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1 | Introduction

Theever improving control over atomic systems at the quantum level has resulted
in many key discoveries and breakthroughs. Examples include the creation of
degenerate quantum gases, small scale quantum computers based on trapped
ions or Rydberg atom arrays, atomic clocks based on atoms or ions with dazzling
accuracies and ultra precise spectroscopy. The atomic systems used can be
broadly subdivided in neutral and charged systems. It is a natural question
then to ask whether a combination of these two systems could lead to new
applications and advantages. In particular: Do the key features of each system
survive when mixed with the other and what new phenomena do arise?

1.1 Trapped ions and ultracold atoms

Atomic ions can be conveniently stored for hours, using a time-dependent
linear Paul trap. The interplay between the trapping forces and the Coulomb
repulsion between ions leads to the formation of ion crystals with particle
separation on the order of tens of micrometers. This gives access to single
particle resolution and manipulation with lasers. Trapped ions are therefore an
excellent platform to study fundamental physics [1], quantum computation [2–5],
quantum simulation [6–9], quantum networks [10], and atomic clocks [11].

The success of the field of ultracold atomic gases relies on the development of
techniques for laser cooling and trapping [12–14]. Nowadays, large ensembles of
atoms can be prepared at temperatures well below 1µK [15]. Major achievements
in the field include observation of Bose-Einstein condensation (BEC) [16, 17]
and production of degenerate Fermi gases [18] in which the particles occupy
the lowest energy states allowed. These quantum states of matter found wide
interest for studying matter wave interference [19], many-body physics [20–22],
and quantum simulation [23].

For the applications mentioned above, it is crucial that we are able to con-
trol the interactions between the atoms. For this, Feshbach resonances have
long been used, in which the interactions can be tuned with magnetic fields.
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Chapter 1. Introduction

Feshbach resonances have also been used to create ultracold gases of diatomic
molecules from the gas of atoms [24]. These systems find interest in quantum
chemistry [25–29] and in quantum simulation [30–32]. The resonance can be
used to tune a degenerate fermionic gas from weakly interacting Cooper pairs to
a BEC of bound molecules [33–37], showing the potential of ultracold atoms as
playground to explore quantum many-body systems with tunable interactions.

1.2 Combining ultracold atoms and trapped ions

There are two requirements in studying ion-atom mixtures in the quantum
regime: cooling it to low enough temperatures and chemical reactions. Despite
the remarkable effort in the ion-neutral community, experiments have up until
very recently been constrained to collision energies far above the ultracold
regime and quantum effects have only been observed within the last three
years [38, 39].

Experimental achievements in the field of atom-ion mixtures include a
trapped ion inside a Bose-Einstein Condensate [22, 40], observation of s-wave
spin dynamics far above ultracold collision energies [41, 42], interactions be-
tween Rydberg atoms and ions [43, 44], collisions with the ion in an optical
trap [45], non-Maxwellian statistics [46], associative detachment in anion-
atom reactions [47], as well as quantum logic spectroscopy of atom-ion col-
lisions [48]. Ongoing experimental efforts are motivated by theoretical pro-
posals to use the long-range atom-ion interaction to study quantum impurity
physics [49–52], strongly interacting systems [53, 54] and quantum information
processing [55, 56].

Buffer gas cooling

In order to study the quantum dynamics of interacting atoms and ions, it is
necessary to bring the mixture to very low temperatures, such that the quantum
features become apparent and start to dominate. Both ions and atoms can be
laser cooled to temperatures in the micro Kelvin regime, while evaporative
cooling of the atoms allows even for temperatures well below a µK. Moreover,
we are typically concerned with one or only a few ions interacting with a gas of
thousands of atoms. Therefore, it makes sense to rely on buffer gas cooling to let
the ion thermalize with the atoms. In fact, cooling of trapped ions by collisions
with neutral particles has a long history, which reaches back to a time when
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1.2. Combining ultracold atoms and trapped ions
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Figure 1.1 | Atom-ion collision energies (horizontal bars) and s-wave energy limit (vertical
lines) for selected experiments. Results below the dashed line have been reported prior to
the start of this thesis. The corresponding references from top to bottom are [39], [38], [69],
[70], [46], [71], [40], [22] and the figure is adapted from Ref. [72].

laser cooling was still in its infancy [57, 58]. Cryogenic buffer gases have been
used and are still of relevance today, e.g. for cooling of molecular ions [59, 60].
More recently, trapped ions have been cooled by collisions with ultracold atoms
which allowed to bring a single ion down to 0.5 K, three-orders of magnitude
above the Doppler limit [22, 61]. The time-dependent trapping field of the Paul
trap has a strong impact on atom-ion collision in it. During a collision the ion
gains energy from the oscillating electric field which leads to heating and poses
an upper limit to the attainable collision energies in a Paul trap. Due to the
additional energy the ion is prevented from thermalizing to the temperature of
the buffer gas. Not only is the ion temperature usually much higher than that of
the gas, but for similar mass ratios, the ion does not even have a thermal energy
distribution [46, 62–67].

It was proposed that using a large ion-to-atom mass ratio can mitigate the
heating effect [68]. With the motivation to reach the lowest atom-ion collision
energies, our hybrid atom-ion experiment in Amsterdam uses a 171/174Yb+/6Li
mixture which presents the combination with the largest mass ratio that also
allows for straightforward laser manipulation.

Chemical reactions

Chemical reactions can heat or change the nature of the particles and thus present
an obstacle for bringing the atom-ion system to the quantum regime. Therefore,
it is necessary to understand and to control the chemical processes that exist in
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Chapter 1. Introduction

the system in particular at the lowest collision energies. Importantly, we need
to understand the influence of the deep ion trap on the chemical reactions in it.

The ion-atom system is an excellent platform to study collisions and chemical
reactions due to the single particle resolution of trapped ions. Experimental
studies on spin-exchange collisions [73–76], charge-exchange [40, 41, 69, 70, 77–
81] and elastic collisions [22] have been conducted. It was found that charge-
exchange rates tend to be low, whereas spin-exchange and relaxation rates were
found to be significantly higher than for collisions between neutral atoms.

Ion-neutral collisions can lead to the formation of molecular ions, either by
three-body recombination in a dense atomic cloud [71, 82–84] or by light-assisted
reactions [85]. Molecular ions can also form in ion-molecule collisions [47,
86–91]. Atom-ion Feshbach resonances could be used to tune the interaction
strength between the ion and the bath [92] and they have been observed by an
increase in three-body recombination of molecular ions [39].

Scope of this thesis

Prior to this thesis, the majority of our experimental setup was constructed
and collisions between ions and atoms in a magnetic trap have been studied
with collision energies as low as ≈1mK [70, 76]. The performed measurements
include charge-exchange with the ion prepared in various electronic states [93]
as well as spin dynamics of an ion in the atomic cloud [94]. Furthermore,
collisions between ions and Rydberg atoms have been observed [95].

In this thesis we aim to explore even colder atom-ion mixtures with the goal
to answer the following three main research questions:

• Can buffer gas cooling compete with laser cooling?

The laser Doppler cooling temperature for Yb+ is ≈0.5mK, three orders of
magnitude lower compared to previous buffer gas cooling experiments [22, 61].
Our large ion-to-atom mass ratio is beneficial in minimizing ion heating during
the collisions but in addition, major upgrades are necessary to minimize stray
electric fields and to precisely measure the ion temperature.

• Is it possible to prepare an ultracold atom-ion mixture?

Several groups have merged trapped ions and ultracold atoms at collision en-
ergies reaching down to ≈0.3mK and an overview is presented in Fig. 1.1. It
can be seen, that the experiments at the start of this thesis (2018), have been
limited at least about two orders of magnitude above the s-wave limit. Initially,
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1.3. Structure of this thesis

trapped ions have been combined with Bose-Einstein condensates of Rubidium
in Refs. [22, 40, 71] and shortly after, an ion was ground-state cooled by lasers
before atom-ion collisions were initiated [46]. The introduction of the atomic
gas led to rapid heating of the ion. More recently, Li atoms became attractive for
atom-ion mixtures because a light atom allows large ion-to-atom mass ratios
and at the same time it increases the s-wave energy limit, see Fig. 1.1.

• What happens when an ion collides with an ultracold molecule,
more specifically a Feshbach dimer?

Studying ultracold atom-ion interactions requires knowledge about the available
reactions which can lead to ion heating and loss. Introducing molecules, such
as Feshbach dimers to atom-ion collisions, extends the list of possible chemical
reaction channels. However, ions have not yet been combined with ultracold
molecules and it is unknown if reaction channels which are absent in atom-ion
collisions will emerge. If so, will it be possible to use these reactions to probe
the properties of the molecules?

1.3 Structure of this thesis

The structure of the thesis is as follows:
In chapter 2 we present the theoretical foundations for atom-ion collisions

in a Paul trap. First we introduce the s-wave or quantum limit and discuss
the Langevin capture model. Next, we discuss the theoretical framework for
trapped ions in a Paul trap with a focus on the ion energy. Trap imperfections
and stray electric fields have a severe influence on the ion motion and increase
the ion energy. To reach the lowest atom-ion collision energies it is important
to understand the origin of this additional energy in order to minimize it.

Chapter 3 introduces the experimental setup to study collisions between
ions and ultracold atoms and molecules. In detail, we describe our ion trap,
the various atom traps, the formation of Li2 molecules and the experimental
sequences. A focus is set on our methods to measure and minimize the ion
micromotion.

In chapter 4 we report on experiments with a single 171Yb+ ion interacting
with a cloud of ultracold 6Li atoms. We study buffer gas cooling and find that
the ion reaches temperatures below the laser Doppler cooling limit by collisions
with the atoms. Using buffer gas cooling, we realize an atom-ion mixture
with collision energies Ecol/kB = 9.9(2.0)µK on the edge of the s-wave limit

5



Chapter 1. Introduction

Es/kB = 8.6µK. Close to the s-wave limit we study atom-ion spin-exchange
collisions and we observe a decrease in the rate which we attribute to quantum
effects. Furthermore, we fit a theoretical model to the data that allows us to
obtain estimates for the scattering lengths.

Chapter 5 presents our theoretical proposal to study collisions between ions
and ultracold molecules by using Feshbach dimers. We use the quasi-classical
trajectory method to simulate the collisions including the time-dependent trap-
ping fields. We study the reaction channels and we find that the outcome of
the collision strongly depends on the binding energy of the molecule. When
the binding energy is lower than the collision energy, the Li2 dimers are mainly
dissociated whereas for tightly bound molecules we predict fast formation of
LiYb+ molecular ions.

In chapter 6 we report our observation of cold chemical reactions between
Yb+ ions and ultracold Li2 molecules. We measure fast formation of LiYb+
in a regime in which the collision energy is much lower than the Li2 binding
energy. Studying molecular ion formation as a function of the Li2 density we
find excellent agreement with a theoretical model. In our measurements we are
able to detect about 50 Li2 dimers in a cloud of 2× 104 atoms, which shows that
a single ion can be used to sense samples of dilute molecular gases.

In chapter 7 a theoretical approach to cold Rydberg atom-ion interactions
is presented. We calculate a phase diagram to show the applicability range of
the Langevin, Coulomb and Quantum model. We apply the Langevin model to
simulate ion loss due to ion-Rydberg atom collisions in time-dependent fields and
we use them to model experimental spectra reported in Ref. [44]. Thereby we
assume a 50 % charge-exchange probability for a close in collision. To refine this
assumption, a three-body quasi-classical trajectory method is used to simulate
charge-exchange and we find deviations from the classical scaling law for the
lowest collision energies. Using different model potentials, we find significant
differences in the charge-exchange rates, which indicates that it is possible
to compare our classical model with resonant charge-exchange cross section
measurements in order to fit different pseudopotentials.

Chapter 8 reports our theoretical study on trap-assisted complexes in cold
atom-ion collisions. Facilitated by the deep ion trap, the atom energy can
be reduced during a collision and as a result the atom gets temporary stuck
in the atom-ion potential. The prolonged collision can have strong effects
on collision rates and three-body recombination. We find that the complex
formation probability increases for heavier atoms and strongly depends on

6



1.3. Structure of this thesis

the amplitude of the ion’s micromotion. Our simulations show that atom-ion
complexes are more frequent and have longer lifetimes in the case of a harmonic
trap compared to the Paul trap case. This is remarkable, since time-independent
ion traps are typically pursued in atom-ion mixtures because of the lower impact,
they have on the dynamics of the colliding particles.

The thesis concludes with chapter 9 in which we point out possible upgrades
to the experimental apparatus to study even colder mixtures and we present
ideas for future experiments.
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2 | Theoretical foundations

This chapter provides a brief theoretical framework for ion-atom collisions and
for trapped ions in a Paul trap. We introduce the established Langevin capture
model which will be used in the numerical simulations throughout this thesis
and we calculate the s-wave limit for the elements in our experiment. Next, we
discuss the dynamics of an ion in a Paul trap and we focus on the kinetic energy
of the ion. In particular, we investigate energy contributions that result from
stray electric fields and trap imperfections which cause ion heating in atom-ion
collisions and thus pose limitations for the lowest possible atom-ion collision
energies.

2.1 Ultracold atom-ion collisions
When a neutral atom is exposed to the electric field of an ion, an electric dipole
moment is induced in the atom. This is a result of the reorganization of the
electronic cloud with respect to the atomic nucleus. In alkali atoms the first order
electric dipole moment reads pind = αE(r), where α is the ground state static
electric polarizability and E(r) = e/(4πε0r

2) is the electric field of a particle
with charge e and r the atom-ion distance.

The interaction between the induced dipole and the ion’s electric field leads
to the attractive long-range potential

V (r) = −1

2
αE2(r) = − C4

2r4
, (2.1)

with atom-ion interaction coefficient C4. Due to the r−4 scaling the charge-
induced dipole potential is longer-ranged compared to r−6 van der Waals type
interaction typically found in neutral systems.

In a collision with non-zero impact parameter, i.e. not head-on, the angular
momentum l leads to an additional term which results in the effective potential

Veff(r) = −
C4

2r4
+
h̄2l(l + 1)

2µr2
, (2.2)
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2.1. Ultracold atom-ion collisions
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Figure 2.1 | Atom-ion interaction potential. Left panel: effective potential for partial
wave l, with black dots indicating the potential barriers. The right panel shows l = 0 in
blue and in dashed orange a pseudo potential is shown with a short range repulsive term.

where µ is the reduced mass. Eq. 2.2 is visualized in Fig. 2.1 a) and for l > 0 a
centrifugal barrier exists in the potential. Classically, for a close-range collision
to occur, the kinetic energy needs to be above the potential barrier. Therefore,
the lowest barrier (l = 1) can be used to define the system’s characteristic length
and energy scale

R∗ =

√
µC4

h̄2 and E∗ =
h̄4

2µ2C4

, (2.3)

respectively. For a general l, the location of the barrier is given by

R∗,l =

√
2

l(l + 1)

√
µC4

h̄2 . (2.4)

In quantum scattering theory a collision is described by the number of con-
tributing partial waves l instead. The quantum, ultracold or s-wave regime is
reached when the collision energy Ecol is smaller than E∗, where the lowest
partial wave (l = 0) becomes dominant and only s-wave collisions can occur.
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Figure 2.2 | Simulated trajectories for atoms colliding with an ion (orange) with mass
mion = ∞ located at the origin. The atoms are launched with velocity va and at impact
parameter b from the left. We distinguish Langevin collisions (blue lines) which result
in atom capture by the ion and glancing collisions (black lines). The Langevin impact
parameter determines the outcome of the collision and lies between the last blue and the
first black line.

However, because of tunneling, contributions from higher partial waves will
still contribute and pure s-wave character is only reached for Ecol � E∗.

When we compare the characteristic scales of the atom-ion system, we find
that R∗ is at least one order of magnitude larger and E∗ is typically two orders
of magnitude lower compared to those of atom-atom systems [92]. Reaching
the s-wave regime in atom-ion mixtures is therefore particularly challenging.

For our Li-Yb+ mixture we find R∗ = 69.75 nm and E∗ = 8.6µK. Thereby
we profit from the E∗ ∝ µ−2 scaling which makes it beneficial to have at least
one light particle. We can compare these values with those of the neutral Li-Li
system, i.e. R∗

Li = 3.3 nm and E∗
Li = 7.4mK. Remarkably, the Doppler limit of

Li (≈ 140µK) is well below the E∗
Li.

2.2 Langevin capture model

The classical Langevin capture model [96] describes ion-atom collisions with the
induced dipole potential of Eq. 2.1. The model predicts that for a given collision
energy Ecol a minimal atom-ion distance exists, below which the attractive
potential always results in a short-range collision. In Fig. 2.2 the scenario is
visualized. An infinitely heavy ion is located at the origin and atoms with
velocity va approach at initial impact parameter b. The attractive potential leads
to capture of all atoms with small enough impact parameters (shown in blue).
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2.3. Trapped ions in an ideal Paul trap

The capture process occurs when the potential energy of the barrier domi-
nates over the collision energy. The corresponding atom-ion distance is called
Langevin impact parameter bL which we calculate by solving Ecol = Veff(R

∗,l)
and we obtain

bL = (2C4/Ecol)
1/4 . (2.5)

Here, we use l(l + 1) ≈ l2 and angular momentum h̄l = µvcolb. Collisions with
b > bL are purely elastic and we call them glancing collisions. For small impact
parameters b < bL the attractive potential accelerates the particles very close
towards each other and allows large energy and momentum transfer. These
collisions are called Langevin collisions during which chemical reactions, charge
exchange, and spin transfer between the particles can occur. At very small
distances wavefunction overlap leads to a short-range repulsion as depicted in
the dashed-orange potential in the right panel of Fig. 2.1.

From an experimental point of view it is useful to know the rate of Langevin
collisions. For a given collision energy, we can calculate the Langevin cross
section as

σL(Ecol) = 2π

bL∫
0

bdb = πb2L = π

(
2C4

Ecol

)1/2

. (2.6)

The collision rate is calculated by multiplying the cross section with the atom
density ρa and the relative velocity vcol = (2Ecol/µ)

1/2 and we end up with

ΓL/ρa = σvcol = 2π

(
C4

µ

)1/2

. (2.7)

Importantly, the classical Langevin collision rate is independent of the collision
energy, which is a particularity for the atom-ion system due to the r−4 potential.

2.3 Trapped ions in an ideal Paul trap
A charged particle cannot be confined in three dimensions by purely static
electric fields [97]. The linear Paul trap therefore uses a combination of static
and time-dependent electric fields for spatial confinement of charged particles.

In the radial direction (i = 1, i = 2) a radio-frequency electric field with
driving frequency Ωrf provides confinement and in the axial direction (i = 3)

11



Chapter 2. Theoretical foundations

static voltages are used. The combined potential of the Paul trap can be written
as

Φ(r, t) =
udc

2

3∑
i=1

αdc
i r

2
i +

urf

2
cos (Ωrft)

3∑
i=1

αrf
i r

2
i , (2.8)

with prefactors udc and urf for the static and time-dependent voltage terms,
respectively. The parameters for the experiments presented in this thesis are
2αdc

1 = 2αdc
2 = −1 = −αdc

3 , αrf
1 = −αrf

2 = 1 and αrf
3 = 0. With these values the

electric field of the Paul trap E = −∇Φ reads

E (r, t) = −udc
(
r3 − 1

2
(r1 + r2)

)
− urf cos (Ωrft) (r1 − r2) , (2.9)

where ri = riêi. The motion of an ion in the Paul trap is given by the Lorentz
force FL = eE and with it we find the equations of motion which conveniently
are expressed in the standard form of Mathieu’s equation [98]

r̈i + (ai − 2qi cos (Ωrft))
Ω2

rf
4
ri = 0, (2.10)

with the stability parameters

ai = αdc
i

4eudc

mionΩ2
rf

and qi = αrf
i

2eurf

mionΩ2
rf
. (2.11)

For cases with |ai| � 1 and |qi| � 1 the solution to Eq. 2.10 can be approximated
with [98]

ri(t) ≈ Ri cos (ωit+ φi)
(
1 +

qi
2

cos (Ωrft)
)
, (2.12)

with amplitudeRi and a phase φi. The ion motion is a combination of oscillations
at two distinct frequencies and a typical trajectory is depicted in Fig. 2.3. The
slow secular motion with trap frequency ωi ≈ 1

2
Ωrf

√
ai +

1
2
q2i is modulated by

a fast micromotion with drive frequency Ωrf which corresponds to the confining
rf-electric field.

The energy of the ion which includes contributions from both oscillations
can be calculated by averaging over one period of secular motion Ti [99]

Ekin,i =
1
2
mion 〈ṙi(t)2〉Ti

≈ 1
4
mionR

2
i

(
ω2
i +

1
8
q2iΩ

2
rf
)
. (2.13)
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2.4. Excess micromotion

The first term contains the energy of the secular motion whereas the second
term is the micromotion energy, which we specify as intrinsic micromotion
(iMM). In the axial direction the motion is purely secular (q3 = 0).

Using the relationship between ωi and Ωrf we can substitude the iMM term
in Eq. 2.13 by

1
8
q2iΩ

2
rf ≈

q2i
q2i + 2ai

≈ ω2
i , (2.14)

where in the last step, we use |ai| � q2i . Notably, the energy contribution from
iMM is approximately equal to that of the secular motion and in particular

EiMM,i ≈ Esec,i ≈ 1
2
kBTi for i ∈ {1, 2} and Esec,3 =

1
2
kBT3, (2.15)

where Ti is the temperature of the secular motion [99].

2.4 Excess micromotion

In a realistic Paul trap imperfections arise which alter the equations of motion
described in the previous section. Important examples include stray electric
fields, phase differences between the radio-frequency potentials and rf pickup
towards the axial direction. These effects cause excess micromotion (eMM) which
increases the kinetic energy of the ion. In this section we discuss the major
effects that lead to eMM by closely following Refs. [99, 100].

2.4.1 Stray electric fields
Let us assume an ideal Paul trap but now a stray static electric fieldEstray perturbs
the ion motion. We can include this field in the extended Mathieu’s equations
by writing

r̈i + (ai + 2qi cos (Ωrft))
Ωrf

4
ri = e

Estray,i

mion
. (2.16)

The solution can be approximated with [99]

ri(t) ≈
(
R̃i +Ri cos (ωit+ φi)

)(
1 +

qi
2

cos (Ωrft)
)
, (2.17)
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Figure 2.3 | Simulated ion trajectories in radial direction versus time (left panel) and in
both radial directions (right panel). The blue line shows the ion motion in an ideal Paul trap
and in orange the ion motion is shown under the influence of a stray electric field which
pushes the ion from the trap center (black arrow). The energy increases when the ion is
pushed from the trap center which is visible in the stronger micromotion amplitude.

resulting in an additional term R̃i (1 + cos(Ωrft)) which leads to a shift of the
ion’s equilibrium position by R̃i ≈ eEstray,i/(mionω

2
i ). This scenario is shown

in Fig. 2.3 as the orange line. Effectively, the electric field pushes the average
ion position away from the radial zero-field rf-node (black arrow). While the
amplitude and energy of the secular motion is unaffected by the displacement
from the rf-zero node, the micromotion amplitude increases with R̃i which we
specify as excess micromotion (eMM). The resulting additional energy from eMM
amounts to

EeMM,i =
4

mion

(
qieEstray,iΩrf

8ω2
i

)2

. (2.18)

A stray electric field in the axial direction only changes the axial equilibrium po-
sition and therefore does not increase the ion energy (q3 = 0). Our experimental

14



2.4. Excess micromotion
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Figure 2.4 | Trajectory of an ion with phase micromotion. Phase micromotion leads to a
non-vanishing micromotion amplitude at the center of the trap.

methods to compensate radial stray electric fields are described in section 3.6.1.

2.4.2 Axial rf-pickup
In the ideal Paul trap the endcap electrodes provide a purely static electric field
in the axial direction. However, a small radio frequency signal from the radial
confinement can be picked up by the endcapswhich leads to additional eMM.This
pickup can be caused due to the small spacing between the Paul trap electrodes
or electric wiring. The result is an oscillating electric field Erf,ax cos (Ωrft) along
the axial direction which changes the axial Mathieu’s equation

r̈3 + a3r3 =
eErf,ax cos (Ωrft)

mion
. (2.19)

The exact solution to Eq. 2.19 reads [100]

r3(t) =
eErf,ax cos (Ωrft)

mion(ω2
3 − Ω2

rf)
+R3 cos(ω3t+ φ3), (2.20)

where we notice the additional oscillation with Ωrf which increases the average
kinetic energy of the ion by [100]

EeMM,rf,ax =
(eErf,axΩrf)

2

4mion(Ω2
rf − ω2

3)
2
. (2.21)
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Chapter 2. Theoretical foundations

Axial micromotion is minimized by placing the ion in the symmetric center
between the two endcap electrodes [99] and the experimental application is
presented in section 3.6.5.

2.4.3 Phase micromotion

A phase difference between the applied radial rf-electric fields causes phase-
or quadrature micromotion. Following Ref. [99] we approximate the effect
by assuming a small phase difference δφrf � 1 on opposing rf-electrodes:
cos (Ωrft) → cos (Ωrft± 1

2
δφrf) ≈ cos (Ωrft) ± 1

2
δφrf sin(Ωrft). The phase dif-

ference leads to an additional oscillating electric field EphMM in the direction of
the rf electrodes [99]

EphMM ≈ 1
4e
q1r0mionδφrfΩ

2
rf sin (Ωrft)ê1. (2.22)

Here r0 is the distance from the electrode to the trap center [100]. We adjust
the Mathieu’s equations

r̈1 + (a1 + 2q1 cos (Ωrft)) =
1
4
q1r0δφrfΩ

2
rf sin (Ωrft), (2.23)

and the equation of motion can be approximated with

r1(t) ≈ R1 cos (ω1t+ φ1)
(
1 + 1

2
q1 cos (Ωrft)

)
− 1

4
q1r0δφrf sin (Ωrft). (2.24)

A second term appears in the motion which oscillates with drive frequency Ωrf.
The corresponding trajectory is shown in Fig. 2.4. The secular motion remains
symmetric around the rf-zero node and only the micromotion amplitude is
visibly stronger compared to the ideal trap. The resulting energy increase by
phase or quadrature micromotion can be calculated to be [99]

Ephmm = 1
64
mion (q1r0δφrfΩrf)

2 . (2.25)

Phase shifts can originate from asymmetries in electrode impedances or due
to different inductance in the wiring towards the electrodes [99]. It is very
challenging tomeasure and to compensate phasemicromotion but in section 3.6.4
we indirectly measure an upper bound of the micromotion energy.
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2.5. Atom-ion collisions in a Paul trap
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Figure 2.5 | Simulated particle trajectories during atom-ion collisions in the Paul trap for
Yb+-Rb (blue) and Yb+-Li (orange) with the ion initially at rest and Ta = 2µK. The ion
gains more energy through the collision with a heavier particle as it can be seen in the
amplitude of the oscillation. Note, that the collisions occur at the same trap phase [68].

2.5 Atom-ion collisions in a Paul trap

Let us now consider atom-ion collisions inside the Paul trap and qualitatively
highlight the advantage of using a large ion to atom mass ratio for reaching
the coldest collision energies, as detailed in Ref. [68]. For the sake of argument
we assume an Yb+ ion which initially is at rest in the center of an ideal Paul
trap and we visualize the situation in Fig. 2.5. For comparison either a 6Li atom
(orange) or a 87Rb atom (blue) is introduced at some distance from the ion with
a velocity vector pointing towards the ion. We simulate the collisions and focus
on the ion motion after the atom is repelled.

During the collision the ion is pulled from the zero rf-node and the amplitude
of the ion motion after the collision indicates the energy gain. At very small
atom-ion distances the atom-ion potential dominates over the trap potential. As
a result the ion moves fast relative to the rf-electric field which does work on
the ion and thus can provide additional energy to the system. In the case of the
lighter atom the effect is less severe because the ion has less time to move in the
interaction potential and thus stays closer to the origin. Therefore less work can
be done on the ion and the resulting ion energy is lower [68]. Nonetheless the
collision will never happen at the rf-node and the lowest achievable collision
energy depends on how far the ion is pulled from the center and the present
iMM at this location. Therefore, we see that even the ideal Paul trap poses a
limitation to the attainable collision energies for atom-ion mixtures in it.

To get an estimate of possible energies we simulate continuous collisions of
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Chapter 2. Theoretical foundations

an Yb+ ion with Li atoms at 2µK as presented in Ref. [101]. We find that the
ion reaches an equilibrium temperature on the order of 30µK, depending on
the parameters of the trap. In the experiment however, there is a competition
between cooling and heating and the final temperature of the ion (and whether
it reaches an equilibrium at all) depends not only on the details of the Paul trap,
and the mass ratio of ion and atom employed. While experimental methods on
micromotion minimization keep on surfacing [102, 103] other approaches try to
mitigate the heating in atom-ion collisions by using optical traps [104], traps of
higher poles [62, 101], and electro-optical traps [105].
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3 | Experimental methods

Based on
Physical Review A 102, 033109, (2020) [106]

In this chapter we describe and characterize our experimental apparatus for
combining single Yb+ ions and ultracold 6Li atoms. With this machinewe studied
buffer gas cooling of a single ion to the quantum regime (chapter 4) as well as
cold chemical reactions between ions and ultracold molecules (chapter 6). We
describe the preparation of ultracold Li samples as well as our methods to overlap
the atoms with the ions in the Paul trap. In detail we present measurement
and minimization of excess micromotion which is essential for reaching the
lowest collision energies. For ion thermometry we use a ∼3 kHz linewidth
laser at 411 nm which we discuss at length as well as the laser setup we built.
Additionally, we show the formation of Li2 Feshbach dimers in our system which
we detect with rf-spectroscopy.

