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Abstract

This thesis presents the coherent excitation of Rydberg states from a room temperature vapor
of cesium atoms in hollow-core photonic crystal �bers. The project was initiated and enacted
in close collaboration with the 5th Physical Institute of the University of Stuttgart.

Atoms in highly excited electronic states, referred to as Rydberg atoms, can possess ex-
aggerated properties. In particular they feature an around six orders of magnitude larger
polarizability compared to their ground state counterparts. This results not only in a high
sensitivity to electric �elds but also enables strong interatomic dipole-dipole interactions.
Such Rydberg�Rydberg interactions allow for optical nonlinearities down to the single pho-
ton level and can be e�ective on the micrometer scale. This work investigates the feasibility
of integrating a Rydberg system based on thermal atomic gases into waveguide con�nement
provided by a hollow-core photonic crystal �ber (HC-PCF). To this end, an experimental
setup for atom spectroscopy in HC-PCF was designed and constructed. In preparation for
the Rydberg spectroscopy, we carefully characterized the optical depth of our �ber system.
In this context, the processes of atom di�usion into the core, the adsorption of atoms on
the glass surface and light induced atomic desorption (LIAD) are reviewed in detail. The
coherent spectroscopy on Rydberg atoms in HC-PCF is realized by a three-photon ladder ex-
citation scheme. Launching the excitation light �elds in a counter-propagating con�guration
allows us to partly compensate for Doppler-e�ects in the thermal vapor. Experimental results
are presented for large range of coupling strengths and Rydberg states, featuring principal
quantum numbers between n = 26 and n = 40, as well as a variety of di�erent HC-PCFs
with core diameters between 19 µm and 62 µm. The excitation of highly sensitive Rydberg
atoms in close vicinity to a core con�nement implies that interactions between the atoms
and the nearby glass material of the �ber are likely to in�uence our system. Comparing our
Rydberg spectra obtained in HC-PCF to measurements simultaneously performed in a refer-
ence cell reveals a line-shift of the Rydberg state. To gain further insight into the underlying
e�ect the probe light was launched into higher-order optical modes, providing a degree of
spatial resolution. We show that our experimental �ndings can be reproduced by a model
based on stray electric �elds originating from the dipole moments of atoms adsorbed on the
glass surface. In addition, the response of Rydberg atoms inside a HC-PCF to an externally
applied radio-frequency (rf) �eld is investigated. We demonstrate that applying an electric
�eld can be utilized to address atoms at di�erent positions along a HC-PCF and present
experimental and theoretical results for sideband modulation by rf-dressing of the Rydberg
state. Finally the prospects of HC-PCF based Rydberg systems for potential applications in
coherent spectroscopy, quantum optics and quantum sensing are elaborated.



Zusammenfassung

Diese Arbeit behandelt die kohärente Anregungen von Rydberg-Zuständen eines thermischen
Cäsium Gases in einer optischen Hohlkernfasern (engl. hollow-core photonic crystal �ber, HC-
PCF). Das Projekt wurde in enger Zusammenarbeit mit dem 5. Physikalischem Institut der
Universität Stuttgart initiiert und durchgeführt.

Atome in hoch angeregten Zuständen, sogenannte Rydberg-Atome, besitzen im Vergleich
zu ihrem Grundzustand extreme Eigenschaften. Das betri�t im Besonderen ihre Polarisier-
barkeit, welche um etwa sechs Gröÿenordnungen erhört ist. Diese führt nicht nur zu einer
hohen Sensitivität gegenüber elektrischen Feldern sondern ermöglicht auch starke Dipol-Dipol
Wechselwirkungen zwischen Rydberg Atomen. Rydberg-Rydberg Wechselwirkungen können
über eine Länge von mehreren Mikrometer wirksam sein und erlauben optische Nichtlinear-
itäten auf dem Level einzelner Photonen. In dieser Arbeit wird die Realisierbarkeit eines
Rydberg Systems untersucht, das auf einem thermischen Gas von Atomen, eingeschlossen
in der Wellenleiter Struktur einer optischen Hohlkernfaser basiert. Zu diesem Zweck wurde
ein experimentelles Setup für Atomspektroskopie in Hohlkernfasern entworfen und aufgebaut
und die optische Dichte im System sorgfältig charakterisiert. In diesem Zusammenhang wird
auch auf die Di�usionsprozesse von Atomen in den Hohlkern der Faser, das Adsorbieren
von Atomen auf der Glasober�äche und E�ekte durch das Ablösen von Atomen auf Ober-
�ächen durch Licht (engl. light induced atomic desorption, LIAD) näher eingegangen. Die
kohärente Spektroskopie an Rydberg-Atome in Hohlkernfasern ist durch ein Drei-Photonen
Anregungsschema realisiert. Um einen Teils des Doppler E�ektes des thermischen Gas zu
kompensieren sind die Lichtfelder für die Anregung sind in einer gegenläu�gen Kon�guration
in die Faser gekoppelt. Experimentelle Ergebnisse für Hauptquantenzahlen von n = 26 bis
n = 40, variierende Kopplungsstärken und verschiedenen Hohlkernfasern mit Durchmessern
zwischen 19 µm und 62 µm werden diskutiert. Im Hohlkernfasersystem werden hoch sensitiven
Rydberg-Atomen in unmittelbarer Nähe zum Glass Materials des Wellenleiters angeregt, was
einen Ein�uss auf die Atome durch den Einschluss des Wellenleiters sehr wahrscheinlich macht.
Tatsächlich kann durch den Vergleich der gemessenen Spektren im Hohlkernfasersystem und
in einer Referenzzelle eine Verschiebung der Rydberg Linie beobachtet werden. Die räumliche
Verteilung dieser Ein�üsse wird mit Hilfe von optischen Fasermoden höherer Ordnung genauer
untersucht. Der Vergleich der Experimentellen Ergebnisse zu numerischen Simulationen zeigt,
dass die Linienverschiebung durch elektrische Streufelder erklärt werden kann, welche durch
die Dipolmomente der an der Glass Ober�äche adsorbierten Atome entstehen. Im letzten Teil
dieser Arbeit machen wir uns die hohe Polarisierbarkeit von Rydberg Atomen zu Nutze um
mit Hilfe einer Radiowelle Seitenbänder auf den Rydberg-Zuständen zu erzeugen und Atome
an verschiedenen Orten entlang einer Hohlkernfaser zu adressieren. Abschlieÿend werden die
Perspektiven für Rydberg Systeme in Hohlkernfasern für potentielle Anwendungen im Bereich
der kohärenten Spektroskopie, der Quantenoptik und Messtechnik diskutiert.
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Introduction
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The origin of modern atomic physics goes back to the early 20th century. With the discovery
of the spectral lines a new theoretical description of atoms became necessary resulting in the
well known Bohr model [141] in 1913. By allowing only for certain discrete energy levels of an
atom, this model had an important impact on the formulation of quantum mechanics drafted
in the same period of time. Nowadays atoms are one of the best understood and controlled
systems available in modern physics.

The most prominent demonstration of the capability to manipulate atoms with electro-
magnetic �elds is the de�nition of our time by atomic clocks with a precision of up to eighteen
digits [27,89]. The potential of atom-based metrology does not only rely on the excellent con-
trol of the system but also on an often overlooked intrinsic characteristic. In contrast to
arti�cial atoms, such as quantum dots or N-V color centers, atoms of the same kind always
feature the same properties. A cesium atom on a satellite has the same energy structure
than one in at the PTB in Braunschweig or at NIST in Gaithersburg. Hence there is a great
interest in utilizing atomic systems for calibration measurements and de�nition of standards.
Beside their established status for metrology applications, atomic systems have been exten-
sively investigated to address fundamental questions of physics over the last decades. With
the methods of laser cooling and trapping of atoms (Nobel Prize in Physics 1997 for Steven
Chu, Claude Cohen-Tannoudji and William D. Phillips) an atom cloud can be nearly com-
pletely de-coupled from its surrounding, allowing a quantum state in this system to survive for
times up to minutes [58]. By cooling down atoms very close to their motional ground state it
was possible to demonstrate Bose-Einstein Condensation (BEC) [104], a predicted new state
of matter, rewarding Eric A. Cornell, Wolfgang Ketterle and Carl E. Wieman with the Nobel
Prize in Physics 2001. Since then the complexity of systems that can be laser cooled has
increased drastically and now ranges from heteronuclear Bose-Bose and Bose-Fermi molecu-
lar BECs [78, 131] to rare earth elements like dysprosium [101] or erbium [3], continuously
revealing rich physics [160].

The long coherence times achievable in dilute atomic gases has motivated numerous works
utilizing atom-based systems for quantum-optical purposes. A milestone towards this goal
was the demonstration of manipulating individual quantum systems in form of photons or
atoms [80, 202], which was honored with the Nobel price in physics for Serge Haroche and
David J. Wineland in 2012 and is considered the beginning of cavity quantum electrodynam-
ics (CQED). Many approaches to modify light �elds by atomic systems are based on their
potential to exhibit large optical non-linearities based on their well-de�ned narrow-band res-
onances [142] following Miller´s rule [128]. For investigating these systems electromagnetic
induced transparency (EIT) [28, 66] has established as a versatile spectroscopy tool. While
EIT can support a collective behavior of atoms, the systems non-linearity can be further in-
creased if the whole ensemble of atoms shows a collective response mediated by an interatomic
interactions.

One approach to implement a strong and switchable interaction between neutral atoms is
the excitation of Rydberg states [142, 153]. These highly excited states (typically principal
quantum number n ≥ 20) feature exaggerated properties, in particular their � compared to an
ground state atom � around six orders of magnitude higher polarizability [67]. This leads to a
strong dipole-dipole or van-der-Waals type interaction between Rydberg atoms, which can be
e�ective up to micrometer scale [57,118]. The resulting e�ect of the Rydberg blockade can be
exploited to realize controlled NOT gates [96,201], non-classical light sources [65,140], single
photon sources [197] or absorbers [93], few photon transistors [73] or atom-light entanglement
[111]. These experiments are typically carried out using cold atom clouds.
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In thermal vapor experiments the movement of the atoms reduces the achievable coherence
times in the system to only a few nanosecond. However, room temperature systems can be
operated at much higher bandwidth up to GHz and their experimental simplicity allows for
much more compact designs. Is was possible to demonstrate, that the Rydberg-Rydberg in-
teraction can become the relevant energy scale even in room-temperature systems [14]. More
recently the phenomena of optical meta-stable behavior [199] and Rydberg aggregations [186]
have been observed using �hot atom�. Latest results show that based on their large polariz-
ability thermal Rydberg vapor systems have great potential to serve as micro-wave or THz
sensors [62, 63, 164, 195]. Applying radio-frequency (rf) �elds can also be used to dress Ryd-
berg states with Floquet sidebands [132]. This allows to observe Stückelberg oscillations [188],
measure atomic polarizabilities [207], phase modulate light [133] or to even further increase
the sensitivity of Rydberg states to electric �elds [16]. Typically spectroscopy experiments on
thermal atoms are performed in glass cells with sizes between a few micrometers up to several
centimeters. However, removing the cooling procedure of the atoms eliminates many restric-
tions on the experimental setup. This paves the way to a new generation of miniaturized
and integrated spectroscopy devices. Towards this goal di�erent approaches are followed, e.g.
micro cells [109], tapered �bers [68,87] or chip integrated waveguides systems [146,205].

With the discovery of photonic crystal �bers (PCF) [152] a new type of waveguide became
available. Unlike a standard step-index �ber a PCF is able to guide light in a region featuring a
lower refractive index than its surrounding, which enables a hollow-core geometry [196]. Based
on a photonic-bandgap or an anti-resonant guiding mechanism [22,136,148] these hollow-core
photonic crystal �bers (HC-PCF) can provide a low loss and broadband waveguide supe-
rior to a simple capillary. Since HC-PCF are typically drawn from silica glass the �ber can
withstand even aggressive elements like cesium or rubidium. If �lled with alkali gases the
waveguide structure assures an e�cient atom-light coupling over a theoretically in�nite in-
teraction volume. Launching di�erent excitation beams, required for e.g. electromagnetically
induced transparency (EIT) schemes, into the same optical HC-PCF mode assures a perfect
overlap of the light �elds. Due to the broadband guidance of kagomé lattice �bers [196]
also di�erent excitation wavelengths in the system are possible. By splicing a gas-�lled HC-
PCF to a single-mode or multi-mode solid core �ber [77], a fully �ber integrated, compact
spectroscopy device working at room temperature is in reach [19].

The spectroscopy of atoms inside HC-PCF has been realized in cold atom experiments [12,194]
as well as in di�erent types of thermal vapors [71, 171, 193]. A HC-PCF loaded with cold
atoms can e.g. be utilized for precision spectroscopy [134], for all-optical switching [11] or
to create systems with a large optical depth [26]. In thermal vapor systems HC-PCF have
been successfully used to measure electromagnetically induced transparency [71, 113], low-
power four-wave mixing [115], and cross-phase modulations at a few photon level [137, 192].
Recently an optical memory operating on the single photon level was demonstrated based on a
HC-PCF [170] �lled with thermal cesium atoms. An unique feature of the thermal vapor HC-
PCF systems is the possibility to increase the optical depth of the systems over several order
of magnitude [25,55,100] by light induced atom desorption (LIAD) e�ects [126]. While these
experiments show the potential of atom �lled HC-PCF system, the investigated spectroscopy
schemes are based on low lying atomic states. In this work we present the excitation Rydberg
states with principal quantum numbers up to n = 40 from thermal cesium atoms loaded into
a HC-PCF. The focus is on analyzing in�uences on our Rydberg system due to the nearby
core con�nement. Understanding and minimizing these e�ects is crucial for any experiment
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utilizing Rydberg atoms in HC-PCF, in particular for the investigation of Rydberg-Rydberg
interactions in future experiments.

Outline

This thesis is organized as follows. After the introduction the basic concepts required to
follow this work are discussed, starting with a short recap of Rydberg atoms in chapter 1. In
chapter 2 the master equation, a semi-classical model to describe the atom-light interactions
in our system, is introduced step-by-step. Second key element to this work are HC-PCF. The
available types of HC-PCF and their properties are discussed in chapter 3. Due to the large
surface to volume ratio in these systems the e�ects on atom-glass interfaces are important for
this work. The basics of atomic adsorption on dielectric surfaces and their release by intense
light �elds are reviewed in chapter 4.

After laying down the theoretical and experimental basis, we characterize our experimental
system. The basic setup used for all experiments is presented in chapter 5, including the
optical setup, the vacuum system and the speci�c HC-PCF investigated in this work. An
important parameter to produce reproducible spectroscopic results is the atom density and
resulting optical depth of a system. Our measurement procedure to extract the optical depth
in the HC-PCF is explained in chapter 6. Furthermore the �lling process of a HC-PCF with
cesium vapor and the modulations of the optical depth by light induced atomic desorption
(LIAD) e�ects are investigated in chapter chapter 6.

The main results for the coherent excitation of Rydberg states from a thermal cesium vapor
in HC-PCF are presented in chapter 7. The three-photon excitation scheme used throughout
this work is introduced and our theory model to simulate the system is presented. The
experimental results are discussed for di�erent HC-PCF, varying coupling strength and a wide
range of Rydberg states with principal quantum numbers between n = 26...42. Comparing
the spectra obtained in the HC-PCF system to a reference cell measurement reveals line-shifts
of the Rydberg state. Due to their scaling behavior with the principal quantum number, we
attribute these line-shifts to the presence of stray electric �elds in the hollow-core region.

In chapter 8 the electric stray �elds in the HC-PCF system and the resulting Rydberg line-
shifts are reviewed in detail. To obtain further insight on the origin of these stray �elds
the probe light is launched into higher-order optical HC-PCF modes. This allows us to
vary the average distance between probe atoms and core con�nement without changing the
investigated �ber. By comparing the line-shifts extracted for the di�erent optical modes we
gain information about the spatial distribution of the electric �eld. Finally we show that we
are able reproduce our experimental �ndings by simulating an electric �eld in the hollow-core
region, based on model assuming dipole moments on the core walls arising from adsorbed
atoms. Using this model we can estimate the number of adsorbed atoms as well as their
distribution along the �ber.

In chapter 9 the high sensitivity of the Rydberg atoms is exploited to manipulate their level
structure by external applied electric radio frequency (rf) �elds. First we review the the-
oretical description of the interactions between atoms and high frequency electric �elds in
terms of a Floquet approach. Subsequently we introduce our experimental system and show
the feasibility of addressing Rydberg atoms at di�erent segments along a HC-PCF by using
structured �eld plates. In the �nal part of chapter 9 the rf-dressing of Rydberg states in HC-
PCF is demonstrated experimentally and compared to the results of our theoretical model.
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Evaluating the amplitudes of the observed sidebands for di�erent parameters of the applied
rf �eld provides insight into the ac and dc components of the �eld present in the hollow-core.
The thesis is concluded in part IV by brie�y summarizing its main results and discussing
future prospects of Rydberg systems based on thermal atom vapors HC-PCF.
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Part II

Theoretical and experimental

foundations



1 Rydberg atoms

If an atom has one or more of its electrons excited to an electronic state with high principle
quantum number n it is called a �Rydberg atom�. Although there is no de�ned threshold,
commonly atoms with n & 15 are considered as Rydberg atoms. Due to the weak bond of
the electron in such a �Rydberg state� these kind of atoms feature unique properties. Most
importantly, they show a very high sensitivity to electromagnetic �elds [67] or to another
Rydberg atom, which can be as far away as several µm [86, 168]. Exploiting these properties
for quantum optics [142], quantum computing [153], quantum simulation [197] and sensing
applications [164] is subject of ongoing research. In the following chapter we will summarize
the properties of Rydberg atoms and their scaling behavior followed by a short introduction
to their interaction with external electric �elds, especially the DC-Stark e�ect. Since the
experiments in this thesis are carried out using Alkali vapors, we can restrict the discussion
to a system with only one excited valence electron.

1.1 General properties

The naming �Rydberg atoms� originates from the work of Johannes Rydberg. He found that
the Balmer equation for hydrogen transitions is a speci�c case of the more general formula

1

λ
= −R∞

(
1

n21
− 1

n22

)
, (1.1)

where λ is the emitted wavelength (in vacuum), n1 and n2 are the respective principle quantum
numbers and R∞ = (mee

2)/(8ε0h
3c) is the Rydberg constant for the in�nite mass approxi-

mation me/mp ≈ 0, where me (mp) is the electron (proton) mass. ).
For other Alkali atoms than hydrogen the Z − 1 inner electrons e�ectively shield the +Z
charged core. However the shielding is not perfect. Due to a �nite probability of the valence
electron being inside this shielded core the energy of its state is slightly lowered compared to
a hydrogen-like system. This e�ect is in most cases non-negligible for electronic states with
low angular momentum l < 4 (S, P, D and F states, �defect states�). Furthermore including
the �nite nucleus mass m+ the energy of the (Rydberg-) state reads

Enlj = − R∞
(1 +me/m+)

· 1

(n∗)2
(1.2)

with n replaced by the e�ective principle quantum number n∗ = n − δnlj . The quantum
defect [162] δnlj for di�erent main quantum numbers n can be calculated using the formula

δnlj = δ0 +
δ2

(n− δ0)2
+

δ2

(n− δ0)4
+ ... . (1.3)

The Rydberg-Ritz coe�cients δ0, δ2, δ4,... are di�erent for each element and combination
of quantum numbers l and j. Note that this lifts the l degeneracy compared to a hydrogen
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Chapter 1 RYDBERG ATOMS

property scaling

binding energy (n∗)−2

level spacing (n∗)−3

orbital radius (n∗)2

radiative lifetime (n∗)3

dipole moment 〈7S1/2|er|nP 〉 (n∗)−
3/2

polarizability (n∗)7

C3 coe�cient (n∗)4

C6 coe�cient (n∗)11

Tab. 1.1: Scaling of Rydberg atom properties with e�ective principle quantum number n∗ [67, 153].

system.
In experiments presented in this work thermal cesium atoms (Cs133) are excited to Rydberg
nP3/2 states in the range between n = 26 to n = 44. Some basic properties of the element
cesium are listed in appendix A. The corresponding Rydberg-Ritz coe�cients for these states
are [117]

δ0 = 3.559

δ2 = 0.392

δ4 = −0.674

δ6 = 22.353

δ8 = −92.289 .

(1.4)

The resulting quantum defects relevant for our system are between δ26P3/2 = −3.569 and
δ44P3/2 = −3.559. Similar to the before discussed energy levels most important properties of
Rydberg atoms scale with their e�ective principle quantum number n∗. Table 1.1 gives an
overview of important scaling laws [67, 153]. Mostly relevant for this thesis is the interaction
with an external electrical �eld. The associated property is given by the polarizability α
which features a very strong (n∗)7 scaling. The resulting change of Rydberg state energy in
an external �eld, the Stark shift, will be discussed in more detail in the next chapter. Also
noticeably is the (n∗)11 scaling of the van-der-Waals (C6) coe�cient. This huge scaling factor
is responsible for the possible strong interactions between di�erent Rydberg atoms [118]. That
these interactions can become dominant even in thermally broadened systems has recently
been demonstrated [14,186]. However, the experiments presented in this thesis are performed
in a non-interacting regime with low Rydberg atom densities. Therefore these e�ects will not
be discussed in here. Further information on Rydberg interactions in thermal systems can be
found in e.g. [15,94,108,187].

1.2 DC Stark e�ect

The energy level scheme of an atom experiencing an static external electric �eld is modi�ed
by the Stark shift. Commonly this e�ect is small for experimental accessible electric �elds
and low lying electronic states. Rydberg atoms however feature a very large polarizability,

8



DC Stark e�ect 1.2

n α0 α2

25 5.83(0.045) −0.575(0.025)
30 24.57(0.61) −2.36(0.20)
35 83.03(1.14) −7.1(0.6)
40 230.4(2.9) −19.8(1.2)
45 568(8.3) −50.2(4.9)

Tab. 1.2: Scalar and tensor polarizabilities of cesium nP3/2 Rydberg states in MHz/(Vcm−1)2 [75].

see table 1.1, which makes them sensitive to even quite small electric �elds < 1 V cm−1.
The Hamiltonian of an atom in an static external electric �eld E reads

H = H0 +Hi = H0 − d̂ · E . (1.5)

Here H0 is the Hamiltonian of unperturbed atom and Hef describes the interaction given by
the electric �eld and electric dipole operator d̂. If the contribution of −d̂ · E is small the
interaction can be implemented by perturbation theory. The Stark shift for an atom in the
sublevel k = (nljm) can therefore be written as [105,159]

∆Ek = −〈k|d̂ · E|k〉+
∑
i6=k

〈k|d̂ · E|i〉〈i|d̂ · E|k〉
Ek − Ei

. (1.6)

Since d̂ · E is an odd parity operator and the degeneracy of states is lifted by the quantum
defect for l < 4 (as discussed in the previous section), the linear term vanishes and only the
second order term needs to be considered. By introducing

∆Ek = 〈k|H ′|k〉 = 〈k|
∑
i6=k

d̂ · E|i〉〈i|d̂ · E
Ek − Ei

|k〉 (1.7)

one can see that the energy shift corresponds to the diagonal matrix element of the e�ective
Hamiltonian H ′. The quadratic Stark shift of an atom can therefore be calculated by [105]

∆E = −1

2
αE2

= −1

2

(
α0 + α2

[
3m2

J − J(J + 1)

J(2J − 1)

])
E2

(1.8)

for an electric �eld E = Eεz parallel to the quantization axis z. The total polarizability α is
given by the scalar polarizability α0 and a tensor polarizability α2, which is dependent on total
electronic angular momentum J . If the electric �eld is tilted with respect to the quantization
axis the contribution of the tensor term changes and the stark shift reads [172]

∆E = −1

2
α0E2 − 1

2
α2

[
3m2

J − J(J + 1)

J(2J − 1)

]
3E2z − E2

2
(1.9)

Example values for the polarizabilities of cesium nP3/2 Rydberg states are shown in table 1.2
[75]. The tensors polarizability α2 is typically around ten times smaller than α0.

9



2 Atom-light interaction

The experiments presented in this work are based on alkali atom spectroscopy. The interaction
between atoms and light can be used to (coherently) manipulate atomic states or to probe
properties of the investigated atom. Also atoms can be exploited as tool to manipulate light
�elds in a desired manner. Alkali atoms feature only one valence electron which considerably
simpli�es the atomic level structure. Due to the reduced level complexity an excited alkali
atom eventually ends up again in its initially ground state by spontaneous or induced emission.
By realizing a closed transition cycle the same atom can interact multiple times with the same
light �eld and thus contribute repeatedly to the spectroscopy signal1.

In this chapter the required framework for atom-light interactions is introduced. The general
theory is brie�y summarized as it is already well covered by standard literature [46,120,161].
Aspects more speci�c to the experimental system in this work, in particular the thermal
movement of atoms, are discussed in more detail.

2.1 Minimal coupling Hamiltonian

The Hamiltonian of an atom in an external light �eld is given by

H = HA +HAA +HQF . (2.1)

HA includes the atomic motion as well as the atom-light interaction. HAA describes interaction
between di�erent atoms. The external quantized �eld is given by HQF .

HQF =
∑
i

~ω(a†iai + 1/2) (2.2)

By making several restrictions to our system this Hamiltonian can by simpli�ed. First, the
atoms (core and electrons) are treated non-relativistic (allows to describe it by canonical
operators r and p instead of a �eld theory). Next we want to eliminate the term HQF by
considering classical light �elds only. This is valid if the average number of photons is high and
therefore the absorption (emission) of a photon from (into) the light �eld is negligible. Note
that a full quantized description of the light �eld (second quantization) is necessary if treating
very small photon numbers (especially single or few photon experiments) or investigating the
photon statistics, such as (anti-)bunching of light. Finally we want to exclude the interaction
between di�erent atoms HAA = 0. Also these interactions can become very strong, especially
for Rydberg atoms as discussed in chapter 1, this work focuses on the non-interacting regime.

The simpli�ed Hamiltonian H = HA is given by the movement of one electron in the core
potential and interacting only with the electric �eld. There is no motion of the core. Instead
the atom movement is implemented by an e�ective frequency shift of the light �eld as discussed
1Example for a closed transition: the 6S1/2 F = 4 → 6P3/2 F = 5 transition of the D2 line of cesium



Minimal coupling Hamiltonian 2.1

later on. Furthermore we consider a neutral, single electron atom. Since this work is based
on alkali systems these are valid assumptions. The result is the so called minimal-coupling
Hamiltonian.

HA =
1

2m
[p− eA(r, t)]2 + eΦ(r, t) + V (r) (2.3)

where m is the electron mass, e its charge and p = −i~∇ and r are the canonical operators
[ri, pj ] = i~δij (i, j = x, y, z) for the position and momentum. The interaction between
electron spin and magnetic �eld is neglected here. The external �eld is de�ned by the vector
potential A(r, t) and scalar potential Φ(r, t). The electrostatic potential V (r) is given by
the e�ective Coulomb potential between electron and core. This Hamiltonian can be derived
from demanding the Schrödinger equation to satisfy local gauge invariance [161]. Note that
the potentials A(r, t) and Φ(r, t) are gauge dependent while the electric E(r, t) and magnetic
�eld B(r, t) are not (and therefore can be referred to as physical quantities). In the following
we transform the Hamiltonian to be given by these gauge invariant observables.

