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Abstract
This thesis presents our studies on controlling atom-ion interactions in the ultracold
regime by coupling the atoms to Rydberg states. We begin with a theoretical study
of a hybrid system composed of a trapped ion and an ultracold cloud of atoms
coupled to Rydberg states. When the ion is immersed in the atom cloud, short-
range Langevin collisions cause micromotion-induced heating of the trapped ion due
to the radio frequency drive of the ion trap. This heating can be inhibited through
the creation of repulsive atom-ion interaction by Rydberg dressing of the neutral
atoms on a dipole-forbidden transition in the vicinity of the trapped ion. We show
that the trapped ions thermalise with the ultracold bath of Rydberg-dressed atoms.
The proposed scheme can be employed with a variety of atom-ion mixtures, and
extends the prospects of buffer gas cooling to otherwise unfavourable mass ratios.
We continue with a description of the hybrid experimental setup in which we pre-

pare laser-cooled, trapped Yb+ ions and ultracold atom clouds of 6Li. The setup is
a complex system consisting of a vacuum chamber, radio frequency ion trap, lasers
and optics, coils for magnetic field generation, etc. We additionally present the tech-
niques to overlap atoms and ions, and to ensure the ions are crystallised inside the
atom cloud to controllably investigate their interaction. The equipment for exciting
the atoms to Rydberg states was installed in the context of this thesis. A two-photon
excitation scheme was implemented consisting of a fourth harmonic generator laser
in the ultraviolet and a tapered amplifier in the infrared. A home-made optical
cavity enables tunable locking of the two lasers for two-photon spectroscopy.
We then demonstrate Rydberg excitation of 6Li atoms inside of an operating radio

frequency ion trap. In the vacant ion trap, the observed spectral lines of Rydberg
levels exhibit Stark broadening which we can attribute to the electric field of the ion
trap. We directly prove interaction of Rydberg atoms and ions by modifying the in-
teraction strength and with it the inelastic collision rate. The electric polarisability
of the neutral atoms, which scales with the principal quantum number n to the power
of seven, governs the strength of the charge-induced polarisation potential between
ion and atom. This causes these highly-excited electronic states to dramatically
increase the atom-ion interaction strength. From observing charge transfer of 24S
state atoms with ions, we infer the collision rate for these Rydberg atoms to be three
orders of magnitude larger than the Langevin collision rate of ground state atoms.
The spectral shape of the ion loss spectra can only be explained by including the
ion-induced Stark shift on the Rydberg levels. In addition, we demonstrate optical
Rydberg excitation in the vicinity of a trapped ion on a dipole-forbidden transition.
Here, the strong electric field around the ion gives access to otherwise inaccessible
Rydberg states. This forms a key ingredient in the proposed scheme to create repul-
sive atom-ion interactions by Rydberg dressing. In conclusion, Rydberg-controlled
interactions are a promising tool for emerging atom-ion quantum technology.
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Samenvatting
Ultrakoude Rydbergatomen in wisselwerking

met gevangen ionen

Dit proefschrift beschrijft ons onderzoek naar de wisselwerking tussen Rydberg-
atomen en ionen. Het begint met een theoretische studie van een systeem dat
opgebouwd is uit een gevangen ion en een wolk atomen die door een laser met een
Rydbergniveau gekoppeld is. Als het ion in de wolk wordt ondergedompeld kunnen
er zogenaamde Langevinbotsingen plaatsvinden tussen de atomen en het ion. Deze
botsingen kunnen tot opwarming leiden aangezien het ion microbeweging ondergaat
in zijn val. We laten zien dat deze opwarming kan worden tegengegaan door de
atomen op een dipool-verboden overgang aan een Rydbergniveau te koppelen. Op
deze manier ontstaat er een afstotende barrière tussen de atomen en het ion en
vinden er geen Langevinbotsingen meer plaats. We laten zien dat het ion in deze
configuratie thermaliseert met de atomen. Het idee kan voor allerlei atoom-ion com-
binaties worden ingezet, zelfs als de massaverhouding dat normaal gesproken niet
zou toelaten.

We beschrijven de experimentele opstelling waarin we gevangen en lasergekoelde
Yb+ kristallen en ultrakoude 6Li atomen prepareren. De opstelling is een vrij in-
gewikkeld systeem bestaande uit een vacuümkamer, een radiofrequentie ionenval,
lasers en optica, spoelen voor het opwekken van magneetvelden, enzovoort. We
laten ook zien hoe we de geprepareerde atomen en ionen kunnen overlappen en
hoe we kunnen bepalen dat de gevangen ionen gekristalliseerd blijven in het koude
gas van atomen zodat de interacties nauwkeurig bestudeerd kunnen worden. De
apparatuur waarmee we de atomen naar Rydbergniveaus kunnen aanslaan is tij-
dens het promotie-onderzoek geïnstalleerd. Een twee-foton excitatie schema werd
geïmplementeerd, waarbij ultraviolet licht werd gegenereerd via vierde-harmonische
generatie en infrarood licht door een versterkte diodelaser. De frequentie van beide
lasers werd gestabiliseerd en gecontroleerd middels een zelfgebouwde optische tril-
holte.
Vervolgens laten we zien hoe 6Li atomen tot Rydbergniveaus kunnen worden

aangeslagen in de elektrische velden van de ionenval. De Rydbergspectraallijnen to-
nen Starkverbreding die we toeschrijven aan de elektrische velden van de ionenval.
We bewijzen dat er interacties plaatsvinden tussen de ionen en atomen door naar
inelastische botsingen te kijken. De hoge frequentie waarmee deze plaatsvinden laat
ook zien dat we de interactiesterkte tussen de atomen en ionen kunnen controleren
door de atomen aan Rydbergniveaus te koppelen. De elektrische polariseerbaarheid
van neutrale atomen bepaalt de interactiesterkte tussen de ionen en atomen en deze
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Samenvatting

schaalt met het hoofdquantumgetal n tot de zevende macht. Hierdoor vind er een
dramatische versterking van de atoom-ion interacties plaats voor hoogaangeslagen
Rydbergtoestanden. Uit de data van inelastische botsingen voor de 24S Rydbergtoe-
stand, leiden we af dat de botsingsfrequentie een factor duizend groter is dan voor
atomen in de grondtoestand. De spectrale vorm van het ionenverlies kan alleen ver-
klaard worden als we het elektrische veld van het ion zelf meenemen in de berekening
van de Starkverschuiving. Verder laten we experimenteel zien dat het mogelijk is om
atomen die dicht bij het ion zijn aan te slaan op een Rydbergovergang die normaal
gesproken niet dipool-toegestaan is. Hier zorgt het sterke elektrische veld van het ion
ervoor dat we Rydbergniveaus kunnen aanslaan die anders niet bereikbaar zouden
zijn. Dit vormt een belangrijk ingrediënt voor het creëren van afstotende atoom-ion
interacties en dus een eerste stap in het tot stand brengen van ons theorievoors-
tel. We concluderen dat Rydbergatoom-ion interacties veelbelovende toepassingen
kunnen hebben in quantumtechnologie die nu ontwikkeld wordt.
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1.1. Ultracold Rydberg Atoms and Trapped Ions
In recent years, experimental atomic physics with trapped particles has witnessed
the merging of the two well-established fields of trapped ions and ultracold neutral
atoms into hybrid atom-ion systems [1–3]. We first briefly motivate the two indi-
vidual systems before motivating the point of coupling the atoms to Rydberg states
to control their interactions with ions in hybrid systems.
Ions trapped in a linear radio frequency trap, a so-called Paul trap, auto-assemble

in Coulomb crystals due to their mutual repulsion. The ions are tightly confined
and have long storage and coherence times. This enables superb control over their
electronic and motional degrees of freedom in the quantum regime with single-ion
addressability by lasers [4–6]. These features of laser-cooled ions trapped in Paul
traps have led to a myriad of applications in the fields of quantum simulation and
many-body physics [7–12], quantum computing and quantum information process-
ing [13–16], and precision spectroscopy for tests of fundamental physics [17, 18],
metrology and atomic clocks [19–22].

In contrast, neutral ground state atoms can be prepared in large ensembles of
millions of atoms due to their intrinsically weak interaction. They can be, initially
by lasers and then evaporatively, cooled down to to the nanokelvin regime [23]. Close
to absolute zero, the atomic motion freezes out and quantum properties become
dominant. Quantum degenerate phases of matter such as Bose-Einstein condensates
and degenerate Fermi gases can be created which find numerous applications in, e.g.,
quantum simulation and many-body physics [24–27], fundamental tests of quantum
mechanics with macroscopic superposition states [28], quantum chemistry [29], atom
lasers [30], and atomic clocks [28, 30].

Importantly, the interactions in neutral atom quantum gases can be enhanced and
optically controlled by coupling the atoms to Rydberg states. These highly excited
electronic states feature exaggerated properties due to their large orbital size, easily
hundred to thousand times larger than ground state atoms. The tunable long-range
interaction of Rydberg atoms has been used to study, e.g., many-body physics of
spin models and disorder [31, 32], the strong-coupling regime with blockade and
facilitation of Rydberg excitation [33–35], ultracold chemistry [36], and quantum
information processing [37, 38].

Hybrid atom-ion systems form an excellent platform to study quantum chemistry
on the single to few particle level. Coherent control over electronic states by lasers,
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1. Introduction

microwaves and magnetic fields has enabled investigations on state-dependent atom-
ion collision dynamics [39, 40], spin exchange [41–44], and chemical reaction channels
among which are charge transfer [41, 42, 45–48], molecule formation [44, 49, 50], and
photodissociation [44, 51], allowing to benchmark molecular structure calculations.
Also, impurity physics can be studied. An ion immersed into an ultracold atom
cloud polarises surrounding atoms and loosely binds them, forming polarons as in
solids [52].
Moreover, nonequilibrium collision dynamics and sympathetic cooling of trapped

ions with ultracold atoms as buffer gas have been studied intensively [53–62]. Here,
the major drawback of a hybrid atom-ion quantum system becomes evident: The
trapped ions undergo a radio frequency-driven motion and inelastic short-range
collisions with atoms can heat up the ions by extracting energy from the ions’
dynamic trapping field. Until recently, this so-called micromotion-induced heating
has limited attainable temperatures and thus collision energies of atom-ion mixtures
to the classical regime. Large ion-atom mass ratios are favourable to minimise this
heating [63, 64]. Our combination of elements with lithium as neutral and ytterbium
as ion has the largest ion-atom mass ratio of feasibly trappable and laser-coolable
elements. This aids sympathetic cooling of the trapped ions by the surrounding
atoms and has allowed us to enter the s-wave collision regime [62, 65, 66]. In
analogy to neutral atom systems [67], Feshbach resonances are expected to also
exist between atom and ion [65, 68], but haven’t been observed, yet. They could
allow to tune the atom-ion interaction strength magnetically.
Here, we try to control the interaction between atoms and ions by coupling the

neutral atoms to Rydberg states. Once these two leading quantum systems have
been merged and their interactions controlled, one can envision an interface be-
tween Rydberg atom and trapped ion quantum computers and simulators. Rydberg
atom-based systems come with the advantage of scalability to larger systems, but
show inferior fidelity of quantum gates, while trapped ion systems feature the best
coherence times and fidelities, but have the drawback of intricate scalability [16, 69].
Furthermore, the atoms could serve as a coolant to keep the trapped ions cold when
using their motion as a quantum bus, with the possibility of switching the cooling
on and off via Rydberg state coupling.
The hybrid Rydberg atom–trapped ion system forms an interesting strongly in-

teracting quantum system of its own, with long-range interactions spanning from
Coulomb to van der Waals interaction. Rydberg excitation and dressing, i.e. admix-
ing of a Rydberg state to a ground state atom, allow for control over the atom-ion
interaction by tuning the atoms’ polarisability which determines the charge-induced
polarisation potential between atom and ion. Combined with the superb control
offered by the two platforms, it is an outstanding system to study quantum many-
body physics and quantum chemistry. It is thus not surprising that the interest
in Rydberg state-coupled atoms interacting with both trapped and free ions has
increased rapidly within the last few years [70–75].
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1.2. Main Research Questions
The scope of this doctoral study and thesis is to find and ultimately give answers
to the following five main research questions, respectively:

I. (Theory) Is it possible to tune the magnitude and relative sign of interactions
between trapped ions and ultracold atoms by laser coupling the latter to Ryd-
berg states?
In particular: Does coupling to Rydberg states enable turning the generally
attractive nature of the atom-ion interaction into repulsive?

II. (Theory) Can coupling of the atoms to Rydberg states protect the hybrid
atom-ion system against micromotion-induced heating?
And against particle loss, too?

III. (Experiment) Can we for the first time experimentally merge coupling to Ryd-
berg states of an ultracold atom cloud with laser-cooled trapped ions immersed
in it, thus hybridising these well-established quantum systems?
In particular: How do the electric fields of both the trapped ion’s Coulomb
charge as well as its trap influence the Rydberg state-coupled atoms?

IV. (Experiment) Can we boost the atom-ion interaction strength, and thereby its
effective range, by exciting the atoms to Rydberg states?
And both tune and switch it optically, i.e. by means of lasers, too?

V. (Experiment) Can we make use of the Coulomb field of a single trapped ion to
modify or even enable the Rydberg excitation itself?
In particular: Can we excite ultracold atoms in the trapped ion’s vicinity to
Rydberg states on an otherwise (dipole-)forbidden transition?

1.3. Thesis Outline
This introductory chapter, chapter 1, is followed by the essential theory of ions in
a Paul trap, Rydberg atoms, and the mutual interaction of the two in chapter 2.
First, the focus lies on the description of the stability of the radio frequency linear
quadrupole ion trap, and its trapping parameters such as trap frequencies and dy-
namic Mathieu stability parameter q. These are required for simulations of atom-ion
collisions and to model the spectral shape of recorded Rydberg resonances. Then,
the basic physics of Rydberg atoms is described, which is needed to understand
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why a Rydberg-excited lithium (or any other alkali-like Rydberg) atom is practi-
cally hydrogen-like. This allows to empirically treat spectroscopic properties by
introducing quantum defects. The exaggerated properties of Rydberg atoms such
as their enormous size and polarisability, and relevant scaling laws are discussed
briefly and tabularised.
In chapter 3, we theoretically investigate laser coupling of ultracold atoms—that

interact with a trapped ion—to Rydberg states. We analyse how the atom-ion in-
teraction potential can be turned from attractive into repulsive character in order
to be repressing impactful Langevin collisions by Rydberg dressing on a dipole-
forbidden transition while taking advantage of the presence of the close-by trapped
ion’s electric Coulomb field. Numerical simulations on the collision dynamics of
ground state and differently Rydberg state-coupled atoms are performed to investi-
gate the system’s resilience against micromotion-induced heating of the ions. During
a collision, energy can be drawn from the time-dependent and thus non-conservative
trapping field of the ions. This effect has prevented experiments reaching deep into
the quantum regime with mixtures of atoms and ions.
Chapter 4 forms a large part of this thesis and is dedicated to the description of

the experiment. After an overview of the experimental apparatus, we first describe
(i) the trap(s), then (ii) the laser systems, and (iii) the experimental techniques
needed to create, trap, cool, manipulate and image the ions and atoms. The two
laser systems needed for the employed two-photon Rydberg excitation scheme—a
two-stage frequency-doubled laser with output in the ultraviolet, and a mid-power
infrared laser—plus the home-made optical reference cavity, which have been set up
in the context of this thesis, are described in detail.
Since it is an important and novel step to physically hybridise ultracold Rydberg

state-coupled atoms with laser-cooled trapped ions, we devote the entire chapter 5 to
the merging of the two systems. Their mutual alignment is laid out and several ways
to ensure and assure ourselves that the ion is and stays trapped within the atom
cloud. Spectroscopy of the excitation scheme’s intermediate state and of different
Rydberg states is performed in the high-voltage radio frequency electric fields of the
operating but vacant ion trap.
The main experimental results are reported in chapter 6. We immerse a laser-

cooled trapped ion, and later a few, in the ultracold atom cloud coupled to a Rydberg
state. The increase in interaction strength as compared to ground state atoms is
observed. Spectroscopy is performed to study the influence of the electric fields of
both, the ion trap and the charge of the trapped ytterbium ion. Stark shifts of the
Rydberg levels of lithium-6 are observed independently in both atom and ion loss
spectra. Furthermore, we make use of the electric field of a trapped ion to excite
ultracold atoms to a Rydberg state on an otherwise dipole-forbidden transition in
the ion’s vicinity only. This forms a first crucial step towards the implementation
of the ideas described in chapter 3.
Chapter 7 concludes this thesis by giving concise answers to the five main research

questions of my doctoral studies posed in Sec. 1.2, and closes with a brief outlook.
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and (Close-By) Ultracold
Rydberg Atoms

This chapter provides an overview of the physics in the hybrid (Rydberg) atom-ion
experiment. The first section 2.1 shortly presents the theory of trapped ions relevant
for the further content of this thesis. Then, for the remaining two sections 2.2
and 2.3, the focus lies on the theoretical description of Rydberg atoms and their
interaction with trapped ions, respectively.

2.1. Atomic Ions in a Linear RF Quadrupole Trap

According to the Earnshaw theorem from 1842 [76], point-like charged particles
cannot be held in stationary equilibrium by only electrostatic or magnetic fields.
Assuming a charge-free space inside an ion trap, the Laplace equation of the trapping
potential ∆Φ = 0 mathematically symbolises that fact. The two common pathways
to trap charged particles [77] are thus to (i) use time-dependent electric fields in
a radio frequency ion trap [4, 78–83] or (ii) apply a magnetic field in addition
to a static electric field in a so-called Penning trap [84–88]. Recently, ions are
(iii) trapped optically in ODTs1, too [89, 90]. The latter is an established technique
for the trapping of neutral atoms [91–93].

2.1.1. Trapping Potential and Electric Field of a Paul Trap

In RF2 quadrupole traps, confinement of charged particles is provided by a flapping
saddle potential Φrf in the radial directions, while axial confinement is provided
by an additional static potential Φdc [82, chap.2]. Close to the trap centre—where
the laser-cooled trapped ions are being held—the potentials can be approximated
to be harmonic3 and the general quadrupole trap potential Φqpt for suitable trap

1optical dipole traps
2radio frequency

3In the secular approximation, which assumes
time-independent trapping.
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geometry reads:

Φqpt(r, t) := Φdc(r) + Φrf(r, t) = Udc
2

3∑
i=1

αir
2
i + Urf

2 cos(Ωrft)
3∑
i=1

α̃ir
2
i , (2.1)

where the factors Udc and Urf depend on the trap’s geometric dimensions and are
proportional to the voltages applied to the trap electrodes Udc/rf ∝ Udc/rf , respec-
tively; and are by convention positive. Effectively, they are electric field gradients,
determining the strength of the trapping, as evident from Eq. 2.5. The electrody-
namic potential Φrf(r, t) flaps with the trap drive frequency Ωrf .

The two triples of dimensionless geometric factors of the static part, αi, and RF
part, α̃i, have to obey the Laplace equation at all times and thus independently, and
depend on the shape of the trap: linear, ring, etc. The three Cartesian coordinates
are labelled by ri , i ∈ {1, 2, 3}, with the origin of the ion’s position vector, r =
riêi = (x, y, z)T, in the trap centre, and the Euclidean unit vectors êi

1. For a linear
quadrupole ion trap, a Paul trap such as employed in our experiment, the geometric
factors satisfy [78, 82]2:

−(α1 + α2) = α3 > 0, α̃1 = −α̃2 , and α̃3 = 0 . (2.2)

By convention, we set one static and one dynamic geometric factor to one. For an
ideal and radially degenerate Paul trap the sets {αi, α̃i}PT then read:

α3 := 1 , α1 = α2 = −1
2 , α̃1 := 1 = −α̃2 , and α̃3 = 0 . (2.3)

The dynamic electric field inside an ideal linear Paul trap is then given by:

EPT(r, t) = −∇Φqpt (r, t; {αi, α̃i}PT) (2.4)

= Udc

(
1
2(r1ê1 + r2ê2)− r3ê3

)
− Urf cos(Ωrft)(r1ê1 − r2ê2) . (2.5)

2.1.2. Equations of Motion and Mathieu Stability Parameters
The three spatial motional modes are decoupled in the classical e.o.m.s3:

r̈i(t) = Q

m
(EPT)i (r, t) (2.6)

= −Q
m

(Udcαi + Urf α̃i cos(Ωrft)) ri(t) . (2.7)

Here, Qm is the specific charge to mass ratio of the atomic ion, where m is its mass,
and Q = (Z − Ne)e its charge. It is given by the difference in atomic number Z
and number of electrons Ne, i.e. the number of ionisations, in units of elementary

1Einstein summation convention [94] used.
2Deviating axis labels of the three Cartesian
coordinates in [78, 82, 95]; thus different

signs in the Mathieu parameters, etc.
3equations of motion
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charges e. The solution’s derivation can be found in Ref. [83], and is laid out in
detail in Ref. [96]. Here, we sum up: The e.o.m.s are transformed to a standard
form of the Mathieu differential equation:

0 = r̈i(t) + (ai − 2qi cos(Ωrft))
(

Ωrf
2

)2
ri(t) , (2.8)

where the additional factor of
(Ωrf

2
)2 stems from the common substitution of vari-

ables in finding a solution. The relative sign between the two Mathieu parameters
ai and qi is chosen by convention and in most relevant quantities, qi will appear
squared. The dimensionless Mathieu stability parameters read:

ai = 4QUdcαi
mΩ2

rf
, and qi = −2QUrf α̃i

mΩ2
rf

. (2.9)

Since they determine the stability of the ion trap, we shall have a closer look at
the real experimental quantities of interest: the ion of choice setting the charge Q
and mass m; the type of trap geometry setting αi and α̃i; the trap drive frequency
Ωrf ; and the applied voltages Udc/rf and actual trap measures determining Udc/rf .
When comparing the given trapping potential to experimentally justified ones from
literature [81, 97], we find:

Udc = 2κi
Udc
z2

0
, and Urf = κ̃i

Urf
r2
0
, (2.10)

with half the endcap distance z0, and half the diagonal RF electrode distance r0.
As described in Sec. 4.2, our Paul trap measures 2r0 = 3mm, and 2z0 = 10mm.
The actually applied voltages Udc/rf might effectively be reduced which is included
in the penetration factors κi and κ̃i, respectively.

2.1.3. Secular Motion, Micromotion and Trap Stability
The “lowest order classical motion” [83] is expressed in terms of two superimposed
oscillations: the slow secular motion at the respective trap frequency ωi; and the
fast micromotion at the RF trap drive frequency Ωrf :

ri(t) ≈ r0
i cos(ωit+ φi)

(
1− qi

2 cos(Ωrft)
)
, (2.11)

with real-valued amplitudes r0
i and phases φi. Note that the last step in the deriva-

tion of the given motional harmonic approximation consists of performing a Taylor
expansion to first order of the so-called characteristic exponents βi of the Floquet se-
ries Ansatz in q around 0, yielding the trap frequencies in harmonic approximation—
or short simply trap frequencies—also called secular frequencies [82, 83, 96]:

ωi := βi ·
Ωrf
2
|ai|,q2

i�1
≈

√
ai + q2

i

2 ·
Ωrf
2 . (2.12)
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The stability of the Paul trap for a chosen ion is thus determined by βi which
depend on the Mathieu parameters ai and qi, and in the end thus on an appropriate
choice of voltages and trap drive frequency Ωrf of the applied rf voltage Urf . To
guarantee a stable solution, the characteristic exponents βi have to be real-valued—
an imaginary frequency corresponds to exponential amplitude growth. There is
thus a bound of the applied static fields in relation to the RF fields, namely ai >
− q

2
i

2 . The stability parameters are inversely proportional to the ion’s mass, as clear
from Eq.2.9: For lighter than the intended ions, such as in our experiment potentially
created 6Li+ as compared to 171...176Yb+, the Paul trap effectively deepens and
eventually turns unstable.

2.1.4. Linear Quasi-1D Ion Chains of Ytterbium

In contrast to the historically first RF quadrupole traps consisting of a ring electrode
and hyperbolic endcaps creating a single central point of vanishing micromotion,
thus so-called “point-like” traps [78], a linear trap exhibits a clear trap axis along
which an ion is ideally free of micromotion, i.e. qz = 0. With a fairly weak axial
potential compared to the radial ones, i.e. az � |ax|, |ay|, two or more ions line up
along the trap axis z to form an ion chain1 in a linear trap [80].
A false colour image of such a laser-cooled, linear seven-ion chain that formed in

our trap and was recorded with a CCD2 camera is displayed in Fig. 2.1. Lighter
blue stands for more recorded intensity per pixel, and the white scale bar ranges
between the centres of the two next-to-central ions, indicating twice3 the minimal ion
distance. With the magnification of the imaging objective of 6.5(1) as determined
in Ref. [98], and a pixel size of 6.5µm, the minimal ion distance here amounts to
about di,min = 14(1)µm.

Figure 2.1.: False colour image of a linear seven-ion chain of Yb+ within our trap recorded
by a CCD camera. Weak axial confinement causes the linear equilibrium arrangement,
defining the trap axis. The odd-numbered Coulomb crystal is symmetric about the central
ion and exhibits outwardly increasing ion distances due to their mutual Coulomb repulsion,
with a minimal ion distance of di,min = 14(1)µm. Note the pixel size of 6.5µm and
magnification of 6.5(1).

To decouple the radial motional modes of trap frequencies ωx and ωy in a real
experiment, the static radial geometric coefficients α1 and α2 are set slightly different
by applying an offset voltage. Note that typically, the amplitude of the applied RF
voltages Urf are 20 . . . 100 times larger than the static DC4 voltages Udc.

1Also called “string”.
2charge-coupled device

3Because of Ni being odd.
4direct current

8



2.2. Rydberg State-Coupled Alkali-Like Atoms

2.2. Rydberg State-Coupled Alkali-Like Atoms
Swedish physicist J. R. Rydberg is the eponym for the formula describing the relation
between the spectral lines of a hydrogen atom and its valence electron’s binding
energies—or in more general of a hydrogen-like atom [99]. In this section, we on
one hand discuss which extensions to the original Rydberg formula are needed to
describe hydrogen-like atoms, why alkali-like Rydberg atoms behave hydrogen-like
but with exaggerated properties; and on the other hand present the Rydberg-physics
relevant for the Rydberg atom-ion theory proposal in chapter 3 and experiments in
chapters 5 and 6.

2.2.1. Hydrogen-Like Atoms and Rydberg Alkali-Like Atoms
The most simple and due to its two-particle nature theoretically well-studied atom
is the hydrogen atom. Atoms with a single elementary charged particle orbiting the
(potentially) multi-particle nucleus, are called hydrogenic, e.g. 1H, D = 2H, T = 3H,
He+, Li++, etc., but also muonic hydrogen and positronium.
Conveniently and thus commonly, it is alkali(-metal) atoms that are used in (ul-

tracold) neutral atom experiments [91]. This is because of their simple electronic
level structure which allows for both comparatively easy calculations and laser cool-
ing. Their simplicity arises from the fact that their electronic configuration consists
of a respective number of closed inner electron shells plus a single valence electron
in an s state of minimal orbital angular momentum1.
Atoms that have a single electron orbiting the nucleus of which the elementary

charges are perfectly screened by the closed-shell inner core electrons are called
hydrogen-like. They resemble a singly-charged core plus valence electron. This one
valence electron dominates the electronic and thus atomic and chemical properties of
hydrogen-like atoms [100]. Deviation from hydrogen-like behaviour arises when the
nuclear charge is only partially screened by (non-)filled inner shells of core electrons,
causing a non-zero quantum defect as discussed in Subsec.2.2.2. There, we shall see
that alkali-like atoms (neutral group I atoms, singly-ionised group II atoms, etc.)
excited to Rydberg states behave quasi hydrogen-like. This is important for us since
we employ the lightest alkali metal, 6

3Li, in our experiment.
Here, we want to give a concise overview of the exaggerated properties and of the

scaling laws of Rydberg atoms, of which most mostly depend on the behaviour of
the radial wave function and thus principal quantum number n [101]. They are sum-
marised in Tab.2.1. For expectation values of positive powers of the orbital electron
radius operator r, the contribution of the wavefunction’s large-r part dominates—to
which we associate the classical outer turning point which scales as 2n2. In con-
trast, expectation values of negative powers of r are dominated by the small-r part
of the wavefunction close to the nucleus, and thus dependent on l. Besides the

1Note the lower case notation because of it be-
ing a single-electron state, whereas S is used
in the spectroscopic notation n2S+1LJ , used
in level schemes, etc. Here, n is the princi-
pal quantum number, 2S+1 the multiplicity

of the electron spin, L the all-electron or-
bital angular momentum quantum number
and J the all-electron total angular momen-
tum quantum number in LS-coupling, also
called Russell-Saunders coupling [100].
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l-dependence, the normalisation of the radial wavefunction determines the overall
scaling. We thus obtain the following relations [101]:

〈rk〉 ∝

{
n2k; k > 0
n−3; k < 0 .

(2.13)

Transition Energies of Hydrogen(ic) Atoms
In 1888, Rydberg empirically discovered the regularities in spectral lines by study-
ing the behaviour of the inverse wavelength, the wavenumber k

2π = λ−1 [99]. The
corresponding energy transitions of an electron were soon after theoretically de-
scribed by Niels Bohr in 1913 [99]. Together with Rutherford’s model of the atomic
nucleus with surrounding electrons which he in 1911 deduced from scattering exper-
iments [102], the Rydberg formula and the (Rutherford-)Bohr model revolutionised
the human perception of the structure of atoms and matter. They sparked the
success story of quantum mechanics, too. In it’s conventional form the Rydberg
formula is noted as:

1
λ

= R

(
1
n′2
− 1
n2

)
, (2.14)

where λ is the (vacuum) wavelength of the transition from principal quantum num-
ber n to n′ < n in H, and R the Rydberg constant. In case of hydrogen R = RH,
with RH

µH
= R∞

me
, with µH the reduced mass of the hydrogen atom, me the electron

rest mass, and the Rydberg constant (for infinitely heavier nuclei than electron)
R∞ := mee

4

8ε2
0h

3c
= α2

2λe
= α

4πa0
= 10973731.568160(21)m−1 [103]. Here in turn, e is

the elementary charge, ε0 the vacuum permittivity, h Planck’s constant, and c the
speed of light, α the fine structure constant and λe := h

mec
the electron Compton

wavelength, and a0 the Bohr radius, respectively. Note that the uncertainties on
the last digits given in parentheses imply that the Rydberg constant is the most
precisely measured physical constant. Often used in atomic physics is the Rydberg
unit of energy, [E] = 1Ry, corresponding to the ground state’s binding energy, i.e.
ionisation energy, of hydrogen. From the Rydberg formula Eq. 2.14 it results to be
1 Ry = −E0 = R∞hc ≈ 13.6 eV.

Bound State Energies in a Hydrogenic Atom Core’s Coulomb Potential
From the classical, non-relativistic force equilibrium of an electron orbiting the nu-
cleus in its 1

r -Coulomb potential, but quantising the angular momentum l, one ob-
tains the semi-classical relation of electron binding energy En to principal quantum
number n—the famous Bohr formula [99, 100, 104]:

En = −Z
2e4µ

2~2n2 ∝ n
−2, with n ≥ 1 (or in general: n ≥ l + 1) . (2.15)

Here, Z is the proton number and thus number of elementary charges e of the
perfectly screened core, µ is the reduced mass of the core–valence electron effective

10



2.2. Rydberg State-Coupled Alkali-Like Atoms

two-particle system, and ~ := h
2π the reduced Planck constant. Characteristics of the

Coulomb potential are besides and partially because of its radial symmetry: (i) that
there exist bound states for all angular momenta l ≥ 0, (ii) each of them having
infinitely many bound states (different n), and (iii) in addition to m degeneracy,
there is also an l degeneracy. Here, m is the magnetic quantum number of the
orbital angular momentum l [104].

Radial Size and Areal Extension of Rydberg Atoms
We estimate the extremely large size of Rydberg atoms. For comparison, we have
a look at the radial extension of a hydrogen atom first: The Bohr radius a0 can be
expressed in terms of the Rydberg constant R∞ and other natural constants, a0 =
4πε0~2

mee2 = α
4πR∞ ≈ 0.5Å, with the fine structure constant α = e2

4πε0~c ≈
1

137 . The
expectation value of the orbital radius of a hydrogen atom’s electron in its ground
state is 〈r〉1s = 3

2a0, which is about 75 pm. Based on the scaling of expectation values
of powers of the relative Rydberg electron–ionic core radial distance operator r with
the principal quantum number n in hydrogen-like, and thus alkali-like Rydberg
atoms given in Eq. 2.13, we find that 〈r〉Ryd ∝ n2. Similarly, their areal extension,
i.e. geometric cross section, scales as σgeo ∝ n4.

Natural Lifetime of Rydberg Atoms
From Fermi’s golden rule, it follows that the natural lifetime τ is the inverse of the
summed Einstein A coefficients of all possible, dipole-allowed transitions. Since the
Einstein A coefficients are proportional to the transition frequency to the power of
three, but also to the square of the transition’s dipole moment, the natural lifetime
of a Rydberg state scales as τRyd ∝ n3 for small n and for small l compared to
n [101]. In contrast, for nearly circular and high-lying Rydberg states, i.e. with
l . n − 1, the natural lifetime scales as τcirc−Ryd ∝ n5 due to less allowed dipole
transitions prone to radiative decay [105, 106].
Blackbody radiation may dramatically reduce the Rydberg state’s effective life-

time, because of other close-by Rydberg states lying dense and being transitioned
by an IR1 or even MW2 photon [107]. The energy gap to neighbouring Rydberg
states from the one of interest is thus generally important since they may have
much larger dipole transition moments, as between the original Rydberg state and
the ground state [108]. Note that spontaneous avalanche dephasing [109] requires
Rydberg atom densities much higher than in the experiments we perform and hence
does not play a significant role for us.

Polarisability of Rydberg Atoms
Rydberg atoms are probably most noted for possessing an extraordinarily huge
polarisability α. This is what makes them susceptible to electric fields and con-
sequently hard to create inside an operating RF ion trap. A series expansion in
principle quantum number n of the radial and dipole matrix elements leads to ap-
proximate but analytical expression for the static polarisabilities of alkali atoms as

1infrared 2microwave

11



2. Theory of Trapped Ions and (Close-By) Ultracold Rydberg Atoms

derived in Ref. [110]:

αs,t
nlJ = n7 ·As,t

l,J

(
1 +

a
(1)s,t
l,J

n
+
a

(2)s,t
l,J

n2 +O
(

1
n3

))
, (2.16)

with the scalar, s, and tensorial, t, asymptotic coefficents for polarisabilities of alkali
atoms As,t

l,J and a(i)s,t
l,J of corresponding correction order (i), with i ∈ N, respectively.

Here, atomic units with ~ = 1 (= e = m) are employed. The unit conversion factor
is thus given by C2m2J−1 = 104h ·Hz/ (V/cm)2, with the Planck constant h = 2π in
atomic units. Note that the dominant term of an alkali atom’s static polarisability
is proportional to n7, as indicated by factoring it out in Eq.2.16. Neglecting higher-
order terms fromO

( 1
n3

)
on, results in deviations of less than 0.5 % to experimentally,

fitted or analytically determined values for principal quantum numbers in a range
of 10 ≤ n ≤ 1000 for nS, nP and nD Rydberg series [110].

Fine and Hyperfine Structure of Rydberg Atoms
It is relativistic effects, namely the emergence of spin and the associated magnetic
moment, leading to fine structure and magnetic effects [100, 104]. In zero field, mag-
netism manifests itself in fine structure splittings. In alkali elements, the splitting of
the D lines arises from different screening of the nuclear charge by the closed-shell
core electrons [100]. Note that the highest l state that penetrates the core typically
has an inverted fine structure. Spin-orbit interaction varies as r−3, just as dipole-
dipole interaction, and the fine structure splitting thus scales as ∆Efs ∝ n−3 with
the principal quantum number n of the Rydberg state.
Intuitively, the analogy of hyperfine interaction with the fine structure’s origin

of dominantly dipole-dipole interaction can be made. In the (magnetic) hyperfine
structure it’s the electronic spin processing within the magnetic (dipole) field of the
nucleus, given a non-zero nuclear spin I. This causes at least to the first relevant
order similar interaction range scaling and thus scaling laws with the atom’s prin-
ciple quantum number n [100]. The hyperfine structure splitting therefore scales as
∆EHFS ∝ n−3, too [101]. Details on the ground state hyperfine structure of 6Li and
7Li and nuclear structure can be found in Refs. [111, 112].