3.1 Introduction

In recent years, a new field in cold atomic physics has developed in which
laser-cooled trapped ions are merged with ultracold atomic gases [107–109].
These hybrid systems have been used to study cold chemistry and collisions
between ions and atoms [22, 40, 44, 46, 73, 76, 79, 110]. Furthermore, a range
of applications in the quantum regime have been suggested. These include
the possibility to use degenerate clouds of atoms as a coolant for trapped ions,
study the quantum many-body physics of interacting clouds of atoms and ion
crystals [54, 111], use trapped ions as local field probes in atomic quantum
systems [112], as well as applications in quantum information processing [55,
113].

Although both ions and atomic gases are routinely trapped and manipulated
in atomic physics laboratories, combining the two is not straightforward techni-
cally as well as conceptually. It was realized that the dynamic electric fields of a
Paul trap used for trapping the ions cause significant problems when combining
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Figure 3.1 | Overview of our experimental apparatus for combining ultracold atoms with
trapped ions. Li atoms are heated from an oven and subsequently slowed down in a
Zeeman slower towards the main chamber. A 45◦ mirror is used to create a mMOT about
20mm underneath the Paul trap. The field gradient is provided by a set of MOT coils
and a homogeneous offset field is produced with the Feshbach coils and four horizontal
compensation coils. A strong magnetic quadrupole field is created with the Feshbach coils
to trap and to transport the atoms upwards and into the Paul trap.

them with cold atoms. In particular, it was found that energy can be extracted
from the trap in an atom-ion collision, which causes the ion to acquire signifi-
cantly larger energies than that of the atomic cloud [46, 64, 66, 68]. It was pointed
out, that reaching a regime in which the collisional angular momentum is quan-
tized (the so called s-wave or quantum regime) would only be possible for the
largest available mass ratios between the ion and atom species [61, 68, 100, 114].
A promising alternative solution is to use optical potentials for the trapped
ion [105, 115]. However, the possibility to trap the ions in a Paul trap comes
with significant advantages: The Paul trap is much deeper than optical traps
such that the charged particles have a long trap lifetime. Moreover, optical
traps for ions require intense laser fields, which may induce unwanted chemical
reactions [115]. Finally, ions in Paul traps allow for unprecedented control over
their internal states and motion [98], making the system particularly suitable
for studying the quantum dynamics of atom-ion mixtures [109].

In this chapter, we describe in detail the experimental apparatus that we
have built to study interactions between Yb+ and 6Li. Taking advantage of
the large mass ratio, we reduced the collision energies in units of the s-wave
energy by several orders of magnitude compared to previous experiments [72].
Very recently, we have observed collision energies at around the s-wave limit
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3.2. Yb+ ions in a Paul trap

in an atom-ion mixture [38]. This showed that combined with the benefit of
straightforward laser (pre)cooling and manipulation, 6Li/Yb+ stands out as a
particularly promising species combination. However, several issues need to
be addressed when combining these atoms and ions. In particular, when 6Li is
loaded from an atomic beam into a magneto-optical trap [116, 117], care needs
to be taken that the atoms do not contaminate the electrodes used for trapping
the ions. Oxidation of deposited Li over time can cause patch potentials that
deteriorate the trapping potential of the ions [118]. Furthermore, preparing
ultracold 6Li requires high-power lasers for optical trapping and magnetic fields
of ∼ 80mT to reach the Feshbach resonances needed for efficient evaporative
cooling, demands that are not straightforwardly combined with ion trapping.
Finally, neither ions nor atoms can be laser cooled while interacting, as collisions
between atoms and ions in electronically excited states lead to losses [70].

In our setup, we combine a linear Paul trap, where ytterbium ions are trapped
with the help of static and dynamic electric fields, with a cloud of cold lithium
atoms trapped in a magnetic quadrupole trap or an optical dipole trap. In Fig. 3.1
a drawing of our vacuum system is shown. It consists of a single main chamber
including the Paul trap and it is surrounded by magnetic field coils that are
necessary for manipulating both atoms and ions.

3.2 Yb+ ions in a Paul trap

We trap Yb+ ions in a linear Paul trap as indicated in Fig. 3.1. We operate the
trap at a drive frequency of about Ωrf = 2π × 2MHz with an amplitude of up
to Urf = 200V. This results in a typical radial potential with trap frequencies of
ωrad = 2π× 100− 350 kHz. A small symmetric offset voltage on two electrodes
lifts the degeneracy of the two radial modes of motion. An axial potential with
trap frequencies up to ωax = 2π × 120 kHz is generated by applying voltages of
up to Vax = 150V to the endcap electrodes. Note that these trapping parameters
are somewhat smaller than usual in Paul traps, where generally trapfrequencies
in the MHz regime are reported. However, calculations show that ultracold
buffer gas cooling favors weak Paul traps [68, 100]. On the other hand, we
cannot choose the confinement to be too weak as it will result in heating due to
electric-field noise and complicates ion thermometry as described below. The
ions are trapped around 1.5mm from the radial electrodes and 5mm from the
endcap electrodes.
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Figure 3.2 | Relevant energy levels and transitions for a) 171Yb+ and b) 6Li. The insets
show the ground state hyperfine structure and Zeeman levels. Atoms are trapped either in
the |F = 3/2,mF = 3/2〉 state in the magnetic trap or in a |F = 1/2,mF = ±1/2〉 spin
mixture in the optical trap.

Fig. 3.2 a) shows the relevant energy levels and transitions of 171Yb+, and
Fig. 3.3 a) shows the laser beam orientations with respect to the Paul trap. We
ionize atoms from a thermal beam of neutral ytterbium inside the trap. For
isotope selectivity, we use a two-step ionization scheme with wavelengths of
399 nm and 369 nm. This allows us to trap any stable Yb+ isotope except 173Yb+.
The ions are Doppler cooled using the S1/2 → P1/2 transition at 369 nm. In
the case of 171Yb+ with hyperfine structure, we use the approximately closed
|S1/2, F = 1〉 → |P1/2, F = 0〉 transition, as shown in Fig. 3.2 a). We prevent
population trapping in the metastable D3/2 state by applying light at 935 nm
wavelength to excite the D3/2 → [3/2]1/2 transition. Excitation of the S1/2 →
D5/2 transition near 411 nm leads to a subsequent population of the metastable
F7/2 state (radiative lifetime tF ≈ 1.6 yrs [119]) with 83% probability [120].
We employ an additional light field of a wavelength near 638 nm to pump the
population from the F7/2 state back to the ground state. For detection, we image
the fluorescence light during Doppler cooling with a sCMOS camera as well as
with a photomultiplier tube (PMT) for fast imaging. For motional spectroscopy,
we excite the S1/2 → D5/2 transition at 411 nm. The natural linewidth of this
quadrupole transition of Γ = 2π 22Hz allows one to resolve individual motional
sidebands [121].

Two beams of 411 nm light enter the vacuum system. One is aligned along
the Paul trap axis and the other vertically. In this way, we can either couple to
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3.3. Li atoms in an optical dipole trap

the axial modes of motion of the ion or to the combined radial modes.
We have the option to modulate sidebands at 2π × 2.1GHz on the cooling

beam with an electro-optical modulator (EOM). With this additional frequency,
we can drive the |S1/2, F = 1〉 → |P1/2, F = 1〉 transition in order to optically
pump the ion into the |S1/2, F = 0〉 state [122].

We employ a microwave field to mix the hyperfine ground states of 171Yb+
when required. We generate this field by mixing the 12.6GHz output of a fre-
quency generator with a variable frequency from a versatile frequency generator
and amplify the resulting frequency to 10W. The microwave field is coupled to
the ion via a microwave horn antenna placed outside the vacuum chamber.

3.3 Li atoms in an optical dipole trap

The atomic beam comes from the lithium oven and is slowed down using a
Zeeman slower, see Fig. 3.1. After entering the main chamber, the atoms are
trapped in a mirror magneto-optical trap (mMOT) that is about 20mm below
the center of the Paul trap as shown in Fig. 3.4.

Fig. 3.2 b) shows the relevant transitions of 6Li. We use red-detuned light
from the D2 line at 670.977 nm and magnetic field gradients of gz = 0.44T/m. In
addition, light shifted by +228MHz acts as a repumper and prevents population
trapping in the lower hyperfine state F = 1/2. The mMOT consists of two
retroreflected beams with a beam waist of ω0=25mm, a power of 75mW, and a
detuning of -34MHz from resonance.

To generate strong homogeneous B-fields or B-field gradients we have two
sets of coils in the vertical direction as depicted in Fig. 3.1 and Fig. 3.4. The
MOT coils are vertically aligned 62.5mm away from the ion trap center. These
coils can be switched such that the result is either a homogeneous field (up
to B0 = 40mT) or a field gradient (up to gz = 0.5T/m). Additionally, we
have a set of smaller coils (Feshbach coils) closer to the ion trap, positioned
inside reentrance viewports. These coils can be switched on shorter timescales
of a fewms and provide a field of up to B0 = 80mT or a gradient of up to
gz = 2.8T/m, depending on the polarity. Additionally, compensation coils in
the two horizontal directions allow us to apply small offset fields.

We load atoms into the mMOT for 3–10 s before we compress the mMOT by
simultaneously ramping down the laser intensity to 0.5mW and the detuning
to -10MHz in 3ms. Subsequently, we apply a bias field of 0.6mT and partially
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Figure 3.3 | Sketch of the laser beams for the ions and atoms in horizontal cross section
centered through the ion trap. a) Laser beams used for trapping, cooling, spectroscopy and
state preparation of the ions. The laser beam at 369 nm wavelength for Doppler cooling
and imaging enters at an angle of 45◦ so that it has a projection onto all motional modes.
The repumper beams at wavelengths of 935 nm and 638 nm are aligned along the trap axis,
so that even for long ion crystals we have a homogeneous illumination of the ions. The
photoionization beam at 399 nm wavelength is aligned along the trap axis as well. We align
the spectroscopy beam at 411 nm either parallel to the trap axis or perpendicular to the trap
axis with overlap with both radial modes of motion. b) Laser beams used for atom trapping
and cooling. Three retroreflected beams (the vertical beam is omitted in the figure) with
circular polarization for a MOT at the position of the dipole trap center. The beams for the
optical dipole trap enter through holes in the endcaps at an angle of 5◦ with respect to the
Paul trap axis leading to a cigar-shaped potential. We use a resonant laser beam aligned
parallel to the trap axis to perform absorption imaging of the atomic cloud.

pump the 6Li atoms to the magnetically trappableF = 3/2,mF = 3/2 state with
a 100µs pulse of circularly polarized light resonant to the D1 line at 670.992 nm
wavelength. The quadrupole field remains on during optical pumping so that
the polarized atoms are immediately trapped. Even if we loose a fraction of the
atoms due to the nonhomogeneous magnetic field, we found this to be the most
efficient way of loading the magnetic trap in our setup. In particular, it proved
impossible to switch magnetic fields fast enough to perform optical pumping
in a homogeneous field. We attribute this effect to the bulky stainless steel ion
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Figure 3.4 | Sketch of the vertical cross section through the experiment. The center of the
Paul trap is situated about 20mm above the mirror for the mMOT. The atoms are initially
trapped in front of the 45◦ mirror and subsequently magnetically transported up into the
ion trap. Two sets of coils, labeled MOT coil and Feshbach coil, provide magnetic fields
or field gradients, depending on the polarity. The lens for ion imaging has a numerical
aperture of NA. 0.6 and is placed a few cm above the Paul trap center in a reentrance
viewport.

trap, which prevents fast field switching in its vicinity because of the induced
eddy currents. We end up with up to 108 magnetically trapped atoms in the
state F = 3/2, mF = 3/2 at a temperature of about Ta = 300µK.

In a next step, the atoms are transported upwards within 120ms into the ion
trap by dynamic adjustment of the magnetic trapping field. During the transport,
we compress the atomic cloud by ramping the field gradient from gz = 0.44T/m
to gz = 2.8T/m in order to prevent losses due to the geometric constrains of
the ion trap. To investigate the effect of the geometry of our trap, we measured
the atom loss for different transport heights. This is depicted in Fig. 3.5 and
shows that we have a notable atom loss of about 80%. Furthermore, we see a
temperature increase of roughly 30% due to the magnetic transport. However,
the temperature does not depend on the trap frequency of the Paul trap.

Another point of concern in our scheme is the occurrence of ion-trap radio-
frequency-induced spin flips that would lead to atom loss since the atoms are
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Figure 3.5 | Atom loss during magnetic transport from the mMOT, located at about 0mm,
towards the Paul trap centered at ≈ 21mm in dependence of the transport height. The
visible features can be related to the geometry of the MOT mirror and the blade electrodes.
Inset: Atom loss in dependence of the radial trapping frequency of the Paul trap for a
trapped Yb+ ion. The trap frequency is directly proportional to the radio-frequency voltage
supplied to the Paul trap. We do not observe a significant increase in spin-flip losses as we
increase the radio-frequency power.

pumped to high-field seeking states. In particular, our ion trap operates at
a trap drive frequency of about 2π×2 MHz, such that a resonance condition
occurs at a field of ∼ 21mT. For the maximum achieved magnetic field gradient,
this corresponds to a distance of ∼ 76 (152)µm from the magnetic trap center
in the z (transverse) direction and a potential energy of ∼ 138µK. The radio-
frequency knife caused by the ion trapping field thus cuts into the atomic cloud.
We measure the remaining atom number after transporting the cloud into and
back out of the ion trap for different radio-frequency powers of the Paul trap,
expressed in units of the corresponding radial trap frequency of the ion, ωrad.
The results are presented in Fig. 3.5 (inset). Atom loss due to possible spin flips
inside the rf field of the Paul trap is small but visible.

The relevant laser orientations with respect to the Paul trap are shown in
Fig. 3.3 b). Once transported to the center of the ion trap, the phase-space
density of the atoms is about 10−7, which is too low to load enough atoms in the
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Figure 3.6 | Evaporative cooling of the spin mixture. Temperature (top) and atom number
(bottom) in one of the spin states as a function of final power in the dipole trap. The data
was obtained by absorption imaging and time-of-flight analysis. The full evaporation ramp
takes 2 s.

optical dipole trap (ODT) for efficient forced evaporative cooling. To increase
phase-space density, we apply another step of laser cooling in a six-beam MOT
configuration, with laser light tuned close to the D2 line. We keep this secondary
MOT on for 1 ms. Although the large atomic cloud is, at this stage, overlapped
with the ions, we do not observe ion loss due to the laser excitation of the
atoms. The reason is most likely that the atomic cloud is so dilute that collisions
only occur very rarely within the 1 ms time window of the MOT. During this
second MOT stage, we switch on the laser beams for the ODT at full power
(Pdip ≈ 150W).Thus the atoms are loaded into the optical dipole trap. At the end
of the MOT stage, we switch off the repumper in order to pump the population
into the lower hyperfine manifold of F = 1/2. With optimized mode matching
between the optical dipole trap and the MOT (see below), we load about 106
atoms per spin state F = 1/2,mF = ±1/2 at a temperature of Ta ∼ 400µK,
with F the total angular momentim and mF its projection onto the quantization
axis.

In order to reduce the temperature further, we employ evaporative cooling.
We ramp down the power of the dipole trap from an initial value of Pdip = 150W
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to a final value of Pdip = 120mW in 2 s. We use the broad Feshbach resonance
around 83.2mT [123] to tune the interaction between the two spin components.
The lowest temperatures are achieved when we evaporate at a magnetic field
of B = 78mT, and the results of our evaporation ramp are shown in Fig. 3.6.
This field corresponds to a scattering length of about 6000 a0, with a0 the Bohr
radius. For the lowest dipole trap power, we get 104 atoms at Ta = 0.17(3)µK.

However, at low temperatures and in the vicinity of the Feshbach resonance,
Li2 dimers can be formed during evaporation [124–126], even when not crossing
the resonance. These can lead to inelastic collisions with the ion and the forma-
tion of molecular ions as we study theoretically in chapter 5 and experimentally
in chapter 6. When studying the buffer gas cooling, the evaporation ramp was
modified to prevent molecule formation. In the first evaporation step, the atoms
were evaporated at 66.3mT for 1.65 s until they reached Ta ∼10-15µK with
∼ 40×103 atoms. At this temperature, we did not observe any molecule forma-
tion. For creating colder buffer gases, the magnetic field was ramped to 30mT
for a final evaporation stage, reducing the scattering length to -300 a0 and the
final evaporation of 0.7 s took place starting from 15µK.This modification, at the
expense of a slightly reduced atom number due to the less efficient evaporation,
allowed us to reach an atom temperature of 2.3µK with ∼ 20×103 atoms. With
these settings, we did not observe any Li2 dimers [38].

The far-detuned light for the optical dipole trap (ODT) stems from a 200W
fiber laser at 1070 nm. The output power of the laser can be controled in a range
of 20W–200W. For further power reduction during evaporation and switching of
the light, we use an acousto-optic modulator (AOM) in single-pass configuration.
Our ODT is set up in a crossed beam configuration, with both beams propagating
through holes in the endcaps of the Paul trap. The beams cross at an angle of
10◦ and have a minimal beam waist of 40µm in the crossing point. A half-wave
plate is used to provide lin-perp-lin polarization to avoid the creation of an
optical lattice, which is shown in section 3.7.4. To improve the mode matching
of the ODT with the upper MOT, we employ a time-averaged potential. We
modulate the AOM drive frequency using a triangle modulation signal at 4MHz
and a modulation depth of 12 MHz from an arbitrary waveform generator. Due
to the frequency dependence of the Bragg angle in the AOM, this leads to a fast
spatial modulation of the potential. We calculate that this generates an average
potential that is twice as wide in one direction and twice as shallow as the
unmodulated potential, which results in better mode matching with the upper
MOT. We increase the intial number of trapped atoms by a factor 1.8(2) in our
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3.4. Rf-spectroscopy of Li2 Feshbach molecules

optical dipole trap as compared to the unmodulated case [127], at a temperature
of ∼ 400µK. During the first part of the evaporation, we reduce the modulation
to zero.

The atoms can either be imaged at the location of the initial magnetic trap
or once they have been transported into the Paul trap. In the latter case, we use
absorption imaging along the axis of the Paul trap, which corresponds to the
long axis of the optical dipole trap. In particular, the absorption beam is sent
through holes in the endcap electrodes of the Paul trap, as shown in Fig. 3.3 b).
Here, we have the option to image at a magnetic field of ∼ 80mT where the
Paschen-Back effect allows us to detect each of the two spin states of the atoms
independently. The imaging at the location of the Paul trap has a magnification
of 2.2.

3.4 Rf-spectroscopy of Li2 Feshbach molecules

In the vicinity of the broad Feshbach resonance in 6Li, ultracold atoms can
pair into weakly bound diatomic molecules called Feshbach dimers [24]. The
occurrence of Feshbach molecules can be observed with rf-spectroscopy and a
measurement is shown in Fig. 3.7.

In a strong magnetic field, the Zeeman splitting causes three sublevels in
the 6Li ground state manifold. We label the levels 1, 2 and 3 corresponding to
the orientation of the nuclear spin mI = 1, 0 and −1 respectively. We prepare
atoms at ≈ 500 nK in a 1,2-mixture and therefore Feshbach molecules can form
in the (1,2) channel. In the inset of Fig. 3.7 the energy levels for the molecules
(solid lines) and free atom pairs (dashed lines) are shown in the (1,2) and (1,3)
channel.

We apply a rf-frequency close to the transition between levels 2 and 3 by
connecting an rf-signal to one of the compensation electrodes of the Paul trap.
At ≈ 770G we can address the atomic 2→ 3 transition (blue arrow) as well as
the (1,2) bound to (1,3) free transition (black arrow) [128]. In order to dissociate
the Feshbach molecule, the binding energy has to be supplied by the rf-photon
which results in a higher frequency in comparison to the atomic transition. We
identify the narrow dip around 82.096MHz as the atomic transition, whereas
the broad feature starting at around 82.121MHz corresponds to dissociation
of the Feshbach molecules. From the spacing between the features (orange
arrow) we extract the binding energy of the molecules of Eb/h ≈ 25 kHz
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(Eb/kB ≈ 1µK). The broad molecule feature shows an asymmetric tail towards
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Figure 3.7 | Rf-spectroscopy to detect Li2 molecules. Shown is the final population in state
2 after driving the 2-3 transition in an 1,2 mixture of Li. The spacing between the atomic and
molecular feature (orange arrow) is given by the binding energy of the molecules. The inset
shows the energy levels of the channels relative to the free (1,2) threshold (dashed lines)
and the molecular energies below the Feshbach resonance are shown as solid lines. The
free-free and bound-free transition are indicated by the blue and black arrow, respectively.

blue frequencies which we attribute to the large distribution of Franck-Condon
factors with the atom energy and the considerable atom energy distribution
after dissociation [128, 129].

Rf-spectroscopy works well as long as the number of molecules can be
resolved by the imaging system, in our case & 1000. In chapter 6 we present a
new detection method in which we use a single ion to detect ≈ 50 molecules.

3.5 Resolved sideband spectroscopy on 171Yb+

We use the 2S1/2→2D5/2 quadrupole transition in Yb+ for ion thermometry and
for electron shelving. With a natural linewidth of Γ = 2π × 22Hz it is possible
to resolve the individual motional sidebands of the ion and to drive coherent
excitation with a narrow spectroscopy laser [120]. We start by introducing
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3.5. Resolved sideband spectroscopy on 171Yb+

the ion thermometry technique and we continue with the setup of the 411 nm
spectroscopy laser.

3.5.1 Ion thermometry
To study ultracold atom ion collisions it is important to accurately determine the
average kinetic energy of the ion. We perform resolved sideband spectroscopy on
the S1/2 ↔ D5/2 quadrupole transition at 411 nm wavelength. With this, we can
precisely determine the secular temperature of the ion and its micromotion. We
prepare a 171Yb+ ion in the |S1/2, F = 0,mF = 0〉 ground state. We excite the
first-order magnetic field-insensitive transition to the |D5/2, F = 2,mF = 0〉
state. Choosing a magnetic field alignment at an angle of 45◦ with respect
to the wavevector of the laser k411 and a polarization along the projection
of the magnetic field in the plane of incidence, we maximize the transition
strength on the∆mF = 0 transitionwhileminimizing the∆mF = ±1 transition
strength [130]. The D5/2 state with a lifetime of τD = 7.2ms decays with 83%
probability to the long-lived F7/2 state and with 17% probability back to the
ground state [120]. We detect a successful excitation by illuminating the ion
with Doppler cooling light at 369 nm while also coupling the hyperfine levels
of the ground state via microwave radiation at 12.64GHz and detecting the
scattered light on a photomultiplier tube. An ion in the F7/2 state scatters no
photons while an ion in the S1/2 state does. The long lifetime of the F7/2 state
(τF ≈ 1.6 years [119]) allows for basically arbitrarily long detection times. We
choose a detection time of 100ms in order to achieve high-fidelity state detection,
while not introducing too much delay in measurement time. Note that due to the
long detection time compared to the lifetime of the D5/2 state and its branching
fractions into the F7/2 and S1/2 states, we are limited to a maximal probability
of 83% to measure a dark ion.

From the excitation dynamics on the S1/2 ↔ D5/2 quadrupole transition we
can determine the motional state of the ion. The Rabi frequency Ω of oscillations
on the spectroscopy transition depends on the population of motional states
with quanta ni in the secular motion of the ion [46, 131],

Ω = Ω0

∏
i=x,y,z

e−ηi/2Lni
(η2i ). (3.1)

Here, Ω0 is the ground state Rabi frequency and ηi = kil
ho the Lamb-Dicke
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parameter with ki the wavevector of the 411 nm light projected onto the direc-
tion of ion motion i while lho =

√
h̄/(2mionωi) denotes the size of the motional

ground state wavepacket. The function Lni
(η2i ) represents the Laguerre polyno-

mial. We have ηx = ηy = η/
√
2 and ηz = 0 for the measurements on the radial

motion, since the laser has a 45◦ angle with respect to the x- and y-direction for
these measurements.

The dependence on the motional state in Eq. 3.1 results in mixing of Rabi
frequency components when the ion is not in the ground state of motion. From
the damping rate of the Rabi flops we can infer the occupation of harmonic
oscillator states, from which we can determine the average ion energy. We fit
the measured probability to be in the S1/2 state pS as a function of the pulse
duration τ411 to a model that assumes a thermal distribution with Pn̄x,y(n) =
n̄n
x,y/(1 + n̄x,y)

n+1 for each direction of motion x and y, assuming n̄x=n̄y

pS = 0.585 +
0.83

2

∑
nx,ny

Pn̄x(nx)Pn̄x(ny) cos (2Ωτ411) . (3.2)

The ion temperature (in its secular motion) is given by T⊥
sec = h̄ω(n̄+1/2)/kB

with n̄ = (n̄x + n̄y)/2 the average number of motional quanta. The factors 0.83
and 0.585 = (1− 0.83/2) arise due to the branching ratio of 0.83 from the D5/2

state to the F7/2 state [38].
In our system we did not find any deviations from a thermal energy distri-

butions for the ion [38]. We attribute this to the large mass ratio where the
modifications to the distribution do not seem to play a role [46, 64]. Note that
for smaller mass ratios, non-thermal energy distributions have been studied
extensively for buffer gas-cooled ions in a Paul trap [46, 62, 64, 66, 67, 132].

The described method gives the most reliable results in the Lamb-Dicke
regime where η

√
2n̄+ 1� 1. Particularly, in the axial direction of the trap we

have low trapping frequencies which makes it challenging to enter the Lamb-
Dicke regime. Thus we use an alternative thermometry method for which we
measure the envelope of the sideband spectrum. From the broadening of the
transition we determine the average speed of the ion and thus the temperature.
While this method does not rely on the Lamb-Dicke regime and thus works
for shallow traps or higher temperatures, it is less accurate due to a variety
of other sources of line broadening. The temperature of the ion is related to
the standard deviation of the Gaussian spectral distribution in Hz, σspec, by
T ax
sec = mionλ

2
411σ

2
spec/kB.
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Figure 3.8 | Optical setup for the 411 nm quadrupole transition in Yb+. The laser is locked
to a stable cavity with a Pound-Drever Hall locking scheme. A free-space EOM provides
the modulation for creating the error signal. Two AOMs are used to bridge the gap between
the cavity modes and the atomic resonance.

3.5.2 411 nm spectroscopy laser

The 411 nm light is produced in a commercial external-cavity diode laser1 (ECDL)
which delivers about 35mW of power after the isolator. The optical setup is
depicted in Fig. 3.8. The major part of the beam is used for interrogating the
ions, while about 10% of the light is picked off with a beam sampler (BS) for
frequency stabilization. We use a single pass AOM (cav.) to offset lock the laser
to a stable cavity. The main beam is guided through a double pass AOM (spec.),
which provides tunability over the interrogation frequency, and subsequently
the light is sent towards the ions. To switch between the SF=0 → DF=2 and
SF=1 → DF=3 transitions in 171Yb+ we change the AOM configuration as is
indicated in Tab. 3.1.

The laser frequency can be measured with a wavelength meter2 with a
precision of a few MHz. For precise frequency stabilization and to narrow
down the laser linewidth we use a stable optical cavity3 in combination with a

1Toptica DL pro
2HighFinesse WS7-30
3SLS VH-6010-4
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Transition fcav. AOM (MHz) fspec. AOM (MHz)
SF=0 → DF=2 -270 2× 260
SF=1 → DF=3 -330 −2× 200

Table 3.1 | AOM frequencies for driving the different S1/2 → D5/2 transition in 171Yb+
with offset frequency stabilization to the stable cavity.

Pound-Drever-Hall (PDH) locking scheme. The resonator consist of one flat and
one concave mirror at 100mm separation which corresponds to a free spectral
range of 1.5GHz. The resonator is passively stabilized by an ultra-low expansion
glass-spacer. For decoupling from the environment the resonator is placed inside
an evacuated aluminium enclosure with temperature stabilization. More details
on the cavity can be found e.g. in Ref. [133].

We couple less than 40µW of the light into the cavity to prevent degradation
of the cavity mirror coating. The light transmitted through the cavity is divided
between a photodiode (PD)4 and a webcam for optimization of the lowest trans-
verse electromagnetic mode TEM00. The reflected light is used for frequency
stabilization. Therefore, we separate it from the incoming light with a polarizing
beamsplitter (PBS) in combination with a quarter waveplate and subsequently
focus it onto a PD5.

To create the PDH error signal we modulate the light towards the cavity
with an electro-optical modulator (EOM) at 20MHz which is provided by a local
oscillator6. The signal from the PD and the local oscillator are mixed and a
bandpass filter is applied. The resulting error signal expresses the frequency
deviation δω with respect to the cavity linewidth δν. For δω � δν the error
signal can be approximated with [134, 135]

ε ≈ − 4

π

√
PcPs

δω

δν
, (3.3)

with Pc and Ps the carrier and sideband power, respectively. Finally, a fast laser
locking module7 is used for PID regulation and to provide the fast and slow
feedback for the current and piezo of the laser.

4PDA36A2
5New Focus 1801
6Toptica PDD 110
7Toptica Falc 110
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Figure 3.9 | Frequency scan over the 411 nm transition in 171Yb+. Upper panel: motional
sidebands for two different trap frequencies and lower panel: low power scan over the
carrier after full micromotion compensation.

3.5.3 Cavity performance: 411 nm spectroscopy

To demonstrate the performance of the frequency stabilization we present spec-
troscopy on the∆m = 0 hyperfine transition in 171Yb+ as shown in Fig. 3.9. The
upper panel shows a sideband spectrum of the radial modes for two trap settings.
The extracted trap frequencies approximately are 2π×207 kHz and 2π×245 kHz.
The sideband frequency changes with the trap depth but the carrier is unaffected
and thus can be identified. The spectrum is obtained by detecting the S1/2 popu-
lation after applying a 411 nm pulse to shelve the population to the long-lived
F7/2 state.