Dipole approximation and electric �eld gauge

The diameter of an atom is in general much smaller than the typical wavelength for an
electronic atomic transition. Hence we can assume the vector potential A(r, t) to be constant
over the hole atom at position r0.

A(r, t) = A(r0, t) (2.4)

This is the so-called dipole approximation. Additionally the system is considered to be in the
Coulomb (or radiation) gauge in the following.

Φ(r, t) = 0 (2.5)

∇ ·A(r, t) = 0 (2.6)

The Schrödinger equation then reads(
− ~2

2m

[
∇− ie

~
A(r0, t)

]2
+ V (r)

)
Ψ(r, t) = i~

∂Ψ(r, t)

∂t
(2.7)

Now we want to perform the transformation to the electric �eld gauge or r ·E gauge. To do
so we apply the gauge transformation

X (r, t) = − e
~
A(r0, t) · r (2.8)

by the unitary transformation
T (r, t) = eiX (r,t) (2.9)

to the wave function Ψ(r, t) and the Hamiltonian HA.

Ψ̃(r, t) = T (r, t) Ψ(r, t) (2.10)

H̃A = T (r, t)HA T
†(r, t) (2.11)

11



Chapter 2 ATOM-LIGHT INTERACTION

On this point the di�erence between physical quantities and non-physical quantities should
be pointed out. For the latter its eigenvalue depends on the chosen gauge while for a physical
quantity or observable Aphy the eigenvalue is gauge invariant.

Aphy |ψ〉 = a |ψ〉 (2.12)

TAphyT
† T |ψ〉 = a T |ψ〉 (2.13)

This is what one expects since the outcome of measuring an observable should not depend on
a chosen gauge. Applying this electric �eld gauge transformation and using E = − ∂

∂tA, the
Schrödinger equation eq. (2.7) can be simpli�ed to the well known form[

p2

2m
+ V (r)− er ·E(r0, t)

]
Ψ̃(r, t) = i~

∂Ψ̃(r, t)

∂t
. (2.14)

Single atom interaction Hamiltonian

The Hamiltonian of a single atom interacting with a light �eld can be written as

HA = H0 +H1 (2.15)

where H0 =
∑

i ~ωi|i〉〈i| is the Hamiltonian of the unperturbed atom given by its eigenstates
|i〉 and corresponding eigenenergies ~ωi and H1 describes the atom-light interaction. The
atomic transition |i〉 ⇒ |j〉 is coupled by a near resonant electric �eld E(r, t)ij with polar-
ization εij . Separating the spatial dependence by using the dipole approximation E(r, t)ij =
E(ro, t)ij the electric �eld can be written as

Eij(t) = εij
1

2
(E0,ije

iνijt + E ∗0,ije
−iνijt) (2.16)

with the light �eld angular frequency νij . The interaction with the classical electric �eld is
given by

H1 = −d ·E(t) (2.17)

where the atomic dipole operator d = er is build up by the dipole matrix elements dij =
e〈i|dε|j〉. By de�ning the resonant Rabifrequency

Ωij =
|dij |E0,ij

~
, (2.18)

the interaction Hamiltonian reads

H1 =
∑
i6=j

~Ωij

2
(eiνijt + e−iνijt) . (2.19)

Rotating wave approximation

Equation eq. (2.19) can be further simpli�ed by changing into a reference frame oscillating
with frequency of the light �eld νij .

H̃1ij = −dij
2

E0,ij(1 + e−2iνijt) . (2.20)

12



Density matrix formalism 2.2

The new Hamiltonian H̃ in the rotating frame is obtained by the unitary transformation.
This transformation is applied to the Hamiltonian as well as the wave function.

H̃ = U †HU − i~U †∂U
∂t

(2.21)

Ψ̃ = U †Ψ . (2.22)

The entries Uii of the diagonal matrix U are given by the total phase the atom experiences by
the light �elds when going from state 〈1| to state 〈i| [94, 110]. The second term in eq. (2.20)
oscillates with twice the light frequency and averages out on timescales much faster than co-
herent dynamics of the atom. Therefore it can be neglected most of the time which is known
as the rotating wave approximation.

2.2 Density matrix formalism

Solving the resulting Schrödinger equation i~ ∂
∂t |Ψ(t)〉 = −(H0 + H1) |Ψ(t)〉 for a two level

system interacting with a single mode classical light �eld is a well know example and pre-
sented in many textbooks [161]. This system however misses a important process which is
spontaneous decay. This irreversible exponential decay of excited states is the coupling to
the continuum of quantized vacuum modes2 of the electromagnetic �eld (Weisskopf-Wigner
theorem, [198]). Instead of calculating the full coupling to vacuum modes it is common to
implement the spontaneous decay phenomenologically by the relaxation matrix Γ. Analogous
other decay and decoherence mechanism such as collisions or thermal e�ects can be added to
the system. When dealing with large atom numbers this requires a theory which is able to
describe statistical ensembles (mixed states) as well as pure quantum states.
A well established approach is the density matrix formalism [32]. The density matrix entries
ρij are given in a basis of pure states |ψi〉

ρ =
∑
ij

ρij |ψi〉〈ψj | . (2.23)

Instead of the Schrödinger equation the dynamics are now described by the so called von
Neumann equation

i~
∂ρ

∂t
= [H, ρ] . (2.24)

The expectation value of an observable A is given by 〈A〉 = Tr[ρA]. In atom physics the
pure states basis is given by the eigenstates of the coupled atom-light system. The diagonal
elements ρii can be identi�ed as the population of state |ψi〉 (with Tr[ρ] =

∑
ii ρii = 1) and

the diagonal elements ρij as the coherence between the states |ψi〉 and |ψj〉.
Spontaneous decays can now phenomenologically implemented by the Lindblad Operator LD.
This and other decoherence e�ects which will be discussed in more detail in the following
chapter. Extending the von Neumann equation by LD leads to the Liouville von Neumann
equation or Master Equation

i~
∂ρ

∂t
= [H, ρ] + i~LD(ρ) . (2.25)

2Coupling to a single vacuum mode (Jaynes�Cummings model) leads to a revival of the excited state. This is
suppressed if coupling to a continuum of modes due to destructive interference of the di�erent probability
amplitudes.
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Chapter 2 ATOM-LIGHT INTERACTION

To perform the rotating wave approximation the density matrix needs to be calculated in the
rotating frame

ρ̃ = U †ρU . (2.26)

The Lindblad operator L̃D(ρ̃) = LD(ρ) keeps it form under this transformation. In the
following the density matrix is always given in the rotating frame with applied rotating wave
approximation and the tilde is left out.
The time dependent solution of the master equation results in the famous Bloch equations.
In this work all experiments are performed with light �elds featuring amplitudes that are
constant on the timescales of atom dynamics. Therefore only the steady state solution

[H, ρ] + i~LD(ρ) = 0 (2.27)

needs to be considered.

Homogeneous decoherence processes

Homogeneous decoherence e�ects are experienced the same way for each atom of the ensemble.
In this case the master equation can be extended by the Lindblad operator LD and only needs
to be solved once. Most important example is the already discussed spontaneous decay. In
this case the decoherence goes along with a change in state population and the Lindblad
operator reads [94]

LD =
∑
ij

Γij

(
CijρC

†
ij −

1

2
[C†ijCij , ρ]+

)
(2.28)

with Cij = |j〉〈i| for all possible decays i→ j. Other mechanism, such as elastic collision, can
be energy conserving and only e�ect the coherences. These processes are called dephasing.
The resulting Lindblad operator does not change the population of states and is given by

Ld =
∑
ij

Γij

(
C†ijρCij −

1

2
[C
†ijC
ij , ρ]+

)
. (2.29)

Additional e�ects can be described by homogeneous decoherence processes by assuming atoms
lost from the ensemble to be instantly replaced by ground state atoms. This acts like an
e�ective additional decay channel contributing to LD. Atoms are e.g. lost from the ensemble
is if they leave the volume of interaction with the light �eld due to thermal motion. This
e�ect will be discussed in more detail in the following.

Transit time e�ects

Commonly the excitation light �eld is given in form of a Gaussian beam or, as in this work,
as a waveguide mode. In a thermal ensemble of atoms at equilibrium conditions the rates
of atoms leaving the volume of interaction and new atoms entering it are equal. Assuming
new atoms to be in their ground state this e�ect can be implemented as an additional decay
channels from all atomic states back to the ground state. The corresponding lifetime τ is
given by the average time a atom with velocity v is inside the interaction volume V .

τ ∝ V

v
(2.30)
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Density matrix formalism 2.2

For a 1/e2 beam waist ω0 the e�ective transit time rate is given by [154]

Γtt =

√
2

ln 2

√
8kBT

πm

1

ω0
. (2.31)

T is the temperature of the ensemble, kB the Boltzmann constant and m the atomic mass.

Inhomogeneous decoherence processes

Inhomogeneous decoherence processes can vary for each atom of the ensemble. Therefore the
master equation (which of course can still include homogeneous e�ects) needs to be calculated
multiple times. Lets assume the property of an atom leading to the inhomogeneous decoher-
ence process is denoted by x. Then ρ(x, t) needs to be calculated for every x, weighted by the
probability p(x) of an atom in the ensemble show the property x and �nally averaged over
the hole ensemble [94]. The resulting convolution of ρ(x, t) and p(x) reads

ρ(t) =

∫
dx p(x)ρ(x, t) . (2.32)

Often these e�ects are in�uenced by the position and the velocity of the atom. The position
can change the experienced light �eld or lead to additional interaction terms e.g. depending
on other nearby atoms, ions, surfaces and so on. The velocity of an atom changes the e�ective
frequency of the light �eld due to the Doppler shift and therefore the coupling. As this e�ect
is crucial for thermal ensembles the calculation will be presented in the following.

Doppler e�ect

The frequency of the light �eld as seen by a atom at rest is given by νi. For atoms moving with
velocity v the Doppler e�ect shifts this frequency by 4Doppler = −kiv where ki is the wave
vector of the electric �eld [174]. Only the velocity component v|| parallel to the wave vector
contributes to the Doppler shift and the e�ective frequency is increased (decreased) for atoms
moving in the opposite (same) direction as ki. The one dimensional velocity distribution of
a thermal Maxwell-Boltzmann distributed ensemble is given by a Gaussian.

N(v||) =

√
m

2πkBT
exp

(
−
mv||

2kBT

)
(2.33)

If expressed in terms of the Doppler detunings4Doppler the resulting full width half maximum
(FWHM) width of the distribution is given by

γDoppler = |ki|
√

8 ln 2kBT

m
. (2.34)

The full density matrix of the thermal ensemble is therefore given by the ensemble average.

ρ =

∫ ∞
−∞

dv||ρ(v||)N(v||) (2.35)

=

∫ ∞
−∞

dv||ρ(v||)

√
m

2πkBT
exp

(
−
mv||

2kBT

)
(2.36)
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Chapter 2 ATOM-LIGHT INTERACTION

Note that for spectroscopy on thermal atom systems this e�ect is often the dominating broad-
ening mechanism as it is typically much larger than the natural line width of any addressed
state. However it can be counteracted to some degree by realizing a co-propagating (lambda
schemes) or counter-propagating (ladder schemes) beam con�guration [98]. In this case the
Doppler detuning as seen by the atoms shifts in the same direction for both excitation light
�elds. For di�erent excitation wavelength this compensation is limited by the wavenumber
mismatch (k1 − k2)v||, which is referred to as the residual Doppler e�ect [155].

2.3 Atomic back-action on the light �eld

In this chapter the back-action of the atomic ensemble onto a light �eld will be discussed.
The measured quantity in atom spectroscopy is typically the change of a light �eld, e.g. the
changing intensity of probe beam or �uorescence light. Understanding how the atoms modify
the light �eld allows us to connect our theory to experimental measurable values.
As we restrict our system to classical light �elds we can neglect the absorption and emission
of single photons and focus on the polarization modulation of the atomic medium. There-
fore a self-consistent set of equations is needed describing the interaction of a classical �eld
with induces dipole moments following the rules of quantum mechanics. This framework,
the Maxwell Schrödinger equations [161], are introduced in the �st part of this chapter. Af-
terwards the transfer from density matrix calculations to measurable values is discussed for
conditions given by experiments of this work.

Maxwell Schrödinger equations

A semiclassical description of a classical light �eld interacting with an ensemble of atoms
following quantum mechanics is given by the Maxwell Schrödinger equations. Starting point
are the macroscopic Maxwell equations for a medium with induced electric dipole moments.

∇ ·D(r, t) = %(r, t) (2.37)

∇ ·B(r, t) = 0 (2.38)

∇×E(r, t) = − ∂

∂t
B(r, t) (2.39)

∇×H(r, t) = J(r, t) +
∂

∂t
D(r, t) (2.40)

We want to exclude free charges %(r, t) = 0 and currents J(r, t) = 0.3 The magnetizing �eld
is given by H(r, t) = B(r,t)

µ0
(no magnetization of the medium M(r, t) = 0) and the electric

displacement �eld D(r, t) = ε0E(r, t) + P (r, t). In vacuum (P (r, t) = 0) this gives the well
known equation for the electrical �eld.

∆E(r, t)− 1

c2
∂2

∂t2
E(r, t) = 0 (2.41)

(2.42)

3Linear losses can be implemented by a conductive material σ and therefore J(r, t) = σE(r, t)
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Atomic back-action on the light �eld 2.3

The response of an atom onto the electric �eld is given by their polarization P (r, t) acting as
a source term of the electric �eld.

∆E(r, t)− 1

c2
∂2

∂t2
E(r, t) = µ0

∂2

∂t2
P (r, t) (2.43)

The atoms are assumed to be noninteracting and coupling independently4 to the light �eld
which is typically valid for inter atomic distances > λ

2 . The polarization density is given by
the density of atoms nA = N/V and the expectation value 〈d̂(r, t)〉 for the atomic dipole
moment.

P (r, t) = nA 〈d̂(r, t)〉 (2.44)

= nA Tr(ρ · d) (2.45)

= nA(djiρij + dijρji) (2.46)

For the electric �eld we want to restrict us to a single polarization and frequency wave running
in z-direction

E(r, t) =
1

2
E (r, t)e−i(νt−kz+φ(r,t))) + c.c. . (2.47)

Here E (r, t) is the slowly varying (in time and space) envelope function5 which describes the
amplitude evolution of the electric �eld and in the following is set to E (r, t) ∈ <. φ(r, t) is a
global phase (sometimes absorbed in the envelope function E (r, t) making it complex). If we
assume the response of the atoms to follow the electric �eld we can write

P (r, t) =
1

2
P(r, t)e−i(νt−kz+φ(r,t)) + c.c. (2.48)

where P(r, t) is again a slowly varying function in space and time. The slow variation
(E andP are assumed nearly to be constant on the timescale of one fast oscillating optical
period) of these envelope functions allows us to neglect 2nd order derivations.

∂

∂z
E (r, t)� kE (r, t)

∂

∂z
P(r, t)� kP(r, t

∂

∂z
φ(r, t)� k

∂

∂t
E (r, t)� νE (r, t)

∂

∂t
P(r, t)� νP(r, t)

∂

∂t
φ(r, t)� ν

(2.49)

This is the paraxial (or parabolic) approximation since the remaining slow variation is parallel
to the traveling direction z. The di�erential equation for the envelope functions reads.(

∂

∂t
+ c

∂

∂z
− ic

2k
∇2
⊥

)
E (r, t) =

ick

2ε0
P(r, t) . (2.50)

If the transversal variations of the electric �eld are assumed to be small on scale of the
wavelength E(r, t) = E(z, t)ε and e�ects like self focusing are ignored ∇2

⊥E (r, t) = 0 this
equation can be simpli�ed further to the well known form(

∂

∂t
+ c

∂

∂z

)
E (z, t) =

ick

2ε0
P(z, t) . (2.51)

4This assumption does not hold for very high atomic densities or long wavelength transitions, e.g. super-
radiant decay processes.

5This does not hold for e.g. the regime of femto- or attosecond pulses, where the electric �eld changes faster
than the atom can follow.
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Chapter 2 ATOM-LIGHT INTERACTION

From this one can obtain the equations for the change of the electrical �eld and the phase
[161].

∂

∂z
E (z, t) +

1

c

∂

∂t
E (z, t) = − 1

2ε0
k=[P(z, t)] (2.52)

∂

∂z
φ(z, t) +

1

c

∂

∂t
φ(z, t) = k − ν

c
− 1

2ε0
k E (z, t)−1<[P(z, t)] (2.53)

These equations show that the amplitude (phase) of the electric �eld is altered by the imag-
inary part =[P] (real part <[P]) of the polarization. In eq. (2.44) P (r, t) is expressed in
terms of coherences ρij . With dij = d∗ji the slow varying polarization P(z, t) can be written
as

P(z, t) = 2nA dji ρij e
i(νt−kz+φ(z,t)) (2.54)

= 2nA dji ρ̃ji e
i(−kz+φ(z,t)) . (2.55)

The von Neumann equation for the density matrix entries need to be calculated together with
the wave equation given by eq. (2.51). Making further assumptions onto the system simpli�es
these calculations as discussed in the next chapter.

Directly driven transition

The last chapter introduced the theoretical framework to solve a large variety of di�erent
systems. In the following this theory is used to calculate the transmittance of a directly
driven transition is discussed. The measured value in this work is the intensity after the
interaction Iout = 1/2 c ε0 |Eout|2. Our experiments are performed in a steady state situation
∂
∂tρ = 0. Setting φ = 0 and absorbing the geometric phases e±ik into the amplitude functions
we get [94]

∂

∂z
E (z) =

ick

2ε0
P(z) (2.56)

=
ick

ε0
nA dji ρ̃ji . (2.57)

Analogous to a classical polarizable medium P = ε0χE one can de�ne a susceptibility χ

∂

∂z
E (z) =

ick

2

2nA dji
ε0

ρ̃ji
E (z, t)︸ ︷︷ ︸

χ

E (z) (2.58)

If the driving �eld is very weak, the answer of the system is linear ρ̃ij ∝ E (z, t) and therefore
χ becomes independent. The solution of resulting equation is known as Lambert-Beer's law,
were the intensity falls o� exponentially with the absorption coe�cient α.

I = I0 exp (−αz) (2.59)

For the more general case of a nonlinear dependence of the coherence on electric �eld one can
solve eq. (2.56) e.g. by numerically integrating over z.

E (Z) = E (0)−
∫ Z

0
dz
ick

ε0
nA dji ρ̃ji (2.60)
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Atomic back-action on the light �eld 2.3

In the following we want to consider a system where the variation of the intensity along the
system are small enough to neglect propagation e�ects. By setting E ∈ < and assuming the
e�ect of the atoms onto the light �eld to be small (term ∝ ρ2ij = 0) the measured intensity is
given by

I(t) ∝ |E (0)|2 − |E (Z)| (2.61)

∝ E (0)nA dji=(ρ̃ji) (2.62)

The change in intensity is given by the imaginary part of the coherence and proportional to
the incoming electric �eld.
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3 Hollow-core photonic crystal �ber

In this chapter the concept of hollow-core photonic crystal �bers (HC-PCF) is introduced.
Depending on their structure these waveguides feature very di�erent guiding mechanism and
therefore characteristics. In the following an overview of the most commonly used types of
hollow-core photonic crystal �bers is given. We brie�y discuss the advantages and disad-
vantages of the di�erent HC-PCF types for atom spectroscopy systems and introduce the
HC-PCF selected for experiments in this work, the kagomé lattice �ber, in more detail.
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Fig. 3.1: Di�erent types of HC-PCF (modi�ed from [183]): (a,b) scanning electron microscope image
and zoom in of a bandgap hollow-core photonic crystal �ber, (c,d) a kagomé lattice �ber and (e,f)
a anti-resonant single-ring �ber. The pitch of the �ber lattice is de�ned by Λ. In (b,d,f) the corre-
sponding values of the group velocity dispersion β2 (green lines) and �ber loss (blue lines) are plotted
over wavelength. A and N denote the regimes of anomalous or normal dispersion. The values in (b)
and (d) are calculated using �nite element simulations. In (f) the dispersion is approximated by a
capillary model and the loss is measured experimentally.



Types of hollow-core photonic crystal �bers 3.1

3.1 Types of hollow-core photonic crystal �bers

In the early 1990s a new idea of con�ning light inside a �ber by using a periodic photonic
crystal structure was introduced by Philip Russell. The feasibility of this guiding mechanism
was experimentally demonstrated the �rst time in 1995 [152]. Since then the development and
variation of the so-called Photonic Crystal Fiber (PCF) underwent an avalanche like progress.
One type of �ber that emerged from this progress is the Hollow-Core Photonic Crystal Fiber
(HC-PCF) [20, 152]. Contrary to a standard step index optical �ber, a HC-PCF is able to
guide light con�ned to a hollow-core region, even though the refractive index of the core is
smaller than in the �ber cladding. A waveguide featuring a hollow-core is especially inter-
esting for wavelength where material losses are typically an issue, e.g. in the ultraviolet or
far infrared domain. Additionally this hollow-core can be �lled with many types of gases
or liquids, resulting in an nearly perfectly overlap with the guided light �eld along the �ber.
This allows to drastically increase the interaction volume compared to free space experiments,
which are typically limited by the Rayleigh length. Due to the unique combination of the
potentially strong interactions with the guided light �eld and a wide range of possible media
to work with, HC-PCFs have established as an essential tool for many linear and non-linear
spectroscopy experiments. The scope of applications ranges from non-linear optics [151, 183]
over plasma creation [92] to chemical reactions [49]. Even particles [40,158,206] or biological
cells [185] can be trapped and guided inside hollow-core �bers for investigation or sensing
purposes.
In contrast to the guidance by total internal re�ection (TIR) in step index �bers and most
solid core PCFs, HC-PCFs are realized by di�erent guiding mechanisms. Based on the under-
lying e�ect of a photonic bandgap structure or a anti-resonant core surrounding, HC-PCFs
can be assigned to di�erent categories introduced in the following.

Bandgap hollow-core photonic crystal �ber

Bandgap hollow-core photonic �bers (BG-HCPCF) typically feature a honeycomb lattice,
which surrounds the core and builds up a out-of-plane bandgap. In �g. 3.1 the scanning elec-
tron microscope (SEM) image (a) and the calculated transmission and dispersion curves (b)
are depicted. The bandgap, after which the �ber is named, results in frequency domains where
the light propagation into the photonic crystal structure is prohibited. Due to this e�ect the
light is trap inside the hollow-core region. The central guided wavelength and the bandwidth
of the guidance window are strongly dependent on the individual honeycomb structures. The
diameter of the silica bridges, the thickness of their joining points and the number of lattice
layers around the core1 are all important for the guiding properties.
Typical BG-HCPCF feature a rather small transmission bandwidth (≈ 100 nm) but can reach
very low losses down to 1.2 dB km−1 [147,150]. In terms of spectroscopy, these �bers speci�ca-
tions are suitable e.g. for Raman experiments, where one of the Stokes lines can be e�ectively
suppressed by the small bandwidth [20]. Another example is electromagnetically induced
transparency (EIT) in hot or cold atom systems [11,21,191], if all necessary wavelengths are
falling into the transmission band. For Rydberg spectroscopy experiments however the usual
approach is a multi-photon excitation involving very di�erent wavelength (e.g 480/780 nm or
895/790/1369 nm). The di�erence in wavelength in these systems is much larger than the

1Often denoted by ring, e.g. a �ve ring �ber.
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Chapter 3 HOLLOW-CORE PHOTONIC CRYSTAL FIBER

typical guidance window of a BG-HCPCF. One possible solution is the realization of a double
bandgap �ber as reported in [112]. However, with the kagomé lattice �ber introduced in
the following, another type of HC-PCF is readily available that features extreme broadband
guidance and �ts all requirements for our Rydberg system.

Kagomé lattice �ber

Kagomé lattice �bers, �rst reported in [20], are named after their trihexagonal lattice of the
�ber structure. The SEM image of a fabricated �ber and the calculated curves for transmission
and dispersion are shown in �g. 3.1 (c) and (d) respectively. Although their structure appears
to be similar to a BG-HCPCF, their guidance relies on a fundamentally di�erent mechanism.
In kagomé lattice �bers no bandgap con�ning the light is present. Instead extensive studies
revealed that the guidance is provided by the anti-resonant properties of the �rst ring of
holes surrounding the core region. By in�ating these holes the mode size is reduced and
the transmission can be enhanced. The �ber is then called a hypocycloid-core �ber [196].
Further information about the guiding mechanism and a numerical modeling can be found
e.g. in [22,23,136,148].
The simplest realization of an anti-resonant guiding hollow-core �ber features only one ring
of air-channels surrounding the core region [70] as shown in �gure �g. 3.1 (e). This �ber type,
commonly referred to as one-ring �ber or simpli�ed kagomé, is focus of ongoing research.
Recent theoretical work predicts that in a one-ring �ber single-mode guidance can be achieved
[184].
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Fig. 3.2: Comparison between the range of typical loss values realized in kagomé lattice �bers and
the calculated transmission loss for a capillary at λ = 800 nm for di�erent core diameters.

Compared to a BG-HCPCF �ber the kagomé lattice �bers features a weak dispersion and a
very broadband transmission spectrum (see �g. 3.1 (b) and (d)), which can reach even into the
ultraviolet regime [69]. This broadband guidance comes on the costs of a higher transmission
losses of around ≈ 1 dB m−1 compared to the values of a BG-HCPCF �ber ≈ 1 dB km−1.
However, the kagomé lattice �bers still greatly outperforms the transmission of a simple glass
capillary, especially at smaller core diameters as shown in �gure �g. 3.2 (see also section 3.2).
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Marcatili-Schmeltzer model 3.2

In a lot of applications the required �ber length is on the order of few tens of centimeters
and the transmission provided by a kagomé lattice �bers is su�cient. Because of their broad-
band guidance kagomé lattice �bers have been utilized in numerous experiments over the last
decade [151,183].

3.2 Marcatili-Schmeltzer model

Due to the complex �ber structure of a kagomé lattice �ber the simulation of its guidance
properties generally requires numerically treatment by e.g. �nite element models (FEM).
However, the optical modes of a kagomé lattice �ber, described by leaky waveguide modes
[22, 136, 183], show strong similarities to those of capillary waveguide, which can be solved
analytically. In the following section the validity of approximating a kagomé lattice �ber by
a capillary is discussed.

(a) (b)

rcap

nc

nglass

Λ

dc

rAPrFF

nc

nglass

Fig. 3.3: The Marcatili-Schmeltzer model (MSM) approximates a kagomé lattice �ber (a) by a cap-
illary (b) with comparable core size, typically given by the area preserving radius rAP .