2.2.2. Quantum Defect
For the alkali(-metal) atoms’ ground states, the inner electron shell core (probability
[density]) is spherically symmetric as for any filled, but also half-filled, outermost
of the inner electron shells. The rotational structure of the single valence electron
is therefore not affected, and the central symmetry is conserved. The separation of
variables is therefore still a valid Ansatz. The energy levels become hydrogen-like
for large l and (or exclusively large) n, because the electron core then fully screens
the nucleus’ charge [100, 101].
An empiric approach is employed to fit spectroscopic data, and an effective princi-

pal quantum number n∗ = n−δnlj is introduced, with the so-called quantum defect
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2. Theory of Trapped Ions and (Close-By) Ultracold Rydberg Atoms

δnlj as empiric correction. It is commonly approximated to second order:

δnlj = δlj0 + δlj2
(n−δlj0 )2 , (2.17)

with the two empirical parameters δlj0 and δlj2 depending on the state. For 6Li, they
are given in Tab. 2.2 for selected states of low angular momentum. The quantum
defect is also known as Rydberg correction, and is in general a non-integer real
number, δ ∈ R. The electron’s binding energy and (nodes of its) radial wave function
then depend not only on the principal quantum number n but also on the orbital and
total angular momentum quantum number, l and j, respectively, that characterise
the state. The modified Bohr formula then reads:

Enlj ≈
En

(1− δnlj
n )2

. (2.18)
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Figure 2.2.: Quantum defects of the three lowest orbital angular momentum series, S, P,
D of 6Li and Rydberg state binding energies. (a) Quantum defects δnS for the S states
of the lowest n = 2 . . . 25. (b) Relative difference between the respective δnS quantum
defects and the constant one of the continuum limit, ∆relδnS. (c) Quantum defects δnlj
for the P1/2, P3/2, and D manifolds. (d) Binding energies of the Rydberg manifolds of
n = 19 . . . 30. The binding energy of the subsequent target state 24S is indicated by the
dash-dotted, blue line. The ionisation limit of 6Li serves as reference and is indicated by
the dashed, orange line.
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Intuitively, a non-vanishing quantum defect stems from the penetration of the
ionic core by the valence electron. When the valence electron has a finite probabil-
ity of residing inside the ionic core, the nucleus’ charges are imperfectly Coulomb
shielded by the inner core electrons. Better screening of the nucleus by the inner
electron shells occurs for Rydberg manifolds of higher l but also n, because of re-
moving overlap of probability of the outer valence electron with the nucleus and
ionic core. For (high n) circular, i.e. |m| = l = n− 1, Rydberg states, the Coulomb
shielding of the nucleus by the core electrons is nearly perfect, the quantum defects
vanish and the alkali metal atoms thus retain hydrogen-like behaviour [101, 123].
For 6Li, the binding energies become hydrogen-like already for l > 2, as can be

seen in Fig. 2.2 from the respective quantum defects quickly approaching a constant
value. The quantum defects of S-states are about an order of magnitude larger than
of the next higher l states, and then again for the next higher l, and are assumed
to vanish for l > 2 as can be seen in Fig. 2.2 (a) and (c). The fine structure-split j-
states of the P manifolds exhibit a constant and small difference in quantum defect,
δnP3/2 − δnP1/2 ≈ −11.5 · 10−6 ≈ 0.24 · 10−3 · δP3/2

0 . The D manifolds only possess
a constant quantum defect δnDj = δD

0 since the correction is too small, and they
are thus hydrogen-like from their lowest value, n = 3, on. A change in principal
quantum number n doesn’t change the anyhow small overlap of the valence electron’s
wave function with the ionic core significantly. The relative difference between the
still n-dependent quantum defect δnlj and the hydrogen-like limit of an only l-(and
little j-)dependent quantum defect, ∆relδnlj(n), is quickly reaching small values in
lithium: As can be seen in Fig. 2.2 (b), the S quantum defects differ less than 10−3

from their asymptotic constant value δS
0 for n ≥ 8. We can then safely call the 6Li

atoms hydrogen-like Rydberg atoms.

levels δlj0 or δl0 δlj2 or δl2
nS1/2 0.3995101(10) 0.0290(5)
nP1/2 0.0471835(20) -0.024(1)
nP3/2 0.0471720(20) -0.024(1)
nD 0.00192(17) 0

Table 2.2.: Low angular momentum state quantum defects of 6Li for the expansion law
δnlj = δlj0 + δlj2 (n − δlj0 )−2. Errors in brackets are from last digit. Values taken from
Ref. [124], except for nD from Ref. [125].

2.2.3. Rydberg Dressing
In this subsection, we shortly discuss the two main advantages of Rydberg dressing
which are the increase in both the lifetime as compared to resonantly excited Ryd-
berg atoms, and in the polarisability as compared to ground state atoms. Moreover,
Rydberg dressing enables dynamic coupling and tuning of the interaction strength
and thus range over several orders of magnitude. Details on the theory of Rydberg-
dressing an ultracold atom in the Coulomb field of a trapped ion (on a dipole-
forbidden transition) are presented in chapter 3.
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Increase in Lifetime τ vs. Polarisability α0

In Dirac notation, the desired state |ψ〉 of the Rydberg-dressed ground state atom,
as a superposition of the two pure states, reads:

|ψ〉 = α |g〉+ β |R〉 , (2.19)

with |g〉 and |R〉 being the ground and Rydberg state, respectively, and {α, β} ⊆ C
their respective probability amplitudes. The increase of the natural lifetime as com-
pared to a resonantly Rydberg-excited atom can then easily be verified by estimating
the inverse of it—the spontaneous decay rate γψ of the Rydberg-dressed state |ψ〉
into |g〉 [126]:

1
τψ

= γψ ∝ | 〈g|d|ψ〉 |2 ∝ |β|2γR , (2.20)

with the dipole operator d := er, and γR the decay rate of the bare Rydberg state
|R〉. For this estimate, any other effects that may dramatically reduce the effective
lifetime of the Rydberg(-dressed) atom’s state, such as predominantly black-body
radiation [127], remain excluded. Assuming a Rydberg population of only 1%,
i.e. |β|2 = 0.01, we achieve a 100-fold increase of lifetime as compared to the bare
Rydberg state |R〉. This holds for single isolated or non-interacting Rydberg-dressed
atoms only, since their mutual interaction leads to blockade effects, decreasing the
population of the two-atom Rydberg state |R〉(1) ⊗ |R〉(2) ≡ |R,R〉 to less than
|β|2 [126, 127].
Naturally, the polarisability α also scales proportional to the amount of Rydberg

character the dressed atom possesses, i.e. its probability which is given by |β|2.
A compromise is needed in order to benefit from both advantages: Create atoms
that have sufficient Rydberg character, i.e. around 1%, to create significant mu-
tual dipolar interactions or charge-induced polarisation interactions with an ion,
but at the same time increase their lifetime to the order of τψ ∼ 10ms, instead of
about τR ∼ 10µs [126]. In ultracold alkali atom gases, Rydberg dressing can be
used to tailor strongly correlated phases while at the same time lowering decoher-
ence mechanisms from inelastic collisions due to high polarisability and from quick
spontaneous emission as for a resonantly excited Rydberg atom [128]. Moreover,
the spatial dimensionality of the trap, i.e. basically its trap frequency anisotropy
which determines the shape of the ultracold atom cloud(s) can be used to engineer
collective effects [35].
The advantages of dynamically controllable interaction strength and thereby range,

as well as longer lifetimes and adherently longer coherence times in Rydberg-dressed
ultracold alkali atom gases has enabled a plenitude of advances amongst which are,
e.g., interferometry on a spin lattice [129], decoherence-reduced quantum comput-
ing [69], robust quantum logic [130], quantum simulation of (frustrated) quantum
magnetism [131, 132], the demonstration of the Jaynes-Cummings ladder [133], and
a Rydberg-dressed spin-flip blockade to entangle atomic spins [134].

16



2.2. Rydberg State-Coupled Alkali-Like Atoms

Modulate Polarisability to Couple Atomic State to Ionic Motion and Qubit
Here, we want to lastly briefly present the concept behind our theory proposal
in Ref. [135] on the feasibility of an atom-ion quantum (phase) gate based on the
modulation of the Rydberg-dressing strength and well-established ionic Raman spin–
phonon coupling [136, 137]. Thus, ultimately employ the ion crystal’s phonons as a
bus to entangle the atom’s and ion’s qubits, i.e. well-isolated pair of internal states.
Besides tuning, the strong interaction of the Rydberg part of the atom’s state with
the trapped ion1 can be switched on and off optically. The laser coupling strength,
i.e. Rabi frequency, can be modulated by means of AOMs2 or EOMs3 such that the
Rydberg population and thus atom-ion interaction strength is modulated. Doing
so with a modulation frequency close to the axial ion’s trap frequency ωz couples
the atomic state to the ion motion. When now performing some (as well detuned)
Raman sideband coupling of the ionic motion at its trap frequency to its qubit,
we effectively couple the internal atomic state to the ionic one. The modulated
Rydberg-dressing together with the Raman spin–motion coupling can then entangle
the qubits of atom and ion, and moreover perform an atom-ion (phase) gate, and
an atom-ion Bell state should be achievable [135].

2.2.4. Mutual Rydberg Atom Interaction
To be able to safely exclude mutual Rydberg atom interactions from our data anal-
ysis and interpretation of the experiments presented in chapter 5 and chapter 6, we
will here see that they can be safely neglected as compared to the Rydberg atom-
ion interactions. Electric dip.-dip.4 interaction usually arises from Rydberg dressing,
whereas van der Waals interaction is typical for high-lying Rydberg S states [138, for
Rb]. The dip.-dip. interaction scales as r−3 with the inter-atom distance r, while
the van der Waals interaction scales as r−6. The negative sign of the attractive
case is omitted. The two types of dipole moments µ = 〈ψ′|er|ψ〉, (i) permanent
with |ψ′〉 = |ψ〉 in first-order, and (ii) transitional with |ψ′〉 6= |ψ〉 and ∆l = ±1
in second-order perturbation theory, scale with n2. The permanent and induced
dip.-dip. interactions thus scale as (n2)2, i.e. combined n4

r3 , and n4

r6 , respectively.
In contrast, the van der Waals interaction is dip.-dip. interaction of induced

dipoles such as we find them in the charge-induced polarisation interaction between
atom and ion. If it is not one atomic dipole induced by a monopole, i.e. the ionic
charge, but rather two induced dipole moments that interact mutually, then the
atom–atom separation scaling is r−6, instead of r−4 for atom and ion as laid out in
detail in Subsec. 2.3.1.
In order to now be able to safely neglect the van der Waals interaction between

Rydberg-excited lithium atoms w.r.t.5 the charge-induced polarisation interaction
between ion and (Rydberg) atom, we estimate the first for realistic experimental
parameters in our setup: Assuming the Wigner-Seitz radius rWS = 3

√
〈Va〉
4/3π to com-

pute the atom density ρ within the ultracold cloud, we end up with a van der Waals
1Charge-induced polarisation potential, to be
explained in Subsec. 2.3.1.

2acousto-optic modulators

3electro-optic modulators
4dipole-dipole
5with respect to
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interaction strength of approximately C6ρ
2

h ∼ 50 kHz [119, 139]. Here, we assumed
an atom density of ρ ≈ 2.6 · 1016 m−3, and C6 is the van der Waals dispersion co-
efficient (see Tab.A.5). In conclusion, the mutual Rydberg atom interaction in our
experiments will be much weaker than the Rydberg atom-ion interaction we want
to study.
Moreover, there are interaction-induced effects such as the Rydberg blockade or

facilitation [126]. The conventional Rydberg blockade occurs when the adiabatic
energy shift due to dip.-dip. interaction of the Rydberg-coupled atoms overcomes
the Rabi frequency of the excitation laser driving the transition. Then, further
Rydberg excitation is suppressed. In 1D, this results in quasi-periodic Rydberg
atom chains or arrays [35], resembling ion chains in appearance.

2.3. (Rydberg) Atom-Ion Interactions
Ion-neutral collisions are an old problem in physics: M.P. Langevin’s puplication
“Une Formule Fondamentale de Théorie Cinétique” [140] dates back to 1905. It
took a short half century and the availability of quantum mechanics before the
scattering phenomena of ions with neutrals due to polarisation forces had been
described theoretically in Ref. [141]. The first atom-ion experiment (with non-
trapped neutral atoms) was published in 1967 and aimed at indirect spectroscopy of
stored ions via auxiliary neutrals: The RF spectrum of ions in a cylindrical, point-
like RF quadrupole ion trap was measured using “spin-dependent collision processes
with a spin-polarized beam of neutral particles”, He+ ions and Cs atoms [142].
Already by 1981—at Johannes Gutenberg-Universität Mainz—Werth et al. have had
performed the first sympathetic atom-ion cooling experiments: A classical He atom
buffer gas cooling trapped Ba+ ions to “one tenth of the trap potential well depth”,
and influencing the ions’ density distribution [143]. Only in 20201, we published our
studies on “[b]uffer gas cooling of a trapped ion to the quantum regime” [144]: Here,
we cooled a single trapped Yb+ ion with ultracold neutral Li ground state atoms
to a collision energy of (1.15± 0.23) times the s-wave energy, exhibiting a collision
energy-dependent Langevin collision rate as signature of quantum effects [144] (cf.
Eq. 2.23). The prospects of coupling ultracold neutrals to Rydberg states in order
to suppress micromotion-induced heating of the ions during collisions are presented
in chapter 3.
The explanation of the atom-ion interaction potential is accompanied by a com-

parison to mutual “neutrals-only” Rydberg atom interaction and followed by a brief
description of collisional processes and charge exchange of the two hybrid scatterers.
A large part is spent on the Stark map and energy landscape of an Rydberg-excited
ultracold lithium-6 atom in the vicinity of a trapped (ytterbium-174) ion. Fur-
ther, an overview over all relevant types of interaction in a Rydberg state-coupled
system of neutral atoms, atomic ions and molecules is given in Tab. 2.3 for direct
comparison.

1About four years after the experiment’s move
from Johannes Gutenberg-Universität Mainz

to Universiteit van Amsterdam.

18



2.3. (Rydberg) Atom-Ion Interactions

2.3.1. Charge-Induced Polarisation Potential

At a distance ria := |ra − ri| from an ion, its Coulomb field Ei(r) = +κ e
r2 stem-

ming from its single positive charge +e induces an atomic dipole moment pa(ria) =
κ−1αE(ria) into a (statically) polarisable atom1. Here, κ := 1

4πε0
is set for simpli-

fication, and in atomic units κ = 1 holds. The inhomogeneity of the Coulomb field
thus exerts a radially directed force on the neutrals. Most experimentally resolv-
able states in alkali metals possess a positive polarisability α, dragging the atom
towards the ion; et vice versa in accordance with Newton’s third axiom, but the ion
is trapped much more deeply than the neutral and in our case also much heavier.
The long-range charge-induced dipole polarisation potential—or short polarisa-

tion potential—quantifies the interaction between the induced atomic dipole and
the ion’s Coulomb field itself and is hence2 given by [3, 141, 145]:

Upol(ria) := −1
2pa(ria)Ei(ria) = −C

nS
4
r4
ia
. (2.21)

Here, CnS
4 ≡ C4 = 1

(4πε0)2
e2α
2 labels the long-range induction coefficient for charge-

induced dipole interaction. We therefore note the atom-ion interaction to be in-
dependent of the ionic species in first approximation. Only the ion’s charge and
the neutral atom’s properties matter here. The first correction to the polarisation
potential in Eq. 2.21 is the charge-quadrupole interaction with an induced atomic
quadrupole moment, varying as r−6

ia , proportional to C ind
6 [3, 145]. Dispersive in-

teraction between spontaneously dipole-induced dipole moments also scales as r−6
ia

and its strength is characterised by Cdisp
6 [3]. Higher-order terms of the multipole

expansion-related interaction scaling which vary as O( 1
r6

ia
) or faster vanish accord-

ingly faster with large ria and are negligible in the context of this thesis. The static
electric dipole and quadrupole polarisabilities, α0 and α2, along with the long-range
induction coefficients, CnS

4 = α1
2 and C ind

6 = α2
2 , respectively, of the traditionally

employed alkali metals are tabularised in Tab.A.5. Importantly, note that the induc-
tion coefficient CnS

4 is proportional to the polarisability α, and thus n7 (see Tab.2.1
and Eq. 2.16). We can thus dramatically boost the atom-ion interaction strength,
effectively switch it optically—Rydberg vs. ground state as evident from the respec-
tive curves in Fig. 2.3—and tune it over several orders of magnitude by choosing
different Rydberg states or by reducing the atom’s Rydberg state population via
Rydberg dressing (see Subsec. 2.2.3).
For comparison, we plot the scaling of the interaction energy |U | in Fig. 2.3 as a

function of inter-particle distance r, for both an ion interacting with a neutral atom
which it has polarised, as well as two mutually interacting Rydberg atoms. To avoid
false interpretation, the interaction potentials are plotted for inter-particle distances
r larger than 0.15µm only. At short distance, other and in particular quantum
mechanical effects significantly modify the potentials. Here is where chemistry such
as charge exchange/transfer happens, all indicated by the word “chemistry” on black

1And higher order moments.
2Strictly only for atom and ion in S states [63],

mostly the case in experiment.
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Figure 2.3.: Comparison of interaction energy scaling in the hybrid Rydberg atom-ion and
two-Rydberg atom systems. Two cases each exemplify the more long-range character of
the charge-induced polarisation interaction in the Rydberg atom-ion system (solid lines),
varying as r−4 as compared to in the two-Rydberg atom system which is dominated by van
der Waals interaction (dashed lines), ∝ r−6. The hybrid quantum system provides much
larger interaction strengths with Rydberg levels of comparatively low principal quantum
number n than the neutral–only case. The log-log plot covers 15 orders of magnitude in
interaction strength |U | given in units of frequency, and ranges from inter-atom distances
above small molecular separations to several times the lifetime-limited travel distance of
the ultracold Rydberg atoms. The blacked-out region indicates the limit of validity of
the approximated long-range interaction potentials, bearing in mind the deviation of the
molecular energy curves from the dissociation thresholds of ground and low excited states
below atom-ion separations of about r ≈ 20a0 ≈ 1 nm.

background. Note that the energy curves of the molecular (LiYb)+ ion significantly
deviate from the dissociation thresholds of ground and low excited states below
atom-ion separations of about 20 Bohr radii, r ≈ 20a0 ≈ 1 nm, as computed in
Refs. [48, 65].
While the leading term of the charge-induced polarisation potential between ion

and atom, Uia, given in Eq.2.21 scales as r−4, the mutual Rydberg atom interaction1

is assumed to be of van der Waals-type, UvdW, which scales as r−6 as laid out
in Subsec. 2.2.4. For all neutral atom cases 6Li is chosen, ground state 2S, and
Rydberg states 24S and 50S, respectively. For the ion cases, it’s 171Yb+ in its
electronic ground state. Here, only its single elementary charge matters, whereas
its mass doesn’t.

1For Li and also e.g. Rb for these high-lying
Rydberg states and in particular without

permanent dipole moment.
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It can be clearly seen that the excitation of a lithium atom from the ground to
the 24S Rydberg state boosts the interaction strength by nearly eight orders of
magnitude—the state’s polarisability is a factor of roughly 7.6 · 107 larger than that
of the ground state. In Fig. 2.3, it can also be seen that employing excitation to the
same Rydberg states in pure neutral atom experiments results in a significantly lower
interaction energy which, moreover, falls off quicker. In order to reach comparable
interaction strengths as in the hybrid atom-ion system, Rydberg states as high-lying
as about 50S are required. Despite the stronger and more long-range character of the
interaction in a hybrid (Rydberg) atom-ion system, this, very importantly, implies
that mutual Rydberg atom interaction will be negligible in our system as compared
to the effects we aim at studying.

2.3.2. Inelastic (Rydberg) Atom-Ion Collisions
In contrast to elastic collisions which are beneficial for, amongst other things, sympa-
thetic atom-ion cooling, inelastic and reactive collisions lead to interesting few-atom
chemistry such as formation of charged—and thus potentially trappable—molecules,
studies of molecular level structures and atom-ion charge exchange.

Langevin Collisions
The in most relevant cases attractive nature of the 1

r4 polarisation potential of
Eq. 2.21 naturally leads to collisions. The deflection of the two scatterers and the
(in)elasticity of the collision are characterised by the impact parameter b of the col-
lision. Here, it is given by the perpendicular distance between the incoming atom’s
trajectory and the trapped ion. Two realms are distinguished by the critical impact
parameter bc = 4

√
4C4/Ecol [140]: (i) For large impact parameters b > bc, the colli-

sion is called glancing collision and is generally elastic. When having an adequate
atom-ion mass ratio [3, 54, 57, 96, 146], these glancing collisions are predominantly
cooling—depending on the case-specific micromotion phase and collision energy, and
reduced mass of the scatterers [96, 98, 147, 148]. Glancing collisions are scatterings
from the centrifugal barrier leading to a modification of the Langevin scattering
cross-section [140]. The scatterers have a small deflection angle. When approach-
ing bc, larger deflection occurs as in a swing-by1. (ii) For small impact parameters
b < bc, the incoming atom spirals towards the ion in a so-called Langevin colli-
sion. These collisions are scatterings from the hard inner potential wall and can be
chemically reactive since they can lead to, e.g., charge transfer as described below.
The critical impact parameter bc sets the Langevin cross-section σL within which

the scatterers enter the short-range region where an exchange process of, e.g., charge,
spin or excitation occurs with unit probability [151]:

σL(E) := πb2c = 2π
√

C4
Ecol

, (2.22)

1Analogous to a gravitational slingshot such
as by a spacecraft about celestial bodies,

mainly planets, to accelerate towards their
destination [149, 150].
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with the collision energy Ecol = µ
mYb

EYb + µ
mLi

ELi [152] being dominated by the
atoms due to the small atom-ion mass ratio mLi

mYb
≈ 1

29 � 1. Since we will be able
to measure, among others, inelastic collision rates—or more precise charge transfer
rates via ion loss and knowing the charge transfer probability—in our experiment,
we give the classical Langevin collision rate:

γL := σLv̄ana = 2πna
√
C4/µ . (2.23)

Besides the tremendously increased Langevin cross-section σL of Rydberg atoms,
γL is proportional to the low average velocity of the atoms v̄a, and also the atom
density na. Consequently, the classical Langevin collision rate γL is independent of
the collision energy. Note that in Ref. [144] we entered the quantum regime with
ground state atoms by observing deviations from the collision energy-independent
classical Langevin collision rate.
By Rydberg-exciting the neutral scatterer, we dramatically increase the atom’s

static polarisability α and thus its long-range induction coefficient C4. The atom-ion
collision rate is then several orders of magnitude higher [153]. In the experiments
described in chapter 6, we thus prove the successful interaction between Rydberg-
excited atoms with trapped ions by measuring the increase in charge exchange rate,
and thus ultimately via the increase in ion loss rate. Note that coupling to Rydberg
states does not help us to attain the s-wave collision regime. This can be seen by
calculating the s-wave limits Ts = ~4(2kBµ

2C2S
4 )−1 for Rydberg states of 6Li in

comparison to its ground state: Ts(n) = Ts · C2S
4 /CnS

4 ≈ 8.6µK · (n2 )−7. For the
Rydberg states 8S and 24S, this yields unattainably low atom-ion s-wave scattering
temperatures of about 0.5 nK and 0.2 pK, and thus collision energies, respectively.
Rather, we propose in chapter 3 to turn the atom-ion interaction repulsive. In this
way, short-range collisions and therefore heating of the trapped ions are prevented,
and the particles thermalise at ultralow temperatures.

Cold Chemical Reactions, Charge Exchange and Ion Loss
The accordingly increased ion loss will be the most direct measurement of the ex-
perimentally realised Rydberg atom–trapped ion interaction due to the ions’ superb
controllability. The most prominent inelastic process eventually happening during
a Langevin-type collision is radiative charge transfer (CT):

Yb+ + Li(∗) −→ Yb(∗∗) + Li+ + hν . (2.24)

Here, the potential Rydberg-excitation of the Li atom is marked by the asterisk in
parentheses, (∗). The potential Rydberg excitation energy is partially transferred
into another potential excitation of the now neutral Yb atom, (∗∗). Plus, a photon
of frequency ν is radiated. Charge transfer occurs with a probability of Pct. If so, it
will cause ion loss with unit probability since the Li atom is too light to be trapped in
our Paul trap (see Subsec. 2.1.3). In inelastic collisions without charge transfer, the
Yb+ ion can gain lots of kinetic energy from its non-conservative trapping potential
or from the Rydberg electron that carries an energy corresponding to several 1000K.
The ion can then orbit for several seconds before it is re-cooled into crystallisation
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2.3. (Rydberg) Atom-Ion Interactions

and we can detect it again. We investigate this in Subsec. 5.1.3 and keep it in mind
when analysing measured ion loss image series in chapter 6.
We use a simple classical model to predict the electron hopping probability from

the neutral lithium-6 atom to the ytterbium-171 ion. The movement of the alkali
atom’s (Rydberg) valence electron is thought of to be much faster than the relative
movement of the atom and ion cores1 during a potentially charge-transferring colli-
sion. As a consequence, the position of the electron randomises and one of the two
scatterers takes the electron with it. We thus assume the charge transfer probability
of a single Rydberg atom-ion Langevin collision to be well approximated by Pct = 1

2 .
(LiYb)+-molecules of 6Li and 171Yb isotopes (omit mass numbers A) can form

by radiative association (RA) or stimulated photon association (PA):

(RA) Yb+ + Li∗ −→ (LiYb)+(ν, l) + hν , and (2.25)
(PA) Yb+ + Li(∗) + hν′ −→ (LiYb)+(ν′, l′) , (2.26)

respectively. In RA, the excitation energy gets distributed between the formed ionic
molecule in an excited state (ν, l), and a photon of frequency ν. The stimulation
of a potentially Rydberg-excited Li atom colliding with an Yb+ ion by a laser at
frequency ν′ may form a to (ν′, l′) excited ionic molecule. The rates for reactive
collisions of ground state Li atom and Yb ion are computed in Ref. [65] and found
to be on the order of 105 times lower than elastic collision rates. Note that we
haven’t observed molecular (LiYb)+ ions so far.

For the hybrid system of ground state lithium-6 atoms and ytterbium ions in all
experimentally relevant states, the non-relativistic potential energy curves of the
(LiYb)+ molucular ion are computed in Ref. [48], including the possible dissoci-
ation thresholds. The description of the underlying multichannel quantum defect
theoretical computations would go beyond the scope of this thesis by far and can
be found in Ref. [68]. Note that for high-lying states such as the Rydberg states
of lithium which we excite, the molecular potentials become much more complex to
compute. Hence the blacked-out short-range region in the plot of the interaction
potentials in Fig. 2.3.

2.3.3. Spectrum of 6Li Rydberg Atoms Close to a Trapped Ion
In general, it is a very hard problem to compute the Stark map in time-varying
fields, because of varying coupling strengths and purity of atomic states and taking
or avoiding of level crossings. There are two arguments for us out of this: (i) The
energy gaps between the Rydberg states of interest to neighbouring Rydberg states
or manifolds, in particular exemplified with 24S, are large compared to the ion trap
drive frequency Ωrf . The energy scales are different as evident from Fig. 2.5, and no
inter-Rydberg state coupling occurs. Moreover, we will employ the 174Yb+ isotope
without hyperfine structure in the Rydberg atom-ion experiments in chapter 6, and
will thus not irradiate microwaves at the overlapped atom-ion system which could
couple states within a Rydberg manifold. (ii) Later, experiments in chapter 6 will

1Nuclei plus filled inner shells of core electrons.
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reveal that only Rydberg atoms excited close to the ion—in the ion-dominated
electric field region around the ion—will have the chance to make it to the ion and
collide. Therefore, we effectively time-average and treat the time-varying electric
field of the ion trap as small compared to the ion’s Coulomb field in the region of
interest for charge transfer.
To elaborate our understanding of the electric field configuration’s influence on

the Rydberg-excited 6Li atom, we create a “Stark map” of its Rydberg manifolds in
the vicinity of a trapped ion including the ion trap—but with the energy landscape
as a function of atom distance to ion trap centre where the ion sits, not as commonly
done as a function of the electric field strength. We shortly discuss the Stark effect
on a Rydberg state, here 6Li(24S), the role of avoided crossings, and state mixing
upto the Inglis-Teller limit. Due to the intense electric fields in our hybrid trap,
we explain field ionisation. Later, we will use ion loss based on charge-exchanging
collisions as a direct detection tool to observe Rydberg atom-ion interaction.

Stark Effect and Map of Lithium-6 Rydberg States
The Hamiltonian describing the energy landscape of a Rydberg atom (or the Rydberg-
like part of the dressed atom’s wavefunction) experiencing the Stark effect due to
an (external) electric field reads:

H = H0 + E ẑ , (2.27)

with H0 specifying the unperturbed energy levels, and the perturbing Stark Hamil-
tonian due to the DC electric field E , w.l.o.g.1 oriented in direction of ẑ. Note that
for êr · E = Ez, i.e. a purely linearly polarised electric field along the z-direction,
the selection rule ∆mj = 0 holds and thus only π-transitions can be driven in this
scenario.
Since the linear Stark shift vanishes for π-transitions, and in general for Rydberg

states of low orbital angular momentum quantum number l, we are left with the
quadratic Stark effect. It results in an energy shift of:

∆E = −1
2α0E2 . (2.28)

For most (experimentally resolvable) S and P manifolds of the alkali Rydberg atoms,
the polarisability takes positive values and we thus expect to observe corresponding
redshifts in the Rydberg spectroscopy experiments in chapters 5 and 6. The static
dipole polarisability α0 of the respective states is given by the sum of squared dipole
moments scaled with the respective energy gap to neighbouring states. The latter
are characterised by the tuple of quantum numbers {n′, l′, j′}, and the state of
interest by {n, l, j}:

α0 = 2e2
∑

{n′,l′,j′}6={n,l,j}

| 〈n, l, j,mj |r0|n′, l′, j′,m′j〉 |2

En′,l′,j′ − En,l,j
. (2.29)

1without loss of generality
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The transition dipole moments in the numerator scale as n2. Together with the
relation for the energy differences, ∆E := En′,l′,j′ − En,l,j ∝ n−3, we thus find the
well-known scaling of the Rydberg state’s polarisability with the principal quantum
number, α0 ∝ n7. This, indeed, is also confirmed by the analytically approximated
expression for the polarisability αs,t

nlJ of alkali atoms in Eq. 2.16.

Figure 2.4.: Stark map of 6Li, zoomed in onto the 24S state. The Eigensystem of Stark-
shifted and coupled neighbouring Rydberg states is computed using the open source ARC
software. Details on this can be found in the main text. The resulting data is plotted as
energy shift from the target state’s energy at zero external electric field Efield. Within the
range of electric fields present inside the ion trap or in the vicinity of the trapped ions, we
thus expect to observe red-shifts of the 24S state on the order of a few to a few dozens of
megahertz. From the fitted model function, which is the quadratic Stark effect of Eq.2.28,
the static dipole polarisability of the target state, here α24S = 2.76387MHz/(V/cm)2, is
deduced.

We employ the open-source “ARC: Alkali Rydberg Calculator” [119] package of
routines written in Python and its detailed documentation in Ref. [139] to compute
the Stark map of Li-6 for the Rydberg states of interest. For the target state
|n0, l0, j0,mj,0〉 = |24, 0, 1

2 ,
1
2 〉, we cut the contributing neighbouring states outside

the range of n = 16 . . . 30, but include those with higher orbital angular momentum
upto (potentially, since n ≥ l + 1) lmax = 10. The thereby generated basis set of
contributing states is used to compute the energy shift due to the Stark effect on the
target state by numerically diagonalising the Hamiltonian of the Stark effect affected
Rydberg atom system. Under limitations of computational time, the computation
of the eigensystem of energy levels and the corresponding (interaction-shifted and
admixed) eigenstates has to get restricted to a reasonable range of external electric
field strength Efield with adapted step-size.
For the target Rydberg state 24S (j0 = 1

2 ,mj,0 = 1
2 ), which we will among others

use in experiments in chapter 6, we choose to let the eigensystem get computed
for external electric field strengths between Emin = 0V/m and Emax = 1000V/m
at 1001 equidistant points. The resulting Stark “map”1 of the 24S state is dis-

1Keep the term map even though the raison
d’être of a “single-road map” may doubtfully

be contested—apart from the road’s curva-
ture, here the polarisability α24S.
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played in Fig. 2.4; only as a zoom onto the target Rydberg state to show the Stark
effect-induced redshift of the (still nearly absolutely pure) 24S state of 6Li. A
quadratic least-square fit to the computed data, according to the quadratic Stark
effect described by Eq. 2.28, reveals the static dipole polarisability of the 24S state
to approximately be α24S ≈ 2.76387MHz/(V/cm)2 (no error specified).

Inglis-Teller Limit
Back in 1939, D.R. Inglis and E. Teller investigated the influence of the Stark effect
on the “high-series terms of the alkali spectra” and their merging into a contin-
uum above a minimal principal quantum number nIT [154]. The purpose was to
understand additional causes of the line broadening and formation of a continuum
of—what is now termed—Rydberg manifolds or series of alkali-like atoms which
had been observed in form of altered lines in cosmic spectra: Under the influence
of the electric field stemming from ions within the atmosphere of a star, they found
an explanation for the “shift of the observed series limit toward the long-wave end
of the spectrum” in an optically thin H-plasma [155]. Inglis and Teller related the
merging of discrete lines into a continuum to the matching of the energy shift due
to the Stark perturbation of the nIT-th Bohr orbit with half the energy difference
between the nIT-th and (nIT + 1)-th electronic levels [154]. From this, the electron
density in a star or hydrogen plasma in general can be estimated1. The external
electric field strength FIT required to make an alkali atom’s Rydberg “lines merge
into one another”—the so-called Inglis-Teller limit—was determined to be:

|Eex|IT ≡ FIT = e

3a2
0
· 1
n5 , (2.30)

by its eponyms [154]. More visually, one can think of the Inglis-Teller limit as the
electric field strength at about which two of the fan-like structures in a Stark map,
i.e. state-coupled and mixed Rydberg manifolds of subsequent n series, start to cross
each other. Besides having plotted only two manifolds for clarity, we nevertheless
drew the Inglis-Teller limit into the “trapped ion-atom Stark map” in Fig. 2.5.

Field Ionisation of Alkali-Like Rydberg Atoms
Of the alkali metals, lithium as the top one with only one filled inner electron
shell, has the largest binding energy of its valence electron. From the semi-classical
(Rutherford-)Bohr model and fundamental laws of classical mechanics, it is further
only simple algebra to derive the dependence of the classical ionisation energy E∞
on the principal quantum number n. Related to it is the classical ionisation limit:
the external (static) electric field strength E∞ above which the bound electron gets
ripped off of the remaining core. Intuitively, one may think of the electron to “climb
out” the statically deformed/tilted Coulomb potential—a potential valley opens up
and the electron rolls out. Naturally, the classical ionisation limit does not include

1The ion density in a star’s atmosphere or hy-
drogen plasma in general scales as ∝ n−7.5

IT ,
with nIT being the principal quantum num-

ber down to which the Rydberg series merge
into a continuum [154].
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tunnelling ionisation where the electron quantum mechanically tunnels out of its
bound state potential.
From the relation r(n) between the semi-classical electron’s orbital radius r and

the principal quantum number n based on above considerations, the ionisation en-
ergy for field ionisation E∞ follows to be1:

r(n) = n2 · a0
Z
, and thus E∞ = − 1

n2 ·
Z2e2

2a0
. (2.31)

At the corresponding classical ionisation limit E∞, the bound electron possesses a
repulsive potential due to the external electric field strength E = |Eext| equal to the
attractive Coulomb potential stemming from the nucleus [101]:

E∞ = 1
n4 ·

Z3e

a2
0
. (2.32)

Note that the second ionisation energy is typically on the order of E2∞ ∼ 10E∞. As
we see in Fig.2.5 and can estimate with Eq.2.32, there won’t be electric fields strong
enough in the region of interest—only deep below the critical impact parameter,
which results in a potentially charge transferring collision; or far outside the ion
trap’s stable trapping region. We thus do not expect field ionisation of the Rydberg
atoms due to the electric field of the Paul trap.

Rydberg Atom-Ion Stark Map of 6Li in a Trapped (Yb) Ion’s Vicinity
Here, we will see that the energy gaps between the Rydberg states of interest to
neighbouring Rydberg states or manifolds are large as compared to other energy
scales. With a few 100GHz for the target state 24S, the separation turns out to be
much lager than the ion trap drive frequency Ωrf ≈ 1 . . . 2MHz. Therefore, we do
not expect coupling of Rydberg states due to the ion trap equipment.
Based on the theory of Stark effect and state coupling as an effect of the interaction-

induced energy shift, we compute a Rydberg atom-ion distance Stark map. For
this, we employ a code written in Wolfram Mathematica which numerically di-
agonalises the interaction Hamiltonian in a similar fashion as described before to
generate Fig. 2.4 (cf. Ref. [156]). Note that in the regime of strong state coupling
or even avoided level crossings at large electric fields, perturbation theory cannot
be applied. Both electric fields of the ion itself and its trap are included to com-
pute the Stark effect, but the effect of the trap is assumed to be quasi-static as
reasoned before. We assume the trap’s maximal radial electric field strength for a
dynamic stability parameter of q = 0.13 (see Eqs. 2.5 and 2.9). Strictly speaking,
the two electric fields have to point (anti-)parallel, because of non-vectorial addi-
tion. This matters most in the central region of the Stark map where neither field
is clearly dominating. For the target state 24S, we include coupling to all states in
the manifolds from n = 19 . . . 30.

1In Gaussian units, thus 4πε0 = 1
4πε0

= 1.
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An important difference to a conventional Stark map is that we plot the energies of
the Rydberg manifolds as a function of the radial distance between atom and trapped
ion |ra−ri,0|, and not of the electric field strength itself. The ion is assumed to sit in
the centre of its trap at ri,0. Note that the amplitude of oscillation of the laser-cooled
Yb+ ions is typically smaller than 1µm and thus does not significantly influence the
overall picture. The resulting atom-ion Stark map in Fig. 2.5 extends from outside
the close-range chemistry region at about 0.1µm radially outwards upto the blade
electrodes of the ion trap at r0 = 1.5mm. We plot the (blue) Inglis-Teller limit,
which indicates the merging of the fan-like structures of the Rydberg manifolds, and
the (orange, dashed) ionisation limit. Both limits require larger electric fields than
present in the trap-dominated electric field region far away from the ion, and are
thus only drawn in the ion’s vicinity.
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Figure 2.5.: Trapped ion–Rydberg atom Stark map. The energy differences of the two
surrounding Rydberg manifolds of n = 23 and 24 from the target state 24S are plotted
as a function of atom-ion distance, assuming the ion sits in the centre of the Paul trap at
ri,0. Both electric fields of the ion itself and its trap are included to compute the Stark
effect. The trap’s Stark effect is assumed to be quasi-static as explained in the main text.
The (dashed, orange) ionisation limit and the (blue) Inglis-Teller limit are indicated in the
vicinity of the ion.