The lower panel of Fig. 3.9 shows a narrow spectrum over the carrier after
careful micromotion compensating, as described in the section 3.6. Here, the
population of the long-lived F7/2 state is measured by juxtaposing fluorescene
measurements before and after we pump the F7/2 state back to the ground state.
Fitting a Gaussian distribution to the measured spectrum, we extract a FWHM
of 3.2(0.4) kHz, which presents an upper limit for the 411 nm laser linewidth.
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3.6 Micromotion compensation and characteri-
zation

Precise micromotion determination and compensation is crucial for buffer gas
cooling to ultracold temperatures. We use a set of complimentary methods that
is also partially described in Refs. [38, 70, 100] to accurately compensate and
measure the micromotion of the system.

Three types of excess micromotion are generally distinguished [99]. First,
unwanted static electric fields push the ion out of the center of its trap such
that it experiences a non-zero radio-frequency field. We refer to this type of
micromotion as radial micromotion. Secondly, excess micromotion may occur
due to a phase difference between the supplied rf voltages on the blades. This
type of micromotion is known as quadrature micromotion. This effect can occur
e.g., because of length differences in the high-voltage cables and connectors.
Note that this is more likely to cause problems in Paul traps that are driven at
high frequencies. Finally, imperfections in the Paul trap may cause oscillating
fields along its trap axis. This we refer to as axial micromotion. In our trap, the
oscillating fields along the trap axis are inhomogeneous, such that there is a
point in space where the axial micromotion is minimal. Note however, that even
if the axial oscillating fields would exactly vanish in this point, they still lead
to excess micromotion for ion crystals. This configuration can be quantified
by introducing an axial stability parameter qax. In our setup, we estimate that
qax/qrad ≈10−2 [70], where qrad is the radial stability parameter.

3.6.1 Radial micromotion compensation

As shown in Fig. 3.4, our trap features two pairs of dedicated electrodes for
the compensation of stray electric fields. It turned out that the trap effectively
shields any field we apply in the horizontal direction, so that we cannot use these
electrodes to compensate for stray electric fields in this direction. However,
due to small imperfections in the trap manufacturing and charges accumulating
on it over time, there is a small dependence of the electric field in the radial
directions on the endcap voltage. For a full compensation of stray electric
fields we first compensate the field in the horizontal direction by supplying
appropriate voltages to the endcap electrodes. This introduces an undesired stray
field in the vertical direction which we subsequently compensate by applying
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3.6. Micromotion compensation and characterization

the appropriate voltages to the compensation electrodes.
While this scheme allows for a complete compensation of stray electric fields

it has the disadvantage that the axial trap frequency cannot be chosen freely.
What is more, we observe that the ideal voltage setting on the endcap electrodes
changes on the timescale of weeks, such that we require increasingly larger
voltages. We remedy this by regularly applying intense heating pulses of a
few seconds to one side of the endcap with a high-power (30W) infrared laser.
In this way we can modify the charge distribution and thus shift the endcap
voltages required for compensation to the desired axial trap frequencies. After
this treatment the electric fields drift for a few hours, but remain stable on the
timescale of weeks afterwards. Thus we have to apply the heat treatment of the
endcaps only if we want to significantly change the trap settings.

Horizontal direction In the horizontal direction, we determine the stray
electric fields Edc by measuring the position shift of the ion with the camera.
The ion position is given by

x(ωrad) = Edc
e

ω2
radmion

, (3.4)

where e is the elementary charge. The resolution of our imaging system allows
us to determine the average position of the ion with a precision of about 200 nm.
We can lower the trap frequency to about ωrad = 2π × 20 kHz without losing
the ion. With these settings, we can compensate fields to Edc ∼ 10mV/m. The
drift during a full day of measurements is typically ∆Edc < 50mV/m. We can
calculate the corresponding average micromotion energy ĒeMM with

ĒeMM(Edc) =
E2

dc × e2

2mYb × ω2
rad

(3.5)

and we obtain ĒeMM/kB ≤ 4.7µK for a radial potential of ωrad = 2π × 210 kHz.

Vertical direction In the vertical direction we use the frequency shift of the
microwave transition |S1/2, F = 0〉 ↔ |S1/2, F = 1,mF = 1〉 in a magnetic
field gradient to determine the position shift. The results are shown in Fig. 3.10.
We use a Ramsey type experiment at trap frequencies of ωrad,low = 2π × 99 kHz
and ωrad,hi = 2π× 205 kHz with variable wait time during the π/2-pulses (insets
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Figure 3.10 | Differential Zeeman shift versus compensation electrode voltage with linear
fit (gray line). Insets show Ramsey fringes for a low (blue) and high (orange) trap frequency
for two uncompensated cases (right & top) and one compensated case with vanishing shift
(bottom).

of Fig. 3.10). In particular, the relative position shift of the ion due to a static
offset field is given by

∆rv ≈
eErad,v

mion

(
1

ω2
rad,hi
− 1

ω2
rad,low

)
, (3.6)

which can be related to the frequency shift between the two measurements:

∆fmw = gv
µB

2πh̄
∆rv. (3.7)

Here, µB denotes the Bohrmagneton. We apply amagnetic field gradient of about
gv = 170mT/mwhich leads to a frequency shift of the transition by 2.3 kHz/µm.
We measure the dc electric field with a precision of Edc ≈ 20mV/m, while day-
to-day variations are Edc < 60mV/m. We obtain a micromotion energy due to
this miscompensation ĒeMM/kB ≤ 8.3µK by calibrating the energy scale with
resolved sideband spectroscopy on the narrow 2S1/2 ↔ 2D5/2 transition as
explained below.
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3.6. Micromotion compensation and characterization

Figure 3.11 | Calibration of the offset field Edc for radial micromotion compensation.
Rabi flops on the 411 nm transition after buffer gas cooling, on a) the carrier and b) the
sideband for a compensation voltage of Vcomp = 7 V as compared to the optimal micromotion
compensation. From the ratio, we can obtain the scaling of the supplied electric field Edc
and compensation voltage Vcomp as explained in the text. Due to the branching ratio of the
D5/2 state, a maximal contrast of 83% can be measured.

3.6.2 Direct micromotion detection

The two methods described above provide an indirect measurement of the
micromotion induced by stray electric fields only. Other types of micromotion,
such as quadrature micromotion due to a phase shift of the rf signal on the two
rf electrodes, are not detected. A direct micromotion measurement relies on
sideband spectroscopy of the S1/2 ↔ D5/2 transition at 411 nm wavelength.
The transition strength on the micromotion sideband is directly related to the
micromotion amplitude [99],

Ωsb

Ωcar
=

J1(βmm)

J0(βmm)
, (3.8)

with Ωcar and Ωsb denoting the Rabi frequency of the carrier and sideband
respectively, and βmm is the modulation index which can be equated to the
wavevector k411 in direction of ion motion βmm = k411 · rmm with |rmm| the
micromotion amplitude and J1(βmm) and J0(βmm) Bessel functions of the first
kind. We deduce the micromotion amplitude from themeasured Rabi frequencies
Ωcar and Ωsb at laser powers Pcar and Psb. The measured value indicates the
projection of the total micromotion on the k-vector of the interrogation beam.
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3.6.3 Electric field calibration
We use this method to calibrate the field Edc versus voltage on the compensation
electrodes by comparing the Rabi frequency on the micromotion sideband and
the carrier at Vcomp = 7V, and settingωrad = 2π×330 kHz. The results are shown
in Fig. 3.11 and we findΩsb = 2π×28.3(0.9) kHz andΩcar = 2π×39.0(1.2) kHz.
This yields a modulation index βmm = eEdck411q/(2mionω

2
rad) = 1.18(5), from

which we obtain a scaling of Edc = 0.34(2)× Vcomp/V V/m. The average kinetic
energy amounts to

ĒeMM =
m

4

(
βMM × Ωrf

k

)2

(3.9)

with k the projection of the wavevector on the direction of the micromotion
and Ωrf = 1.85MHz the drive frequency of the trap. This results in ĒeMM/kB =
208(19)µK/V2 ×V 2

comp for a radial potential of ωrad = 2π × 210 kHz.

3.6.4 Quadrature micromotion
After carefully compensating any stray electric fields, we measure the remaining
micromotion by resolved sideband spectroscopy. We set the radial potential to
ωrad = 2π × 330 kHz. We compare the Rabi frequency on the carrier, Ωcar =
2π × 32.0(0.8) kHz at a laser power of P411 = 32µW as shown in Fig. 3.12 a)
with the Rabi frequency on the micromotion sideband Ωsb = 2π × 7.0(0.5) kHz
at P411 = 840µW, shown in b) . We obtain a micromotion energy of ĒeMM/kB =
21.5(1.5)µK. This value includes radial micromotion caused by remaining stray
electric fields as well as quadrature micromotion caused by a phase difference
of the rf-signal on the opposing rf-electrodes. Since we can not differentiate
between these types of radial micromotion, the obtained value is an upper limit
for quadrature micromotion. The laser beam propagates at an angle of π/4
with respect to the direction of quadrature micromotion so that we have to
multiply the measured value by two in order to account for the full micromotion
energy. Quadrature micromotion energy is proportional to the square of the trap
frequency so that we get ĒeMM/kB = 2× 8.7(0.6)µK for ωrad = 2π × 210 kHz.

3.6.5 Axial micromotion
Finite size effects of the linear Paul trap lead to rf-electric fields in the direction of
the trap axis that only disappear in one point along the trap axis. We position the
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Figure 3.12 | Micromotion analysis with resolved sideband spectroscopy. In part a) and b)
Rabi oscillations on the carrier and the micromotion sideband for optimal compensation
settings are plotted. From a comparison of the Rabi frequencies Ωcar = 2π × 32.0(0.8) kHz
andΩsb = 2π×7.0(0.5) kHz in combination with the applied laser powers ofP411 = 32µW
and P411 = 840µK, respectively we obtain a residual micromotion energy of ĒeMM/kB =
21.5(1.5)µK. Part c) shows an axial frequency scan over the carrier transition, carried
out with a laser power of P411 = 61µW. A clear peak is visible. In d) the frequency of
the laser is shifted by −Ωrf = −1.85MHz compared to c) and the power is increased to
P411 = 21.7mW. We do not see a clear peak at the micromotion sideband position, only the
background is higher compared to c) due to off-resonant carrier excitation. If we shift the
ion out of the optimal position for minimal micromotion we observe a clear resonance again
as plotted in e). We conclude that the Rabi frequency Ωsb on the micromotion sideband
presented in e) is not larger than the Rabi frequency on the carrier Ωcar presented in c).
From this we obtain an upper limit of the axial micromotion at the optimal position.

single ion in our trap to this point and measure an upper limit to the remaining
axial micromotion. Axial micromotion can in principle be measured in the same
way as described for the quadrature micromotion with a laser beam propagating
along the trap axis. However, since our axial potential is rather weak ωax ≤
2π × 130 kHz, and the corresponding Lamb-Dicke parameter ηax ≥ 0.23, we do
not observe coherent oscillation when exciting with a laser beam propagating
along the trap axis. In order to still measure an upper limit for axial micromotion
we compare a frequency scan over the carrier at very low power P411 = 61µW
with a scan over the micromotion sideband at full power P411 = 21.7mW
as shown in Fig. 3.12 c)-e). We see that the transition on the micromotion
sideband at these settings is not stronger than the carrier transition. From the
ratio of laser powers, we calculate an axial oscillating field of < 1.6 V/m [38]
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Micromotion ĒeMM(210 kHz)(µK) ĒeMM(330 kHz)(µK)
Axial 13(13) 33(33)
Radial Quadrature 2× 8.7(0.6) 2× 21.5(1.5)
Radial field (vertical) ≤ 8.3 ≤ 3.4
Radial field (horizontal) ≤ 4.7 ≤ 1.9
Total 44(13) 82(33)

Table 3.2 |Measured excess micromotion budget of the trapped ion forωrad = 2π×210 kHz
and 330 kHz. The error is dominated by the error of the axial micromotion measurement.

as well as an upper bound to the axial micromotion ĒeMM/kB = 13µK for
ωrad = 2π × 210 kHz.

The limits obtained for micromotion energy in our experiment are sum-
marized in Tab. 3.2. For ωrad = 210 kHz we obtain ĒeMM/kB = 44(13)µK. In
chapter 4 we cool a single ion to a total energy of about 193µK inclusive eMM
energy. This shows that our system is currently not limited by the remaining
excess micromotion.

3.7 Spatial atom-ion overlap

Precise overlap of the atomic cloud with the ion is essential for buffer gas cooling.
Since the ion location is fixed by minimizing the stray electric fields in the Paul
trap we have to align the atoms to the ion. Without atoms, we measure the
effect of the electric field of the optical dipole trap beams on the hyperfine states
of the ion. Then we fine-tune the overlap by maximizing the collision rate of
the ion with either atoms or molecules.

3.7.1 AC-Stark shift on 171Yb+

We maximize the overlap using the differential Stark shift of the 1070 nm dipole
trap beam on the |0〉 = |S1/2, F = 0,mF = 0〉 ↔ |1〉 = |S1/2, F = 1,mF = 0〉
transition in 171Yb+ as is presented in Fig. 3.13. We prepare the ion in the |0〉
state before applying a π/2-pulse on the |0〉 ↔ |1〉 transition. We switch on the
dipole trap (≈ 25W) and wait for 9ms. Subsequently we switch off the dipole
trap, apply a π-pulse, wait another 9ms and apply a final π/2-pulse. To obtain
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3.7. Spatial atom-ion overlap

Ramsey fringes, we scan the phase of the second π/2-pulse. With this spin-
echo sequence, see Fig. 3.13 c), we are able to measure differential Stark shifts
introduced by the optical dipole trap with a precision of ∼ 1 Hz. By scanning
the control voltages of the piezo mirror mounts and repeating the measurement
we maximize the Stark shift and thus the overlap of the dipole trap with the ion.

a) b)

MW π/2 MW π/2MW π/2

9 ms 9 ms

Dipole trap

c)

Figure 3.13 | Dipole trap alignment to the trapped ion. Differential AC-Stark effect on the
ion with (blue) dipole trap on and (orange) without dipole trap. a) For a misaligned laser
the effect vanishes whereas for an overlapped beam b) an AC-Stark shift down to a few Hz
is detectable. c) Microwave pulse sequence π/2 - π - π/2 (spin-echo) with scanned phase
on the second π/2 pulse, to measure the intensity from an incident beam between the first
two pulses.

3.7.2 Overlap using ion-atom collisions

During evaporation we reduce the ODT power to ≈ 1W which is no longer
easily detectable with AC-Stark shifts. Therefore, we fine-tune the overlap by
observing atom-ion collisions. In particular we optimize ion loss following
charge-exchange collisions by adjusting the piezo mirror mounts. For this, we
continuously Doppler cool the ion during overlap with the atomic cloud. Colli-
sions with Yb+ in the P1/2 state lead to a high probability of charge transfer [70].
We avoid saturation by keeping a collision probability of about 50 % by adjusting
the interrogation time. This method allows to precisely align small atomic clouds
of about 1000 atoms to the ion.
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Chapter 3. Experimental methods

Figure 3.14 | Differential Stark shift along the axial direction of the Paul trap to detect a
possible lattice with≈ 0.54µm spacing. The Stark shift is roughly constant about 31.6(2) Hz
is indicated as the gray line.

3.7.3 Overlap using ion-molecule collisions
A disadvantage of the charge-exchange method is the necessity of loading a
new ion after each charge transfer, which makes the optimization cumbersome.
Instead of charge-exchange collisions, we can optimize the alignment with
Yb+ + Li2 collisions which we report in chapter 6. The reaction forms a LiYb+
molecular ion which subsequently is photodissociated and a very hot Yb+ is
produced. The ion is typically cooled back to Doppler temperatures within 1 s.
Therefore, we can optimize the overlap by maximising these recooling events
which reduces the ion reloading frequency by a factor of ≈ 3. However, since
this methods requires Li2 it is only useful for overlap of the coldest atomic clouds
with temperatures on the order of ≈ 5µK and below, where there is sufficient
molecule formation.

3.7.4 Homogeneity of the optical dipole trap
To form a deep optical dipole trap we cross two high-power laser beams as
can be seen in Fig. 3.3. Overlapped laser beams can lead to the formation of
an interference pattern which will confine the atoms primarily at the intensity
maxima. While atoms in optical lattices find remarkable attention [136], for the
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experiments presented in this thesis, one large homogeneous atomic cloud is
preferable. In particular, in a lattice the ion might explore a varying atom density
during it’s motion which complicates the interpretation of the buffer gas cooling
results in chapter 4. Furthermore, a small atomic cloud, slightly misaligned from
the trap center might effect the performance of buffer gas cooling [101].

We minimize interference effects by using a lin ⊥ lin configuration for the
two beams and we study the homogeneity of the resulting ODT along the axial
direction of the Paul trap with the ion. Therefore, we measure the AC-Stark shift
on the hyperfine states of 171Yb+ as is described in Sec. 3.7.1. Similar approaches
have been used to confirm optical lattices in Refs. [137, 138]. The lattice side
spacing for two beams crossed with angle θ is given by λ/(2 cos(θ/2)) [136].
For λ = 1070 nm and θ = 10◦, the expected lattice spacing is about 0.54µm.
Therefore, we sample 0.8µm with a step size of 0.075µm by moving the ion in
the axial direction and the results are shown in Fig. 3.14.

We observe a differential Stark shift of 31.6(2)Hz on average as indicated by
the gray line. No position dependence of the differential Stark shift is visible
within the statistical uncertainty and we conclude that our optical dipole trap is
homogeneous.
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4 | Buffer gas cooling
of a trapped ion
to the quantum regime

Based on
Nature Physics 16, 413-416, (2020) [38]

“Since its first inception,
observing quantum mechanical
phenomena was the holy grail of
hybrid atom-ion research.”

Z. Meir et. al. [139]

Great advances in precision measurements in the quantum regime have been
achieved with trapped ions and atomic gases at the lowest possible temper-
atures [11, 140, 141]. These successes have inspired ideas to merge the two
systems [109]. In this way, we can study the unique properties of ionic impu-
rities inside a quantum fluid [22, 40, 41, 46, 61, 110, 115, 142] or explore buffer
gas cooling of a trapped-ion quantum computer [143]. Remarkably, in spite
of its importance, experiments with atom–ion mixtures have remained firmly
confined to the classical collision regime [72]. We report a collision energy of
1.15(0.23) times the s-wave energy (or 9.9(2.0)µK) for a trapped ytterbium ion
in an ultracold lithium gas. We observed a deviation from classical Langevin
theory by studying the spin-exchange dynamics, indicating quantum effects
in the atom–ion collisions. Our results open up numerous opportunities, such
as the exploration of atom–ion Feshbach resonances [144, 145], in analogy to
neutral systems [129].
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4.1 Introduction

Neutral buffer gas cooling of trapped ions has a long history [146], dating
back to when laser cooling was still in its infancy. The development of atom
trapping spurred efforts to employ quantum degenerate buffer gases. These are
readily prepared in the 100 nK regime by evaporative cooling, making them
superb coolants. Despite this, it is well known that the time-dependent electric
potential of a Paul trap complicates matters [77]. It causes a fast-driven motion
in the ions called micromotion, from which energy can be released when an ion
collides with an atom. This leads to a situation in which the kinetic energy of
the ion becomes much larger than that of the surrounding buffer gas. Because
of this, buffer gas cooling remained uncompetitive compared with laser cooling
of the ions. It has also prevented the study of interacting ions and atoms in the
quantum regime, and reported collision energies of atom–ion mixtures have
been at least two orders of magnitude higher than the s-wave energy [72]. It
was suggested that this effect could be mitigated by employing an ion-atom
combination with a large mass ratio [68], such as Yb+ and 6Li.

4.2 Experimental sequence

We trap and Doppler cool a single 171Yb+ ion in a Paul trap (Fig. 4.1 a)). We
prepare a cloud of 5 × 103 to 2 × 104 6Li atoms per spin state in a mixture of
|F = 1/2,mF = ±1/2〉, where F is the total angular momentum quantum
number and mF is its projection onto the quantization axis, and a temperature
of Ta = 2 − 10µK in an optical dipole trap 50µm below the trapped ion as
explained in detail in Section 3.3. The atoms are transported up by repositioning
the dipole trap using piezo-controlled mirrors. After a variable interaction
time, the optical dipole trap is switched off, and the ion is interrogated with a
spectroscopy laser pulse at 411 nm that couples the S1/2 ground state to the long-
lived D5/2 state as shown in Fig. 4.1 b). We obtain the average kinetic energy of
the ion by studying this laser excitation as a function of pulse width [46, 131]. In
particular, the Rabi frequency Ω of oscillations between the two states depends
on the number of quanta n present in the motion of the ion in its trap. Thermal
occupation of excited states results in mixing of frequency components and thus
damping of the Rabi oscillation. We fit the observed excitation to a model that
assumes a thermal distribution with n̄motional quanta on average (mean). From
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Figure 4.1 | Set-up. a), A cloud of ultracold 6Li atoms is prepared in an optical trap
∼ 50µm below a single ion in a Paul trap (shown in gray). The optical trap is operated in
crossed-beam configuration; a λ/2 waveplate turns the polarization of the second beam
by 90◦ in order to avoid the formation of an optical lattice. The ion is then immersed in
the atomic cloud by transporting the atom trap up using piezo-controlled mirrors. b), The
ions are Doppler-cooled on the 369-nm S1/2 → P1/2 transition. After a variable atom-ion
interaction time, the ion is interrogated by coupling the S1/2 ground state on a narrow
quadrupole transition to the D5/2 excited state. The coupling strength of the transition can
be directly related to the temperature of the ion. TheD5/2 state decays with probabilities of
0.83 to the F7/2 state (lifetime t ≈ 1.6 years [119]) and 0.17 to the S1/2 state. State-selective
fluorescence detection allows us to establish the average coupling strength. A microwave
at 12.6 GHz couples the hyperfine states F = 1 and F = 0 of the S1/2 ground state.

this, we obtain the ion’s secular temperature in the radial direction T⊥
sec ∝ n̄ as

explained in more detail in section 3.5.1.

4.3 Buffer gas cooling of a single ion

We observe buffer gas cooling of the ion by temperature measurements after
various hold times of the trapped ion in the ultracold cloud. The result for
an atomic cloud with temperature Ta =10µK and peak density ρ = 31(15)×
1015 m−3 is shown in Fig. 4.2 a). Initially, the ion has about T⊥

sec = 600µK, which
is close to the Doppler cooling limit. Then, the ion cools down with a 1/e time
of τcool = 244(24)ms to a final temperature of T⊥

sec = 98(11)µK, corresponding
to a mean number of motional quanta n̄ = 5.8(0.7) in the radial directions of
motion. The buffer gas cooling thus outperforms Doppler cooling by about a
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Figure 4.2 | Cooling dynamics of an ion in the ultracold buffer gas. a), Ion temperature
as a function of atom-ion interaction time together with an exponential fit (solid line) and
molecular dynamics simulations with and without taking into account the time dependence
of the Paul trap (dashed and dotted lines, respectively). Before buffer gas cooling, the
temperature of the ion is close to the Doppler laser cooling limit. This results in a rapidly
decaying Rabi oscillation as a function of laser interrogation pulse width (inset). After
buffer gas cooling, the Rabi oscillations persist for much longer. The branching ratio of
decay out of the D5/2 state limits the contrast of the Rabi oscillations to 0.83, as indicated
by the dashed horizontal lines. The blue lines in the insets show the least-squares fit lines,
from which we attain the ion temperature. b,c, Measurement of radial (T⊥

sec = 42(19)µK)
(b) and axial (T ax

sec = 130(35)µK) (c) temperatures after 1 s of interaction time with an
atomic cloud with Ta = 2.3(0.4)µK and after adiabatic decompression of the radial ion trap
potential. The blue lines show the least-squares fit lines; the dashed line in b) indicates
the attainable contrast limited by the branching ratio. Error bars for the state detection
denote the quantum projection noise, while error bars for temperatures denote the standard
deviation obtained from the fits.

factor of ∼5 in terms of attained temperature.
Note that the final ion temperature in Fig. 4.2 a) is about an order of mag-

nitude larger than the temperature of the buffer gas. This behaviour may
be a direct consequence of the time dependence of the ionic trapping poten-
tial [46, 62, 64, 66, 67, 132], which causes energy release from the ion’s micromo-
tion during a collision. We investigate this by comparing the observed dynamics
of the ion in the buffer gas with classical molecular dynamics simulations [100],
in which we draw the ion’s initial secular energy from a Maxwell-Boltzmann
distribution at Tsec = 609µK to match the data.

If we run the simulations assuming a static ion trapping potential for the
ion (known as the secular approximation [99]), we find complete thermalization,
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Chapter 4. Buffer gas cooling of a trapped ion to the quantum regime

Tsec → Ta, as shown by the dotted line in Fig. 4.2 a). We improve our model by
including the time dependence of the Paul trap, using parameters obtained from
our experiment, including all sources of micromotion as explained in section 4.8.
In this simulation, a final ion temperature of 43µK is reached. When we also
include the background heating rate of 85(50)µK/s, which was measured in
the absence of the atoms (see section 4.5), the simulated final ion temperature
reaches 63(12)µK, as shown by the dashed line in Fig. 4.2 a). A likely explanation
for the remaining discrepancy in final temperature is overestimation of the ion’s
kinetic energy by neglecting other dephasingmechanisms in the Rabi oscillations,
such as laser frequency noise. Quantum corrections may also play a role at
the small energies we obtain [147]. Finally, spin relaxation of atoms during
collisions [41, 76, 110] may also account for some background heating.

To reach even lower energies in the experiment, we cool the atoms to
Ta=2.3(0.4)µK and adiabatically lower the radial trap frequency for the ion
from ωx ≈ ωy = 2π× 330 kHz to ωx ≈ ωy = 2π× 210 kHz at the end of 1 s of
buffer gas cooling. In this way, we achieve a temperature of T⊥

sec = 42(19)µK,
corresponding to n̄ = 3.7(1.4) (Fig. 4.2 b)).

The total kinetic energy of the ion can be written asEi = Esec+EiMM+EeMM,
that is, the secular energy plus the energy due to the intrinsic (iMM) and excess
micromotion (eMM). To obtain the total collision energy, we must additionally
determine the axial secular temperature T ax

sec, and the various micromotion
energies.

Owing to the weak confinement along the trap axis (ωz = 2π× 130 kHz),
it is more convenient to probe the excitation probability as a function of the
frequency of the laser, which we now direct along the z-axis. Thermal motion
leads to Doppler broadening of the resonance as plotted in Fig. 4.2 c). We
fit a Gaussian distribution to the data and find the standard deviation σ =
193(26) kHz, corresponding to T ax

sec=130(35)µK. There are two reasons for the
larger value compared to T⊥

sec: first, the weaker axial trap potential gives rise to
a higher background heating rate (200µK/s) and thus limits the attainable final
temperature; second, the thermometry method is less reliable and more prone
to overestimation of the temperature due to saturation broadening.

Intrinsic micromotion leads to a kinetic energy EiMM ≈ kBT
⊥
sec [99], where

kB is Boltzmann’s constant. Excess micromotion occurs because of experimental
imperfections that modify the trap potential. Details on the compensation and
characterization of excess micromotion can be found in section 3.6. In the
experiment, we find EeMM/kB ≤ 44(13)µK.
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The collision energy is given by [100]:

Ecol =
µ

mi
Ei +

µ

ma
Ea, (4.1)

with mi and ma the mass of the ion and atom, respectively, µ the reduced mass
and Ea = 3kBTa/2 the average kinetic energy of the atoms. Note that, owing
to the large mass ratio, µ ≈ ma � mi. Taking into account the contribution of
all types of motion as summarized in Table 4.1 results in a collision energy of
Ecol = 1.15(0.23)×Es, with Es/kB = 8.6µK the s-wave collision energy [109].

Type of motion Ekin/kB(µK) Ecol/kB(µK)
Radial secular ion 2× 21(9) 1.4(0.6)
Intrinsic micromotion 2× 21(9) 1.4(0.6)
Axial secular ion 65(18) 2.2(0.4)
Excess micromotion 44(13) 1.5(0.4)
Total ion energy 193(42) 6.6(1.4)
Atom temperature 3/2× 2.3(0.4) 3.3(0.6)
Total collision energy — 9.9(2.0)

Table 4.1 | Measured energy budget of the trapped ion and atoms in terms of kinetic energy
(Ekin) and collision energy (Ecol). The atomic energy is obtained from time-of-flight analysis
after the 1 s buffer gas cooling time. Errors are given in units of µK.

4.4 Non-classical behavior in atom-ion collisions

Since we cooled the mixture close to the s-wave limit, we expect signatures
of quantized angular momentum to occur in the collisions. To look for signs
of quantum effects in the interaction, we investigate the occurrence of spin-
changing collisions [41, 76, 110] as a function of collision energy. Spin-exchange
is associated with short-range collisions between the atoms and ions, known as
Langevin collisions. In the classical regime, the Langevin collision rate is strictly
independent of collision energy [109]. At very low collision energy, however,
the quantization of the collision angular momentum and quantum reflection
start to play a role. This leads to the occurrence of structure such as shape
resonances in the spin-exchange rate. The details of this structure depend on
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Figure 4.3 | Spin-exchange rate versus collsion energy. Probability of detecting the ion
spin in |F = 0,mF = 0〉 after preparing it in |F = 1,mF = −1〉 and letting it interact
with the atomic cloud for about 10ms. The collision energy is varied using an offset field to
tune the excess micromotion energy. The red solid line is obtained by convolving the rate
from quantum scattering calculations with the energy distribution of the ion as explained
in section 4.8. Both theory and data show a clear deviation from classical behavior in which
the spin-exchange rate should be independent of collision energy. The dashed vertical lines
indicate the heights of the energy barriers for the first four collisional angular momentum
states l = 1, . . . , 4. The inset shows the measured spin-exchange process in the ion (blue
dot). Error bars denote the quantum projection noise.

the singlet and triplet scattering lengths that quantify the interactions between
the atom and ion in the quantum regime.

