atomic ensembles with optical
or microwave radiation. Here, we made use of fictitious magnetic fields induced by nanofiber-
guided light fields. We can thus realize two different ensembles of the same atomic species that

109



7. SUMMARY & OUTLOOK

are coupled to the same optical mode. These methods can be used for future experiments which
I will describe in the next section. We used this technique to remove one atomic ensemble from
the trap so that experiments with only one array of trapped atoms could be performed.

One ensemble of nanofiber-trapped atoms was used to demonstrate in a paradigmatic way
how the spin–orbit interaction of the fiber-guided light fields influences the propagation direction
of photons that were spontaneously emitted by the trapped atoms. I showed that the photons
were scattered asymmetrically into counter-propagating nanofiber-guided modes. The achieved
directionality of higher than 10:1 was experimentally demonstrated. I showed that this ratio
depends on the one hand on the spatial position of the emitter relative to the nanofiber and on the
other hand on the polarization of the emitted light. Thus, by changing the internal state of the
atoms I showed that we can tailor the amount of light that is scattered in the counter-propagating
modes. The experimental results can be well described by our theoretical model.

I demonstrated that the spin–orbit interaction can lead to the fact that our system is nonre-
ciprocal with respect to the transmittance of a nanofiber-guided light field. The nonreciprocal
behavior made it possible to realize a new type of a nano-scale optical diode. In the experiments
conducted here, the optical diode transmitted almost 80 % of the light in passing direction and
had an isolation of up to 8 dB.

In conclusion, the presented findings allowed to investigate, prepare, and manipulate the
nanofiber-trapped atoms with a higher degree of freedom and precision than before. Further-
more, this work will improve the understanding of other systems where atoms or atom-like
emitters are coupled to waveguides in the nonparaxial regime as well [152]. A few of such sys-
tems where atoms are involved are for example atoms coupled to plasmonic structures [153],
nanophotonic cavities [154], or optical microtraps [155,156]. The presented findings will have a
significant impact on integrated optical signal processing with regard to the rise of technologies
such as silicon photonics [157]. In particular, it paves the way towards an atom-mediated quan-
tum photon router, in which the state of an atom controls the propagation direction of guided
optical photons and which might thus constitute a central component for an optical quantum net-
work [158]. The presented observations are also applicable for other strongly-confined optical
fields [159].

Outlook

The experiments that will be conducted in the near future aim towards the realization of a fiber-
integrated quantum memory. The next step that will be done on the way to store quantum in-
formation in the ensemble of nanofiber-trapped atoms is to observe electromagnetically induced
transparency (EIT). For EIT an atomic medium that is initially opaque for a weak probing light
field is rendered transparent by a classical control field. This is the result of destructive interfer-
ences of the excitation pathways. Figure 7.1 shows a Λ-type level scheme of the involved atomic
energy levels. Not only that the probing light field is not absorbed on resonance under EIT con-
ditions. It additionally experiences a steep normal dispersion around the resonance. This leads
to a substantially reduced group velocity of a probing pulse within the atomic medium, known as
slow light. Associated with the low group velocity is a spatial compression of the pulse leading
to the fact that the probe pulse can be almost completely localized in the atomic medium. The
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Figure 7.1: Λ-type level scheme: the two stable ground states |1〉 and |2〉 are coupled to the
excited state |3〉 via a weak probing field E1 and a classical control light field Ω1, respectively.
The yellow circles indicate the atomic population in state |1〉.

light pulse can be even stopped, when the control field is turned off while the light pulse is local-
ized inside the medium. EIT has been experimentally demonstrated for the first time in [160].
Slow light has been observed in [161,162]. In [163,164], the storage of light pulses in an atomic
ensemble is reported.

In our system, the nanofiber-trapped atoms provide the required high optical densities and
have ground state coherence times in the order of milliseconds. An early result on EIT is shown
in Fig. 7.2. For this experiment the cesium atoms were prepared in the |1〉 ≡ |F = 4〉 hyperfine
manifold. While a control light field drives the |2〉 ≡ |F = 3〉 → |3〉 ≡ |F ′ = 4〉 transition, the
transmission of a pulse of the weak probe light field is measured (red dots). The phase of the
probe light field was stabilized with respect to the phase of the control light field via an optical
phase-locked-loop [165]. For this measurement, the powers of the control field and the probe
field were 500 pW and 20 pW, respectively. The measurement is repeated for different detunings
of the frequency of the probe field with respect to the |1〉 → |2〉 transition. In Fig. 7.2 (b) a
close-up of the transparency window is shown with a Gaussian line-shaped fit yielding a width of
FWHM = (1.53±0.04) MHz and an on-resonance transmission of Tres = (47±3) %. Note that
this measurement has been performed without a magnetic offset field. Thus, the transition that
is inhomogeneously broadened due to ac Stark shifts and the presence of spin flips influenced
the shape of the transmission window. We expect to have narrower transparency windows with
a higher on-resonance transmission when a magnetic offset field is applied and single Zeeman
sublevels are addressed. As explained in chapter 3.3.2, we need Boff ≈ 10 G to overcome the
excited state level mixing due to the ac Stark effect. The currently ongoing experiments show
promising results regarding the EIT transmission signal, slow light, and storing of µs-long light
pulses.