To compare both waveguide systems we de�ne their characteristic parameters as shown in
the schematics in �g. 3.3. In a kagomé lattice �ber (�gure �g. 3.3 (a)) the hexagonal hollow-
core region (refractive index nc) is surrounded by a glass structure (refractive index nglass),
forming a star of David pattern de�ned by the pitch Λ. Typically the lattice is deformed next
to the core region. The most inner structurer de�nes the core region, which is con�ned by
core walls with thickness dc. The size of the core can be expressed in values of the �at-to-�at
radius rFF or the area preserving radius rAP given by

rAP = (2
√

3/π)
1/2 rFF . (3.1)

A capillary (�gure �g. 3.3 (b)) features a cylindrical hollow-core with radius rcap and refractive
index nc surrounded by a material with refractive index nglass. We assume both waveguides
to be build of fused silica glass with a refractive index of nglass ≈ 1.46 and vacuum nc = 1
in the hollow regions. In the following we brie�y introduce the main results for a capillary
system and then discuss their applicability to a kagomé lattice �ber.
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Chapter 3 HOLLOW-CORE PHOTONIC CRYSTAL FIBER

The Marcatili-Schmeltzer model [121] describes the light guidance in a metallic or dielec-
tric capillary waveguide. We restrict our system to a core size much larger than the considered
wavelength rcap � λ and to low-loss modes with a propagation constant γ close to free space
modes (γ ≈ γfs). A cylindrical waveguide (extending in z-direction) supports three types of
modes. Transverse (circular) electric modes TE0m (Ez = 0), transverse (circular) magnetic
modes TM0m (Hz = 0) and hybrid modes EHpm with all �eld components present. The
indices p and m denote the azimuthal and radial mode order. The scalar value upm is given
by the m-zero of the (p− 1)th order �rst kind Bessel-function Jp−1(upm) = 0.

Phase and attenuation constant

With the complex refractive index ne =
√
ε/ε0 of the capillary material (µ = µ0), k0 the free

space wave constant and ki (ke) the internal (external) wave constant, the axial propagation
constant is given by

γ =
√
k20 − k2i (3.2)

in the core region and by

γ =
√
n2ek

2
0 − k2e (3.3)

in cladding region respectively. We are mainly interested in the �elds inside the capillary.
Using a perturbation approach, the internal wave constant ki can be approximated by ki =
upm/rcap(1− inp/k0 rcap). Hence the propagation constant can be written as

γ = k0

√
1− k2i /k20 (3.4)

= k0

√
1−

u2pm
k20 r

2
cap

(
1− inp

k0 rcap

)2

(3.5)

≈ k0

[
1− 1

2

(
upmλ

2π rcap

)2(
1− inpλ

π rcap

)]
. (3.6)

For a dielectric waveguide np becomes real and wavelength independent. The real and imag-
inary parts of γ are then given by

γ = βpm + iαpm (3.7)

with the phase constant

βpm =
2π

λ

(
1− 1

2

(
upmλ

2π rcap

)2
)

(3.8)

and the attenuation constant

αpm =
(upm

2π

)2 yp√
n2 − 1

λ2

r3cap
. (3.9)

Depending on the mode, yp becomes y0 = 1 (TE0m), y0 = n2 (TM0m) or yp = 1/2(n2 + 1)
(HEpm). The phase constant β describes the dispersion of the waveguide system and can be
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Marcatili-Schmeltzer model 3.2

tuned by �lling the hollow-core with di�erent materials2. When comparing to a kagomé lattice
�ber the capillary approximation by the MSM for β provides satisfying results. A detailed
discussion including limitations and corrections, leading to the modi�ed MSM (mMSM), can
be found in [64].
The attenuation constant α allows to calculate losses in a capillary. For the fundamental
mode HE11 the loss in dB m−1 is given by [121]

LossFM = 8.686αFM

= 8.686
(upm

2π

)2 (n2 + 1)

2
√
n2 + 1

λ2

r3cap

≈ 1.87
λ2

r3cap
.

(3.10)

For small core radii the r−3cap dependence leads to high loss values as shown in �g. 3.2 (λ =
800 nm). While the dispersion of a kagomé lattice �bers can be reasonable well reproduced
by the MSM, it is not suited to estimate the loss of a kagomé lattice �ber. Due to the anti-
resonance guidance mechanism in kagomé lattice �bers their losses are strongly depended on
the wall thickness dc. In additional also other parameters, such as the surface roughness or
the overall core structure needs to be taken into account. Therefore it is challenging to reliable
simulate the loss of a kagomé lattice �ber and often only experimental values obtained by a
cutback measurement are accessible.

Optical modes

We already introduced the three types of modes describing the �eld in a capillary, namely the
TE0m (Ez = 0), the TM0m (Hz = 0) and the hybrid modes EHpm, where p andm denotes the
azimuthal and radial mode order. Hybrid modes are sometimes further distinguished in HE
and EH modes, featuring a larger Ez or Hz component respectively [135]. In the following
these modes will be referred to as waveguide modes (WG modes). We now want to consider
the system in the weak guiding approximation [72], assuming the relative di�erence between
refractive index of the core ni and cladding ne to be small

|ni − ne|
ne

� 1 . (3.11)

Under this approximation we can identify di�erent groups of almost degenerate modes, which
can be described by a new set of mode numbers [121]. These composite modes are referred
to as linear polarized modes (LP modes) [72]. In table 3.1 the three groups of degenerated
WG modes and their respective LP modes nomenclatures are listed [135]. The designation by
LP modes has been widely established as nomenclature for optical modes in a kagomé lattice
�bers. However, kagomé lattice �ber typically feature a hexagonal core geometry, resulting in
deviations from the capillary model. Compared to the cylindric symmetry C∞v for a capillary,
they belong to the lower symmetry group C6v, which lifts the degeneracy of certain modes.
To exemplify this the LP01 mode is compared to the two possible realizations of the LP31 in a
hexagonal core in �g. 3.4. The LP01 is radial invariant and therefore the hexagonal structure
2Note that often β = k0ne� is referred to as propagation constant, which agrees with our notation for a
system neglecting losses.
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(a) (b) (c)LP01 LP (i)31 LP (ii)31

Fig. 3.4: Intensity pro�le of modes simulated by the MSM model compared to the hexagonal core of
a kagomé lattice �ber. The radial invariant LP01 mode (a) and the two non-degenerate realizations
of the LP31 mode with intensity patterns facing the corners (b) or the edges (c).

is negligible as shown in �g. 3.4 (a). Contrary the six-lobed LP31 mode can be either facing
the corners (b) or the core walls (c). These two realizations of the same LP mode are not
degenerate anymore. Keeping these di�erences to the optical modes of a cylindrical waveguide
in mind, we will use the LPml mode notation throughout this work.

In the experiment the excitation of higher-order HC-PCF modes can be realized e.g. by
shaping the launched light �eld with a spatial light modulator (SLM) [61] or by side-coupling
the light via a prism [182]. A compilation of experimentally observed higher-order modes in
kagomé lattice �bers and their numerical modeling can be found in [181, 182]. Beside the
previously discussed non-degeneracy of certain modes, also the existence of additional high-
order modes not described by the LP model are demonstrated in these works. A detailed
discussion of the di�erent mode notations for a BG-HCPCF (which also feature C6v symmetry)
can be found in [2].

LP modes WG modes # of degenerating modes

LP0l (m = 0) HE1l 2
LP1l (m = 1) TE0l 4

TM0l

HE2l

LPml (m ≥ 2) HEm−1,l 4
HEm+1,l

Tab. 3.1: Comparison between di�erent linear polarized LP modes and their mode content in terms
of degenerated waveguide modes WG in the weak guiding approximation [135].

26



4 Surface e�ects

In a HC-PCF spectroscopy system the probed atoms are con�ned in two dimensions by the
innermost glass structure de�ning the core region. For kagomé lattice �bers this structure
is typically made of fused silica1 and has a diameter in the range of 10 µm to 80 µm. Two
important consequences for the spectroscopy system arise from this con�nement. First, the
surface to volume ratio A/V is ≈ 100 times larger compared to standard glass cell experiments
(and still ≈ 10 times larger as in thin micro-cells) as shown in �g. 4.1. And secondly, the
probed atoms are always in close vicinity to a glass interface with averaged distances of a
few tenths of µm. In�uences due to close by core con�nement are therefore an important
characteristic of our system and are discussed in detail in the following.

(a) (b) (c)hollow-core fiber spectroscopy cell micro cell

surface / volume
~130000 m

-1

surface / volume
~1200 m

-1

surface / volume
~10000 m

-1

Fig. 4.1: Surface to volume ratio of di�erent spectroscopy systems. Dimensions: (a) hollow-core �ber
diameter: 30µm, 10 mm length, (b) cubic spectroscopy cell: edge length 5 mm and (c) micro cell: edge
lengths 20 mm, 30 mm and 200 µm

The �rst section of this chapter gives an introduction into atomic ad- and desorption processes
illustrated in �g. 4.2. These e�ects occur when an atom comes into contact with a surface,
where it temporarily or permanently binds. Also the possibility of atoms di�using further into
the glass matrix is discussed shortly. The rates at which atoms desorb from a glass surface can
be strongly modi�ed by exposing the surface to intense light �elds. Due to the large surface
to volume ratio in hollow-core �bers this allows for fast modulations of the atom density. The
basics of light induced atomic desorption (LIAD) processes are covered in the second section
of this chapter. The adsorption of an atom does not only change the atom number in the gas
phase, but also changes the surface chemistry of the adsorbing glass. This results in electric
patch �elds reaching into the hollow-core region, leading to Stark shifts of the Rydberg state
energies. A closer look at electric �elds originating from adsorbed atoms is given in the last
section of this chapter.

1The HC-PCFs investigated in this work feature a Suprasil® 300 glass core.
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4.1 Atomic adsorption and desorption processes

When atoms in the gas phase (or general non-solid phase) come very close to the surface of
a solid there is a certain probability for them to bind to it. This process is called atomic
adsorption or atomic desorption for the reverse process respectively. Depending on the dom-
inating binding mechanism it is sometimes further distinguished between physisorption and
chemisorption [53,103]. In case of the physisorption the adsorbed atom is bound by attractive
van-der-Waals forces [53,103]. Therefore no electron transfer is involved and no activation en-
ergy is needed. Physisorption is typically much faster than the chemisorption, fully reversible
and can build up multi layers of adsorbed atoms. Atoms that get adsorbed by chemisorption
are creating a chemical bond due to electron transfer with the surface. This e�ect requires
a certain activation energy and is in general irreversible [103, 175]. Chemisorption can only
occurs on the �rst layer of an adsorbate (adsorbed atoms) and strongly depends on the type of
atom and the adsorbent material. The assignation to these two processes is commonly done by
the adsorption energy Ea. While one can de�ne a threshold energy Ethr, with Ea < Ethr refer-
ring to physisorption and Ea > Ethr to chemisorption respectively, there is no clear boundary
between these regimes. Therefore adsorption e�ects with Ea ≈ Ethr will show characteristics
of both processes and this classi�cation becomes unpractical.

alkali atom vapor
temperatur: Tvapor

density: Nvapor

adsorbed atoms
adsorption energy: Ea

sticking time: τs

surface coverage: θ

adsorption desorption

glass surface
temperature: Tsurf

LIAD

Fig. 4.2: Schematic of atomic ad- and desorption processes on surfaces. The desorption rates can
be strongly modi�ed by irradiating the surface with intense light �elds, leading to the e�ect of light
induced atomic desorption (LIAD).

In the following we want to restrict our discussion to a system given by the experimental
parameters in this work. As the core walls are made of fused silica we focus on the adsorption
of alkali atoms onto a SiO2 surface (Ethr ≈ 0.5 eV [52]). One possible binding mechanism
of alkalies to a SiO2 surface is on defect sites, such as non-bridging oxygen (NBO) centers
[31, 116]. The energy of this binding for cesium atoms is in the range of 1 to 3 eV [116] and
therefore can be classi�ed as chemisorption. Due to the high energy this type of adsorption is
often considered as reaction and the bound atoms to be irreversible lost from the sample [84].
On a defect-free surface a second adsorption mechanism takes place. The adsorption energies
of this binding type are much smaller and for cesium on fused silica measured to be in the
range of 0.2 to 0.66 eV [30,52]. Hence the adsorption energy is close to the vaporization heat
of bulk cesium 0.67 eV, which is an indication that the adsorbed atoms are on the edge of
becoming metallic [84,204]. This process can not be clearly assigned to either physisorption or
chemisorption. While it shows many properties of physisorption, such as being reversible and
fast, the �rst adsorption layer also features a nonzero charge transfer, which is a characteristic
of chemisorption. The consequences of this charge transfer are discussed in the end of this
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chapter.
In the following a thermodynamical model is introduced [53], giving the basic rate equations
of adsorption and desorption. Adsorbing an atom will in�uence the potentials for nearby
adsorbing sites. The average adsorption energy Ea= Ea(θ) therefore becomes dependent on the
coverage θ = n/n0 with n being the surface density of adsorbed atoms and n0 = 2× 1014 cm−2

the surface density of a �lled monolayer [30, 52]. The desorption rate of adsorbed atoms is
given by the classical Arrhenius expression

νs = ν0(θ) exp

(
− Ea(θ)
kBTsurf

)
θ . (4.1)

Here Tsurf is the surface temperature of the adsorbent, kB the Boltzmann constant and ν0(θ)
a pre-exponential factor, which is expected to be in the order of 1012 s−1 to 1013 s−1 [52, 53].
Note that this describes desorption rate of a single layer. In a multilayer system the desorption
rate νis of the i-th layer becomes dependent on the neighboring layers i−1 and i+1 [6]. Since
in our system the typical coverage values are small, multilayer adsorption is neglected in the
following. The average time one adsorbed atom is bound to the surface before it is desorbed
again is commonly referred to as sticking time τs given by

τs = τ0(θ) exp

(
Ea(θ)
kBTsurf

)
(4.2)

with the characteristic time τ0 = 1/ν0. As expected, it increases for larger adsorption energies
Ea and decreases if the surface temperature Tsurf goes up. Knowing or estimating this sticking
time allows for calculating the surface density n of adsorbed atoms at a given background
pressure [53]

n =
1

4
N(Tres)v(Tsurf)τs(Tsurf) . (4.3)

Here N(Tres) is the atom density in the vapor, given by the reservoir temperature Tres and
v(Tsurf) is the mean atom velocity. It is interesting to note that the spin polarization of an
atom can survive this adsorption process if their depolarization time is larger than the sticking
time [52]. Due to the importance of preserving the spin polarization as long as possible, e.g.
in storage experiments, di�erent groups try to minimize the in�uences of adsorption processes
by applying spin preserving coatings (see e.g. [13,29,149,165,175]). Electronic excitations of
atoms however, especially Rydberg excitations, will not survive any adsorption processes.

Additionally to the processes occurring at the surface, there are experimental indications2

for alkali atoms di�using into the bulk glass material [204]. In a BG-HCPCF exposed to
rubidium has been observed that the inner silica structure seems strongly permeated by the
alkali atoms while the silica cladding shows no measurable alkali contamination [76]. In this
system the estimated length scale for the alkali di�usion into the glass matrix is on the order
of 1 µm. While results for the di�usion of alkali atoms into various types of coating material
have been reported [7,74,102], this process is not well understood for fused silica systems yet.
Nevertheless it is of experimental importance, because the di�usion of alkali atoms into glass
material in combination with the saturation of defect sides is a reasonable explanation for the
changing characteristics of thermal vapors cells. If a glass cell is exposed to a alkali vapor the
�rst time, the timescale until a steady state pressure of the system is reached is much longer

2In experiments performed in our group we found that glass previously exposed to cesium or rubidium can
change its color if illuminated with very intense light �elds or exposed to high temperatures. We attribute
this to reactions of alkali atoms inside the glass matrix. A similar observation is mentioned in [52].
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than expected [34,175]. The subsequent �llings procedures are typically way faster even after
evacuating the system. In our picture this is a result of alkali atoms adsorbing onto defect
sites and di�using into the glass matrix during the �rst exposure. These atoms are removed
permanently from the vapor, reducing its pressure. The loss mechanism saturates when all
defect sites are occupied and the glass is permeated by alkali atoms on the length scale of
the di�usion process. In context of spectroscopy vapor cells, this time is often referred to
as curing time [175] or ripening time [4, 169]. Due to the large surface to volume ratio of
hollow-core �bers a long timescale is expected for the initiate �lling (or loading) procedure,
which is in agreement with the experiments reported in [100,169].

4.2 Light induced atomic desorption

The desorption rates of alkali atoms bound on a surface can be drastically changed by exposing
them to an intense light �eld. In vapor cell systems this e�ect was �rst experimentally
demonstrated on a polysiloxane coated cell [74] and named �light-induced atomic desorption�
(LIAD) [126] shortly after. Further investigations [38,122,123] revealed, that di�erent physical
e�ects are responsible for the desorption process, which need to be distinguished [84].

LIAD(a) (b) (c)SPID / resonant effects PID

single atoms / layer metallic cluster atom in glass matrix

Fig. 4.3: Schematics of di�erent light-induced e�ects onto atoms adsorbed on surface: (a) light-
induced atomic desorption (LIAD), (b) surface plasmon induced desorption (SPID) and resonant
e�ects and (c) photo-induced di�usion (PID).

LIAD was demonstrated for many di�erent surfaces and alkali species, including organic
coatings [4,7,74], quartz and borosilicate glasses [33,56,106], porous quartz glass [39], sapphire
[139] and stainless steel [5]. In astropysics LIAD can explain the origin of the unusual high
amount of alkali atoms in the lunar atmosphere [203]. In atom physics LIAD is exploited
to provide alkali atoms in low temperature (LT) cells [82, 83] and to increase the loading
e�ciency of magneto-optical traps [5, 8, 106,130] or atom chips experiments [56,79].

In hollow-core �ber systems �lled with alkali vapor the in�uence of LIAD is exaggerated due
to the large surface to volume ratio [25, 71]. Recent results show the controlled increase of
rubidium or cesium atom densities over several orders of magnitude [55, 100]. Because of its
large e�ect in hollow-core geometries, understanding LIAD and related processes is necessary
to maintain control of the atom density in the system. In the following the di�erent light-
assisted desorption processes are introduced.

By investigating the e�ect of intense light �elds with di�erent photon energies on the atom
density, one can identify two regimes of light-assisted desorption processes [36, 37]. For high
photon energies a fast and non-thermal e�ect is observed. The in�uence of this e�ect on
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the atom density increases exponentially with the photon energy. This process attributed
to desorption of atoms directly mediated by the photons. This e�ect could potentially also
desorb atoms adsorbed on non-bridging oxygen defects [54]. This direct process is always
referred to light-induced atomic desorption (LIAD).

A second e�ect shows a Gaussian shaped peak in the desorption e�ciency when changing
the wavelength of the irradiating light �eld. This process occurs at lower photon energies,
typically around ≈ 1.3 eV for Cs and ≈ 1.5 eV [36] for Rb. The underlying e�ect is attributed
to surface plasmon induced desorption (SPID) [38, 90], which e�ciently evaporate metallic
nanoclusters. Due to the desorption via surface plasmons, this e�ect does not strongly depend
on the size of the nanocluster [91]. This process can still be e�ective, even if the adsorbed
surface appears transparent [82]. For a continuous layer this would translate into a thickness
of less then a few tens of microns. The desorption of alkali atoms from a clusters can be
described as a two step process: �rst the light �eld excites a surface plasmon (heating)
and subsequently this surface plasmon acts as catalyst for a second non-thermal process
of desorbing the atom [91]. Atom desorbed by this process are similar to atom desorbing
from a metal surface, which can described by the Menzel-Gomer-Readhead model [125, 143].
Typically the desorption occurs at defects in the metal layer structure and therefore depends
on the surface roughness [91]. Another possible explanation for the desorption process does
not require (but might be enhanced by) the initial excitation of a surface plasmon. Instead the
desorption is mediated via electronic localized adatom excitation on the metal surface [97].
This e�ect is also expected to dominantly occur on terrace sites of the surface. Since we do not
know, which of these models are applicable to our system and we are not able to distinguish
between them in the experiment, we will refer to them generally as SPID in the following for
convenience.

Continuous desorption of atoms via SPID acts on the alkali clusters or terrace sites of a layer
and hence eventually will result in a con�guration of the adsorbent with minimal surface
roughness. On the contrary, LIAD is expected to primarily desorb atoms bound to glass defect
sites. Due to the lower energy required for re-adsorption of the atomss on existing cluster
sites, LIAD processes can favor cluster growth. By performing dominantly one desorption
process (selectable via wavelength) the controlled formation or evaporation of nanoclusters
was demonstrated [35�37].

Finally the e�ect of photo-induced di�usion (PID) should be mentioned brie�y. As discussed
in see section 4.1, atoms adsorbed on a surface are expected to also di�use into the bulk
material. By exposing the material to light the di�usion rate changes as the mobility of
the atoms in the bulk is increased. This e�ect has been studied in siloxane �lms [7] and
porous glass [39]. Although the process of light induced di�usion is not well understood
yet, it is expected to have an important in�uence on a full model of desorption rates from a
surface [39,74]. Atoms di�using into the glass or coating of a cell surface seem to act as a slow
loading reservoir. If a LIAD process is applied by irradiating the surface with intense light
�elds, this also alters the di�usion constant of atoms in the bulk. Therefore atoms desorbed
from the surface can be replaced by atoms from the bulk material [74]. On the other hand,
the curing time of new glass cells and �bers not yet permeated with atoms (see section 4.1),
might be signi�cantly reduced by accelerating the di�usion process. This model would agree
with the observations in [76], where a HC-PCF that is often exposed to LIAD light shows a
much higher alkali saturation.
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Chapter 4 SURFACE EFFECTS

4.3 Electric �elds near dielectric surfaces

Nearby surfaces can modify the level structure of atoms in the gas phase, leading to shifts and
broadenings in the spectroscopic signal. For a clean dielectric interface this interaction is given
by Casimir-Polder potentials [44,176]. This e�ects can become dominant for small distances,
typically in the order of hundreds of nm to a few µm [48,114,157]. If the interface is constantly
exposed to an alkali vapor, the interactions with the surface will be modi�ed by the adsorbed
atoms. It has been observed that in such systems the dominating e�ects are due to stray
electric �elds, originating from the adsorbent [124]. Rydberg atoms with their large sensitivity
to electric �elds (see chapter 1) are well suited to study this e�ect. They have been successfully
utilized as tool to investigate the electric �eld of adsorbed alkali atoms on dielectrics [1,163],
gold coated atom chips [178] and cryogenic superconductor surfaces [45,179].
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Fig. 4.4: Electric �elds originating from the surface after adsorption. The alkali atom is bound to two
oxygen atoms on the SiO2(0001) surface (a). The resulting charge map shows an increased electron
density around the oxygen atoms (b). This charge transfer from the adsorbed alkali atom onto the
oxygen of the SiO2 leads to an e�ective dipole moment approximately perpendicular to the surface
(c). The resulting electric �eld Edip Stark shifts the energy of nearby Rydberg atoms. (a) and (b) are
modi�ed from [163].

As discussed in section 4.1, the adsorption energies of alkalies on a dielectric surface indicate,
that a �nite charge transfer between an adsorbed atom and the dielectric occurs. This charge
transfer builds up dipole moments perpendicular to the surface plain. In [163] theoretical
and experimental results for the dipole moment of Rubidium atoms on a quartz surface are
reported. The adsorbed alkali atom binds to two oxygen atoms of a SiO2(0001) surface as
shown in �g. 4.4 (a). The electron density of the resulting bond is increased around the oxygen
atoms (�g. 4.4 (b)), which leads to an e�ective dipole moment dominantly perpendicular to
the surface (�g. 4.4 (c)). The electric �eld created by this dipole moment shifts the energy
of the nearby Rydberg atoms via the Stark e�ect. In [163] the dipole moment per adsorbed
atom is calculated to be ≈ 12 D for Rb and low coverage rates. Furthermore, they show the
possibility to partly shield these dipole �elds by electron capture near the surface, enabled by
the negative electron a�nity of the modi�ed surface.
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5 Experimental setup

In this chapter the experimental system for atom spectroscopy in hollow-core photonic crystal
�bers is presented. The �rst section introduces the optical setup, required for measuring the
optical depth in our system and for the Rydberg spectroscopy. Due to the high reactivity of
cesium, all measurements have to be performed in an enclosed ultrahigh vacuum (UHV) envi-
ronment. The di�erent designs of our vacuum system, as well as the procedure for mounting
the HC-PCF in the system and the setup required for the rf-modulation of Rydberg states are
discussed in the second section of this chapter. In the last section we give an quick overview
of the di�erent HC-PCF investigated in scope of this work.

5.1 Optical setup

In our system the excitation of Rydberg atoms from a thermal cesium vapor is realized
by a three-photon ladder scheme. The wavelengths of the addressed cesium transitions are
895 nm (probe), 1359 nm (intermediate) and ≈ 790 nm (coupling). The details of the three-
photon Rydberg spectroscopy are discussed elsewhere (see section 7.1). One motivation for
choosing this excitation scheme is the near-infrared wavelength of all involved transitions. The
corresponding electric �elds feature energies well below the work function of cesium [127]. As
a result we expect a reduction in the charge production by direct photo-ionization of adsorbed
cesium atoms [132] in our system. Furthermore, at all these wavelength comparable cheap
laser systems and su�cient output powers are easily available. Accordingly all excitation
light �elds in our setup are generated by commercial available diode laser systems1. The
laser systems at 895 nm and 1359 nm driving the lower two transitions can be frequency
stabilized to ≈ 1 MHz by a Doppler-free saturation spectroscopy in a magnetic �eld [138] or
polarization spectroscopy [81] respectively. The light at ≈ 790 nm is additionally ampli�ed
by a tapered ampli�er2 (TA). This gives access to su�cient coupling strengths for the much
weaker transition to Rydberg states as well as a providing a intense light �eld to investigate
light induced atomic desorption (LIAD) e�ects.

The optical setup for spectroscopy in hollow-core photonic crystal �bers is depicted in �g. 5.1.
The three excitation beams are launched into a HC-PCF in a counter-propagating con�gu-
ration to partly compensate for Doppler e�ects. The beams are superimposed and separated
by dichroic mirrors. Depending on the core diameter of the selected HC-PCF the excitation
beams are launched by 100 mm achromatic lenses (AL), 40 mm achromatic lenses or 10X com-
mercial microscope objectives3 mounted on 3D stages to optimize the coupling. A removable
mirror (RM) on both sides of the system allows to image the intensity pro�le at �ber ends

1Toptica DL pro series.
2Eagleyard EYP-TPA-0780-01000-3006-CMT03-000.
3Nikon TU Plan Fluor 10Ö/0.30 A.



Optical setup 5.1

onto a ccd camera to check the mode. The power of the probe light at 895 nm transmitted
through the �ber is cleaned by bandpass �lter (BP) and detected with a photo-diode (PD).
The beam powers are adjusted by λ/2 wave plates and polarizing beamsplitter cubes (PBSC).
The polarization optics are set up to provide a linear and parallel polarization for all exci-
tation beams. Also the investigated HC-PCF are not intrinsically polarization maintaining,
the observed changes in intensity after an second PBSC are up to maximal a few %. We
attribute the preserved polarization to the short �ber lengths and that no bending of the �ber
is applied.