The S and P low angular momentum states are clearly separated from the rest
of the Rydberg manifolds in the central region of the atom-ion Stark map shown
in Fig. 2.5. The lowest level in the non-resolved n = 24 manifold is 24D. In large
electric fields, 24D (and others) admixes to 24P. We make use of this fact when
exciting atoms to Rydberg states on a dipole-forbidden transition close to a trapped
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2.3. (Rydberg) Atom-Ion Interactions

ion in chapter 6. These highly-excited states are hydrogen-like and experience a
purely quadratic Stark effect, which is weak compared to the linear one. When ap-
proaching other Rydberg manifolds in large electric fields, state mixing of Rydberg
states occurs due to the strong coupling by the Stark effect. Locally, the electric
field points into the z-direction, and we thus only couple states of the same mag-
netic quantum number mj (as before). None of the lines in the fan-like structures
cross each other, even when examined very closely. The crossings are thus avoided
crossings due to the coupling between the involved levels. Landau-Zener transitions
are possible [157]. If the time-dependent electric field in the rest frame of the atom
is swept fast enough, then the avoided crossing can be taken diabatically.

2.3.4. Interactions in Atomic, Ionic and Molecular Systems
In this section, we shortly summarise the scaling laws of the (long-range) interac-
tions in various studied quantum systems varying with the two-particle distance r.
Naturally, the scaling laws only hold for non-resonant processes. Already in 1948,
Wigner wrote an important publication on the cross section of various scattering
processes of long-range interaction potentials [158]. The description of resonant in-
teractions such as atom-atom Feshbach resonances [67, 159] or atom-ion Feshbach
resonances [65] in these systems goes beyond the scope of this thesis.
The mentioned interactions are tabularised in Tab.2.3: (i) Charge-induced (dipole)

polarisation potential of neutral atom and (atomic) ion as laid out in detail in Sub-
sec. 2.3.1; both (ii) van der Waals, and (iii) dipole-dipole interaction of Rydberg-
state coupled neutral atoms are briefly discussed in Subsec. 2.2.4. The dip.-dip.
interaction between Rb Rydberg atoms is investigated experimentally in Ref. [156].
(iv) The charge–permanent dipole interaction is more long-range, because the atom’s
(or Rydberg-molecule’s) dipole moment does not have to be induced by the ionic
charge. It is permanently present and ready to interact with the r−1 Coulomb field
of the ion. (v) The most long-range and strongest interaction occurs between the
two Coulomb charges of trapped ions. It scales as r−1 with the ion separation in a
Coulomb crystal such as the one depicted in Subsec. 2.1.4.
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r 3 Trapped Ions in Rydberg-
Dressed Atomic Gases

This chapter is based on the publication “Trapped Ions in Rydberg-Dressed Atomic
Gases”, Phys. Rev. Lett. 118, 263201 (2017) by T. Secker, N. Ewald, J. Joger, H.
Fürst, T. Feldker, and R. Gerritsma [160].
We theoretically study trapped ions that are immersed in an ultracold gas of

Rydberg-dressed atoms. By off-resonant coupling on a dipole-forbidden transition,
the adiabatic atom-ion potential can be made repulsive. We study the energy ex-
change between the atoms and a single trapped ion and find that Langevin collisions
are inhibited in the ultracold regime for these repulsive interactions. Therefore, the
proposed system avoids recently observed ion heating in hybrid atom-ion systems
caused by coupling to the ion’s radio frequency trapping field and retains ultracold
temperatures even in the presence of excess micromotion.

3.1. Introduction
Recent years have seen significant interest in coupling ultracold atomic and ionic
systems [1, 40, 161–163] with the purpose of realising quantum simulators [164, 165],
studying ultracold chemistry [41, 166] and collisions or employing ultracold gases
to sympathetically cool trapped ions [57, 63, 167]. It has become clear however,
that the time-dependent trapping field of Paul traps limits attainable temperatures
in interacting atom-ion systems [40, 56, 57, 146, 162, 167–169]. This effect stems
from the fast micromotion of ions trapped in radio frequency traps which may add
significant energy to the system when short-range (Langevin) collisions with atoms
occur.

Here, we theoretically study ionic impurities immersed in a cloud of atoms that
are coupled to Rydberg states [37, 127, 128, 170–172]. By selecting a Rydberg state
that is coupled to the ground state via a dipole-forbidden transition, we can change
the atom-ion interaction such that it becomes repulsive for ultracold atoms. In this
situation, the atoms cannot get close enough to the ion for the trap drive to add
energy to the system and no excess heating takes place. Instead, the system slowly
thermalises at a rate that is compatible to the rate expected for an ion trapped in a
time-independent trap. We also show that in contrast to ground state (attractive)
atom-ion systems, which require the mass of the ion to be larger than that of the
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3. Trapped Ions in Rydberg-Dressed Atomic Gases

atom [53, 54, 56, 142, 168, 169], the proposed scheme retains ultracold temperatures
for the combinations 87Rb/171Yb+ and 87Rb/9Be+ alike.
This chapter is organised as follows: First, we will describe how the atom-ion

interaction can be engineered to be repulsive by coupling to a Rydberg state. Second,
we will show that such an atom-ion potential does not lead to heating when the ion
is trapped in a Paul trap and is interacting with a cloud of atoms. For this, we will
use a classical description of the atom-ion dynamics [57, 168]. Finally we discuss
possible experimental issues and limitations of our proposed system.

3.2. Dressing on Dipole-Forbidden Transition in an
Ion’s Coulomb Field

+

gS

nS Δ0

(n‐1)P

nP

Laser

Laser

Laser

Figure 3.1.: Rydberg dressing of ultracold atoms in the vicinity of a trapped ion. A
trapped ion (blue sphere) in a cloud of atoms (orange spheres); the atomic ground states
|gS〉 are dressed with the Rydberg state |nS〉 with n the principal quantum number and
∆0 the laser detuning. By appropriate engineering of the Rydberg laser field, the adiabatic
atom-ion potential can be made repulsive such that the atoms cannot get close enough to
undergo Langevin collisions (as depicted by the sphere around the ion). To optically shield
the ion in three dimensions, two laser fields are needed with linear and circular polarisation
as explained in the text.

We are interested in dressing an atom in the ground state |gS〉 with a Rydberg
state |nS〉 using a single near-resonant laser field, as sketched in the level diagram
inset of Fig. 3.1. When there are no electric fields present, such a transition is
prohibited. However, the field of a nearby ion may mix |nS〉 with Rydberg states
that can couple to the |gS〉 state via a laser field as illustrated in Fig. 3.1. Within
the dipole approximation and using perturbation theory we obtain for the Rydberg
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3.3. Repulsive Dressed Atom-Ion Interaction Potential

wave function:

|ψ(R)〉 ≈ |nS〉+ eEion(R)
∑
k

〈kP |z|nS〉
EnS − EkP

|kP 〉 , (3.1)

where Ej denotes the energy of state |j〉, and Eion(R) with R = ri− ra, the electric
field generated by an ion located at position ri, evaluated at the atomic position
ra. The relative electron-atom core position projected on the electric field direction
is denoted by z, where we assume a reference frame in which the local electric
field Eion(R) always points in the z-direction. In this picture, only states with
magnetic quantum number mL = 0 are mixed into |ψ(R)〉 by the field. For further
simplification we have neglected fine structure effects for now, which is justified
when the laser detuning is much larger than the fine structure splitting of the |kP 〉
Rydberg levels, which will usually be the case.
Using the expression of Eq. 3.1 for the Rydberg state, we can estimate the Rabi

frequency for one-photon coupling to the ground state Ω(R) = e〈ψ(R)|EL ·r|gS〉/~,
where EL denotes the electric field of the laser within the rotating wave approxima-
tion and r the position of the electron in the lab-frame. Combining this equation
with Eq. 3.1, we get:

Ω(R) ≈ e2EL ·Eion(R)
~

∑
k

〈nS|z|kP 〉
EnS − EkP

〈kP |z|gS〉 . (3.2)

Now, we can see what happens if we dress the ground state |gS〉 with |ψ(R)〉.
For large distances R→∞, the transition between |gS〉 and |ψ(R)〉 will be dipole-
forbidden and no dressing occurs. As the distance decreases, we have that the |nS〉
state gets polarised by the ion and its adiabatic energy shift is given to lowest order
by VnS(R) = −CnS4 /R4 [135].

3.3. Repulsive Dressed Atom-Ion Interaction Potential
We can find the dressed potential by looking at the two-level Hamiltonian in the
|gS〉, |ψ(R)〉 subspace after performing the rotating wave approximation:

H2−level =
(
−C

gS
4
R4 ~Ω(R)

~Ω∗(R) −~∆0 − CnS4
R4

)
, (3.3)

where we for now neglected any off-resonant couplings and assumed that the laser
is detuned by ∆0 from the |gS〉 → |nS〉 transition and that this detuning is much
smaller than the level splitting between |nS〉 and all other Rydberg states. In the
dispersive limit, where ~|Ω(R)| � ~∆0 +CnS4 /R4 and CgS4 � CnS4 , diagonalisation
results in the following dressed potential:

Vd(R) ≈ ~2|Ω(R)|2
~∆0 + CnS4 /R4 −

CgS4
R4 . (3.4)
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3. Trapped Ions in Rydberg-Dressed Atomic Gases

In order to proceed, we need to evaluate |Ω(R)|2, which now depends on the atom-
ion separation. We have: |Ω(R)|2 = |β(θ, φ)|2/R4, with:

β(θ, φ) = e3E
‖
L(θ, φ)

4πε0~
∑
k

〈nS|z|kP 〉〈kP |z|gS〉
EnS − EkP

. (3.5)

Here, E‖L(θ, φ) = EL ·Eion(R)/|Eion(R)| denotes the projection of the laser’s electric
field onto the electric field of the ion and θ and φ denote the azimuthal and polar
angle of R according to the laboratory reference frame, respectively. Combining
equations 3.4 and 3.5, our final result within first order perturbation theory is:

Vd(R) = A(θ, φ)R4
w

R4 +R4
w
− CgS4

R4 . (3.6)

The first term in the potential in Eq. 3.6 is repulsive and has a maximum height
A(θ, φ) = ~2|β(θ,φ)|2

CnS4
and width Rw = (CnS4 /(~∆0))1/4. The angular dependence

of β(θ, φ) is determined by the laser polarisation. For linear polarisation along
the z-direction of the laboratory frame for instance, we have Ez

L = (0, 0, EL) such
that E‖L ∝ cos θ, whereas circular polarisation, E+

L = EL(1, i, 0)/
√

2 gives us E‖L ∝
i sin θ cosφ+ sin θ sinφ. The latter results in a doughnut-shaped repulsive potential
in the x, y-plane and no interaction along the z-direction. In order to make the
potential repulsive in all directions we may use two laser fields coupling on the
transitions |gS〉 → |nS〉 and |gS〉 → |n′S〉 and such that Rw = R′w = (Cn′S4 /~∆′0)1/4

with ∆′0 the bare detuning on the |gS〉 → |n′S〉 transition. Employing the laser
fields EzL and E+

L and appropriate tuning of the laser powers, such that the Rabi
frequencies are equal, results in a spherically symmetric potential A(θ, φ) = A, as
described in more detail in the supplemental material [173], which is also appended
as last section at the end of this chapter.
An example of a dressed potential calculated within first order perturbation the-

ory is shown in Fig. 3.2, where we used the approximate analytic wavefunctions of
Ref. [174] to evaluate the matrix elements in Eq. 3.5 and ∆0 = 2π · 1GHz such that
Rw = 270nm. We also show the potential obtained by diagonalisation of the Ryd-
berg manifold in the presence of the ion electric field and dressing laser, within the
rotating wave approximation, taking spin-orbit coupling and terms up to charge-
quadrupole coupling into account. For these calculations, we used the quantum
defects found in Ref. [156] while the Rydberg wavefunctions were obtained by the
Numerov method [173]. This more accurate calculation shows good agreement with
our approximated potential for atom-ion separations down to about 160 nm.
At close atom-ion proximity, the |19S〉 state gets strongly coupled to other Ryd-

berg states, causing avoided crossings. To properly compute the dressed potential
in this regime, terms beyond the charge-dipole and quadrupole interaction as well
as charge exchange effects would have to be taken into account. However, for atom
temperatures that are much smaller than the repulsive barrier, Ta � A/kB, short-
range collisions between the atoms and ion are suppressed. If we assume a Rabi
frequency of Ω19P,mL=0 = 2π · 200MHz on the |5S〉 → |19P 〉 transition in Rb and
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Figure 3.2.: Spherically symmetric, repulsive dressed interaction potential. The dressed
potential Vd(R) assuming coupling to the |19S〉 state of Rb with ∆0 = 2π · 1.0GHz.
The dashed line is calculated from the Rydberg wavefunctions taken from Ref. [174] in
first order perturbation theory, within the dipole approximation, and neglecting spin-orbit
coupling. Here, we assumed the defects of the L − 1

2 for the L states and set the Rabi
frequency on the |5S〉 → |19P 〉 transition to Ω19P,mL=0 = 2π · 200MHz by tuning the
laser intensity. The black dots are computed by diagonalisation of the Rydberg manifold
in the presence of the dressing laser and ion, in the rotating wave approximation, including
spin-orbit coupling, up to charge-quadrupole order in the atom-ion interaction terms. The
laser intensity was set to the same value as for the approximated potential. For both
calculations, we took the Rydberg states n = 10 . . . 30 into account, as described in detail
in Subsec. 3.8.4.

use that the transition-matrix elements scale as 〈kP |r|gS〉 ∝∼ k
−3/2, we can estimate

A/kB ∼ 27µK, which is larger than typical ultracold atom temperatures. We can
therefore neglect the inner part of the dressed potential and the second term in
Eq. 3.6 for these parameters in the ultracold regime, and for the remaining simula-
tions in this work we replace Vd(R) by the spherically symmetric Ṽd(R) = AR4

w
R4+R4

w
.

3.4. Thermalisation in Paul Traps

To investigate whether the dressed repulsive potential prevents ion heating out of
the ultracold regime we have studied classical collisions between an ion and atoms.
We assume that we have an ion trapped in a Paul trap generated by the electric
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3. Trapped Ions in Rydberg-Dressed Atomic Gases

fields:

EPT(r, t) = Es(r) + Erf(r, t) , with (3.7)

Es(x, y, z) = miω
2
z

e

(
αx
x

2 , αy
y

2 ,−z
)
, and (3.8)

Erf(x, y, z, t) = miΩ2
rfq

2e cos(Ωrft) (x,−y, 0) . (3.9)

Here, Ωrf is the trap drive frequency and q is the dynamic stability parameter for
an ion of mass mi and charge e. The motion of the ion in the transverse x, y-
direction is given by a slow secular motion of frequency ωx,y ≈ Ωrf

2
√
as + q2/2

with as = −αx,y2ω2
z/Ω2

rf the static stability parameter, and a fast micromotion of
frequency Ωrf . The unitless parameters αx + αy = 2 are introduced to lift the
degeneracy in the transverse confinement, as is common in ion trap experiments.
The ion dynamics in the z-direction is purely harmonic with trap frequency ωz.
To begin with, we assume that the ion has initially no energy and sits at the

centre of the Paul trap as in references [57, 168]. The idea behind this approach is
that although each individual system may be prepared in the ultracold regime by,
e.g., laser- and evaporative cooling, it is only when the atoms and ions are brought
together that excessive heating is observed [57]. In order to simulate the effect of
the atomic cloud we calculate classical trajectories of Rb atoms, with the atoms
appearing one-by-one on a sphere of radius 2µm around the ion and with a velocity
that is randomly picked from a Maxwell-Boltzmann distribution of temperature Ta.
As soon as the atom has left the sphere around the ion at the end of the collision,
we introduce a new atom to interact with the ion. We assume the atomic bath to
be very large such that its temperature does not change as more collisions occur.
After each collision, we obtain the ion’s secular energy by fitting an approximate
analytic solution of the equations of ion motion to the numerically obtained orbit
(see Sec. 3.8 and Ref. [57]). We define the ion temperature to be Tion = Ē/(3kB)
with Ē the total average secular energy of the ion. Assuming 171Yb+ for the ion,
we set Ωrf = 2π · 2MHz and ωx = 2π · 54 kHz, ωy = 2π · 51 kHz, ωz = 2π · 42 kHz.

We first study the case where the atoms are not dressed to a Rydberg state. Thus,
we set the atom-ion interaction to Vai(R) = −CgS4 /R4 +C6/R

6, where the first term
denotes the ground state atom-ion induced polarisation-charge interaction and the
second term accounts for some short-range repulsion, which we set to dominate for
R < 10 nm. The results of averaging 100 of these simulation runs can be seen in
the inset of Fig. 3.3. From the individual trajectories, it is clear that most atoms
fly by the ion without causing much effect. One in a few 100 collisions, however,
is of the Langevin type causing significant energy exchange. The ion quickly heats
up to temperatures much higher than the atomic cloud temperature of 2µK. These
observations are in line with the findings of Refs. [57, 168]. If we simulate more
collisions, finite size effects start to limit the accuracy of these calculations, as the
ionic oscillation amplitude becomes comparable to the radius of the sphere of atomic
starting positions. For comparison, we show the results obtained when assuming
that the ion could be in a time-independent trap with the same trap frequencies
(secular approximation). Here, the ion slowly thermalises with the atomic gas.
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3.5. Suppression of Micromotion-Induced Heating

3.5. Suppression of Micromotion-Induced Heating
Now, we will study how these dynamics change for the Rydberg-dressed atoms
for which the atom-ion interaction is repulsive. We replace Vai(R) by Ṽd(R) with
A/kB = 27µK and Rw = 270nm leaving all other parameters in the simulation
the same. The results can be seen in Fig. 3.3: the ion thermalises slowly with the
atomic cloud after about 4·103 (1/e) collisions. Starting with an initial ion velocity
of 0.02(1, 1, 1)ms−1, which corresponds to an initial energy of ∼ 4µK, we can also
simulate cooling of the ion towards the temperature of the atomic gas.
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Figure 3.3.: Collision dynamics for an 171Yb+ ion in a Rydberg-dressed Rb gas with
repulsive interactions and Ta = 2µK. The ions heats up from Tion = 0 to about 1.8µK,
corresponding to near-thermalisation. Excess micromotion due to a DC field of EEMM =
0.05Vm−1 does not affect the thermalisation dynamics, which is completely equivalent
to that expected for an ion trapped in a hypothetically time-independent trap, i.e. in the
secular approximation without micromotion, with the same secular trap frequencies. For
the curve starting at around 4µK, we gave the ion an initial velocity of 0.02 (1, 1, 1)ms−1

and we simulate cooling towards the atomic gas temperature. The fastest thermalisation
curve shows the results for the combination 87Rb/9Be+. The inset shows results for ground
state atoms, in which the interaction is attractive. Even without excess micromotion,
the ion quickly heats up to temperatures higher than the atom cloud. This is in stark
contrast to the case where we make the secular approximation, where we see that slow
thermalisation would occur. All results represent the average of 50 . . . 100 runs.
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3. Trapped Ions in Rydberg-Dressed Atomic Gases

Up until now, we have assumed ideal experimental conditions in which the minima
of Es(r) and Erf(r, t) are perfectly overlapped. In practice however, stray electric
fields may cause the trap centre to not coincide with the radio-frequency null. This
causes additional ion motion known as excess micromotion [81]. To study its ef-
fect, we introduce an additional electric field of EEMM = (0.05, 0, 0)Vm−1, which
displaces the potential minimum by xEMM = 243nm corresponding to an average
kinetic energy of EEMM/kB = miq

2Ω2x2
EMM/(16kB) ≈ 100µK, and run the simula-

tions. For the repulsive case we find that the dynamics are not affected by the excess
micromotion, confirming that the repulsive potential prevents excessive heating of
the ion in the Paul trap. Indeed, we repeated the simulation assuming a time-
independent potential with the same secular trap frequencies and see no differences
beyond statistical fluctuations due to the random atom sampling. Hence, the repul-
sive potential allows us to make the secular approximation in the hybrid atom-ion
system for the parameters used. Note that the assumption that the atom and ion
cannot undergo short range collisions still holds in this case as long as the amplitude
of oscillation rEMM = qxEMM/2 ∼ 10 nm � Rw, even though EEMM/kB > A/kB.
Finally, we study the effect of the atom-ion mass ratio for the repulsive case. For

attractive atom-ion interactions it is well-known that stable cold trapping can only
be achieved as longs as ma . mi, with ma the mass of the atom [53, 54, 56, 142, 168,
169]. To see how this changes for the repulsive case, we repeated the simulations for
the combination 87Rb/9Be+, whose mass ratio lies far outside of the range where
thermalisation can be expected. As can be seen in Fig. 3.3, this combination also
remains within the ultracold regime when the interactions are repulsive, thermalising
after about 2 · 103 (1/e) collisions.

3.6. Experimental Issues
For the calculations in this chapter, we have neglected the effect of the ionic trapping
fields on the dressing of the atom. This is justified since the trapping field at
maximal amplitude is much smaller than the field of the ion at the dressing point:
Max(EPT(Rw, t))/Eion(Rw) ≈ 10−4 (≈ 10−5 for 9Be+), such that we can safely
neglect these fields. Far away from the centre of the trap, however, the maximal
amplitude of the trapping fields become similar to Eion(Rw). For the numbers used
in this work, this occurs only at R ≈ 1 mm from the trap centre, such that we can
also safely neglect the effect of the dressing on the atomic cloud far away from the
ion.
For the simulations, we assumed that only a single atom was interacting with the

ion at the same time, which would require a density of ρa ≤ 1/R3
w ≈ 1019 m−3.

Assuming an atomic density of ρa = 1018 m−3 and Ta = 2µK, we have a flux of
about 6 · 105 atoms · s−1 entering the sphere of R = 2µm, such that each collision in
Fig.3.3 amounts to a few microseconds. We estimate an upper bound to the photon
scattering rate as Γ ≤ fΓ19SρaR

3
w ≈ 10Hz, for ρa = 1018 m−3 and with Γ19S the

decay rate of the Rydberg state and f the probability for an atom to be found in
the Rydberg state: f ∝ ~2|Ω(R)|2/(~∆0 +CnS4 /R4)2 ≤ 10−3. Therefore, we expect
that photon scattering will not affect the collision dynamics considerably.
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For increasing ion temperatures, there is a probability that the atom makes it over
the repulsive barrier in a collision. To investigate this regime, we simulated 2 · 105

collisions between atoms with Ta = 2µK and Tion about 100µK and found that in
146 instances, the atoms approached the ion to distances below Rw/2, such that
they entered the inner regime of the dressed potential. For Tion around 10.6µK, the
number of atoms entering the inner part of the potential dropped to zero. Details
on these potential over-barrier collisions can be found in Subsec. 3.8.3. We conclude
that our scheme works best for ions and atoms that are pre-cooled into the ultracold
regime before the systems are merged.
Finally, we estimate the probability Ptunnel for the atom to tunnel through the

potential barrier to be Ptunnel ≈ exp(−
√

2µai(A− kBTa)/~2Rw) ∼ 10−9, with µai
the atom-ion reduced mass, such that we can safely neglect this effect.

3.7. Conclusions
We have shown that trapped ions in Rydberg-dressed gases are stable against mi-
cromotion assisted heating when we design the dressed atom-ion potential to be
repulsive. To engineer this repulsive interaction, a scheme that employs one-photon
dressing on a dipole forbidden transition can be used. While Rydberg states with
negative polarisability could also be used to engineer repulsive atom-ion interac-
tions, these are not always available or can be hard to spectrally resolve. In contrast,
the scheme proposed here works for any alkali atom and avoids close-by spectator
states by employing Rydberg states without orbital angular momentum, which gen-
erally have large energy separations from other Rydberg states. The scheme may
be employed for a wider range of atom-ion mass ratios than is the case for the at-
tractive atom-ion system. The results may be of interest when studying atom-ion
interactions in the quantum regime and may find applications in hybrid quantum
computation or simulation approaches [135, 164, 175] and the study of polarons [52]
in these systems.

3.8. Supplemental Material

3.8.1. Spherically Symmetric Potential
We can use two dressing lasers to engineer a spherically symmetric potential, cou-
pling on the transitions |gS〉 → |nS〉 and |gS〉 → |n′S〉. After performing the
rotating wave approximation, we can write the Hamiltonian in the |gS〉, |ψ(R)〉,
|ψ′(R)〉 subspace:

H3−level =

 −C
gS
4
R4 ~Ω(R) ~Ω′(R)

~Ω∗(R) −~∆0 − CnS4
R4 0

~Ω′∗(R) 0 −~∆′0 −
Cn
′S

4
R4

 . (3.10)
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To obtain the adiabatic potential, we diagonalise the upper Hamiltonian H3−level
assuming ~|Ω(R)| � ~∆0 +CnS4 /R4, CgS4 � CnS4 and ~|Ω′(R)| � ~∆′0 +Cn

′S
4 /R4,

CgS4 � Cn
′S

4 , so that we can expand to second order in ~|Ω(R)| and ~|Ω′(R)| to
find:

V3d(R) ≈ A(θ, φ)R4
w

R4 +R4
w

+ A′(θ, φ)R′4w
R4 +R′4w

− CgS4
R4 . (3.11)

with A(θ, φ) = ~2|β(θ,φ)|2
CnS4

and A′(θ, φ) = ~2|β′(θ,φ)|2

Cn
′S

4
. The angular dependence of β

is expressed as:

β(θ, φ) = e3E
‖
L(θ, φ)

4πε0~
∑
k

〈nS|z|kP 〉〈kP |z|gS〉
EnS − EkP

, and (3.12)

β′(θ, φ) = e3E′
‖
L(θ, φ)

4πε0~
∑
k

〈n′S|z|kP 〉〈kP |z|gS〉
En′S − EkP

, (3.13)

where E‖L(θ, φ) denotes the projection of the laser electric field onto the electric field
of the ion. Now, we set EL = (0, 0, EL) such that β(θ, φ) = β0 cos θ and E′L =
E′L(1, i, 0)/

√
2 such that β′(θ, φ) = β′0(i sin θ cosφ + sin θ sinφ). In this situation,

the approximated form of the three-dimensional repulsive dressed potential reads:

V3d(R) ≈ |β0|2 cos2 θR4
w

CnS4 (R4 +R4
w)

+ |β′0|2 sin2 θR′
4
w

Cn
′S

4 (R4 +R′4w)
− CgS4

R4 . (3.14)

A spherically symmetric, repulsive potential as shown in Fig.3.2 will be obtained,
if we set the experimentally tunable parameters of Eq. 3.14 to:

Rw = R′w , and |β0|2/CnS4 = |β′0|2/Cn
′S

4 . (3.15)

In principle, this can be done by tuning the laser detunings, ∆0 and ∆′0, and the
laser intensities and thus effective Rabi frequencies, accordingly.

3.8.2. Determination of Ion Temperature
The explicit time dependence of the electric trapping field obstructs a straight-
forward definition of some physical quantities such as energy and temperature.
Nonetheless, if the time dependence of the external field is periodic and the un-
derlying equations of motion are linear, we are able to apply Floquet’s theory and
the problem can be decomposed into a part which oscillates with the same period
as the external field and a part, referred to as the secular part, which is time inde-
pendent [83]. Often, useful physical quantities can be constructed from the secular
problem and its solution, e.g. in systems of multiple ions energy and temperature
can be defined via the secular solutions of the linearised problem.
For the combined system of atoms and ions we do not have a closed form for the

solution at hand, but in the considered case of low densities the system will evolve
as the uncoupled one for time periods in which all atoms are spatially well separated
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from the ion. During those time periods, the interaction forces can be neglected and
a measurement of the secular energy of the isolated ion system is possible. The ion’s
secular energy E can be determined via its secular frequencies ωi, i = x, y, z, and
the amplitude of the orbit’s secular component. For a single ion in the oscillating
electric field of the Paul trap, EPT(r, t), as defined in Eq. 3.7, with appropriately
chosen trap parameters the equations of motion can be solved analytically and the
solutions take, in analogy to Eq. 2.11, the following approximate form:

x(t) ≈ (Cx cos(ωxt) + Sx sin(ωxt))
(

1 + q

2 cos(Ωrft)
)

− ωxq

Ωrf
(Sx cos(ωxt)− Cx sin(ωxt)) sin(Ωrft) ,

(3.16)

y(t) ≈ (Cy cos(ωyt) + Sy sin(ωyt))
(

1− q

2 cos(Ωrft)
)

+ ωyq

Ωrf
(Sy cos(ωyt)− Cy sin(ωyt)) sin(Ωrft) ,

(3.17)

z(t) = (Cz cos(ωzt) + Sz sin(ωzt)) . (3.18)

Here, we neglected correction terms which oscillate faster than the trap drive fre-
quency Ωrf. Given the ion’s position at two instances of time the above system of
linear equations can be inverted to obtain the coefficients Ci and Si of the secular
solutions’ cosine and sine part. As a preliminary step, the secular frequencies can
be determined numerically by fitting the above analytic approximation to a numer-
ically obtained solution. This increases accuracy as compared to the approximate
analytical expression of the trap frequencies ωi given in Sec. 3.4. Given all this, we
can now calculate the secular energy of the isolated ion system to be:

E =
∑

i=x,y,z
miω

2
i

(C2
i + S2

i )
2 . (3.19)

In the case of the repulsive potential, which we analised in Sec. 3.3 and Sec. 3.5, the
strong similarity of the thermalisation process for the full and the secular problem
indicates that the ion’s secular temperature for this type of potentials is indeed a
meaningful physical observable—in contrast to the attractive case.

3.8.3. Over-Barrier Collisions
In our simulations of the classical collision dynamics there is a non-vanishing prob-
ability for the atoms to overcome the repulsive barrier. Since the ion is strongly
localized, we estimate this to occur when the amplitude of the ion oscillation ex-
ceeds Rw, or Tion ' miω̄

2R2
w/(2kB) ≈ 70µK, for the parameters used in this work,

with ω̄ the average trap frequency.
To estimate whether those events pose a problem, we performed collision simula-

tions where we kept record of the minimal separation dmin between atom and ion.
More precisely, we simulated the interaction of an ion with a bath of atoms at a
temperature of Ta = 2µK for 200 collisions. The result of 1000 such simulations
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Figure 3.4.: Minimal atom-ion separations during simulated collisions for an estimate
of over-barrier collisions. The starting ion temperature Tion is about 100µK in [upper ],
and 10.6µK in [lower ], respectively. The minimal atom-ion separation dmin for 2 · 105

simulated collisions of Rb and Yb+ is recorded, as described in the text. The colour bar
specifies the amount of collisions within the binned simulated data. The dashed red line
indicates the characteristic barrier extension to Rw/2, where the atoms find themselves
within the inner part of the dressed potential.
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for ion temperatures Tion around 10.6µK and 100µK, respectively, are shown in
Fig. 3.4. For Tion ≈ 100µK, we found that in 146 instances out of a total of 2 · 105,
i.e. < 0.1%, the atoms approached the ion to distances below Rw/2, such that they
entered the inner regime of the dressed potential. For Tion ≈ 10.6µK, the number
of atoms entering the inner part of the dressed potential dropped to zero.

3.8.4. Diagonalisation of the Rydberg–Ion Interaction
Hamiltonian

In this section, we discuss how we calculated the adiabatic atom-ion potential from
a direct-diagonalisational approach. Within the adiabatic approximation, the atom-
ion potential can be obtained from the internal level structure of the atom for differ-
ent but fixed atom-ion separations R. Each of those R-dependent energy levels can
be viewed as the effective potential between atom and ion—under the assumption
that the internal state follows the corresponding eigenstate adiabatically [135]. We
focus on the potential or channel which corresponds to the atom’s ground state at
infinite separation. The relevant shifts of the ground state will, with the parameters
we choose and for separations larger than ∼ 0.2µm, result from the off-resonant
coupling to the Rydberg manifold, as can be seen from the simpler perturbational
approach discussed in Sec. 3.3. In Fig. 3.2, the deviations at these short separations
are clearly visible. Therefore, we neglect the effect of the ion’s electric field on the
ground state level for now, keeping in mind that the resulting potential will be a
good approximation in the range considered above, only.
For the Rydberg manifold on the other hand, the presence of the ion leads to

relevant corrections, since it introduces strong couplings between the Rydberg states
due to the large polarisability, α ∝ n7, of the Rydberg states, with n the principal
quantum number. Therefore, we model the Hamiltonian representing the atom’s
internal structure by a single ground state |gS〉 with energy EgS , which we assume
to be unaffected by the ion’s electric field, coupled by the dressing laser field to a
set of Rydberg states, which in turn are affected by the ion’s electric field. With
those considerations, the Hamiltonian representing the atom’s internal structure in
the presence of ion and dressing laser reads:

Ĥ =ĤgS + ĤRyd + Ĥia + ĤL , (3.20)

where ĤgS describes the unperturbed atomic ground state |gS〉 and is given by:

ĤgS =EgS |gS〉 〈gS| . (3.21)

ĤRyd represents a set of unperturbed atomic Rydberg states in diagonal form,
which in quantum defect theory [156] can be represented by a single Rydberg electron
and a singly-charged atomic core representing the inner electrons and the nucleus:

ĤRyd =
∑
k

E(k) |k〉 〈k| , (3.22)
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where k represents the tuple of quantum numbers (n, l, j,mj) ranging over the com-
mon hydrogen fine structure states, and E(k) is the corresponding Rydberg energy
level with eigenstate |k〉 in the relative Rydberg electron-core variable. We obtained
those eigenenergies and states in coordinate representation employing the Numerov
method and quantum defects found in literature [156]. Ĥia comprises the interac-
tion terms between Rydberg atom and ion in the quantum defect theory approach.
It consists of two Coulomb interaction terms, VC, a repulsive one between ion and
atomic core, and an attractive one between ion and Rydberg electron. In addition,
we included a spin-orbit-like coupling term, V e−i

SO , representing the coupling of the
ion’s electric field to the spin of the Rydberg electron [135]:

Ĥia =VC(rc − ri)− VC(re − ri) + V e−i
SO (3.23)

=− e2

4πε0|R + mc
M r| + e2

4πε0|R − me
M r|

− 1
2m2

ec
2 Ŝ ·

((
e2(R + mc

M r)
4πε0|R + mc

M r|3

)
× p

) (3.24)

≈ e2

4πε0|R|3

(
−r ·R + mc −me

2M r2
)
− 3e2(mc −me)

8πε0M |R|5
(r ·R)2

− i e2µ

4πε0~m2
ec

2
1
|R|3 Ŝ ·

(
R ×

[
ĤRyd, r

])
.

(3.25)

Here, ri, rc and re are the ion, core and Rydberg electron position operators in
the laboratory frame, respectively, r and p are the relative position and relative
momentum operator between core and Rydberg electron, respectively, Ŝ is the spin-
1
2 operator of the electron, e denotes the elementary charge, me and mc denote the
electron and core mass, respectively, M and µ are the total and reduced mass of the
atom, respectively, and ε0 is the vacuum permittivity. The approximation has been
obtained by Taylor expanding the terms and substituting the momentum operator
in the last term with p ≈ i2µ~

[
ĤRyd, r

]
[135]. The approximation includes terms up

to quadrupole order in the Coulombic terms, taking account for the non-linearity of
the potential over the spatial extent of the Rydberg wavefunctions considered.

The term ĤL of Eq.3.20 describes the dressing laser field in dipole approximation,
which couples the Rydberg states off-resonantly to the ground state |gS〉:

ĤL =
∑
k

eiωLtΩ(k,gS) |gS〉 〈k|+ H.c. , (3.26)

where Ω(k,gS) denotes the Rabi frequency of the transition |k〉 to |gS〉 and the sum
runs over all Rydberg states (k) = (n, P, j,mj) for which the transition is dipole-
allowed.

We proceed in changing to a rotating frame of the ground state with respect to
the dressing laser frequency ωL and perform a rotating wave approximation. This
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affects only ĤgS and ĤL, which transform into:

Ĥ
′

gS =(EgS + ~ωL) |gS〉 〈gS| , and (3.27)

Ĥ
′

L =
∑
k

Ω(k,gS) |gS〉 〈k|+ H.c. . (3.28)

To determine the coupling strengths Ω((n,P,j,mj),gS), we computed the transi-
tion matrix elements with an approximate solution for the ground state wave-
function, which we obtained as in the Rydberg case. We restrict to the case of
linear polarisation along the direction of the ion’s electric field and fix the cou-
plings such that they are consistent with the case that neglects the fine structure,
namely Ω(19P,gS) = 2π · 200MHz. To this end, we rescaled the couplings such
that Ω((19,P,3/2),gS) = Ω(19P,gS)AFS/A, with A = 〈P,ml = 0| cos(θ) |S,ml = 0〉 and
AFS = 〈P, j = 3/2| cos(θ) |S, j = 1/2〉 being the angular component of the dipole op-
erator coupling states without fine structure and with fine structure states, respec-
tively. The couplings obtained in this way were found to be in agreement with the
scaling law Ω((n,P,j),gS) ∝ n∗(n, P, j)−3/2, with the effective principle quantum num-
bers n∗(n, l, j) = n− δnlj , and the quantum defects δnlj . Taking into account states
with principal quantum numbers ranging from n = 10 . . . 30, and a laser frequency
detuned from the bare transition to |19S1/2〉 by ∆ of ωL =

(
E(19,S,1/2) − EgS

)
/~+∆,

diagonalisation of Ĥia results in the potential shown in Fig. 3.2.
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The purpose of this chapter is to give a concise overview of the hybrid atom-ion
experiment and then focus on aspects relevant for the experiments performed with
ultracold Rydberg atoms and trapped ions, as presented in chapter 5 and chapter 6.
We present the equipment and techniques in the same order for both ions and then
atoms, respectively: (i) the trap(s), (ii) the lasers, and (iii) the techniques to cool,
manipulate and detect ions and atoms. Last but not least, we describe the laser
systems and reference cavity that are required for Rydberg excitation inside the
ultracold atom cloud.
Recent experimental progress is documented, while the dissertations of my former

colleagues present in-depth: the design, construction and characterisation of the
hybrid experiment in Ref. [97]; and the techniques for cooling, manipulating and
detecting trapped ions, and the creation of cold atoms as well as their transport to
the ions in Ref. [98]. Note that for the sake of brevity, part numbers are not listed for
a large part—see Refs. [96–98] instead. The majority of the experiments presented
in my former colleagues’ dissertations [97, 98] and herein have been performed in
a group effort. An up-to-date description of our experiment may also be found in
Ref. [176].