After buffer gas cooling for 1 s in an atomic cloud with Ta = 11.6(0.5)µK,
we prepare the ion in the state |S1/2, F = 1,mF = −1〉, with a microwave
pulse. The atomic ensemble is in a spin mixture of the lowest two Zeeman
states |S1/2, F = 1/2,mF = ±1/2〉. Due to spin-exchange collisions during the
interaction time, the ion can relax to the |S1/2, F = 0,mF = 0〉 state. We let
the ion interact with the cloud of atoms with a density of 21(10)×1015 m−3 for
about 10ms, corresponding to about one Langevin collision. Only during the
interaction time, we give the ion a variable amount of excess micromotion energy
of EeMM by ramping offset voltages on compensation electrodes [109], see also
section 3.6.3. We then shelve the population that remains in the |S1/2, F = 1〉
state to the long-lived F7/2 state. Subsequent fluorescence detection allows us to
discriminate between an ion in the |S1/2, F = 0〉 state (spin-exchange) and an
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ion in the F7/2 state (no spin-exchange) with near unit fidelity. Fig. 4.3 shows the
result of averaging 309 such experimental runs. We see a notable dependence of
the spin-exchange rate on the collision energy and thus a clear deviation from
the classical prediction, particularly for low collision energies.1

To gain further insight, we compare the data with multichannel quantum
scattering calculations based on the complete description of molecular and
hyperfine structures. The amplitude, slope, and shape of the rate constants
in the investigated energy range depend strongly on the values of the singlet
and triplet scattering lengths. Fig. 4.3 presents the calculated rate constants for
the spin-exchange collisions convoluted with the experimental collision energy
distribution for the singlet and triplet scattering lengths of aS = 1.2R4 and
aT = −1.5R4 with R4 = 70 nm [109], and 1.2 Langevin collisions on average
during the interaction time. These values provide the best fit to the experimental
data (see section 4.8).

4.5 Ion heating rate

In this section we study the ion heating rate due to electric field noise in the Paul
trap, which is published as part of Ref. [106]. We prepare a buffer gas cooled
ion with n̄ = 5.3(1.8) motional quanta in the radial directions of motion, which
corresponds to T⊥

sec=90(35)µK and in axial direction we find T ax
sec=108(25)µK.

We extract these temperatures from the measurements shown in Fig. 4.4 a) and
b). We repeat the measurement, but now we wait for 1 s after we release the
atoms to see whether the buffer gas cooled ion heats up again. The results are
shown in Fig. 4.4 c) and d) for axial and radial direction, respectively. After
the waiting time, we obtain n̄ = 10.6(2.1) and a wider spectrum for the axial
motion. We extract a radial heating rate of 85(50)µK/s and an axial heating rate
of 197(48)µK/s in the absence of the buffer gas. We attribute the higher axial
heating rate to the lower confinement in that direction [148].

The background heating competes with the buffer gas cooling and leads
to a larger final temperature of the ion as described in section 4.3. From the
rate equation: dTsec(t)/dt = −γcool(Tsec(t)− T∞) + Γheat, we get that the back-

1As we discovered later, at the studied temperatures the formation of trap-assisted complexes
(chapter 8) introduces a classical energy-dependence for the spin-exchange rate. However, this
effect leads to higher spin-flip probabilities for lower energies and thus can not explain the
observed line shape in Fig. 4.3, as is discussed in more detail in section 8.3.5.
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Figure 4.4 | Kinetic energy measurements of the ion after buffer gas cooling [a) and b)]
and after an additional 1 s waiting time [c) and d)]. a) After buffer gas cooling, we measure
Rabi flops on the S1/2 ↔ D5/2 quadrupole transition. We fit the flops to our model Eq. (3.2)
to obtain the average occupation number of motional quanta n̄ and thereby the secular
temperature of the ion T⊥

sec, as explained in the text. b) In the axial direction, we instead
study the spectral width of the laser excitation to obtain the ion temperature Tax. On the
x-axis, is given the frequency supplied to an AOM to control the frequency of the laser
with precision at the kHz level. c) and d) show the same type of measurement as a) and b)
but after waiting another 1 s without any atoms present. In this way, we can obtain the
background heating rate of the ion as explained in the text.

ground heating increases the final temperature of the buffer gas cooled ion
by ∆T = Γheat/γcool. Here, T∞ is the equilibrium temperature, Γheat is the
background heating rate, which is independent of its motional state in the ul-
tracold regime considered [148] and γcool is the buffer gas cooling rate. With
γcool=1/244(24)ms−1 as measured in section 4.3, we get ∆T⊥

sec = 21(12)µK for
the radial direction and ∆T ax

sec = 48(13)µK for the axial direction. Combining
these results and comparing them to the data suggests T⊥

∞ = 69(37)µK while
T ax
∞ = 60(28)µK in agreement with thermalization between the directions of

motion in the absence of background heating. It should be relatively straight-
forward to (locally) increase the density of the buffer gas, and thereby γcool by
e.g. stronger optical confinement and eliminate the background heating as a
limitation in buffer gas cooling.
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Figure 4.5 | Ion temperature versus offset electric field causing excess micromotion ob-
tained from measurement (circles) and from molecular dynamics simulation (crosses) with
parameters as used in the experiment.

4.6 Excess micromotion in buffer gas cooling

In this section, we study the achievable ion temperatures whenwe buffer gas cool
the ion while giving it a controlled amount of excess micromotion, published
as part of [106]. The effect of excess micromotion on the buffer gas cooling of
a trapped ion has been studied in a number of experimental and theoretical
works [46, 65, 107, 132]. It has been found that excess micromotion can lead
to much higher final ion temperatures than when considering an ideal Paul
trap. Numerical simulations reveal that γcool is also weakly affected by excess
micromotion, leading to a slight increase [100]. The effect of excess micromotion
in an ion-atom combination with a large mass ratio is of particular importance
as it could have an impact on the prospects for reaching deep into the quantum
regime of atom-ion interactions [100].

To tune the excess micromotion, we apply a dc offset voltage to a pair of
compensation electrodes generating a field Edc that pushes the ion out of the
center of the trap by a distance xeMM = eEdc/(mionω

2
x). This gives the ion an

excess micromotion amplitude of xeMMqrad/2. In these experiments, we buffer
gas cool the ion for 1 s, after which it is interrogated by the 411 nm laser to obtain
its secular temperature for each voltage settings, as described in section 3.6.

Our result shows that buffer gas cooling remains effective as compared to
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Doppler cooling up to an offset field of about 2V/m. This is shown in Fig. 4.5,
which depicts the effect of excess micromotion on the ion temperature after
buffer gas cooling for experimental measurements (circles). We compare the
data to molecular dynamics simulations (crosses), which explain the data very
well. In the simulation, we extract the ion’s secular temperature by subtracting
the theoretical energy for the used excess micromotion parameters [99] from the
total average kinetic energy. More details on the molecular dynamics simulation
can be found in Ref. [100].

4.7 Conclusion

In conclusion, we have demonstrated buffer gas cooling of a single ion in a Paul
trap to the quantum regime of atom-ion collisions. This has been an elusive goal
in hybrid atom-ion experiments for more than a decade [109]. Studying spin-
exchange collisions close to the s-wave limit we find deviations from classical
behavior. We speculate that controlling elastic atom-ion collisions using possible
Feshbach resonances [144, 145] may allow tuning the cooling rate and accessible
temperatures in atom-ion mixtures further, as is the case in neutral systems [129].

After buffer gas cooling, measurements without the atom cloud show a
background heating rate of 85(50)µK/s in the radial and 197(48)µK/s in the
axial direction due to electric field noise. In addition, we have measured the
temperature in the secular motion of the ion under the influence of excess
micromotion. The measured temperatures can be accurately reproduced using
classical molecular dynamics simulations. The data and simulations suggest that
even lower temperatures may be reached when using colder and denser atomic
clouds, both of which are technically feasible.

4.8 Supplemental material

Molecular dynamics simulations
Themolecular dynamics simulations were done by Henning Fürst and the details
are added here for completeness.

We numerically simulate the full trapped-ion-atom system including the
excess micromotion detected in our experiment. For details of the simulation,
see Ref. [94] and methods in Ref. [38]. We obtain the average ion cooling curve
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Figure 4.6 | Calculated energy distribution after buffer gas cooling of the ion using the
parameters from the experiment. The frequency of average secular kinetic energies is
shown and fitted with a thermal distribution for a harmonic oscillator with a temperature of
T⊥
sec = 38.2µK. No significant deviation from the thermal distribution is found. The results

shown are from 300 simulation runs. In these simulations, the secular kinetic energy of the
ion was obtained by filtering out energy contributions with a frequency higher than half
the trap drive frequency, Ωrf/2, as explained in Ref. [100].

by averaging 300 simulation runs, containing Nat = 8000 atoms each. We
fit an exponential of the form T⊥

sec(ncol) = (T0 − T∞)e−ncol/Neq + T∞ to the
simulated cooling dynamics. From this we obtain the characteristic 1/e number
of collisions Neq it takes to equilibrate and the final ion temperature T∞.

In the experiment, the buffer gas cooling is competing with ion heating
caused by electric field noise. Independent measurements give a heating rate of
γheat = 85(50)µK/s in the radial direction in the absence of atoms. We account
for this heating by setting dT⊥

sec(t)/dt = −γcoolT
⊥
sec(t) + T∞γcool + γheat, which

results in T⊥
sec(t) = (T0 − T∞)e−γcoolt + T∞ + γheat/γcool with γheat/γcool ∼ 20µK.

Finally, we obtain the energy distribution of secular ion motion from the
numerical simulations. It has been found [46, 62, 64, 66, 67, 132] that the energy
distribution of a trapped ion can deviate significantly from a thermal distribution
when interacting with a buffer gas. In our calculations we do not find an
observable difference with a thermal distribution for the secular motion of the
ion after buffer gas cooling, as shown in Fig. 5.7. We attribute this result to the
large mass ratio between the atoms and ion [46, 64].
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Quantum scattering calculations
The quantum scattering calculations were done by Michal Tomza and Darek
Wiater and the details are added here for completeness.

We construct and solve a quantum microscopic model of cold atom-ion
interactions and collisions based on the ab initio multi-channel description of the
Yb+-Li system as we presented in Refs. [70, 145]. The Hamiltonian used for the
nuclear motion accounts completely for all relevant degrees of freedom including
the singlet and triplet molecular electronic states, the molecular rotation, and the
hyperfine and Zeeman interactions. Experimental values of relevant parameters
including the magnetic field of 4 G are assumed. We construct the total scattering
wave function in a complete basis set containing electronic spin, nuclear spin
and rotational angular momenta.

We solve the coupled-channels equations using a renormalized Numerov
propagator with step-size doubling. The wave function ratios are propagated
to large interatomic separations, transformed to the diagonal basis, and the K
and S matrices are extracted by imposing the long-range scattering boundary
conditions in terms of Bessel functions. As an entrance channel, we assume
Yb+ in the |F = 1,mF = −1〉 state and Li in the |F = 1/2,mF = −1/2〉 or
|F = 1/2,mF = 1/2〉, while all allowed other channels are included in the
model. The inelastic rate constants and scattering lengths are obtained from the
elements of the S matrix summed over relevant channels including different
partial waves l.

We calculate the rate constant for spin-changing collisions K(E, aS, aT) as
a function of the singlet aS and triplet aT scattering lengths. The scattering
lengths of the singlet and triplet potentials are fixed by applying uniform scaling
factors λi to the interaction potentials: Vi(R)→ λiVi(R). We express scattering
lengths in units of the characteristic length scale for the atom-ion interaction
R4 =

√
µC4/h̄. Next, the rate constant is convoluted with the ion’s energy

distribution induced by a controlled micromotion added to a thermal offset of
E0/kB=20µK

K̄(Ē, aS, aT) =

∫ E0+ĒeMM

E0

PĒeMM(E − E0)K(E, aS, aT)dE . (4.2)

The probability of detecting the ion spin in |F = 0,mF = 0〉 after preparing it
in |F = 1,mF = −1〉 is calculated

S(Ē, aS, aT, nL) = 1− exp(−nL · K̄(Ē, aS, aT)/KL) . (4.3)
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Figure 4.7 | χ2 as a function of the singlet aS and triplet aT scattering lengths with the
number of Langevin collisions optimized for each set of scattering lengths.

where nL is the number of Langevin collisions and KL = 2π
√

C4/µ is the
Langevin collision rate coefficient. The singlet and triplet scattering lengths are
found together with the number of Langevin collisions by minimizing the χ2

function

χ2(aS, aT, nL) =

Nexp∑
i=1

(
Sexp(Ēi)− S(Ēi, aS, aT, nL)

σi

)2

, (4.4)

which quantifies howwell our theoretical model reproduces the measured values
Sexp(Ēi). The numerical minimization of χ2 yields aS = 1.2(0.3)R4, aT =
−1.5(0.7)R4, and nL = 1.2(0.4), where the uncertainties of the theoretical
values are obtained by imposing that χ2 give the p-value equal or better than
0.05. Figure 4.7 shows corresponding χ2 dependence on the scattering lengths.

Atom temperature during buffer gas cooling
In this section, we study the influence of buffer gas cooling on the atom cloud. We
record time-of-flight measurements before and after the atoms have interacted
with the ion as it is shown in Fig 4.8 a) and b), respectively. For the initial
cloud we find Ta = 2.6 (0.3)µK with 9 × 103 atoms per spin state and after the
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Figure 4.8 | Time-of-flight (TOF) data of the atomic cloud after release from the dipole trap.
We plot σx (blue) and σy (yellow). We average the temperature Tx and Ty to determine the
atom temperature Ta a) TOF data for cold atoms after a buffer gas cooling time of 1 s. We
determine an average atom temperature of Ta = 2.0(0.8)µK. The errorbars are quite large
for this measurement as the atomic density is at the lower limit of what we can reliably
measure in our system. b) TOF data for cold atoms before the buffer gas cooling. We
determine Ta = 2.6(0.3)µK. c) TOF data for the atomic cloud used for the spin-exchange rate
measurement, we determine a temperature of Ta = 11.6(0.5)µK. Errorbars denote standard
deviations of fitted cloud sizes.

interaction we extract Ta = 2.0 (0.8)µK and 5.5 × 103 atoms per spin state. We
do not observe a significant change in atom temperature after interaction with
the ion. Since the temperature after the buffer gas cooling is slightly colder but
less accurate compared to the temperature before buffer gas cooling we chose
to give the average of the two temperatures in the energy budget. The atom loss
is comparable to the atom loss when there is no ion present.

The time-of-flight data for the atomic cloud used in the spin-exchange exper-
iments are shown in Fig. 4.8 c) (Ta = 11.6 (0.5)µK, 20 × 103 atoms per spin state).
From the data, we extract atomic trap frequencies of 2π×(490(70), 470(140))Hz
in the radial directions for the coldest atomic clouds. Based on the aspect ratio
of the atomic cloud [94], the axial trap frequencies are a factor ∼ 10 smaller still.
Since these values are negligible compared to the trap frequencies of the ion, the
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atoms can be treated as free particles in our simulations and the interpretation
of our data.
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5 | Controlling the nature of
a charged impurity in a
bath of Feshbach dimers

Based on
Physical Review Research 2, 033232, (2020) [149]

We theoretically study the dynamics of a trapped ion that is immersed in an
ultracold gas of weakly bound atomic dimers created by a Feshbach resonance.
Using quasi-classical simulations, we find a crossover from dimer dissociation
to molecular ion formation depending on the binding energy of the dimers.
The location of the crossover strongly depends on the collision energy and
the time-dependent fields of the Paul trap. Deeply bound dimers lead to fast
molecular ion formation, with rates approaching the Langevin collision rate
Γ′

L ≈ 4.8 × 10−9 cm3s−1. The kinetic energies of the created molecular ions
have a median below 1mK, such that they will stay confined in the ion trap.
We conclude that interacting ions and Feshbach molecules may provide a novel
approach towards the creation of ultracold molecular ions with applications in
precision spectroscopy and quantum chemistry.

5.1 Introduction

Recently, trapped ions have been combined with ultracold atomic gases [22, 40,
46, 61, 84, 92, 107, 108]. These systems are of particular interest to study charged
impurity physics in a quantum bath. The well-controlled ionic impurities may
be used to probe properties of the atomic bath, or to study the decoherence of
internal states and motion while interacting with a quantum environment [38,
46, 110, 112, 115, 142, 143, 150]. Notably, the charge-dipole interactions are
longer-ranged than those found in neutral systems [49, 92]. This could lead
to larger polaronic effects [50] and it has been suggested that many atoms
can become weakly bound to a single ion [53]. The system is experimentally
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attractive as both the motion and internal states of individual trapped ions can
be accurately controlled and measured [98, 151]. Furthermore, the interactions
within the atomic bath can be tuned with Feshbach resonances and these even
allow for transforming the bath into a gas of molecules [129]. However, the
long-range interactions tend to translate into a higher reactivity, as has been
shown for instance for Rydberg impurities in an atomic gas [152]. Therefore,
understanding the chemistry of the species involved is fundamental to develop
models for charged impurities in ultracold gases.

In this chapter, we present a theoretical study of a single ion impurity in a
bath of ultracold diatomic molecules whose binding energy can be controlled
with a Feshbach resonance. We show that a crossover exists in the system,
depending on the molecular binding energy Eb and the ion-molecule collision
energy Ecol. We find that a charged impurity reacts with a molecule of the
bath leading, as the main reaction channel, to the formation of molecular ions,
which can be viewed as a charged-molecular impurity. However, as soon as
Ecol � Eb, the impurity predominantly induces the dissociation of the dimer,
and the molecular ion creation rate drops significantly. In other words, by tuning
the binding energy it is possible to control the nature of a charged impurity. Our
results open a new avenue towards the creation of ultracold molecular ions with
applications in quantum chemistry and precision spectroscopy [84, 153–156].

As a prime example, we study the 6Li2-Yb+ system inside the radio fre-
quency electric fields of a Paul trap as sketched in Fig. 5.1. The large mass
ratio is appealing to study chemical reactions experimentally, as Yb+ and LiYb+
can be confined simultaneously despite the Paul trap acting as a mass filter.
Furthermore, the mass ratio mitigates adverse heating effects from the Paul trap
[68, 100], which allowed to reach ultracold atom-ion collision energies on the
order of 10µK [38]. For the reported collision energies the full crossover regime
is within experimental reach. The 6Li atoms feature a broad Feshbach resonance
around 832G between the two lowest energy spin states [123]. On the repul-
sive side of this resonance, long-lived Li2 dimers are produced by three-body
recombination once the atoms are sufficiently cold [33]. The binding energy of
these weakly bound dimers lies in the µK range and can be straightforwardly
tuned using an external magnetic field.
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Figure 5.1 | Left: Schematics of the atom-ion system investigated. A single ion (blue)
trapped in the radio-frequency blades of a Paul trap (gray) combined with a cloud of
ultracold molecules (red). Inset: Sketch of a single simulation run. A Yb+ ion (blue)
oscillating in the trapping field of the Paul trap collides with a Li2 dimer (red, orange),
whereby the Li2 is dissociated. Right: Classical turning point rct, binding energy Eb and
scattering length a as a function of the magnetic field strength B for Li2 dimers created
close to the Feshbach resonance.

5.2 The quasi-classical trajectory method
We simulate the dynamics of the colliding ions and molecules using the quasi-
classical trajectory (QCT) method. This approach has been used to treat scat-
tering problems in the chemical physics community since the pioneering work
of Karplus et al. [157] and it has recently been applied to the study of cold
chemical reactions between molecular ions and neutrals [158]. The QCT method
calculates the trajectories classically but the initial conditions of the colliding
partners are selected according to the quantum state of the reactants through the
celebrated Wentzel, Kramers, and Brillouin (WKB) or semi-classical approxima-
tion [159, 160]. QCT is applied in scattering problems where many partial waves
contribute [158] or when the problem is too complex for a full quantum treat-
ment. The latter is the case when we consider the electric fields of a Paul trap,
which have a massive impact on atom-ion scattering [62, 100, 114], but severely
complicate calculations due to its asymmetry and explicit time dependence.
The potential of a Paul trap is given by:

V (r, t) =
Udc

2

3∑
j=1

αjr
2
ij +

Urf

2
cos (Ωt)

3∑
j=1

α′
jr

2
ij , (5.1)

with ri = 0 the center of the trap, Udc and Urf curvatures of static and radio-
frequency fields respectively and geometry factors α(′)

j . For the linear Paul trap
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considered here, −2α1 = −2α2 = α3 = 1 and α
(′)
1 = −α(′)

2 = 1, α(′)
3 = 0. The

motion of the ion in the transverse directions can be descibed by a slow (secular)
motion with a frequency ω⊥ ≈ Ωq/

√
8 and q = 2eUrf/(mYb+Ω

2) superimposed
on a fast micromotion with frequency Ω [98]. The motion along the axial z-
direction is purely harmonic with frequency ω3 =

√
eUdc/mYb+ .

The atom-ion potential consists of a characteristic long range term Cai
4 /2r

4
ai

which is a consequence of the charge-induced dipole interaction. Cai
4 is the

attractive interaction coefficient and rai the atom-ion distance. Two atom-ion
collision types can be distinguished: large impact parameters b lead to elastic
scattering (glancing collisions), whereas for b < bc = (2Cai

4 /Ecol)
1/4 spiraling

Langevin collisions occur in which large momentum and energy transfer is
possible [96]. The Langevin collision rate ΓL = 2πρa

√
Cai

4 /µai is independent
of the collision energy. Here, ρa is the cloud density and µai is the atom-ion
reduced mass. We model the atom-ion potential with

Vai(rai) = −
Cai

4

2r4ai
+

Cai
6

r6ai
, rai = |ra − ri| , (5.2)

where ra and ri are the atom and ion position respectively andCai
6 is the repulsion

coefficient at short range [100].
Li atoms can be paired into Li2 dimers on the repulsive side of the Feshbach

resonance. These molecules are formed by a weak admixture of the highly
excited vibrational bound state X1Σ+

g (ν = 38), with ν the vibrational quantum
number [161]. Their binding energy Eb = h̄2/(mLia

2) depends on the scattering
length a = abg(1+

∆B
B−B0

)(1+α(B−B0)) and thus on the magnetic field strength
B, with mLi mass, h̄ Planck’s reduced constant, B0 = 834.15G, abg = −1405 a0,
∆B = 300G, and α = 4× 10−5 G−1, with Bohr radius a0 [128].

For the atom-atom interactions, we use a Lennard-Jones potential

VLi2(raa) = −
Caa

6

r6aa
+

Caa
12

r12aa
, raa = |ra1 − ra2| , (5.3)

where ra1,2 are the atom positions and Caa
6 and Caa

12 the attraction and repulsion
coefficients respectively.

For each scattering event, we initialize the molecule on a sphere with radius
rstart = 0.5µm, large enough to account for potentially large ion-orbits. The ion
is initialized in the center of the Paul trap and both ion and molecule velocities
are diced from thermal distributions. Also the orientation of the molecule axis
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is randomized. The Li atoms are initialized in the outer classical turning point
rct of the molecular potential for Eb (see Fig. 5.1), where kinetic energy stems
from center of mass motion alone. Initially, the molecules do not rotate. The
particles are propagated using a 4th order adaptive Runge-Kutta method until
one of the particles leaves a sphere of radius rend ≈ 1.3 rstart [100].
We identify three scattering channels:

(i) Molecular ion formation: Li2 + Yb+ → Li + LiYb+

(ii) Dissociation: Li2 + Yb+ → Li + Li + Yb+

(iii) Quenching: Li2(ν) + Yb+ → Li2(ν’) + Yb+

The reaction products are discriminated by calculating the energy of the possible
sub-systems Li2 and LiYb+ at the end of the each simulation. The probability for
one of the scattering channels χ is obtained from Monte Carlo sampling of the
starting conditions:

Pχ =
Nχ

N
± δNχ, δNχ =

√
Nχ(N −Nχ)

N3
, (5.4)

where Nχ and δNχ denote the number and standard deviation of the trajectories
associated with channel χ and N the total number of trajectories.

The reaction rate is

Γ′
χ = κ

√
TLi2 (Pχ ± δNχ), (5.5)

with TLi2 the molecule temperature and κ ≈ 3.29 × 10−11 m3s−1K− 1
2 , see sec-

tion 5.7.1]. For each parameter setting we propagate 2 × 104 trajectories
and use temperature distributions around TLi2 = 2µK and TYb+ = 100µK
(Ēcol/kB ≈ 11µK), if not stated otherwise. The average collision energy of the
system is calculated with

Ēcol =
µ

mYb+

5
2
kBTYb+ +

µ

mLi2

3

2
kBTLi2, (5.6)

where µ is the ion-molecule reduced mass, and kB is the Boltzmann constant.
Note, that we account for the intrinsic micromotion of the ion in the Paul trap
by counting five degrees of freedom [99] in Eq. (5.6).
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Figure 5.2 | Reaction rates for molecular ion formation (markers, solid lines) and disso-
ciation (dotted lines). a) Binding energy dependence for Ēcol/kB ≈ 11µK (gray dashed
line), corresponding to TLi2 = 2µK and TYb+ = 100µK. In (blue) Paul trap (PT) and
in (orange) the time independent secular approximation (SA). Green dashed line is the
Langevin collision rate for Li-Yb+. b) Collision energy dependence with fixed binding
energy Eb/kB = 8.6µK for TLi2 = 2µK and TYb+ =12.5–100µK in the Paul trap.

5.3 A crossover from ultracold physics to cold
chemistry

We investigate the reaction rates as a function of the Li2 binding energy Eb, as
shown in Fig. 5.2a. We compare the reaction rates for molecular ion formation
Γ′

LiYb+ and Li2 dissociation Γ′
diss in the Paul trap (PT) and in a time-independent

harmonic trap with the same trap frequencies ω⊥ and ω3 corresponding to the
so-called secular approximation (SA). We find two different regimes. For tightly
bound molecules (Eb � Ēcol) molecular ion formation is the dominant channel,
with Γ′

LiYb+ close to the Langevin collision rate Γ′
L ≈ 4.8× 10−9 cm3s−1, while

Γ′
diss is negligible. Approaching the Feshbach resonance (Eb � Ēcol), dissociation
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Figure 5.3 | Reaction rate dependence on the ratio of average collision energy to binding
energy in the Paul trap. Molecular ion formation LiYb+ (markers) and dissociation rates
(dotted lines) for six different collision energies. The broad blue line is the analytic model
described in the text and the horizontal green dashed line indicates the Langevin rate. Error
bars (. 0.3× 10−9 cm3s−1) are omitted for visibility.

becomes the dominant process, while Γ′
LiYb+ decreases to a roughly constant rate

below 1.5× 10−9 cm3s−1. The rate for breaking up Li2-dimers is approximately
constant Γ′

diss + Γ′
LiYb+ ≈ Γ′

L for Eb/kB & 1µK. Here, we find that < 5% of the
Li2-dimers do not break up in a Langevin collision, see section 5.7. Close to the
Feshbach resonance we find Γ′

diss > Γ′
L, as even glancing collisions can dissociate

the very weakly bound molecules, see section 5.7. The location of the crossover
strongly depends on the collision energy Ēcol as can be seen in Fig. 5.2 b). With
a fixed binding energy Ēb/kB = 8.6µK and Tmol = 2µK we vary the TYb+

between 12.5− 100µK. For small collision energies we find Γ′
diss < Γ′

LiYb+ . With
increasing Ēcol more tightly bound molecules can be dissociated. Hence, the
crossover occurs at larger binding energies.

We investigate the reaction rate dependence on the ratio of collision to
binding energy for various ion and atom temperature distributions. As shown
in Fig. 5.3, all simulations can be roughly explained by the ratio ξ = Ēcol/Eb.
For ξ � 1 the system is in the molecular-ion formation regime. At ξ ≈ 1 the
dissociation channel opens and Γ′

LiYb+ decreases until dissociation becomes the
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dominant process for ξ � 1.
To explain this behavior we develop a simple model. The reaction rate for

product χ can be separated into events from Langevin (L) and non-Langevin
(non-L) collisions Γ′

χ = Γ′
L,χ + Γ′

non−L,χ. However, to form LiYb+ the minimum
atom-ion distance must become small and therefore only Langevin collisions
can contribute. The reaction rate is thus given by

Γ′
L,LiYb+ (ξ) = Γ′

L − Γ′
L,Li2 − Γ′

L,diss (ξ) . (5.7)

The dissociation channel opens for Ēcol > c × Eb. Here, the factor c takes
into account the unknown interchange of the reaction channels as well as the
possibility of energy transfer from the oscillating field of the Paul trap. We
therefore obtain the ratio of LiYb+ events by integrating the collision energies,
which we assume to be Maxwell-Boltzmann distributed, up to c× Eb

FLiYb+(ξ) = 2

∫ c×Eb

0

√
E ′

col

Ē3
colπ
× exp

(
−E ′

col

Ēcol

)
dE ′

col

= −2e−c/ξ

√
c

πξ
+ erf

(√
c/ξ

)
. (5.8)

The reaction rate is then Γ′
LiYb+(ξ) = a+ b×FLiYb+(ξ), where a is the molecular

ion formation rate for Ēcol � Eb and b = Γ′
L − Γ′

L,Li2 − a relates the model to
the Langevin collision rate.

Fitting our model to the numerical results, we find good agreement, as can
be seen in Fig. 5.3 and we extract a ≈ 0.7× 10−9 cm3s−1, b ≈ 3.9× 10−9 cm3s−1

and c ≈ 3.1. We obtain Γ′
L−Γ′

L,Li2 ≈ 4.6× 10−9 cm3s−1 ≈ 0.95×Γ′
L, indicating

that in only very few Langevin collisions the Li2-dimers do not break up.

5.4 Influence of time-dependent electric fields

As shown in Fig. 5.2 a), the reaction rates show a significant difference between
the PT and the SA. In the PT the dissociation channel opens up at larger binding
energies compared to the SA. The time-dependent fields change the dynamics
of the molecule-ion collisions, such that the PT has the effect of an increased
collision energy, compared to the SA.