PBSC λ/2

PBSC λ/2

DM DM RM

AL2 AL2

NDBP

AL1 AL1
NDRM

HC-PCF

ND

CCD CCDPD

VACUUM
CHAMBER
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(i)
iris

CCD

λ/2
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Fig. 5.1: Optical setup for three-photon Rydberg excitation in HC-PCF. The three excitation beams
with wavelengths 895 nm (probe beam), 1359 nm (intermediate beam) and ≈ 790 nm (coupling beam)
are superimposed and launched into a selected �ber in a counter-propagating con�guration. The trans-
mission of the probe light is recorded on a photo-diode. For some experiments the intermediate light
at 1359 nm is modulated by a chopping wheel (i) for lock-in ampli�cation. For experiments involving
higher order optical modes of the probe light the setup is extended by a spatial light modulator (SLM)
(ii).

In addition to the HC-PCF system a reference system has been set up as shown in �g. 5.2.
It is based on a standard 3 mm spectroscopy cell with attached cesium reservoir and tem-
perature control. The three beams are focused into the cell in the same counter-propagating
con�guration as in the �ber system. To perform simultaneous measurements in the �ber and
the reference system, the powers of the three coupling beams are split up between these two
setups. For a lock-in ampli�cation of the probe signal the excitation beams can be amplitude
modulated, which is implemented by two di�erent setups. The �rst realization uses a chop-
ping wheel (1100 Hz) in the 1359 nm beam, denoted by (i) in �g. 5.1. In the second setup the
790 nm coupling light is the modulated instead. By using an acousto-optic modulator (AOM)
the modulation frequencies can be increased up to the MHz domain. The AOM is build in
the beam path before splitting up the power to the �ber and reference experiment ((ii) in
�g. 5.2). This allows to perform the same lock-in ampli�cation procedure in both system. For
the experiments exploiting higher-order optical modes in HC-PCF presented in chapter 8, an
spatial light modulator (SLM)4 is added into the probe beam path as depicted in (iii) �g. 5.1.

4Hamamatsu LCOS-SLM X10468-02.
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Chapter 5 EXPERIMENTAL SETUP

The intensity pro�le created by the SLM is checked on another ccd camera before launching
the light into the HC-PCF.
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Fig. 5.2: As reference system a 3 mm spectroscopy cell is used. Analog to the �ber system the three
excitation beams are overlapped in a counter-propagating con�guration and focused into the glass
cell by achromatic lenses. The coupling light at ≈ 790 nm can be modulated by an acousto-optic
modulator (AOM) (iii) for the HC-PCF and the reference system. This is utilized for experiments
investigating LIAD e�ects as well as for lock-in ampli�cation of Rydberg spectroscopy signal.

5.2 Vacuum system

Due to the high reactivity of cesium all experiments are performed in enclosed vacuum systems.
In the design of the setups the experience from previous experiments [17,95] was incorporated.
The vacuum systems in this work are build around a CF40 cross, refereed to as version 1 in
the following, a CF40 cube (version 2) or a CF60 cube (version 3) acting as main chamber.
Into these main parts custom designed �ber holders with a mounted sets of di�erent HC-PCF
are placed. Optical access to the HC-PCF and the chamber is provided by view ports on both
sides facing the �ber ends. A schematic cross section of setup version 1 with the �ber holder in
place is depicted in �g. 5.3 (a). Two connections of the main chamber are attached to a cesium
reservoir and the pumping station respectively. Both connections can be closed individually
by all-metal valves. The reservoir consists of a sealed glass ampule �lled with cesium that
can be broken to release the alkali vapor. For a controlled atom density the temperature at
the reservoir can be regulated separately from the main chamber. The pumping station is
build up by a diaphragm pump5, a turbo pump 6 and a gauge7 to monitor the pressure. After
closing the vacuum systems they are baked out at around 140 ◦C and pumped for several
days until a pressure < 2× 10−8 mbar is reached. Before mounting the �bers onto one of the
holders their polymer coating is removed by stripping it o� with a razor blade8. This prevents
unwanted reactions between the coating and the cesium vapor. After cleaning, the �bers are
cleaved to match the length of the holder as good as possible. Pictures of the �nal setup with

5Pfei�er MVP 040-2
6Pfei�er HiPace 80
7Pfei�er PKR 261
8An alternative approach by burning o� the coating was also tested, but we achieved better results using the
stripping technique.
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�bers mounted onto the holder and placed in the vacuum system are shown in �g. 5.3 (b) for
version 1 and in (c) for version 2.

(a) (b)

(c)

Fig. 5.3: (a) Schematic cross section of the �ber holder for the HC-PCF mounted in a CF40 cross
(version 1) acting as chamber. Optical access is provided by view ports on both end sides of the
holder. Other sides of the cross are connected via all-metal valves to the pumping station and the
cesium reservoir (not shown). Pictures through the view ports of the chamber showing one end of the
custom designed �ber holders version 1 (b) and version 2 (c). The cladding of the mounted HC-PCF
and capillary waveguides is illuminated for better visibility.

The �ber holders are designed individually for each setup to be only ≈ 1 mm shorter than
the length of the closed vacuum system. This minimizes the signal originating from atoms
between the �ber ends and the view ports, while still allowing atoms to di�use into the hollow-
core region. The lengths of the �ber holders are 135 mm (version 1), 84.5 mm (version 2) and
116 mm (version 3), which we use as estimation for the �ber length in the corresponding sys-
tem. Version 1 and version 2 of the �ber holders are made from stainless steel and can support
a selection of various hollow-core waveguides. The �bers are hold in place by V-grooves and
polished copper clamps. Their schematics and the waveguides selected for these two systems
are shown in �gure �g. 5.4 (a) for version 1 and for (b) version 2. Mounting multiple waveg-
uides reduced the time e�ort as they can be pumped out and �lled with atom simultaneously
and the investigated �ber can be changed without opening the vacuum system.
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Fig. 5.4: Schematics and dimensions of the custom manufactured stainless steal �ber holder for
version 1 (a) and version 2 (b). The type of mounted waveguides as well as their respective core
diameters is listed. The HC-PCF �bers investigated in this work are highlighted.
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RF-modulation setup

In the following we introduce the setup (version 3) for applying radio frequency (rf) electric
�elds at di�erent position along the �ber used in the experiments in chapter 8. The goal is
the manipulation of Rydberg atoms in HC-PCF in a controlled manner by ac electric �elds.
Our experimental system was designed to ful�ll the following requirements: (i) All materials
used are compatible with the reactive properties of cesium vapor, (ii) a high frequency electric
�elds can be applied separately at di�erent �ber positions and (iii) its operational bandwidth
is larger than 100 MHz). The design and realization of this setup was done in framework
of a master thesis, carried out by Christian Veit [190]. In the �nal system, �ve di�erent
segments along the �ber can be individually addressed and modulation frequencies > 2 GHz
are possible.

(a)
version 3
l=116 mm

kagomé PCF  Ø 62 μm 
capillary Ø 60 μm

3.a
3.b

cupper mount 

stainless steel 
pins

stainless steel
clamps

1 μm evaporated
 silver

200 μm glass plate

tungsten wire

3.

(b)

(c) a b (d)

Fig. 5.5: (a) Schematic of the �ber holder version 3 used for rf-modulation experiments. (b) Picture
of the partly assembled system featuring �ve individual addressable electric �eld plates. (c) The �eld
plates are realized by a silver layer evaporated on glass plates. A 62µm core kagomé lattice �ber and
a 60 µm core capillary are mounted in the gap between the �eld plates and copper mount. (d) Picture
of the mounted waveguides that are hold in place by tungsten wires.

The basis of the rf-modulation setup is a 10 mm thick and 116 mm long copper mount, as
depicted schematically in �g. 5.5 (a). Since the holder is acting as electrical ground, copper
was the material of choice. Due to its high conductivity it is expected to minimize any
undesired standing wave e�ects. A picture of the partly assembled system, already including
the �bers and the �eld plates, is shown in �g. 5.5 (b). In the 6 mm broad and 0.4 mm deep
central groove a 62 µm core kagomé lattice �ber and a 62 µm core capillary are mounted as
shown in �g. 5.5 (c). The �bers are hold in place by tungsten wires. A picture from one end
of the mounted waveguides is shown in �g. 5.5 (d). The rf-experiments presented in this work
are performed on the 62 µm core kagomé lattice �ber, which is introduced in detail in the next
section.

The system features �ve �eld plates that can be addressed individually. They are realized
by glass substrates with the dimensions 22.5 mm × 9 mm × 0.2 mm, on which �rst a 5 nm
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thick bonding layer of chromium followed by a 1µm thick layer of silver (width 2 mm) is
evaporated9 as depicted in �g. 5.5 (c). Stainless steel clamps attached to M2 threads on
both sides of the central groove are used to keep the �eld plates in place. To achieve a high
modulation bandwidth the capacity given by the �eld plate and the holder needs to be small.
The small volume of the evaporated conductive layer in our system results in a capacity as
low as 1 pF and the capacitance can be approximated by a open end situation for frequencies
in the MHz regime. Hence the resulting voltage between surface of the holder and the �eld
plate is twice the applied voltage. The short length of the �eld plate compared to the relevant
electromagnetic wavelength allows us to neglect resistances based on skin e�ects. Six 2.9 mm
stainless steel pins provide a mount for the connecting cables. To minimize the crosstalk,
the �eld plates need to be addressed by coaxial cables. To ensure the compatibility with
cesium vapor the coaxial cables are a self-made design: The central conductor is a 1 mm silver
plated copper wire. The surrounding insulator is build up by alumina beads wrapped into a
conductive shielding of nickel plated copper braid. The connecting part to the �eld plates is
a 30 µm thick copper stripe, crimped to the coaxial cable on one side and clamped onto the
silver layer on the other. The other ends of the cables are connected to two CF63 electrical
feed-through �anges of the vacuum system. Further details of the modulation system can be
found in [190].

5.3 Investigated HC-PCF

In the following we introduce the hollow-core photonic crystal �bers (HC-PCF) investigated
in this work. As shown in the previous section a large variety of waveguides (including
capillaries and more exotic �ber types like Mercedes �bers) can be mounted and put in the
vacuum system. This allows us to select a HC-PCF best suited for the experiment at hand.
Accordingly three di�erent HC-PCF are investigated in the framework of this thesis, a 62 µm
core kagomé lattice �ber, a 19 µm core size kagomé lattice �ber and a 27 µm core size kagomé
lattice. The most important requirement for our experiments ful�lled by all three �bers is a
reasonable coupling to the fundamental LP01 mode for all required wavelengths at 895 nm,
1359 nm and 790 nm. The most-used HC-PCF in this work is kagomé lattice �ber with a
�at-to-�at (average distance between two opposite core walls) of around 62 µm. Compared
to smaller core �bers, the rather large core of this HC-PCF favors shorter �lling times and
reduces the e�ects on Rydberg atoms due to the nearby core walls. As expected this �ber
provides the clearest spectroscopy signal and hence is mounted in each system. A Scanning
electron micrograph (SEM) image of this PCF is shown in �g. 5.6 (a). The close-ups show
the core region and the dimension of the core walls. The 19 µm core size kagomé lattice �ber
features a much smaller core size. As a result of the reduced core size the mean distances
between the atom and the core con�nement is shorter. Therefore interaction e�ects with
the core con�nement are expected to be much larger in this �ber compared to the 62 µm
core �ber. The Scanning electron micrographs of the 19 µm core size kagomé lattice �ber are
shown in �g. 5.6 (b). The last investigated �ber kagomé lattice �ber features a �at-to-�at
core size of around 27 µm. Because of its better guidance properties for higher order optical
modes, it replaces the 19 µm core kagomé lattice �ber for the experiments in chapter 8. The
Scanning electron micrographs of the 27 µm core kagomé lattice �ber are shown in �g. 5.6 (c).
All presented HC-PCF are produced by the Max Planck Institute for the Science of Light
(Russell division) in Erlangen, Germany.
9The layer deposition was performed by the 1st Institute of Physics, University of Stuttgart.
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Fig. 5.6: Scanning electron micrographs of the three di�erent HC-PCF investigated in this work: (a)
62µm core kagomé lattice �ber, (b) 19µm core kagomé lattice �ber and (c) 27µm core kagomé lattice
�ber. The close-ups on the right-hand side show the core region and on of the con�ning core walls.
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6 Atom density in HC-PCF

An important characteristic value for atom spectroscopy is the optical depth (OD) of a system.
For a given transition strength it can be directly related to the number of atoms interacting
with the light �eld. In thermal vapor experiments using e.g. glass cells the length of the
system is known and constant. Therefore measuring the OD allows to calculate the mean
atom density in the investigated system. The vapor pressure is given by the coldest spot in
the system, which allows a well controlled atom density in common vapor cell experiments,
such as the reference cell used in this work. For this purpose often a separate reservoir part
is attached, which is kept at a lower temperature compared to the cell itself and the atom
density is controlled by temperature of the reservoir.

In our HC-PCF systems the situation is more complex due to the slow di�usion of atoms into
the hollow-core region, adsorption e�ects on the core walls and light induced atom desorption
(LIAD) processes. In addition the vacuum system can not be heated as homogeneously as a
glass cell leading to cold spots acting as sink for the atoms. The resulting long di�usion times
turned out to be one of the most important limitations to our experimental system. In the
following the measurement procedure to obtain the OD in the HC-PCF is presented, which
is then used to investigate the di�usion processes and LIAD e�ects in our system in more
detail.

6.1 Determine the Optical depth of the system

The intensity of a weak monochromatic probe beam going through a uniform density atomic
medium is given by the Beer�Lambert law I(z) = I0 exp (−αz), where α is the absorption
coe�cient and z the position. The absorption coe�cient α = nCsσ can be expressed in terms
of atom number density nCs and the scattering cross section σ. The transmission T through a
atomic vapor with length L is then given by T = I/I0 = exp−nCsσL. The optical depth (OD)
is the negative natural logarithm of the transmission and given by OD = − lnT = nCsσL.
Therefore one can calculate the atom number density by measuring the transmission of a
probe beam if the atomic cross section for transition and the length of the medium is known.
A more detailed discussion can be found e.g. in [15,167,173].

In this work the OD is calculated by a �t to the transmission curve of the 895 nm probe light
scanning in frequency over the D1 transition of cesium 6S1/2 � 6P1/2. To gain reliable results
the power of the probe beam should be well below the saturation intensity Isat = 25.06 W m−2.
The probe light is launched into the investigated �ber and the transmission is measured by
recording the intensity of the out-coupled light with a photo diode. By scanning the frequency
of the probe light we can extract o�sets due to transmission or coupling losses of the �ber. To
subtract the e�ect of atoms between the �ber ends and the view ports of the vacuum system
(approximately 1 mm distance at each side), the light is coupled to the fundamental �ber
mode LP01 as well as the glass cladding. The OD measured in the glass cladding corresponds
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to the signal originating from atoms only outside the �ber. The obtain the �nal OD in the
hollow-core �ber system, the OD in the cladding is subtracted from the OD measured for
the fundamental mode. A typical measurement for the 62 µm core �ber after several month
of �lling is shown in �gure �g. 6.1. The OD measured for the probe light coupled into the
cladding is ODout = 0.7 and for the fundamental mode ODin = 13.9. One can see that the
signal is clearly dominated by atoms inside the hollow-core region OD = ODin−ODout = 13.2.
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Fig. 6.1: Measurement of the optical depth (OD) in the hollow-core �ber system. The 895 nm probe
light is scanned over the 6S1/2 F = {3, 4}� 6P1/2 F

′ = {3, 4} transitions of cesium [173]. The slope in
intensity is due to the feed-forward of the laser system. The OD is extracted by �tting a Voigt-pro�le
to the absorption features. To subtract the signal originating from atoms outside the �ber the OD is
measured for the probe light coupled to the glass cladding (i) as well as fundamental mode (ii).

6.2 Di�usion of cesium vapor into HC-PCF

To perform any kind of atom spectroscopy experiments in hollow-core �bers, the core region
needs to be �lled with a su�cient amount of atoms. Contrary to cold experiments, where
atoms have to be actively transported into the �ber by e.g. optical dipole traps [11], thermal
systems can rely on di�usion processes. The experimental realization is to expose a hollow-
core �ber to a alkali atmosphere. At this moment the �lling process starts as the atomic
vapor begins to di�use from both ends into the hollow-core regions. After the exposure one
in principle only needs to wait until a su�cient atom density inside the �ber builds up, which
is referred to as �lling time in the following. Nevertheless understanding this process is of
importance, as the actual timescales for �lling a �ber can become very long, e.g. for small core
sizes or low temperatures. This is especially true, if the �ber is exposed to the alkali vapor
for the �rst time. In this case the �lling process additionally includes the curing of the core
walls described in chapter 4. In combination with a lower than expected background pressure
due to cold spots in the vacuum system, it can take up to months to build up a su�cient and
constant atom density inside the �ber. Since this clearly limits the utility of the experimental
system, especially in scope of any possible applications, a better understanding of this �lling
process is essential for future experiments.
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In the following section �rst a theoretical model for the di�usion of atoms into the �ber core
is introduced. Afterwards the experimental results of a �rst time �lling process are presented
and discussed. By �tting the theoretical model to our measured data, the di�usion constant
of our �ber system can be extracted. This allows us to estimate how the �lling time changes,
if parameters like �ber length, core diameter or temperature are varied. Possible ways of
optimizing the �lling process are discussed at the end of this chapter.

Di�usion Model

The �ow of gases can be described by di�erent regimes, depending on its Knudsen number
Kn. Kn is given by the atom or molecule mean free path length λfm and the typical length
scale of the system d

Kn = λfm/d . (6.1)

A small Knudsen numbers Kn� 1 corresponds to the hydrodynamical �ow regime, a Knudsen
numbers Kn ≈ 1 to slip �ow regime and a large Knudsen number Kn � 1 to the molecular
�ow regime. In our system d corresponds to the �ber core diameter and mean free path length
of an atom is given by

λfm =
kBT√

2πd2CsP (T )
, (6.2)

where T is the temperature, P (T ) the vapor pressure and dCs = 5.96Å the atomic diameter of
cesium. For temperatures in the range of 20 ◦C to 50 ◦C the resulting mean free path length
is on the order of ≈ 1 m and hence Kn � 1. It is therefore save to assume the system is
described by the molecular �ow regime. In this regime the di�usion process into a thin tube
can be described by a one-dimensional di�usion equation [10,47]

∂n

∂t
= D

∂2n

∂x2
. (6.3)

In this equation D is the di�usion constant, x the space coordinate along the �ber, t the time
and n(x, t) atom number density. In the molecular �ow regime the di�usion constant D for a
hollow-core �ber is given by the mean atom velocity v =

√
8kBT/πm (m is the atomic mass)

and the diameter d [88]

D =
1

3
vd . (6.4)

However, the calculated di�usion constant is in the order of 10−4 m2 s−1, resulting in �lling
times much faster than our experimental observations. Reason for this is the e�ect of atomic
adsorption discussed in chapter 4, which considerably slows down the �lling process and needs
to be implemented for modeling the di�usion process. The derivation of a modi�ed di�usion
constant D, including the adsorption time τs can be found in [47].

D =
1

3

d2

τs + (d/v)
. (6.5)

If the temperature during the �lling process is constant and the surface coverage of adsorbed
atoms is low, the adsorption time and therefore D can assumed to remain constant.
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Di�usion into 62 mu core kagomé lattice �ber

After mounting the �bers inside the vacuum chamber the system is enclosed, evacuated and
baked out until the background pressure is below 2× 10−8 mbar. At this point the valve
to the pumping station is closed and the pumps are switched o� to minimize vibrations.
The reservoir of the chamber contains a sealed glass ampule �lled with ≈ 0.5 g of cesium.
The �lling process is started by breaking the glass ampule. The evaporating atoms create a
cesium atmosphere inside the whole hole chamber. To control the density of the vapor the
temperature in the reservoir and the chamber can be adjusted independently. The cesium
atoms then permeate into the hollow-core region by di�usion from both �ber ends.

0 50 100 150 200 250 300 350 400 450

time [h]

0

0.2

0.4

0.6

0.8

1

1.2

0

5

10

15

20

25

30

35

40

45

O
D

OD chamber

OD fiber

theory
tfill

n
/n

0

Fig. 6.2: Measuring the �lling process into a 62µm core size kagomé lattice �ber. The markers show
the optical depth measured in the �ber (circles) and the surrounding chamber (squares) after starting
the �lling process. The solid (dashed) black line indicates the simulated �lling ration n̄/n0 of the �ber
(chamber). The simulation are performed assuming a 60µm core capillary with a length of l = 80 mm
and a di�usion constant of Dest = 0.8× 10−9 m2/ sec. The vertical line indicates the �lling time t�ll
when the �lling ratio reaches n̄/n0 = 0.85.

The �lling measurement is performed in a 84.5 mm long 62 µm core size kagomé lattice �ber
(setup version 2). The �lling process is monitored by measuring the optical depth (OD) inside
the �ber during the �rst ≈ 380 h after exposure. After opening the reservoir, �rst the chamber
itself needs to build up a cesium atmosphere, which then can di�use into the �ber. Hence the
atom density at the �ber ends changes during the �lling process. To account for this e�ect an
additional probe beam is guided directly through the chamber to measure the OD outside the
�ber. The results of the �lling measurement are shown in �gure �g. 6.2. Red circles and blue
squares indicate the measured OD in the �ber and chamber respectively. The temperature of
the chamber is set to Tc = 80 ◦C and to Tr = 45 ◦C at the reservoir. The probe beam power
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Chapter 6 ATOM DENSITY IN HC-PCF

is set to PP = 40 nW (after out-coupling and before exposure to cesium), which is below the
power of Psat = 70 nW corresponding to the saturation intensity. We observe that for the �rst
≈ 20 h no atoms are detected in the �ber or the chamber. This is most probably due to the
deposition of atoms onto the steel surface of the vacuum system [129]. Then the OD in the
chamber increases and reaches OD≈ 35 after around ≈ 80 h. After this point the OD in the
chamber still �uctuates, but no increasing or decreasing trend of the OD is observable. This
indicates that the a nearly constant atom density has been reached. As expected the di�usion
process into the HC-PCF is much slower. Even after ≈ 380 h the OD in the �ber is lower than
in the chamber, showing that the �lling process is still not �nished. One can also observe that
some �uctuations of the OD in the chamber and the �ber seem to be correlated, which can
be attributed to temperature �uctuations of the vacuum system. s From the experimental
results we can extract values for the di�usion model to estimate the sticking time τs and
di�usion constant D in our system. The time evolution of the density in the chamber can be
approximated by a n̄ = t/

√
c+ t2 with the mean atom number density along the system n̄

and constant c. The time axis is o�set by 20 h to account for atom deposition on the vacuum
chamber. For t → ∞ the density approaches the �nal steady state value n0, corresponding
to an optical depth of OD = 35 in the experiment as discussed before. The simulated �lling
factor n̄/n0 for the chamber is indicated by the dashed black line in �g. 6.2, which de�nes
the boundary condition on the �ber ends for the di�usion calculation. The atom di�usion
is simulated for a l = 80 mm long �ber with cylindrical core diameter of d = 60 µm and a
temperature of T = 80 ◦C. Knowing the density at the �ber ends allows to calculate the �lling
of the �ber for di�erent di�usion constants D.
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Fig. 6.3: Simulated atom density inside the �ber during the �lling process. Simulation parameters
are: l = 80 mm, d = 60 µm and Dest = 0.8× 10−9 m2/ sec. The horizontal line indicates the �lling
time t�ll.
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For Dest = 0.8× 10−9 m2/ sec a reasonable agreement between simulation and experiment is
achieved as shown by the solid black line in �g. 6.2. The resulting sticking time τs = d2

3D −
d
v

of the atomic adsorption calculates to τest ≈ 1.5 s. The vertical line at t = 420 h in �g. 6.2
indicates the �lling time t�ll of the �ber, de�ned by ¯n(t�ll)/n0 = 0.85. At this time we assume
a �ber to be su�ciently �lled and therefore prepared for further experiments. The simulated
distribution of the normalized atom density n/n0 along the �ber during the �lling process is
show in �g. 6.3.

The sticking time for an atomic adsorption process τs = τ0 exp (Ea/(kBT )) is given by the
adsorption energy Ea and the characteristic timescale τ0 (see chapter 4). If we assume an
adsorption energy of Ea = 0.5 eV and insert our estimated sticking time of τest = 1.5 s
and �ber temperature T = 80 ◦C the characteristic timescale becomes τ0 = 1.09× 10−7 s.
Available literature values for cesium adsorption on quartz measured by di�erent techniques
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Fig. 6.4: Simulated �lling times t�ll of �bers with core diameters of d1 = 10µm, d2 = 30µm and
d3 = 60µm for di�erent �ber lengths (a) and temperatures (b).

are in the range of Ea ≈ 0.2 eV / τ0 ≈ 10−8 s [52] and Ea = 0.66 eV / τ0 = 10−13 s [30].
The corresponding sticking times for these values are τs ≈ 1× 10−5 s and τs ≈ 2.6× 10−4 s
for T = 80 ◦C. This is orders of magnitude shorter than our experimental estimation of
τest ≈ 1.5 s. However, the adsorption processes reported in [30, 52] are investigating surfaces
already exposed to cesium before for a longer period. In our system the glass is exposed to
the cesium vapor the �rst time and we attribute the longer timescales to the curing processes
discussed in chapter 4. The loss of atoms from the system by di�using into the glass matrix or
binding on defect sides until the surface is saturated will results in a longer e�ective sticking
time. This model is supported by the results of ongoing experiments in our group, where much
shorter sticking times are observed if the �ber has been exposed to alkali vapor before [99].
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Using the parameters extracted from our experiment we can estimate the timescales t�ll for
a �rst time �lling process in di�erent �ber systems. In �g. 6.4 the simulated �lling times for
three core sizes of d1 = 10 µm, d2 = 30 µm and d3 = 60 µm are considered. The density outside
the �ber is set to n0 at t = 0. The di�usion constant is calculated using τ0 = 1.09× 10−7 s
estimated by our experiment and the assumption Ea = 0.5 eV for the adsorption energy. The
dependence of the �lling time on the �ber length is depicted in �g. 6.4 (a). A temperature of
T = 100 ◦C is assumed, typically accessible in most vacuum or glass cell systems. As expected
the �lling time increases with increasing �ber length and smaller core diameter. In �g. 6.4
(b) the simulated temperature dependence of the �lling time (logarithmic scale) is plotted for
a �ber length of 100 mm. Changing the temperature of the system in�uences the mean atom
velocity v as well as the sticking time τs and therefore has a drastic e�ect on t�ll.