4.1. Overview of the Experimental Setup
The hybrid trapping of ions and atoms in its final stage is based on two estab-
lished techniques: the combination of a crossed optical dipole trap for the neutral
atoms and a linear radio frequency quadrupole trap for the ions. An overview of the
experimental setup’s complete vacuum system is given in Fig. 4.1 in form of a sec-
tional CAD1 drawing through the main vacuum chamber. There, the compactness
of our two-storey main vacuum chamber with attached atom oven vacuum chamber
becomes evident [97].

For the supply of neutral lithium atoms and ytterbium ions, two individual ovens
are needed. The Yb oven is placed inside the main vacuum chamber right between
the mounts of the ion trap, as can be seen in the photographs of the pre-assembled
ion trap in Fig. 4.3. The Yb atoms are photoionised inside of the ion trap in the
(1) hybrid trapping region. In contrast, the Li oven is not directly connected to the
main chamber, instead it is part of the (4) atom oven chamber which is on the right

1computer-aided design
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Figure 4.1.: Overview of the main vacuum chamber as sectional CAD drawing. The
marked parts are: (1) hybrid trapping and interaction region; (2) high-voltage RF
feedthroughs for ion trap; (3) Zeeman slower; (4) atom oven chamber; (5) large MOT
coils; (6) 6-way cross connecting to an (7) ion getter pump, to a (8) titanium sublimation
pump, and an (9) ion gauge; (10) pair of high-current coils recessed into re-entrant view-
ports; (11) viewport for Zeeman slower laser beam; and (12) major axial viewports on both
sides plus (13) opposite of the ion trap mounting flange. All viewports are AR-coated.
Figure taken from Ref. [98, Fig. 3.1] with permission.

side of the setup in Fig.4.1. The oven is connected from the right to the vacuum cross
of the atom oven chamber, pointing towards the (3) Zeeman slower which connects
it to the rest of the setup. The Zeeman slower precools 6Li atoms that have initial
velocities below 750m s−1 [96, 98]. The ratio between its inner diameter and length
is so small, that the Zeeman slower acts as a differential pumping stage [98]. This
stage effectively separates the vacua of the atom oven chamber from the main science
chamber in order to maintain UHV1 conditions2 in the latter [97].

On the left-hand side in Fig. 4.1, a (6) 6-way cross connects two vacuum pumps
to the main chamber. There is an (7) ion getter pump for continuous pumping
and a (8) TSP3 for vacuum improvement by regular ignition. Additionally, there
is an (9) ion gauge to monitor the residual background gas pressure. As with the
atom oven chamber, there is a valve for connecting a turbomolecular pump for
initial pumping to an intermediate vacuum when closing the chambers. Typical
pressures maintained in the main chamber are: 1 . . . 2 · 10−10 mbar as read off the
ion getter pump controller; 0.5 . . . 1.0 · 10−10 mbar as read off the ion gauge; and
≤ 1.3(2) · 10−10 mbar as estimated from background gas Langevin collisions causing
a dark ion to hop in an ion string [98].

1ultra-high vacuum
2Residual pressures below 10−9 mbar.

3titanium sublimation pump
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To guarantee sufficient optical access for cooling, manipulation and detection of
atoms and ions, the main vacuum chamber was custom-made [97] and is equipped
with (10) custom re-entrant viewports, and major CF63 (12) axial viewports on
both sides and (13) opposite of the (2) ion trap mounting flange. This viewport
provides access to the mirror mounted below the ion trap for the retroreflection of
the mMOT1 beam as shown in Fig. 4.2. Several more smaller CF16 viewports at
the height of the upper and lower level of the chamber provide access under 45◦
with respect to the ion trap axis, for instance (11) to provide the Zeeman slower
light [97]. All glasses of the viewports are AR2-coated and are transparent for the
respective wavelengths of the required lasers [97].
The setup encompasses four pairs of coils for magnetic trapping, to create ho-

mogeneous magnetic fields, field gradients in quadrupole fields, and for magnetic
field compensation. Recessed into the re-entrant viewports is a pair of (10) high-
current coils, electrically insulated from, and clamped to a custom water-cooled
copper body, which we refer to as Feshbach coils; in the following abbreviated as
lower (lfc) and upper (ufc) Feshbach coil, respectively. A pair of (5) large coils is
clamped to water-cooled copper blocks, framing the main vacuum chamber. We
name them MOT3 coils, since their primary purpose is to generate the magnetic
quadrupole field for the magneto-optical trap.
Fig. 4.2 is a zoom-in onto the experiment’s centrepiece, revealing the hybrid trap-

ping and interaction region as sectional CAD drawing. The ion trap has (1) RF and
ground blades, and (2) endcaps with an aperture for the (3, red) high-power IR laser
beams for the cODT4. The (5) electrical high-voltage radio frequency feedthroughs
for driving the ion trap electrodes, the ytterbium oven and an (10) RF coil are lo-
cated in the (6) ion trap mount. Details on the ion trap are given in Sec. 4.2. The
upper storey around the ion trap is at a height of about 1/3 of the vertical (9) Fesh-
bach coil distance to the upper Feshbach coil. This in turn results in the imbalance
of currents to create balanced magnetic quadrupole and also homogeneous fields
(see Sec. 4.7). The high-current coils can generate intense homogeneous magnetic
fields of upto about 858G5 to controllably tune close to Feshbach resonances for
evaporative cooling. Their polarity can be switched with an H-bridge [98].
A mirror fixed to the ion trap from below is used to create a mMOT as the

first trapping stage of the lithium atoms. This avoids contamination of the ion
trap electrodes with highly reactive lithium when loading a MOT from the Zeeman
slower. Moreover, it reduces the transport distance of the atoms to the ions, and
thus atom loss. A set of compensation coils is wound around the ion trap flange
and the opposite one, enabling to move the field minimum horizontally away from
the mMOT’s mirror [97, 98]. The high-current coils can support the MOT coils and
shift the quadrupole field minimum upwards towards the ion trap centre. On the
upper level, we create a second MOT for loading the ODT as described in Subsecs.
4.5.2 and 4.5.3.

Also shown in Fig. 4.2 are a (11, blue) beam of the Rydberg excitation’s 1st step
laser, which is described in Subsec. 4.8.1, and the (8) re-entrant viewports housing

1mirror magneto-optical trap
2anti-reflection
3magneto-optical trap

4crossed optical dipole trap
5For 3 s at maximal currents.
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Figure 4.2.: Sectional CAD drawing of the hybrid trapping region. (green) Linear quad-
rupole radio frequency ion trap with (1) RF blades, and (2) endcaps; (3, red) high-power
IR laser beams of optical dipole trap, focussed through the ion trap’s endcaps; (4) com-
pensation electrodes; (5) electrical high-voltage radio frequency feedthroughs; (6) ion trap
mount; (7, red) overlapped laser beams of mMOT in front of its (yellow) mirror; (8) anti-
reflection coated windows in re-entrant viewports, allowing for large numerical apertures,
in particular for ion imaging; (9) high-current coils (shown without water-cooling body);
(10) single-winding RF coil behind ion trap; and (11, blue) 1st step Rydberg excitation
laser beams crossing the trap axis under an angle of about ±45°. Electric connections are
not shown for clarity. Colours of hardware and lasers for purpose of highlighting. Figure
adapted from Ref. [96, Fig. 3.3].

the (9) high-current coils. Just as the cODT beams, the Rydberg excitation’s 2nd

step laser, which is described in Subsec. 4.8.2, enters through the endcap apertures,
too.
We detect the ions by collecting their fluorescence from the top. The trap blades

reduce the numerical aperture of the objective, its first lens being an aspheric one of
numerical aperture NA = 0.61 with a focal length of f = 32mm. It is recessed into
the re-entrant viewport just above the ion trap. We image the fluorescence light both
on an sCMOS1 image sensor camera2 with a magnification of Mobj = 6.5(1) [98],
and on a PMT34. This enables quasi real-time ion counting after calibration of the
fluorescence level, beneficial for auto-loading of a desired number of ions and the ion
loss experiments in chapter 6. The overall detection efficiency of the PMT imaging
system including objective is about ηdet ≈ 3.68(12) · 10−4 [98]. We employ colour
filters for both ion and atom imaging paths, separated by a dichroic mirror [97, 98].

1scientific complementary metal-oxide-
semiconductor

2Oxford Instruments, Andor Zyla 5.5

3photomultiplier tube
4Sens-Tech photodetector module P25PC
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4.2. Ion Trap
This section is dedicated to our linear radio frequency quadrupole ion trap. Besides
the geometry of the Paul trap, we discuss its radio frequency drive as well as trap
frequencies and voltages needed to achieve a good trapping stability. Details on its
design, materials and fabrication can be found in Ref. [97].

4.2.1. Paul Trap Geometry
Our ion trap is a macroscopic and monolithic linear quadrupole radio frequency trap
as shown in the photographs of the pre-assembled trap in Fig. 4.3. They reveal a
(1) pair of RF blades which are radially centred around the (2) endcap. Background
light shines through the aperture of the endcap. For better visibility, only one of
the two sets of electrodes is assembled. The (3) ytterbium atom oven is mounted
just behind the ion trap with its aperture pointing at the trap centre. The oven
is filled with a material sample of ytterbium with natural isotope abundance. Iso-
tope selection happens via in situ two-colour photoionisation inside the ion trap (see
Subsec. 4.3.1). Furthermore, the ion trap photographs show a set of four (4) com-
pensation electrodes which is used to minimise micromotion and shift the ion string
position radially. The (5) white ceramic insulates the trap electrodes from each
other. From below, the (6) mMOT’s mirror holder is screwed to the (7) ion trap
mount under an angle of 45◦, serving the retro-reflection of the mMOT beams.

Figure 4.3.: Photographs of the pre-assembled ion trap with attached mirror holder.
[left] Slightly tilted axial view with only one set of a (1) pair of RF blades and (2) endcap
built into the mount for better visibility. Background light shines trough the endcap’s
aperture. The (3) ytterbium atom oven is positioned behind the ion trap. (4) Compensa-
tion electrodes are used to minimise micromotion and shift the ion string. The (5) white
ceramic insulates the trap electrodes. The (6) mount for the mMOT’s mirror is attached
from below to the (7) ion trap mount, protruding under an angle of 45◦. [right] Bottom
view with folding meterstick for scale. The (3) ytterbium oven is inserted into the (7) trap
mount, its aperture pointing towards the ion trap centre. The pictures were taken upside-
down to prevent the mirror mount from pointing downwards and being damaged. Label
numbers hold for both photographs. Figure adapted from Ref. [96, Fig. 3.4].
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Figure 4.4.: CAD drawings of the [left] axially centred radial cross section and [right] lat-
eral view of the ion trap. The diagonal blade-distance measures 2r0 = 3mm and the
hyperbolic cross section of the blades is visible. The endcap-distance is 2z0 = 10mm.
The axial entrance apertures for the dipole trap laser beams have a diameter of 2mm.
The entrance slits for the Rydberg excitation lasers and other laser beams are tilted by
±45° w.r.t. the trap axis, respectively. Figure taken from Ref. [96, Fig. 3.5].

The trap geometry is depicted in CAD drawings in Fig. 4.4 by [left] an axially
centred radial cross section of, and [right] a lateral view onto the ion trap. The RF
voltages are mutually applied to two opposite light grey blades w.r.t. the neighbour-
ing ones. Close to the trap axis, which is radially centred in in the left image and
pointing straight out of the paper, the blades approximate a hyperbolic profile to
obtain the desired quadrupole trap potential of Eq.2.1. The diagonal blade-distance
is 2r0 = 3mm and the 2mm measure indicates the diameter of the axially centred
hole in the endcaps, which serves as aperture for the high-power ODT laser beams.
A DC voltage is applied to the endcaps (see Eq.2.3)whitish and the endcap-distance
measures 2z0 = 10mm. With about 9mm, the blade-length is just slightly smaller.
The whitish wrapping is made of ceramics, which electrically and thermally insulates
the trap electrodes from the mount and surrounding.
For more optical access, the ion trap is equipped with slits which are tilted by

±45 degree w.r.t. the trap axis, respectively. They enable to address both radial
and axial modes of motion with a Raman-type laser configuration, as planned for
in Ref. [177]. In Fig. 4.4, they appear as concave cut-outs.

4.2.2. Ion Trap Drive
The ion trap needs to be supplied with the trapping voltages generating the quad-
rupole trap potential of Eq. 2.1. The DC voltages of the endcaps and compensation
electrodes need to be stable and precise, which is why we use a slow but low-
noise bipolar high-voltage source1 which we control from the computer to generate
them. The RF trap voltage of amplitude URF oscillating at the trap drive fre-

1ISEG EBS 8030 (noise: 20mV)
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4.2. Ion Trap

quency ΩRF ≈ 1 . . . 2MHz is supplied by a signal generator1. From there, the trap
drive is fed into an voltage-variable attenuator which enables feedback via the PID2

controller3 output, thus closing the control loop as sketched in Fig. 4.5.
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Figure 4.5.: Sketch of the PID control loop stabilising the RF trap drive voltage amplitude.
For details, see text. Figure adapted from Ref. [98, Fig. 4.13].

The trap drive RF voltage of stabilised amplitude is amplified4 before being fed
into a home-built helical resonator [97]. A helical coil resonator impedance-matches
the ion trap to the frequency source and amplifier, thus reducing reflection of the
RF signal from the ion trap, and possesses a narrow frequency transmission window
around its resonance frequency for proper ion trap operation. It acts as a noise filter,
reducing the motional heating rate of trapped ions [178]. We mostly employ a helical
resonator with a resonance frequency of 2MHz, but also have one at 7.7MHz [97].
Fine-tuning of the resonance frequency can be done by placing a capacitor in parallel
to the ion trap. The impedance of the helical resonator is then matched with the
help of its sliding contact [97]. For the experiments presented in chapter 6, we lower
the ion trap drive frequency from 2MHz to about 1.05MHz by placing a 330 pF
capacitor parallel to the ion trap.
Via a capacitive divider of 1:110 and a subsequent rectifier, we split off a part of

the RF-drive signal to sample for the input of the PID controller for regulation. The
setpoint Uset of the controller can be set from the experimental control computer,
enabling on-the-go tuning and switching of the ion trap drive. The PID control sta-
bilises the trap drive amplitude and suppresses temperature drift-induced variations
of the trapping potentials [179]. The RF-ground blade offset voltage Uofst lifting the
degeneracy of the radial motional modes is applied to the ion trap via a 1:10 voltage
divider and low-pass filtered to prevent pickup.

4.2.3. Trap Frequencies, Voltages, and Stability Parameter q

A stable operation of the ion trap is essential for our experiments and thus the
voltage characteristics of the ion trap was calculated for various drive frequencies.
Fig. 4.6 [left] shows the trapping voltage amplitude applied between the RF and
ground blade electrodes, URF, versus the dynamic stability parameter q for realistic

1Rohde & Schwarz SMS2
2proportional-integral-derivative

3Stanford Research Systems, SIM900, Analog
PID Controller

4Mini-Circuits ZHL-1-2W
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Figure 4.6.: Ion trap voltage characteristics, dynamic stability parameter and radial trap
frequency. [left] RF blade voltage amplitude URF in linear relation to the dynamic stability
parameter q for a set of three typical trap drive frequencies Ω ≡ ΩRF, following a quadratic
dependence. Assuming a = 0, the radial trap frequencies ωr at the red marks are given
by approximately: (a) 2π · 35 kHz, (b) 2π · 71 kHz, (c) 2π · 88 kHz, (d) 2π · 177 kHz,
(e) same as (d), and (f) 2π · 354 kHz. [right] Variation of the lower radial trap frequency
ωr with the trap drive setpoint voltage Uset for a fixed offset voltage, Uofst = −5V,
shifting the RF-potential reference. (solid line) A quadratic least-square fit to the data
displays the expected square-root behaviour. Horizontal error bars are partially visible and
denote last-digit reading errors. Figure adapted from Refs. [96, Fig. 3.6] and [98, Fig.
4.12].

values of the trap drive frequency ΩRF (or simply Ω). It follows the linear relation
as given by Eq. 2.9, and q ∝ (ΩRF)−2 holds. With these settings and assuming a
static stability parameter of a = 0, various radial trap frequencies can be obtained
from as low as 2π ·35 kHz to as high as 2π ·354 kHz. In the experiments in chapter 6,
we will change the dynamic stability parameter q and with it the trap frequencies
and maximal radial electric field gradient to investigate the effect of the ion trap on
Rydberg excitation of neutral atoms inside of it. It is important to note that because
of the lower mass of lithium as compared to ytterbium, the stability parameter
increases inversely to q(6Li+) = mYb−171/mLi−6 · q ≈ 28.5 · q according to Eq. 2.91.
Thus, 6Li+ will in general not be trapped in a stable configuration in our Paul trap.

In order to measure the trap frequencies in the experiment, we irradiate an RF
sine voltage around the expected resonance frequency at a single Doppler-cooled
ion and observe its fluorescence when resonantly exciting its motion. For simplicity,
we employ the isotope 174Yb+ which due to absent nuclear spin I = 0 doesn’t
posses a hyperfine structure—unlike 171Yb+ of which the level scheme is shown in
Fig.4.11. To do so for the radial trap frequencies, we apply a small amplitude signal
to one of the compensation electrode rods; whereas for the axial trap frequency, we
apply it to one of the endcaps. The RF signal is coupled capacitively to prevent
it from disturbing the other trap voltages. The signal itself is generated by mixing
two synchronised outputs of a microwave generator2 on the dozens of megahertz
level down to the hundred kilohertz level. Around the trap frequency, the ion’s
secular motion gets resonantly excited which leads to a blurred ion image on the

1With q = q(171Yb+) of 171Yb+. 2Windfreak Technologies, SynthHD
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4.3. Ion-Related Laser Setups

camera. This is because the acquisition time of the camera is typically on the order
of a few seconds, e.g. 2 s. Besides, we can observe the ion’s drop in fluorescence if
the aperture of the PMT is small enough to limit background counts and to only
allow for light from the position of the centrally trapped, motionally nonexcited ion.
Mainly power broadening but also imperfect determination of the microwave signal
frequencies limit the attainable accuracy of the trap frequencies to about 0.1MHz.
To properly place the trapped ion in the objective’s focal plane and compensate

the ion’s micromotion [98, 144], we set the endcap voltages slightly asymmetric. A
pair of voltages of comparatively low {Ulft, Urgt} = {15.0, 15.4}V applied to left and
right endcap, respectively, results in an axial trap frequency of ωz = 2π ·40.8(1) kHz.
The axial electric trapping field gradient is then determined by Eqs. 2.9 and 2.12
to be UDC = mi

e ω
2
z = 1.185(5) · 105 Vm−2 [98]. The axial pseudo-potential with

trap frequencies up to ωz . 2π · 120 kHz is generated by applying voltages of up to
UDC . 150V to the endcap electrodes.
Fig. 4.6 [right] exhibits the square-root variation of the measured radial trap

frequency ωr with the setpoint input voltage Uset of the PID controller which reg-
ulates the trap drive voltage amplitude URF ∝ Uset. We measured it by lifting the
degeneracy of the radial modes of motion [98]: we shift the RF-ground blades by
an offset voltage Uofst which breaks the radial symmetry of the trapping potential.
This tightens the confinement in one and loosens it in the other radial direction,
and couples both radial directions of motion. We can thus laser cool one of the ra-
dial modes, here horizontal, and indirectly cool the other, vertical one by applying
an offset voltage. Exemplarily, we set the RF-ground blade to Uofst = −5V and
measure the variation of the ion’s lower radial trap frequency with the trap drive
setpoint voltage Uset. The data is shown in Fig. 4.6 [right]. From fitting the radial
frequencies, we extract the maximal radial RF field gradient around the trap axis
to be URF = 2.06(6) · 107 Vm−2 [98, p. 86].

4.3. Ion-Related Laser Setups

In this section we describe the laser setups needed to ionise, cool, manipulate and
detect ytterbium. They include two home-made external cavity diode lasers which
were built and described in detail during my Master’s thesis [96]. Furthermore, the
actual optical setups and according schematics are updated from first versions in
Ref. [96], through Ref. [97] and lastly Ref. [98]. Note that focal lengths of lenses
are given in units of millimetre (mm) and most distances are not drawn to scale.
Specified laser powers are typical output powers measured with an accurate thermal
power sensor1 or laser powers at hard-to-reach places measured by a photodiode
power meter2.

1Ophir, Vega with 3A-FS (0.19. . . 2.2µm with,
and . . . 20µm without the fused silica win-
dow; 8µW. . . 3W)

2Thorlabs PM100D, with PD sensor
head S121C or flat and range-extended
(200. . . 1100 nm) S130VC
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4. Hybrid Experiment

4.3.1. Photoionisation Laser
Since the first step towards trapping ions naturally is the ionisation process itself, we
first depict the photoionisation laser. We employ a resonantly enhanced two-colour
photoionisation scheme via the intermediate 1P1 state of neutral ytterbium [180,
181]: the first step being the photoionisation laser, and the second step the Doppler
cooling laser. This has several advantages: the ionisation is highly efficient, reducing
the neutral atom flux needed to load the ion trap with sufficiently high rate and thus
resulting in little vacuum and trap contamination; atoms are only ionised within the
ion trap and thus immediately Doppler-cooled, reducing additional charges; no need
for an isotopically enriched sample material, but natural isotope abundance suffices.
The latter is also cost-effective since enriching isotopes is technically challenging for
chemically akin materials such as metallic rare earth elements. Moreover, having a
large atomic number of Z = 70, its isotopes feature a comparatively small relative
mass difference which complicates isotope separation.
The 7 stable isotopes of Yb are, with their natural isotope abundances given in

parentheses: 168Yb (0.126%), 170Yb (3.023%), 171Yb (14.216%), 172Yb (21.754%),
173Yb (16.098%), 174Yb (31.896%), and 176Yb (12.887%) [182]. We can trap all
stable isotopes of Yb+ except for 173 which we cannot laser manipulate due to
its unbridged hyperfine structure states, which could be solved by installing the
required EOMs.

EC
D

L
399 nm

OI

λ/2

PBS

MS

100

50

to wavemeter

to exp.

Figure 4.7.: Optical setup schematic of the photoionisation laser of Yb at a wavelength
of about 399 nm.

The schematic of the optical setup of the photoionisation laser is shown in Fig.4.7.
The ECDL1 emits at a wavelength of about 399 nm and is protected from detrimental
back-reflections into the diode by an optical isolator (OI). Using the half-wave plate
(λ/2), a small fraction of the intensity is split off at the PBS2 and coupled into
a single-mode fibre going to our wavemeter3 to permanently monitor the laser’s
wavelength and in this way give feedback on the voltage of the piezo stack of the

1external cavity diode laser
2polarising beam splitter

3HighFinesse WS7-30
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4.3. Ion-Related Laser Setups

reflective grating to stabilise the laser frequency. We employ piezo amplifiers1 to
amplify the regulating analogue output signal2.
Tuning the wavelength of the home-made laser in order to ionise different isotopes

can easily be done by the piezo stack element and if necessary the micrometer screw
pointing at one end of the mount of the grating which forms the external cavity with
the rear facet of the LD3 by giving optical feedback into the laser diode in Littrow
configuration (cf. Ref. [96, sec. 4.1]).

The desired number of ions can be loaded into the trap by simply blocking the
photoionisation laser main beam using the mechanical shutter (MS). As sketched
in Fig. 4.7, it is mounted in the intermediate focus of the 2:1 telescope to reduce
the opening/shutting time and to guarantee proper shutting of the beam due to the
limited height of stroke of the loudspeaker-based shutter. Details on the construction
and performance of the mechanical shutter can be found in Ref. [96, subsec. 4.2.1].

Note that the LD itself is protected from voltage spikes, mainly due to switching
of its power supply or also static discharge, by placing both a Zener diode4 in reverse
bias as voltage limiter and a capacitor5 as damping element in parallel. The small
electronic circuit is placed within the laser housings of the two home-made diode
lasers to be as close to the laser diode as possible.
In order to reduce Doppler broadening of the 1S0–1P1 transition to simplify

isotope-selectivity, the photoionisation laser enters the ion trap axially, i.e. per-
pendicular to the neutral ytterbium atom flux from the oven. We typically employ
between two and a few milliwatts of laser power leaving the optical fibre to the
experiment, although atoms can be ionised and loaded using just some dozens of
microwatts.

4.3.2. Cooling and Detection Laser
After the isotope-selective 1st step of the two-colour photoionisation, the excited Yb
atom’s electron gets excited to the ionisation continuum with the help of a laser
at a wavelength of around 369 nm. This laser is also used for Doppler cooling and
fluorescence detection of atomic Yb+ ions on the 2S1/2–2P1/2 transition, indicated
in the level scheme in Fig. 4.11.
As sketched in the optical setup schematic Fig. 4.8, the beam emitted by the

ECDL6 is shrunk down by a factor of two before its polarisation is purified by em-
ploying two consecutive identical optical isolators7 (OI) which also avoid multimode
operation of the LD. A first small fraction of the laser intensity is split off at a PBS
and directed to the wavemeter for monitoring and control of the laser wavelength.
A second small fraction is sent to a home-made medium-finesse cavity (see Ref. [97])
for mode-locking by means of the PDH8 technique [183, 184].
The main beam gets divided in two: the detection beam and the cooling beam

for which their frequencies need to be shifted accordingly. The +1st diffraction
order of the lower AOM, fed with an RF sine signal at a frequency of 205MHz, is

1TEM-Messtechnik miniPiA
2National Instruments PCI-6723
3laser diode
4BZX79-C9V1

5bipolar ceramic capacitor with 0.1µF
6TOPTICA Photonics DL Pro
7Thorlabs IO-3-375-GLB
8Pound-Drever-Hall
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Figure 4.8.: Optical setup schematic of the Doppler cooling and fluorescence detection
laser of Yb+ at a wavelength of about 369 nm.

shifted to be resonant with the D1 line for maximal signal in fluorescence detection.
The upper AOM shifts the laser frequency by +200MHz to be red-detuned from
the about 19.7MHz-wide resonance [185] for Doppler cooling. The two beams can
thus be switched independently using the AOMs1. For optical pumping of 171Yb+,
the resonant EOM2 modulates sidebands with a frequency of 2.105GHz around the
centre frequency which then bridge the splitting of the 2P1/2 hyperfine structure
manifold, as depicted in the level scheme in Fig. 4.11. This enables optical pumping
into the lowest hyperfine state of the ground state, 2S1/2 |F = 0〉, indispensable for
state-selective detection and state preparation of the microwave hyperfine qubit as
laid out in Sec. 4.4.
Finally, the cooling and detection beam get overlapped at a PBS after which there

is a mechanical shutter in an intermediate focus to enable full blockade of the laser
beam to avoid residual stray-light from entering the optical fibre which guides the
light to the experiment. The inset in Fig. 4.8 depicts the optical setup of the cavity
mode-locking, described in detail for a similar setup used for the Rydberg excitation
lasers in Sec. 4.8.

1Gooch & Housego AOMO 3200-1210 2Qubig EO-T2100-3M
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4.3. Ion-Related Laser Setups

4.3.3. Repump Laser

The upper state of the Doppler cooling transition 2S1/2– 2P1/2, has a finite branching
ratio into the lower-lying 2D3/2 state, amounting to 0.501(15)% [186], as sketched
in the level scheme Fig.4.11. This arrangement of P and D states is characteristic of
rare earth elements and also occurs in alkaline earth metals heavier than Mg. The
lifetime of this metastable state is 52.7(2.4)ms [187], decaying completely into the
ground state, but comparatively slowly since it is a quadrupole transition. In order
to actively recycle the affected ions into the cooling-cycle, we optically pump them
to the hybridised 3[3/2]1/2 state1 which features a lifetime of 37.7(5) ns [188] and a
branching ratio of 98.2% [189] into the ground state 2S1/2, by employing light at a
wavelength of about 935 nm. The ions re-enter the cooling transition by emitting
UV2 light of about 297 nm, effectively preventing population trapping in the 2D3/2
state [190].
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Figure 4.9.: Optical setup schematic of the repump laser of Yb+ at a wavelength of
about 935 nm.

The schematic of the repump laser is shown in Fig. 4.9. The first half-wave plate
is used to split off a small fraction of the power at the PBS to feed the wavemeter
for software frequency stabilisation feedback to the ECDL. The resonant EOM3 is
supplied with an RF signal of upto 10W at a frequency of 3.07GHz, and generates
frequency sidebands on the main beam which are used to bridge the energy gap of
the two hyperfine manifolds involved when trapping the 171Yb+ isotope (see its level
scheme in Fig. 4.11). In the focal point of the 1:1 telescope, we put a mechanical
shutter (MS) to fully block the beam. For fast switching, we use the +1st diffraction
order of an AOM4 supplied with 80MHz, whereas the 0 order beam gets blocked
at an iris diaphragm (iris). We then direct the repumper to the experiment via a
beam lift to the 800 nm laser described in Subsec. 4.8.2, where we overlap the two
beams and then send them axially through the ion trap’s endcaps. Note that apart
from chromatic aberration, overlapping the two lasers has the advantage of knowing
the 2nd step Rydberg laser is at the position of the atoms once we have successfully
repumped a dark ion and overlapped the atom cloud with the ions.

1Configuration interaction leads to these lev-
els [100].

2ultraviolet

3Qubig EO-T3070-3M
4Gooch & Housego 3080-122
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4.3.4. Re-Repump Laser
Ions may leave the cooling cycle via another, non-optical loss mechanism: by col-
lisional quenching the ion’s valence electron can decay into the 2F7/2 level which
has a lifetime on the order of 10 years due to its highly forbidden octupole tran-
sition to the only lower state, the ground state [191]. In order to pump the ions
back into the repump transition from where they can be recycled into the cooling
transition, we can drive the 2F7/2–1[5/2]5/2 transition by employing the re-repump
laser at a wavelength of about 638 nm, as depicted in the level scheme in Fig. 4.111.
For this purpose, we operate another home-made ECDL similar in design to the
photoionisation laser, and described in detail in Ref. [96].
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Figure 4.10.: Optical setup schematic of the re-repump laser of Yb+ at a wavelength of
about 638 nm.

The schematic of the optical setup is shown in Fig. 4.10. The intermediate focus
is needed to shrink the beam for proper injection into the small aperture of the
optical isolator (OI), which prevents returning beams from entering the LD and
thus deteriorating lasing or even destroying the diode. As with the photoionisation
laser at 399 nm, a half-wave plate in a rotational mount is used to direct a small
fraction of light to our wavemeter which we use to stabilise the wavelength. Also,
the main beam can be shut by a mechanical shutter (MS). Optionally, we can insert
a fibre-coupled EOM2 to bridge the hyperfine splittings of the manifolds involved
in the re-repumper transition in case of trapping 171Yb+ (as shown in Fig. 4.11), or
to perform fast frequency scans [98].

4.4. Microwave Hyperfine Qubit in Trapped 171Yb+ Ion
The isotope 171Yb+ possesses hyperfine structure owing to its nuclear spin of I = 1

2 .
Therefore, the 2S1/2 term of the Yb+ ground state’s electron configuration [Yb+] =
(1s22s22p63s23p63d104s24p64d105s25p6)4f146s = [Xe] 4f146s exhibits two hyperfine
levels, F = 0 and F = 1, respectively. They are split by about 12.6GHz3 and can be
coupled by a microwave field, indicated in the level scheme of 171Yb+ in Fig. 4.11.

1In the meantime, a 760 nm laser has been in-
stalled that clears out via the 1[3/2]3/2 level,
a possibly faster re-repump alternative [192].

2Jenoptik, phase modulator PM785
3(12642812118.466± 0.002)Hz [195]
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Figure 4.11.: Partial level scheme of the 171Yb+ ion. Its electronic configuration reads:
[Yb+] = [Xe] 4f146s. The optical transitions driven by lasers are indicated as arrows
between hyperfine levels: (left, blue) Doppler cooling/fluorescence detection and optical
pumping lasers at a wavelength of about 369 nm; (centre, brown) repump laser at about
935 nm; and (red, right) re-repump laser at about 638 nm. Natural lifetimes are given for
fine structure levels (2S+1LJ) decaying with given branching ratios (dashed grey arrows)
into other such levels. We can bridge the given hyperfine structure splittings with EOMs,
besides the one of the ground state which we drive with a microwave (MW). (Inset) Zoom
into the microwave qubit of the ground state. The linear, δZ ≈ 1.4 ·BMHzG−1, and the
quadratic, δqZ ≈ 310.8 · B2 HzG−2 Zeeman shifts due to a magnetic field B (in Gauß)
are indicated between the respective magnetic hyperfine states. Lifetimes and branching
ratios from Refs. [66, 185, 187–191, 193, 194], and hyperfine splittings from Refs. [66,
195–197].

We make two-fold use of this microwave hyperfine qubit: (i) We use it as a
magnetic field probe at the location of the trapped ions: weak magnetic fields on
the ∆mF = ±1 transitions with a linear Zeeman shift, and strong fields on the
∆mF = 0 transition with only a quadratic Zeeman shift. This is important for the
calibration of magnetic fields required for high-field imaging of the atoms as laid
out in Sec. 4.7. (ii) We use the magnetic-field insensitive “clock” transition of the
hyperfine qubit, ∆mF = 0, for alignment of the high-power optical dipole trap beams
to the trapped ions. We do so by microwave Ramsey spectroscopy, detecting the
differential AC1 Stark effect as described in Subsec.5.1.1. This drastically simplifies
the alignment of the atom cloud—once the ODT is loaded—to the ions in order to
study their interactions.

1alternating current

61



4. Hybrid Experiment

Note that for the Rydberg atom-ion experiments presented in chapter 6, it’s
the charge of the trapped ion that matters, not its electronic level structure (see
Eq. 2.21). The less complex level structure is the reason why we employ 174Yb+

instead of 171Yb+ for the collision experiments with Rydberg atoms.

Doppler Cooling and Microwave
As mentioned in Subsec.4.3.2, we perform Doppler cooling of the ions about 20MHz
red-detuned from the D1 line. For the 171Yb+ isotope, we use the closed transition
2S1/2 |F = 1〉–2P1/2 |F = 0〉. Only after occasional off-resonant excitation of the
upper hyperfine level 2P1/2 |F = 1〉 by the cooling laser, the electron may decay
into the 2S1/2 |F = 0〉 ground state1. To ensure continuous laser cooling, we thus
irradiate the trapped 171Yb+ ions with a microwave field coupling the F = 0 and
F = 1 levels of the ground state. This repumping with the microwave field, in
combination with the repump laser at a wavelength of about 935 nm closes the
cooling cycle, as sketched in Fig. 4.11.
The microwave signal generator2 to drive the hyperfine transition in the ground

state of 171Yb+ delivers about 18 dBm at the microwave qubit’s resonance frequency
of about 12.6GHz. We mix its output with an arbitrary waveform generator3 to be
able to tune the microwave frequency to the magnetic hyperfine transition of interest
(see inset of Fig. 4.11), to send programmed pulse trains for qubit operations, and
to switch the microwave signal off without actually turning off the microwave signal
generator itself. For more long-term switch-off, we attenuate the microwave signal
by about 80 dB in an absorptive switch4. To supply the microwave waveguide5 with
sufficient power, we employ a fan-cooled 10W-amplifier6.

State-Selective Fluorescence Detection and Optical Pumping to Ground State
We need to discriminate between and prepare the hyperfine states of the microwave
qubit in order to perform operations on the latter. To prepare the qubit in the
electronic ground state |2S1/2, F = 0〉, we optically pump via the |2S1/2, F = 1〉 −→
|2P1/2, F = 1〉 transition. A resonant EOM modulates sidebands with a frequency of
2.105GHz onto the detection beam at 369 nm (see Fig. 4.8), bridging the hyperfine
structure splitting in the 2P1/2 level as depicted in the level scheme in Fig. 4.11.
When the microwave radiation is turned off, this enables optical pumping into the
lowest hyperfine state of the ground state, |2S1/2, F = 0〉. This is because it can
be populated by spontaneous emission only from the upper 2P1/2 hyperfine state,
|F = 1〉, because electric dipole transitions from F = 0 to F ′ = 0 are forbidden.
The latter fact is also important for state detection of the hyperfine qubit, since it
entails taking long for ions to populate the dark state unintentionally [186, 198].
The detection light resonantly operates on the |2S1/2, F = 1〉 −→ |2P1/2, F = 0〉

transition as indicated in Fig.4.11. It doesn’t couple to the dark state, |2S1/2, F = 0〉,
and the detectable fluorescence light stems from ions initially in the bright state,

1Forbidden transition: F = 0 9 F ′ = 0
2Rohde & Schwarz SMB100A
3VFG 150, developed in the group of Prof. Dr.
Ch. Wunderlich

4Meuro SPST120180A8
5Flann 18094-SF40
6Microwave Amplifiers Ltd. AM53-12.4-12.8-
40-40
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4.4. Microwave Hyperfine Qubit in Trapped 171Yb+ Ion

F = 1, then excited on the D1 transition and decaying spontaneously. A PMT de-
tection bin time of 2ms has proven most suitable for optimal distinguishing between
bright and dark state of the hyperfine qubit with minimal discrimination error. De-
tails on the detection limits of the microwave qubit are presented in Ref. [98].