Moreover, the PT can suffer from imperfections that cause so-called excess
micromotion (eMM) which leads to significantly higher ion kinetic energies. In
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Figure 5.4 | Effect of excess micromotion on the reaction rates for Ēcol = 11µK. Molecular
ion formation (markers, solid lines) and Li2 dissociation (dotted lines) for additional electric
fields of (blue) 0Vm−1, (orange) 0.3Vm−1 and (green) 0.6Vm−1.

an experiment, a common cause of eMM are stray electric fields that push the ion
away from the trap center such that it experiences a non-zero oscillating field. In
Fig. 5.4 we present reaction rates for a PT with additional stray electric fields up
to 0.6Vm−1 in transverse direction. We see that introducing eMM has the same
effect as scattering with a higher collision energy. In state-of-the-art Paul traps,
stray electric fields can be eliminated down to ∼ 0.1 Vm−1 [38, 102, 107]. We
conclude that the crossover regime to molecular ion formation should remain
observable at realistic eMM levels. At the same time, applying well controlled
electric fields will allow us to tune the collision energy without influencing the
molecule density or the trap depth of the Paul trap as has been demonstrated
for atom-ion collisions [38, 107].

5.5 Properties of the formed LiYb+

We study the (center-of-mass) kinetic energy and binding energy of the created
molecular ions for the simulations presented in Fig 5.2 a) (PT). Therefore, we
extract the median of the created LiYb+ energies. Fig. 5.5 a) shows the kinetic
energies of the created LiYb+ as a function of the initial Li2 binding energy. The
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Figure 5.5 | Properties of the created LiYb+ as function of Li2 binding energy. a) LiYb+
(center-of-mass) kinetic energy and b) LiYb+ binding energy. Blue squares show medians
to number of occurrences in the numerical simulation and orange lines are linear fits.

numerical data is described well by the linear correlation

Ekin,LiYb+ ≈ 0.1mK+ 2.9× Eb,Li2. (5.9)

With energies below 1mK the presented method indicates its potential for
creating ultracold molecular ions.

In Fig. 5.5 b) the resulting LiYb+ binding energies are shown as a function
of the initial Li2 binding energy. The molecular ions are weakly bound with
binding energies in the mK regime. We find the linear correlation

Eb,LiYb+ ≈ 0.01mK− 12.3× Eb,Li2. (5.10)

5.6 Conclusion

Our simulations reveal the existence of a crossover regime from Li2 dissociation
to LiYb+ formation in collisions of a trapped ion with Feshbach dimers. Impor-
tantly, the full crossover is within experimental reach as the required collision
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energies and magnetic field strengths have been reported [38]. We find that the
created molecular ions have kinetic energies with a median below 1mK and
thus are easily trapped for typical Paul trap depths� 10K. The created LiYb+
are weakly bound with binding energies on the order of mK. From comparing
to BaRb+, a radiative lifetime on the order of 2ms for a binding energy of about
1mK can be expected [84].

It is appealing to study both theoretically and experimentally how quantum
effects will appear as deviations from our model. In particular, the crossover to
the quantum regime for atom-ion collisions occurs for Ēcol ≈ E∗ = h̄2/(2µai(R

∗)2),

with R∗ =
√
2µaiC

ai
4 /h̄

2. For 171Yb+-6Li we find E∗/kB = 8.6 µK, which be-
comes equal to the molecular binding energy for B ≈ 705G. A significant
increase in richness can be expected once the collision energy of the atoms and
ion reach deep in the quantum regime, where Feshbach resonances between
these particles can play a role as well [145].

Our results point to a novel method for creating ultracold molecular ions. It
will be interesting to study buffer gas cooling of the formed molecular ion with
the atomic gas or ultracold collisions of molecular ions with Feshbach dimers.
The LiYb+ molecular ion has a large permanent electric dipole [145, 162] and
may allow the study of dipole-dipole interactions. By cotrapping an atomic Yb+
ion, the molecular ion can be straightforwardly identified by mass spectrometry
using, e.g., the collective modes of ion motion. These techniques can also be
used to perform quantum logic spectroscopy and to study the properties of the
molecular ion [154–156].

5.7 Supplemental material

We present additional information for controlling the nature of a charged im-
purity in a bath of Feshbach dimers. The parameters used for the numerical
simulations are presented in Tab. 5.1, if not stated differently. For the Paul
trap the values correspond to the experimental ones from Ref. [38] and the
atom-ion coefficients are taken from Ref. [100]. For the Feshbach molecules
we used Ref. [128], with this, the magnetic fields deviate < 1% from recent
measurements [123]. First, we explain how the reaction rates are obtained from
individual collisions and we compare the Langevin collision rate from our nu-
merical simulation with the analytically expected Langevin rate. We look at
Langevin and non-Langevin collisions and study their reaction rates separately.
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Coefficient description Value
fz axial trap frequency 130.037 kHz
frf rf-drive frequency 1.85MHz
qx,y rad. q-parameter ±0.5
qz ax. q-parameter 0
Tion initial ion temp. 5− 250µK
Tmol mol. temp. 2− 20µK
rstart mol. start radius 0.5µm
rend mol. escape radius 0.655µm
ptol rel. num. tolerance 10−10

Cai
4 attractive 5.607× 10−57 J m4

Cai
6 repulsive 5× 10−19 m2 × C4

Cmol
6 attractive 1.3× 10−76 J m6

Cmol
12 repulsive 3.2× 10−128 J m12

B magn.-field strength 600− 830G
Eb/kB mol. binding energy 0.003− 187µK

Table 5.1 | Parameters used in the simulations if not stated differently.

The Li2 model potential is discussed and a convergence check is presented for
the chosen potential depth. Finally, we do an energy conservation check and
investigate the tolerance of our 4th order Runge-Kutta stepper method.

5.7.1 Extracting rates from the numerical simulations

In the numerical model we simulate single ion-molecule collisions and count
the different reaction products. To extract a rate from these results, we do a
projection onto an atomic (molecular) density by using

Vs
〈v〉s
〈s〉s

= κ
√

TLi2, (5.11)

where the average velocity from a Maxwell-Boltzmann distribution is given by

〈v〉s =

√
8kBTLi2

πmLi2
, (5.12)
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Figure 5.6 | Percentage of reaction rates
from Langevin collisions for Eb/kB =
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Figure 5.7 | Occurrences of minimal atom-
ion distance for non-Langevin collisions at
Eb/kB = 0.0144µK. Reactions with Li2
maintained (blue) and reactions with Li2
dissociated (orange). The gray line indi-
cates the Langevin impact parameter and
the shaded gray area the molecule size.

with molecule temperature TLi2 and Boltzmann constant kB. For a sphere of
volume Vs =

4
3
πr3start with radius rstart the average distance for two points on the

surface is 〈s〉s =
4
3
rstart. We obtain

κ =

√
8πkB

mLi2
r2start. (5.13)

For rstart = 0.5µm used in all simulations presented we obtain κ ≈ 3.29 ×
10−5cm3s−1K− 1

2 . Then, the reaction rates are obtained with Eq. 5.5.
For a consistency check, we compare the Langevin collision rate from our

simulation with one obtained analytically. We simulate about 1.2× 106 atom-
ion collisions with rstart = 0.3µm. We monitor the minimal atom-ion distance
rmin during the entire propagation and label a collision Langevin if rmin <
5× 10−9 m. Note, that due to the spiraling character of the Langevin collisions
the exact value for the discrimination has no significant influence. We find
about 0.24× 106 Langevin collision. Using Eq. 5.13 (and Eq. 5.5), we extract the
numerical Langevin (L,n) rate of

Γ′
L,n = 4.71± 0.01× 10−9 cm3s−1. (5.14)
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The analytical (a) Langevin collision rate is calculated from

Γ′
L,a = 2π

√
C4

µ
≈ 4.80× 10−9 cm3s−1. (5.15)

The two rates agree within ∼ 2%, showing that the simulations are consistent
with the analytical model.

5.7.2 Langevin and non-Langevin collisions
In Fig. 5.2 b) we find for large binding energies, that the reaction rates for
breaking up a Li2-dimer are similar to the Langevin collision rate. However,
close to the Feshbach resonance, the dissociation rate even exceeds the Langevin
rate, as can be seen in Fig. 5.2 a) (and Fig. 5.3). Here, we separate Langevin from
non-Langevin collisions to study their reaction rates independently. We label
a collision as Langevin if the minimal atom-ion distances rmin < 5 × 10−9 m,
for at least one of the two atoms. We run 2 × 104 collisions with (rstart =
0.5µm) for 49.9, 1.58 and 0.0144µK from which roughly 10% are Langevin
collisions. For the Langevin collisions the reaction rates are shown in Fig. 5.6.
The probability of an unbroken Li-dimer from a Langevin collision is roughly
PL,Li2 = (0.14, 2.95, 0.81)% for (49.9, 1.58, 0.0144)µK.

For non-Langevin collision (not shown) we find no dissociation events for
49.9 and 1.58µK. For weaker boundmolecules at 0.0144µKwe findPnon−L,diss. ≈
3%. Since about 90% of the simulation are non-Langevin collisions, this results
in a significant amount, such that Γ′

diss > Γ′
L for weakly bound dimers.

We find that dissociation in non-Langevin collisions only occurs close to
the edge of the critical impact parameter bc = (2Cai

4 /Ecol)
1/4. This is shown

in Fig. 5.7. There, the occurrences of rmin for dissociation (orange) and unbro-
ken Li-dimers (blue) are shown for non-Langevin collisions at 0.0144µK. The
collisions leading to dissociation have small rmin around the Langevin impact
parameter (center gray line), indicating that glancing collisions contribute to
the dissociation rate low binding energies.

5.7.3 Molecule model potential
The model potential (Eq. 5.3) for the molecules was chosen to be rather shallow
and we present here a consistency check to verify that this does not influence
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ative numerical tolerances of the stepper
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our results. The shallowness of the potential is important to reduce the required
computational effort: The ion moves on length scales of . 0.5µm (Tion =
250µK), and thus a reasonably large simulation sphere has to be chosen. To
avoid the propagation of very quickly-oscillating molecules over these large
distances, it is beneficial to use a very shallow potential for the molecule. This
is possible since the physical behavior should be dominated by the long-range
term. Here, we choose the Caa

12 coefficent of Eq. 5.3 to limit the potential depth
to Epd/kB = 10 mK. We do a convergence check without the Paul trap and with
Tion/kB = 0K. The binding energy is Eb/kB ≈ 0.1µK. We launch the molecules
from a fixed starting position and only randomize different molecule orientations
towards the ion. The result is shown in Fig. 5.8. We see no significant deviations
in a range from 100µK to 100K on the shown reaction rates.

5.7.4 Tolerance of the stepper method

We perform a convergence test to verify the numerical tolerance used for the
Runge-Kutta stepper method. Therefore, we do a full simulation for different
tolerances, see Fig. 5.9. The reaction rates are independent of the tolerance up
to 10−8. Only for a tolerance of 10−6 do we see the rates deviate, especially for

76



5.7. Supplemental material

0 50 100 150 200 250 300
collision

10 6

10 5

10 4

10 3

10 2

10 1

100

101

E/
E

Li2 LiYb +

Figure 5.10 | Energy conservation for sim-
ulations without trapping fields for differ-
ent tolerances 10−12 (blue), 10−10 (orange)
and 10−8 (green). Collision 0-149 result in
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Figure 5.11 | Angular momentum conser-
vation for simulations without trapping
fields and for a tolerance of 10−10. Col-
lision 0-149 result in Li2 and 150-300 in
LiYb+.

higher B-fields. We chose 10−10 for all simulations.

5.7.5 Conservation of energy and angular momentum

Finally, we check the conservation of energy and angular momentum. Since
time dependent fields can pump energy into the system during a collision [68],
we simulate collisions without the ion trap.

The relative change in energy ∆E/E is shown in Fig. 5.10 for different
tolerances 10−8 − 10−12 of the stepper [100]. For a tolerance of 10−10 we find
∆E/E . 10−4 for collisions that do not break up the Li2-dimer, while collisions
leading to LiYb+ have a lower accuracy. This we attribute to the stiffness of the
LiYb+ systems due to the different time scales of the fast motion of the bound
Li and the slow propagation in the trap. For lower tolerances the accuracy
increases by a factor of roughly 10, at the cost of approximately doubling the
computation time.

Similarly, we compute the change in total angular momentum ∆l/l during
the collisions, with l = |l| =

∑
i ri × pi and the sum over the three particles.

The result is shown in Fig. 5.11 for a tolerance of 10−10. We find∆l/l < 10−8 for
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all recorded events. As in the energy conservation test we see a step in accuracy
for the different reaction channels.
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6 | Observation of chemical re-
actions between a trapped ion
and ultracold Feshbach dimers

Based on
Physical Review Letters 128, 103401, (2022) [163]

XEw6YktYAT ` Tz7qpT1EjY 1

– J.R.R.Tolkien

We measure chemical reactions between a single trapped 174Yb+ ion and ultra-
cold Li2 dimers. This produces LiYb+ molecular ions that we detect via mass
spectrometry. We explain the reaction rates by modelling the dimer density as a
function of the magnetic field and obtain excellent agreement when we assume
the reaction to follow the Langevin rate. Our results present a novel approach
towards the creation of cold molecular ions and point to the exploration of
ultracold chemistry in ion molecule collisions. What is more, with a detection
sensitivity below molecule densities of 1014 m−3, we provide a new method to
detect low-density molecular gases.

6.1 Introduction

To identify how quantum effects contribute to physical and chemical processes,
it is essential to study chemical reactions at very low temperatures where only
few partial waves play a role. Ion-molecule mixtures present a versatile platform
to measure reaction channels with increased richness as compared to atomic
mixtures. Interacting ions and molecules have been studied by letting ions
collide with molecules from the vacuum background [86, 87, 90], from inlet

1 “[…] and in the darkness bind them.”
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room-temperature sources [164] and from molecular beams [88, 89, 91]. In
these studies molecule temperatures were in the 1K range, which is far above
the ion-molecule s-wave collision energies. However, molecular samples of
much lower temperatures can be created from ultracold atoms using Feshbach
resonances [24, 34, 129]. These weakly bound diatomic molecules are called
Feshbach dimers. Merging the fields of trapped ions and ultra-cold quantum
gases [92] paves the way for studying ion-molecule collisions in the ultracold
regime.

An important premise to control ion-neutral interactions in the ultracold
regime is the understanding of the relevant reaction channels. Examples are
charge transfer [70, 73, 79, 165], spin-exchange [41, 76, 110] and three-body
recombination [71, 84, 166, 167]. The exceptional control over the quantum states
of trapped ions [98, 168] makes it possible to study these chemical reactions at the
single particle level and gives direct experimental access to the reaction products,
their quantum states and energies, as well as their branching ratios. Single
trapped ions can thus be used as probes to detect properties of the ultracold gases
in which they are immersed [40, 70] e.g. BEC-BCS crossover regime [35] and the
charged polarons [50–52, 92]. Moreover, ultracold molecule-ion mixtures can
be used to form cold molecular ions with applications in quantum information
and precision spectroscopy [48, 153–156, 169].

In this chapter, we report on the observation of cold collisions between single
Yb+ ions in a Paul trap and a mixture of ultracold Li atoms and Li2 dimers. We
study the occurence of chemical reactions by observing the Yb+ fluorescence
after it has interacted with the cloud, counting the number of times the Yb+
ion goes dark. We measure a negative correlation between the dark events
probability and the atom density, indicating that atoms are not involved. Instead,
we find that the reaction Li2 + Yb+ → LiYb+ + Li leads to the dark events. We
use mass-spectrometry to demonstrate the occurrence of LiYb+ molecular ions.
We show excellent agreement between the probability of dark events and the
Li2 density in our system, which we model with rate equations. We use our ion
sensor to detect about 50 dimers in a cloud of ∼ 104 atoms, which provides a
new tool to detect molecules in sparse quantities. This creates a pathway to
create cold molecular ions and to search for quantum effects in ion-molecule
collisions. Using ultracold Feshbach dimers, our molecules are 2-5 orders of
magnitude colder compared to previous ion-molecule studies [86–91, 164].
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Figure 6.1 | Setup a) with dipole trap (ODT) and Paul trap (grey). Lower panel: single-run
Yb+ fluorescence detection versus time after ion-bath interaction resulting in b) a bright
Yb+, c) a lost Yb+ and d) an Yb+ that turns bright after tc ≈ 0.5 s of Doppler cooling.

6.2 Experimental sequence

The Yb+-Li mixture is prepared in a hybrid ion-neutral trap as depicted in
Fig. 6.1 and more extensively described in Ref. [149]. We load a single 174Yb+
ion by isotope-selective two-photon ionization, Doppler-cool it to about 0.5mK
and prepare it in the 2S1/2 ground state. The ion trap operates at a driving
frequency Ω = 2π × 1.85MHz and trap frequencies (ωx, ωy, ωz) ≈ 2π ×
(191, 196, 112) kHz, where z is the direction along the axis of the Paul trap.
The ultracold fermionic Li atoms are prepared in a crossed 1070 nm, 40µm
waist, optical dipole trap (ODT) about 200µm below the ion, using forced
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evaporative cooling at 663G close to the 832G Feshbach resonance [123]. We
obtain about 2.2 × 104 6Li atoms per spin state in the lowest two magnetic
sublevels |F = 1/2,mF = ±1/2〉 at a temperature Ta = 1− 10µK. Here F is
the total angular momentum quantum number and mF is its projection on the
quantization axis.

We admix a small quantity of Li2 dimers to the bath by setting the magnetic
field to BLi2 = 693G and associating the dimers by three-body recombination
through direct evaporation. We do this in the final stage of the evaporation of
the lithium spin mixture. The number of resulting dimers depends primarily
on the temperature, the magnetic field BLi2 , and the atom density na [33, 126],
which influences the three-body recombination and dissociation rate of the
Li + Li′ + Li 
 Li2 + Li reactions. Here, Li and Li′ indicate the two spin
states. Next, we turn off the magnetic field, which increases the dimer binding
energy to a fixed value of about Eb/h = 1.38GHz, see section 6.5 [129], with h
being Planck’s constant. By ramping to zero field we minimize variations in the
molecular ion formation rate [149], as well as quantum effects [39, 92]. Moreover,
as the binding energy (≈ 70mK) is much greater than the dimer-ion collision
energy, molecular ion formation is expected to be the dominant reaction channel
as discussed in chapter 5 and Ref. [149]. For all the reported experiments we
obtain dimer densities that are less than 10% of the atomic density. We measure
the atom observables by time-of-flight absorption imaging.

We overlap the Yb+ ion with the atom-dimer bath by transporting the ODT
to the location of the Yb+ ion by means of piezo-electric mirrors and let the
systems interact for τ = 500 ms. The interaction time was chosen to have
sufficient contrast, yet reasonable experimental cycle time. Subsequently, we
Doppler cool the Yb+ ion for 1500ms and simultaneously use a photomultiplier
tube (PMT) to detect its fluorescence in time bins of 50ms.

From the PMTmeasurements after the interaction, we identify three possible
outcomes for each experimental run, as is indicated in Fig. 6.1 (b-d). After the
interaction the Yb+ ion is either bright (panel b) or dark (panel c) indicating
ion loss. The final scenario occurs when the ion is initially dark, but after some
cooling time tc, it turns bright (panel d). We count events c) and d) together as
the dark ion probability Pdark.

The dark events hint towards the possibility of molecular ions being formed,
as they resemble what was recently seen in the Ba+-Rb system [84]. There, the
photo-dissociation of the BaRb+ molecular ion with light at 1064 nm, resulted
in the observation of dark Ba+ ions with similar fluorescence characteristics
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Figure 6.2 | Dark Yb+ ion probability a) as a function of the ODT power with Yb+ initialized
in 2S1/2. Peak atom density na b), obtained with time-of-flight measurements. Charge-
exchange probability c) for Yb+ in its 2P1/2 state. The dashed lines are linear fits to the
data as a guide to the eye. The error bars reflect the total statistical uncertainties.

as panel d). We will show that molecular ions in our system originate from
ion-dimer collisions, via Li2 + Yb+ → LiYb+ + Li as it was proposed in [149]
(chapter 5) in contrast to three-body recombination of molecular ions reported
in Ref. [84].

6.3 Results

6.3.1 Dark ions and Li density
We study the ion interacting with the atom-dimer bath and find a negative
correlation between the probability of dark ions and the atom density, as shown
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in Fig. 6.2. In a) we plot Pdark as a function of the ODT laser power PODT at
the end of the evaporation ramp. The latter changes the peak atom density
(5 − 0.5 × 1016 m−3), presented in b), as well as the temperature of the atom
cloud (12− 0.5µK) and the dimer density, see section 6.5.

Additional charge-exchange measurements of Yb+(2P1/2)+Li→Li++Yb are
taken as an independent means to probe the atomic density (see Fig. 6.2 c).
Charge-exchange occurs when we laser excite the ion to the 2P1/2 state during
the interaction with the bath and it directly leads to ion loss [70]. To avoid signal
saturation we use τ = 50ms. Since the charge-exchange rate is independent of
the collision energy, its rate is a direct probe of the local atom density around
the ion. The measurements confirm the trend observed in Fig. 6.2 b).

The negative correlation betweenPdark and na, excludes Li atoms as the origin
for the reaction resulting in Pdark and points towards a role of Li2. In particular,
it excludes three-body recombination of molecular ions via Li + Li + Yb+ →
LiYb+ + Li. This is supported by theory since the three-body recombination
rate is given by Γ3 = k3n

2
a , with coefficient k3 = 8π2/15

√
2/µ(2α)5/4E

−3/4
col ,

where α is the atomic polarizability, µ is the atom-ion reduced mass and Ecol
is the collision energy [89]. For a Doppler cooled ion and our experimental
parameters, PODT = 0.9 W, Ta = 5.6(0.2)µK and na = 2.1(0.3)× 1016 m−3, we
find Γ3 < 0.01 s−1 which corresponds to the formation of one molecular ion in
< 200 experimental runs. Therefore, three-body recombination of molecular
ions does not play a significant role in the explored parameter space.

6.3.2 Mass spectrometry of LiYb+

To further investigate the observed probability of dark events, we perform mass
spectrometry to detect the presence of LiYb+, as shown in Fig. 6.3. An rf-electric
field (fdrive = 180 − 200 kHz) is applied to a cylindrical electrode (blue rod in
Fig. 6.1) from which energy can be transferred to the ion motion, when fdrive
is in resonance with the ion’s radial trap frequency. When enough energy is
transferred to the ion, this process leads to ion loss as the particle is heated from
the trap. Since the trap frequency of the ion depends on its mass, we can use
this scheme for mass spectrometry. We calibrate our system and extract the
expected trap frequency fres for the molecular ion m = 180 u by measuring the
trap frequencies of various isotopes of Yb+, see section 6.5.

Around fres we find an enhancement of Yb+ ion loss (see Fig. 6.3 (upper
panel)), confirming that LiYb+ molecular ions are formed during the interaction
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Figure 6.3 | Mass spectrometry of LiYb+ and Yb+ by resonant driving the radial trap
frequency with fdrive. Top panel: ion loss (disks) with resonant driving applied during
the interaction of 174Yb+ with an ultracold mixture of 6Li/Li2, with each data point corre-
sponding to at least 57 repetitions. The solid blue line is a Lorentzian fit to the data. The
dash-dotted line indicates the expected trap frequency fres ≈ 183.4 kHz for a single charged
ion with mass number 180. It is obtained from frequency calibration (bottom panel) using
four Yb+ isotopes, see section 6.5. The error bars reflect the projection noise.

of the Yb+ with the atom-dimer bath. These measurements are done by applying
a 2Vpp driving during the entire sequence and measuring ion loss (tc > 1500ms)
as a function of fdrive. For off-resonant frequencies, photo-dissociation of LiYb+
in the ODT beams results in dark Yb+ ions, that mainly return within 1.5 s
of Doppler cooling and thus the background Yb+ ion loss is low. Around fres
however, resonant heating moves LiYb+ quickly out of the ODT beams and
reduces the photo-dissociation probability. Thus, driving LiYb+ out of the ion
trap results in increased loss events. For these measurements, we prepare the
atom-dimer bath at Ta ≈ 2µK and na ≈ 1× 1016 m−3.

6.3.3 Dark ions and Li2 density

Finally, we study dimer-ion collisions in more detail by tweaking the dimer
density in our system. The atomic three-body recombination rate for the process
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Figure 6.4 | a) Dark ion and b) charge-exchange (ce) probabilities as a function of BLi2 .
Markers represent measurements, the black dashed line shows the simple thermal equilib-
rium model and the blue solid line shows the numerical solution to rate equations. Note,
that no fitting parameters are used. The blue shaded region and the black dotted lines
account for a 20% error in the atom temperature, typical for time-of-flight measurements.
The blue dashed line in b) shows the mean of Pce. The error bars show the total statistical
uncertainties.

Li + Li′ + Li → Li2 + Li is a function of the atom scattering length, which
can be tuned by the magnetic field BLi2 in the vicinity of the 832G Feshbach
resonance. We use PODT ≈ 1.5 W which results in Ta = 5.6(2)µK and na =
2.1(3)×1016 m−3 roughly constant over the explored magnetic field range. Note
that the interactions with the ion always occur at B = 0G to ensure the same
binding energy during the collision with the ion.

We find significant dark ion probabilities for BLi2 approaching the Feshbach
resonance. The measured Pdark as a function of BLi2 is shown as blue disks in
Fig. 6.4 a), with each data point corresponding to 40 repetitions. Below 600G,
we find negligible dark ion probabilities, in agreement with Ref. [38], whereas,
when tuningBLi2 above 600G, we observe a significant increase of Pdark, peaking
around 693G. For comparison, we measure the charge-exchange probability
to obtain a relative local atom density with the results shown in panel (b) of
Fig. 6.4. Pce is approximately constant over the explored BLi2 , indicating that
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varying BLi2 has no significant effect on the atomic density.
The relationship between the probability of dark ions and the magnetic field

can also be calculated via the dimer density nd. Two different approaches to
obtain nd result in the blue and the dashed black theory lines in Fig. 6.4 a). The
dimer density is related to the probability by Pdark(nd) = 1 − e−τλdnd , where
τ = 500ms is the interaction time and λd = 4.9× 10−15 s−1m3 is the dimer-ion
Langevin collision rate per unit density. Here, we rely on the fact that every
dimer-ion collision results in a molecular ion when the collision energy is much
smaller than the dimer binding energy. For the presented system, this was
recently demonstrated with quasi-classical trajectory simulations (chapter 5 and
Ref. [149]). Moreover, the density of molecular states is much larger in the long
range molecular ion potential than in the short range van der Waals potential of
the dimer, i.e. it is more likely that a molecular ion is created.

The dimer density nd as a function of the magnetic field can be calculated
by looking into the three-body recombination and dissociation process that
determine the dimer formation, see section 6.5 and Refs. [126, 170]. Close to the
Feshbach resonance, three-body recombination of Li2 can be described with the
rate coefficient ∝ TaE

−3
b . This is in competition with three-body dissociation

Li2 + Li→ Li+ Li′ + Li which has the rate coefficient ∝ T
5/2
a E−3

b exp−Eb/kBTa ,
where kB is the Boltzmann constant and Eb is the dimer binding energy [126].
We obtain the binding energy for different magnetic fields BLi2 using precise
measurements from Ref. [123].

We find reasonable agreement with our ion-data for magnetic fields& 700G,
when assuming an atom-dimer thermal equilibrium to obtain the dimer density.
This is shown as the black dashed line in Fig. 6.4. Here, the dimer density follows
an analytical expression as deduced in Refs. [126, 170], which we solve for the
atom density and the atom temperatures of our system. However for fields
below 700G this simple model deviates from our measurements.

We find excellent agreement with the measured data over the entire magnetic
field spectrumwhen numerically solving the rate equations as they evolve during
the evaporation ramp, see section 6.5. This results in the blue solid lines in
Fig. 6.4. It should be stressed that there are no fitted parameters in our model.
The good agreement therefore indicates that every dimer-ion collision results in
a molecular ion, which subsequently dissociates to a hot Yb+ ion, observable as
a dark event in the experiment.

The results show that we can use the single ion as a sensor for detecting
Li2 dimers in our system. In particular, we probe the local dimer density as
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nd = − ln (1− Pdark)/(τλd). As an example, we consider Pdark = 0.2, which
can easily be distinguished from the background (see Fig. 6.4). We find nd ≈
1× 1014 m−3 corresponding to a relative density of nd/na ≈ 0.004. Remarkably,
this amounts to only about 50 Li2 dimers in our atomic cloud and shows the
potential of using trapped ions to detect trace amounts of molecular gases.

6.4 Conclusion & Outlook

We observed interactions of a single ion with ultracold Feshbach dimers and
identified Li2+Yb+ collisions as the origin for the created LiYb+ in our system.
We found a strong correlation between molecular ion formation and the dimer
density, and observed molecular ions in our system via mass spectrometry. This
is a new approach for creating molecular ions, which is independent of the
mass ratio. It relies on the binding energy of the dimers being larger than the
ion-dimer collision energy and the absence of strong inelastic atom-ion loss
reaction channels. Atom-ion collisions and three-body recombination could be
eliminated by purification of the cloud using resonant laser pulses [24]. Our
results suggest the applicability of a single ion as a probe for trace molecule
gases, with densities as low as 1014 m−3. This new technique might be used to
detect Feshbach molecules of various atom combinations, whose quantities are
not detectable via commonly-used methods [24, 34, 129].

Once the ion-dimer collision energy exceeds the Li2 binding energy, dimer-
dissociation should become prominent and reduce the molecular ion formation
rate as discussed in chapter 5 and Ref. [149]. This can be simply controlled with
the magnetic field during the collision. It will be interesting to study how the
collision energy, in particular the micromotion, affects the crossover between the
two regimes. Feshbach dimers will allow studies of ultracold chemistry between
ions and molecules, in which quantum effects such as ion-neutral Feshbach
resonances [39, 92] will influence the reaction channels.