Optimizing �lling times

As it can take up to several months to �ll a hollow-core �ber with atoms, it is desirable to
a acceleration this process. The �rst step is to adjust the parameters of the �ber as well
as the �lling system accordingly. The selected �ber should feature a a large core diameter
and short length, as shown by �g. 6.4 (a). One should keep in mind that the OD can be
enhanced by LIAD processes as discussed in section 4.2, enabling optical thick systems for
reasonable short �ber length. Also a high temperature of the system during the �lling process
decreases the �lling time signi�cantly. As shown in �g. 6.4 (b), increasing the temperature
from T = 50 ◦C to T = 100 ◦C can reduce the �lling time by around one order of magnitude.
However, temperature much higher than 250 ◦C should be avoided since alkali atoms will
start to react with the glass. Using a strong LIAD beam might further speed up the �lling
process as reported in [76]. From the experience gained by experiments in our group, using a
small glass cell is superior to vacuum chamber systems in terms of atom density control. We
attribute this observation to the more reliable and homogeneous heating of the cell by custom
build ovens. A new design recently realized by our group, allows us to mount �bers directly
into a glass cell. This system showed promising results for faster �llings times [99] and will
be part of future work. A �rst version of this �ber-cell is depicted in �g. 6.5.

Fig. 6.5: New type of �ber-cell realized by our group [99]. The hollow-core �bers are mounted
inside a spectroscopy cell by fusing them into larger capillaries. The cell and reservoir can be heated
separately by a custom designed oven resulting in a stable, well controlled atom density in the system.
The compact all-glass design enables higher working temperatures which can drastically speed up the
�lling process.
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6.3 Light induced atomic desorption e�ects

The desorption rate of adsorbed atoms can be drastically increased by light induced adsorption
e�ects (LIAD)1 as discussed in chapter 4. In closed con�nements the atoms released by LIAD
e�ects add to the alkali vapor and hence increase the atom number density and optical depth
(OD) of the system. In this section the response of the OD to LAID e�ects is characterized
for our hollow-core �ber system. We investigating di�erent timescales to identify a regime,
where a constant OD can be maintained over a longer time scale. The ability to perform
several consecutive measurements with a constant atom density is crucial for the Rydberg
spectroscopy experiments presented in the next chapter.
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Fig. 6.6: Change of the OD in a 19µm kagomé lattice �ber after switching on an intense LIAD beam
at 790 nm. The two curves indicate two di�erent powers of the LIAD light. The slow decay of the OD
is attributed to atom di�usion out of the �ber.

Three light �elds with wavelengths of 895 nm, 1359 nm and 790 nm are coupled into the �ber
for the Rydberg spectroscopy as introduced in section 5.1. All three excitation beams could
potentially result in LIAD e�ects in the HC-PCF. However, the typical powers of the 895 nm
light and 1359 nm light launched into the �ber are in the range of several nW to µW. For the
resulting intensities present in the �ber no LIAD e�ects are observed. Contrary the 790 nm
light driving the Rydberg transition generally features a much higher power level of around
tens of mW. Reason for this is the small dipole transition moment to Rydberg states, which
requires a strong light �eld to achieve reasonable coupling strength. As a consequence the
intensities of the 790 nm light in the �ber result in measurable modulations of the OD due to
LIAD processes. The characterization of these e�ects is presented in the following.

For experiments investigating LIAD processes the 790 nm light and 895 nm light are coupled
to the fundamental LP01 mode of the 19 µm kagomé lattice �ber. This HC-PCF is selected

1For convenience all light-assisted e�ects are summarized under the term LIAD in this section.
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Fig. 6.7: OD in the HC-PCF system for consecutive LIAD light pulses with 5 mHz. When the LIAD
beam is switched o� a fast adsorption process restores the original OD in the HC-PCF. On top of this
faster modulation, again a slow decay of the OD is observed.

as it provides a large surface to volume ratio, resulting in strong modulations of the OD by
LIAD. It has been exposed to cesium vapor for several month to provide a su�cient �lling
of the core. A weak 895 nm probe beam is used to monitor the transmission through the
HC-PCF. The intensity of the 790 nm LIAD beam is switched by an acousto-optic modulator
(AOM).

First the long time behavior of the OD in the 19 µm kagomé lattice �ber after switching on the
LIAD beam at t = 0 is analyzed. The 895 nm probe light is continuously scanned over the D1
transition to extract the OD as discussed in section 6.1. A measurement is taken every 20 s.
The results for two di�erent LIAD beam powers are presented in �g. 6.6. The launched LIAD
beam powers are 18.3 mW (4.7 mW out) and 72.4 mW (16.6 mW out) respectively. When
switching on the LIAD beam the OD quickly increases to its maximum value of OD = 79 and
OD = 298. The higher LIAD power result in stronger desorption e�ects and therefore OD in
the �ber. With < 30 s the timescales for the increase of the OD is comparable fast and its
resolution limited by the time step size of 20 s. The short timescales are investigated later in
this section. The decrease of the OD following the initial rise is a slow process, lasting over
several hours. It is most probable due to atoms di�using out of the �ber. After around 14 h
changes in the OD can not longer be observed and therefore the OD can be assumed to be
constant again.

In the next experiment we are looking at medium timescales of the LIAD process. Therefore
the LIAD beam is modulated with 5 mHz after the initially switch-on. The resulting OD
measured with time steps of 1 s is plotted in �g. 6.7 for the �rst 600 s. The in-coupled LAID
beam power is 18.3 mW. After the fast initial rise of the OD, it again slowly starts to decay.
When the LIAD beam is switched o�, the OD drops back to the value before LIAD exposure
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within a few seconds and remains there. At the moment the LIAD beam is switched on again,
the OD increases to approximately the value observed at the end of the last LIAD pulse.
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Fig. 6.8: Investigation of LIAD dynamics for di�erent timescales. Plotted is the normalized transmis-
sion T/T0 of 895 nm light on resonance. Note the changing scale of the transmission axis for di�erent
frequencies. For fast modulation frequencies > 100 Hz the irradiation time of the surfaces becomes too
short for the LIAD processes in our system to follow and the transmission becomes nearly constant.

In the last measurement series we want to investigate the fast timescales of LIAD processes
and their limits. To increase the rate at which we can perform measurements in our system,
the 895 nm probe light is locked onto resonance for these experiments. Instead of the OD in
the system we now look at the relative change in transmission T/T0 of the probe light when
the LAID beams is switched on. The experimental results for di�erent LIAD modulation
frequencies are plotted in �g. 6.8. The power of the LAID beam launched into the HC-PCF is
63 mW (28 mW out). It is square-wave modulated with frequencies of 0.1 Hz �g. 6.8 (a), 1 Hz
(b),10 Hz (c), 100 Hz (d) and 10 kHz (e) for an complete on-o� cycle. The launched power of
the 895 nm light is 80 µW (30 µW out). Note the change in the scale on the transmission axis
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T/T0. While for a modulation with 0.1 Hz the signal varies by almost 80% of its maximal
value, the change in transmission decreases for higher frequencies. For 10 Hz it is already
at only around 10%. For very fast modulations frequencies, such as 10 kHz no change in
transmission is observable any more. This indicates that the exposure of the surfaces to the
light �eld is too short for the LIAD processes in our system to take place.
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Chapter 7 COHERENT RYDBERG SPECTROSCOPY

In the following chapter the main results for coherent Rydberg spectroscopy in HC-PCF
obtained in this work are summarized. The measurement procedure for all presented ex-
perimental results relies on a coherent three-photon Rydberg spectroscopy scheme, which is
introduced in the �rst part of this chapter. The experimental realization of this excitation
scheme as well as a theoretical model to simulate our system is discussed.

In the second part of this chapter the experimental results for Rydberg excitation of thermal
cesium atoms con�ned in a HC-PCF are presented. First the applicability and limits of our
theoretical model are tested by varying the coupling strength of all three transitions. Then the
spectroscopy signal is investigated in two di�erent HC-PCF for a series of Rydberg states with
principal quantum numbers in the range of n = 26 to n = 42. By simultaneously performing
measurements in a reference cell, we observe a red shift of the Rydberg signal in the HC-PCF
system, increasing for higher principal quantum numbers. This indicates that in�uences on
the atoms due to the con�nement by the HC-PCF can not be neglected anymore. Analyzing
the scaling behavior of this Rydberg line shift with main quantum number suggest electric
�elds to be the dominating e�ect. Astonishingly these shift are massively reduced after a
longer exposure time of the HC-PCF to the cesium vapor.

7.1 Three-photon spectroscopy scheme

All Rydberg spectroscopy experiments presented in this work are carried out using a three-
photon ladder scheme as depicted in �g. 7.1 (a). From a thermal vapor of ground state 133Cs
atoms a Rydberg state with principal quantum number n is excited via 6S1/2 → 6P1/2 →
7S1/2 → nP . Due to its higher coupling strength to the 7S1/2 state a nP3/2 state is addressed
in our experiments. A similar excitation scheme has been reported e.g. in [42]. The laser
systems driving the lower two transitions at 895 nm and 1359 nm are frequency stabilized
on the resonances 6S1/2 F = 3 � 6P1/2 F = 4 and 6P1/2 F = 4 � 7S1/2 F = 4 in a refer-
ence spectroscopy setup. The laser system providing the ≈ 790 nm light (between 781 nm for
n = 44 and 790 nm for n = 26)) is scanning in frequency over a selected Rydberg transition
7S1/2 F = 4 � nP3/2. The probe light at 895 nm is in a counter-propagating con�guration
with respect to the 1359 nm and ≈ 790 nm light. For more details on the optical setup see
section 5.1. The measured spectroscopy signal in our system is the transmitted power PP of
the 895 nm probe light over the frequency detuning 4C of the 790 nm coupling light driving
the Rydberg transition.

Simulations

Our simulations to reproduce the three-photon spectroscopy signal are based on a coupled
four-level ladder system. These four levels represent the corresponding atomic states as shown
in �g. 7.1 (a). Consecutive levels are coupled by a light �eld with wave vector k. The coupling
strength is given by the Rabi-frequency Ω = |d|E/~, where d is the dipole matrix elements
of the coupled transition and E the electric �eld amplitude of the coupling �eld. To include
additional decay channels and pumping e�ects the model can be extended to a include all
magnetic sub-levels as done in [190]. However, for small coupling strengths and a clean
linear polarization in the system, the in�uences due to additional magnetic sub-levels are
small. We can therefore restrict our system to the directly coupled sub-levels to increase the
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simulation performance. The response of the atoms to the light �elds is calculated using the
density matrix approach introduced in chapter 2. As the laser systems driving the lower two
transitions are locked on resonance, their corresponding frequency detunings in our model are
set to zero 4P = 4I = 0. The laser system driving the upper coupling transition is scanned
in frequency and hence the system is solved for a range of coupling detunings 4C . Since all
excitation light �elds in the experiment are continuous wave (cw) only a steady state analysis
of our model is necessary.
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Fig. 7.1: (a) Three-photon Rydberg excitation of 133Cs atoms. The laser systems driving the 895 nm
and 1359 nm are frequency stabilized on the 6S1/2 F = 3� 6P1/2 F = 4 and 6P1/2 F = 4� 7S1/2 F = 4
resonances. The spectroscopy signal is obtained by recording the transmission of the 895 nm probe
light over the detuning 4C of the ≈ 790 nm coupling light. To simulate the signal a coupled four-level
system is calculated using a steady-state density matrix approach. (b) The thermal movement of
atoms is implemented by an e�ective Doppler detuning on each light �eld. Because of the counter-
propagating con�guration this shift has opposite sign for the probe light �eld. Since the wave-vectors
k of the excitation beams are (anti-)parallel, the simulated signal for the full thermal ensemble of
atoms is obtained by integrating over their one dimensional velocity distribution. (c) In addition to
the spontaneous decays Γji considered by our model, the e�ect of atoms leaving the excitation volume
is implemented by a transit time decay channel Γtt acting on all states equally.

The e�ect of the thermal motion of atoms is illustrated in �g. 7.1 (b). As discussed in sec-
tion 2.2, the velocity component parallel to the wave vector results in a Doppler shift, which
translates into an e�ective detuning 4Doppler = k · v|| for each light �eld. Note that the
counter-propagating beam con�guration in the experiment is reproduced by the orientation
of the wave vectors: the wave vector of the probe transition kP points in opposite direction to
kI and kC and therefore the sign of the Doppler detuning changes. The in�uences on the spec-
troscopy signal by choosing this con�guration are discussed in more detail later in this section.
For one detuning value of the coupling �eld the response of the thermal atom ensemble is given
by the sum over the signal of all velocity class, weighted by the one dimensional Maxwell-
Boltzmann distribution for a given Temperature T (see eq. (2.35)). The spontaneous decay
channels included in our model are illustrated in �g. 7.1 (c). For the decay rates the following
values are assumed [85, 173]: Γ21 = 2π × 4.575 MHz for 6P1/2 → 6S1/2 Γ32 = 2π × 0.992 MHz
for 7S1/2 → 6P1/2 and for Γ31 = 2π × 1.814 MHz the decay cascade 7S1/2 → 6P3/2 → 6S1/2,
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which represents the value of the slower 7S1/2 → 6P3/2 decay (6P3/2 → 6S1/2 decays with
Γ = 2π×5.324 MHz). To implement the e�ect of atoms moving out of the interaction volume
all states in our model decay with a additional transit time rate Γtt as discussed in section 2.2.
This transit time rate is calculated for di�erent situation, as it depends on the 1/e2 mode area
and hence changes for di�erent HC-PCF core sizes or higher-order optical modes (HOM). A
typical value is Γtt = 2π × 1.21 MHz for the fundamental LP01 mode in the 62 µm core size
kagomé lattice �ber. Other existing decay channels are omitted as their e�ect is negligible
compared to transit time e�ects. For the typically low optical depths in our system we can
neglect absorption e�ects along the �ber. As a result we can estimate the change in trans-
mission of the probe light TP by the imaginary part of the coherence of this transition (see
eq. (2.61)) TP ∝ −=(ρ12).

Counter-propagating con�guration

The reason for launching the light �eld in a counter-propagating con�guration is shown in
�g. 7.2. In �g. 7.2 (a) the system is simulated for a counter-propagating con�guration as
realized in the experiment. In the topside of the �gure the velocity-detuning map for =(ρ12)
is plotted. Below the resulting transmission curve −=(ρ12) (solid black line (i)) over detuning
4C is shown, obtained by summing over all velocity classes. The amplitude of this signal
is scaled to one. The simulation parameters are ΩP = 2π × 5 MHz, ΩC = 2π × 15 MHz,
ΩI = 1.1241 × ΩC and Γtt = 2π × 1.3 MHz. In �g. 7.2 (b) the simulation is performed for
a co-propagating con�guration using the same parameters. The resulting transmission signal
(solid black line, plotted below) is scaled by the same factor as the signal in �g. 7.2 (a)
and additionally ampli�ed by a factor of ×10 for better visibility. One can see that the co-
propagating transmission signal does not show the sharp absorptive feature and is also much
smaller in amplitude. This can be understood by looking at the Doppler detuning 4Doppler.
To minimize the two-photon Doppler detuning 42Ph

Doppler = (kI − kP ) · v|| simultaneously with
the three-photon Doppler detuning43Ph

Doppler = (kC+kI−kP )·v|| only the chosen con�guration
with a counter-propagating probe light �eld is possible. The resulting small Doppler shifts
can be compensated by ac Stark e�ects of the upper light �elds ΩI and ΩC [144], creating
an velocity insensitive resonance for ΩI/ΩC =

√
kP /(kC + kI − kP ) = 1.1241 [42]. This

can be seen by the bright region of high =(ρ12) values for many velocity classes (along a
vertical line) at 4C = 0 in �g. 7.2 (a). As a result the sum over all velocity classes features
the distinct absorptive dip in-between two transmission peaks in the transmission spectrum
(i). To illustrate the dependence of the signal shape on the fraction of coupling strengths
the transmission curves are also plotted for ΩI = 2.5 × ΩC (dashed black line (ii)) and
ΩI = 0.7×ΩC (dotted gray line (iii)). Other simulation parameters are kept constant. Again,
the amplitudes of the counter-propagating transmission curves are scaled to one in �g. 7.2
(a) and the corresponding co-propagating transmission curves in �g. 7.2 (b) are scaled by the
same factor and ampli�ed ×10.
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Fig. 7.2: Comparison between counter-propagating (a) and co-propagating con�guration (b) of the
three-photon excitation scheme. Top row shows the calculated values =(ρ12) for a range of detuning
values 4C and di�erent velocity classes. The resulting transmission curves (solid black line (i)) are
plotted in the bottom row. The simulations parameters are ΩP = 2π×5 MHz, ΩC = 2π×15 MHz and
ΩI = 1.1241×ΩC for the velocity-detuning map and the transmission curve (i), and ΩI = 2.5×ΩC/
ΩI = 0.7×ΩC for the dashed/dotted transmission curve (ii)/(iii). The amplitude of the transmission
curves in the co-propagating situation (b) are scaled by the same factor as in (a) and additionally
ampli�ed 10× for better visibility. The counter-propagating con�guration minimizes the Doppler
detuning of the system and allows at ΩI/ΩC = 1.1241 a velocity insensitive resonance, resulting in a
strong absorptive feature between two transmission peaks.

Intensity pro�le of the excitation light �elds

Changes in intensity of an excitation light �elds results in a di�erent coupling strength Ω for
the corresponding transition. Accordingly the coupling strength experienced by the atoms
varies over the cross section of the excitation beam dependent on its intensity pro�le. A
common approach is to approximate the atomic response by using e.g. the peak intensities of
the excitation light �elds. In our system however, we have to implement the spatial depen-
dency of the excitation light �elds to obtain a reasonable agreement between simulated and
experimentally measured line shape. This is particularly important for simulations performed
in chapter 8. Here the probe light �eld is coupled to di�erent optical modes of the HC-PCF
and hence the combination of Rabi frequencies as seen by the atoms in the system changes
drastically.

The model to implement the spatial intensity distributions in our system is shown in �g. 7.3.
To obtain the intensity pro�le the optical modes of the three excitation light �elds are simu-
lated using the capillary approximation [64] as shown in �g. 7.3 (a) for the LP01 modes. Since
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Fig. 7.3: (a) To implement the spatial intensity distribution of the excitation light �elds the optical
modes of the selected HC-PCF are simulated using the capillary approximation [64]. (b) The resulting
intensity pro�les are converted into a 2-dimensional grid and the overall intensity is scaled to match
the power values measured in the experiment. The signal is calculated for the combination of coupling
strengths given by each grid points. The scaled sum over all simulated signals provides a reasonable
�t to the experiment. (c) Examples of the simulated signal at di�erent grid positions, illustrating the
strong change of the signal shape across the modes.

propagation e�ects are neglected in our model we focus on the radial intensity distributions.
Therefore the mode cross sections of all three light �elds are mapped onto a 2-dimensional
grid as depicted in �g. 7.3 (b). This model allows us to directly implement spatially dependent
e�ects on the atoms (see chapter 8). The signal is calculated for the combination of the three
Rabi frequencies and scaled by the �eld strength of the probe light at each grid point. The
�nal line shape is obtained by summing the scaled signals of all grid points. In �g. 7.3 (b) (rhs)
the signal simulated by our model is compared to a typically measured spectroscopy curve
in the 62 µm core size kagomé lattice �ber. The power values of the three excitation beams
in the experiment, corrected by the launching e�ciencies, are PP = 0.16 µW, PI = 12.4 µW
and PC = 18.9 mW. The addressed Rydberg state in the experiment is 30P3/2. All excitation
beams are coupled to the fundamental LP01 mode. To lock-in amplify the measured signal
the coupling light at 790 nm is modulated with 50 kHz via an AOM. Accordingly for the sim-
ulation the LP01 mode pro�le in the HC-PCF is calculated for each excitation wavelength.
The intensity of the full mode area is scaled to match the powers measured in the experiment.
The chosen resolution of the grid for this simulation is 1 µm. It should be emphasized that
beside scaling both signals amplitudes to one, no further �tting procedure is performed. Our
simulated signal indicated by the orange line in �g. 7.3 (b) shows a reasonable agreement
with the experiment. Slight deviations can be observed due to asymmetries in the measured
signal. The importance of including the intensity distributions into the model can be seen
by comparing the experimental signal to the transmission curves shown in �g. 7.3 (c). The
plotted signals correspond to simulations using Rabi frequencies at di�erent radial positions
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of the modes. The velocity maps (top-side) and averaged signal (bottom) calculated at the
center (i), 15 µm o�-center (ii) and 25 µm o�-center (iii) illustrate the strong variations of
signal shape and size across the mode. While the sum in �g. 7.3 (b) gives a good estima-
tion of the experimental measured signal, none of these single-point simulations matches the
experiment by itself.
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7.2 Rydberg spectroscopy in HC-PCF

In the following the experimental results for coherent Rydberg excitation in HC-PCF are pre-
sented. In the �rst part we show that in a 62 µm core kagomé lattice �ber and for Rydberg
state with principal quantum number n = 26 the signal in the HC-PCF can be described by
our theoretical model introduced in section 7.1. From the results of previous experiments car-
ried out in our group on micro-cell systems [109], we expect interactions between the nearby
glass-interface of the core con�nement and the Rydberg atoms to become more important
for smaller core sizes and higher quantum numbers. In the second part we analyze for which
parameters these interaction e�ects become observable in our HC-PCF system and how they
manifest in our signal. Therefore the Rydberg spectroscopy signal is measured for a large
range of quantum numbers n in two di�erent HC-PCF featuring core diameters of 62 µm and
19 µm. The signal obtained in the �ber system is compared to simultaneously performed mea-
surements in a reference cell. Part of the results in this chapter are reported in [60], which is
to our knowledge the �rst demonstration of Rydberg excitations in a HC-PCF system.

Rydberg signal for varying coupling strengths

To obtain a �rst signal demonstrating the feasibility of Rydberg excitations from a thermal
vapor inside a HC-PCF, an experiment with parameters that minimize any in�uences by the
�ber con�nement is prepared. The lowest Rydberg state addressable by our laser system �
the 26P3/2 state � and the HC-PCF with the larges available core size, a 62 µm core kagomé
lattice �ber, are selected for this experiment. The �ber length is 135 mm. For further details
on the investigated HC-PCF and vacuum system see section 5.2 and section 5.3. Since we are
only able to measure the beam powers before and after the light enters or leaves the chamber,
the experimental values for the intensities in the HC-PCF have to be estimated. To test how
the experimental measured power values compare to the Rabi frequency in our simulation
we want to investigate the Rydberg signal for di�erent coupling strengths. Furthermore this
allows us to identify the experimental powers that provide in the best trade-o� between signal
amplitude and width.

In �g. 7.4 a series of measured Rydberg spectra obtained in the 62 µm kagomé lattice �ber is
presented (lhs) and compared to simulations by our theory model (rhs). The plotted curves
correspond to a range of di�erent coupling powers in the probe (a), intermediate (b) and cou-
pling transition (c). The size of all spectra is scaled to one and di�erent o�set are added for bet-
ter visibility. The measured powers before in-coupling are PP = {0.05; 0.15; 0.30; 1.0; 5.0} µW,
PI = 6.0 µW and PC = 70 mW in (a), PP = 0.15 µW, PI = {1; 4; 10; 30; 100} µW and
PC = 70 mW in (b) and PP = 0.15 µW, PI = 6 µW and PC = {5; 10; 20; 40; 70}mW in
(c). All three excitation beams are coupled to the fundamental LP01 mode. The measured
launch e�ciencies are ≈ 40% for the 895 nm probe light, ≈ 33% for the 1359 nm intermediate
light and ≈ 62% for the 790 nm coupling light. During the experiment the chamber is kept
at room-temperature and the reservoir is heated to 60 ◦C resulting in an optical depth of
OD = 0.4 in the hollow-core region.

The simulated spectra are obtained using the model introduced in section 7.1. The intensity
distribution of the excitation light �elds are modeled by LP01 modes. The overall intensities
of the excitation light �elds in the simulation are set to �t the beam powers before in-coupling,
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corrected by the launching e�ciencies. Absorption e�ects and �ber losses are neglected and
the intensity of the light �elds are assumed to be constant along the �ber. Comparing the
measured power scans to our simulation, as depicted in �g. 7.4, allows us to estimate the
validity of these assumptions to our theoretical model.
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Fig. 7.4: Three-photon spectroscopy signal in a 62µm core kagomé lattice �ber. The addressed
Rydberg state is 26P3/2. The experimental measured transmission signals (lhs) are compared to the
simulations (rhs) for a varying coupling strength of the probe (a), the intermediate (b) and the coupling
transition (c).

For the probe power scan in �g. 7.4 (a) the coupling strength estimated by our model provides a
satisfying �t between theory and experiment. A deviation is noticeable in the main absorptive
feature for low probe powers of PP = {0.05; 0.15} µW, where the coupling strengths in the
simulations appear to be to large. For this low power the absorption e�ects by the atoms
become relevant. Since the launching e�ciencies are measured using o�-resonant probe light,
the estimated intensity values for the simulation are to high. For very large probe powers the
measured signal changes from the typical three-photon feature into a broad transmitting peak.
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This e�ect, sometimes referred to as electron shelving, is also reproduced by our simulations
and relies on the di�erent lifetimes of the atomic states. In some experiments it can be utilized
as incoherent spectroscopy tool [43,180]. A di�erence between simulation and experiment can
be observed in the enhanced absorption wings of the spectra, which are more pronounced
in the simulation. To discuss this in more detail we have a look at the intermediate power
scan in �g. 7.4 (b). One can see, how the splitting of the two transparency peaks increases
with increasing intermediate coupling power ΩI/~. This becomes clear if we consider the
system in a semi-dressed state picture. Instead of one four-level scheme the system can be
interpreted as two three-level systems with an intermediate dressed-states |d±〉 [42]. These
two dressed-states directly relate to the two transmission peaks and are separated in energy
by ΩI/~. While the qualitative trend of the spectra is reproduced by our theory, there
are clear di�erences between experiment and simulation, especially for larger intermediate
coupling strength. The signal shape for low intermediate powers is sensitive to all three
coupling strength and these deviations can be attributed to miss-matches in the coupling
strength due to measurement errors and �ber losses. For high intermediate powers our theory
model is not applicable anymore. At this point the contribution of the di�erent magnetic
sub-levels becomes important. To reproduce the experiment a model implementing the full
level structure of the system is required as shown in [190]. However, we are interested in a
three-photon signal providing a good trade-o� between visibility and width. Hence we will
avoid this parameter regime in experiments presented in the following and work at lower
intermediate powers, where our model is still valid. As one can see in �g. 7.4 (c), changing
the coupling power and hence ΩC has only a small in�uence on the signal shape. It mainly
e�ects size of the signal (not visible because the amplitudes of all signals are normalized),
which is convenient for experiments investigating di�erent Rydberg states in our system. It
allows us to compare di�erent Rydberg states using the same coupling power. While this
slightly changes the resulting coupling strength for each addressed state, a constant coupling
power allows us to prevent unwanted changes in atom density due to LIAD e�ects during a
measurement series.