Microwave Spectroscopy
In order to coherently drive the hyperfine qubit for the Ramsey spin-echo alignment
of the ODT, we first need to record a microwave spectrum of the hyperfine triplet.
We initialise a trapped, laser cooled ion in the dark F = 0 ground state by optical
pumping for about 100µs as described in the previous paragraph. We irradiate
a microwave of frequency fMW for a pulse time of 3ms, and scan it around the
qubit resonance while applying a bias magnetic field to define the quantization axis.
The pulse duration is chosen long, about ten times the expected time of population
inversion, i.e. the time of a π-pulse. Repeating the detection of the ion’s spin state
at each microwave frequency detuning in steps of 10 kHz for about 50 times results
in enough statistics to identify the hyperfine transitions ∆mF = 0,±1. The ion is
Doppler-cooled for about 5ms between the individual measurements.
The resulting microwave frequency scan is shown in Fig. 4.12 [left]. Besides the

sharp peaks of the identified transitions, there are wider, slightly red-shifted back-
ground peaks which we attribute to leaking cooling light that Stark shifts the states.
The linear Zeeman shift of the ∆mF = ±1 transitions follows δZ ≈ 1.4 ·BMHzG−1,
respectively, as indicated in the inset of Fig. 4.11. From the shift of about 7.3MHz,
we can determine the magnetic bias field to be about 5.2G. In general, we can use
the linear Zeeman shift of the magnetic hyperfine states to measure small magnetic
fields at the location of the ion.
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Figure 4.12.: Microwave spectroscopy and coherent driving of the 171Yb+ hyperfine qubit.
[left] Microwave frequency spectrum of the ground state’s three hyperfine transitions,
∆mF = 0,±1. Their degeneracy is lifted by a bias magnetic field which can be determined
via the linear Zeeman effect of the outer states as described in the text. [right] Rabi
oscillations on the magnetic field-insensitive F = 0,mF = 0→ F = 1,mF = 0 transition.
Vertical error bars are standard deviations of about 50 repetitions. We fit the coherent
driving of the microwave qubit including exponential decay accounting for decoherence,
revealing the Rabi frequency ΩR and with it the pulse width of qubit rotations such as π-
and π/2-pulses. Data of figure from Ref. [98, Figs. 4.6, 4.7].
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Rabi Oscillations and Qubit Manipulation
To perform qubit rotations, we need to coherently drive the microwave transitions.
To do so, we initialise the ion in the F = 0 ground state by optical pumping. We
then set the microwave frequency to the previously measured hyperfine transition
frequencies and apply a pulse of stepwise increasing length. Each step, we mea-
sure the ion’s fluorescence which reflects the bright state population. Also here, we
Doppler-cool the ion for 5ms between each repetition. The pulse width scan shown
in Fig. 4.12 [right] is performed on the first-order magnetic field-insensitive transi-
tion, ∆mF = 0. Error bars are standard deviations of the 250 repetitions. We fit
the distinct Rabi oscillations assuming decohering, driven population transfer [199]:

S(t) = A0e
−t/τ

(
sin2

(
ΩRt

2

)
− 1

2

)
+ S∞ , (4.1)

where the oscillation amplitude is given by A0, S∞ is the equilibrium brightness,
and S∞ − A0 is the signal background. Decoherence leads to the exponential loss
of contrast with timescale τ . Note that the exponential decay is barely visible in
the comparatively short 17.5 oscillations at Rabi frequency ΩR. The fit yields a
Rabi frequency of ΩR = 2π · 4.43(1) kHz1, and with it the pulse lengths required
for performing π- and π/2-pulses of Tπ = 2 · Tπ/2 = 2π

ΩR
. By applying the π- and

π/2-pulses, we can invert the population and generate a superposition of the two
involved hyperfine states, respectively. This enables us to perform Ramsey spin-echo
interferometry for the alignment of the ODT to the ions in Subsec. 5.1.1.

4.5. Atom Traps
Details on the experimental sequences, such as timings of lasers and current settings
of magnetic field coils, etc., can be found in Refs. [97, 98]. In Subsec.4.5.1, we briefly
summarise the individual cooling and trapping stages preceding the loading of a cold
atom cloud into a cODT by a secondary MOT, as laid out in Subsecs. 4.5.2 and
4.5.3. In chapter 5, we will couple these ultracold atoms to Rydberg states inside of
the ion trap and overlap them with the trapped ions to study their interactions in
chapter 6.

4.5.1. Zeeman Slower, MOT and Movable Magnetic Trap
Zeeman Slower
Details on the atomic oven chamber and Zeeman slower [200] can be found in
Ref. [98]. In short: We vaporise thermal 6Li atoms out of the atom oven by tem-
perature stabilising it to about 400◦C. The diverging atom beam is skimmed with
an aperture of 5mm diameter in order to pass the gate valve connecting to the
vacuum tube of the Zeeman slower. It is used to laser-decelerate and velocity-bunch
the initially thermal atoms of velocities in the range of 150. . . 750m s−1 in order to

1We can increase the microwave intensity, and
improve the pointing of the waveguide and

thus the polarisation to obtain stronger cou-
pling.
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4.5. Atom Traps

quickly load the mMOT with neutral 6Li atoms. Note that the rate of experimental
repetition, which is needed to gain statistics, is limited by the atomic part of the
hybrid experiment.
As recognisable in Fig.4.1, the Zeeman slower has a set of 8 coils of adapted wind-

ing numbers to generate, together with the MOT coils, a magnetic field varying as
the square root with distance from the MOT centre. This magnetic field configu-
ration creates a spatially varying Zeeman shift that compensates for the decreasing
Doppler shift of the atoms as they are decelerated along the Zeeman slower, leading
to an ideally constant deceleration.

As explained in Subsec. 4.6.2, we use the D2 line around 671 nm for Doppler
cooling. The laser beam for the Zeeman slower stems from the optical setup shown
in Fig. 4.18 and contains about 2/3 of cooling and 1/3 of repumping light (see level
scheme in Fig. 4.23 [left]).

(Compressed) Magneto-Optical Trap
The magnetic quadrupole field of the MOT is generated by the large MOT coils
shown in Fig. 4.1 and sketched in Fig. 4.13, running a current of about 56A in anti-
Helmholtz configuration. This leads to a vertical magnetic field gradient of about
36G cm−1 close to the field minimum. Given Maxwell’s equations, the radial mag-
netic field gradients are half as large. With the help of additional, approximately
homogeneous magnetic fields generated by high-current coils and radial compensa-
tion coils in (quasi-)Helmholtz configuration, we push the field minimum to be in
front of the retro-reflecting mirror.
Within a loading time of 3 s, the Zeeman slower fills the MOT with about 50 · 106

6Li atoms [98]. Space limitations made us have to remove the CCD camera imaging
the fluorescence of the MOT, but we observe its positioning, non-round shape due
to mirror, and growth via a webcam. Its diameter is about 2mm and it’s visible by
bare eye, about 20mm below the ion trap centre. The collimated beam waists are
about 25mm. Inside the MOT, the laser cooled atoms approach their Doppler limit
of about TD = ~

2kB
τ−1
22P ≈ 141µK (see 6Li level scheme in Fig. 4.23 [left]).

We then ramp down the MOT coils and switch the high-current/Feshbach coils
to anti-Helmholtz configuration using an H-bridge [98] in order to establish the
magnetic quadrupole field by the fast-switching high-current coils only. This enables
us to compress the MOT in about 3ms by reducing the red-detuning from -34MHz to
-17. . . -10MHz while reducing the laser power to about 0.5mW and simultaneously
increasing the magnetic field gradient to about 44G cm−1. In this way, we shrink
the atom cloud to later lose less atoms by geometrical cut-off at the compensation
electrodes when magnetically moving it into the ion trap.

Movable Magnetic Quadrupole Trap
As sketched in Fig. 4.13, we magnetically transport the atom cloud into the ion
trap centre. To do so, we need to prepare the atoms in a magnetically trappable,
i.e. low-field seeking, state: We switch the repumper off to initialise the atoms in
the hyperfine ground state |22S1/2, F = 1

2 〉, from where we optically pump them
resonant on the D1 line as indicated in Fig. 4.23 [left]. We apply a homogeneous
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Figure 4.13.: Sketched vertical cross section of the hybrid trapping region. In axial
view, the DC and RF blades, the endcaps with concentric aperture, and the two sets of
compensation electrodes of the ion trap are depicted. The (red circle) atoms are initially
magneto-optically trapped in front of the retro-reflecting mirror, subsequently magnetically
transported sideways and about 21mm upwards into the ion trap centre. Two pairs of
coils named upper and lower MOT coil and Feshbach coil, respectively, can be operated
in Helmholtz or anti-Helmholtz configuration. The imaging lens has a numerical aperture
of NA . 0.6 and is placed inside the upper re-entrant viewport. Note that the vacuum
chamber extends over the edge of the figure as indicated by the lines turning dashed, and
the drawing is not to scale.

magnetic bias field of 0.6mT and a 100µs pulse of σ+ polarised light to optically
pump the atoms to the stretched state |22P1/2, F = 3/2,mF = 3/2〉, from where
they decay into the low-field seeking |22S1/2, F = 3/2,mF = 3/2〉 ground state.
Absorption imaging on the D2 line reveals a magnetically trapped atom number

of 60 . . . 75 · 106 at a temperature of about 180µK which we determine with the
standard time-of-flight method [92, 93]. The fitted Gaussian 1σ-width of the initial
cloud is about 1mm.
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4.5. Atom Traps

By smoothly accelerating and decelerating the magnetic quadrupole field min-
imum, we adiabatically move the cloud first horizontally and then upwards in-
between the ion trap blades within 70ms and 50ms, respectively, indicated by
the dashed arrow in Fig. 4.13. The final axial magnetic field gradient is about
280G cm−1. At the elevation height of the ion trap axis, the atom cloud has been
compressed to Gaussian widths of about 0.45(4)mm. After magnetic transport we
can have two situations: When optimised for atom number in the magnetic trap it-
self, we obtain a cloud of about 32 ·106 atoms slightly heated up to about 0.6(2)mK;
whereas when optimised for atom number in the ODT after transfer via the second
MOT, we end up with about 20 · 106 atoms in the magnetic trap. This is because
large magnetic field gradients are beneficial for the atom number in the intermediate
magnetic trap because of tighter trapping and less atom loss, but they degrade the
loading efficiency into the upper MOT and the subsequent ODT.

4.5.2. Second MOT
We employ a second MOT on the transport height matching the position of the
forthcoming ODT to facilitate its loading. This second MOT improves the spatial
mode overlap with the elongated profile of the ODT. Moreover, it re-cools the atom
cloud after magnetic transport.
The configuration of the six beams of the upper MOT is depicted in Fig. 4.14.

Originating from the D2 laser as shown in Fig. 4.18, we guide the light via four
separate optical fibres to the experiment. We use two retro-reflected sets of beams
in the horizontal plane, including quarter-wave plates (λ/4) to supply σ+-polarised
light, red-detuned by a few MHz from the D2 line to the atoms. The upward beam
is send through the lower re-entrant viewport, and the downward beam through the
imaging objective pointing out of the plane of the paper in Fig. 4.14. We motorised
a mirror to rotate and switch between guiding the MOT beam downwards through
the objective and allowing for vertical absorption imaging beams to pass within a
run of the experimental sequence.
The (yellow) absorption imaging light is overlapped with ion lasers on a broadband

PBS1, and then axially hits the atoms in the upper MOT. A beam sampler directs
the light onto a CCD camera, which records 3 sequential images for reference and
background correction to compute the absorption image such as shown in the inset of
Fig. 4.14. The absorption imaging beams for detecting the atom cloud after release
from the upper, secondary MOT and from the ODT, respectively, are both guided
via the same optical fibre (“high-field & upper img.” coupler in Fig. 4.18).

Typically, the powers of upper MOT beams are: approximately 9µW each for
both of the horizontal, retroreflected beams; and about 40µW in the downwards
beam and about 60µW in the beam from below. The powers of the two retroreflected
horizontal beams should be the same, but the powers of the vertical beams should be
higher to compress the MOT vertically for better spatial mode-matching to the cigar-
like shaped intensity profile of the ODT depicted in Fig.4.15. The difference in power

1The PBS sitting in-between the two crossing
dipole trap beams as sketched in a later op-

tical setup in Fig. 5.1.
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Figure 4.14.: Second compressed MOT stage in the upper experimental plane. The
horizontal cross section through the ion trap centre shows the (red) three sets of laser
beams that form the upper MOT. The vertical beam is guided through the imaging
objective counter-propagating the imaging light. The (yellow) absorption imaging light is
overlapped with ion lasers on a PBS, and then axially hits the atoms in the upper MOT.
A beam sampler directs the light onto a CCD camera which we use for absorption imaging
of the atom cloud (inset). See text for details.

of the two vertical beams is there to compensate dragging forces due to residual
magnetic fields originating from switching coil currents. This improves the transfer
efficiency into the ODT. Unfortunately, we cannot determine the atom number and
temperature inside the second MOT stage. We estimate the temperature to be
close to the Doppler limit, because the dipole trap has a limited trap depth (see
Subsec. 4.5.3). The spatial compression and Doppler re-cooling for about 0.2ms
increase the atom cloud’s phase-space density, beneficial for evaporative cooling
inside the ODT.

4.5.3. Crossed Optical Dipole Trap
Crossed-Beam Configuration, Trap Depth and Trap Frequencies
We employ a far red-detuned crossed-beam optical dipole trap at a wavelength of
about 1070 nm. Its optical setup is described in Subsec. 4.6.4. The two beams are
focussed through the 2mm wide apertures in the ion trap’s endcaps shown in Figs.
4.4 and 5.1. The beams cross under an angle of about 10◦ with respect to each other
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Figure 4.15.: Cross section of the crossed optical dipole trap’s laser intensity profile in
the horizontal x–z plane. The plotted intensity I is normalised to the maximal intensity
of a single of the two focussed Gaussian beams, I0, which are crossed under an angle
of approximately 10◦ The atoms’ trapping potential is proportional to the intensity. The
atoms will form an elongated cigar-shaped cloud which has a density profile that resembles
the inner greenish-blue shape, but smaller. Figure adapted from Ref. [96, Fig. 3.8].

and generate the calculated intensity profile displayed in Fig.4.15. The beam waists
measure w0 = 48(10)µm in the crossing point, with a Rayleigh length of 5(1)mm.
With the piezo-actuated mirror mounts sketched in Fig. 4.20, we can fine-tune the
overlap of the foci to generate a radially symmetric, axially looser optical potential.
In the semi-classical oscillator model of atom-light interaction, the restoring force

is an optical dipole force that results from dispersive interaction of an induced
electric dipole moment with the intensity gradient of the laser light itself [91].
In the centre of the crossed optical dipole trap, the atoms are thus harmonically
trapped. Expressed in terms of laser power Pdip, the trap depth is estimated
to Ûdip/kB(Pdip) ≈ Pdip · 46µK W−1, and the axial (radial) trap frequency to
ω/2π(Pdip) ≈ Pdip · 135(1540) Hz W−1, respectively [91].

Loading of the Optical Dipole Trap
In order to increase the cloud’s phase-space density and to obtain a better loading
efficiency into the ODT, we vertically compress the atom cloud in the upper MOT
and keep it operating for re-cooling after the magnetic transport as described in
Subsec. 4.5.2. After a re-cooling phase of about 0.2ms inside the upper MOT,
we turn on the dipole trap beam at full initial power of 150W and continue with
the cooling MOT configuration for 1ms. We then optically pump the atoms within
0.2ms into a nearly equal mixture of the two lowest magnetic hyperfine states of the
ground state, 22S1/2 |F = 1/2,mF = +1/2〉 and |F = 1/2,mF = −1/2〉, by turning
off the repumper light of the upper MOT beams (see Subsec.4.6.2 and level scheme in
Fig. 4.23 [left]). We can determine the imbalance of the two states by state-selective
high-field imaging as explained in Sec. 4.7.

We spatially modulate the intensity profile of the cODT to widen its capture
volume and improve the spatial mode matching to the second, upper MOT. We
do so by modulating the RF frequency of the AOM in the dipole trap laser beam
sketched in its optical setup in Fig. 4.20. We use a triangle signal at 4MHz with a
modulation depth of 12MHz to modulate the RF drive frequency of the AOM of
110MHz. The frequency modulation causes a modulation of the diffraction angle by
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the AOM which results in a modulation of the beam pointing in the horizontal plane.
Time-averaged, it creates a shallower but wider trap potential. Larger modulation
depth causes a horizontally wider trap volume. A detailed analysis of the dipole trap
modulation can be found in Ref. [201]. This improves the spatial mode-matching of
the ODT to the upper MOT. By fine-tuning the beam powers and in particular beam
pointings of the upper MOT beams, and of magnetic field gradients, we load about
106 atoms per spin state |F = 1/2,mF = ±1/2〉 at a temperature of T = 350(40)µK
into the ODT.

Evaporation Trajectory
In order to create an ultracold cloud of 6Li in the cODT, we perform forced evapora-
tive cooling with the spin mixture close to the Feshbach resonance near 832G [202].
We tune the s-wave scattering length between the two trapped magnetic hyperfine
states |1〉 and |2〉 (see Fig. 4.23) by applying a homogeneous magnetic field of 780G
after switching the polarity of the lower Feshbach coil. The scattering length of
a12 ≈ 6000 a0, with the Bohr radius a0 [202], causes fast collisional re-thermalisation
of the atoms. By lowering the trapping potential, hot atoms are expelled from the
trap and the remaining colder ones reach lower equilibrium temperatures.
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Figure 4.16.: Evaporation trajectory of 6Li in a balanced ground state spin mixture in
the optical dipole trap. The fitted [top] atom numbers Natom in one of the two balanced
hyperfine spin states of the ground state and [bottom] cloud temperatures T reduce for
lower final laser powers Pdip. We recorded the data with high-field absorption imaging
and the time-of-flight method.
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We ramp down the power of the dipole trap beams Pdip from initially 150W in
four linear ramps within 1.5. . . 2 s. Down to 20W, we can lower it via an analogue
control input at the laser itself; below, we use the AOM in the beam path sketched
in Fig. 4.20 to further lower the power of the dipole trap beams. The last power
value we leave for about 50ms. Within the first ramp of the evaporation, we linearly
reduce the modulation depth to zero. Fast ramp down of the modulation results in
more and colder atoms in the end [201].
We change the final laser power of the evaporation ramp and record the cloud size,

atom number and temperature with state-selective high-field absorption imaging
and the time-of-flight method as explained in Sec. 4.7. The resulting evaporation
trajectory is displayed in Fig.4.16. Atom numbers Natom are given for one hyperfine
spin state and we employ spin-balanced atom clouds for efficient evaporative cooling.
The lowest achievable temperatures are T = 0.17(3)µK, were we trap about 104

atoms.
In the Rydberg atom-ion experiments presented in chapter 6, we keep the MOT

coils off and only use the Feshbach coils to generate the magnetic field for evaporative
cooling. Thus, we are able to switch off the magnetic field fast enough for the
excitation to Rydberg states while the dipole trap will be switched off. The currents
in quasi-Helmholtz configuration then are about Ilfc = 260A, and Iufc = 240A. We
typically employ an atom cloud with a temperature of 15µK consisting of about
8 . . . 10 · 104 atoms. These conditions are much more stable to be reproduced.

4.6. Atom-Related Laser Setups
This section deals with the laser setups required for the neutral atom part of the
experiment: Zeeman slowing, magneto-optical trapping, optical pumping, optical
dipole trapping, absorption imaging in low and high magnetic fields, and referencing
to a lithium atom vapour cell. As in the previous section, the actual optical setups
and according schematics are updated versions from Ref. [96], through Ref. [97] and
lastly Ref. [98]. Note that focal lengths of lenses are given in units of millimetre
(mm) and most distances are not drawn to scale.

4.6.1. D1 Laser for Optical Pumping
Both magnetic trapping, and forced evaporative cooling in the optical dipole trap
necessitate the ability to optically pump the Li atom’s valence electron into distinct
hyperfine states of the ground state. For driving on the D1 line, i.e. 2S1/2–2P1/2
transition, in 6Li, we employ an ECDL lasing at a wavelength near 671 nm1. In
contrast to the home-made and all other external cavity diode lasers used, its mode-
selective optical feedback into the laser diode via the external cavity stems from a
low-loss interference filter instead of the common diffraction grating.
The schematic in Fig. 4.17 displays the optical setup of the D1 laser. The optical

isolator2 (OI) which ensures stable single-mode lasing by preventing back reflections,
is rotated in such a way that a small fraction of the beam intensity is split off and

1Radiant Dyes NarrowDiode 671 nm 2LINOS FI-680-5SV
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Figure 4.17.: Optical setup schematic of the optical pumping laser on the D1 line of 6Li
at a wavelength of about 671 nm.

coupled into an optical fibre connected to the wavemeter for monitoring and control
of the wavelength. We use a pair of cylindrical plano-convex lenses to shape the
beam and reduce its ellipticity. In the intermediate focus of the beam-shrinking
telescope, we place a mechanical shutter (MS) for beam blocking. The AOM1 in the
transmitted beam path of the first PBS is supplied with an RF signal at 114MHz
and operated in double-pass configuration to bridge the hyperfine splitting of the
electronic ground state of 6Li amounting to 228MHz, thus creating a repumping
beam.
The double-pass configuration of this AOM is also termed cat’s-eye: the retrore-

flector consists of a lens and a mirror with their spacing equal to the focal length
f of the lens [203]. The double-passed beam is then coinciding with, but counter-
propagating to the incident beam. Optimal performance is achieved when the spac-
ing between the AOM and the lens equals the lens’ focal length. This configura-
tion will compensate the angular drift of the diffracted beam (here +1st order) if
the AOM’s frequency shift is changed. Passing the quarter-wave plate (λ/4) twice
changes the beam’s polarisation by 90◦ which is crucial for beam separation on
polarising beam splitters [204, 205].
The beam reflected at the first PBS passes the quarter-wave plate twice in order

to adapt its polarisation to the returning beam from the double-pass AOM for
further shared use of polarising optics. Note that the first half-wave plate can be
used to change the relative intensity between the two beam paths. We use the +1st

diffraction order of the second AOM2, shifted by 100MHz, for fast switching of the
overlapped beams.

1Gooch & Housego 3100-125 2Gooch & Housego 3100-125

72



4.6. Atom-Related Laser Setups

Finally, we overlap the D1 beams with the absorption imaging beam generated by
the D2 laser described in Subsec.4.6.2 before guiding them to the experiment via an
optical fibre. Before entering the main chamber, we measure the respective beam
powers to typically be around 15µW for the absorption imaging beam, adapted
to the shutter time of the camera to guarantee lossless and bug-free data recording
and optimise the signal-to-noise ratio; and for the spin polarisation and its repumper
beam each about 260µW.

4.6.2. D2 Laser for Cooling and Imaging
Sufficient laser power near the D2 line of 6Li for the pre-cooling of the atoms inside
the Zeeman slower, the Doppler cooling in the lower mMOT and upper MOT, and
the absorption imaging at low and high magnetic fields of the atoms is provided
by a tapered amplifier diode laser1. It delivers a power of about 200mW at the
desired wavelength near 671 nm, which is required because of the comparatively
high saturation intensity of the 2S1/2–2P3/2 transition [206].
Within the laser housing (grey), a small part of the master laser’s intensity is

split off at a beam sampler (BS) and guided to the wavemeter via an optical fibre,
as sketched in Fig. 4.18. After amplification in the TA2, the beamsize is shrunk by
a factor of four to fit the AOM apertures. The first AOM’s3 +1st diffraction order
obtains a frequency shift of +228MHz in order to bridge the hyperfine splitting
of the ground state. This repumper branch prevents population trapping in the
low hyperfine ground state 22S1/2 |F = 1/2〉 (see level scheme in Fig. 4.23 [left]).
The now switchable repump beam is overlapped again with the main beam at the
PBS, where a small fraction of the unshifted main beam gets allocated to the beam
path for laser lock to cavity and 6Li vapour cell (see Subsec. 4.6.3), and high-field
imaging (see Sec. 4.7). About 2/3 of the beam’s total power are cooling light,
and 1/3 is repumping light, both circularly σ+-polarised to effectively drive the
22S1/2 |F = 3/2〉 −→ 22P3/2 |F ′ = 5/2〉, and |F = 1/2〉 −→ |F ′ = 3/2〉 transition,
respectively.
The main beam’s path will supply light for cooling and absorption imaging at

low fields: The AOM’s4 -1st diffraction order is shifted by -100MHz, providing -
34MHz (red-)detuned light for the MOT. We typically employ a power of PMOT ≈
60 . . . 75mW for the MOT beams in total. Another AOM5 red-detunes the light
further by 70MHz in its -1st order for the Zeeman slower (ZSL) beam. For the
Zeeman slower, we typically use a power of about PZSL ≈ 11...15mW. In contrast,
the 0th order is picked up with a D-shaped mirror (D) and guided to an AOM6

operated at 76MHz. Its -1st order is set on resonance for absorption imaging and
coupled into both imaging fibres, used for imaging in the MOT region and inside the
ion trap (see Figs. 4.2, 4.14 and 5.1). However, its 0th order is red-shifted by another
AOM7 by 100MHz to be near-resonant for the upper MOT (uMOT). Polarisation
optics is used to power-balance 4 beams of adequate polarisation and couple them

1TOPTICA Photonics TA pro, Amplified Tun-
able Single-Mode Laser System

2tapered amplifier
3Gooch & Housego 3200-125

4Gooch & Housego 3100-125
5Gooch & Housego 3080-125
6Gooch & Housego 3080-122
7Gooch & Housego 3080-122
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Figure 4.18.: Optical setup schematic of the cooling and imaging laser on the D2 line of
6Li at a wavelength of about 671 nm.

into individual polarisation maintaining optical fibres. The beams for the upper
MOT are imbalanced in power as explained in Subsec. 4.5.2.
The minor beam emanating from the very first PBS is manoeuvred to a frequency-

tunable cat’s-eye double-pass AOM1 operated in a frequency range of 205± 5MHz.
Two small fractions of the double-passed -1st diffraction order are picked up by beam
samplers (BS) and sent to the home-made cavity (see Ref. [97]) and to the atom
vapour cell to lock the ECDL. This enables a fast change of the laser lock point
during the experimental steps, as laid out in Ref. [98]. Most of the double-passed
light passes another similar double-pass AOM2 running at 334MHz, generating the
light used for high-field imaging as described in Sec. 4.7.

4.6.3. Lithium Vapour Reference Cell
Frequency stability of the D2 laser that cools and images the lithium atoms at a
wavelength of 671 nm is guaranteed by a two-fold locking scheme: (i) The laser

1Gooch & Housego 3200-125 2Gooch & Housego 3350-125
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is locked to the fundamental Gaussian mode of a medium-finesse optical reference
cavity [97], similar to the one described in Subsec. 4.8.3. (ii) The cavity is locked to
the D2 line of lithium in the atom vapour cell to suppress frequency drifts induced
by temperature changes. Additionally, it has an amplitude stabilisation which in-
creases the reproducibility of experimental shots, especially during warm-up phase
and changes of lab temperature.
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Figure 4.19.: Optical setup schematic of the 6Li spectroscopy cell. The laser light for
stabilisation stems from the D2 laser at a wavelength of about 671 nm. An EOM creates
sidebands of 20MHz to the carrier of the pump beam. The probe beam gets detuned by
the double-pass AOM and counterpropagtes the pump beam inside the 6Li spectroscopy
cell under a slight angle. Modulation transfer spectroscopy on the F = 3/2→ F ′ = 5/2
transition of the D2 line is performed as described in the text. The probe beam is focussed
onto a PD to detect the transferred modulation. The PDH technique and a PID controller
are used to close the control loop at the cavity mirror’s piezo-electric actuator, thus locking
the cavity to the spectroscopy cell.

The atomic resonance we use as frequency reference is the |F = 3/2〉 → |F ′ = 5/2〉
transition of the D2 line. We offset-lock the laser frequency to the atomic resonance
by modulation transfer spectroscopy [207, 208], an extension of Doppler-free sat-
urated absorption spectroscopy [209]. The control loop closes at one of the two
piezo-electric actuators of the cavity’s front mirror, long-term regulating the mirror
separation and thus resonance condition of the cavity. Fig. 4.19 shows a schematic
of the optical setup. The laser light emanates from an optical fibre from the D2
laser setup sketched in Fig. 4.18, where it got frequency-shifted by a −1st order
double-pass AOM to fpump = fECDL − 2 · (205± 5)MHz w.r.t. the frequency of the
ECDL, probed at the laser’s beam sample port before the TA. The first PBS is
used for purification of the polarisation and enables wavelength determination on
the wavemeter1. The probe beam gets frequency-shifted from the pump beam by
the double-pass AOM. We employ a lin-lin polarisation configuration of pump and
probe beam and typical laser powers are about 3mW out of the fibre, and each
about 0.7mW in the pump and probe beams. Note that we heat the water-cooled

1Not permanently due to limited number of
channels in optical switcher before waveme-

ter.
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6Li-filled, argon-buffered atom vapour cell to a temperature of about 322◦C1 to
obtain a sufficiently high vapour pressure.
An electro-optic phase modulator2 modulates sidebands at ±20MHz to the car-

rier of the pump beam which will be used to generate an error signal for PDH
stabilisation in the following way: Inside of the lithium vapour cell, the modulated
pump and frequency-shifted, counterpropagating probe beam are overlapped under
a small angle3. The modulation of the pump beam by the EOM is transferred onto
the initially unmodulated probe beam via four-wave-mixing inside the saturated,
optically non-linear lithium vapour [208]. Modulation transfer only happens when
the sub-Doppler resonance condition is fulfilled. Given the frequency offset between
the pump and probe beam by the double-passed AOM4, fprobe = fpump+2·332MHz,
we do lock to the D2 line of atoms in a non-zero velocity class. The resonant atoms’
velocity corresponds to a Doppler shift which is half the frequency difference be-
tween the pump and probe beam. The transferred modulation, i.e. sidebands on
the probe beam are detected by a PD5, creating a photo-current at the modulation
frequency. We low-pass filter the signal, and create an error signal with the phase-
sensitive PDH technique which gets PID-regulated to finally give feedback onto the
voltage of the cavity mirror’s piezo-actuator.
On top of the frequency stabilisation, we can also intensity-stabilise the D2 laser.

To do so, we phase-sensitively demodulate the signal of the photodiode (PD int.
stab.) stemming from the modulated pump beam with the local oscillator supplying
the EOM. The generated error signal is fed into a home-made PID regulator which
gives feedback onto the LD current via an input on the laser electronics rack.

4.6.4. Optical Dipole Trap Laser
To create a sufficiently deep optical dipole trap, we use a fibre laser6 with a power
of upto 200W at a wavelength of 1070 nm. For safety issues, the entire high-power
laser setup around the vacuum system sketched in Fig. 4.20 is contained within
a protective metallic enclosure that interlocks the laser when opened. A detailed
description can be found in Ref. [98].
After leaving the fibre head (IPG), a half-wave plate (λ/2) and Brewster window

(tilted, black) are used to dump a variable amount of vertically polarized light in a
beam dump (BD). We shrink the beam size with an 8:1-telescope to fit it into the
aperture of the AOM7 which runs at 110MHz, controls the dipole trap power Pdip
for evaporative cooling below the stable low limit of the laser, and gets modulated
to increase the trap volume as explained in Subsec. 4.5.3. Its 0th order is picked
up by a D-shaped mirror and directed to another beam dump. The 1st order gets
re-magnified to its original diameter by the second telescope. Via the PBS, another
IR laser such as a 935 nm beam can be overlapped with the dipole trap beam for

1Cell wrapped in heat tape powered with 80V
from a variable autotransformer (Variac).

2Photonics Technologies EOM-02-20-U
3Note that in an updated version, the D-
shaped mirror is replaced by a PBS to im-
prove the beam overlap.

4Gooch & Housego 3350-125
5photodiode
6IPG Laser, YLR-200-LP-WC Ytterbium
Fiber Laser, 200W, water cooled, with guide
laser.

7Gooch & Housego 3110-191
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Figure 4.20.: Optical setup schematic of the optical dipole trap laser for Li at a wavelength
of about 1070 nm. Figure adapted from Ref. [98, Fig. 3.12].

pre-alignment onto the trapped ions, as explained in Ref. [98]. Two photodiodes
(PD) placed behind mirrors can be used to monitor loss of laser power due to
misalignment or to interlock the laser. A beam lift brings the beam to the ion trap
level where f = 400mm lenses focus it through the end caps into the ion trap centre
under an angle of about 5◦ to the trap axis. To ensure that we send the dipole trap
beams though the apertures of the ion trap endcaps without hitting, we measure
the focal length of the first lens which focusses the 1070 nm beam down as sketched
in Fig. 4.20 with the knife-edge technique as described in Ref. [98]. We determine
the focal length to 409(1)mm, together with a Rayleigh length of 5(1)mm creating
a beam waist of 48(10)µm in the centre of the ion trap. From this, we can infer
where to precisely position the two pairs of focussing and collimating lenses.
To avoid the creation of a standing wave in the cODT, a half-wave plate rotates

the polarisation of the returning beam by 90◦. After its second passage through the
ion trap, the beam is dumped in another beam dump. Note that we employ two
piezo-actuated mirror mounts1 (blue) for fine-alignment of the beam overlap and
thus atom cloud position—enabling us to controllably overlap the atoms and ions
as described in Subsec. 5.1.1. We control the mirror orientation and thus beam po-
sitioning by setting a voltage of an analogue output and amplifying it by employing
a set of 4 low noise drivers for piezoelectric stack actuators2 with in total 12 precise
high-voltage outputs built into a home-made electrically insulated box.

4.7. State-Selective High-Field Imaging of Ultracold
6Li Atoms

The (partially) evaporated atom cloud in the ODT is imaged on the D2 line at high
magnetic fields. This has two advantages: (i) There is a closed optical transition in
the Back-Goudsmit regime, the Paschen-Back regime of hyperfine structure [210],
i.e. there is no need for repumping into the imaging transition because of a lack

1Radiant Dyes MDI-H-1" piezo version
2PiezoDrive, PDu150, Three Channel Ultra-

Low Noise 150V Piezo Driver.
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of other possible decay channels. This enables state-selective detection and in-
creases the reliability of the determined atom number in the cloud as compared to
a non-closed imaging transition in the low-field regime. (ii) The large homogeneous
magnetic field present from the evaporation preceding the imaging does not have to
be switched otherwise disturbing the ultracold atom cloud.
To generate the correct magnetic field strengths, below the Feshbach resonance

of the state mixture of the two lowest hyperfine states present in the ODT at
832.18(8)G [202], in order to state-selectively image on the D2 line, we need to cali-
brate the magnetic field strength. Given the frequencies of the AOMs in the optical
setups of the D2 laser in Fig. 4.18 and of the offset modulation transfer lock to the
lithium sepctroscopy cell in Fig. 4.19, we determine the magnetic fields required for
state-selective imaging of the two lowest hyperfine states, |1〉 and |2〉 (see Fig. 4.23).
Note that in close proximity to the Feshbach resonance, weakly bound Li2 dimers
could potentially form with binding energies on the order of 1 . . . 20 kHz [202]. In
the experiments in chapter 6 we employ atom clouds with a temperature of about
15µK. The average kinetic energy of the 6Li atoms is thus about two orders of
magnitude larger than the binding energy. Consequently, the atoms’ temperature
is too high for Li2 molecules to form in the experiments presented in this thesis.