Nonlinear optics with single photons

Besides realizing a quantum memory with the nanofiber-trapped atoms, electromagnetically in-
duced transparency in this system can be used to realize nonlinear optics with single photons.
In order to observe the interaction of two light fields, high intensities with a large number of
photons [166] are usually required, since the nonlinear susceptibilities of a material are typically
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Figure 7.2: (a) Transmission spectrum of a weak probe field on the |F = 4〉 → |F ′ = 4〉
transition under EIT conditions (red data points). The gray line shows the transmission spectrum
under the absence of the control light field, measured by sweeping the frequency of the probe
light field within 5 ms continuously over the resonance. (b) Zoomed view of the transparency
window. The black line is a fit yielding a width of the window FWHM = 1.54 MHz and the on-
resonance transmission Tres = 47 %. Each data point has been averaged over 10 experimental
runs.

very weak. In [167], a scheme is described that allows to observe the interaction of two weak
light pulses down to single photons. The scheme is based on EIT and slow light involving two
different atomic ensembles. In Fig. 7.3, the involved atomic levels for this scheme are sketched.
A weak light field E1 and a classical control field Ω1 are used in a Λ type system (involving the
levels of a first atomic ensemble |A, 1〉, |A, 2〉, and |A, 3〉). In this situation, we assume “EIT
conditions” for E1, i.e., E1 is transmitted lossless and with a reduced group velocity. Addi-
tionally, another weak light field E2 is applied that is detuned by δ from the resonance of the
|A, 2〉 → |A, 4〉 transition. This off-resonant light field induces a light shift of |A, 2〉which alters
the refractive index experienced by E1. Thus, via E2 the phase of E1 can be modulated, lead-
ing to cross-phase modulation (XPM) [168, 169]. Since E1 propagates with a strongly reduced
group velocity while the velocity of E2 is basically not altered, the interaction time while XPM
can occur is in principle very short. To reduce the group velocity of E2 as well, it interacts with
a second classical field Ω2, involving the another atomic species with the levels |B, 1〉, |B, 2〉,
and |B, 3〉, see Fig. 7.3. In such a way, it is possible to realize similar group velocities for both
quantum fields and a maximal interaction time. This scheme should allow for E1 to experience
a nonlinear phase shift controlled by E2 [167]. In [170, 171] the possible implementation of
XPM mediated by EIT as the basis to realize a “controlled-NOT” gate for all-optical quantum
computing is discussed. In these works they describe the limitation of such a scheme when the
two weak light fields are described by localized single-photon pulses: When one photon experi-
ences a nonlinear phase shift of π, then the logical operation will not be a high fidelity process.
However, it is still interesting to experimentally investigate the phase shift that can be maximally
achieved by employing complex atomic multilevel structures.
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Figure 7.3: Double EIT scheme: on the left side the levels of the atomic ensemble A are shown
providing a Λ-type system with a weak probe light field E1 and a classical light field Ω1. A
weak modulation light field E2 is detuned by δ from resonance of the |A, 2〉 → |A, 4〉 transition.
On the right side the levels of the atomic ensemble B are shown providing a Λ-type system with
the weak probe light field E2 and another classical light field Ω2. Original figure from [167].

Instead of realizing the two atomic species that are needed for this scheme by using two
isotopes of, e.g., alkali atoms as it is proposed in [167], we can implement it using nanofiber-
trapped atoms. In chapter 5, I showed that it is possible to realize two different atomic ensembles
of the same species coupled to the same optical mode. This was achieved by using fictitious
magnetic fields induced by fiber-guided fields. Thus, the two atomic ensembles trapped along
the nanofiber experienced different shifts of their levels making them optically discernible by
light fields propagating in the nanofiber. With this technique it should be possible to realize the
scheme proposed in [167] in order to observe nonlinear interaction of single photons with only
one atomic species. In [172,173], the observation of all-optical switching is reported where only
one atomic species (133Cs) is used. However, in our systems we can combine the advantages
of both systems: First, the usage of just one atomic species (as in [172, 173]) reduces the ex-
perimental requirements, e.g., there is no need for different laser systems to address different
atomic species. Second, the usage of two discernible ensembles (as proposed in [167]) allows
for higher flexibility in terms of selecting advantageous Λ-systems and adjusting the required
EIT conditions for both weak light fields.
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