Rydberg signal for varying principal quantum number n

In the previous section we have seen, that within a range of certain coupling strengths our
system can be reasonably well described by our four-level model for a low lying 26P3/2 Rydberg
state and a large 62 µm core size kagomé lattice �ber. This indicates that for these parameters
the system is not signi�cantly a�ected by any interactions with the core con�nement. In the
following we want to investigate, at which point in�uences due to the �ber con�nement can not
be neglected anymore and how they a�ect in our spectroscopy signal. To tune the interactions
between Rydberg atoms and the core walls, we have two independent applicable tools. By
addressing Rydberg states with higher principal quantum number n we can drastically increase
the polarizability α of our atoms. It scales approximately α ∝ (n∗)7, where n∗ = n−δqd is the
e�ective main quantum number and δqd the quantum defect of the corresponding Rydberg
state, e.g. δ30P3/2 = −3.559 (see chapter 1). Accordingly, increasing the principle quantum
number n drastically enhances the sensitivity of Rydberg states to any kind of electric �elds.

Alternatively we can vary the mean distance between our atoms and the �ber con�nement by
investigating hollow-core �bers with di�erent core diameters. By changing the mean distance
between the probed atoms and the glass material of the core walls, only the interactions
between these two systems are e�ected. Other e�ects, such as Rydberg-Rydberg interactions
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or the interaction with free charges, are not expected to be in�uenced by the chosen core
diameter. They will however depend on the e�ective principal quantum number n∗. The
same argument is valid for in�uences onto the atoms from outside the �ber region, such as
charges on the �ber cladding or the holder. Both approaches are realized in this work and
the experimental results are presented in the following.
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Fig. 7.5: Three-photon spectroscopy signal for a range of Rydberg states with principal quantum
numbers n, performed in a 62µm core size kagomé lattice �ber after two months (a) and four months
(b) of exposure to a cesium atmosphere. A clear signal can be observed for Rydberg states up to
n = 40. Comparing the signal positions in (a) to a reference systems (dashed black line) reveals a
shift to lower frequencies, increasing with principal quantum numbers n. This shift is strongly reduced
after the longer exposure time in (b). The optical depths in the systems are OD2m = 0.4 in (a) and
OD4m = 2.9 in (b).

The �rst series of measurements we want to discuss is shown in �g. 7.5. Depicted is the three-
photon signal in the 62 µm core size kagomé lattice �ber, addressing a range of nP3/2 Rydberg
states with di�erent principal quantum numbers n. The measurements are performed after the
�ber has been exposed to a cesium vapor for two months �g. 7.5 (a) and four months �g. 7.5
(b). The measure launching e�ciencies are ≈ 40% for the 895 nm probe light (o�-resonant),
≈ 30% for the 1359 nm intermediate light and ≈ 60% for the 790 nm coupling light. All three
beams are coupled to the fundamental LP01 mode. The input powers are set to PP = 0.15 µW
(PP = 0.5 µW), PI = 7.0 µW (PI = 10.0 µW) and PC = 70 mW PC = 50 mW for the spectra
obtained after two months (four months). To lock-in amplify the signal either the 1359 nm
light (�g. 7.5 (a), two months) or the 790 nm light (�g. 7.5 (b), four months) is modulated
with 1.1 kHz and 50 kHz respectively (see section 5.1). All signals are averaged between 100
and 300 times. The optical depths in the systems are OD2m = 0.4 after two months of
exposure and OD4m = 2.9 after four months. The system is kept at room-temperature for all
experiments.
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A clear three-photon signal can be observed up to n = 40 in �g. 7.5 (a) and �g. 7.5 (b). A
decrease in signal amplitude for higher n is expected as the coupling power PC is hold constant
for one measurement series to avoid changes in density due to LIAD e�ects. However, the
signal amplitude vanishes faster for higher n than one would expect from the change in
coupling strength ΩC . This indicates that additional de-coherence or decay processes are
present in the �ber system. A clear di�erence in the signal between the two exposure times
can be observed in the frequency position. Increasing the quantum number in �g. 7.5 (a) after
two months of exposure to cesium, reveals a clear red shift of the Rydberg signal compared
to a reference system (indicated by the dashed black line to guide the eye). While there are
also some deviations from the reference position after four months of exposure in �g. 7.5 (b),
the systematic shift increasing with n is not observed anymore.

The optical depth in the surrounding chamber is ODCH = 2.4. The OD in the hollow-core �ber
system increases from OD2m = 0.4 after two months to OD4m = 2.9 after four month, which
is comparable to the OD in the chamber. This suggests that the line-shifts are connected to
the atom density in the hollow-core, which depends on the slow atom di�usion process (see
section 6.2). The reference system and the evaluation of the shifts are discussed in more detail
later on in this section. First we want to have a quick look at a measurement series recorded
in a di�erent �ber.
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Fig. 7.6: Three-photon spectroscopy signal for a range of Rydberg states with principal quantum
numbers n, performed in a 19µm core size kagomé lattice �ber after two months (a) and four months
(b) of exposure to a cesium atmosphere. In (a) the in�uences by the �ber con�nement result in a
strong broadening and shift of the signal, even for lower lying n states. The small signal on resonance
originates from atoms outside the �ber. After four months of exposure (b) these e�ects are drastically
reduced and a clear three-photon signal can be observed for Rydberg states up to n = 32. The optical
depth in this �ber system are OD2m = 0.2 in (a) and OD4m = 1.5 in (b).
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For the second measurement series a �ber featuring a smaller core size is investigated. In
�g. 7.6 the obtained spectra in a 19 µm core size kagomé lattice �ber are plotted, again for
two months (�g. 7.6 (a)) and four months of exposure (�g. 7.6 (b)). The input powers are
PP = 0.3 µW (PP = 0.15 µW), PI = 6.0 µW (PI = 10.0 µW)and PC = 50 mW PC = 20 mW
with launching e�ciencies of ≈ 30% (895 nm light, o�-resonant), ≈ 20% (1359 nm light and
≈ 40% (790 nm light). Again all beams are coupled to the LP01 mode. Analog to the
measurements in the 62 µm core �ber the 1359 nm light (�g. 7.6 (a), two months) or the
790 nm light (�g. 7.6 (b), four months) is modulated for lock-ampli�cation. The extracted
optical depths in this �ber are OD2m = 0.2 after two months of exposure and OD4m = 1.5
after four months.

For the signal measured in the 19 µm core size kagomé lattice �ber a massive broadening of the
lines can be observed after two months of exposure as shown in �g. 7.6 (a). Only for principal
quantum numbers around n = 26 and n = 27 the typical three-photon signal shape can be
identi�ed. Also the �ber signal is clearly shifted compared to a reference system (dashed
black line), even for low quantum numbers n. The small three-photon signal at resonance is
attributed to atoms between the �ber ends and the view-ports of the vacuum system. After
four months of exposure the situation is very di�erent. The line broadening is greatly reduced
and no systematic shift is observed anymore. Again the OD in the system is much larger after
four months of exposure (OD2m = 0.2 to OD4m = 1.5).

Comparing the measured spectra for the 62 µm and 19 µm core size kagomé lattice �ber clearly
indicates a interaction of the Rydberg atoms with the �ber con�nement. Furthermore this
interaction is drastically reduced after longer exposure times of the �ber system to the cesium
vapor and seems to be connected to the atom density inside the �ber. Investigating these
e�ects by comparing the line-width of di�erent signals showed to be di�cult, as it also depends
on the coupling strength of all three excitation light �elds. Therefore we will focus on the
frequency positions of the signals to analyze the interactions with the �ber con�nement in a
more quantitative manner.

Observed line-shifts

Analyzing the scaling behavior of Rydberg interaction e�ects with the e�ective quantum
number n∗ can give insight into the underlying processes. Since we suspect Stark shifts
∆E = −1/2αE2 due to stray electric �elds E as most probable in�uence in our �ber system,
the Rydberg state energy is expected to shift approximately ∝ α ∝ (n∗)7. To con�rm or
rebut this assumption, the absolute line-shifts of our Rydberg signal in the HC-PCF system
needs to be evaluated. To do so, the spectroscopy curve is simultaneously recored in a 3 mm
reference cell for all measurements (see section 5.1). The Rydberg spectroscopy signal in the
reference cell is assumed to be una�ected by any interaction e�ects and hence corresponds
to the resonance frequency of the unperturbed Rydberg state. The frequency position is
extracted by �tting a quadratic function to the absorptive feature of the three-photon signal,
as shown exemplary for the 32P3/2 state in �g. 7.7 (a). The minimum of this �t de�nes the
origin of our frequency detuning axis, indicated by the dashed black lines in �g. 7.5 and
�g. 7.6. The calibration of this axis is done by an additional measurement using a Fabry-
Pérot interferometer. The frequency position of the Rydberg signal in the HC-PCF system is
evaluated by the same procedure, shown in �g. 7.7 (b). By comparing the relative frequency
positions obtained in the reference cell and the hollow-core �ber, we can de�ne an absolute
frequency shift δ�b. Since the reference system is considered to be unperturbed, this shift
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translates to the change in Rydberg state energy in our �ber system.1 Due to the required �t
of the absorptive feature, this method can not be applied for strongly deformed signal shapes
as observed e.g. for n > 30 in �g. 7.6 (a).
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Fig. 7.7: (a) To investigate frequency shifts of the Rydberg signals all measurement are simultane-
ously performed in a 3 mm reference cell. The Rydberg state resonances in this reference system are
considered to be una�ected by interactions other than the excitation light �elds and de�ne the origin
of the detuning axis. The relative frequency position of a spectroscopy signal obtained in the HC-PCF
system (b) can be translated into a shift of the Rydberg state energy. The frequency positions are
extracted by an quadratic �t (red lines) to the absorptive feature of the three-photon signal (gray
lines). The plotted data shows the 32P3/2 state measurement in the 62µm core size kagomé lattice
�ber after two months of exposure (see �g. 7.5).

In �g. 7.8 the evaluated Rydberg line-shifts for the measurements in the 62 µm and 19 µm core
size kagomé lattice �ber are shown. In �g. 7.8 (a) the shifts obtained after two months and
four months of exposure are plotted over the e�ective main quantum number n∗ = n − δqd.
The error bars are given by uncertainties in the lock-in ampli�er delay, the scaling of the
frequency axis and the �tting procedure of the line-centers. The quantitative analysis �ts our
qualitative observations in �g. 7.5 and �g. 7.6. The Rydberg line-shifts measured after two
months increase with e�ective main quantum number n∗ and are up to 10× larger in the
smaller 19 µm core con�nement. All line-shifts are red-detuned with respect to the reference.
After four months of exposure these shifts can not be observed anymore in either of the �ber
systems, indicating the underlying e�ect is greatly reduced.

To gain insight into the type of interaction responsible for the red-shifts of the Rydberg lines
in the HC-PCF systems, we analyze the scaling behavior of these line-shifts. Fitting the
experimental data obtained after two months of exposure to a (n∗)m power law, as shown in
the log-log plot in �g. 7.8 (b) yields m = 6.7 ± 0.7 for the 62 µm core �ber (solid blue line)
and m = 4.4± 0.4 for the 19 µm core �ber (solid red line). The scaling of the shift measured
in the 62 µm core �ber �ts very well with the Rydberg state polarizability mα = 7. Hence
we assign the observed Rydberg line-shift to be predominantly caused by static electric �eld

1Dependent on the chosen experimental setup these values need to be corrected for electronic delays by the
lock-in ampli�cation.
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in the hollow-core region, resulting in a Stark shift of the Rydberg states. Calculating the
Rydberg state polarizabilities the electric �eld can be estimated by δ�b = αE2/2 to be in the
order of E ≈ 50 V m−1. The fact that the signals measured in the 62 µm core �ber show no
noticeable broadening implies that the electric �eld experienced by the atoms must be very
homogeneous. In the 19 µm core �ber the �tted scaling yields m = 4.4± 0.4. The deviations
from the expected scaling are most probably due to inhomogeneous electric �eld components,
which is supported by the observed broadening of the Rydberg lines in this �ber. One should
note that for all measurements the frequency shift of the signal is smaller than the FWHM
Doppler line width of ≈ 360 MHz, represented by the horizontal dashed line in �g. 7.8 (b).
This shows that even though our Rydberg system is perturbed by the �ber con�nement, the
measurement is still dominated by coherent processes.
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Fig. 7.8: (a) Evaluated Rydberg line-shifts in the 62µm and 19µm core size kagomé lattice �ber over
e�ective principal quantum number n∗. The shift in 19µm core �ber is up to 10× larger than in the
62µm core �ber. In both �bers the shift is strongly reduced after four months of exposure time. (b)
To investigate the scaling behavior of the shift, the data obtained after two months is �tted by an
(n∗)m power law (solid lines). The �t yields m = 6.7± 0.7 in the 62µm core �ber and m = 4.4± 0.4
in the 19µm core �ber respectively. All level shifts are smaller than the FWHM Doppler line width of
≈ 360 MHz (horizontal dashed line) indicating the measurement process is still dominantly coherent.

In this chapter we presented spectroscopic results on coherent excitation of Rydberg states
in HC-PCF up to n = 40. While we were able to identi�ed the presence of electric �elds
in the hollow-core region the question of their origin remains. Possible candidates are e.g.
random charges, charged layers or dipoles due to adsorbed atoms on the core surface. Also
model is needed to explain the vanishing �eld after longer exposure times, as well as the
homogeneous electric �elds observed in the 62 µm core �ber. A better understanding of these
electric stray �elds and their distribution in the hollow-core region requires a setup providing
spatial resolution. Our experimental approach and a extension to our theoretical model to
reproduce our �ndings is presented in the next chapter.
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Electric �eld model 8.1

In this chapter the observed line-shifts of Rydberg atoms in HC-PCF are measured and
analyzed in more detail. As discussed previously, we attribute these shifts to stray electric
�elds present in the core region. Understanding these interactions and their origin is crucial,
if one plans on utilizing HC-PCF based systems to investigate Rydberg-Rydberg interactions
[14, 186], meta-stable behavior [199] or superradiant e�ects [41] as well as for any kind of
potential sensing applications [164].

To gain insight into the origin of the electric �elds, information about their spatial distribution
is necessary. In order to do so, we extend our optical setup by adding an spatial light modulator
(SLM) into the probe beam path. By shaping the mode of the in-coupled probe beam, the
light can be couple to di�erent higher-order optical modes (HOM) in the HC-PCF [61]. By
controlling the radial intensity pro�le of the probe light, we are able to probe atoms at di�erent
average distances to the core con�nement. If the electric stray �elds vary over the core region
we expect a change in the observed Rydberg line-shifts for di�erent HOM.

In the following we �rst discuss potential sources of electric stray �elds in our system and
compare their resulting electric �eld distributions in the core region. A model to calculate
electric �elds created by atoms adsorbed on the core surfaces is introduced in detail. After-
wards the experimental results for Rydberg spectroscopy with higher-order optical modes in
two di�erent HC-PCF are presented. Simulating the line-shifts in the system and compare
them to our experimental �ndings, allows us to make conclusions about the strength and
origin of the stray �elds. The main results of this chapter are published in [59].

8.1 Electric �eld model

To model electric stray �elds in our system, we calculate the electric �eld distributions in the
hollow-core region of a HC-PCF for di�erent feasible experimental settings. The geometry of
kagomé lattice �bers (used in the experiments) is approximated by implementing the core as
a hexagonal prism. Dependent on the considered setting, di�erent electric �eld distributions
are possible as shown in �g. 8.1. The parameters for the plots are set to obtain electric �eld
values on the order of the �elds we extracted in section 7.2. First the situation for free charges,
created e.g. due to ionizing collisions of the Rydberg atoms, is illustrated in �g. 8.1 (a). The
modulus of the electric �eld, calculated for an ion density (positive single elementary charges)
of 10−3 µm−3 in a 62 µm core size �ber, is plotted in �g. 8.1 (b) and the average value along
100 µm of �ber length in (c). The charges are randomly distributed over the entire hollow-
core region and the resulting average �eld is nearly independent of the core geometry and the
position in the core. The next possible source of electric stray �elds are charges sitting on the
nearby surfaces as depicted in �g. 8.1 (d). In our model only the surfaces of the most-inner
core walls are considered and the outer kagomé structure is neglected. While these charges are
still randomly distributed over the core surface, the resulting electric �eld in the hollow-core
region now depends on the core size and distance to the core walls as shown �g. 8.1 (e) and
(f). The plotted electric �eld corresponds to an ion density of 3× 10−2 µm−2 on the surface.
The last situation we want to discuss is a nearly homogeneous layer of dipoles on the surface
as shown in �g. 8.1 (g). As discussed in the following section, such dipoles can originate from
atoms adsorbed on the glass surface. The resulting electric �eld plotted in �g. 8.1 (h) and
(i) corresponds to a surface density of n ≈ 20 000 µm−2 adsorbed cesium atoms, or 1% of a
monolayer n0 = 2× 1014 cm−2 [30]. The �eld strongly depends on the core size and radial
position in the core region. As discussed later on in this chapter, we attribute the electric
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�eld observed in our HC-PCF system dominantly to the e�ect of adsorbed atoms. Our model
to calculate the electric �elds of atoms adsorbed on the core surface is introduced in the
following.
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Fig. 8.1: Three di�erent models for electric stray �elds in the hollow-core region: (a) Free charges
created by ionization of Rydberg states are randomly distributed over the core volume. (b) Exemplary
�eld distribution over the core volume for a ion density of 10−3 µm−3. The color-map indicates the
modulus of the electric �eld. (c) The resulting average �eld along the core is independent of the core
geometry. (d) � (f) If the charges are sitting randomly distributed on the core surface the situation
changes. The average �eld along the �ber (f) now depends on the distance to the core walls. The
plotted �elds corresponds to a ion density of 3× 10−2 µm−2 on the core surface. (g) � (h) Electric �eld
distribution created by atom adsorbed on the core surface, modeled by a homogeneous dipole layer
(see text). The plotted �eld corresponds to a surface coverage of cesium atoms of 1% of a monolayer
(θ = 1× 10−2). The average �eld in (h) shows a strong dependence on the distance to the core walls.
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Electric �eld created by adsorbed atoms

As introduced in section 4.3, an atom that gets adsorbed on a glass surface creates a dipole
moment mainly perpendicular to the surface as shown in �g. 8.2 (a). The underlying e�ect is
the distortion of the electron density away from the alkali atom and towards the oxygen atoms
of the SiO2. A resulting dipole strength of ≈ 12 D for one rubidium atom on a SiO2 surface
was calculated in [163]. Following these calculations, we can estimate the corresponding
dipole moment for one adsorbed cesium atom on a SiO2 surface to be ≈ 13 D. For feasible
experimental settings in our system, the expected spacing between adsorbed atoms is in the
range of 1 nm to 100 nm, which is much smaller than the dimensions of the core geometry.
Hence we can estimate the resulting electric �eld in our system by assuming an homogeneous
layer of dipoles on the glass surface. A given surface density of adsorbed atoms then translates
into a de�ned dipole density of this layers.
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Fig. 8.2: Electric �eld model based on dipole moments created by adsorbed atoms. (a) The spacing
between adsorbed atoms is much small compared to the dimensions of our system. This allows
us to model the adsorbed atoms by an homogeneous layer of dipoles. The dipole moment of one
adsorbed cesium atom is calculated to be ≈ 13 D. (b) If the atom density in the hollow-core changes
along the �ber (e.g. the �lling process is not completed), then also the coverage of adatoms changes
accordingly. (c) Comparison of the electric �elds calculated for two di�erent adatom coverages θ0.
The change in adatom density mainly in�uences the areas close to the core walls. Both �elds fall
o� rapidly with distance from the core, reaching zero on-axis. (d) Comparison of the electric �elds
for a constant coverage of adatom ∂zθ0 = 0 and an adatom coverage changing with a gradient of
∂zθ0 = 6× 10−6 µm−1 along the �ber. The adatom gradient creates an additional longitudinal �eld
component. This �eld is rather small but remains constant throughout the core cross-section and
thereby dominates the central regions close to the �ber axis.

To gain a more intuitive value for the adatom density it can be expressed in terms of a surface
coverage θ = n/n0 of adatoms introduced in section 4.1. It is de�ned by the surface density
of adsorbed atoms n, compared to that of a �lled monolayer n0 = 2× 1014 cm−2 [30, 52]. As
long as the �lling process of a HC-PCF is not completed (see section 6.2) the atom density
of the cesium vapor and hence the number of adsorbed atoms will change along the �ber as
illustrated in �g. 8.2 (b). To implement this actually quite important e�ect into our model,
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the adatom coverage now becomes dependent on the �ber position θ = θ(z). While the full
analysis of the resulting electric �elds requires a three-dimensional calculation, we can simplify
our model by considering two di�erent �eld contributions. For an in�nite long hollow-core
�ber with a constant dipole density on the core surface, only the radial part of the electric
�eld remains1. Due to the closed symmetry of the system, this �elds falls o� rapidly towards
center of the core reaching zero on-axis. In �g. 8.2 (c) the calculated modulus of the electric
�eld over the core cross-section is plotted for a adatom coverage of θ0 = 1.15 × 10−2 and
θ0 = 5 × 10−2 in a 62 µm core size �ber. We de�ne the position along the �ber, where the
cross-section of the electric �eld is evaluated as z0 and θ(z0) = θ0. For a surface coverage
that changes along the �ber θ = θ(z), the gradient of the dipole density creates an additional
longitudinal �eld component. We estimate the strength of this gradient �eld by assuming
a linearly dependence of the adatom coverage ∂zθ = const. and simulating a su�cient long
piece of �ber to avoid boundary e�ects. Since we are only interested in the longitudinal
�eld component, a capillary geometry with area preserving radius is calculated (instead of a
hexagonal shaped core) to increase the performance of the simulation. The resulting electric
�eld is nearly homogeneous over the whole core cross-section. The �eld strength depends on
the gradient of the adatom coverage and the area of the core cross-section, but is independent
of the actual coverage value.

The full electric �eld at one �ber position z0 is obtained by adding up the radial part, calcu-
lated for the surface coverage θ0 at this point and the longitudinal �eld component, given by
the gradient of the adatom coverage ∂zθ0. In �g. 8.2 (d) the modulus of the electric �elds is
compared for the situation of a constant adatom coverage ∂zθ0 = 0 µm−1 and for an adatom
coverage changing with a gradient of ∂zθ0 = 6× 10−6 µm−1 (θ0 = 1.15× 10−2 in both plots).
We can see that the electric �eld close to the core walls is dominated by the radial part
and hence coverage value θ0. This �eld component falls o� towards the center of the core
cross-section, where now the �eld created by the coverage gradient ∂zθ0 dominates.

1Note that the �eld inside a in�nite long capillary, that features a homogeneous dipole layer yields zero. To
obtain more realistic results the dipole density needs to be weighted with a suitable distribution function.
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8.2 Investigating stray �elds using higher-order optical modes

In the previous section we have discussed possible sources for stray electric �elds and showed
their resulting �eld distributions in a HC-PCF based on di�erent theoretical models. In
this section we present a method to investigate these stray �elds experimentally. The probe
beam of a three-photon excitation scheme is sent to a spatial light modulator (SLM) and
then launched into di�erent guided higher-order modes of a HC-PCF. The guided modes
preferentially probe the Rydberg atoms in di�erent regions of the core, providing a degree of
spatial resolution.

The experiments are carried out in two kagomé lattice �ber with core diameters of 62 µm and
27 µm (see section 5.3). Both HC-PCF have a length of 84.5 mm and have been exposed to
a cesium atmosphere for several weeks beforehand. The Rydberg spectroscopy is performed
using a three-photon excitation scheme introduced section 7.1. The coupling light at 790 nm
is amplitude modulated with 15 kHz by an acousto-optic modulator for an additional lock-in
ampli�cation of the signal. For further details on the optical setup and vacuum system see
chapter 5.

Higher-order optical modes

We realized the controlled coupling to higher-order optical modes in our experiments by using
a spatial light modulator (SLM). The SLM is build in the probe beam path of the 895 nm
light as presented in section 5.1. The coupling is optimized in a way that the di�erent modes
can be selected directly by the SLM and no re-coupling of the �ber is necessary.
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Fig. 8.3: Near-�eld intensity pro�les of the modes realized in the 62µm core size kagomé lattice
�ber (top row, measured using a CCD camera) and in simulations using the capillary approximation
(bottom row). The probe light (a) is launched into the fundamental LP01 mode, as well as the higher-
order LP11 and LP31 modes via a spatial light modulator (SLM). The light �elds of the intermediate
(b) and coupling transition (c) are launched into the fundamental LP01 mode.

The best experimental results for the 62 µm core size kagomé lattice �ber are achieved for the
LP01 (fundamental mode), the LP11 mode and LP31 mode as shown in �g. 8.3 (a). In the
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top row the near-�eld intensity pro�les are shown, obtained by imaging the �ber end onto a
CCD camera. The bottom row shows the corresponding intensity pro�les, calculated by using
a capillary approximation (see chapter 3), which are also used for our simulations. The light
�elds for the intermediate and coupling transition are launched into the fundamental LP01

mode as shown in �g. 8.3 (b) and (c). The measured launch e�ciencies are ≈ 57% (LP01),
≈ 40% (LP11) and ≈ 12% (LP31) for the probe light, ≈ 38% (LP01) for the intermediate light
and ≈ 58% (LP01) for the coupling light.
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Fig. 8.4: Near-�eld intensity pro�les of the modes realized in the 27µm core size kagomé lattice
�ber (top row, measured using a CCD camera) and in simulations using the capillary approximation
(bottom row). The probe light (a) is launched into the fundamental LP01 mode and the higher-order
LP11 mode via a spatial light modulator (SLM). The light �elds of the intermediate (b) and coupling
transition (c) are launched into the fundamental LP01 mode.

The second HC-PCF investigated is a 27 µm core size kagomé lattice �ber. In this �ber the
probe light is launched into fundamental LP01 mode and the higher-order LP11 mode as
shown in �g. 8.4 (a). The light �elds for the intermediate and coupling transition are again
coupled to the fundamental LP01 mode, depicted in �g. 8.4 (b) and (c). A e�cient coupling
to the LP31 mode could not be achieved in this �ber. The launch e�ciencies measured for
the 27 µm core size kagomé lattice �ber are ≈ 33% (LP01) and ≈ 22% (LP11) for the probe
light, ≈ 7.5% (LP01) for the intermediate light and ≈ 50% (LP01) for the coupling light.
Ideally we would have used the 19 µm core size kagomé lattice �ber used in the previous
experiments. Since no controlled coupling to higher-order optical modes could be achieved,
it is replaced by the 27 µm core size kagomé lattice �ber.