Magnetic Field Calibration
The ytterbium ion’s fermionic nuclide of mass number 171 possesses a nuclear mag-
netic moment of I = 1

2 , thus a hyperfine structure, and therefore offers the possibility
of Zeeman-splitting the hyperfine structure manifold of, e.g. the ground state, in a
magnetic field. On one hand, we can use the |F = 1,mF = ±1〉 states to measure
small magnetic fields, because they experience a linear Zeeman effect. On the other
hand, we can make use of the |F = 1,mF = 0〉 state to measure intense magnetic
fields, since it does not exhibit a linear, but only quadratic Zeeman effect [211]: Since
the first order Zeeman shift vanishes, large magnetic fields need to be applied to in-
duce a significant energy shift of the state, thus being rather insensitive to magnetic
field fluctuations, which is why the transition |F = 0,mF = 0〉 → |F ′ = 1,m′F = 0〉
is called a clock transition. Note that the quadratic frequency shift of the π tran-
sition component (∆mF = 0) is half the shift of the centre of gravity of the 2 σ
components, which are split by the linear Zeeman effect.
In order to calibrate the relation between generated magnetic field B and currents

running through the high-current Feshbach coils, we measure the magnetic-field-
induced frequency shift of the clock transition ∆f∆mF=0 for a set of high-current
settings, as displayed in Fig. 4.21. The microwave spectroscopy of the hyperfine
qubit is described in Sec.4.4. As suggested from the coil simulations in Ref. [98], we
need to send an approximately 1.5 times higher current through the lower Feshbach
coil to achieve a nearly homogeneous magnetic field in vertical direction at the ion’s
position. The lower coil’s current thus needs to be roughly 3/2 of the upper coil’s
one, i.e. Iufc = 2

3Ilfc. This is because the ion trap is not vertically centred between
the Feshbach coils and there is more magnetically susceptible material below the ion
trap than above it, as can be seen in Fig.4.2. The inset of Fig.4.21 displays the shift
in frequency when keeping the current through the lower Feshbach coil constant at
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Figure 4.21.: Calibration of the magnetic field generated by the pair of Feshbach coils via
the frequency shift of the 171Yb+ clock transition due to its quadratic Zeeman effect. The
ratio of currents of the upper to the lower Feshbach coil, Iufc/Ilfc, is kept constant at 2/3
while operated in Helmholtz configuration in order to generate a homogeneous magnetic
field at the ion’s position in vertical direction. The frequency shift of the ∆mF = 0
microwave clock transition, ∆f∆mF=0, within the ground state of 171Yb+ is quadratic
with magnetic field B. From the fit (dark blue) through the data points, the effective
penetration coefficients bcoil are extracted. The inset shows the frequency shift when
varying the current of the upper Feshbach coil while a constant current of Ilfc = 320A
is running through the lower Feshbach coil, as employed for high-field imaging. Figure
adapted from Ref. [98].

its safety-related maximum of Ilfc = 320A and varying the upper coil’s current Iufc.
This quasi-Helmholtz configuration will be employed for high-field imaging.
Knowing the susceptibility of the clock transition frequency to magnetic fields of

∆f∆mF=0 = B2 ·310.8Hz·G−2 from Ref. [19], we can fit the data with the following
quadratic relation to extract the effective penetration coefficients bcoil = ∂B

∂Icoil
of the

magnetic field generated by the upper and lower Feshbach coil , respectively:

∆f∆mF=0(B) = (bufcIufc + blfcIlfc)2 310.8 Hz ·G−2. (4.2)

The (blue) fit is in good agreement with the data and lies within the experi-
mental error bars, which are too small to be seen compared to the point marker
size in Fig. 4.21. The coefficients and their standard error are fitted to be blfc =
1.00(2)G·A−1, and bufc = 1.68(3)G·A−1, roughly the simulated ratio of 1.5 [98].
Having calibrated the vertical magnetic field stemming from the two respective

Feshbach coils, we can use the fit to create a map of the magnetic field amplitude
B1 as a function of the two currents Iufc and Ilfc running in the same direction,
as depicted in Fig. 4.22. Note that the safety-tested on-time of the high-current
coils at their maximal current of 320A is 3 s without overheating [97]. This limits

1B as magnetic flux density is same in vacuum
as magnetic field strength H, thus used syn-

onymously.
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Figure 4.22.: Map of the vertical magnetic field B at the ion’s position as function of
the high-current Feshbach coil currents Iufc and Ilfc in quasi-Helmholtz configuration.

the maximal time for evaporative cooling but isn’t a problem for the duty cycle
of an experimental run which lasts about 10 s. Consequently, the maximal B field
generated by the Feshbach coils at the ion position is about 858G at maximal
currents of 320A each.

High-Field Imaging Frequencies
For evaporative cooling in the dipole trap, we in the end of the second MOT
optically pumped the atoms into a mixture of the two lowest hyperfine states
of the ground state, |1〉 and |2〉 as marked in the Breit-Rabi diagram [212] in
Fig.4.23 [right,bottom]. At high magnetic fields they are far enough apart to address
them individually.
The high-field imaging transition is to the lowest of the hyperfine triplets of the

2P3/2 level, shown in Fig. 4.23 [right,top]. It is in the Back-Goudsmit regime, the
Paschen-Back regime of hyperfine structure [210]. Even in these very large magnetic
fields, the fine structure-split levels 2P1/2 and 2P3/2 remain well separated. The
nuclear contribution to the Zeeman shift is negligible compared to the one of 2S1/2.
Using σ+-polarised light, we can drive the two closed high-field imaging transitions.

The magnetic hyperfine states of the lithium atom’s ground state in the high-field
regime shown in Fig.4.23 [right,bottom] are labelled as |1〉 withmF = +1/2, |2〉 with
mF = −1/2, |3〉 with mF = −3/2, |4〉 with mF = −1/2, |5〉 with mF = +1/2,
and |6〉 with mF = +3/2. The magnetic quantum number of the total angular
momentum, mF = mJ + mI , is a good quantum number in all fields, while mI

and mJ are so only in the high-field limit. An explanation of the different coupling
schemes of all angular momenta and the eigenstates in the low- and high-field regime
would go beyond the scope of this thesis, but can be found in literature [100].
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Figure 4.23.: Partial level scheme of 6Li and Breit-Rabi diagram of the 2S and 2P terms.
[left] Level scheme of 6Li showing D1 and D2 line including fine and hyperfine structure
splittings. The transitions for optical pumping, and absorption imaging and Doppler cooing
are marked with red arrows. The (dashed) extensions of the arrows indicate the repumping
branch which bridges the ground states hyperfine splitting. [righ,top] Combined Breit-Rabi
diagram of the two fine-structure-split levels 22P1/2 and 22P3/2 of 6Li. The fine structure
splitting amounts to ∆Efs(2P) = 10.053044(91)GHz [121]. Even for large magnetic fields
up to 900G, i.e. deep in the Back-Goudsmit regime, the electronic states of the two levels
remain well separated and do not cross, and no coupling occurs between them. The levels
of the upper state, 22P3/2, as well as lower state, 22P1/2 are three-fold degenerate since
the nuclear contribution to the Zeeman shift is negligible on this scale. The high-field
imaging light couples to the lowest state of the 2P3/2 level. [right,bottom] Breit-Rabi
diagram of the ground state term 2S. The zero-field hyperfine structure splitting is about
228MHz. Atoms in the ODT are in the states |1〉 and |2〉, which we can resolve with
imaging in high fields to the lower state of the 2P3/2 level. State labelling as explained in
the main text. Electronic properties including (hyper)fine structure constants to compute
the Breit-Rabi diagrams given in Tabs. A.2 and A.3.
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Figure 4.24.: High-field imaging frequency and magnetic fields for imaging the two lowest
hyperfine states of the ground state of 6Li. The Zeeman shift of the two imaging transitions
with respect to the D2 line is plotted as a function of the homogeneous magnetic field
strength. With a fixed high-field imaging frequency fhf−img, we are able to detect states
|1〉 and |2〉 by adapting the applied magnetic field B to 817G and 767G, respectively.

Having done the magnetic field calibration in Fig. 4.21 and plotted the energy
landscape of the involved states in Fig. 4.23, we can now determine the strength
of the homogeneous magnetic field from the high-current Feshbach coils in quasi-
Helmholtz configuration required to address the two states. We employ a fixed
(maximal) current of Ilfc = 320A on the lower Feshbach coil, while adapting the
current of the upper Feshbach coil Iufc to the Zeeman-shifted state we want to
image. Fig.4.24 illustrates the selection of the imaged state by a change of magnetic
field: We compute the eigenvalues of the Zeeman Hamiltonian as for the Breit-Rabi
diagrams shown earlier, but plot the frequency shift of the two imaging transitions
as a function of the applied homogeneous magnetic field strength B. We reference
the frequency shift to the centre-of-gravity of the D2 line, f − fD2. We employ light
shifted by about fhf−img − fD2 ≈ −1070MHz from the centre-of-gravity of the D2
line. The remaining shift to the imaging transitions is generated by the double-pass
AOMs both in the high-field imaging branch of the D2 laser and the frequency offset
lock to the spectroscopy cell, sketched in Fig.4.18. The two magnetic field strengths
and corresponding currents causing the Zeeman effect on the imaging transition to
bridge the fixed high-field imaging laser frequency offset amount to approximately
767G and 266A for state |2〉, and 817G and 295.6A for state |1〉, respectively.
Fine-tuning of the resonance condition can be done by optimising the currents in

a range of one to a few ampere. We use compensation coils to minimise the spectral
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width of the resonances. Due to magnetic field drifts by, e.g., magnetisation of sur-
rounding material, we have to adapt the currents over the course of a measurement
day by a few ampere, too.

Absorption Imaging and Time-of-Flight
In the experiments presented in Chapters 5 and 6, we perform high-field absorption
imaging along the common trap axis of ODT and ion trap. The laser setup is
sketched in Fig. 4.18 with the optical fibre “high-field & upper imaging” delivering
absorption imaging light to the main vacuum chamber as sketched in the optical
setup surrounding it in Fig. 5.1.
We record the absorption images, 3 images for background correction and signal

normalisation, on a CCD camera1. The axial detection beam leads to images of the
atom cloud ellipsoid projected along the trap axis and we obtain the optical column
density of the atom cloud of its elongated axis. The axial imaging optics have a
magnification of 2.2 [176].
Assuming two Gaussian distributions to describe the radial profile of the axial

column density, we can determine the radial extensions of the atom cloud and the
atom number. By scanning the time of the absorption image after the release from
the ODT, we perform time-of-flight (ToF) sequences and can deduct the temperature
of the atom cloud from its free expansion [98].

4.8. Rydberg Excitation Equipment
In this section we present the laser equipment needed two perform two-photon ex-
citation of the ultracold lithium atoms to Rydberg states. Optical excitation is
advantageous compared to Rydberg excitation by, e.g. electron impact since it pop-
ulates a single high-lying state with little excess gain of momentum. The ground
state binding energy of the commonly used alkali metals is low compared to ele-
ments of other groups, e.g., 5.39171495(4) eV, 9.322699(7) eV, and 21.564540(7) eV
for 3Li [113], 4Be [213], and 10Ne [213], respectively. Nonetheless, single-photon
excitation to high-lying states necessitate deep-UV lasers with a wavelength of typ-
ically below λ < 300nm. Since this UV radiation is hard to produce with sufficient
laser power and moreover, adequate (anti-)reflective coatings and bulk material of
optical elements are non-standard or do not even exist, and eventually the radiation
cannot propagate through air but has to be generated in vacuum, a two-photon
excitation scheme is generally used.
The two-photon excitation is typically carried out on or close to two dipole-allowed

transition in order to obtain reasonably high Rabi frequencies. It thus also comes
with the advantage of enabling excitation to more different l-states: from the S
ground state, via an intermediate P level to either S or D Rydberg levels.2 We use
an inverted scheme as shown in Fig. 6.1, with the lower transition driven by a UV
laser coupling the 2S ground state to the intermediate 3P level, and from there an IR

1Allied Vision Stingray F-033
2For dipole-allowed transitions without Stark

state mixing in strong electric fields, as ex-
emplified in chapter 6.
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laser coupling to Rydberg states, e.g. 24S. The first step laser is a fourth-harmonic
generator lasing at a wavelength of about 323 nm, while the second step laser is a
tapered amplifier lasing in a wavelength range of 795 . . . 810 nm. Both lasers as well
as the optical cavity used to lock them will be described in the following.

4.8.1. First Step Laser
As 1st step laser for the two-photon Rydberg excitation, we employ a tunable,
amplified and frequency-quadrupled external cavity diode laser1 offset-locked to a
medium-finesse optical cavity. A schematic of the laser and the optical setup are
shown in Fig. 4.25. The laser housing hosts a far-tunable ECDL as master laser
that emits in a wavelength range of about 1293. . . 1320 nm. It is protected from
detrimental back-reflections that also deteriorate single-mode lasing by an optical
isolator. The light is then amplified with the help of a tapered amplifier (TA).
Another optical isolator is used to uphold proper single-mode lasing. Afterwards, the
light is coupled into a second harmonic generator (SHG) that frequency-doubles the
light [214, 215]. Behind the first deflection mirror, a small fraction of the frequency-
doubled light is coupled into an optical fibre which guides it to the cavity for locking.
The optical setup of the lock is sketched in the inset (grey, dashed) in Fig. 4.25 and
will be explained in Subsec.4.8.3. Just as for coupling the laser into the TA and the
first SHG2, two adjustable mirrors are used to couple the now frequency-doubled
light into a second frequency-doubling bow-tie cavity. The outcoupling mirror is
reflective for the fundamental and transparent for the frequency-doubled light, such
that only frequency-quadrupled light is effectively emitted from the FHG3 at a
wavelength of about 323 nm. Routinely achievable output powers are on the order
of 55mW. Note that mode-matching optics, photodiodes, pinholes, etc., are not
drawn for simplicity.
A variable amount of power of the fourth harmonic light can be dumped in a beam

dump, before two mirrors are used to guide the light into the safety encapsulation
around the vacuum chamber. They can also be used to re-align the beam onto the
following optics by the help of two irises, in case of a change of beam pointing angle
of the light exiting the FHG. We shrink the beam size by a factor of 3. In the
telescope’s intermediate focus, we place a mechanical shutter (MS) for blockage of
the beam to reduce damage on the following optics due to the UV light. A half-wave
plate (λ/2) can be rotated to split variable amounts of the light into the two further
beam paths. The two paths are built to have a similar optical path length in the
same directions to avoid mechanical instabilities, because the system might be used
for Raman sideband cooling/detection purposes. We employ a single-pass AOM4

supplied with a sine signal at a frequency of 200MHz. Its +1st diffraction order is
piloted to below the vacuum chamber and then via a beam lift to the entrance view
port on ion trap height. The second AOM5 runs at a frequency of 110MHz and is set
up in a cat’s-eye-like configuration: An iris block all but the +1st diffraction order.
A lens of focal length f = 150mm is placed in a distance of its focal length to the

1TOPTICA Photonics TA-FHG pro
2second harmonic generator
3fourth harmonic generator

4Gooch & Housego 3200-1210
5Gooch & Housego I-M110-2C10BB-3-GH27
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Figure 4.25.: Optical setup schematic of the 1st step Rydberg excitation laser of 6Li
on the 2S–3P line at a wavelength of about 323 nm. The master laser from the ECDL
is amplified in a TA before getting frequency-quadrupled in two consecutive SHG stages,
effectively a FHG. The single and double-pass AOMs can be used to switch and frequency
fine-tune the beams. The inset shows the tunable offset sideband lock of the SHG light
to the cavity. Details in the main text.

AOM and the retroreflector. The retroreflector is a bulk right-angled triangle with
its AR coated, long side facing the incoming beam. The beam gets total internal
reflected at the lower back side and then upper backside to be reflected by the
retroreflector slightly higher but with a small angle downwards. In this way, the
returning beam passes the AOM to be frequency-shifted again by +110MHz and
can be picked up from just below the main incoming beam with a D-shaped mirror
(D). To reduce thermal drift effects when switching, we mount the AOMs on heat
sinks which are attached to the frame of a kinematic mirror mount.

Via a set of mirrors, the beam is then guided onto a breadboard below the vacuum
chamber, passes the latter, and propagates to its entrance view port via a beam lift.
In the future, beam delivery and mode cleaning could be done using the hydrogen-
loaded and UV-cured PCFs1 described in App.B. As sketched in Figs. 4.2 and 6.1,
the beams horizontally enter under an angle of about ±45◦ w.r.t. the ion trap axis.

Regarding laser safety, be aware of three fundamentally differently dangerous
laser wavelengths within the Class 4 laser housing: (i) The high-power, 1.1. . . 1.8W,
fundamental at about 1292 nm is invisible and penetrates the eye ball to the retina,
because cornea, lens and vitreous liquid are transparent in this IR range. The retina
thus burns and overheats with a tremendously increased irradiance due to focussing.
(ii) The SHG light in the red at about 636 nm is with 400. . . 960mW too powerful
to rely on the blink reflex for preventing damage to the eye. (iii) The FHG light
is deep in the UV-A with a power of 50. . . 400mW and the non-direct view to the
fluorescence of a fraction of its power is blinding in the blue. It’s absorbed in the
lens where proteins denature and cause a greying of the lens, or at the surface of

1photonic crystal fibres

85



4. Hybrid Experiment

the human eye where it causes injury to the cornea by ablation or cataract. The
info on laser safety is based on Refs. [216] and [217], where details can be found.

4.8.2. Second Step Laser
We employ an ECDL that gets amplified in a TA1 as the 2nd step laser for Ryd-
berg excitation which we can offset-lock to the medium-finesse cavity similar to
the 1st step laser. It comes with a wide coarse tuning-range of wavelengths be-
tween 795 . . . 810 nm, enabling dipole-allowed excitation of Rydberg states of differ-
ent principal quantum numbers ranging from n = 14 up to the ionisation continuum.
Moreover, it delivers a power of upto 2W which is why special care has to be taken
regarding laser safety, especially since it emits at invisible wavelengths.
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Figure 4.26.: Optical setup schematic of the 2nd step Rydberg excitation laser of 6Li
at a wavelength of about 800 nm. The master laser is offset-locked to a cavity, and
amplified in a TA. Beam dumps serve to dump excess power. A double-pass AOM can
fine-scan the laser frequency and switch the beam before it’s overlapped with the 935 nm
ion repumper, facilitating alignment and enabling coupling to low- and high-lying Rydberg
states as explained in the text.

Just as within the laser housing of the cooling and detection laser on the D2 line
of lithium described in Subsec.4.6.2, the ECDL is protected from damage and multi-
mode lasing by an optical isolator (OI) after which a beam sampler (BS) splits off a

1TOPTICA Photonics TA pro
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small fraction of about 10% to generate a probe beam of the master laser, depicted
in the schematic of the optical setup in Fig. 4.26. These about 5mW of power are
distributed into two couplers: one via a beam sampler to be guided through the
electro-optic phase modulator1 to the cavity just next to the laser itself; and the
other one via a mirror to be sent to the wavemeter for monitoring the wavelength.
The major part of the beam of upto about 45mW seeds the TA which is protected
by an optical isolator, too.
A half-wave plate (λ/2) can be used to reduce the laser power by sending a variable

amount to a beam dump via the PBS. The beam is guided to a double-pass AOM
in cat’s-eye configuration which is operated at frequencies of 80 . . . 85MHz. This
enables both switching the laser on a short time scale, and narrow frequency scans.
Because of its high power, the 0th diffraction order is expanded and discarded in a
beam dump via a D-shaped mirror (D). The double-passed +1st diffraction order
now passes the PBS and gets overlapped with the 935 nm laser beam coming from a
beam lift at the dichroic mirror, in order to couple both beams into the same optical
fibre going to the experiment. This has the advantage of facilitating pre-alignment
of the 2nd step laser to the ions and thus contingently overlapped atom cloud,
because of being overlapped with the ions’ repumper, as laid out in Subsec. 5.1.1.
Moreover, we will have the opportunity to also excite low-lying Rydberg states such
as 8S by simply employing the 935 nm laser as 2nd step excitation laser, as described
in Subsec. 5.3.1.

4.8.3. Optical Cavity
For the frequency stabilisation of the two Rydberg excitation lasers at wavelengths
of about 323 nm and 800 nm, we employ medium-finesse Fabry-Pérot cavities [218].
The design of the optical four-port cavity is adapted from Ref. [97]2. Here, we control
the length of two out of the four cavities with the help of a pair of piezo-electric
ring actuators [97], but the other two ports have a non-tunable mirror separation.
Instead, we employ EOPMs3 before the two cavity ports of the Rydberg lasers in
order to create a tunable offset-lock for Rydberg spectroscopy as described later
in this subsection. A likewise but single-port dual-colour cavity for the frequency
stabilisation of two Rydberg excitation lasers for Rb is described in Ref. [219].
In order to keep the crucial mirror separation as constant as possible, we employ

a ZERODUR® 4 block as distance-preserving spacer due to the ultra-low thermal
expansion coefficient of this glass ceramic. The averaged linear thermal length
expansion coefficient of the ceramic between 0 . . . 50◦ is specified to be α = (0 ±
0.020) · 10−6 K−1. Given the length of the block of L = 100(1)mm, the interference
condition for a standing wave inside a resonator demands that the cavities’ free
spectral ranges amount to FSR = c

2L ≈ 1.5GHz, with the speed of light c [218].
The four pairs of mirrors5 with wavelength-adapted coatings have their reflectivity

specified to be R = 99.5(0.35) % towards the inner of the cavity, and by an AR
1Jenoptik, phase modulators PM785
2Design originates from research group of
Prof. F. Schmidt-Kaler in Mainz, Germany.

3electro-optic phase modulators

4glass ceramic by SCHOTT AG, Advanced Op-
tics, Mainz. Expansion Class 0.

5Altechna, material: UVFS.
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coating RAR < 0.25 % outwards. Neglecting losses within the cavity, the finesse is
determined solely by the reflectivity R1 of the cavity mirrors [218]: F = π

√
R

1−R ≈ 627.
The finesse F is the quality factor of the optical resonator, given by the ratio of free
spectral range FSR to linewidth δν. The cavity linewidth, as the full width at half
maximum of the resonances, can thus be estimated to be δν = FSR

F ≈ 2.4 MHz.

Building
The cavity mirrors of 12.7+0

−0.1 mm in diameter are concentrically glued onto the
10mm wide bore apertures as shown in Fig. 4.27 to form a stable plano-concave
resonator configuration: the front mirror is plane and the radius of curvature of
the concave rear mirror is -250mm ±2%. This is chosen such that to not fall onto
the edge of the resonator stability diagram [218]. This mirror configuration has the
advantage of being rather insensitive to misalignment of the mirrors’ optical axes,
thus simplifying both positioning of the mirrors for glueing and coupling into the
fundamental cavity mode. To mode-match the incoming laser beam to the cavity’s
fundamental Gaussian mode, we employ a lens and the out-couplers’ fine-adjustment
focus to create an intermediate focus and match the beam waists [218], as sketched
in the optical laser setups Fig. 4.25 and Fig. 4.26.

Figure 4.27.: Technical drawing of the cavity spacer. All measures are specified in
millimetre and with respect to the important symmetries. Four bores of two kind serve
as cavity ports and are drilled entirely though the Zerodur® glass ceramic. Each of them
has a ventilation hole since the cavity mirrors will be glued onto their apertures.

1Note that reflectivity is ratio of reflected to incoming intensities R = I
I0
.
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Special care is taken to only put a tiny drop of glue with, e.g., the hypodermic
needle of a syringe to three small spots next to the mirrors lying on the upright spacer
block. Glue leaking between the mirror and the Zerodur spacer will tilt the mirror
and lead to thermal changes of the resonator length. We use UV-hardening glue1

of low shrinkage during curing, low thermal expansion coefficient and outgassing
rate. Moreover, the UV-hardening has the advantage of being quick and allowing
for high operating temperature upto 200◦ for a bake-out of the vacuum system. To
simultaneously and homogeneously harden the three epoxy glue spots of every single
mirror independently, we use a UV lamp2.

Figure 4.28.: Photograph of the assembled four-port cavity before closing its vacuum
chamber. The view onto the back side of the spacer shows two ports with mirrors only
which we use for the two offset sideband locks of the Rydberg excitation lasers, and
two ports with white ceramics around the mirrors which house the ring piezo-actuators
connected with the insulated copper wires. The mirrors have reflective coatings designed
for the lasers at wavelengths of (bottom) 800 nm, (right) 646 nm, (top) 671 nm, and (left)
935 nm. The glass ceramic spacer rests on four black rubber balls, recessed into the PEEK
braces. The three spots of UV-hardened glue are visible around the blank mirrors.

To improve the passive thermal stability of the cavity spacer, we employ two
common techniques: we minimise thermal convection by enclosing the cavity in a

1Epoxy Technology, EPO-TEK® OG142-112,
UV Cure Optical Epoxy.

2Panacol UV-H250. Thanks to Gertjan Bon,

Glass Instrumentation of Technology Centre
at FNWI, UvA.
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vacuum system; and lower the thermal conduction by minimising the contact area
with small, thermally insulating resting points. The photograph of the four-port
cavity in Fig. 4.28 displays the symmetrical mount of the cavity spacer on four
Viton® rubber balls1, thereby reducing effective deforming forces. The balls rest
within taper bores in two supporting braces made of PEEK2, temperature-resistant
and thermoplastic plastic polymer of low thermal conductivity.
The whole cavity spacer block rests within a shortened reducer tee3 to facilitate

optical access on both sides. Onto the upwards pointing minor flange, we attach a
small cross reducer4 to which we connect an ion pump5 to maintain the vacuum, a
valve6 to connect a turbo pump for initial pumping and for baking, and an electrical
feedthrough7 rated upto 500V to connect the piezo elements of two of the four
cavities. We use a special UHV-compatible solder8 to fix the Kapton-insulated
copper wires9 to the piezo elements and the copper pins connecting to the vacuum-
sided Sub-D connector10. Details on the arrangement and control of the ring piezo
elements11 can be found in Ref. [97]. Here, we focus on the description of the two
cavity ports operated with the help of EOPMs as explained below.
To serve as front entrance into the vacuum cell, a customised blank flange12 is

equipped with four wavelength-selected AR coated entrance windows13. They are
glued with an epoxy adhesive14 of comparatively low outgassing rate [220] into
counterbored holes which are drilled under an angle of about 5◦ with respect to
the optical axes to prevent interference effects. On the back side, we install a
window flange15 enabling us to observe the cavity modes on simple CCD webcams
from which we removed the objectives, the cavity mode cams. The photo of the
assembled cavities in Fig. 4.28 was taken from the back side with the window flange
still open to air. It shows two types of cavity ports: two for standard PDH lock
with white ceramcis covering the ring piezo-actuators, two with only mirrors for
the tunable offset sideband lock of the Rudberg lasers. The cavities are designed
for laser wavelengths of (bottom) 800 nm, (right) 646 nm, (top) 671 nm, and (left)
935 nm.
We clean the parts going into the vacuum chamber such as electrical wires, pins

and connectors, ring piezos, ceramics, and the spacer in appropriate solvents in an
ultrasonic bath [97]. For sealing the vacuum chamber, we use standard oxygen-

1Hielscher Dampfmodelle, Viton balls of diam-
eter 4mm.

2Polyether ether ketone
3Hositrad, Reducer Tee, FTR100/35R, Flange
Major NW100CF and Minor NW35CF,
shortened to total length of 200mm, stain-
less steal 304.

4Hositrad, Cross Reducer 4-Way, FXR35/16R,
Flange Major NW35CF and Minor
NW16CF.

5Agilent, 9190520, 2 l/s ion pump with mini
CF flange.

6VAT, “Easy close” all-metal angle valve,
54124-GE02, flange DN16 CF-R

7Hositrad, Multipin Connector Sub D Type,
18607-01-CF, 9 pins, NW35CF

8Kester, Sn96.5Ag03Cu.5
9Allectra, UHV Kapton Wire 0.14mm, 311-
KAP-014-10M, 2 kV.

10Hositrad, Multipin Connector Sub D Type,
16810-01-A, Vacuum Side - Female

11Ferroperm, Pz26.
12Hositrad, Flange Blank NW100CF, CF100/B.
13Thorlabs, N-BK7 Broadband Precision Win-

dow, AR coating, each two of 350-700 nm,
650-1050 nm, respectively.

14Epoxy Technology, EPO-TEK® 353ND, High
Temperature Epoxy

15Hositrad, Viewport Zero-Length Glass, HVP-
4000, Flange NW100CF, Borosilicate (Ko-
dial).
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free high thermal conductivity, vacuum-annealed copper gaskets of respective size.
We perform helium leak testing to a level of 10−10 mbar partial pressure to detect
potential leaks in, e.g., the customised viewports. Without bake-out, we only achieve
pressures as high as about 3 · 10−5 mbar with the valve closed, which is too high
for only the ion pump to maintain permanently. We thus perform a bake-out of
the whole cavity vacuum chamber by wrapping it in heating bands and thick layers
of aluminium foil, and connecting it to a pumping station with turbomolecular
pump and mechanical diaphragm pre-pump1. Within three hours, we heat up the
chamber to about 60◦C and leave it pumping over night. We then increase the
temperature to about 95◦C within three hours and after half a day lower it to about
90◦C for continuous bake-out over three days. We step-wise ramp down the heating
within three hours, lowering the temperature to about 30◦C. From here on, we
carefully start removing aluminium foil and let the vacuum chamber adapt to room
temperature over night. After baking the vacuum cell, we reach pressures as low as
2 · 10−6 mbar, close the valve to the pumping station and observe the pressure rise
to about 7.5 · 10−6 mbar. In the course of several days, the pressure lowers to its
final value of about 3 · 10−6 mbar, thus one order of magnitude lower than before
bake-out. It is only maintained by the ion pump, which doesn’t induce vibrations.
Note that pressures are derived from the ion pump current.
For additional thermal insulation, we wrap the whole vacuum cell in insulation

foam2 and cut out holes as apertures for the laser beams. On top of these passively
thermally stabilising measures, we also employ a home-made temperature stabilisa-
tion based on a NTC thermistors3, a PID controller with unipolar power amplifier
and heating elements4 glued to the surface of the vacuum cell.

Tunable Offset Sideband Lock
The length of the optical resonator serves as relative frequency reference. Deviations
in laser frequency can be detected by measuring the reflection of the resonator. The
cavity resonance is symmetric in frequency and contains thus no info on the direction
of deviation, but the phase progression of the light field around the resonance is
asymmetric and thus contains info on the direction of deviation. This is essential to
give feedback. One can modulate sidebands far from resonance where the phase of
the sidebands is frequency-independent such that they serve as reference for phase
shifts of the carrier. The phase of the sidebands is typically measured from the
reflection of the resonator via homodyne detection and can be used for creating an
error signal for feedback in the control loop. This is the so-called Pound-Drever-Hall
technique for laser frequency stabilisation [183, 184].
Instead of locking the two Rydberg lasers to a cavity resonance itself, we lock

it to frequency-tunable sidebands of the cavity resonance created with electro-optic
phase modulators. This PDH offset sideband locking [221] allows for wide frequency
scans as long as the bandwidth of the EOPM is larger than half the cavity’s FSR.

1Thanks to Dr. Benjamin Pasquiou, providing
equipment and help for the bake-out and
pumping station.

2Armacell, AF/Armaflex, 19mm thick.

3negative temperature coefficient thermal re-
sistors

4Standard 12V resistive heating elements for
car side-view mirrors.
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Figure 4.29.: Schematic of the tunable offset sideband lock of the first step Rydberg
laser to the medium-finesse cavity. The local oscillator (LO) of the PDH-type control
loop is mixed with a frequency-tunable RF source with 10MHz reference. An EOPM
creates movable sidebands with the previously modulated sidebands onto the laser beam
of the SHG at about 646 nm. The tunable sidebands reflected from the cavity are phase-
sensitively demodulated with the LO. A PID controller gives feedback to the current
modulation input of the master diode laser from the low-pass filtered error signal.

As sketched in Figs. 4.25 and 4.26, we split of a part of the laser light of both the
323 nm and 800 nm lasers to guide it to the four-port cavity and to the wavemeter.
Using optical fibres cleans the transversal mode structure of the lasers to Gaussian
beam profiles that we can efficiently couple into the fundamental TEM00 mode of
the cavity. Mode-matching optics improve the coupling efficiency and SNR1. The
inset in Fig. 4.25 shows an EOM which we use to generate sidebands at a tunable
offset frequency. The electro-optic phase modulator2 has a 1m long polarisation
maintaining single-mode fibre at input and output with FC/APC connectors. The
phase shift acquired within the integrated wave-guide based EOM is proportional
to the applied modulation RF voltage, ∆φ ∝ U . The half-wave voltage, generating
a phase shift of π, is about 4V in the used frequency range. Note that insertion
loss increases for small wavelengths λ mainly because of Rayleigh scattering, not
because of absorption. Therefore, use a model with rather smaller specified central
wavelength if in between specifications of two models. We use a half-wave plate
(λ/2) to adjust the linear polarisation along the fibre stress rods, the polarisation
maintaining elements within the cladding of the optical fibre.
As sketched in the schematic of the offset sideband lock to the optical cavity

in Fig. 4.29, the sideband-generating signal stems from a dual channel RF signal
generator, having a frequency range of 54MHz . . . 13.6GHz, and a 10MHz external
reference. This covers the FSR3 several times, allowing for wide tunability. Previous
to the EOPM, we mix it with a local oscillator at a frequency of 20MHz, creating
the sidebands for the PDH technique to the tunable sideband offset from cavity

1signal-to-noise ratio
2Jenoptik, fiber-coupled integrated optical

phase modulators PM635 and PM785
3free spectral range
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resonance. As in the standard PDH technique, the light is thus phase modulated
with the local oscillator (LO). We measure the reflection of the resonator with a
fast photodiode and monitor the transmission on a webcam for observation of the
spatial mode. We demodulate the detected reflection signal by mixing it with the
local oscillator, low-pass filter the signal and obtain an error signal that is fed into
a fast analogue PID controller1. From there, we give feedback to the modulation
input of the laser diode current. This offset sideband lock enables us to lock and
scan the Rydberg excitation laser frequencies for spectroscopy.
In case of the digital 800 nm TA laser, we also used a VCO23 and amplifier4 for the

generation of the locking sideband, because of switching and resetting issues of the
other signal generator. We calibrate the VCO to scan the cavity offset lock frequency
by scanning the analogue output voltage from the computer in an experimental
sequence or manually. We built in a fibre coupler with fine-focussing mechanism5

for better mode matching to the cavity fundamental TEM00 mode and suppressing
neighbouring modes.

1TOPTICA Photonics FALC 110
2voltage-controlled oscillator
3Mini-Circuits ZX95-850W-S+,

400 . . . 800MHz
4Mini-Circuits ZHL-2-S
5Schäfter+Kirchhoff 60FC-F-4-M8-10
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Atoms with Trapped Ions

In this chapter, we describe the merging of ultracold 6Li Rydberg atoms with Yb+

ions trapped in a Paul trap. First, we lay out the alignment process of the optical
dipole trap and atoms therein to the ions, and show that the latter are crystallised
within the overlapped atom cloud. Afterwards, we perform spectroscopy of the
two-photon Rydberg excitation, observing the intermediate 3P levels and Rydberg
levels.

5.1. Alignment of Atoms to Ions
In order to enable studying the hybrid atom-ion system, the atom cloud has to get
overlapped with the crystallised ions. As a matter of course, the variability of the
ions’ equilibrium positions is limited to the vicinity of the ion trap axis. Shifting
the ions too far away from the trap axis by applying additional DC electric fields
would otherwise cause excess micromotion, as investigated in Ref. [98]. This has to
be avoided to limit the kinetic energy of the ions and reduce the atom-ion collision
energy. We thus align the elongated, cigar-shaped atom cloud to the ion string.
All relevant optics and laser beam configurations around the main vacuum cham-

ber for the hybrid Rydberg atom-ion experiments are sketched in Fig. 5.1. The
individual lasers as well as the detection techniques required here have been de-
scribed in chapter 4. The atoms’ axial imaging beam indicated in Fig.5.1 originates
from the D2 laser (see Fig.4.18) and may deliver light for both absorption imaging of
the second, upper MOT as laid out in Subsec.4.5.2, and for high-field imaging in the
ODT as explained in Sec.4.7. We collect the ions’ fluorescence light from the top us-
ing an imaging objective with magnification 6.5(1), as detailed in Refs. [97, 98]. Via
a beam sampler we can simultaneously image on a PMT and an sCMOS camera for
better time-resolution or information on spatial light distribution, respectively. The
PMT’s aperture is equipped with two movable and adaptable slits which can be used
to reduce background counts and increase the signal-to-noise ratio. When moving
the ion or resonantly exciting its motion—as for the trap frequency measurements
in Subsec. 4.2.3—we open the respective slit slightly further.

For pre-alignment of the dipole trap laser beam to the ions, we overlap it with
the ions’ repump laser beam at 935 nm in front of the beam lift sketched in Fig. 5.1.
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Figure 5.1.: Top view onto the optical setup surrounding the horizontal cross section of
the main vacuum chamber at height level of ion trap centre and hybrid trapping region.
Sketch is not to scale and placing of elements partially adapted for better overview. Figure
is updated version from Refs. [97, 98].

The repump and thus also dipole trap beam can be aligned to the ions’ position by
maximizing their fluorescence when desaturated. As described in Ref. [98], a CCD
camera was used to measure the relative peak positions of the two beams behind
the PBS used for overlapping and behind the first focussing lens before entering the
vacuum chamber. The camera’s pixel size then limits their pre-alignment to about
10µm with respect to their intensity maxima. By blocking the dipole trap beam
after leaving the vacuum chamber, the incoming beam is further pre-aligned to the
ions by optimizing their fluorescence using the last mirror before the two overlapped
beams enter the chamber. Note that desaturating the repump transition will make
the ionic fluorescence more sensitive to the beam pointing of the 935 nm beam,
allowing to also pre-align the returning beam.