6.5 Supplemental material

6.5.1 Ion trapping frequency calibration

We measure resonant heating of various Yb+ isotopes to calibrate the trapping
frequency of our Paul trap. The ion’s radial trap frequency in the x-direction
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can be expressed by [98]

fm ≡ ωx/2π ≈

√(
−kxQUdc

my20
+

k′
x
2Q2U2

rf

2m2r40Ω
2

)
≡

√
κx

m
+

κ′
x

m2
, (6.1)

with Q the electric charge of an ion with mass m, trap parameters r0 and y0, Urf
and Udc the radio-frequency (rf) and direct-current (dc) voltages respectively,
and geometrical factors kx and k′

x. Here, the trap parameters are combined into
new factors κx and κ′

x. Without atoms, we measure fm for the isotopes 168Yb+,
172Yb+, 174Yb+ and 176Yb+, by resonantly driving the trap frequency with low
driving voltage of 0.05Vpp. Due to the Doppler shift, successful heating is
visible by reduced ion fluorescence. The results are presented in Fig. 6.3 (lower
panel). We fit Eq. 6.1 (orange line) to extract κx and κ′

x and use these to calculate
a theoretical trap frequency for the 6Li174Yb+ molecular ion of fres ≈ 183.4 kHz
(blue dash-dotted line). Note, that we observe day-to-day frequency drifts on
the order of 0.5 kHz which we compensate by daily referencing to f174.

6.5.2 Observation of dark ions

We observe dark ions after the interaction with the neutral cloud. We explain
their origin in photo-dissociation of molecular ions with the 1064 nm ODT light,
similar to observations with BaRb+ reported in Ref. [84]. After the interaction
with the cloud, we record fluorescence with a photomultiplier tube (pmt) every
50ms over 1500ms, whereby the detection time for each data point is 2.5ms.
For each fluorescence measurement, we project the photon count to represent a
bright (fluorescent) ion or a dark (non-fluorescent) ion. Then, we combine the
photon counts from all measurements into a histogram and we define a threshold
between the partially separated peaks for bright and dark ions. Varying the
threshold by 20%, we do not find a significant deviation on our results.

For the PODT scan data of Fig. 6.2, Fig. 6.5 a) shows a typical single shot
photon count for a dark ion turning bright again after about 500ms of Doppler
cooling, together with in b) the fluorescence averaged over the entire data set.
The same data is shown as a histogram in c), where the contribution from lost
ions (tc > 1500ms) can be seen.
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Figure 6.5 | Photon count (Σγ) during Doppler cooling after an ion-neutral collision
averaged over 2.5ms detection time. (a) Single-shot photon count for a dark ion. (b)
Average photon count and (c) histogram for all dark ions observed in scanning the ODT
power presented in Fig. 6.2.

6.5.3 Li2 density model
The dimers are created by three-body recombination during evaporation close
to the 832G Feshbach resonance (FR). This particular resonance has been widely
studied (e.g. [35, 171]) and we can use the insights from [126, 170] to calculate
the dimer density in our system.

For a positive scattering lengths (B < 832G) and a sample initially consisting
of atoms, three-body recombination is the dominant process to form dimers,

Li+ Li′ + Li→ Li2 + Li. (6.2)

The dissociation process is the other way around,

Li2 + Li→ Li+ Li′ + Li, (6.3)

and the two spinstates of lithium are indicated by Li and Li′. The formation rate
coefficient is given by R3r = 167a6kBTa/h̄ when Eb/kBTa � 1 [172], with Eb
the binding energy of the dimer. Here, a is the atom scattering length, kB the

90



6.5. Supplemental material

Boltzmann constant, Ta the atom temperature and h̄ Planck’s constant h divided
by 2π. In the halo-regime where Eb/h < EvdW/h = 614MHz, with van der
Waals energy EvdW, this results in R3r ≈ 167 h̄5

m3
a

kBTa
E3

b
and the dissociation rate

Cd = 3.75 h̄2

m
3/2
a

(kBTa)5/2

E3
b

e−Eb/(kBTa) for the reverse process [126]. This leads to the
following rate equations

dna

dt
= −4R3rn

3
a + 4Cdnand (6.4)

dnd

dt
= 2R3rn

3
a − 2Cdndna, (6.5)

where na is the atom density of a single spin state and nd the dimer density.
Here, we assume that all atoms and dimers remain trapped even after colliding
and thus that Eb � Utrap, the trap depth which is about 20(14)µK.

In thermal equilibrium, dna
dt

= dnd
dt

= 0, and assuming the atoms and
molecules thermalize (T = Ta = Td), Eq. 6.4 simplifies to an analytic expression

nd =
R3r

Cd

n2
a = 23/2

(
2πh̄2

makBTa

)3/2

n2
a e

Eb/(kBT ). (6.6)

In terms of phase space density, the equation can be rewritten asφd = φ2
a e

Eb/(kBT ),
with φd(φa) the dimer(atom) phase space density, respectively, as found in [126].

The results for this simple analytic model are shown in Fig. 6.4 as dashed
black lines. Agreement is found for magnetic fields above 700G. For lower
magnetic fields the binding energy of the dimers is greater than 10µK and the
assumptions that all particles during three-body recombination and dissociation
remain trapped is no longer valid.

For an accurate picture of the dimer formation, the evaporation ramp needs
to be taken into account as our dimers are created during the last stage of
evaporation. The evaporation ramp changes the rate equations because the
rate coefficients now become time-dependent, as the temperature of the atom
cloud changes with time. Furthermore, there is an additional loss channel for the
atoms as they evaporate out of the trap. As atoms evaporate and the temperature
of the cloud changes, the rate coefficients change according to, i.e. R3r ∝ Ta(t)

and Cd ∝ [Ta(t)]
5/2 e−Eb/(kBTa(t)), respectively.
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During the evaporation ramp, the change in trapdepth U and atom number
N , leads to a change in atom density which can be characterized by

γ(t) =

[
(1− 3

2
α)

Ṅ

N(t)
+ 3

U̇

U(t)

]
na, (6.7)

Here, α is the scaling parameter, whereby Ta ∝ Nα, and represents the temper-
ature decrease per lost particle [173]. We assume an exponential evaporation

ramp of duration τe. ThusN(t) = Ni e

(
t
τe

Ln
[
Nf
Ni

])
andU(t) = Ui e

(
t
τe

Ln
[
Uf
Ui

])
, with

Ni(Nf) the initial (final) atom number and Ui(Uf) the initial (final) trap depth at
the beginning (end) of the evaporation ramp. We incorporate the evaporation
ramp by replacing Eq. 6.4 with

dna

dt
= −4R3rn

3
a + 4Cdndna − γ(t), (6.8)

while Eq. 6.5 is unaffected. The results of solving these rate equations for our ex-
perimental parameters are shown as the blue line in Fig. 6.4. Note that no free pa-
rameters are used and the experimental input parameters are obtained from time-
of-flight (tof) data. See table 6.1 for the simulation input values and correspond-
ing statistical uncertainities, as obtained from tof absorption images. The values
for Ni, Ti, na(t = 0), Ui, Uf and α are based on our evaporation ramp data, taken
separately and rescaled to match the tof data of the ion-measurement day. For
calculating the trap depth from the tof data, we use U =

w̄2
0

4

(
σ0
xσ

0
yσ

0
z
)−2/3

kBTa,
with average width w̄0 = (wx wy wz)

1/3 ≈ (40× 40× 4000) µm ≈ 186µm and
σ0
z ≈ 10σ0

x . Here, σ0
i is the in-situ width of the cloud in the i-th direction with

i = (x, y, z). From the atom tof data we obtain both σ0
x and σ0

y and the trap ratio
(1:10) gives the relation between σ0

z and σ0
x . The final atomnumber Nf comes

from the tof taken in between the ion-measurements on the same day. We check
that the numerical simulation of the evaporation results in the final density and
temperature as measured in these time-of-flights. The mean values for these
datasets are na = 2.1(3)× 1016 m−3 and Ta = 5.6(2)µK.

6.5.4 Li2 binding energy
In the universal regime of the Feshbach resonance (|a| � RvdW), the binding
energy is given by Eb = h̄2/(ma2), with m the mass of the atom and RvdW the
van der Waals range. The scattering length follows a = abg −

abg∆

B−B0
[129, 174].
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Parameter Value
Ni 17(3)× 104

Nf 33(2)× 103

Ti (µK) 37(8)
α 1.1(2)

n
(t=0)
a ( m−3) 5(2)× 1016

Ui (µK) 73(54)
Uf (µK) 20(14)

Table 6.1 | Values of atom parameters used in the numerical solutions to the rate equations
(solid lines, Fig. 6.4) and based on time-of-flight (tof) absorption imaging. Errors come from
the fit uncertainity of the parameters extracted from the tof fits.

When calculating the binding energy for magnetic fields further away from
the center, such that a� RvdW does not hold, an additional correction to the
universal expression of Eb needs to be taken into account, which comes from
the non-zero range of the van der Waals potential [175]. Then

Eb =
h̄2

m(a− ā)2
. (6.9)

For 6Li ā = 0.956RvdW = 0.956 × 31.26a0 according to [171]. The dimers are
created in the 3Σ+

u (ν = −1) state, where ν is the vibrational quantum number
counted down from the continuum [129]. This is the last molecular bound
state of Li2 which mixes with the entrance channel (F = 1/2,mF = ±1/2)
facilitating formation of Li2 dimers.

Note that when we overlap the atoms with the ion, we ramp to zero-field to
perform all experiments with the same dimer binding energy to avoid influences
on the molecular ion formation rate [149] as well as quantum effects [39, 92]. For
magnetic fields below 550G the dimer bound state switches from 3Σ+

u (ν = −1)
to 1Σ+

g (ν = −1) and with S = 0 its magnetic moment vanishes. Consequently,
the binding energy of the dimers becomes field independent and for zero-field
they have a binding energy of about 1.38GHz [129, 176].

The exact value of Eb(B) or a(B) matters when we want to calculate the
number of dimers we create. This value is closely related to the determination
of the FR parameters of the FR we use to create the dimers. The most accurate
and recent determination of the FR parameters stems from [123], where they
measured the binding energy as a function of magnetic field directly and provide
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Figure 6.6 | Sketch of evaporation sequence to tune the dimer density in Li-Li2 mixture
before overlap with a single ion. We either vary the magnetic field or the trap depth of the
final evaporation stage.

a(B) for 0-2000G. When doing a local fit (|B − B0| � ∆) to a(B) using
a = abg −

abg∆

B−B0
, they found the fit parameters to be abg = −1582(1) a0, B0 =

832.18(8)G, ∆ = −262.3(3)G. However this only applies for a narrow range
of magnetic fields close to B0. Farther away, a leading order correction term
needs to be added because of another close-by FR at 527G, as was shown in [128].
For our theory lines we therefore choose to directly take a(B) as given by [123]
and use Eq. 6.9 to calculate the binding energy.

To explore different Li2 densities in our system, we either tune PODT or BLi2
at the final stage of the evaporative cooling in the experimental sequence, as it is
depicted in Fig. 6.6. We tune the atoms’ phase space density, by changing theODT
depth at the end of evaporation with the help of an acousto-optical modulator.
This changes both the density of the atoms as well as their temperature. The
PODT is the power of the optical dipole beam when entering the setup. This
beams creates the crossed dipole trap by entering through the endcaps of the ion
trap at an angle of 5◦ with respect to the Paul trap axis as depicted in Fig. 6.1 a).
Using a lin ⊥ lin polarization configuration, we prevent the occurrence of an
optical lattice potential.

When changing the magnetic field to BLi2 = 600− 760G, we found that the
atom density stays constant as the amount of dimers created stays below the
experimental error (about 20) for determining the atom density. This is further
confirmed by the constant charge-exchange rate measured by the ion and from
independent time-of-flight measurements. When changing BLi2 , the scattering
length changes and thus the dimer binding energy. This leads to a variable dimer
density as the recombination rate and dissociation rate are depending on Eb.
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Figure 6.7 | Atom parameters for optical dipole trap power scan. The atom density a),
temperature b) and phase space density (PSD) c) are obtained from time-of-flight absorption
imaging measurements. The dashed lines are linear fits and guides for the eye. The atom
PSD in c) is related to the increase in dimer phase space density. Here, the error bars
reflect the total statistical uncertainties. Note the high error bars for the lowest point
(PODT ≈ 0.7W) in c), showing the limitations of our imaging method.

6.5.5 Dark ions and Li density: atom data

We take regular time-of-flight measurements of the atomic cloud using absorp-
tion imaging after we transport the ODT to the center of the Paul trap. We
typically average 4-5 images before fitting a Gaussian distribution to extract
the atom parameters, i.e. atom number and width of the cloud. The coldest
atom clouds have a temperature as low as 0.9(5)µK with about 5× 103 atoms.
However the presence of the ion trap limits the numerical apperture of our
imaging system and the coldest clouds are only a few pixels wide and when
expanding become quickly to dilute too detect.
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Figure 6.8 | Dark Yb+ ion probability as a function of the ODT power. The experimental
data (blue disks) is the same as in Fig 6.2 a) and the black lines are the solution of Eq. 6.6
for the given experimental parameters and assuming thermal equilibrium. The black
dotted lines account for a 20% error in the atom temperature, typical for time-of-flight
measurements.

From the time-of-flight curves, assuming free expansion, the atom number
Natom, temperature Tx and Ty as well as the in-situ width of the cloud, σ0

x and
σ0
y , in both x- and y- direction can be obtained. This follows from fitting the

expansion of the width of the cloud as a function of expansion time using

σi(t) =

√
(σ0

i )
2 +

kBTa

ma

t2 (6.10)

whereby the in-situ width of the cloud is related to the trapfrequency by σ0
i =(

kT
mω2

i

)1/2

, with trap frequencies ωi and i = (x, y, z).
The peak density na for a thermal cloud in an harmonic trap is given by

na =

(
ω̄2 ma

2π kB Ta

)3/2

N =
N

(2π)3/2σ0
x σ

0
y σ

0
z

(6.11)

Here, ω̄2 is the geometrical average of the trap frequency and it can be calculated
as ω̄i = (ωxωyωz)

1/3. Furthermore Ta = (Tx + Ty) /2 and σ0
z = 10 σ0

x for our
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trap. The phase space density is given by

φa = na λ
3
dB = na

(
2πh̄2

makBTa

)3/2

. (6.12)

For the PODT scan, the observed atom density na, temperature Ta and phase
space density φa are shown in Fig. 6.7.

We canmodel the dimer density using the thermal equilibriummodel (Eq. 6.6)
based on the atom data corresponding to Fig. 6.2 b), which only requires the final
atom number and temperature as input. This model is shown in Fig. 6.8 (black
dashed line) with a 20% error range in atom temperature (black dotted lines).
The model confirms the trend we see in the ion-measurements. Furthermore,
the overestimation of the dark ion probability is similar to the result in Fig. 6.8,
where the ion-measurement at 693G is also overestimated by the black curve.
Further benchmarking of the evaporation ramps used in this dataset would allow
us to include the evaporation ramp and numerically model the dimer density.
This requires additional measurements of the initial atom number, temperature
and density at the start of the evaporation ramp, as well as the initial trapdepth.
Furthermore, for each datapoint we varied the final trapdepth and this affects
the scaling parameter α that describes the evaporation and this would have to be
individually benchmarked as well. Nevertheless the simple thermal equilibrium
model can qualitatively explain the observed increase in the probability of the
molecular ion formation for lower Podt as observed in Fig. 6.2.
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7 | Rydberg atom-ion collisions
in cold environments

Based on
Physical Review A 103, 043323, (2021) [177]

Section 7.3 is based on
Physical Review Letter 122, 253401, (2019) [44]

In this chapter, low-energy collisions of Rydberg atom-ion systems are inves-
tigated theoretically. We present the parameter space associated with suitable
approaches for the dynamics of Rydberg atom-ion collisions, i.e. quantum-,
Langevin and classical exchange regimes, showing that for the lowest attainable
temperatures a classical treatment is appropriate. We employ a Langevin capture
model to explain experimental ion loss spectra, which we observe as a result
from Rydberg atom-ion charge-exchange. The model simulates the two-particle
interaction between ion and Rydberg-atom and thus can not capture the electron
exchange process itself. Therefore, we assume a 50% charge-exchange proba-
bility for simulations in which Rydberg atom and ion approach to short-range.
Next, we use a quasi-classical trajectory method to study charge-exchange cross
sections for Li∗-Li+ and Li∗-Cs+ at collision energies down to 1K. Thereby, the
Rydberg atom is described by two particles which allows to simulate the electron
exchange process. For cold collisions we find the charge-exchange cross section
deviating from the n4 geometric scaling. Furthermore, for low-energy collisions
we find both an influence of the ionic core-repulsion as well as variations for
two different models used for describing the electron-core potential.

7.1 Introduction

More than a century ago, after systematically studying atomic spectral lines,
Rydberg gave a glimpse into the intriguing physics of highly excited states
of atoms, nowadays known as Rydberg states [178]. Occurring in interstellar
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space and plasma, Rydberg states of atoms (Rydberg atoms) and their peculiar
properties find significance in a diversity of subjects reaching from astrophysics
to quantum computing [179–185]. Their exaggerated properties facilitate studies
of many-body physics in cold atomic samples as well as on the single atom level
in optical tweezers [186, 187]. Even more exotic structures, such as ultralong-
range Rydberg molecules showing a unique molecular bond caused by the elastic
scattering of the Rydberg electron with a neutral atom [188–193] and Rydberg
states of charged particles have been achieved [194].

New hybrid atom-ion experiments open up a path to investigate Rydberg-ion
collisions at low temperatures. Two distinct approaches have crystallized: either,
a quasi-free ion is created from an ultracold atomic gas via photoionization of
Rydberg atoms and subsequently measured via time-of-flight [43, 142], or the ion
is confined inside the radio-frequency electric fields of a Paul trap [44, 195]. These
scenarios are suitable for studying the most intriguing properties of Rydberg-ion
interaction and controlling and tailoring such interaction. For instance, it is
possible to engineer repulsive Rydberg-ion interaction to cool trapped ions or
for realizing atom-ion quantum logic gates [56, 113]. In addition, although in a
different range of collision energies, the study of charged-neutral interactions is
relevant for the formation of anti-hydrogen from the scattering of positronium
atoms with anti-protons [196–198].

In fact, already in the 70’s Rydberg-ion collisions were the object of an
intense research, although in very different conditions. Cross-beam experiments
allowed to study charge transfer between Rydberg atoms and single charged
ions [199] as well as principal- (n) and angular quantum number (l) changing
collisions [200]. Similarly, combining Rydberg atoms with highly charged ion
beams, e.g. Ar9+ the collision cross section [201] and the charge-exchange
rate was determined [202]. Furthermore, the orientation of Rydberg atoms
towards the ion projectile, controlled with electric and magnetic fields, has been
studied [203, 204]. In these pioneering works, the projectile velocity was of
the same order as the average velocity of the Rydberg electron (∼ n−1 a.u.)1.
Thus, and due to experimental possibilities at that time, typical collision energies
were limited to & 100 eV ≈ 106 K. At the same time, a classical trajectory
approach assuming a pure Coulombic interaction between the colliding particles
was developed to characterize the charge-transfer and impact-ionization cross
sections. However, it was primarily applied to Ion-H∗ collisions [205]. Later,
models were extended with tailored pseudo-potentials accounting for the role

1In this chapter we use atomic units.
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of core electrons in the Rydberg atom and ion, which allowed to calculate the
state changing collision cross section after binning the classical phase-space at
the final propagation time [206]. However, none of these theoretical approaches
explored the nature of the charge transfer process between an ion and a Rydberg
atom at cryogenic and low temperatures.

In this section, we present a quasi-classical trajectory (QCT) approach for
charge-exchange and l-mixing in Rydberg-ion collisions at low temperatures.
The method is applicable down to temperatures ∼ 1 K, thus exploring a novel
dynamical regime in ion-Rydberg systems. Moreover, from calculating the
number of contributing partial waves, we draw the parameter-space associated
with the applicability of different classical and quantum mechanical methods as
a function of the collision energy and Rydberg principal quantum number. As
a result, we find that for typical temperatures for Bose-Einstein condensation
(∼ 100 nK), Rydberg-ion collisions are satisfactory described from a classical
framework.

7.2 Phase-diagram for scattering methods

7.2.1 Classical versus quantum
The long-range potential for atom-ion collisions is given by the induced dipole-
charge interaction plus the centrifugal barrier as

V (r) = −C4

r4
+

L(L+ 1)

2µr2
, (7.1)

with partial wave L, reduced mass µ and C4 = α(n)/22, where

α(nl) = a1(n− δl)
7

(
1 +

a2
n− δl

+
a3

(n− δl)2

)
(7.2)

stands for the polarizability of the Rydberg atom in the principal quantum
number n and angular momenta state l, a1, a2 and a3 represent asymptotic
coefficients for a given atom [207] and δl is the quantum defect for the l-state.

2Note that we use a definition of C4 in this chapter, which differs by a factor of 2 compared
to the rest of the thesis.
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The potential in Eq. (7.1) presents a maximum that when equated to the
collision energy leads to an estimation of the number of partial waves relevant
for the collision under consideration as

L ≈ 2
√
µC

1/4
4 E

1/4
col . (7.3)

Let us assume that for L & 20 most of the relevant quantum effects on the
scattering observables are washed out. Therefore, any scattering event requiring
more than 20 partial waves may be treated classically. Indeed, from Eq. (7.3) it
is possible to obtain the threshold collision energy in which such condition is
satisfied as

Ecol =

(
L

2
√
µ

)4

C−1
4 . (7.4)

Therefore, Eq. (7.4) determines the borderline between the quantal and classical
regimes, which is shown as the solid line in Fig. 7.1.

7.2.2 Coulomb versus Langevin
The collision of a Rydberg atom and an ion may lead to a charge transfer process
in which the Rydberg electron is captured by the ion, A∗+B+ → A++B∗. Let
us assume, for the sake of simplicity, a resonant-charge-exchange process, in
which the total potential energy of the Rydberg electron (in a.u.) reads as

U(r1, r2, R) = − 1

|r1|
− 1

|r2|
+

1

R
, (7.5)

where R is the interatomic distance, r1 is the vector position of the Rydberg
electron with respect to its ionic core and r2 represents the vector position of
the Rydberg electron regarding the ion, as it is schematically shown in Fig. 7.2.
When the potential energy is equal to the binding energy of the Rydberg electron
− 1

2n2 , then the charge transfer occurs. In particular, it occurs at the midpoint of
the vector joining the Rydberg core and the ion, as shown in the inset of Fig. 7.2,
and hence one finds

U(R∗/2, R∗/2, R∗) = − 1

2n2
→ R∗ = 6n2. (7.6)
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Figure 7.1 | Parameter space associated to suitable approaches for the dynamics of Rydberg-
ion collisions. The upper part of the diagram (orange) it is shown the region where a classical
treatment based on Coulomb interaction is appropriate in-/excluding core-interaction
(dashed/sold line). In white is shown the region where the classical treatment is adequate,
but in this case assuming the expected induced dipole-charged interaction through the
celebrated Langevin capture model. The region below the white one (blue) represents the
parameter space in which a quantum treatment is required. The results are for Li(nS) +
Li+ collision regarding the applicability of different approaches for the dynamics. Note, the
crossover from Classical exchange to Langevin is independent of the ion species.

R∗ is the length scale associated with the classical charge-transfer process.
Therefore, the charge-exchange cross section is ∝ n4, which corresponds to the
scaling law of the geometric cross section based on the Rydberg orbit size. It
is worth noticing that the derivation is based on a barrier-less model, i.e., the
collision is assumed to occur in a s-wave regime or at zero impact parameter.
Similarly, neglecting the ion-ion repulsion term one finds that R∗ = 8n2.

On the other hand, using the Langevin model [96], a Rydberg-ion scattering
process, as a neutral-charge interaction system, is initially dominated by the
long-range induced dipole-charge interaction, which reads as

V (r) = −α(n)

2r4
, (7.7)
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Figure 7.2 | Schematic representation of Rydberg-ion collisions. The ion is considered the
projectile with impact parameter b moving with a velocity v towards the Rydberg atom,
placed at the origin of coordinates. The Rydberg electron’s position is labeled as r1 from
the Rydberg core, whereas r2 represents its position from the ion. The inset represents a
one-dimensional perspective of the charge-exchange process: the electron moves through
the potential barrier at a given ion-Rydberg distance.

where we have made explicit the dependence of the Rydberg polarizability with
the principal quantum number. In this scenario, the Langevin capture model is
applicable, and the capture radius, know as the Langevin impact parameter, is
given by

bL =

(
2α(n)

Ecol

)1/4

, (7.8)

where Ecol stands for the collision energy.
The classical exchange process is energy independent, whereas the Rydberg-

ion Langevin collision depends on the energy. Therefore, it is possible to find a
collision energy at which the length scale matches with the one for Langevin
collision

(
2α(n)

Ecol

)1/4

= 6n2. (7.9)
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This energy defines the lower bound of the validity of the classical exchange
process, which is depicted as the dashed line in Fig. 7.1 for Li∗ + Li+ collisions.
In addition, neglecting the ion-ion repulsion the term pushes further down the
lower bound for the validity of the classical exchange process as it is shown in
Fig. 7.1 as the upper solid line. As a result, Li∗ + Li+ collisions may be treated
with the classical exchange process down to Ecol ∼ 10 K for n & 50 whereas it
is only valid for Ecol & 30 K for lower principal quantum numbers.

7.3 Langevin model for simulating Rydberg
atom-ion collisions

We study Rydberg atom-ion collisions with the classical Langevin capture model
and we calculate a model function which we fit to experimental ion loss data, as
published in Ref. [44].

7.3.1 Theoretical model
We study collisions between single Rydberg atoms and an ion. Therefore, we
calculate the trajectories of the interacting particles under the influence of the
time-dependent trapping fields. The simulation starts with the ion at the trap
center and the atom position is diced within a sphere of radius r0,max. We
randomize the starting phase of the rf-electric field of the Paul trap and sample
the atom velocity from a thermal distribution of temperature Ta. In Tab. 7.1 the
parameters used in the simulation are summarized.

At location ra = (xa, ya, za)
T, the atom experiences the electric field from the

Paul trap,Erf,a as well as the one from the ionEi,a at position ri = (xi, yi, zi)
T of

Erf,a =
mi

2e

(−ω2
z + qΩ2

rfcos(Ωrft)) xa
(−ω2

z − qΩ2
rfcos(Ωrft)) ya

2ω2
z za

 , and (7.10)

Ei,a =
e

4πε0r3ai

xa − xi
ya − yi
za − zi

 . (7.11)

Here,mi is the ion mass, rai the atom-ion distance,Ωrf is the trap-drive frequency,
q the stability parameter and ωz the trap frequency in the axial direction. The
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Parameter Value Comment
ωz 2π × 27 kHz axial trap frequency
Ωrf 2π × 1MHz trap-drive frequency
q 0.13 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 atom polarizability

Table 7.1 | Parameters used for the numerical simulation of the Rydberg atom-ion collisions
if not stated differently.

electric fields induce a Stark shift of the Rydberg state of

Utot,a = −
1

2
αnS (Erf,a +Ei,a) , (7.12)

and for n = 24S the polarizability is α24S = 313Hz/(V/m)2 [208].
In the dynamics simulation we use a fourth order step size adaptive Runge-

Kutta method, which has been described in detail in Refs. [100, 101]. At each
step we calculate the acceleration from the force acting on the atom Ftot,a =
−h∇aUtot,a, and for the ion we have to consider the forces due to the trapping
fields Frf,i = eErf,i as well as the interaction with the atom Fi,a = −h∇iUtot,a.

In the simulation, no repulsive term is included for the atom-ion interaction
of equation 7.11. Instead, we stop the simulation once the ion-atom distance
is below a threshold ra,i < rmin, or if the atom leaves the interaction sphere.
For the threshold we choose rmin = 200 nm, which roughly corresponds to the
distance at which the potential barrier opens and the Rydberg electron would be
shared between the potential of the ionic Rydberg core and that of the ion [209].

To extract a spectrum from our simulations, we firstly calculate the Stark
shift for the starting parameters of the each atom. For events that result in
close-range collisions during the dynamic simulations, we take into account
the finite lifetime of the Rydberg state τ24S ≈ 11µs [208]. Therefore, we weight
each Langevin collisions with probability

PRyd = exp (−tcol/τ24S), (7.13)
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Figure 7.3 | Stark shifts induced on the n = 24S Rydberg state as a function of the initial
distance from the Paul trap center ra. The color code (PRyd) indicates the probability for
atoms to approach the ion (< 200 nm) within the ≈11µs lifetime of the Rydberg state. The
gray dots corresponds to simulations in which the particles do not approach to short-range.
Below ra ≈ 7µm the Stark shift is mainly due to the electric field of the ion, whereas for
larger initial distances, the electric field of the Paul trap dominates and the Rydberg atoms
are pulled away from the trap center.

that the Rydberg state survived until the time tcol when the close-range collision
happens. In Fig. 7.3, we show the Stark shift as a function of the initial atom
distance from the trap center for 8468 events. The colored dots represent events
in which the atoms reach the ion and the corresponding survival probabilty
of the Rydberg state PRyd is encoded in the color scale. The gray data points
represent atoms which are accelerated out of the trap and never reach the ion.
These events start to dominate around 7µm which indicates the distance at
which the electric fields of the Paul trap start to dominate over those of the ion.
As such, in subsequent simulations, we restrict the interaction sphere to 10µm
to ease the computational demands. Beyond this distance, only in very favorable
rf-phases the atoms manage to reach the ion and the survival probabilities of
the Rydberg state drop below 10%. Finally, we create a histogram of collision
probabilities PRyd over the simulated ∆ to obtain a spectrum fModel(∆).
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Figure 7.4 | Rydberg excitation and subsequent a) atom loss and b) ion loss probability.
The shaded lines represent a fit with f(∆, s) and we extract FWHM (vertical bars) for atom
and ion features of 10(1)MHz and 15(1)MHz, respectively. The more pronounced tail in
the ion loss feature, we attribute to the influence of the electric field of the ion onto nearby
atoms, which quickly collide with the ion. Since this effects only a few atoms, it is not
visible in the atom loss spectra with our imaging system.