Observed line-shifts

The main results for probing Rydberg line-shifts in a HC-PCF system using di�erent optical
modes are summarized in �g. 8.5 (a) for the 62 µm core kagomé lattice �ber and in �g. 8.6
(a) for the 27 µm core kagomé lattice �ber respectively. The observed line-shifts are plotted
as a function of the e�ective principal quantum number n∗ for the di�erent optical modes of
the probe light �eld. Markers represent experimental values, extracted by �tting position of
the absorptive feature of our three-photon spectra. The solid lines correspond to numerical
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simulations, assuming electric �elds in the HC-PCF created by atoms adsorbed on the �ber
walls. The parameters of the adatom coverage are θ0 = 1.15×10−2 and ∂zθ0 = 6× 10−6 µm−1

in �g. 8.5 (62 µm core �ber) and θ0 = 6.9×10−2 and ∂zθ0 = 9.5× 10−6 µm−1 in �g. 8.6 (27 µm
core �ber). The simulations methods and the interpretation of their results are discussed later
in this section. First the details of the experimental procedure are presented.
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Fig. 8.5: (a) Rydberg line-shifts measured in 62µm core size kagomé lattice �ber using three di�erent
probe modes for increasing e�ective principal quantum number n∗. The solid curves show the trends
of the simulated line-shifts based on the electric �eld generated by a adatom surface density θ0 =
1.15 × 10−2 with ∂zθ0 = 6× 10−6 µm−1 (see text). Inset: �t of the measured line-shifts to a (n∗)7

scaling law (black lines). (b) The calculated electric �eld in the core region created by the adatom
parameters used in the simulations compared to a scanning electron micrograph of the actual core
structure.

For the measurements performed in the 62 µm core kagomé lattice �ber shown �g. 8.5, the
intermediate and coupling transition powers launched into the �ber are set to PI = 30 µW
and PC = 30 mW. The launching powers of the probe beam are set to PP = 0.25 µW for the
LP01 mode, PP = 0.4 µW for the LP11 mode and PP = 1.2 µW for the LP31 mode. Taking
into account the launching e�ciencies, these values yield approximately the same power of
PP = 0.16 µW in the HC-PCF for all three modes. For the measurements performed in the
27 µm core kagomé lattice �ber shown in �g. 8.6 the launched powers of the upper transitions
are set to PI = 40 µW and PC = 15 mW. The probe beam is launched with a power of
PP = 0.1 µW into the LP01 mode and PP = 0.2 µW into the LP11 mode.

In both �bers the strong coupling light at ≈ 790 nm is launched into the HC-PCF several hours
before the actual measurement to assure a steady state condition of the system. The vacuum
system is kept at room temperature, resulting in an optical depth of OD62 = 0.8 in the 62 µm
core �ber and OD27 = 0.4 in the 27 µm core �ber, recorded immediately before starting the
Rydberg spectroscopy experiments. Both values are signi�cantly smaller than the estimated
optical depth of ODch = 2.6 in the surrounding chamber, which indicates an incomplete �lling
process of the �bers. Analog to section 7.2, the line-shifts are extracted by comparing the
frequency position of the signal obtained in HC-PCF to a simultaneously recorded spectrum
in a reference cell. The signal positions are determined by �tting a quadratic function to the
absorptive feature of the three-photon spectra, which are averaged 400 to 3000 times. We
estimate the uncertainties of the frequency positions by this method to be on the order of
3 MHz for the 62 µm core �ber and 5 MHz for the 27 µm core �ber, indicated by the error-bars
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in �g. 8.5 and �g. 8.6. To this error contributes the uncertainty of the lock-in ampli�er delay,
the uncertainty in scaling the frequency axis and the uncertainty of the �t to the line-centers.
For large principal quantum number n the line-shape of the three-photon spectrum becomes
distorted and the �tting procedure to extract the frequency positions becomes less reliable,
which can also be seen by the increasing error-bars.
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Fig. 8.6: (a) Rydberg line-shifts measured in 27µm core size kagomé lattice �ber using two di�erent
probe modes for increasing e�ective principal quantum number n∗. The solid curves show the trends
of the simulated line-shifts based on the electric �eld generated by a adatom surface density θ0 =
6.9 × 10−2 with ∂zθ0 = 9.5× 10−6 µm−1 (see text). Inset: �t of the measured line-shifts to a (n∗)7

scaling law (black lines). (b) The calculated electric �eld in the core region created by the adatom
parameters used in the simulations compared to a scanning electron micrograph of the actual core
structure.

Additional experiments are carried out, using di�erent probe powers as shown in �g. 8.7.
The launching powers for the 62 µm core �ber are PP = {0.125; 0.25; 0.5} µW for the LP01

mode, PP = {0.2; 0.4; 0.8} µW for the LP11 mode and PP = {0.6; 1.2; 2.4} µW for the LP31

mode. The corresponding line-shifts are connected by solid (lowest power values), dashed
(intermediate power values) or dotted (highest power values) to guide the eye. For the 27 µm
core �ber two sets of di�erent launching powers are used with PP = {0.05; 0.1} µW for the
LP01 mode and PP = {0.1; 0.2} µW for the LP11 mode respectively.

Discussion

We now want to discuss the experimental results and the validity of our theoretical modeling in
detail, starting with the measurements in the 62 µm core �ber presented �g. 8.5 (a). All three
measurements series using di�erent optical modes of the probe light show a clear red-shift of
the Rydberg signal, increasing with higher n∗. The measured line-shifts for the fundamental
LP01 mode are comparable to the results in our previously experiments in section 7.2. When
the probe light is launched into the higher-order LP11 mode we observe an increase of the
line-shifts. This e�ect is even more pronounced for the higher-order LP31 mode, which shows
the largest shifts. A similar behavior of the line-shifts can be observed in the 27 µm core �ber
in �g. 8.6 (a). Again we observe a red-shift of all Rydberg lines, that increases with e�ective
principal quantum number n∗. This shift is increased if the launched mode of the probe light
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Fig. 8.7: Investigating the line-shift using di�erent probe powers in a 62µm core size kagomé
lattice �ber (a) and 27µm core size kagomé lattice �ber (b). The launched probe powers are
PP = {0.125; 0.25; 0.5} µW for the LP01 mode, PP = {0.2; 0.4; 0.8} µW for the LP11 mode and
PP = {0.6; 1.2; 2.4} µW for the LP31 mode in (a) and PP = {0.05; 0.1}µW for the LP01 mode and
PP = {0.1; 0.2} µW for the LP11 in (b). The line-shifts for the same probe power are connected
by solid (lowest power values), dashed (intermediate power values) or dotted (highest power values)
to guide the eye. No systematic increasing of the line-shifts for higher probe powers is observed,
indicating that they are not connected to ionization processes of Rydberg atoms.

is changed from the fundamental LP01 mode to the higher-order LP11 mode. The line-shifts
observed in the 27 µm core �ber are quite larger than in the 62 µm core �ber for all n∗.

Fitting a (n∗)7 scaling law to the observed line-shifts in both HC-PCF, as shown in the
log-log insets in �g. 8.5 (a) and �g. 8.6 (a), yields good agreement. This again con�rms
our assumption, that the line-shifts are caused by electric stray �elds in the system. These
qualitative observations already allows us to extract some information about our system. By
changing the optical mode of the probe light its intensity pro�le over the core cross-section is
modi�ed. Therefore Rydberg atoms are preferentially probed in di�erent regions of the core
for each mode. For the optical modes realized in our systems (see �g. 8.3 and �g. 8.4), this
allows us to probe atoms dominantly in the central core region, using the fundamental LP01

mode, as well as in closer vicinities to the core con�nement, using the LP11 or LP31 mode.
The smallest average distance between probed atoms and core-walls is realized by the LP31

mode. The larger line-shifts measured for the higher-order LP11 and LP31 modes indicate an
increase in �eld strength experienced by atoms closer to core con�nement. In addition the
shifts in the smaller 27 µm core �ber are signi�cantly larger. This suggests that the main
sources of electric stray �elds in our hollow-core system are on the close-by core walls.

In the beginning of this chapter we presented di�erent possible e�ects for the creation of stray
electric �elds. Incorporating the information obtained by our experiments, we now review the
validity of these models to our system. The �rst source of electric �elds we want to discuss
are free charges. As shown in �g. 8.1, free charges produce an average electric �eld along
the �ber, which is approximately constant over the core cross-section. Free charges in our
system can originate e.g. from the ionization of Rydberg atoms or LIAD e�ects. To eliminate
initial charges created by LIAD from the system the HC-PCF illuminated for several hours
with the excitation light �elds before the measurement. While some charges will always be
present, we exclude them as main source of the electric �elds in our system for several reason:

77



Chapter 8 EFFECT OF ELECTRIC STRAY FIELDS

The coupling powers in our system and hence the resulting Rydberg densities are very low
and we expect no observable charge creation due to Rydberg ionization. To con�rm that the
observed line-shifts are independent of the Rydberg density, the measurements are carried
out using di�erent probe powers and by this at di�erent excited state fractions. The results
for the 62 µm core �ber and 27 µm core �ber are shown in �g. 8.7 (a) and (b) respectively.
The deviations in the observed line-shifts are rather small (within our estimated error bars)
and appear to be independent of the e�ective principal quantum number n∗, indicating no
in�uences by the Rydberg density. In addition the closed con�nement is expected support
recombination processes in the system, since the faster electrons can only escape through the
�ber ends. And �nally, the spatial dependence of the line-shifts observed in our experiments
can not be reproduced by free charges. We therefore can assume the in�uences of free charges
due to ionization to be negligible in our model. After excluding in�uences by free charges,
the remaining candidates are surface charges or adsorbed atoms on the core wall. In both
cases the electric stray �elds are largest next to the core walls and fall o� towards the core
axis as shown in �g. 8.1. To identify the situation that reproduces our experimental �ndings,
we simulated the Rydberg line-shifts for di�erent electric �eld models. The calculations are
performed using the two-dimensional grid model introduced in section 7.1. This model allows
us to directly implement the intensity pro�les of the optical modes for the three excitation
light �eld. Each grid point of the core cross-section is now de�ned by the three values for
the coupling strengths and an additional value for the Stark-shift on the Rydberg state. The
values for the Stark-shifts are de�ned by the electric �eld distribution, which again is created
by the considered model for the electric stray �elds. The resulting three-photon spectroscopy
signal is calculated and the frequency shift is extracted by performing the same �tting proce-
dure as in the experiment.

In the 62 µm core �ber we achieve the best agreement between theory and experiment for an
electric �eld created by an adatom model with θ0 = 1.15× 10−2 and ∂zθ0 = 6× 10−6 µm−1.
The trend of the simulated line-shifts for each mode is indicated by the solid lines in �g. 8.5 (a).
The electric �eld in the core region created by these adatom parameters is plotted in �g. 8.5
(b). A scanning scanning electron micrograph shows the core region of the 62 µm core kagomé
lattice �ber for comparison. Our estimated value of θ0 = 1.15× 10−2 for the adatom surface
coverage is comparable to values reported for di�erent experimental techniques, which are in
the range of θlit = 10−4 [52] (thermal atom experiment), θlit = 5× 10−3 to 10−1 [30] (thermal
atom experiment) and θlit = 10−1 [163] (cold atom experiment). The estimated gradient of the
adatom coverage ∂zθ0 = 6× 10−6 µm−1 suggests, that only the �rst few millimeters of �ber
at each end are covered with adatoms and the cesium density vanishes towards �ber middle.
We attribute this to the long �lling times in our system. This accords with the low optical
depth measured in the �ber OD62 = 0.8 compared to the surrounding chamber ODch = 2.6.
Our assumption of a very inhomogeneous �lling of the �ber is also con�rmed by experiments
addressing individual 22.5 mm long segments of a 62 µm core kagomé lattice �ber presented
in section 9.2. Here a signal of the atoms has only be observed for the segments next to the
�ber ends for a comparable exposure time (see �g. 9.3). Despite the many assumption made
to our model, the length scale for atom penetration into the �ber extracted from the adatom
values seems reasonable.

For the 27 µm core �ber the parameters for the adatom model used in the simulations are
θ0 = 1.15 × 10−2 and ∂zθ0 = 9.5× 10−6 µm−1. The trend of the simulated line-shifts for
each mode is indicated by the solid lines in �g. 8.6 (a). The electric �eld in the core region

78



Investigating stray �elds using higher-order optical modes 8.2

created by these adatom parameters is plotted in �g. 8.6 (b). A good �t between theory and
experiment is achieved for the line-shifts of the fundamental LP01 mode. The larger gradient
in the adatom coverage compared to the 62 µm core �ber can be explained by the increased
�lling times, also indicated by the smaller optical depth of OD27 = 0.4. However, the much
larger shift of the higher-order LP11 mode observed in the experiment can not be reproduced
by our simulations, which cannot be understood by our current model. Since we expect the
adatom coverage to be on the same order or smaller than in the 62 µm core �ber we assume
θ0 = 1.15× 10−2 for the simulations. The mismatch between theory and experiment is most
probably due to additional e�ects not considered by our model, e.g. a adatom density varying
azimuthally around the core. That our simulation fails for the shortest investigated distance
between atoms and core wall could also indicate that additional interactions come into play.
Extending the theory model and further investigation of the line-shifts in HC-PCF featuring
small core sizes will be part of future studies.

Concluding, we attribute the line-shifts in our HC-PCF system to originate from electric �elds
created by atoms adsorbed on the core walls. With this model we are able to reproduce our
experimental results, obtained for three di�erent optical modes in a 62 µm core �ber kagomé
lattice �ber. For measurements with a higher-order optical mode in the smaller 27 µm core
kagomé lattice �ber our theory deviates from the experiment, which we attribute to additional
e�ects not covered by our model.

An important feature of our adatom model is, that it allows us to explain the reduction of the
line-shifts after long exposure times observed in our previous experiments �g. 7.8. For these
measurements all excitation light �elds are launched in the fundamental LP01 mode, probing
preferentially the central core region. The observed line-shifts in these experiments are dras-
tically reduced after a long �lling time of around 4 months. After these long exposure times a
constant atom density along the HC-PCF is reached. This results in an homogeneous layer of
adatom density along the core surface and hence the gradient of the adatom coverage vanishes
∂zθ0 = 0. With the coverage gradient also the longitudinal �eld component disappears, which
in our model is the dominant part in the central core region (see �g. 8.2).

This shows that the electric stray �elds in our HC-PCF system can be e�ciently suppressed
by achieving a homogeneous atom density in the �ber. The timescales of this process can be
drastically reduced in future experiments by optimizing the �lling times (see section 6.2) and
by a new setup design using a glass-cell approach as discussed in part IV (see also [99]).
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Floquet state model 9.1

Due to their large polarizability Rydberg systems can be e�ectively modi�ed by electric �elds
strength in the range of a few V cm−1, which are experimental easy accessible. The interac-
tion of Rydberg atoms with electric �elds in the radio frequency (rf) domain showed to be
particularly interesting, featuring e�ects like increased sensitive to electric �elds [16] or the
observation of Stückelberg oscillations [188]. Also the phase modulation of light [133] and the
possibility of measuring Rydberg state [207] polarizabilities with rf electric �elds has been
demonstrated.

In this chapter we investigate Rydberg atoms inside our hollow-core PCF system under the
e�ect of an externally applied rf �eld. First the theoretical description of Floquet states is
introduced and its validity for parameters used in this work is discussed. In the second part
the addressability of atoms in di�erent �ber segments is demonstrated by applying a weak
ac voltage on each �eld plate individually. In the �nal part of this chapter the amplitude of
the rf �eld is increased and the appearance of Rydberg sidebands becomes observable. The
characteristics of these sidebands are investigated for di�erent rf �eld strength and frequencies.
Fitting the relative sideband amplitudes to the Floquet model allows us to estimate the electric
ac and dc �eld components present inside the hollow core. The main results of this chapter
are published in [189]. The technical details of the experimental setup can be found in
section 5.2.

9.1 Floquet state model

In section 1.2 we discussed the in�uence of a static electric �eld Edc acting on the Rydberg
state. Now we expand our system to alternating electric �elds with modulations in the radio
frequencies (rf) domain. Assuming a sinusoidal electric �eld component Eac, parallel to the
dc �eld component and quantization axis z, the total electric �eld is given by

E(t) = Edc + Eac sin (ωrf t) . (9.1)

For small electric �elds the Hamiltonian H = H0+Hef is given by H0 of the unperturbed atom
(with eigenenergy E(0) and eigenstates ψ(0)〉) and Hef = −1/2αE2 describing the in�uence
of the electric �eld for non-degenerated states without permanent dipole moment. In the
following we want to restrict our system to rf �elds with frequencies ωrf much lower than the
transition frequencies to nearby states. In combination with the small �eld amplitude the
resulting coupling to nearby Rydberg states can be neglected. Hence the state vector |Ψ(t)〉
of each hyper�ne component of the Rydberg state evolves adiabatically under the electric
�eld [9]. The Stark state |ψ(E(t))〉 for a static �eld adiabatically turned on from 0 to E and
E(E) for small �elds reads [16]

|ψ(E)〉 = |ψ(0)〉+ E|ψ(1)〉 (9.2)

with the �rst-order perturbation term |ψ(1)〉 and the corresponding time dependent eigenen-
ergies [188,207]

E[E(t)] = E(0) − 1

2
α

(
E2dc +

1

2
E2ac + 2EdcEac sin (ωrf t)−

1

2
E2ac cos (2ωrf t)

)
. (9.3)

From the eigenenergies one can see that the energy of the Rydberg state is dependent on a
static term

Es = E(0) − 1

2
αE2dc −

1

4
αE2ac (9.4)
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which goes quadratically with the electric �elds (analogous to the DC Stark shift) and terms
oscillating with the rf frequency ωrf and twice its value 2ωrf. The dependence of Es on Edc
and Eac shows that a static shift is present even in the absence of a dc electric �eld.
The time dependent Rydberg state vector in the adiabatic approximation is given by [16]

|Ψ(t)〉 = exp

(
− i
~

∫ t

E[E(t)]dt

)
|ψ(E(t))〉 . (9.5)

Note that no atom-light interaction or de-coherences are considered at this point. Performing
the integration in eq. (9.5) gives us

exp

(
− i
~

∫ t

E[E(t)]dt

)
= exp [−iEst/~]× exp [−i(x cos (ωrf t) + y sin (2ωrf t))] (9.6)

with

x = αEdcEac/(~ωrf) (9.7)

y = αE2ac/(8~ωrf) . (9.8)

Plugging this into the time-dependent Schrödinger equation results in linear di�erential equa-
tions, with periodic coe�cients due to the rf �eld being periodic and monochromatic. On such
a system of equations the Floquet theorem [119] can be applied. This allows to alternatively
write down the Rydberg state vector in the Floquet-Fourier form [16, 207]. Here we present
only the main results of this calculation. A detailed discussion can be found e.g. in [177].

|Ψ(t)〉 = exp (−iε0t/~)
∞∑

n=−∞
exp (−i nωrf t) |ψn〉 (9.9)

In this notation |Ψ(t)〉 is given by the its Fourier harmonics, resulting in a in�nite sum of
time independent dressed energy states |ψn〉 and the quasienergy ε0. The quasienergy and
harmonic components, which will create the sidebands in our energy spectrum, can be found
by comparing the two notations of the Rydberg state vector eq. (9.5) and eq. (9.9). To do so
we Tailor expand the periodic part in eq. (9.6) and rewrite the expansion coe�cients by the
Jacobi-Anger expansion [51]. The resulting state vector eq. (9.5) reads [16]

|Ψ(t)〉 = exp (−iEst/~)

∞∑
n=−∞

An(x, y) exp (−i nωrf t)
(
|ψ(0)〉+ E|ψ(1)〉

)
(9.10)

where

An(x, y) =

∞∑
m=−∞

i n−2mJ2m−n(x)Jm(y) (9.11)

is written in terms of Bessel functions J. By comparing eq. (9.9) to eq. (9.10) the quasienergy
ε0 can be identi�ed as

ε0 = E(0) − 1

2
αE2dc −

1

4
αE2ac = Es (9.12)

and the harmonic states by

|ψn〉 = An(x, y)|ψ(0)〉+ (An(x, y)Edc − i [An+1(x, y)−An-1(x, y)] Eac/2) |ψ(1)〉 . (9.13)
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As one can see, each hyper�ne Rydberg state under the e�ect of a weak oscillating rf �eld
will split up into a in�nitely number of sidebands given by the states |ψn〉 with energies

εn = ε0 + n~ωrf . (9.14)

Note that |ψ(0)〉 and |ψ(1)〉 have opposite parity. This means a state, which dipole couples to
the unperturbed Rydberg state |ψ(0)〉, will not couple to |ψ(1)〉.
The low excited states (6S1/2, 6P1/2 and 7S1/2) addressed in our experiments feature small
polarizabilities in the order of a few Hz/(Vcm−1)2 [24, 173] compared to a Rydberg state
(α0 = 24.57 MHz/(Vcm−1)2 for 30P3/2). For rf �elds utilized in our system its e�ect onto
lower lying states can be neglected. Hence we approximate our system by coupling the 7S1/2

to a modulated Rydberg state as shown in �g. 9.1 (a), also referred to as N-level approximation
[177]. The Rydberg state shifts and splits into a series of equidistant quasi-stationary Floquet
states given by

εn = E(0) − 1

2
αE2dc −

1

4
αE2ac + n~ωrf (9.15)

as depicted in �g. 9.1 (b). The shift of the carrier state for n = 0 (or 0th order) is given by
−(2αE2dc + αE2ac)/4 compared to the unperturbed Rydberg state with energy E(0). From the
carrier state the sidebands emerge with multiples of the rf �eld n~ωrf. As the 790 nm coupling
light is scanned in frequency (detuning ∆C) the transmitted probe light will show multiple
features mapping this Floquet state manifold (�g. 9.1 (c)). These features can be interpreted
as a multi-photon process including additional absorptions (red detuned laser) or emission
(blue detuned laser) of n rf photons. Note that from eq. (9.6) we expect only sidebands with
±2n~ωrf to appear for a vanishing dc �eld component Edc = 0 as observed in �g. 9.1 (c). In
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Fig. 9.1: (a) Level scheme for cesium Rydberg states under the in�uence of an rf �eld in the N-
level approximation. (b) The Rydberg state is shifted and splits into a series of equidistant quasi-
stationary Floquet states separated by ~ωrf. (c) In a spectroscopy measurement these states manifest
as sidebands, shifted by multiples of the rf �eld frequency. If no dc electric �eld is present only even
order sidebands contribute to the signal.

addition to the energy of the sidebands we also want to estimate the relative strengths of their
signals. We recall that only |ψ(0)〉 states in eq. (9.13) are coupled by our light �elds and need
to be considered. The excitation probability of these states and therefore their signal strengths
is given by |An(x, y)|2 for each sideband n. The calculated relative sideband amplitudes are
plotted in �g. 9.2 for di�erent parameters of x and y. By comparing these plots, one can
identify the following characteristics of the sideband amplitudes: Their amplitudes decrease
for larger n and weaker rf �elds. For a rf �eld strength as achieved in our system it typically
su�cient to consider only the �rst few sidebands. If there is no dc part of the electric �eld
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present Edc = 0 and hence x = 0 only even order sidebands n = 0,±2,±4, ... separated by
twice the rf energy contribute. Their amplitudes are distributed symmetrically to the carrier
state. In contrast, if an additional dc �eld component exists and hence x 6= 0 also odd order
sidebands n = ±1,±3, ...) can be excited and the amplitude distribution becomes asymmetric.
Up to now only dc electric �elds parallel to the quantization axis and are considered. If the
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Fig. 9.2: Calculated relative sideband amplitudes |An(x, y)|2 de�ned in eq. (9.11) for di�erent pa-
rameters of x and y. If no dc �eld is present and hence x = 0 only even oder sidebands appear, which
are symmetrically distributed around the carrier n = 0. For increasing dc component of the electric
�eld also odd order sidebands can be excited and the symmetry is lifted.

dc �eld is tilted it can be separated into a component parallel E‖dc and orthogonal E⊥dc to the
direction of the ac �eld. With eq. (1.9) describing the Stark shift for an arbitrary orientated
electric �eld, the energy shift reads

∆E = −α0 + cJα2

2

(
Eac sin (ωrf t) + E‖dc

)2
− 2α0 + cJα2

4
E⊥dc

2
. (9.16)

Here α0 are the scalar and α2 tensor part of the polarizability α = α0+cJα2 of the considered
state. The prefactor of tensor part cJ = (3m2

j − J(J + 1))/(J(2J − 1)) is given by the total
electron angular momentum J and its projection onto the quantization axis mJ . The �rst
term of eq. (9.16) includes the ac �eld and the parallel dc component and thus represents
the situation discussed previously in this chapter. The second part gives an additional shift,
which is independent of the ac �eld dynamics and adds to the static energy shift in Es given
by eq. (9.4).

9.2 Electric �eld addressing of Rydberg atoms

In this �rst section the electrical addressing of Rydberg atoms in di�erent segments along the
hollow-core PCF is investigated. Ideally a shift of the Rydberg state energy can be achieved,
which is much larger than the line width of our spectroscopy signal. In this case the electric
�eld can be used to switch atoms in and out of resonance at the position of the electric �eld.

Screening e�ects

Applying an external electric �eld by a direct current (dc) voltage results in charge separation
and hence shielding of the external �eld [132]. One possible way to prevent screening e�ects is
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mounting the electrodes inside the alkali atmosphere to allow charges to �ow o� [50]. Another
solution is switching the direction of the electric �eld fast enough by applying an alternating
current (ac) voltage to prevent the build up of screening charges. The required ac frequencies
can be estimated by the charge relaxation time [145]. In our system it can be de�ned as the
time a cesium ion (charge q = −e) accelerated a = q · Eext/mCs in a external electric �eld Eext
needs to cross the �ber core. This translates into a frequency

fmin =
1

2

√
q Eext

2 dmCs

. (9.17)

An additional factor 1/2 comes in due the sign change of the voltage after half of the sinusoidal
period. The rf setup used in this work can operate at frequencies in the range between 90 MHz
and 2 GHz and creates electric �elds up to 10 V cm−1. For a �eld strength of Eext = 10 V cm−1

and a core diameter of d = 60 µm the frequency to prevent screening is in the order of
a few MHz. Note that in this calculation ions cross the full core diameter and hence it
represents the estimation of a minimum frequency threshold for the system to work. The
partial charge separation and resulting screening e�ects will in�uence the system already at
higher frequencies. In our rf setup we are able to overcome such screening e�ect by fast enough
modulations as demonstrated in the next section.

Results

In the following the results of the addressing experiment are discussed. All measurements are
performed in the 62 µm core size kagomé lattice �ber. In this section we focus on the carrier
signal at n = 0 created by the interaction of the Rydberg state with the rf �eld and its shift
compared to the non-modulated situation. An ac voltage with an amplitude of Urf = 141 mV
and frequency of ωrf = 2π× 500 MHz is applied separately at each of the �ve �eld plates. For
this high frequency and comparable small rf voltage we expect the amplitudes of the sideband
to be negligible. The system is probed by the three-photon spectroscopy scheme introduced in
chapter 7. The addressed Rydberg state is 30P3/2. The excitation beams are linearly polarized
and parallel to the applied �eld, reproducing the situation discussed in the previous section.
The measured spectroscopy curves for addressing each �eld plate are plotted in �g. 9.3.