5.1.1. Optical Dipole Trap Alignment via Differential AC Stark
Effect on Trapped Ion

We make use of the fact that the centre of the atom cloud will—once loaded—be
at the position of highest intensity within the ODT laser beams. The idea for the
precise alignment of the dipole trap beams to the ions is then to perform a mea-
surement on the ions which is sensitive to the intensity of the ODT beams. Having
the 171Yb+ ion with a magnetic-field insensitive transition in its hyperfine qubit at
hand, we employ spin-echo microwave Ramsey spectroscopy to maximise the differ-
ential AC Stark shift induced by the dipole trap beams.
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Far-detuned laser light interacting with electronic states can be treated as a per-
turbation in second order of the electric field, i.e. linear in terms of the field inten-
sity [91]. The light shifts of the dark and bright states, as well as their differential
one are thus linear in laser intensity. The light shift is different for the two hy-
perfine clock states |0, 0〉 := |F = 0,mF = 0〉 (dark) and |1, 0〉 := |F = 1,mF = 0〉
(bright) of the 171Yb+ ground state 2S1/2 and their phases will thus evolve differ-
ently in time. This difference in phase evolution is detectable via a Ramsey-type
spin echo experiment. To do so, we need to prepare a coherent superposition of the
two involved hyperfine clock states.
As sketched in the experimental sequence in Fig. 5.2 [left], we first prepare a

Doppler-cooled ion and optically pump it into the |0, 0〉 state as described in Sec.4.4.
Second, a microwave π/2 pulse is applied to the qubit’s clock transition which results
in its superposition state |Ψ(0)〉 = 1√

2 (|0, 0〉 + |1, 0〉). When now illuminating the
ion with the ODT laser beams for a Ramsey wait time twait, the superposition state
and the relative phase φac will evolve as:

|Ψ(twait)〉 = 1√
2

(
|0, 0〉+ e−iφac(twait) |1, 0〉

)
, with (5.1)

φac(twait) =
(
∆E|0,0〉 −∆E|1,0〉

) twait
~

, (5.2)

where the differential AC Stark shift between the two hyperfine states, ∆E|0,0〉 −
∆E|1,0〉, and thus the acquired phase difference φac are proportional to the laser
intensity [91]. Further, the spin-echo sequence consists of a π-pulse followed by the
same waiting time twait with the dipole trap beams off, to avoid inhomogeneous
dephasing due to residual magnetic field noise. It is thus also called “refocussing
pulse” and applied to cancel the inhomogeneous dephasing and to only leave us
with the accumulated phase difference due to the differential AC Stark effect we
are interested in. By performing a second π/2 pulse, we transfer the acquired
phase difference φac into a detectable population difference. To measure the Ramsey
fringes [222], we scan the phase of the second π/2-pulse. We can do so by the phase-
coherent frequency switching of the arbitrary waveform generator mixed with the
microwave signal, which then coherently drives the hyperfine transition as laid out
in Sec. 4.4.
We measure with the phase of the second π/2-pulse shifted to 25 equidistant val-

ues and repeat the spin-echo Ramsey spectroscopy 50 times each to gain enough
statistics due to the projective measurement outcome. Fig. 5.2 [right] shows the
measurement result. Error bars are standard deviations. In order to compare
the measured differential AC Stark shift (orange, squares), we alternate with per-
forming the same spin-echo sequence but keeping the dipole trap beams turned off
throughout (blue, circles). We fit the evolution of population with a cosine (orange
and blue/dashed line, respectively) to determine the acquired phase shift. Vertical
dashed lines indicate the fitted maxima for better visibility.
After maximising the differential light shift by optimising the beam pointing of

both entering and afterwards returning dipole trap beam of each 25W of power with
the help of the piezo-actuated mirror mounts, we obtain differential light shifts of
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Figure 5.2.: Ramsey spin-echo interferometry for alignment of dipole trap laser beams
to ions. [left] The differential AC stark shift on the hyperfine clock transition of 171Yb+

due to the high-power laser is detected with a spin-echo sequence. [right] Differential AC
Stark effect with (blue, circles) dipole trap off for reference, and of (orange, squares) well
aligned dipole trap beams on trapped ion as described in the main text. The acquired
phase shift between the two clock states, proportional to the intensity, corresponds to a
differential light shift of 2π · 57(2)Hz.

2π · 57(2)Hz as displayed in Fig. 5.2. We can thus measure differential light shifts
as small as a few hertz on a microwave transition of about 12.6GHz. Note that the
radial position of the focus is very sensitive, but axially rather stable after proper
lens positioning.
There are three reasons for us to employ piezo-actuated mirror mounts: the radial

positioning of the dipole trap beam’s focus is very sensitive to the orientation of the
mirrors which we can compensate that way; it allows for compensation of small
temperature-induced drifts; and we can perform the alignment with the safety en-
closure closed, enabling optimization while running an experimental sequence. We
employ low noise high-voltage amplifiers for piezoelectric stack actuators to control
the two steering mirrors from the control computer via analogue voltages, as laid
out in Subsec. 4.6.4.

5.1.2. Atom Cloud–Ion Alignment via Collisional Ion Loss
So far, these have all been indirect measures for the overlap since we aligned the
dipole trap laser and not the atoms themselves to the ions. To directly measure and
guarantee that we have overlapped atoms and ions, we measure ion loss caused by
charge-transferring collisions with atoms. A close-by ultracold ground state atom is
attracted to a trapped ion due to the charge-induced polarisation potential. For an
inelastic Langevin-type collision, we can adapt the charge-transfer probability by
exciting the trapped ion to different electronic states. In Ref. [48], we determined
the ion loss probability per Langevin collision for the levels 2P1/2, 2D3/2, and 2F7/2,
for the 174Yb+ ion amounting to 0.50(4)(20), 0.030(1)(11), and 0.46(3)(16), with
first the statistical and then the systematic error specified. For the ground state
2S1/2, we determined an upper limit of the charge-transfer probability of ≤ 10−3.
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We trap one to three ions and Doppler-cool them during the preparation stages
of the atom cloud presented in Sec. 4.5. We record their fluorescence on a sCMOS
camera before loading and turning the dipole trap on. We fit Gaussian profiles to
the observed ions for position determination and counting in an automated fashion.
Afterwards, we load the ODT with atoms from the upper MOT, evaporatively cool
them to a desired temperature and atom cloud size. After an interaction time
of about 25ms, with the ions partially populating the upper level of the Doppler
cooling transition, 2P1/2, and thus enabling comparatively quick charge transfer,
we again image and count the ions. We repeat this for about 25 times per setting
of dipole trap beam pointings to gain enough statistics. We maximise the ion loss
by adapting the beam pointing of incoming and returning beam with the help of
piezo-actuated mirror mounts as depicted in Fig. 5.1 and explained in Subsec. 4.6.4.
Since the focii of the dipole trap beams are rather stable in the axial direction, we
can move the ions along their trap axis by changing the endcap voltage. This allows
us to quickly overlap atoms and ions on a daily basis.
The image series in Fig. 5.3 exemplifies an optimised overlap of atoms and ions.

In the first row, an ion is lost, but not in the second one. Then again, an ion is lost
before we take several shots without loosing one. The interaction time is adapted to
the charge-transfer probability and Langevin collision rate. After loosing the last ion
of the initially loaded three-ion string in the 7th run, the image appears brighter due
to auto-rescaling of the brightness to the overall small level of counts. We then auto-
load two or three ions for the following run. We do so by continuously radiating
Doppler cooling light and opening the mechanical shutter of the photoionisation
laser described in Subsec. 4.3.1 for as long as we do not have the respective count
rate of the freshly loaded ions detected by the PMT. Having the ions loaded, we
then return to the sequence of loading atoms and preparing them for overlap.
During the atom-ion collision experiments for alignment, we did not observe ions

turning dark. The ions thus did not leave the cooling cycle including repumper
as sketched in the level scheme in Fig. 4.111 due to Langevin collisions. Moreover,
we did not observe Li–Yb+ molecule formation2 Molecular Li–Yb+ ions could be
trapped in our Paul trap but they would appear dark due to different, non-accessible
cooling and imaging transitions. They could be distinguished from dark atomic Yb+

ions by either slowly reducing the trapping potential and observe when the dark ion
is getting lost by repositioning of bright ions or by measuring the crystal’s motional
eigenfrequencies. Instead, we only lose ions due to charge-transferring collisions.
This also holds for the Rydberg atom-ion experiments presented in chapter 6. There,
apparent ion loss can occur between two consecutive images: An ion might be kicked
away from the trap axis by a background gas collision, or initially not be cooled into
the trap centre during the loading phase and cycle on a large orbit. These ions can
return to the trap axis by re-cooling where we can image them, and suddenly an
additional ion seems to appear. Note that the re-cooling after orbiting is constant
over the Rydberg spectra scanned in chapter 6 and amounts to about 0.15 ions per
lost ion. We correct the counting of lost ions for this effect.

1The isotope used here, 174Yb+, does not
posses a hyperfine structure.

2Ultracold Li-Yb+ via collisions of Yb+ with
Li Feshbach dimers proposed in Ref. [223].
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Figure 5.3.: Image series of ion loss for atom cloud–ion alignment. We prepare an ion
crystal of one to three 174Yb+ ions and image their fluorescence on an sCMOS camera
before we load the optical dipole trap with atoms, and after an interaction time of 25ms.
We count the lost ions. Knowing the charge-transfer rate of the upper state of the Doppler
cooling transition, 2P1/2, and its average population, we can maximise the number of ion
losses due to charge-transferring Langevin collisions. With no ion remaining, the image
appears brighter due to auto-scaling.
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5.1.3. Ensure Ions are Crystallised Within Atom Cloud
During the interaction time of the atom cloud with the ions, we need to make sure
that the ions stay crystallised within the cloud. We start with the ions axially
displaced by about 400µm, such that they are trapped next to the ultracold atom
cloud. We can shift them along the aligned trap axes by applying a DC voltage
ramp to the endcaps. After the atom cloud got prepared at the proper position as
described above, we measure the fluorescence of the ion crystal outside of the cloud
with the PMT. Above a calibrated count threshold, we shift the ions into the atom
cloud using a voltage ramp to the position to which we aligned beforehand. After
the axial transport into the cloud, we re-cool the ions with a short pulse of Doppler
cooling light since they might have heated up.
The sCMOS camera is not fast enough to image the process of re-crystallisation of

the ion string inside the atom cloud. We thus need another measurement to observe
whether and, if so, how many of the ion strings melt during transport. In order to
not bias the counting statistics of ion loss due to charge-transferring collisions with
Rydberg atoms in chapter 6, we need to omit the data in which the ion crystals
melted.

The trick is to employ a dark ion of another Yb isotope trapped next to the
bright ion to which the laser frequencies are set such as shown in Fig. 5.4 [left]. If
the ion crystal melts, the ions may interchange their positions when re-crystallising.
Once crystallised, they will not interchange their position without background gas
collisions1. We thus trap a 174Yb+ ion which is being laser cooled continuously while
we set the isotope-selective photoionisation laser to the 1S0–1P1 line of the 173Yb
atom. The auxiliary 173Yb+ ion will be trapped and cooled sympathetically by the
174Yb+ ion, but it will remain dark. By identifying the positions of bright and
dark ion in an ion crystal, we can distinguish them. We can thus observe whether
they have rearranged during re-crystallisation. With a chance of 0.5, the two re-
crystallised ions will have interchanged position after melting, giving us an indication
how many ion strings melted. Fig.5.4 [left] displays an exemplary sequence of 6 pairs
of camera shots, each before and after the transport into the atom cloud. In all but
sequence number 4, the mutual arrangement of bright and dark ion is the same.
We repeat the transport experiment about 290 times to check for melting and

reconfiguration of the two ions. In Fig. 5.4 [right], we show in how many instances
the two ions interchanged positions. The position of the bright ion w.r.t. the dark ion
is tracked before and after transport as exemplified in [left]. In the few cases where
the (blue, solid) position before transport doesn’t match the (red, dashed) position
after transport, the crystal must have melted during transport. The actual number
of melting events is twice as large, about 3%, which we attribute to background gas
collisions during transport.

1This can be used to estimate the background gas pressure as presented in Ref. [98].
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Figure 5.4.: Melting of ion crystal due to transport determined by reconfiguration of
bright and dark ions. [left] Series of camera images taken before and after axial transport
of the ions. The centre of the two-dimensional Gaussian distribution of the fluorescing
174Yb+ ion is marked in red. The blue circle indicates the position of the dark 173Yb+

ion. In number 4, the two ions interchanged sites during transport and must thus have
melted. [right] Tracking of the bright ion’s site before and after transport for about 290
repetitions. The few cases in which the two lines do not match, correspond to position
interchanges during transport. The melting events occur twice as often, about 3%, due
to randomised positioning during recrystallisation.

5.2. Spectroscopy of the Intermediate 3P1/2 and 3P3/2
Levels

In order to excite the ultracold 6Li atoms to Rydberg states in our two-photon
scheme, we first need to find the intermediate levels 3P1/2 and 3P3/2. First, we thus
have to align the 1st step Rydberg laser at a wavelength of about 323 nm to the
atoms. Since we have aligned the atoms to the Doppler-cooled ions, we align the
323 nm beam to the counter-propagating ions’ Doppler beam as sketched in Fig.5.1.
We overlap the two beams right at the first mirrors before the entrance and after
the exit viewports, respectively. It is done by optimizing the vertical beam lift and
the two half-inch mirrors’ positioning and orientation. This ensures that the beam
doesn’t hit the ion trap blades.
To initially search for excitation to the 3P levels, we employ a collimated beam

with a diameter about 1mm. We shine it onto cold atoms trapped in the magnetic
trap at the height level of the ODT, because there, the cloud’s Gaussian radius is
about 1mm and thus easier to hit. We use a power of about 3.8mW of 323 nm
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light, measured at the entrance viewport. While the Paul trap is switched off, we
perform a scan of the laser frequency around the expected values of the transi-
tion frequencies reported in Ref. [224]: 30925.0764(10) cm−1 for 2S → 3P1/2, and
30925.1728(10) cm−1 for 2S → 3P3/2. These values are given from the centre-of-
gravity of the hyperfine structure of the 2S1/2 ground state. We scan the laser
frequency by applying a control voltage via an isolated amplifier to the piezo actu-
ator of the master ECDL which gets frequency-quadrupled as sketched in Fig. 4.25.
The 323 nm laser is thus not locked to the cavity for this scan, but we observe
the laser mode to not hop using a webcam. We calibrate the control voltage to
wavemeter readings, the wavemeter having a specified accuracy of 30MHz.
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Figure 5.5.: Spectra of possible intermediate 3P levels for the two-photon Rydberg exci-
tation scheme in the magnetic trap. [left] 3P1/2 resonance, and [right] 3P3/2 resonance
in magnetic trap. We record the atom number with absorption imaging and scan the 1st

step laser at about 323 nm. We fit a (orange, dashed) Gaussian dip to the atom loss
feature of the respective state. Transition frequencies and details in text.

To find the transitions, we irradiate the 323 nm light for about 1ms and record
the atom loss it causes from the magnetic trap by an absorption image series at
each detuning ∆323 from resonance. We make about 230 steps with 2.8MHz step
size and the resulting scans are plotted in Fig. 5.5. The error bars in atom number
are standard deviations computed from the background signal away from resonance.
We fit a (orange, dashed) Gaussian dip to the data to extract the positions f0 and
widths σ of the resonances:

N(f) = N0 −Nloste
− (f−f0)2

2σ2 , (5.3)

with N0 the background atom number off from resonance, and Nlost the lost number
of atoms on resonance. We shift the data and plot it as a function of the detuning,
here ∆323 = f − f0. Note that we optimised the atom number between the two
scans.
For the 3P1/2 level, we find 927.11024(6) THz with a 1-σ Gaussian width of

22(2)MHz; and for the 3P3/2 level 927.11315(6) THz with a 1-σ width of 28(2)MHz.
From this, we obtain a fine structure splitting of 2.91(8)GHz, which lies within the
literature value of 2882.70(15)MHz [225]. We specify the dominating systematic
error by the wavemeter reading for the position of the resonance frequencies, but
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the statistical error from reproducibility of experimental conditions is only about
1.5MHz. It is worth mentioning that we do not aim at precise spectroscopy here,
but will detune the Rydberg excitation lasers from the intermediate transition in
the two-photon excitation scheme. Nevertheless, we can guarantee the overlap of
the 1st step Rydberg laser with the atom cloud by looking for atom loss at resonance
from the trap and imaging transition.
We perform similar spectroscopy on the atoms after trapping in the ODT and

evaporatively cooling them to about 50µK as laid out in Subsec.4.5.3. We focus the
beam into the ion trap centre and reduce the beam waist to about 200µm. This is
large enough that the beam still covers the whole radial extension of the atom cloud
of about 50µm. We first coarsely scan the laser frequency by applying a voltage to
the piezo-actuator of the ECDL, using a long pulse of laser light at 323 nm of about
1ms to oversaturate the transition for easier searching due to the broadening of the
atomic resonance. Having identified the resonance, we set the offset lock frequency
of the 1st step laser as explained in Subsec.4.8.3 such that the atomic resonance is on
the design frequency of the double-pass AOM sketched in Fig. 4.25. We reduce the
pulse length to 5µs to reduce linewidth broadening. By reading of the wavemeter
and adding the AOM frequency shifts, we find the 32P1/2 resonance at a frequency
of 2 · 463.55500(3)THz + 2 · 110MHz, yielding 927.11022(6)THz in total. The
resonance of the 32P3/2 level has an SHG wavemeter reading of 463.55657(3)THz,
thus amounting to 927.11336(6)THz from the ground state 2S1/2, F = 1/2.

5.3. Spectroscopy of Rydberg States

5.3.1. Low-Lying 8S1/2 Rydberg Level

Having identified the intermediate 3P levels for the two-photon excitation scheme,
we now turn to an initial attempt of exciting the ultracold lithium atoms to a higher-
lying S state. For convenience and feasible alignment, we here first try to excite
the atoms to a comparatively low-lying Rydberg S level with the repurposed ions’
repump laser which originally runs at a wavelength of 935 nm. Proper alignment of
this 2nd step laser onto the atoms is then easily achieved by aligning the atoms onto
the ions as described in Sec. 5.1 and also the ions’ repumper onto the ions. For this,
we use the axial repumper beam sketched in Fig. 5.1 and desaturate the transition
to observe a change in fluorescence when changing its beam pointing. Then, the
only modification needed is to change the repumper’s wavelength from the ionic
repumping transition close to the 6Li atom’s 3P3/2 → 8S1/2 transition.
The total transition energy of the two-photon process 2S1/2 → 8S1/2 amounts

to 1246.74186(2)THz, corresponding to the wavenumber of 41586.8322(8) cm−1 cal-
culated in Ref. [114]. By adjusting the optical feedback grating of the external
cavity laser, we thus set the ion’s repump laser wavelength to about 937.9 nm. Note
that the neighbouring 7S and 9S states require a wavelength of about 995.8 nm and
902.7 nm, respectively, which already lies out of the coarse tuning range of the diode
laser.
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We estimate whether the hyperfine structure will be resolved for the investigated
8S1/2 state. By comparing the scaling of the hyperfine structure splitting with the
effective principle quantum number n∗, ∆EHFS ∝ (n∗)−3 [101] (see Eq. 2.13), to
the known splitting of the ground state, we can estimate the splitting of states with
higher principal quantum number n:

∆EHFS(nS1/2) ≈ ∆EHFS(2S1/2)
(
n− δn,0, 1

2

2− δ2,0, 1
2

)−3

. (5.4)

Together with the quantum defects δnlj determined from Ref. [124] and given in
Tab.2.2, this yields approximately ∆EHFS(8S1/2) ≈ 2 MHz which we cannot resolve
in the experiment. Note that we consequently also won’t be able to resolve the
hyperfine structure splitting in the 24S1/2 state, which according to Eq.5.4 amounts
to about 70 kHz, in the respective experiments described in chapter 6.
As sketched in Fig. 5.6 [left], we blue-detune the 1st step laser by about δ ≈

500MHz from the 3P3/2 state to not populate the intermediate level. We thus set
the frequency of the frequency-doubled, but not yet quadrupled FHG laser to be
at 463.55671(3)THz on the wavemeter by adjusting the offset lock point to the
optical cavity with the help of the fibre-coupled EOMs (see Subsec. 4.8.3). With a
beam waist of about 200µm and a power of 2.7mW, we estimate the resonant Rabi
frequency of the 1st step laser to Ω323 ≈ 9MHz.
We reduce the beam spot size of the 2nd step laser by employing a large aperture

fibre coupler1 in combination with a focussing lens of f = 300mm, resulting in a
beam waist of about 100µm in the centre of the ion trap. Since the ions’ repump
laser is not locked to a cavity, we scan its frequency by applying an additional DC
voltage to the scanning piezo of its external cavity. Beforehand, we ensure the
laser doesn’t mode-hop within the scanning range. We track the frequency on our
wavemeter.
After evaporative cooling of the atoms in the ODT, we trap about 100(5) · 103

atoms at a temperature of about 40(10)µK, determined by state-selective high-field
imaging as described in Sec.4.7. The Paul trap is turned off and the helical resonator
disconnected. We continuously shine the 937.9 nm light and apply a 50ms pulse of
323.4 nm light at each two-photon detuning ∆ after switching off the dipole trap
and magnetic fields in the sequence. After the Rydberg excitation pulse, we turn
both back on for absorption imaging in high fields to determine the atom number.
When scanning the 2nd step laser over the resonance as described above, we obtain

the spectrum of the 8S1/2 state as shown in Fig. 5.6 [right], where ∆ is the two-
photon detuning. As error for the atom number, we choose to use the variation of
atom number due to preparation of the cloud in the background far from resonance.
For this, we compute the standard error of the first 3 measurements within the
scan, i.e. at most negative detuning ∆. The dip in atom number stems from loss
of atoms due to excitation to which we fit a Gaussian line shape as before. Its
position corresponds to a frequency of 319.6283469(5)(300)THz for the 2nd step
laser at about 937.9 nm. The standard error of the resonance position is 0.5MHz,

1Schäfter + Kirchhoff 60FC-F-4-M15-37
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Figure 5.6.: Two-photon excitation of 6Li to 82S1/2 by repurposing the ions’ repump
laser. [left] Reduced level scheme of 6Li for the two-photon excitation to 82S1/2, not
to scale. We detune by δ = 500MHz from the intermediate 32P3/2 level and use the
frequency-adapted repump laser of the ions to drive the upper transition. [right] Spectrum
of the 82S1/2 level. We scan the two-photon detuning ∆ as described in the text and
record the atom loss near resonance to which we fit a (orange, dashed) Gaussian dip. The
1-σ resonance width is 9.2(5)MHz. Note that the unresolved hyperfine structure amounts
to about 2MHz.

while the systematic error in the determination of the involved frequencies stems
for the wavemeter readings, amounting to about 30MHz. The resonance’s width is
given by a standard deviation of 9.2(5)MHz. Over all, including the two AOMs, we
thus excite to 8S1/2 from 2S1/2 |F = 1/2〉 employing a total two-photon frequency of
about 1246.74205(8)THz. Adding 2/3 of the ground state hyperfine splitting to the
theory value which is determined between the centre-of-gravity of the ground state
and 8S, results in an about 30MHz too high frequency measured in the experiment
which matches the theoretical value well within error.

5.3.2. Observing Autler-Townes Splitting
We want to generate and observe Autler-Townes splittings, because it is in principle
easier to find a two-photon resonance by observing an effect on the intermediate
state of the 3-level ladder system shown in Fig. 5.6 [left], and moreover to get an
estimate of the achievable Rabi frequencies.
An intense AC electric field on an atom shifts the energy levels due to the AC

Stark effect. Assuming a laser to strongly couple two bare eigenstates of the atom
close to resonance ω0, i.e. with small detuning ∆� ω0, the system can be described
as two shifted states in the dressed-state picture [199]. This near-resonant AC
Stark effect is known as Autler-Townes effect. The energy eigenvalues of the two
dressed states follow the relation E± = −~∆

2 ±
~
2
√

∆2 + Ω2, and are plotted in
Fig.5.7. In the laboratory, only the energy gap, ∆E = ~

√
∆2 + Ω2, between the two

dressed states is accessible. This is the Autler-Townes splitting and amounts to the
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effective coupling strength between the strongly coupled states. On resonance, the
energy splitting amounts to the Rabi frequency Ω between the two upper strongly
coupled states. In a pump-probe experiment, a weaker probe laser couples the lower,
third, state to the two dressed states and is scanned, having a detuning ∆ from the
intermediate state.
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Figure 5.7.: Autler-Townes splitting for two strongly coupled atomic levels. The energy
eigenvalues of the dressed states E± are plotted as a function of the detuning from the
two-photon resonance ∆. Both energy shift and detuning are given in units of the Rabi
frequency Ω. On resonance, the Autler-Townes splitting is given by the Rabi frequency,
∆E(∆ = 0) = Ω, indicated by the orange arrow.

In order to generate strong AC stark shifts that lead to observable Autler-Townes
splittings under appropriate conditions, we need to create sufficiently strong laser
coupling of the ladder system’s two upper states. We thus focus the 2nd step laser
to a waist radius of about 100µm to increase its intensity while still guaranteeing
the beam to be significantly larger than the atom cloud. Forced evaporation is
thus used to shrink the atom cloud to a radius of about 30(10)µm, being the stan-
dard deviation of the Gaussian curve fitted to the absorption images, as explained
in Sec. 4.7. We then end up with a cloud of roughly 30 · 103 atoms at a temperature
of 40(10)µK.
With an estimated waist of the 1st step laser of about 200µm at the atoms and

a power of 2.7mW measured in front of the beam entrance viewport, we expect a
Rabi frequency of approximately Ω323 ≈ 9MHz on the lower transition. This is large
compared to the natural linewidth of the intermediate state of about Γ3P ≈ 750 kHz.
Initially, overlap of the 1st step laser with the atom cloud is found and optimised by
maximizing the atom loss signal from the intermediate 3P3/2 state in the magnetic
trap, since this can be done in real time from shot to shot without opening the
experiment’s safety enclosure and thus being exposed to the high-power IR dipole
trap laser. We then take 1-photon loss spectra of the evaporated atom cloud and

107



5. Merging Ultracold Rydberg Atoms with Trapped Ions

reduce the pulse length of the 1st step laser to not suffer from saturation broadening.
Employing a pulse length of 5µs by switching the double-pass AOM, we observe the
minimal width while still obtaining a good signal-to-noise ratio in the atom loss
spectra. We compensate for remaining magnetic fields from previous magnetisation
and switching of the coils by optimizing the compensation coil currents applied
during the excitation pulse until we reach a minimum width of the intermediate
state’s loss feature. An example of this is shown in the inset of Fig. 5.8.
In the interest of observing an Autler-Townes splitting of the two upper strongly

coupled states, we set the 937.9 nm laser on resonance with the 3P3/2–8S1/2 transi-
tion at a frequency of 319.628588THz and scan the frequency of the 1st step laser.
Its onefold frequency-doubled light is locked to 463.55659(3)THz, and we scan the
double-pass AOM in a frequency range of fAOM,323 nm = 2·(100 . . . 125)MHz in steps
of 2 · 0.5MHz. After maximizing the coupling on the upper transition by adjusting
the 937.9 nm laser beam pointing via a piezo-actuated mirror mount, we actually
reduce its power from approximately 17mW to 4mW to be able to see both outer
loss dips on the recorded spectrum, displayed in Fig. 5.8.
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Figure 5.8.: Autler-Townes splitting of the 8S state in lithium-6. The atom number
data (blue) is obtained by scanning the double-pass AOM frequency of the 1st step laser
fAOM,323 nm, and shows three dips to which we fit three superimposed Gaussian curves
on a common background (orange, dashed). Their positions are indicated by the vertical
orange lines. Loss from the intermediate state of the 3-level ladder system, and imperfect
coupling to some of the magnetic hyperfine states, results in the non-vanishing central
dip. We expect the two outer dips to be non-symmetric around the central one, because
of laser frequency drift and thus varying Autler-Townes splitting over the duration of the
entire frequency scan. The inset shows the atom loss spectrum with the 2nd step laser off
for reference (gray), having the identical axes scaling.
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Assuming no loss from the intermediate state of the 3-level ladder system, and
perfect coupling to all magnetic hyperfine states, we do not expect to see the central
dip. However, due to the minimization of the magnetic field, the polarisation is not
clearly defined, leading to different and unknown coupling strengths between the
distinct magnetic hyperfine levels. Furthermore, loss from the intermediate state
seems to not be negligible (ratio of Rabi frequencies). Moreover, it is clearly visible
that the two outer atom loss dips are not equally spaced around the central one.
This stems most likely from a frequency drift of the 2nd step laser: With increasing
detuning, the Autler-Townes splitting increases, resulting in an effectively larger
energy gap between the two strongly coupled states as can be seen in Fig. 5.7.
Since the scan starts at low AOM frequencies, we assume to have the specified
experimental conditions without drifted lasers frequencies at least on the red side
of the spectrum, which is why we use the frequency difference between the left and
central atom loss dip for an estimate of the Rabi frequency, i.e. the Autler-Townes
splitting on resonance. A fit of three superimposed Gaussian curves on a common
background (orange, dashed) to the experimental data (blue) reveals a splitting that
amounts to Ω ∼ 2π · 23.6(1.4)MHz.

For comparison, we record the same spectrum, but with the 2nd step laser turned
off, shown in the inset of Fig. 5.8. The data (gray) is plotted with identical axes
scaling as the main plot and only exhibits one central atom loss dip. From this, we
can confirm that the influence of the 937.8 nm laser on resonance is indeed to create
some Autler-Townes splitting.
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between Trapped Ions and
Ultracold Rydberg Atoms

This chapter is based on the publication “Observation of Interactions between
Trapped Ions and Ultracold Rydberg Atoms”, Phys. Rev. Lett. 122, 253401 (2019)
by N.V.Ewald, T. Feldker, H.Hirzler, H.A. Fürst, and R.Gerritsma [153].
We report on the observation of interactions between ultracold Rydberg atoms

and ions in a Paul trap. The rate of observed inelastic collisions, which manifest
themselves as charge transfer between the Rydberg atoms and ions, exceeds that of
Langevin collisions for ground state atoms by about three orders of magnitude. This
indicates a huge increase in interaction strength. We study the effect of the vacant
Paul trap’s electric fields on the Rydberg excitation spectra. To quantitatively
describe the exhibited shape of the ion loss spectra, we need to include the ion-
induced Stark shift on the Rydberg atoms. Furthermore, we demonstrate Rydberg
excitation on a dipole-forbidden transition with the aid of the electric field of a single
trapped ion. Our results confirm that interactions between ultracold atoms and
trapped ions can be controlled by laser coupling to Rydberg states. Adding dynamic
Rydberg dressing may allow for the creation of spin-spin interactions between atoms
and ions, and the elimination of collisional heating due to ionic micromotion in
atom-ion mixtures.

6.1. Introduction
On ultracold neutral atoms, Rydberg excitation has been employed to engineer
both the interaction strength and range [37, 226–230]. The resulting long-range
interactions find applications in studying quantum many-body physics [231] and in
quantum information processing [232]. In the same spirit, it has been proposed to
control the interactions between atoms and trapped ions by coupling the atoms to
Rydberg states [135, 145, 160]. Since the polarisability of Rydberg atoms scales with
the principle quantum number n to the power of seven, the charge-induced dipole
interactions between atoms and ions are orders of magnitude larger for Rydberg-
coupled atoms, and the range over which the interactions are relevant can extend
over tens of micrometers. Furthermore, Rydberg dressing may allow tuning the
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polarisability of the atoms without losses due to the finite lifetime of Rydberg states,
in analogy to schemes in neutral atoms [127–129, 134, 170, 233]. Dynamic control
over the Rydberg-dressed atom-ion system would allow for the creation of atom-ion
spin-spin interactions [135] and tailoring of repulsive atom-ion interactions. The
latter suppresses micromotion-induced heating [160] which has formed the major
limitation in creating ultracold atom-ion mixtures [60, 168].
In this chapter, we report on the observation of interactions between single 174Yb+

ions in a Paul trap and a gas of ultracold 6Li atoms excited to the Rydberg states
24S and 24P. We study the effect of the vacant Paul trap by observing atom loss
after Rydberg excitation. We fit the observed loss spectrum with a model taking into
account the independently measured electric fields of the Paul trap. By juxtaposing
the number of trapped ions counted before and after Rydberg excitation in the
hybrid trap’s centre, we obtain an ion loss rate. We identify the ion loss with
charge transfer following an inelastic collision between a Rydberg atom and an ion.
Comparing this loss rate to the one of ground state atoms colliding with ions in the
2D3/2 state – for which we measured the charge exchange rate before [48] – we infer
an ion loss rate that is at least 1.1(4)·103 times higher than the Langevin collision
rate of ground state atoms. This indicates a huge increase in interaction strength.
We fit the spectral shape of the ion loss with a classical model of colliding Rydberg
atoms and ions, taking into account the finite lifetime of the Rydberg state and
the Rydberg atoms’ Stark shift induced by the electric fields of both the ion trap
and the trapped ion. Finally, we excite the atoms to the Rydberg state 24P via a
dipole-forbidden transition. We explain these results by the admixing of the nearby
24D state due to the intense electric field of the ion in its vicinity, such that the
transition to the Stark-shifted state becomes allowed.

6.2. Setup & Procedure
Our experimental setup is described in chapter 4, with further details in Refs. [97,
98, 176]. In short, we prepare a cloud of 6Li atoms in a MOT about 20mm below
the centre of our Paul trap, magnetically compress and transport it there, and
apply a second MOT stage to increase its phase space density. Next, the atoms are
optically pumped into an equal spin mixture of the ground state’s lower hyperfine
manifold |22S1/2, F = 1/2〉, and loaded into a crossed optical dipole trap, as sketched
in Fig. 6.1a. To perform forced evaporative cooling, we increase the scattering length
between atoms in the two magnetic hyperfine levels by applying a magnetic field of
663G [234, 235]. We evaporate the atoms down to a temperature of T ≈ 15µK in
about 1.5 s by lowering the laser power of the ODT, ending up with up to Natom ≈
105 atoms at a peak density of ρ = Natom/((2π)3/2σxσyσz)) ≈ 105/((2π)3/221 · 47 ·
250)µm−3 ≈ 2.6·1016 m−3, σi being the Gaussian widths in the respective direction.
The cigar-shaped atom cloud is imaged along the common trap axis z.
As depicted in Fig. 6.1(b), we perform two-photon Rydberg excitation of 6Li to

the 24S state via the intermediate 32P3/2 state from which we red-detune by δ ≈
40(10)MHz. To achieve this, laser pulses at 323.4 nm and 808.8 nm are applied while
the ODT and all magnetic fields are switched off. The two-photon Rabi frequency
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Figure 6.1.: Overview of the experiment. (a) Sketch of the setup. The ions are trapped
in a Paul trap (grey) consisting of four blade electrodes and two end caps, where they
are Doppler-cooled with light at 369 nm (blue). A repumper at 935 nm (red) prevents
population trapping in a metastable state. We image the ions’ fluorescence onto an
sCMOS camera and a PMT. The atoms are trapped in a crossed-beam optical dipole
trap (turquoise) at 1070 nm, which we shine into the ion trap through apertures in its end
caps. We detect the atoms by absorption imaging with resonant light at 671 nm (light
red). (b) Simplified level scheme of 6Li. We populate the Rydberg state 24S (and later
24P) by two-photon excitation via the intermediate 32P3/2 level. The light at 323.4 nm
(violet) is detuned from the 22S1/2 → 32P3/2 transition by about δ ≈ 40(10)MHz, while
the 808.8 nm laser (red) is scanned over the Rydberg resonances (∆).

Ωeff ≈ Ω323.4Ω808.8/(2δ) is on the order of 1MHz. In order to perform spin-selective
detection of the atoms, we subsequently switch the magnetic field to 767G as laid
out in Sec. 4.7. Rydberg excitation is observed as a loss of atoms in the upper spin
state of the ground state’s lower hyperfine manifold, |22S1/2, F = 1/2,mF = −1/2〉,
probed by absorption imaging on the 22S1/2 → 22P3/2 transition. We scan the
frequency of the second excitation laser at 808.8nm around the Rydberg levels to
obtain the spectra as functions of the two-photon detuning ∆.
We trap one to three 174Yb+ ions in our Paul trap, operated at a radio frequency

(rf) trap-drive frequency of Ωrf = 2π×1.05MHz. The dynamic stability parameters
q = 0.13(0.27) correspond to trap frequencies of ωx ≈ ωy ≈ 2π × 48(100) kHz
and ωz ≈ 2π × 13(27) kHz, respectively. We observe fluorescence by driving the
2S1/2 → 2P1/2 Doppler cooling transition at 369 nm. To quantify the ion loss due to
charge transfer, we count the number of ions before and after the interaction with the
Rydberg-excited atoms by imaging them onto an sCMOS camera, as illustrated in
Fig.6.1(a). We overlap atoms and ions by first maximising the differential AC Stark
effect of the ODT beams on the magnetic field-insensitive hyperfine qubit of 171Yb+

as detailed in Subsec. 5.1.1. We then maximise the ion loss rate of ions excited to
the 2P1/2 state colliding with ground state atoms as described in Subsec. 5.1.2.
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6.3. Results
6.3.1. Rydberg Excitation of 6Li Inside An Operating Ion Trap
Before performing hybrid Rydberg atom-ion experiments, the effect of the electric
ion trapping field on the Rydberg excitation has to be explored. This field is given by
EPT(r, t) = (∇Erf)r cos(Ωrft) (x,−y, 0)T + Es(r), with r = (x, y, z)T the position
of the ion, and (∇Erf)r = mqΩ2

rf/(2e), with m the mass and e the charge of the ion.
Note that the ion trap’s static field Es(r) is much smaller than the time-dependent
RF field, and vanishes completely at the location of the ion, making it negligible.
We change the radial RF electric field gradient of the vacant Paul trap, (∇Erf)r ≈
q · 3.9 · 107 Vm−2 [83], and observe the line shape of the Rydberg loss spectrum
as presented in Fig. 6.2. Note that we achieve stable ion trapping for a stability
parameter q & 0.1.

Figure 6.2.: Effect of the Paul trap field on the Rydberg spectra of 24S. We measure
relative atom loss following Rydberg excitation at different stability parameters q ∈ [0, 0.4].
From q = 0.13 on, we see a modest asymmetric increase in resonance width. The results
agree with numerical simulations (shaded lines), assuming a radial size of the atom cloud
of σr = 25µm.

We fit the spectra with a model (described in detail below) which includes the
effects of the dynamic trapping field on the Rydberg state, convolved with the
minimum width, q = 0 in Fig. 6.2, due to laser frequency fluctuations, Doppler
broadening from thermal velocity distribution and Zeeman broadening from residual
magnetic fields. The weaker van der Waals Rydberg-Rydberg interaction amounting
to C6ρ

2/h ∼ 50 kHz, with C6 the dispersion coefficient [119, 139] and h Planck’s
constant, can be neglected. Our model is in good agreement with the experimental
results. Operating the trap using low trapping voltages q . 0.1, the aforementioned
broadening effects dominate the observed linewidths. For larger trap drive ampli-
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tudes up to q = 0.4, an asymmetric and broad, albeit clear, resonance is visible. The
increase of its red-side flank is predominantly attributed to the ion trap’s Stark shift
on the Rydberg state [119], which has a polarisability of α24S = 3.1·106 Hz/(V2/cm2)
that is a factor 7.6 · 107 larger than that of the ground state [110]. We conclude
that simultaneous trapping of 174Yb+ ions and Rydberg excitation of 6Li atoms is
feasible.