7.3.2 Ion loss after collisions with Rydberg atoms
In the experiment, we drive Rydberg excitations and study ion loss as a result
from charge-exchange collisions, as described in detail in Ref. [95]. We record
spectra as shown in Fig. 7.4 by varying the detuning ∆ of the excitation laser
from the atomic resonance. To simulate atom loss we calculate Stark shifts for
individual atoms in a Gaussian distributed cloud of 25× 25× 200µm3 with a
randomized rf-phase of the oscillating electric field. For the ions, we run the
full dynamical simulation as described above. Thereby, the atoms are sampled
from a homogeneous sphere of radius 10µm. For each loss spectrum, we run
107 collisions.

In order to fit our simulated spectrum fModel(∆) to the experimental data, we
have to take into account various effects of Rydberg excitation broadening [135].
With the Paul trap off, we measure a Rydberg excitation spectrum of the 24S
state. A Gaussian fit gGauss(∆) returns a width of ≈2.6MHz which includes
all broadening mechanism except electric fields from the trap and the ion. We
convolve our simulated spectra with gGauss(∆) to include the experimental broad-
ening mechanism in the model. In addition, we include a saturation parameter
s to account for the atom density and the Rabi frequency. We calculate

f(∆, s) =
1

2

∫ ∆

−∞
(1− exp−s·fModel(∆

′)) gGauss(∆
′ −∆) d∆′, (7.14)
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Figure 7.5 | Color map of f(∆, s) for ion loss as a function of detuning ∆ and saturation s
for exemplary data. The offset for ∆ is random and the resonance position will be obtained
by the fit to the measured loss feature.

for a range of saturation parameters. We obtain the two-dimensional function
f(∆, s) which is shown in Fig. 7.5 for an exemplary spectrum. We fit f(∆, s) to
the experimental data shown in Fig. 7.4 and we find that the model describes
our measurement well.

The Langevin capture model is not able to describe the charge-exchange
process itself, because the Rydberg electron and its core are treated as one
particle. Therefore, we assume that the charge-exchange rate is exactly 50%,
which leads to the leading factor 1/2 in equation 7.14. Thereby, we follow the
classical overbarrier model [209]: Once the potential barrier opens, the electron
moves fast between the potentials of the ion and of the ionic core and its location
is randomized at the time when the potential barrier closes again.

7.4 Quasi-classical trajectories method
for three-body interaction

In this section we use a three-particle model to simulate charge-exchange colli-
sions between Rydberg atoms and ions.
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7.4.1 Interaction potentials
We use a quasi-classical trajectory (QCT) method to simulate Rydberg-ion colli-
sions. In this approach, the dynamics of the nuclei in the electronic potential
energy surface is described classically while the initial conditions for the tra-
jectories correlate with the quantum state of the system via the semi-classical
approximation. Indeed, the same procedure is employed to calculate the final
quantum state of the system from the position of the trajectory in the classi-
cal phase-space [89, 159, 160]. The QCT method finds application in systems
described by large numbers of partial waves [89, 158] and in systems which
are too complicated for a quantum mechanical approach, e.g. collisions in the
time-dependent electric fields of a Paul trap, see chapters 5 and 8.

The interaction between the electron and each of the two ionic cores is
described by the following pseudo potential

Vie(r) = −
Z(r)

r
− αc

2r4

(
1− e−(r/rc)

6
)
, (7.15)

which is obtained from Ref. [210]. The first term represents a screened Coulomb
interaction whereas the second stands for the interaction between the Rydberg
electron and the core electrons. In particular, αc is the polarizability of the core,
rc stands for the radius of the core and

Z(r) = 1 + (z − 1)e−a1r − r(a3 + a4r)e
−a2r, (7.16)

where z is the nuclear charge of the Rydberg atom. ai and rc are parameters
taken form Ref. [210]. We note, that ai and rc have l dependence. Nonetheless,
we keep the parameters constant during a collision.

For the ion-ion interaction we use a coulomb potential

Vii(R) = A 1

R
, (7.17)

where the attenuation factor 0 ≤ A ≤ 1 controls the repulsion strength between
the cores [209].

Each collision is initialized by placing the Rydberg core at the origin of
coordinates and the Rydberg electron in the turning point of its orbit

r1 = n2 + n
√

n2 − l (l + 1), (7.18)
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where the velocity is given by the angular momentum.

v1 =

√
l (l + 1)

n2 + n
√

n2 − l (l + 1)
. (7.19)

We dice the direction of the position r1/|r1| and the velocity v1/|v1|, while
ensuring r1 · v1 = 0. Furthermore, the phase of the electron orbit is randomized.

The ion is initialized at R0 = bêy +R0,z êz , where b is the impact parameter,
with velocity−vêz , as visualized in Fig. 7.2. R0,z is chosen sufficiently large, such
that the Coulomb potential is less than 10% of the collision energy Ecol =

1
2
µv2

and in addition R0,z > 10r1. Following Refs. [100, 149], we propagate the
particles using a fourth order step size adaptive Runge-Kutta method. The
simulation ends when the separation between the Rydberg core and the ion is
larger than R0,z . We exclude events, in which the energy fluctuations between
start and end of the collision (Einit−Eend)/Einit exceeds 5%. Finally, we evaluate
the binding energies of the two subsystems to extract the reaction products.

Trajectories for exemplary Rydberg-ion collisions are shown in Fig. 7.6. a)
Two particle distance d between (A+ − e−) Rydberg core-electron, (B+ − e−))
ion-electron and (A+ −B+) Rydberg core-ion for Ecol = 25000K. During the
collision, the electron is shared between the ionic cores for less than a period
before it charge transfers. A much slower collision with Ecol = 50K is shown in
b), where the electron is shared for hundreds of orbits, before it ends up at one
of the ions. It can be seen that in about 22.5 ns the distance of closest approach
for the ionic cores is reached, as a result of the core repulsion. In c), the z − y
projection of the same trajectory is shown for ion, Rydberg core and Rydberg
electron. The initial elliptical orbit is affected by the (near homogeneous) far-field
of the ion.

Rydberg-ion collisions show three scattering channels:

(i) charge transfer A∗(n, l) +B+ → A+ +B∗(n′, l′)

(ii) quenching (n-changing and l-mixing collisions in Rydberg physics)
A∗(n, l) +B+ → A∗(n′, l′) +B+

(iii) ionization A∗(n, l) +B+ → A+ +B+ + e−

We discriminate the reaction products by calculating the energy of the subsys-
tems A+ + e− and B+ + e− after a collision. The probability for the scattering

110



7.4. Quasi-classical trajectories method for three-body interaction

0.25 0.50 0.75 1.00 1.25 1.50
t (ns)

0

5

10
d 

(
m

) a

A + e
B + e
A + B +

20 25
t (ns)

0

1

2

d 
(

m
)

b

1 0
z ( m)

0.5

0.0

0.5

y 
(

m
)

c

Figure 7.6 | Trajectories for Li+-Li∗ (90D) collisions fromQCT simulations. Fast collision a)
atEcol = 25000K with (orange) Rydberg core-ion, (blue) Rydberg core-electron and (green)
ion-electron distance d. Cold collision b) and c) at Ecol = 50K. b) zoom in (t ∈ [18, 27] ns)
with same coloring as a). c) Trajectories in z-y direction for t ∈ [0, 26] ns. Rydberg core
(orange) initially at origin and ion (green) propagating in -z direction. Electron trajectory
starting at (circle) t=0, (red) initial orbits, (purple) electron motion in far-field of the ion,
(blue) continued propagation and (brown) final motion before capture at t ≈ 26 ns.

channel χ at impact parameter b (opacity function) is obtained by Monte Carlo
sampling of the initial conditions as

Pχ(b) =
Nχ(b)

N(b)
± δNχ(b) (7.20)

δNχ(b) =

√
Nχ(b)(N(b)−Nχ(b))

N(b)3
, (7.21)

where N is the total number of trajectories, Nχ(b) denotes the number of trajec-
tories resulting in channel χ and δNχ(b) is the error estimator. Subsequently, the
reaction cross section is given by

σ = 2π

∫ bmax

0

Pχ(b)bdb, (7.22)
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where bmax is the maximum impact parameter at which the channel χ plays a
role on the scattering. In this chapter, Eq. (8.4) is solved numerically.

7.5 Results

7.5.1 Charge-exchange

The cross section for charge-exchange is investigated as a function of the collision
energy using the QCT method outlined above. We start with the study of
Rydberg-ion collisions in Li∗-Li+ for 90D Rydberg states. In Fig. 7.7 the cross
section for (squares) Coulomb core-repulsion (A = 1) and (diamonds) no core
interaction are presented for energies reaching from 500K down to 1K 3. In this
figure, we notice that the inclusion of Coulomb core-repulsion leads to smaller
charge-exchange cross sections for collision energies . 100 K. Indeed, this can
be correlated with the results of the barrier-less model in which the inclusion of
the ion-core repulsion leads to smaller charge-exchange cross sections, as it has
been argued in Section 7.2.2. In addition, we find that the charge-exchange cross
section shows the same trend as a function of the collision energy independently
on the initial angular momentum state of the Rydberg electron.

To further examine this behavior, we have calculated the ratioR between
the theoretical models, and the results are shown in the inset of Fig. 7.7. Here,
it is observed that both theoretical models agree with each other for collision
energies & 100 K. Therefore, 100 K seems to define a threshold energy from
which the Rydberg-ion core repulsion does not play a role in the dynamics of
charge-exchange processes. Furthermore, we observe that the cross section
strongly depends on the collision energy in stark contrast to the barrier-less
models. In particular, the deviation from barrier-less models is more tangible
for low-energy collisions.

In the case of Langevin collisions, following Eq. (8.4), one finds that σ ∝
√
α.

For the case at hand, taking into account that the polarizability of a Rydberg
atom scales as n7 it is easy to prove that σ ∝ n7/2. As a result the Langevin
cross section scales less dramatically with n than the present charge-exchange
model. In particular, assuming a 50% probability for charge-exchange [209], the

3Please note that at the lowest collision energies in this figure, the system is already in the
Langevin regime. However, the current classical charge-exchange processes may be helpful as a
lower bound of the expected charge-exchange cross section.
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Figure 7.7 | Charge-exchange cross section for Li∗n=90-Li+ collisions. Numerical trajectory
simulation (squares and blue) with Coulomb Rydberg core-ion interaction A = 1.0, and
(diamonds and orange) without core-ion interaction A = 0.0. Dashed lines are fits with
σ/n4 = a(Ecol)

b+c(Ecol)
d, with fit parameters a, b, c and d. Inset: energy-dependent ratio

R between the cross section neglecting core-ion interaction and the results including it.
Dashed line (green) is a fit withR = a(Ecol)

b for regionEcol ≤ 100K, with free parameters
a and b. Errors originate from Eq. 7.21.

Langevin model results in larger cross sections e.g. σL/n
4(500K) & 100 and

σL/n
4(100K) & 200, which is expected due to the attractive force between the

induced dipole and the ion.

To elucidate the scaling of the charge-exchange cross section with the prin-
cipal quantum number n, we have computed the charge-exchange cross section
at a given collision energy as a function of n, and the results are presented in
Fig. 7.8. For (diamonds) high-energy collisions with Ecol = 10000K we find
σ ∝ n4 corresponding to the geometric cross section given by the barrier-
less model (see Section 7.2.2), whereas for (squares) low-energy collision at
Ecol = 20K a deviation from the geometric scaling law is visible. Therefore,
the geometric cross section is only a good estimation of the charge-exchange
cross section for high-energy collisions. To quantify this observation, we repeat
the simulation for various collision energies and the resulting charge-exchange
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Figure 7.8 | Charge-exchange cross section for Li∗-Li+ collision as a function of principal
quantum number n for (squares and blue) Ecol = 20K and (diamonds and orange) Ecol =
104 K. Dashed lines are fits with Eq. 7.23 and solid the line is a fit with c2 = 4 fixed. The Inset
shows the deviation of c2 as a function of the collision energy, where c2 = 0 corresponds
to geometric scaling. Colors as in main plot. Errors originate from Eq. 7.21.

cross section is fitted as

σ/n4 = c1n
c2, (7.23)

where ci are fitting parameters. The resulting parameter c2 is shown in the
inset of Fig. 7.8 as a function of the collision energy. As a result, the geometric
scaling is recovered for energies & 5000K where c2 ≈ 0. Thus, this collision
energy determines the lowest energy in which the barrier-less models are reliable
estimators of the charge-exchange cross section. For low-energy collisions, the
n-dependence of the scaling parameter c2 changes significantly with the collision
energy. In particular, the lower the collision energy, the less steep is the cross
section’s dependence with n. Indeed, for a collision energy of 20 K the cross
section scales ∝ n3.
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Figure 7.9 | Principal quantum number n′ distribution for charge-exchange collisions in
Li∗-Li+, initially in n = 90 and collision energies Ecol = 2− 10000K as indicated in the
legend.

7.5.2 Quenching

Next, we study the final state distribution of the Rydberg atom after charge
transfer. To this end, focusing on Li(nD)-Li+ collisions, we compute the final
state distribution of principal quantum numbers n′ of the product Rydberg
atoms as a function of the collision energy, and the results are shown in Fig. 7.9.
The figure shows that the populated states after charge transfer are closely
distributed around the Rydberg atom’s initial state, i.e., n = 90, independently
of the collision energy. However, the distribution broadens for higher collision
energies. For instance, for a collision energy of 104 K (bottom distribution), the
distribution is widely spread about n±4 (FWHM) around n′ = 90. Furthermore,
the product state distribution shows a clear asymmetry towards higher principal
quantum numbers, which can be rationalized by considering that the energy
difference between consecutive Rydberg states scales as n−3. Therefore, higher
principal quantum numbers are closer in energies than lower ones, which leads
to higher population and spread.
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7.5.3 l-mixing

Ion-Rydberg collisions may lead to quenching collisions as summarized in Sec-
tion 7.4. These comprise all collisions, after which the electron is confined to its
original core and n, l both or only one of them has changed. We simulate the
quenching cross section for various collision energies and present the results in
panel a) of Fig. 7.10 with the Rydberg atom initially in 90D. It is worth pointing
out that for these calculations, the initial Rydberg-ion distance was increased by
an order of magnitude in comparison with charge-exchange ones to account for
convergence of the final l-state. For Ecol = 10K we find σ/n4 ≈ 1.6(0.6)× 105,
exceeding the charge-exchange cross section by about four orders of magni-
tude. This giant cross section results from the tiny energy gap between inelastic
channels and the ion’s electric field’s effect on the Rydberg electron orbit. For
hot collisions with energies approaching the characteristic velocity of the Ryd-
berg electron ve the cross section decreases in agreement with results from hot
Rydberg-ion experiments [211].

We vary the initial n-state of the Rydberg atom for a fixed collision energy
and simulate the quenching cross section as it is presented in Fig. 7.10 b). For
100 K (diamonds), the cross section increases with n, following a power-law
with a scaling exponent of about five, shown as a dashed line. Our results are in
agreement with hotter collisions with projectile velocities similar to the electron
orbit velocity found in Na+-Na∗ collisions [212].

Next, we study the distribution of the final angular momentum quantum
number, l′, for collisions with n′ = n (l-mixing collisions) for different collision
energies as it is shown in Fig. 7.11. For charge-exchange processes, panel a),
we find for 10K (top histogram) a widespread distribution of angular momenta
below l ≈ 60, whereas higher l′ are sparsely found. For hotter collisions at
500K (medium histogram) the l′-distribution migrates to higher values, and for
1000K (bottom histogram) we find the peak of the population distribution at
the highest allowed states. This is in correspondence with the localization of
n′ for low-energy collisions, as shown in Fig. 7.8. On the contrary, as shown in
panel b), l-mixing collisions show a narrower distribution of angular momentum
states at higher collision energies, in correspondence with dipole’s dominant role
allowed transitions. Whereas, for lower collision energies, the dipole selection
rule does not dominate the dynamics, leading to a wider distribution of the final
angular momentum states [211].

So far we have assumed that the interaction between the Rydberg electron
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Figure 7.10 | Angular momentum number l-mixing cross section as a function of (a)
collision energy. The dashed (blue) line indicates the characteristic electron velocity ve =
1/n. Effect of the initial principal quantum number on the l-mixing cross section. Dashed
(red) line shows a power law σl−mix ∝ n5.

and the ions (core of the Rydberg atom and ion) is dominated by a pseudo po-
tential including effects of core valence electrons. However, the same scenario
can be studied assuming a pure Coulomb interaction [205, 209, 213]. To eluci-
date the role of the pseudo potential we simulate low-energy Li∗-Li+ collisions
assuming a pure Coulomb interaction and a pseudo potential and present the
obtained charge-exchange cross section as a function of the collision energy
in Fig. 7.12. In this figure, it is noticed that pure Coulomb interaction (circles)
leads to lower charge-exchange cross sections than when a pseudo potential
(squares) is employed. This discrepancy can be exploited to elucidate the ef-
fects of the pseudo potential directly on scattering observables. In particular,
studying Rydberg-ion charge-exchange process at low-energy collisions would
be possible to identify and possibly isolate the effects of the pseudo potential
by comparing the measured charge-exchange cross section with the classical
calculations presented in this chapter.
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Figure 7.11 | Angular quantum number l′ distribution for collisions with n′ = n either a)
from charge-exchange or b) with the electron remaining bound to its original core. Initial
state is 90D and with collision energies Ecol = 10− 10000K as indicated in the legend.

Finally, we study non-resonant charge-exchange processes. In particular, we
simulate Li∗-Cs+ collisions for Coulomb potential and for the pseudo potential
for which we adjust the parameters of Eq. 7.15 for the electron-Cs+ interaction.
The obtained cross sections are shown in Fig. 7.12 for (triangles) Coulomb and
(diamonds) pseudo potential. The first observable effect is that the non-resonant
charge-exchange cross section is systematically lower than the resonant one,
as we expected. In particular, the difference is more palpable at low-energy
collisions Ecol . 10K. This effect can be understood by considering that in the
case of the pseudo potential, the interaction of e−-Li+ and e−-Cs+ is different,
prohibiting resonant charge-exchange. However, if one assumes a pure Coulomb
interaction, the resonant and non-resonant charge-exchange cross section agree
with each other since the electron-ion interaction is the same, and only the
reduced mass varies. The second observation is to realize that for collision
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Figure 7.12 | Charge-exchange cross section for Li∗-Li+ and Li∗-Cs+ (90D) collisions
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potential to model the electron-ion interaction. Errors originate from Eq. 7.21.

energies & 100 K, the difference between resonant and non-resonant charge-
exchange vanishes in agreement with the results of Fig. 7.7.

7.6 Conclusions

A study on cold Rydberg-ion collisions has been presented. We have identified
the parameter space for the quantum regime, Langevin regime, and classical
exchange regime, which reveals classical models’ applicability for the coldest
energies in Rydberg-ion collisions. For cold collisions, our numerical results
show a strong effect of the core repulsion on the charge-exchange cross section
. 100K. At similar temperatures, the electron-ion interaction model becomes
essential, and we see differences in the charge-exchange cross section using
a pseudo potential or a Coulomb potential. Furthermore, we have found a
deviation from the geometric scaling law predicted by the barrier-less model for
collisions at energies below . 5000K. In addition, we have computed l-mixing
cross sections in an energetic regime never explored before. As a result, we
have been able to extend previous estimations on the cross section’s dependence
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with the principal quantum number and the distribution of the final angular
momentum states of the Rydberg.

Our results indicate that it is possible to fit pseudo potentials by comparing
experimental resonant charge-exchange cross section measurements with the
classical model presented here. In particular, it will be interesting to study
cold Rydberg-ion collisions experimentally with respect to understanding the
cores’ interaction potential. Especially, ions in higher groups of the periodic
table could deepen our description of atomic potentials beyond alkalies. A
particular interest may be found in earth alkali ions, abundant in cold atom-ion
hybrid experiments. While atomic potentials can be conveniently obtained using
polarizability measurements, low-energy Rydberg atom-ion collisions might be
a supportive approach to access atomic potentials.
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8 | Trap-assisted complexes in
cold atom-ion collisions

Based on
arXiv:2209.05163, (2022) [214]

We theoretically investigate the trap-assisted formation of complexes in atom-ion
collisions and their impact on the stability of the trapped ion. The time-dependent
potential of the Paul trap facilitates the formation of temporary complexes by
reducing the energy of the atom, which gets temporarily stuck in the atom-
ion potential. As a result, those complexes significantly impact termolecular
reactions leading to molecular ion formation via three-body recombination. We
find that complex formation is more pronounced in systems with heavy atoms,
but the mass has no influence on the lifetime of the transient state. Instead,
the complex formation rate strongly depends on the amplitude of the ion’s
micromotion. We also show that complex formation persists even in the case of
a time-independent harmonic trap. In this case, we find higher formation rates
and longer lifetimes than the Paul trap, indicating that the atom-ion complex
plays an essential role in atom-ion mixtures in optical traps.

8.1 Introduction

Most chemical reactions occur via the formation of an intermediate complex
that facilitates the reagents to transform into products. These intermediate
complexes can be viewed as quasi-bound states of the reagents that, via internal
energy exchange, may evolve into the products of the reaction. However, those
complexes relevant for atmospheric chemical kinetics [215] or biomolecular
reactions [216–218], typically show a lifetime.1 ns, which makes it very hard to
observe them directly. On the contrary, in the ultracold regime, it has been shown
that bi-molecular reactions show long-lived complexes that can be observed and
diagnosed [219–222].
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Hybrid ion-atom systems present a perfect arena to study collisions between
ions and neutral species [40, 41, 48, 69, 70, 78–81, 84, 163, 223]. In those systems,
atom-ion complexes have been predicted [63, 68] due to the time-dependent
trapping potential for the ion. However, a systematic study on the properties
of atom-ion complexes is still lacking, as is their effect on reactive processes
such as ion-atom-atom three-body recombination. Ion-atom-atom three-body
recombination is a termolecular reaction in which three free atoms collide to
form a molecule and a free atom as products. Such a reaction can be viewed
as the result of two bimolecular processes: first, two particles collide to form a
complex; second, a third particle collides with the complex and stabilizes it. This
model’s reaction rate depends on the competition between the complex’s lifetime
and the colliding partners’ collision time. As a result, if it is possible to modify
the lifetime of the complex, it will be plausible to control the ion-atom-atom
three-body reactivity, thus, opening a new avenue for controlled chemistry in
hybrid atom-ion systems without requiring reaching the ultracold regime for
the atom-ion scattering.

This Letter presents a theoretical study on atom-ion complex formation in
time-dependent and time-independent traps. We show that it is possible to con-
trol the probability of complex formation and, with it, three-body recombination
reactions. In particular, we find that the complex formation probability depends
on the atom mass but has a minor effect on the lifetime of the intermediate
states. Additionally, we show that not only the formation of quasi-bound states
persists in static harmonic traps, but that these complexes have higher formation
probabilities and longer lifetimes than in the Paul trap case. Finally, in the Paul
trap, we study the effect of the micromotion amplitude on the formation of the
intermediate states. Our study covers a vast trap parameter space in atomic and
ionic species, thus offering a roadmap to control ion-atom complexes’ lifetimes
and observation.

8.2 Classical trajectory simulations

To simulate the dynamics of atom-ion collisions in the presence of a trap, we
use classical trajectory calculations. Typically, the atom-ion s-wave limit is
orders of magnitude below the collision energy [89, 92] and large numbers of
partial waves contribute. Hence, classical approaches are justified. In addition,
in the case of the Paul trap, the deep time-dependent electric trap has a strong
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Figure 8.1 | Trajectory of a 87Rb atom colliding with a 171Yb+ ion in a time-independent
harmonic ion trap with trap frequency ω3D = 100 kHz, Ta = 0.5µK and Ti = 10µK. Panel
(a) shows the atom-ion distance as a function of time, showing the formation of a complex
of lifetime tc = 10.3µs. Panel (b) shows a characteristic cumulative distribution function
for the lifetime of the complex, wherein the solid line represents a fitting to an exponential
function (see text for details). Panel (c) shows the same trajectory as in panel (a) in Cartesian
coordinates.

impact on the collisions in it, which complicates approaches based on quantum
mechanical methods.

In atom-ion systems, the charge-induced dipole interaction results in an
attractive long-range −α/2r4 interaction, wherein α is the atom polarizability,
and r stands for the interparticle separation. Collisions in the presence of a trap
are better described by the distance of the closest approach b = min(r(t)). For
b > bL, we find elastic collisions which allow small energy transfer, whereas for
b < bL Langevin, inelastic and reactive collisions occur. Here, bL = (2α/Ecol)

1/4

is the Langevin impact parameter with collision energy Ecol, defining a capture
radius for particles to visit the short-range interaction region, leading to efficient
energy and momentum transfer. An example of a trajectory is shown in Fig. 8.1.

In this scenario, the Langevin collision rate, ΓL = 2πna

√
α/µ, is a function

of the atom density na and the reducedmass µ. The full model atom-ion potential
reads

Vai =
C6

r6
− α

2r4
, (8.1)

where C6 is the repulsion coefficient as a consequence of electronic exchange-
repulsion interactions and ultimately nuclear repulsion. Herein, we consider
two kind of traps. On the one hand, a time-independent harmonic trap (HT)
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representing an ion in an optical trap [104] given by

VHT(r) =
1

2

3∑
j=1

mω2
j r

2
ionj , (8.2)

where j ∈ {x, y, z} is the direction, rionj is the ion position and ωj the trap
frequency. On the other hand, a Paul trap (PT), which uses time-dependent
electric fields for the ion confinement. The potential of the Paul trap is given by

VPT(rion, t) =
Udc

2

3∑
j=1

αjr
2
ionj +

Urf

2
cos (Ωt)

3∑
j=1

α′
jr

2
ionj , (8.3)

where rion = (0, 0, 0)T is the trap center, Udc and Urf are the curvatures of the
electric dc and rf fields, respectively, and αj and α′

j are geometry factors. Here,
we use −2α1 = −2α2 = α3 and α′

1 = −α′
2 = 1, α′

3 = 0. In the radial direction,
the ion oscillates with a slow secular motion with frequency ω⊥ ≈ Ωq/

√
8

which is superimposed by a fast micromotion which oscillates at Ω [98]. In this
chapter, we use Ω = 2π × 2MHz and q = 0.41 for all simulations with the PT.

Every simulation initializes the atom distance rstart from the ion and random-
izes the velocity vectors from thermal distributions [100, 101, 149]. During the
collision, we identify the presence of a complex characterizing the classical inner
turning point 1. Then, the complex lifetime tc is obtained by tracking the time
between the first and last visit of the inner turning point, as shown in panel (a)
of Fig. 8.1 for a 87Rb atom colliding with a 171Yb+ ion. Finally, simulations stop
after complex dissociation when the atom leaves the interaction sphere. From
the numerical simulations we calculate the complex formation probability as

Pc =
Nc

NL
± δPc, δPc =

√
Nc (NL −Nc)

N3
L

, (8.4)

where Nc and NL are the number of events that result in a complex and in
Langevin collisions, respectively.

1At the inner turning point, the forces maximize and the step-size reaches its lowest values,
which reaches below an identifier value.
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Figure 8.2 | Quasi-bound state formation probability (upper panel), and lifetime (lower
panel), for collisions of (Li, Na, K, Rb, Cs, Yb) atoms and Yb+ ions. The collision energy
is ≈ 15µK (Ta = 10µK, Ti = 10µK). The simulations are done in a Paul trap (PT) and
a harmonic trap (HT) with the parameters described in the main text. The error bars
are estimated via Eq. (8.4). Each data point corresponds to at least 105 trajectories. The
dashed-green and dashed-red curves correspond to 1/ΓL for na =1018 m−3 and 1020 m−3,
respectively.

8.3 Results

8.3.1 Role of the ion-to-atom mass ratio

We study atom-ion complex formation in a Paul trap (PT) and a harmonic
trap (HT), finding that the formation rate increases towards heavier atoms, as
shown in Fig. 8.2. For these simulations, we use the Yb+ + X system with
X ∈ {Li,Na,K,Rb,Cs,Yb}, and we adjust the mass and α, while keeping the
collision energy constant. Even for large mass ratios (Yb+/Li), we find complex
formation probabilities of ≈ 15%. Remarkably, results for HT show a more
significant complex formation probability than the PT for the whole set of
parameters, even reaching almost 100% of probability for the heavier species.
That is, every collision leads to an atom-ion complex.

On the other hand, we explore the complex lifetime, τc, which is shown in
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the lower panel of Fig. 8.2. τc is calculated from the cumulative distribution
function of events with complex lifetimes tc and then extracts the 1/e value of
a fitted exponential function, as it is shown in Fig. 8.1. In the PT case, we find
τc ∼ 2µs independently of the atom’s mass. On the contrary, for the HT case,
the atom’s mass drastically impacts τc showing a wide range of values between
5 and 100µs. Next, we compare the complex lifetime versus the collisional time
associated with Langevin collisions, i.e., the typical time scale associated with a
Langevin process, τL = γ−1

L n−1
a , where na is the atom density. In particular, we

use experimentally realistic densities for Rb and Li, given by nRb = 1020 m−3 [84]
and nLi = 1018 m−3 [39], respectively, and the results are depicted as the dashed
lines in the lower panel of Fig. 8.2. For the lowest density considered, HT and
PT cases present a complex lifetime much shorter than the Langevin time. On
the contrary, for nRb in the HT scenario, the complex lifetime is longer than
the Langevin time. In that case, there is a high probability that a third body
collides with the complex before decaying, leading to the formation of a stable
molecule via three-body recombination. Besides, when the ion is held in a
PT, the complex lifetime is shorter than the Langevin time, thus, suppressing
three-body recombination reactions, as we discuss below.