The beam powers in front of the �ber are set to 200 nW (895 nm light), 8.2 µW (1359 nm
light) and 24 mW (790 nm light). The launching e�ciencies are ≈ 54% for the 895 nm light,
≈ 33% for the 1359 nm light and ≈ 55% for the 790 nm light. Each spectroscopy curve is
averaged between 200 and 500 times. The temperatures measured at the chamber and the
reservoir are Tch = 84 ◦C and Tres = 33 ◦C respectively. The resulting OD in the chamber
and �ber are ODch = 3.8 and OD�b = 0.4 after 13 days of exposure. The gray shaded areas
in �g. 9.3 indicate the signal created by atoms in segments of the �ber not modulated by the
rf �eld. This signal is visible in each plot and de�nes the origin of our frequency axis. The
signal of the atoms modulated by the rf �eld results in an additional feature shifted to the red
frequency domain. This signal corresponds to the carrier band n = 0 and is clearly visible if
the �eld plates 1 and 5 at each end of the �ber are addressed. However, it can not be observed
for the plates 2 to 4. In the following we are �rst going to discuss the absence of the carrier
signal for these �eld plates and afterwards estimate the created rf �eld strength.
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Fig. 9.3: Measured three-photon Rydberg signal in a 62µm core size kagomé lattice �ber with rf
electric �elds applied separately at each �ber segment. The rf �eld is created by an ac voltage
with Urf = 141 mV amplitude and frequency of ωrf = 2π × 500 MHz. At plates 1 and 5 the signal
of the shifted carrier is observed. The calculated rf �eld amplitudes are EP1

ac = 4.58 V m−1 and
EP5
ac = 5.00 V m−1 (see text). The absence of the signal at plates 2 to 4 is due to the long �lling times
and hence low atom density towards the �ber center.

The �ber segments 2, 3 and 4 where no carrier signal is detected are the inner segments of the
�ber. A reasonable explanation is, that the atom density at these positions is not su�cient
to create a observable signal. This can be explained by the slow di�usion of atoms into the
core and hence long �lling times discussed in section 6.2. It also agrees with the nearly ten
times smaller OD measured in the �ber compared to the surrounding chamber. To show that
indeed the absence of atoms and not issues with the rf setup is responsible for the missing
signal, the measurement is repeated after increasing the reservoir temperature and a exposure
time of nearly two months (not shown). After this time a small signal becomes observable
in segments 2 and 4. However the density inside the �ber is still far from equilibrium as
indicated by the measured ODs of ODch = 21.6 and OD�b = 8.2. This demonstrates that the
longitudinal addressing of the �ber segments works as intended. If one increases the exposure
time even more the atom density will become homogeneous along the �ber and addressing
each plate will give a similar signal. To omit these long waiting times we will focus on the
outer �ber segments in the following.

At the outer plates 1 and 5 the carrier signal is clearly visible and well separated from
the non-modulated part. Hence we can extract a value for the frequency shift by �tting
a quadratic function to the absorptive feature at the center of each signal. The extracted
shifts of these signals are 141 MHz at plate 1 and 168 MHz at plate 5. The addressed Ry-
dberg state throughout this chapter is 30P3/2. By using π polarized light the 7S1/2 state
is coupled to the |mj | = 1/2 Rydberg states. With α0 = 24.57 MHz/(Vcm−1)2 and α2 =
−2.36 MHz/(Vcm−1)2 [75] the polarizability of the 30P3/2 |mj | = 1/2 state becomes α =
α0 + (−1)α2 = 26.93 MHz/(Vcm−1)2. Knowing the polarizability of our state and disregard-
ing small dc �eld components the rf �eld inside the hollow-core can be estimated by the shift
of the carrier signal ∆E = −1/4αE2ac as discussed in section 9.1. The resulting �eld strengths
are EP1

ac = 4.58 V m−1 and EP5
ac = 5.00 V m−1 for plate 1 and 5 respectively. The di�erence in
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the measured electric �eld is probably due to small variations in the electronic properties of
each plate system.

ca
rr

ie
r 

sh
ift

 [
M

H
z]

rf amplitude U  [mV]rf

-400

(a) (b)0

-200

-600

-800

-1000

e
le

c
tr

ic
 fi

e
ld

 Ɛ
 [

V
/c

m
] 

a
c

50 100 150 250 350200 300 400

2

6

8

10

12

14

4ω =2π×500 MHzrf

ω =2π×150 MHzrf

ω =2π×200 MHzrf

rf amplitude U  [mV]rf

50 100 150 250 350200 300 400

Fig. 9.4: (a) Measured shift of the carrier signal plotted over applied rf voltage amplitude Urf using
di�erent rf frequencies ωrf. For ωrf = 2π×500 MHz and Urf = 400 mV shifts up to 1 GHz are observable.
(b) Corresponding electric �elds, calculated for a polarizability of α = 26.93 MHz/(Vcm−1)2 for the
addressed 30P3/2 state. Fitting the calculated electric �elds for a �xed rf frequency (indicated by solid
lines) shows a linear dependence on the applied rf voltage.

In �g. 9.4 (a) the measured carrier shift is plotted over the rf voltage amplitude Urf applied
at plate 5. The launched beam powers are 150 nW (895 nm light), 8.2 µW (1359 nm light)
and 23 mW (790 nm light). The optical depth in �ber is OD�b = 0.16 and each signal is
averaged 500 times. Utilizing di�erent rf frequencies ωrf = 2π × 500 MHz (gray asterisk) ,
ωrf = 2π × 200 MHz (gray circles) and ωrf = 2π × 150 MHz (black crosses) shows a deviation
in the measured shift for a constant rf amplitude. For the lower frequency measurements at
150 MHz and 200 MHz the appearance of sidebands and beginning of screening e�ects start to
in�uence the system at higher voltages. For a rf frequency of ωrf = 2π × 500 MHz line-shifts
up to 1 GHz can be realized, using a voltage amplitude of Urf = 400 mV. The calculated
electric �elds corresponding to these line-shifts are depicted in �g. 9.4 (b). In the undisturbed
regime the strength of the created rf �eld inside the hollow-core �ber depends linearly on the
applied voltage (solid lines) for a �xed rf frequency.

9.3 RF dressing of Rydberg states

In this chapter we investigate sidebands induced by the rf �eld in our �ber system. In the
previous section the carrier signal n = 0 is discussed, which originates from the Rydberg
state shifted in energy by the ac electric �eld ∆E = −1/4αE2ac. If the power of the rf �eld
is increased the lower order states of the Floquet state manifold can be observed in terms of
sidebands up to n = ±4. These sidebands are shifted in frequency with respect to the carrier
signal by multiples of the applied rf frequency. In the following the experimental results
for sideband modulation in a hollow-core PCF are presented. The frequency positions and
relative amplitudes of observed sidebands are measured for di�erent applied rf frequencies and
�eld strength. The experimental results are compared to the Floquet state model introduced
previously section 9.1.

For all spectroscopy curves presented in this section the rf �eld is applied at plate 5, which
provides a clear carrier signal. The signal originating from atoms in the non-modulated
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segments of the �ber 1 to 4 is exploited to extract the frequency position of the undisturbed
Rydberg state. The experiments are carried out at a exposure time of around �ve weeks.
For a reservoir temperature of Tres = 47 ◦C and chamber temperature of Tch = 84 ◦C the
measured optical depths in the hollow-core is OD�b = 4.4 and ODch = 19.0 in the chamber
respectively. The powers in front of the �ber are set to 1 µW (895 nm light), 8.2 µW (1359 nm
light) and 25.5 mW (790 nm light). The addressed Rydberg state for all sideband experiments
is 30P3/2, featuring a polarizability of α = 26.93 MHz/(Vcm−1)2.
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Fig. 9.5: Measured series of sideband spectra for an applied rf voltage of Urf = 150 mV (top row )and
Urf = 250 mV (bottom row). The shaded area indicates the line of the non-modulated atoms. One
can observe the red shifted carrier signal n = 0 and the even-order sidebands up to ±4. For low rf
frequencies and high amplitudes additionally the �rst odd-order sideband +1 appears.

A series of measured spectroscopy signals for di�erent parameters of the rf �eld is depicted
in �g. 9.5. To investigated the frequency dependence of the sidebands, rf �elds with (from
left to right) ωrf = 2π × 400 MHz, ωrf = 2π × 300 MHz, ωrf = 2π × 250 MHz are applied. By
carrying out the measurement series at two di�erent rf voltages, namely Urf = 150 mV (top
row) and Urf = 250 mV (bottom row) we gain information of the amplitude dependency. The
shaded area in each spectra indicates the non-shifted Rydberg signal originating from atoms
in the �ber segments 1 to 4. The frequency position of this signal is set to be zero.
To discuss the observed sidebands signals we brie�y recap the main results of the Floquet
model section 9.1. The Floquet manifold is build up by states with energies εn = ε0 + n~ωrf,
where ε0 is the energy of the carrier state n = 0. Hence we expect the sidebands to appear at
frequencies nωrf around the carrier signal. The relative amplitude |An(x, y)|2 of each sideband
depends on x ∝ EdcEac/ωrf and y ∝ αE2ac/ωrf. Since the rf �eld in the experiment is applied
without o�set, we expect a vanishing dc �eld component (x = 0) and only even order sidebands
to appear (see �g. 9.2).

First the measurements carried out at Urf = 150 mV (�g. 9.5 upper row) are discussed. Esti-
mating the rf �eld strength by the shift of the carrier signal yields Eac = [5.2; 6.3; 6.3; 5.9]V cm−1

for ωrf = 2π × [400; 300; 250; 200]MHz. One can see that the �eld slightly changes with fre-
quency as discussed previously. For ωrf = 2π × 400 MHz and higher frequencies no sidebands
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Fig. 9.6: Experimentally measured sideband amplitudes and corresponding �ts of |An(x, y)|2. In the
insets the �tted values for Eac and Edc are given. The �tted values for Eac and the ones obtained
from the shift of the carrier signal are in good agreement with a maximal deviation of 5.5%. For low
frequency and high amplitude rf �elds an additional dc �eld component becomes observable.

can be observed. For decreasing frequency and increasing �eld strength sidebands appear at
the expected positions of ±2ωrf.

By applying an Urf = 250 mV voltage the amplitude of the rf �eld increases, as one can
directly see by comparing the carrier shifts. The estimated values for the rf �eld amplitudes are
Eac = [8.7; 10.4; 10.1; 9.6]V cm−1 for ωrf = 2π × [400; 300; 250; 200]MHz. Due to the increased
�eld strength the ±2ωrf sidebands appear already at rf frequencies of ωrf = 2π×400 MHz. At
lower rf frequencies also the next higher-order sidebands at ±4ωrf can be observed. Important
to note is the appearance of an additional odd-order sideband at +1ωrf. A sideband at this
position can only occur if x 6= 0. This indicates an Edc component of the �eld (parallel to
the ac component), which in�uences our system. After a �rst qualitative look at our data we
now want to compare it to the theoretical results predicted by the Floquet model. Fitting
the simulated values for the relative strength of the sideband amplitudes |An(x, y)|2 to the
experiment allows us to estimate the values for the ac and dc component of the �eld. In
the experiment we de�ne the amplitude as the di�erence between the minimum of a parable
�tted to the absorptive dip and the average of the maxima given by two parables �tted to
the transmission peaks. The sum of all observable sideband amplitudes for one measurement
is scaled to one. Since the frequency values ωrf of the rf �elds are known, the only free
parameters for the simulation of |An(x, y)|2 are the electric �elds.

In �g. 9.6 the extracted relative amplitudes of the corresponding measurements from �g. 9.5
are plotted (black bars). The blue bars indicate a least-squares �t for |An(x, y)|2, with �t
parameters Eac and Edc. The resulting values and their �tting errors are given in the insets.
For Urf = 150 mV and ωrf = 2π × 400 MHz no �t can be performed since no sidebands are
observable. Otherwise the �tted values for the ac component Eac are in very good agreement
with the values extracted from the carrier shift with a maximal deviation of 5.5%. For signals
where no odd-order sidebands are observed, the �tted dc components are small. They are
only nonzero due to small asymmetries of the measured signal amplitudes. For low frequencies
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and high ac �eld amplitudes the +1 sideband appears and the �tted dc �eld value increases
up to Edc = 0.41± 0.05V cm−1. Since this dc �eld component is only observable at certain rf
parameters, we attribute it to a di�erent e�ect than the �elds created by adatoms discussed
in chapter 8. Most probable it originates from the beginning of charge separation e�ects. To
also estimate the e�ect of the electric �elds due to adatoms on our rf system, we assume a
longitudinal dc �eld component of 0.5 V cm−1. For the parameters in the rf experiments this
yields an additional carrier shift of ≈ 3.4 MHz. The resulting error for the estimation of Eac
is ≈ 0.05 V cm−1 (for Urf = 150 mV), which can be neglected.
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Summary & outlook

In this thesis we have examined the feasibility of coherent spectroscopy of Rydberg states in a
thermal cesium vapor con�ned by a HC-PCF. An experimental setup to perform three-photon
Rydberg spectroscopy in di�erent HC-PCF has been designed and characterized. Our selected
three-photon spectroscopy scheme features wavelengths at 895 nm, 1359 nm and 790 nm. Ac-
cordingly the HC-PCF investigated throughout this work are kagomé lattice �bers, selected
to feature a distinct guidance of the fundamental mode for all required wavelength. Di�erent
measurement series were performed to investigated the performance of our atom �lled HC-
PCF system. In the following a short summary of the results obtained in each stage of the
work is given.

The experimental and theoretical background required to follow this work has been reviewed
in chapters 1 to 4.

In chapter 5 the experimental setup realized for this thesis has been introduced, including
the vacuum system and the investigated kagomé lattice �bers. Subsequently the HC-PCF
were �lled with an atomic vapor by exposing them to the cesium atmosphere as described in
chapter 6. Based on simple di�usion equations we expected the �lling process to be �nished
after a few minutes to hours. However the �lling times we observed in the experiments were
rather on the order of days to several weeks or even months. By adding the e�ect atomic
adsorption and desorption on the core wall to our di�usion model, we were able reproduce
our experimental �ndings. As demonstrated experimentally in section 6.3 atoms adsorbed on
the core walls can be returned to the gas phase by exposing them to intense light �elds. This
e�ect referred to as light induced atomic desorption can be utilized to strongly modulate the
OD in the HC-PCF spectroscopy system. The importance of �lling times and LIAD e�ects
for future experiments is picked up again in the outlook.

After the characterization of our system the actual coherent spectroscopy of Rydberg atom
in HC-PCF was performed in chapter 7. The Rydberg excitations of the cesium atoms were
realized by a three-photon excitation scheme in a counter-propagating con�guration, providing
a sharp absorptive feature in the transmission of the probe light. In the �rst experiment the
signal of the 26P3/2 Rydberg state was investigated for di�erent coupling powers in a 62 µm core
size kagomé lattice �ber. We have shown that our experimental �ndings can be reproduced by
a theoretical model based on a coupled four-level steady-state system. In the next experiment
we examined our system for a large range of principal quantum numbers n = 26 ...40 and
two di�erent kagomé lattice �bers featuring core sizes of 62 µm and 19 µm. By comparing the
obtained spectra to measurements in a reference cell we identi�ed a red shift of the Rydberg
states in the HC-PCF systems. We observed that this shift increases with principal quantum
numbers n and is larger in the smaller core �ber. By analyzing the scaling behavior of the line-
shift with principal quantum number, we attributed it to static electric �elds present in the
hollow-core regions. However, the origin and distribution of these �elds remained unknown.
Strikingly these shifts were drastically reduced in a second measurement series, performed
after the HC-PCF were exposed for another two months to the cesium vapor.



9.0

With the results and simulations presented in chapter 8 we were �nally able to explain the
origin of the electric stray �elds in our HC-PCF system. To gain spatial information about
the electric �eld distribution in the hollow-core region we investigated the line-shifts of the
Rydberg signal using di�erent higher-order optical HC-PCF modes. To do so the three-photon
spectroscopy was performed with the probe light �eld shaped by a spatial light modulator and
launched into the LP01, LP11 and LP31 of a 62 µm kagomé lattice �ber and LP01 and LP11 of
a 27 µm kagomé lattice �ber. The measured line-shifts for the fundamental LP01 mode was
comparable to our previous results and increased if the probe light was launched into one of
the higher-order modes. Since the atoms probed by the higher-order modes feature a smaller
average distance to the core con�nement, we identi�ed the surfaces of the core wall as the
main source of electric stray �elds in our system. To gain insight in the underlying e�ect, the
line-shift was simulated for electric �eld distribution created by di�erent kind of sources and
compared to the experimental results. We were able to reproduce our experimental �ndings
with a model for the electric �elds based on dipole moments of atoms adsorbed on the core
con�nement.

The best �t in the 62 µm core kagomé lattice �ber was achieved for a coverage ratio of
θ0 = 1.15× 10−2 adsorbed atoms on the surface (compared to a monolayer of cesium atoms),
which changes with ∂zθ0 = 6× 10−6 µm−1 along the �ber. The corresponding values in the
27 µm core kagomé lattice �ber are θ0 = 6.9× 10−2 and ∂zθ0 = 9.5× 10−6 µm−1. However, in
the 27 µm core kagomé lattice �ber the theory deviated from the experimental results, which
suggests the presence of additional e�ect not included in our model. The change of adatom
coverage along the �ber in our model is attributed to the long �lling times for a HC-PCF
measured in the previous experiments. Finally we showed that by our model the Rydberg
line-shifts can be reduced after longer exposure times by an increased homogeneity of the
adatom layer.

In the last part of this thesis in chapter 9 we presented the modulation of Rydberg states
by external applied rf-�elds. First the electric �eld was exploited to address atoms in �ve
di�erent segments along a 62 µm core kagomé lattice �ber. This revealed that the signal is
dominated by atoms in the regions around the �ber ends, which �ts our model of a changing
adatom density in the previous chapter. In the next experiments we demonstrated the rf-
dressing of Rydberg states. For applied rf-frequencies between ωrf = 2π × 200 MHz and
ωrf = 2π × 400 MHz, we were able to observe sidebands spectra up to the ±4th order. By
comparing the relative strength of the sideband amplitudes to simulations based on a Floquet
state model, we estimated the ac and dc �eld component in our system for di�erent parameters
of the rf �eld.

Outlook

In the following the future perspectives of Rydberg systems based on thermal alkali vapors
in HC-PCF are discussed. The results obtained in this thesis suggest to split this section
into two subject areas. First we want to review more technical aspect and the next steps for
optimization of the system. The second part gives an overview on how the unique properties of
our HC-PCF system can provide additional bene�t for Rydberg spectroscopy and introduces
potential future experiments based on the result of this thesis.
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For the technical aspects the �rst topic that needs to be addressed is the limitation of our
system given by the long di�usion times of the atoms into the hollow-core region. We stumbled
across this process multiple times during this work, either directly (low optical depth up to
months) or indirectly (in�uence of electric stray �elds). Also other research groups working
on thermal atom HC-PCF system reported similar timescales of up to 12 months in their
systems [55, 100]. As shown in section 6.2 it is possible to speed up this process signi�cantly
by keeping the system at high temperatures. Potentially the �lling times can be further
reduced by exposing the HC-PCF to intense LIAD light �elds during the �lling process. In
our group we experienced, that steel based ultra-high vacuum systems are problematic to
generate a controlled density of atoms. The main issues are the large surfaces and the lack of
accurate temperature control throughout the chamber, resulting in cold spots which act as a
sink for the atoms. Recently a new design with hollow-core �bers integrated into a glass-cell
as depicted in �g. 9.1 (a) has been tested by our group [99]. The well established glass-cell
system allows for higher working temperatures and a much better control of the atom density
in the system. First tests suggest that �lling times in the timescale of a few days down
to several hours are in reach, which is a drastic improvement for the usability of atom vapor
�lled HC-PCF systems. Furthermore this can be seen as �rst step towards integrated HC-PCF
spectroscopy devices for alkali vapors. In an ongoing project an alkali compatible �ber feed-
trough into a glass cell system has been demonstrated in our group [77,200]. A picture of the
device is shown in �g. 9.1 (b). A technical step still missing towards an �ber integrated system
is the splice of our atom �lled HC-PCF to a solid core �ber, compatible with the required
vacuum conditions and without destroying the atomic vapor. This is a non-trivial task due
to e�ects like the di�usion of alkalies into the glass matrix or chemical reaction occurring
at high temperatures. Furthermore one needs to come up with ideas how the reservoir for
the atoms in such a system can be realized. One possible solution could be to rely on the
core walls of the HC-PCF itself to act as reservoir and to control the atom density by LIAD
processes. With integrated atom spectroscopy HC-PCF devices in reach, it is important to
carefully characterize these systems to evaluate their potentials as alternative to glass-cell
experiments. Therefore further investigations of the atomic adsorption, di�usion and curing
processes in such systems are necessary as well as testing their long term performance.

We now want to elaborate on the future perspective of atom �lled HC-PCF systems for
Rydberg spectroscopy experiments. The main advantages provided by the HC-PCF waveguide
are the excellent control over the optical modes and large interaction volumes compared to
standard spectroscopy cells. This makes it especially interesting for experiments that require
a perfect overlap of multiple excitation light �elds and large coupling strength, e.g. four-wave
mixing processes [107]. Furthermore, the e�ect of LIAD can be exploited to on-demand create
extremely high atom densities in a HC-PCF system [55, 100]. This can used to increase the
response of the atoms onto the light �elds or to investigate e�ects that directly or indirectly
depend on the atom number density.

One of such e�ects is the Rydberg-Rydberg interaction between atoms. In a HC-PCF it
is possible to radially con�ne the light �elds and atoms on length scales comparable to the
e�ective range of Rydberg interactions. In combination with the existence of only few de�ned
optical modes, a HC-PCF could theoretically provide a quasi one-dimensional system featuring
large conditional phase shifts for gate operations on the singe-photon level [166]. However,
the experimental feasibility of such a system for thermal atoms is not easy to estimate. While
it was possible to demonstrate Rydberg interactions in thermal vapor cells [14], they have not
been reported in gas �lled HC-PCF systems yet. Reason for this are the additional in�uences
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(a) (b)

Fig. 9.1: (a) New type of �ber-cell realized by our group [99]. The hollow-core �bers are mounted
inside a standard glass-cell providing better control of the atom density in the system and enabling
higher working temperatures, which can drastically speed up the �lling process. (b) A �rst step
towards �ber integrated systems based on a atom �lled capillary for spectroscopy mounted between
two standard solid core �bers, using an vacuum and alkali compatible �ber feed-through designed by
our group [77,200].

on the system, such as the electric stray �elds revealed in this thesis. This makes it challenging
to clearly distinguish e�ects based on the Rydberg interaction from other processes. While
it is possible to reduce the in�uence of certain e�ects originating from the �ber con�nement,
other limitations are intrinsic to the system, in particular the short coherence times. While
the prospects of quantum optics devices based Rydberg interactions in room temperature
atom HC-PCF systems are tempting, one has �rst to adopt the theory to thermal atoms for
a better prediction of the quantum e�ects to be expected.

However, our HC-PCF systems might be ideally suited to investigate di�erent physics recently
observed in thermal Rydberg gases. The new phenomena of optical bi-stable behavior reported
in [41, 199] is expected to rely on a high Rydberg densities, which requires high coupling
strength and large atom number density. Due to the possibility of modulating the atom
density in our HC-PCF using LIAD, the system can be transfered quickly from a dilute gas
into a strongly interacting ensemble. Performing experiments on optical bi-stability in HC-
PCF system might provide additional insight on the timescales of the underlying e�ects, which
are not fully understood yet.

A di�erent process, expected at high Rydberg densities and possibly connected to optical bi-
stable behavior is the superradiant decay to lower lying Rydberg states. Again LIAD o�ers a
versatile tool to investigate these e�ects. The transition wavelength of the superradiant decays
are typically in the order of mm to cm. Therefore two or more spatially separated atomic
systems can interact via their superradiant modes. A real separation by e.g. a glass wall is
desirable to exclude e�ects due to ion or atom exchanges. While this can be realized by thin
glass sheet in a cell (split-cell), HC-PCF provide a straight forward alternative solution. One
can easily place two HC-PCF next to each other or even use di�erent hollow-core channels
of the same HC-PCF as shown in �g. 9.2 (a). Since it is di�cult to directly measure the
superradiant �elds (in the rf & MW regime), the e�ect can be investigated by the �uorescence
spectra of the lower states in the optical regime. In a HC-PCF these �uorescence spectra can
be measured with high spatial resolution by collecting the side-scattered light as shown in
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�g. 9.2 (b). Alternative the realization of THz waveguide by �lling selected parts of HC-PCF
with metal is possible [18]. This hybrid waveguide could be used for a better detection of the
created THz radiation or even as a coherent source.

(a) (b)

ƛ < d < ƛlight superrad

high NA 
objective

d

fluorescence light

Fig. 9.2: (a) Spatially separated atomic systems, e.g. in di�erent hollow-cores, can potentially interact
with each other via long wavelength superradiant modes. (b) HC-PCF are purely made of glass, which
allows the observation of side-scattered �uorescence light with spatial resolution along the �ber. This
can be utilized to investigate e.g. di�usion processes or superradiant e�ects.

Another system that potentially can bene�t from the HC-PCF con�nement, is the interaction
of Rydberg atoms with external applied ac electric �elds. As shown in chapter 9, the very
compact outer dimensions of a HC-PCF enables a e�cient modulation of the atoms already
for small applied voltages. Systems based on Rydberg gases have shown great potential as
micro-wave or THz sensors [62, 63, 164, 195]. For an approach based on HC-PCF one needs
to check if the electric �eld resolutions that can be achieved in these system is su�cient for
sensing tasks. Therefore a careful analysis of the in�uences by the adatom dipole-layer and
the glass material of the �ber onto the measured electric and magnetic �eld is necessary.
However, if one can demonstrate a competitive electric �eld resolution in a HC-PCF systems,
their compact design would allow for a spatial resolution in the order of ≈ 100 µm in two
dimensions. Moreover it would give access to a compact, fully �ber integrated device.
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A Cesium

property symbol value

atomic number Z 55

atomic mass m
132.905 451 931(27) u
2.206 946 50(17)× 10−25 kg

density at 25 ◦C ρm 1.93 g cm−3

melting point TM 28.44 ◦C
boiling point TB 671 ◦C
vapor pressure at 25 ◦C PV 1.983(98)× 10−6 mbar
nuclear spin I 7/2
ionization limit EI 3.893 905 32(14) eV

Tab. A.1: Values of selected Cs133 properties important for this work [156,173].

The element used for experiments in this work is cesium (Cs). Atomic cesium belongs to
the group of alkali metals and hence features only a single free valence electron providing
a comparable easy electronic level structure. However this also results in a highly oxidizing
reactivity of Cs, especially with air. Therefore ultra-high vacuum (UHV) systems or inert
gas atmospheres are required. The cross section for interaction with light (≈ 10−9 cm2 for
a resonant ground-state transition [173]) is large, giving access to an e�cient atom-light
coupling. Only the Cs133 isotope is stable and therefore used in this work. Some of its
important properties are shown in table A.1 [156, 173]. All experiments in this work are
performed on a thermal vapor of Cs with working temperature is in the range of 20 ◦C to
150 ◦C. At these temperatures Cs can still be treated as an ideal gas, leading to an atomic
density given by

n(T) =
1.0133 · 109.165−

3830
T

kBT
. (A.1)
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