6.3.2. Stark-Shifted Rydberg Atoms Colliding with Trapped Ions

We now perform the experiment with ions loaded into the trap, for which we set
q = 0.13 and apply a laser pulse of length Tpulse ≈ 20µs to excite the atoms to
24S. Subsequent atom loss globally samples Rydberg excitation because of wide
laser foci spanning the whole cloud. The atom loss spectrum shown in Fig. 6.3(a)
exhibits a similar shape and width as compared to the corresponding case without
ions in Fig. 6.2 (q = 0.13, green). Note that the sightly higher probability is due to
higher saturation of the transition due to higher laser powers (see Subsec. 6.6.2).
Simultaneously, we are able to independently measure ion loss after the interaction

time. The long-range interaction potential between an ion and a Rydberg atom in an
n2S1/2 state has the form Via = −CnS

4 /(2r4
ia), for large atom-ion distances ria [135,

145]. Here, CnS
4 is the coefficient for charge-induced dipole interaction, proportional

to the atom’s scalar polarisability αnS. At closer range, the potential becomes more
complex as many avoided crossings between energy surfaces occur [135], leading
to inelastic processes such as charge transfer [236, 237]. A simple classical over-
barrier model of ion-Rydberg atom collisions predicts a charge transfer probability
of Pct = 0.5 per collision, because the relative velocity of the Rydberg atom-ion
system is much smaller than the velocity of the Rydberg electron, such that its final
position gets randomized [236]. As the 6Li+ ion is too light, it won’t be trapped,
since qLi ≈ 7.8 such that it is not contained in the stability region of the Paul
trap [83].
The saturated ion loss probability spectrum shown in Fig.6.3(b) reveals a long tail

on the resonance’s red side. The FWHM (colored bars) increases from 10(1)MHz
in the atom loss to 15(1)MHz in the ion loss spectrum. The ion loss probability
does not approach unity, most likely because a single collision can send the ion into
an orbit beyond the atom cloud, suppressing further ones. Both the trapped ion
and ion trap contribute to the Stark effect the charge-transferring atom experiences
when Rydberg-excited, manifesting itself as the observed red-sided broadening. The
deviation from the reference atom loss case (grey dashed) likely stems from the
Coulomb field of a centred ion which dominates the radial RF trap field amplitude
over a distance of about 6.5µm, indicated by the blue region in Fig. 6.3(c). Only
Rydberg atoms excited within this region should contribute to the ion loss signal,
since atoms excited in the trap-dominated region (orange) are accelerated away by
the trap. This suggests that the ion loss spectrum is wider due to the intense electric
field of the ion, which cannot be resolved in the atom loss spectra by absorption
imaging since on average only about 10 out of 105 atoms reside in each ion-dominated
electric field region.
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(c)

Figure 6.3.: Rydberg excitation of ultracold atoms and collisions with trapped ions.
(a) Atom and (b) ion loss probability Stark spectra after Rydberg excitation to 24S. The
spectra are obtained by averaging 19 up to 22 frequency scans. The presented model
(shaded lines) fits the data and the colored bars indicate the FWHM. The shape and
width of the atom loss spectrum in the vacant Paul trap (grey dashed) are comparable to
the atom loss, but the ion loss spectrum exhibits a long spectral tail on the resonance’s
red side, which can be explained by including the ion-induced Stark shift. (c) Comparison
of radial electric field amplitudes of an ion and the trap’s rf amplitude for q = 0.13.
The two graphics depict the ion (blue) immersed in the atom cloud (red) with the two
respective sampling regions of detectable Rydberg excitation (light red). An ion probes
charge transfer with a single nearby Rydberg-excited atom (left), whereas atom loss due
to Rydberg excitation occurs throughout the whole cloud (right).

The model to be convolved and fit to the data is simulated using a Monte Carlo
method to sample atomic starting conditions. We then calculate the atoms’ Stark
shift, and thus Rydberg excitation frequency shift ∆, accounting for all electric fields.
To model the ion loss spectra, the sampled starting conditions are propagated dy-
namically under the influence of all electric fields. We assume that the ion is initially
trapped in the centre, where the trap’s fields are naturally zero. Charge transfer
can occur once the distance between the atom and ion falls below rmin = 200 nm,
corresponding roughly to the distance where the potential barrier between atom and
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ion opens for the 24S state [236]. We weight the obtained collision probabilities with
the lifetime of the Rydberg atoms of about τ24S ≈ 11µs [119], within which they
can travel a few micrometers, i.e. we probabilistically dismiss the cases where the
atom does not make it to the ion. From the simulation of 107 randomly sampled
atomic starting conditions, we obtain a relative collision rate νrel(∆), determining
the spectral shape. We calculate the ion loss probability during the Rydberg exci-
tation pulse according to Poissonian statistics as Ploss = Pct(1− e−νrel(∆)·s), where
the saturation parameter s depends on Natom, Ωeff and Tpulse. All parameters other
than the only fit parameter s are obtained from the model or independent mea-
surements. Further details on the simulation [62, 98] and fitting are given in the
supplemental material Subsec. 6.6.1.

6.3.3. Boost of Atom-Ion Interaction Strength
To prove the enhancement of the atom-ion interaction strength by Rydberg excita-
tion, we compare the ion loss rate of ions colliding with atoms excited to the 24S
state, Γ24S, to the Langevin collision rate of ground state atoms. To obtain the
latter, we measure the charge transfer rate of ground state atoms colliding with ions
in the metastable 2D3/2 state, ΓD, accounting for the charge transfer probabilities.
In this measurement we omit the Rydberg laser pulse and use the 369 nm laser to
pump the ions to the 2D3/2 state.
We alternate four times between the measurement with resonantly excited Ryd-

berg atoms and the reference measurement in sets of each about 100 repetitions
for interaction times of 20µs(50ms) and lost 173(96) out of 561(557) ions in to-
tal, respectively. From this, we obtain averaged ion loss rates and then a ratio of
Γ24S/(PctΓD) = 18(2) · 103. The charge transfer rate of the 2D3/2 state was de-
termined to be 0.030(11) per Langevin collision [48]. Assuming that the average
probability for the atoms to be in the Rydberg state is PRyd ≤ 0.5, we conclude that
the Rydberg atom-ion collision rate exceeds the Langevin collision rate of ground
state atoms by at least a factor of 1.1(4) · 103.

6.3.4. Rydberg Excitation on a Dipole-Forbidden Transition in the
Vicinity of a Trapped Ion

Finally, we study Rydberg excitation to the 24P state, which is dipole-forbidden
in our two-photon excitation scheme. However, the electric field of a trapped ion
Stark-mixes the 24P state with the nearby 24D state such that excitation becomes
allowed close to the ion [160].
To ensure that the ions do not venture into high-field regions (see Fig. 6.3(c))

before the Rydberg excitation pulse, we observe the ions’ fluorescence at a position
outside of the atom cloud before shuttling them inside it. This allows us to discard
instances where the ions were not cooled into the trap centre before the excitation
pulse. Details on how we ensure that the ions are crystallised within the atom cloud
are presented in Subsec. 5.1.3.

Independent Monte Carlo simulations (blue shaded line) take the Stark admixing
into account by scaling the Rydberg excitation probability with the square of the

117



6. Observ. of Interactions betw. Trapped Ions and Ultracold Rydberg Atoms

local electric field. A saturation parameter s and frequency offset ∆0 are the only fit
parameters. Further details can be found in the supplemental material Subsec.6.6.1.

P

Figure 6.4.: Dipole-forbidden Rydberg excitation to 24P with the aid of the electric field
of a single ion. (a) Ion loss probability due to charge transfer with Rydberg atoms is
clearly detected (blue, squares). For comparison, background ion loss (first step Rydberg
laser switched off) is also shown (grey, diamonds). (b) No significant atom loss can be
observed, because the fraction of atoms being close to the ion and thus able to be excited
is small. The spectra are obtained by averaging about 90 frequency scans.

We measure ion loss using a long excitation pulse of 500µs and maximal laser
power, presented in Fig.6.4(a). A clear ion loss signal (blue, squares) at the expected
excitation frequency is detected. The grey shaded region around ∆ = 0 indicates the
calculated value of the two-photon resonance frequency to the bare 24P state and
the uncertainty due to our wavelength meter. The displayed ion loss background
measurement (grey, diamonds) is taken without atoms getting excited by blocking
the first step Rydberg laser. Without having loaded atoms into the trap but lasers
on, we do not detect a single ion getting lost (grey abscissa). Both arguments
confirm the fact that the observed ion loss is a consequence of Rydberg atom-ion
interaction.
In contrast, we do not observe any significant atom loss signal as depicted in

Fig. 6.4(b), since most atoms are far away from the ion and thus cannot be excited
to the 24P state. The large redshift is caused by the about ten times higher polaris-
ability of the 24P state, its non-resolved fine structure, and the fact that significant
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Stark admixing of the D state demands intense electric fields. Therefore, we con-
clude that we have enabled Rydberg excitation on a dipole-forbidden transition with
the aid of the electric field of a single trapped ion via Stark mixing.

6.4. Conclusions
(i) We merged Rydberg excitation of ultracold atoms with ions in a Paul trap.
(ii) We demonstrated the enhancement of atom-ion interactions by coupling to Ryd-
berg states. (iii) We modelled the asymmetric Stark broadening due to ion and ion
trap. (iv) We Rydberg-excited atoms on a dipole-forbidden transition with the aid
of the electric field of a single trapped ion.

6.5. Outlook
Our results point the way to experiments where atoms are laser-dressed with Ryd-
berg states with full dynamic control, letting us combine large and tunable atom-ion
interactions with long lifetimes, and not suffering charge transfer. Possible applica-
tions may be the generation of entanglement or spin-spin interactions between ions
and atoms [135]. Moreover, Rydberg couplings on dipole-forbidden transitions form
a key ingredient in proposed schemes to suppress micromotion-induced heating as
presented in chapter 3 and Refs. [74, 160]. In particular, repulsive atom-ion inter-
actions could be created by dressing on such transitions. The implementation of
these schemes requires a lower starting temperature of the mixture, and a single-
step Rydberg-coupling scheme to create sufficiently high repulsive barriers, avoiding
heating collisions. The resulting quantum system could be used for sympathetic
cooling of trapped ions by atoms [3, 57, 62, 160, 167], probing atom systems with
ions [238], and enables quantum information applications [135, 175] and the study
of many-body quantum physics [164]. Finally, Rydberg states have been used to
study the interactions between ultracold atoms and free ions [70, 71], and recently
to perform Stark spectroscopy in a hybrid trap [73].

6.6. Supplemental Material
6.6.1. Calculation of Loss Spectra
Atoms

To simulate the atom loss spectrum we sample atom starting positions from the
atomic density distribution for random times and calculate the Rydberg excitation
rate taking all electric fields into account. Atom positions are sampled from a 3D
Gaussian distribution of widths 25 · 25 · 200µm3 and the starting time relative to
the RF-phase of the Paul trap from the interval [0, 2π/Ωrf ] for 5 · 107 atoms. The
spectral density of the atomic distribution is calculated by making a histogram of
Stark shifts, calculated from the electric fields at the starting location and time of
the atoms, with appropriate bin size.
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The electric field at the atom position ra = (xa, ya, za)T contains a contribution
from the Paul trap, Erf,a and one from the ion Ei,a at position ri = (xi, yi, zi)T:

Erf,a = mi
2e

(−ω2
z + qΩ2

rfcos(Ωrft)) xa
(−ω2

z − qΩ2
rfcos(Ωrft)) ya

2ω2
z za

 , and (6.1)

Ei,a = e

4πε0r3
ia

xa − xi
ya − yi
za − zi

 , (6.2)

where mi is the ion mass, ria the distance between atom and ion, Ωrf the trap-drive
frequency, q the dynamic stability parameter and ωz the axial trap frequency. The
Stark shift experienced by the Rydberg atom is given by:

Utot,a = −1
2αRyd(Erf,a + Ei,a)2, (6.3)

where αRyd is the polarisability of the Rydberg state, and α24S = 313Hz/(V/m)2.

Ions

The ion loss spectrum requires a full dynamical simulation to model the ion loss
induced by Rydberg atom-ion collisions. We assume that the ion is positioned at
the trap centre (justified later). We dice a random atom position and time as for the
calculation of the atom loss spectrum. The initial velocity of the atom is sampled
from a thermal distribution with T = 10µK. To model a collision, we simulate the
dynamics of both atom and ion by solving Newton’s equations. The force acting on
the atom is given by:

Ftot,a = −h∇aUtot,a, (6.4)

where ∇a denotes the gradient with respect to the atomic coordinates and h is
Planck’s constant. The ion experiences both the force due to the Paul trap Frf,i =
eErf,i and the interaction force with the polarised Rydberg atom Fa,i = −h∇iUtot,a,
which results in:

Ftot,i = Fa,i + Frf,i. (6.5)

Atom and ion dynamics are propagated using an adaptive step-size Runge-Kutta
algorithm of fourth order [62]. This allows for fast propagation when the atom-ion
distance is large and for slow and accurate propagation for small distances (when
the forces become large). The simulation stops either if the ion-atom distance drops
below a minimum distance ria < rmin, if the collision takes longer than tstop = 180µs,
or if the atoms leaves the interaction region ria > rescape = 10.5µm without colliding
(glancing collisions). We set the minimum distance to rmin = 200nm, roughly
corresponding to the distance where the potential barrier between the atom and ion
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opens for the 24S state [236]. We simulate 107 events for each loss spectrum. More
details on our simulation methods can be found in [62, 98].

Figure 6.5.: Rydberg atom-ion collision probability for the 24S state for different two-
photon detunings ∆ and starting distances, thus initial Stark shifts, from the trap centre
ria. Atoms that approach the ion to within a distance of 0.2µm are colour-coded with
the probability PRyd that the atom is still in the Rydberg state when the collision occurs
(colour bar legend). For larger initial distances, more and more atoms do not collide with
the ion (grey).

To create an ion loss spectrum, we calculate the occurrence of collisions for each
initial Stark shift, resulting from the atoms’ starting conditions. We choose an
appropriate frequency bin to create a histogram of collision probabilities, weighted
with the probability that the Rydberg state has not decayed at collision time tcol,
yet:

PRyd = e−tcol/τ24S . (6.6)

Here, τ24S ≈ 11µs is the lifetime which we calculated using Ref. [119]. Fig.6.5 shows
initial Stark shifts for initial distances from the trap centre ria for 8468 atoms that
lead to ion loss (color dots), where PRyd is presented in the color code. Naturally,
PRyd is largest for atoms sampled close to the ion and decreases for larger ria until
the initial distance to the ion gets too large to be bridged within the Rydberg
state’s lifetime. Note that as explained in Subsec. 6.3.2, atoms excited outside the
region dominated by the electric field of the ion, will be accelerated away from
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the ion by the trap. We therefore restrict the atom sampling to a homogeneous
sphere of radius r0,max = 10µm (vertical dashed line), consequently reducing the
computational effort. Rydberg atoms created further away from the ion in the trap-
dominated region thus do not contribute to the ion loss signal, but to the atom loss
signal only. Here, due to the linear increase of the trap’s electric field amplitude
with distance, the maximal Stark shift at the excitation position increases linear
with distance, seen as a negative slope giving a lower bound to the grey sampling
dots in Fig. 6.5.

Parameter Value Comment

ωz 2π · 27 kHz axial trap frequency
Ωrf 2π · 1MHz trap-drive frequency
q ∈ [0, 0.4] stability parameter
Ta 10µK atom bath temperature
r0,max 10µm atom launch sphere rad.
rescape 10.5µm atom escape sphere rad.
tstop 180µs max. simulation time
rmin 200 nm collision distance
α24S 313Hz/(V/m)2 polarisability of 24S
α24P 2470Hz/(V/m)2 polarisability of 24P

Table 6.1.: Parameters used for the numerical simulations of the Rydberg atom-ion
collisions.

24P State Simulation

For the calculation of the P state spectra, we follow a similar procedure. To account
for the Stark admixing of the 24D state, we scale the probability of Rydberg exci-
tation accordingly. Since the state admixing of the 24D state is to first order linear
in the electric field experienced by the Rydberg atom, we scale the probability of
exciting the Rydberg with the local electric field squared. Note that the polaris-
ability α24P = 2470Hz/(V/m)2 and lifetime τ24P ≈ 22µs are different from those
of 24S. To account for these differences, r0,max and rescape were increased to 20µm
and 20.5µm, respectively, for the 24P state simulations.

Fitting Procedure

Rydberg excitation suffers several mechanisms of line broadening caused by, e.g.,
magnetic fields, interactions, finite temperature, etc. The symmetrically broadened
Rydberg spectrum for q = 0 is fitted by a Gaussian gG(∆) of FWHM = 6.1MHz
(σ = 2.6MHz in the computation).
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To account for broadening effects in our simulation, including the Paul trap for
q 6= 0, we convolve the modelled atom and ion spectra fmdl(∆) with a Gaussian of
the extracted width (see Fig.6.2). Furthermore, a saturation parameter s is included
to take into account atom densities and two-photon Rabi frequencies of the Rydberg
transition. We calculate the convolution:

fs(∆) = 1
2

∫ ∆

−∞
(1− e−s·fmdl(∆′)) gG(∆′ −∆) d∆′, (6.7)

for a set {s1, ..., sn} and interpolate the resulting fs1(∆), ..., fsn(∆) to obtain a two-
dimensional function, dependent on s and ∆. This function is fitted to the measured
data, with fit parameters s and a frequency offset ∆0. Note that we assume that
only a single collision can take place. Table 6.1 summarises the parameters used in
the simulations.

6.6.2. Experimental Checks
Several mechanisms limit the region around the ion where Rydberg excitation can
result in a collision and charge transfer. First, the finite lifetime of the Rydberg
atom limits the distance it can travel. Secondly, the electric fields of the Paul
trap cause Rydberg atoms that are created far away from the ion to be accelerated
away. On the other hand, motional excitation of the ions complicates matters. In
particular, collisions with background gas molecules can cause the ions to enter
highly excited motional states where they can sample large electric field regions in
the trap. To check whether such events play a role in our experiment, we observe
the ion’s fluorescence signal right before the Rydberg excitation as presented in
Subsec.5.1.3. In this way, we eliminate from the data presented in Fig.6.4 instances
where the ions are hit by a background gas molecule and sent into a large orbit
during the preparation of the atom cloud. Voltage ramps are used to transport
the ions in and out of the cloud such that fluorescence detection can be performed
without risking the loss of ions due to collisions. The axial transport distance is
about 400µm, well outside the atom cloud. Observing the ions’ fluorescence directly
after interaction with the ultracold ground state atoms indicates that the presence
of the atom cloud does not lead to detectable heating.

Independent measurements presented in Subsec. 5.1.3 with isotope-labelled crys-
tals containing one dark ion of another isotope show that the ion crystals do not
melt when interacting with ultracold ground state atoms nor during transport. Note
that under typical Paul trap operation (q = 0.27), a two-ion crystal melts if the ions
have a radial oscillation amplitude beyond 12µm, well within the atom cloud. These
measurements justify our assumption that the ions are located near the trap centre
when Rydberg excitation happens and do not venture into regions of large electric
fields within the trap.
Furthermore, we examine the influence of saturating the two-photon transition

and the impact of the trap drive amplitude on the ion and atom loss spectra. We
load ions into the Paul trap and look for ion loss induced by Rydberg excitation of
the atoms. We set the stability parameter to q = 0.27 and use a pulse length of 20µs
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Figure 6.6.: Ion (upper row, blue) and atom (lower row, orange) loss probability spectra
after Rydberg excitation to 24S for different ion trapping field strengths and laser powers.
In (a) and (b), we use lower laser powers, and in (c)–(f), we saturate the transition by
employing an about 2.7 times higher effective Rabi frequency. The red-shifted tails in the
spectra get more pronounced due to saturation. In (a)–(d), the trapping field strength
was set to q = 0.27, while we approximately reduce it by half to q = 0.13 in (e) and
(f). Here, the atom loss resonance narrows and changes shape, while the shape of the ion
loss spectrum is not affected. The spectra are obtained by averaging 19 . . . 22 frequency
scans. All spectra fit our model simulation (shaded line).

for the excitation to the 24S state of 6Li. We scan the 2nd step laser around the
expected frequency with a two-photon detuning ∆. The resulting ion loss spectrum
is shown in Fig. 6.6(a), with the corresponding atom loss spectrum in (b).
To study the tail on the red side of the ion loss spectrum, we saturate the transition

by increasing the laser powers by a factor of 2.3 for the first excitation step and 3.1
for the second step, resulting in a 2.7-fold increase in effective Rabi frequency Ωeff .
As shown in Fig.6.6(c), the ion loss rate does not approach unity. This is most likely
because multiple collisions are suppressed since the ion can acquire a large amount
of kinetic energy during a collision even when no charge transfer occurs. In this
situation, it could be excited to an orbit that lies well beyond the size of the atomic
cloud. However, a subsequent fluorescence image does not reveal ion loss since the
ion is typically cooled to the centre of the trap much faster than the exposure time
of 1 s.
The saturated ion loss spectrum in Fig. 6.6(c) exhibits a long spectral tail on the

red side which results from charge transferring collisions with initially maximally
Stark-shifted Rydberg atoms in intense electric fields. To investigate whether this
is to be attributed to the electric field of the ion or to the field of the Paul trap,
we repeat the measurement with a lower trap drive amplitude, corresponding to
q = 0.13. We find a significant reduction in the width of the atom loss spectrum
Fig. 6.6(f), but no difference in the width of the ion loss spectrum Fig. 6.6(e). Thus,
we conclude that the ion loss spectrum (e) shows a Stark shift of the Rydberg
resonance due to the electric field of a single ion. The result is in good agreement
with our fitted model. Note that in Subsec. 6.3.2, we presented the ion and atom
loss spectra for high saturation and small trap drive amplitude (Fig. 6.6(e,f)).
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7.1. Major Conclusions to Main Research Questions
Following the main research questions posed in Sec.1.2, the major conclusions drawn
in the context of this thesis are:

I. (Theory) We theoretically investigated how to modify the atom-ion interaction
potential by coupling to Rydberg states:
The magnitude of the dominant charge-induced polarisation potential can be
engineered by coupling to Rydberg states of different principal quantum num-
ber n, since the atom’s polarisability scales as n7. Moreover, dressing on a
dipole-forbidden transition allows for tailoring repulsive potentials. This is ir-
respective of the chosen element and more versatile than picking a Rydberg
state with a negative polarisability, which might be lying within a dense Ryd-
berg manifold and thus hard to spectroscopically resolve or address.

II. (Theory) We proposed a path to circumvent the problem of micromotion-
induced heating:
A repulsive and tunable atom-ion interaction potential can be created by Ryd-
berg dressing the atoms on a (single-photon) dipole-forbidden transition. With
an experimentally realistic coupling strength, of in terms of Rabi frequency
about 200MHz, a repulsive barrier with a height of about 0.45MHz (22µK)
can be engineered in the 87Rb–171Yb+ hybrid—higher than typical ultracold
neutral atom temperatures. Classical molecular dynamics simulations show
that the trapped ion does not suffer from micromotion-induced heating for
such atom-ion interactions. Instead, it simply thermalises with the atom cloud.
Importantly, the scheme works irrespective of the atom-ion mass ratio.

III. (Experiment) We merged Rydberg state-coupled ultracold atoms with trapped
ions in an experiment for the first time:
We investigated the influence of both the quasi-static electric field of the singly-
charged trapped ion and the high-voltage-based radio frequency trapping field
on Rydberg atoms. From spectroscopy of the Rydberg atoms within the vacant
ion trap, we deduced a model to fit the spectral line shapes. By reducing the
ion trapping fields—in particular the maximal radial electric field gradient
which scales with the dynamic stability parameter q as (∇Erf)r ≈ q · 3.9 ·
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107 Vm−2—we were able to observe the Stark shift of a single trapped ion in
Rydberg excitation spectra. The adapted line shape model requires to include
the ion’s electric field to fit the experimental data, accounting for the additional
asymmetry due to the red shift of the Stark effect on the 24S state of 6Li. The
trap does not induce coupling within the well-separated Rydberg manifolds,
but partially expels Rydberg atoms from the trap or at least push them away
from the ion.

IV. (Experiment)We observed the boost and tunability of the atom-ion interaction
strength in the form of a huge and adjustable increase of their collision rate:
We measured the inelastic atom-ion collision rate to have increased by about
three orders of magnitude as compared to the Langevin collision rate of ground
state, i.e. 2S, lithium-6 atoms. This is due to the huge polarisability of their
24S state, α24S ≈ 3.1·106 Hz/(V2/cm2) ≈ 7.6·107 α2S. By choosing coupling to
different Rydberg states and coupling non-resonantly, we were able to also tune
the atom-ion interaction strength over several orders of magnitude. Effectively,
this could act as a switch of atom-ion interactions, maybe enabling dynamic
coupling and motional entanglement of the atom and ion.

V. (Experiment) We made use of the Coulomb field of a single trapped ion to
excite ultracold atoms to a Rydberg state via an otherwise dipole-forbidden
transition:
In order to reach the required controllability and huge electric field strength,
this can be performed in the trapped ion’s vicinity only. This technique is a
proof of principle which paves the way to the realisation of the theory proposal
of protecting the hybrid atom-ion system against micromotion-induced heating
by coupling the ultracold atoms on a dipole-forbidden transition, thereby cre-
ating a repulsive interaction potential. To actually create a high enough repul-
sive barrier in order to implement the proposal for 6Li, much more laser power
would be required for dressing in our two-photon excitation scheme or, even
better, a single-photon scheme could be used as described in chapter 3. More-
over, this exemplifies the potential influence of the single elementary charge of
an ionised atom on an ensemble of about 105 neutral atoms.

7.2. Outlook
The experiments presented in chapter 6 suffer from ion loss. In fact, we used it as
a direct detection tool for the interaction of Rydberg atoms with the trapped ions.
This loss should be overcome when turning the atom-ion interaction repulsive, e.g.
by dressing on a dipole-forbidden transition as presented in chapter 3 or choosing
a suitable Rydberg state with negative polarisability as in Ref. [74]. The first ap-
proach is not as limiting when it comes to atom-ion combinations, thus allowing
for a wider range of mass ratios. However, for implementing such a scheme on a
dipole-forbidden transition, single-photon Rydberg coupling is indispensable in or-
der to obtain sufficiently strong coupling and therefore repulsive interactions. To
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implement this in our lab would require a laser at a wavelength of about 230 nm.
Technologically, these deep UV wavelengths are available at sufficient laser output
powers on the order of 100mW [239]. This may be considered in the future.
In the model for the analysis of our data in chapter 6 as well as in the Rydberg

dressing scheme presented in chapter 3, we have not taken mutual interaction of
Rydberg atoms into account. To study the effect of two interacting Rydberg atoms
experimentally, it would be beneficial to increase the atom density in the optical
dipole trap. Then, the imaging objective for axial absorption imaging of the ultra-
cold atom cloud would require a larger numerical aperture to resolve smaller, denser
clouds. By reducing the Rydberg laser beam spot size to below the region around a
trapped ion in which its electric field is dominating over the ion trapping field, we
could have a counter check measurement. In this scenario, the Rydberg atom-ion
interaction should be even more dominating over mutual Rydberg atom interaction.

Moreover, we employed a simple classical model to predict the charge transfer
probability during a Langevin collision of Rydberg atom and ion to be 1

2 . Here, a
model which includes the role of the potentially Rydberg-excited Yb atom after a
charge transferring collision could improve predictions. Complex molecular struc-
ture calculations of highly-excited states would be required to gain further insight.
Another idea is to additionally pin individual atoms similar as in optical tweez-

ers [31] in the vicinity of the trapped ion string. The control over the atom-ion
interaction by coupling the atoms to Rydberg states might enable to couple two in-
dividually pinned atoms via a trapped ion (or even a trapped ion crystal). It would
serve as a mediator between the two neutral atoms, potentially allowing to turn
the atom–atom interaction ultra-long-range as compared to purely neutral atom
systems. Having dynamic control over the Rydberg dressing of the neutral atoms
in the ions’ vicinity could then enable to create spin-spin interactions between ion
and atom [135]. The ion position would be coupled to Rydberg excitation by Stark
shifting the atom’s Rydberg state as a function of distance. When modulating the
dressing laser power and thus fraction of Rydberg state population at the trap fre-
quency of the ion, the increased and modulated attractive interaction would make
the ion move. The ion motion could then be linked to a quasi-spin of the ion by a
Raman laser system. The Rydberg dressing-induced ion motion would serve as a bus
for atom-ion spin-spin coupling which is pivotal for quantum simulation and hybrid
atom-ion quantum gates with potential applications in quantum computing [135].

On the other hand, without coupling the ultracold atoms to Rydberg states,
the hybrid atom-ion experiment could also allow to create ultracold and trappable
molecular (LiYb)+ ions for applications in quantum chemistry and precision spec-
troscopy. To date, we have not observed these when studying collisions of 6Li with
Yb+. As proposed in Ref. [223], ultracold collisions between weakly bound 6Li2
Feshbach dimers and a trapped Yb+ ion predominantly lead to molecular ion for-
mation. By magnetically tuning the binding energy of the dimers close to a Feshbach
resonance, a tunable way for production of (LiYb)+ molecular ions may be achieved.
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A.1. Measured Transition Frequencies for Rydberg
Excitation of 6Li

transition frequency comment

22S–32P1/2 927.11022(6)THz SHG @ 463.55500(3)THz
22S–32P3/2 927.11336(6)THz SHG @ 463.55657(3)THz
22S–82S 1246.74205(8)THz FHG & ion repumper
32P3/2–82S 319.62859(3)THz wavemeter readings with

SHG @ 463.55659(3)THz32P3/2–242S 370.67451(3)THz
32P3/2–302S 372.82628(3)THz

Table A.1.: Measured frequencies of transitions in 6Li used for Rydberg excitation.

I



A. Properties of Lithium-6

A.2. Commonly Known Properties of Lithium-6

Property Symbol Value Ref.

atomic number Z 3
nucleons A 6
natural abundance η 7.5(1) % [182, 240]
nuclear lifetime t1/2 stable [182, 240]

atomic mass m
6.015121u [182]= 9.98834 · 10−27 kg

total electronic spin S 1
2 [182]

total nuclear spin I 1 [182]
electron spin g-factor gS 2.0023193043737 [241]
electron orbital g-factor L =
1

gL 0.99999587 [241]

electronic g-factors
gJ(22S1/2) 2.0023010(7) [242]
gJ(22P1/2) 0.6668(20) [242]
gJ(22P3/2) 1.335(10) [242]

nuclear magn. moment µI +0.822056 · µN [182]
total nuclear gyromagnetic
ratio

γI = gI
µN
~ −0.0004476540(3) [242]

2P fine structure splitting ∆Efs(2P) 10.053044(91)GHz [121]
isotope shift (D1 line) 10.53426(13)GHz [121]
22P τ22P 27.102(7) ns, 27.24 ns [243],[244]
32S τ32S 30.04 ns [244]
32P τ32P 212.18 ns [244]
82S τ82S 403.30 ns [244]
202S τ202S 6456.82 ns [244]
202P τ202P 23518.79 ns [244]

Table A.2.: Physical properties of atomic 6Li. Electronic and nuclear spins, total elec-
tronic gyromagnetic g-factors, gS , gL, and gJ , nuclear gyromagnetic ratios γI = gI

µN
~ ,

where µN := e~
2mp

is the nuclear magneton, and mp the proton rest mass. Also given are
the 22P fine structure splitting and natural lifetimes of lithium-6 for selected states.
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Property Symbol Value Ref.

22S1/2 HFS splitting ∆EHFS(22S1/2) 228.164(64)MHZ [121]
hyperfine cross-over
field of ground state

BHF 82G [242]

22S1/2 magn. dipole
const.

AS1/2 152.1368407(20)MHz [242, 245]

22P1/2 magn. dipole
const.

AP1/2 17.386(31)MHz [121]

22P3/2 magn. dipole
const.

AP3/2 −1.155(8)MHz [242]

22P3/2 electric quadru-
pole const.

BP3/2 −0.10(14)MHz [242]

32P3/2 magn. dipole
const.

A32P3/2 −0.41(2)MHz [242]

Table A.3.: Hyperfine structure (HFS) splittings and constants, and ground state hyper-
fine cross-over field of 6Li.

Level Property Symbol Value Ref.

22S1/2
scalar polarisability

α0(22S1/2) 0.0408Hz/(V/cm)2 [120]
22P1/2 α0(22P1/2) 0.03156Hz/(V/cm)2 [246]
22P3/2 α0(22P3/2) 0.03163Hz/(V/cm)2 [246]
22P3/2 tensor polarisability α2(22P3/2) 0.000406Hz/(V/cm)2 [246]

Table A.4.: Polarisabilities of selected, relevant electronic levels of 6Li.
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A.3. Polarisabilities and Induction Coefficients of
Alkali Metals

Li Na K Rb

α0 [t] 164.1(6) 162.4(2) 289.8(6) 318.3(6)
164.112(1) [247] 162.9(6) [248] 289.3 [249] 315.7 [250]

α0 [e] 164.2(1.1) [251] 162.1(8) [252] 290.58(1.42) [253] 318.79(1.42) [253]
C4 82.1 81.2 144.8 159.9
α2 [t] 1426 1895 4947 6491

1424 [254] 1879 [255] 5000 [256] 6459 [256]
1902 [257]

C6 713 947 2474 3245

Table A.5.: Static dipole, α0, and quadrupole, α2, polarisabilities along with the long-
range induction coefficients, C4 = α0

2 and C6 = α2
2 , respectively, for the alkali atoms

Li, Na, K, and Rb. Values are given in atomic units (a.u.). For comparison, theoretical
calculations are listed as [t] and experimental results as [e], respectively. Errors given
in parentheses if specified in references. Unless noted otherwise in square brackets, all
quantities are taken from Ref. [258].
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Photonic Crystal Fibres
To date, optical fibres for single-mode guiding of high-power UV laser light with
a wavelength of below approximately 330 nm have not been commercialised. The
issue with UV light is the darkening of optical fibres due to the creation of colour
centres in silica [259]. This leads to a fast depletion of transmission of the glass on
the order of only a few hours [260]. Yves Colombe et al. have developed a technique
of curing a hydrogen-loaded PCF with UV laser light to suppress the solarisation
effect [261]. A similar approach is described in Ref. [262].
A commercial, bare single-mode PCF with low-cutoff wavelength1 is loaded with

hydrogen in a pressure chamber. The fibre tips are then fused using a fibre splicer to
collapse the photonic crystal structure around the light-guiding solid core, cleaved
and connectorised as described in Ref. [260]. Johannes Haag and Fabian Pokorny
performed these steps for us in a collaboration with the group of Prof. Dr. Markus
Hennrich. The fibre then needs to be illuminated with UV light of the wavelength
used in the experiment to cure the precursors of colour centres. This deactivates
them permanently and allows for long-term usage of the fibre. For as long as the
fibres are uncured, they have to be kept cool to prevent outgassing of the previously
loaded hydrogen within only a few hours [261]. The fibres were thus transported on
dry ice and kept in a fridge at about -80◦C. The fibers are not in protective sleeves,
and thus need to be handled with proper care.
When required, we polished the fibre tip to remove residual glue and achieve good

transmission. For the curing, we used a power of about 50mW of light at 323 nm,
limited by the laser output power of the FHG. We cured the fibres for about
24 h each. We employed fibre collimators2 with AR coating for the UV laser and
matching the large mode area photonic crystal fibres. Coupling efficiencies of the
fundamental mode between 52% and 55% were achieved. The slightly hexagonal,
non-Gaussian profile of the fundamental mode stems from the pattern of holes inside
of the PCF [261] and is exemplified in Fig. B.1. The fundamental modes were
recorded with a CCD camera. Oversaturating the central spot increases the visibility
of the outer hexagonal shape.
Unfortunately, it was not possible to install the hydrogen-loaded and UV-cured

photonic crystal fibres before performing the experiments presented in chapter 6.
Their usage would improve the spatial mode profile of the frequency-quadrupled

1NKT LMA-10-UV 2Schäfter+Kirchhoff 60FC-4-S24-49-XV
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1st step Rydberg excitation laser at 323 nm. Note that photonic crystal fibres are
extremely broadband while still supporting single-mode operation and may thus
also be used for other lasers.

Figure B.1.: Intensity profiles of the fundamental mode of UV-cured photonic crystal
fibres recorded with a CCD camera. The top row is of a 1m long fibre, the bottom row
of another, longer one. The left column is after initial fibre coupling of the laser light
at 323 nm, whereas the right column is recorded after slightly oversaturating the CCD to
increase the visibility of the outer lobes and the hexagonal spatial mode profile.
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ix C Acronyms

AR anti-reflection

AC alternating current

AOM acousto-optic modulator

CAD computer-aided design

CCD charge-coupled device

cODT crossed optical dipole trap

DC direct current

dip.-dip. dipole-dipole

DL diode laser

ECDL external cavity diode laser

e.o.m. equation of motion

EOM electro-optic modulator

EOPM electro-optic phase modulator

FHG fourth harmonic generator

FSR free spectral range

IR infrared

LD laser diode

mMOT mirror magneto-optical trap

MOT magneto-optical trap

MW microwave

NTC thermistor negative temperature coefficient thermal resistor
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C. Acronyms

ODT optical dipole trap

PBS polarising beam splitter

PCF photonic crystal fibre

PD photodiode

PDH Pound-Drever-Hall

PID proportional-integral-derivative

PMT photomultiplier tube

RF radio frequency

sCMOS scientific complementary metal-oxide-semiconductor

SHG second harmonic generator

SNR signal-to-noise ratio

TA tapered amplifier

TSP titanium sublimation pump

UHV ultra-high vacuum

UV ultraviolet

VCO voltage-controlled oscillator

w.l.o.g. without loss of generality

w.r.t. with respect to
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