8.3.2 Controlling complex formation

Fig 8.3 displays our results for the complex formation probability for Yb+ (Tion =
100µK) - 6Li (Ta = 2µK) collisions. The upper panel refers to HT case for the
trap frequencies ωx ≈ ωy ≈ ωz ≈ ω3D in a range of 10 kHz to 10MHz. With
the used parameter set, we find a significant effect of the trap frequency leading
to a variation of the complex formation probability between 10% and 77%. On
the other hand, the lower panel, referring to the PT case shows a significant
influence of the micromotion on complex formation. In particular, we assume
an ideal PT but adding an additional electric dc field Edc to push the ion from
the center of the rf-field to increase the micromotion amplitude. As a result, a
general trend is noticeable: larger Edc fields lead to a lower complex formation
probability. In particular, we observe that the probability of complex formation
remains mainly the same for Edc . 1.5V/m. However, adding a Edc ≈ 2V/m
the Pc is reduced by 50% compared to the ideal case, suggesting the the existence
of a threshold for Edc ≈ 2V/m.
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Figure 8.3 | Upper panel: Complex formation probability in a harmonic trap (HT) as a
function of the trap frequency. Lower panel: Complex formation in a Paul trap (PT) and
influence of the ion micromotion. Micromotion energy is increased by applying an electric
field Edc which shifts the ion from the rf-zero node.

8.3.3 Influence of the collision energy

From now on, we will focus on the PT scenario. First, by looking into the role
of collision energy on the probability of complex formation and its lifetime. The
results are shown in Fig. 8.4 for Yb+-Li (blue) and Yb+-Rb (orange). We notice,
as expected, that lower collision energies lead to more complexes compared
to the case of higher collision energies. Similarly, the same observation holds
for τc. In addition, we notice that for similar collision energies, the impact of
modifying the ion energy (�) is different from the atom one (�) on Pc and τc,
which is due to the presence of the trap.

8.3.4 Three-body recombination

Ion-atom-atom three-body recombination is a termolecular reaction process in
which three free particles react into a molecule plus a free atom, A++B+B k3−−→
AB+ + B, where k3 stands for the three-body recombination rate. Three-body
processes can be viewed as the result of two bi-molecular processes. A prime
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Figure 8.4 | Atom-ion complexes in the Paul trap versus collision energy for the combi-
nations Yb+-Li (blue) and Yb+-Rb (orange). The collision energy is varied by changing
the atom energy (�) or the ion energy (�). In a) the complex formation probability and
in b) the complex lifetime is shown. Panel c) shows k2, assuming nLi = 1018m−3 and
nRb = 1020m−3 with power-law fits (dashed lines). In Panel d) the numerical results of k3
are shown together with the solution of the analytic expression for k3 in absence of a trap
(dashed lines).

example of this approach is the well-known stabilization and Chaperon mecha-
nism relevant for ozone formation [224, 225], or the Lindemann-Hinshelwood
mechanism, known as the Roberts-Bernstein-Curtiss mechanism in the three
neutral atom case [226, 227]. In our case, the bi-molecular processes are

A+ + B
k2−−→←−−
kdiss

(AB+)∗ (8.5)

(AB+)∗ + B kest−−→ AB+ + B, (8.6)

where k2 denotes the rate of formation of (AB+)∗ complexes, kdiss stands for its
dissociation rate and kest refers to the stabilization rate due to a collision with a
third body. Indeed, assuming that the production of complexes reaches a steady
state, we find that the three-body recombination rate is given by

k3(Ecol) =
k2(Ecol)kest(Ecol)

kdiss(Ecol) + kest(Ecol)[B]
, (8.7)

where [B] is the number density of particle B.
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In the limit of high atomic density, the three-body recombination rate reads
as

k3(Ecol) =
k2(Ecol)

[B]
. (8.8)

In other words, every atom-ion complex will lead to the formation of a stable
molecular ion. Then, the three-body recombination rate is directly proportional
to k2 and Eq. (8.8) describes an upper bound for the ion-atom-atom three-body
recombination rate in the presence of a trap.

We calculate the formation rate of atom-ion complexes, k2 as

k2 = kL
Pcτc
τL

= (2π)2na
α

µ
Pcτc, (8.9)

where we takePcτc/τL as the probability of complex formation during a Langevin
collision. Thereby, Pc takes into account, that not every Langevin collision leads
to a complex. The results for k2 as a function of the collision energy for a single
Yb+ ion colliding with Rb and Li atoms is shown in panel (c) of Fig. 8.4. We notice
that the complex rate formation depends drastically on the mass of the atom, in
agreement with Fig. 8.2. Indeed, surprisingly enough, we identify that k2 shows
a different energy-dependent behavior based on the mass of the colliding atom.
In particular, after fitting the formation rate to a function Eβ

col, we find β = -0.82
(-0.45) for Li (Rb). This behaviour can only be explained via the effect of the trap
on the ion since the energy dependence should be dominated by the long-range
tail of the atom-ion potential, which has the same dependency for the two cases
under consideration.

Once k2 is computed, we can calculate the ion-atom-atom three-body re-
combination rate in the presence of a trap. The results are shown in panel (d)
of Fig. 8.4, where it is noticed that Yb+-Li shows a slower rate than Yb+-Rb,
as expected based on the complex formation rate (see panel (c) Fig. 8.4) and
the mass of the atom. Meanwhile, the energy dependency of the rate is dif-
ferent for different atoms in stark contrast with free-trap collisions, in which
k3 ∝ E

−3/4
col [166, 167, 228], depicted as the dashed lines in panel (d) of Fig. 8.4. In

particular, our results for Yb+-Li agree fairly well with the free-field prediction
(dashed-blue line). However, Yb+-Rb shows a much larger rate and a less steep
power-law than in the free-field case (dashed-orange line).
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8.3.5 Consequences for spin-exchange measurements
A result from the classical Langevin capture model for atom-ion collision is the
energy-independence of the Langevin collision rate. In section 4.4, we study
spin-exchange rates as a function of the collision energy and we find the rate
significantly decreasing towards smaller collision energies. We explain this by
the appearance of quantum mechanical effects in the collision. However, we use
the established assumption, that the spin-exchange (or atom-ion reaction) rate
is directly proportional to the Langevin collision rate, since only close-range
collisions allow large energy transfer.

The formation of complexes leaves the frequency of Langevin collisions
unaffected, but it leads to longer interaction times on average due to the tran-
sient quasi-bound state. As a result, the reaction rate increases. The energy
dependence of the complex formation probability, see Fig. 8.3 (lower panel) and
Fig. 8.4 has dramatic consequences for Langevin collision rate measurements in
cold atom-ion mixtures. In particular, complex formation introduces an energy
dependence for spin-exchange and reactive measurements.

To illustrate the influence of complex formation on the energy-dependence of
a reaction rate, we calculate a spin-exchange rate from the numerical simulation
and the results are shown in Fig. 8.5. We consider an 171Yb+ ion prepared in state
|↑〉 = |F = 1,mF = −1〉 and a collision with an atom can change the state to
|↓〉 = |F = 0,mF = 0〉. In a naive approach, we assume that the spin-exchange
happens primarily close to the classical inner turning point in the atom-ion
potential. In the absence of complexes one close-ion contact occurs during a
collision and p1 is the probability for the process |↑〉 → |↓〉 during the collision.
In the case of complexes, the reaction probability pn increases with the collision
time and the number of bounces n in the atom-ion potential and we obtain

pn = 1− (1− p1)
n. (8.10)

In the inset of Fig. 8.5 exemplary trajectories are shown for n = 1 and n = 4 as
blue and orange line, respectively.

For all simulations i ∈ {1, N} with ni > 0 we calculate the spin-exchange
probability per Langevin collision

Pflip = 1− 1

N

N∑
i=1

(1− p1)
ni . (8.11)

We obtain p1 from the spin-exchange measurements in chapter 4.4. In the
high-energy limit in Fig. 4.3 neither quantum effects nor complex formation have
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Figure 8.5 | Calculated spin-exchange probability Pflip per Langevin collision for various
excess micromotion energies. In the absence of complexes Pflip,n=1 = p1 = 0.51 (blue
line) which represents the |F = 1,mF = −1〉 → |F = 0,mF = 0〉 spin-flip transition
in 171Yb+ during collisions with atoms, as measured in section 4.4. The orange markers
are calculated from the numerical simulations for Fig. 8.3 (lower panel) and assuming
Pflip,n=1 for each bounce in the atom-ion potential (see inset). In the simulations we use
Tion = 100µK and Ta = 2µK, which is slightly colder compared to the measurements in
section 4.4.

a strong contribution andwe extract a value of about 0.575 for themeasured spin-
exchange probability. In the experiment we measured 1.2 Langevin collisions
on average, which was set by the interaction time, and thus we calculate the
spin flip probability per Langevin collision

p1 ≈ 1− (1− 0.575)1/1.2 ≈ 0.51. (8.12)

As shown in Fig. 8.5, we find that Pflip increases towards smaller excess
micromotion which is a result from the higher complex formation probability at
lower collision energy. At the lowest collision energies (Edc < 1V/m) the spin-
exchange probability per Langevin collision due to the presence of complexes is
about 25% increased compared to p1.

Importantly, the complex formation and spin-exchange rates increase to-
wards less energetic collisions. On the contrary, the results of Fig. 4.3 show a
decrease of the spin-exchange probability towards smaller collision energies,
which can not be explained by the formation of complexes. Note, that a second
(reversing) spin flip in these measurements is unlikely, because the hyperfine
energy splitting in 171Yb+ is much larger compared to that in 6Li. It will be
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interesting to develop a quantum model for complex formation. In particular, a
quantum model will be necessary to asses how the scattering lengths change in
the presence of complex formation.

8.4 Conclusion
This study predicts the existence of atom-ion complex formation in traps regard-
less of the nature of the trap. These results may look surprising under previous
studies, in which the formation of complexes was mainly attributed to the time-
dependent nature of the trapping potential [63, 68]. Indeed, our findings show
that it is possible to control three-body processes via trap parameters, collision
energy, and atomic species.

In the case of an ion held in a Paul trap, we have shown that the formation
probability of the atom-ion complex can be readily controlled by increasing the
micromotion amplitude via an additional electric field. Additionally, we identify
that heavier atoms lead to a more significant probability of complex formation,
although they have a similar complex lifetime to light atoms. Furthermore, we
predict the ion-atom-atom three-body recombination rate in the presence of the
trap assuming a large atomic density, where we notice a significant effect of
the atomic mass on the energy-dependent three-body recombination rate. This
behavior is due to the presence of the trap and can not be rationalized in light
of direct three-body recombination reactions in free space. On the other hand,
we have shown that the static confining fields of ion optical traps may affect the
stability of the ion when brought in contact with a given atomic species [104]
due to a probable enhancement of three-body losses.

While working on this manuscript we became aware of a recent experiment
reporting experimental evidence of trap assisted complexes [229, 230].
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9 | Conclusion and outlook

9.1 Major scientific conclusions

In reply to the main research questions posed in section 1.2, in this theses we
draw the following major scientific conclusions.

• We use an ultracold 6Li buffer gas to cool a single trapped 171Yb+ ion
to temperatures below the limit of laser Doppler cooling. Starting with
a single Doppler cooled ion (T⊥

sec ≈ 600µK), we observe that the ion
cools with a 1/e time of 244(24)ms and reaches a final temperature of
T⊥
sec = 98(11)µK. Regarding temperature, buffer gas cooling outperforms

Doppler cooling by a factor of ≈ 5.

• We report an atom-ion collision energy of 9.9(2.0)µK×kB correspond-
ing to 1.15(0.23) times the s-wave energy. With a buffer gas cooled ion
we study spin-exchange collisions and we observe deviations from the
classical Langevin theory. This indicates quantum effects in the atom-ion
collisions. Our measurements allows determination of the singlet and
triplet scattering lengths aS = 1.2R4 and aT = −1.5R4, withR4 = 70 nm.

• We propose to merge single ions with ultracold Feshbach dimers which
will allow to explore ion-molecule collisions at the s-wave limit. In our
theoretical study, we find a crossover from dimer dissociation to molecular
ion formation depending on the binding energy of the dimers. In the
experiment, we observe cold chemical reactions between a single ion and
ultracold molecules. We find fast formation of molecular ions which is in
good agreement with our theoretical model. This allows us to use a single
ion as a sensor to detect about 50 molecules in a gas of 20000 atoms.

9.2 Future plans and experiments

One main goal of the experiment is to produce an ultracold atom-ion mixture in
order to use Feshbach resonances to engineer the atom-ion interaction strength.
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During this thesis we succeeded in preparing an atom-ion mixture at the s-wave
limit and we found non-classical behavior in the collisions. This was possible
because of the large ion-to-atom mass ratio which mitigates micromotion in-
duced heating in the Paul trap during the collision in combination with major
upgrades in excess micromotion compensation and in techniques to precisely
measure the ion temperature.

Very recently, atom-ion Feshbach resonances have been observed between
Ba+ and 6Li in an impressive work [39]. The resonances have been found by
studying three body recombination Li+Li+Ba+→BaLi++Li, which is enhanced
around the resonances. Broad Feshbach resonances are also predicted for the
Yb+/6Li combination [145] but so far we did not succeed in finding them using a
similar approach. Presumably, this is due to our low atom density na ≈ 1016m−3

which results in a three-body recombination rate of <0.01s−1.
Feshbach resonances should also be observable in elastic collisions which

do not lead to ion loss. One could probe for Feshbach resonances using a spin-
exchange experiment similar to that described in section 4.4. Here changes in
the atom-ion interaction strength would directly translate to the rate. Another
option is to look with buffer gas cooling measurements, in which both the
cooling time and the final temperature should be affected by a nearby Feshbach
resonance. A temperature dependence has been reported in Ref. [39]. Finally,
we speculate, that atom-ion Feshbach resonances will alter the reaction channels
in the Li2/Yb+ system.

Currently, we are working towards a bigger atom density in our experiment.
Therefore, we are adding a dimple potential to our optical dipole trap which we
expect to increase the atom density by two orders of magnitude [231] without
affecting the atom number or temperature [232, 233]. As a consequence, buffer
gas cooling will be faster (τcool ∝ na) and a reduction in background heating will
result in a lower final ion temperature, as discussed in section 4.5. At the same
time, the three-body processes increase (Γ3 ∝ n2

a ) and a 100 times higher atom
density will infer Γ3 < 100 s−1. The competition between τcool and Γ3 will limit
the fastest practical buffer gas cooling times.

Buffer gas cooling is an exciting research branch in atom-ion mixtures and
it would be interesting to explore its limitations with respect to cooling speed
and final temperature [101]. In particular, it will be interesting to extend buffer
gas cooling to large ion crystals in order to address large numbers of motional
modes simultaneously [100]. However, as a pre-cooling stage for studying cold
atom-ion collisions, buffer gas cooling has the disadvantage of requiring long
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interrogation times. This puts high demands on the preparation of the atomic
cloud, which could be more relaxed, or allow deeper evaporation, if only a single
atom-ion collision is required to probe the physics, e.g. as for the spin-exchange
experiment in section 4.4. Therefore, it could be beneficial to use laser cooling
instead, to prepare a sub-Doppler cooled ion. Here, we propose Sisyphus cooling,
which allows to reach a few motional quanta [234], similar to our buffer gas
cooling. The beam path to create the necessary blue detuned frequencies on the
369 nm light is already implemented and the counter-propagating beams for the
ion are set up as well [235].

The atom-ion mixture may be viewed as a single charged impurity that is
immersed in a fermionic bath and it will be interesting to study this system
in the quantum degenerate regime [236]. In particular, we could explore the
effect of the impurity in the BEC-BCS crossover [129] and at the same time use
the ion as a probe. In our atom-ion experiments we reach a rather low phase
space density of about 1 × 10−3 (see section 6.5.5). The primary cause is the
initial small atom number in the optical dipole trap which is limited by atom loss
during magnetic transport. While adding the dimple trap will bring us closer, it
is unlikely that we can reach degeneracy without further upgrades. We could
implement a uv MOT [237] at the location of the red upper Mot. The 22S1/2 to
32P3/2 transition is ≈ 7 times narrower than the D2 transition, which results
in a lower temperature. The required laser light at 323 nm is available in our
laboratory, since we previously used this transition in Rydberg experiments [44].
Another option is gray molasses cooling on the D1 line, which we could apply
even after the atoms are transferred to the optical dipole trap [238]. Both ideas
should allow to lower the atom temperatures without significant atom loss from
300 to 60µK, prior to evaporation. We could also try to improve the evaporation
efficiency by going closer to the Feshbach resonance, therefore we could switch
the Mot coils to Helmholtz configuration in order to increase the magnetic field.
We could also consider using an (1,3) atom mixture which has a larger negative
scattering length (a13 ' 890G) on the low field side of the Feshbach resonance
compared to (a12 ' −300G) of a (1,2) mixture. In addition the (1,3) Feshbach
resonance is at about 690G, which we can reach with the existing magnetic field
coil setup.

We conclude this thesis, by pointing out two experiments that can be per-
formed with Doppler cooled ions, the available atom densities and only require
minor upgrades to the experimental sequence.
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Reaction channel crossover

In chapter 5 we have shown theoretically, that a crossover exists in ion-molecule
collisions. Experimentally, we have only explored the regime in which molecular
ion formation is dominant (chapter 6). It will be interesting to study the reaction
channel as a function of the binding energy all the way to the regime in which Li2
dissociation becomes dominant. In particular ion-neutral quantum effects could
show deviations from our classical model. Having different binding energies
during the interaction will also change the dimer density. However, we could
use ion-molecule collisions at zero Gauss to measure the Li2 density and account
for it.

Also studying the created molecular ions would be interesting. In particular
it would be exciting to see if the binding energy of the created molecular ion
can be tuned by changing the binding energy of the Li2 molecules. Potentially,
the binding energy of the molecular ion could be measured by electric field
dissociation [239]. Since the molecular ion is destroyed by photo-dissociation
in the optical dipole trap, a denser or colder atom cloud could enable to study
collisions with a freely expanding cloud in absence of the optical trap [84].

Complex formation

Finally, it would be interesting to study atom-ion complex formation as discussed
theoretically in chapter 8. Due to the deep trap, the particles form a temporary
bound state which effectively prolongs the collision time. Therefore, the forma-
tion of complexes changes the atom-ion reaction rates and should be observable
in spin-exchange and charge-exchange collision rates. The complex formation
probability can be tuned by changing the micromotion amplitude (see chapter 8).
In the experiment this can be straightforwardly done by applying a static electric
field to offset the ion from the rf-zero node. We speculate, that complex forma-
tion will be more easily visible with a low probability reaction process, since the
enhancement due to the extended collision time can be more pronounced before
it reaches 100% and saturates. In particular, we could study charge-exchange
collisions with Yb+ in the 2D3/2 which has a low charge-exchange probability
of ≈0.03 [70].
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Summary

This thesis deals with mixtures of trapped Yb+ ions and ultracold 6Li atoms,
which we want to study at the lowest possible temperatures. We begin by laying
out theoretical foundations for atom-ion collisions and for ions inside a Paul
trap. In the latter we focus on trap imperfections which cause ion heating. We
present the experimental setup for combining atoms and ions and highlight our
methods for micromotion detection and electric field compensation which is
elementary to measure the lowest collision energies.

In the experiment, a single Doppler-cooled ion is immersed in a much colder
atomic bath and we observe how the temperature of the ion reduces over 1 s
interaction time. The buffer gas cooling outperforms laser Doppler cooling by
a factor ≈5. We measure an atom-ion collision energy of ≈10µK×kB , several
orders of magnitude below previous experiments. The mixture reaches the edge
of the quantum regime Ecol = 1.15(0.23)× Es, in which only zero angular mo-
mentum collisions are energetically allowed. We study spin-exchange collisions
and we observe deviations from classical Langevin theory and attribute this to
quantization of the collision angular momentum. We obtain estimates for the
scattering lengths by fitting the spin-exchange data with molecular structure and
scattering theory supplied by Michal Tomza. Our experiment opens up a host
of new possibilities in atom-ion mixtures such as the observation of Feshbach
resonances and quantum impurity physics.

Quantum chemistry and using the ion as a probe for atomic many-body
physics have been proposed as key applications in atom-ion quantum mixtures.
Here, we study both these applications. In a theoretical work we propose to use
Feshbach dimers to study ion-molecule collisions near the s-wave limit. The
binding energy Eb as well as the collision energy Ecol have a strong influence
on the outcome of the reaction. We find a crossover between reaction channels
that primarily lead to either molecular ion formation or to dimer dissociation
depending on the ratio Ecol/Eb. Moreover, our result suggest that immersing
an ion in a gas of dimers supplies a convenient method for creating ultracold
molecular ions.

Experimentally, we observe the chemical reaction Yb++Li2 →LiYb++Li with
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Doppler cooled ions and ultracold Li2 molecules. We detect the formation of
LiYb+ by mass spectrometry in the Paul trap. Photodissociation of LiYb+ results
in hot ions which we correlate to the Li2 density in the neutral gas. Using the
ion as a sensor, we can detect ≈50 Li2 molecules in a gas of 20000 Li atoms. Our
results are an important step towards studying an ion impurity in the BEC-BCS
crossover, where the ion can be used as a precise probe to detect the properties
of the gas.

The atom-ion interaction strength can be increased by coupling the atoms to
highly excited Rydberg states. Here, we study cold Rydberg atom-ion collisions
theoretically. Even at the lowest possible temperatures this system can be
described classically. A Langevin model is used to simulate ion loss as a function
of the laser detuning for exciting the atom to the Rydberg state. Furthermore,
we use a three-particle model with pseudo-Coulomb interaction to study charge-
exchange. We use two distinct models to simulate the atomic potentials and at
below 10K the charge-exchange cross sections show strong differences for the
two models. Our results indicate that it is possible to fit charge-exchange cross
section measurements with classical cross-section simulations for various model
potentials. Studying electron-core interaction potentials might be particularly
interesting for alkaline-earth metals.

The atom-ion interaction time can increase by the formation of long-lived
quasi-bound states during a collision in an ion trap and we theoretically study
their lifetime and formation rate. We find intermediate complexes even in a
harmonic trap, and surprisingly enough, they are more prominent and longer-
lived compared to the time-dependent case. This is remarkable, since time-
independent traps are pursued because of their low impact on the particle
dynamics. Furthermore, we find that heavy atoms significantly increase the
complex formation rate in both traps. We show that in the harmonic trap
complexes are less frequent for lower trap frequencies and in the Paul trap
complex formation reduces for higher excess micromotion, indicating means to
control, to mitigate and to observe quasi-bound states experimentally. Finally,
we investigate ion-atom-atom three-body processes under the influence of trap
assisted complex formation and we find that the atom’s mass drastically impacts
the three-body recombination rate. We conclude, that a large ion-to-atom mass
ratio is beneficial to mitigate complex formation and three-body recombination
in ion traps.
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Samenvatting

In dit proefschrift wordt een mengsel van gevangen Yb+ ionen en 6Li atomen
onderzocht bij de laagst mogelijke temperaturen. We beginnen met de on-
derliggende theoretische beschrijving van atoom-ion botsingen en van ionen
in een Paul val. Bij dat laatste leggen we de nadruk op val imperfecties die tot
opwarming van de ionen kan leiden. We beschrijven de experimentele opstelling
die we gebruiken om ionen met atomen te combineren en onze methodes om
zogenaamde microbeweging te detecteren en compenseren. Dat laatste is van
fundamenteel belang voor het behalen van de laagst mogelijke botsingsenergie
in atoom-ion botsingen.

In het experiment wordt een enkel laser-gekoeld ion ondergedompeld in
een bad van atomen dat veel kouder is, waarna we meten hoe de temperatuur
van het ion over een tijdsduur van ongeveer 1 seconde afneemt door interactie
met de atomen. Dit ‘buffer gas koelen’ leidt tot temperaturen die ongeveer een
factor 5 onder de zogenaamde Doppler limiet van Yb+ liggen, dat wil zeggen,
buffer gas koelen werkt in dit geval beter dan de meest eenvoudige methode
van laser koelen. We meten een botsingsenergie van ongeveer 10 microKelvin,
meerdere ordes van grootte lager dan wat tot dan toe was waargenomen. Het
mengsel bereikt de overgang naar het ‘kwantum regime’, waar de ineracties niet
langer beschreven kunnen worden met klassieke fysica. We bestuderen de spin
dynamica van het ion bij deze lage temperaturen, waarbij de richting van de
spin van het ion kan omklappen als er een botsing met een atoom plaatsvindt.
Volgens de klassieke Langevin theorie zou de waarschijnlijkheid waarmee de
spin omklapt onafhankelijk moeten zijn van de botsingsenergie, maar wij meten
een duidelijke afhankelijkheid die we interpreteren als een kwantum effect. Door
onze data met berekeningen van Michal Tomza te vergelijken, kunnen we de
zogenaamde scattering lengtes van het ion-atoom systeem afschatten. Deze
parameters geven een volledige beschrijving van de interactie in het kwantum
regime. Onze experimenten kunnen een startpunt zijn voor een scala aan nieuwe
mogelijkheden in atoom-ion fysica, zoals in het bestuderen van kwantum veel-
deeltjes fysica waarbij het ion met vele atomen wisselwerkt en de zoektocht
naar atoom-ion Fesbach resonanties waarbij de interacties door middel van een
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magneetveld eenvoudig gecontrolleerd kunnen worden.
Een belangrijke toepassing van atoom-ion mengsels is te vinden in de zoge-

naamde ‘kwantumchemie’ waarbij chemische reacties tussen individuele deeltjes
en kwantum toestanden worden onderzocht. Verder bestaan er ook voorstellen
om het enkele ion te gebruiken als een ‘probe’ waarbij het omliggende gas van
atomen nauwkeurig en lokaal kan worden onderzocht. In een theoretisch werk
stellen wij voor om nog een stap verder te gaan en de atomen te binden tot
diatomische moleculen en te bestuderen hoe deze wisselwerken met de atomen.
Zulke diatomische Li2 moleculen kunnen gemaakt worden middels een Feshbach
resonantie tussen de atomen en zijn net zo koud als de atomen waaruit ze zijn
opgebouwd. We berekenen dat zowel de bindingsenergie van de moleculen als
de botingsenergie een sterke invloed hebben op de uitkomst van de molecuul-ion
botsing. Afhankelijk van de verhouding tussen de botsings- en bindingsenergie
leidt de botsing ofwel altijd tot moleculaire LiYb+ ionen, ofwel (bijna) altijd tot
afsplitsing van de Li2 moleculen. Deze ratio kan in een experiment eenvoudig via
een extern magneetveld gecontroleerd worden. Interessant is dat ons voorstel
leidt tot een relatief eenvoudige methode om ultrakoude moleculaire ionen te
creeren.

In het experiment observeren we de reactie Yb++Li2 → LiYb++ Li tussen
laser-gekoelde ionen en ultrakoude Li2-moleculen. We detecteren de aan-
wezigheid van LiYb+ middels massaspectrometrie in de Paul val enwe correleren
de frequentie van reacties met de dichtheid van de Li2 moleculen. Als we het ion
op deze manier als molecuulsensor gebruiken, dan lukt het ons om minder dan
50 LiYb++ ionen in een gas van 20000 Li atomen te detecteren. Onze resultaten
vormen de eerste stap om ionen impurity fysica te onderzoeken in het zoge-
naamde BEC/BCS-overgangsgebied, waarbij in het BEC-gebied de Li2 moleculen
een Bose- Einstein condensaat vormen en in BCS-gebied een fermi spin mengsel.
Hier kan het ion gebruikt worden om accuraat en lokaal eigenschappen van dit
kwantum gas te bestuderen.

De interactie tussen atomen en ionen kan veel sterker worden gemaakt door
het atoom in een hoog aangeslagen (Rydberg) toestand te brengen, waarvan de
polarizeerbaarheid veel groter is dan die van de grondtoestand. We bestuderen
Rydberg atoom-ion botsingen theoretisch. Zelfs bij de laagste temperaturen kan
dit systeem klassiek worden beschreven. We gebruiken een Langevin model
om ionenverlies te simuleren als een functie van de Rydberg bindingsenergie.
Daarnaas gebruiken we een 3-deeltjes Coulombmodel om ladingsverschuiving
van het atoom naar het ion te bestuderen bij een bostingsenergie < 10 K. Onze re-
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sultaten laten zien dat ladingsverschuivingfrequenties kunnen worden berekend
middels klassieke simulaties voor een aantal modelpotentialen.

Tijdens een bosting tussen een atoom en een ion in een val kan er een ti-
jdelijke gebonden toestand ontstaan. We bestuderen theoretisch de levensduur
en frequentie van deze tijdelijk gebonden toestanden. We vinden dat deze toe-
standen niet alleen voorbehouden zijn aan de tijdsafhankelijke Paul val, ook
in een perfecte en statische harmonische val komen deze tijdelijk gebonden
toestanden voor. Sterker nog, zowel de levensduur als de frequentie is hoger in
een harmonische val. Dit kan grote consequenties hebben voor experimentele
opstellingen die optische vallen gebruiken in plaats van een Paul val om op
die manier problemen met microbeweging to omzeilen. Zowel in Paul vallen
als harmonische vallen speelt de massa van het atoom een grote rol, waarbij
een zwaarder atoom tot meer tijdelijk gebonden toestanden leidt. In een har-
monische val helpt het om de valfrequentie zo laag mogelijk te kiezen, terwijl
bij een Paul val zogenaamde ‘overtollige’ microbeweging tot minder tijdelijk
gebonden toestanden leidt. Dit laat zien dat de impact van deze toestanden
gecontrolleerd en mogelijk ook gedetecteerd kan worden op de frequentie van
chemische reacties (de frequentie neemt toe, aangezien het atoom gedurende
een langere tijd dicht bij het ion te vinden is). Verder vinden we dat ook voor
drie-deeltjesprocessen, die bijna altijd tot verliezen leiden, de massa van het
atoom cruciaal is.
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