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Abstract

This thesis presents work towards increased control over reaction conditions in a
hybrid trap, which is composed of an ion trap spatially overlapped with a magneto-
optical trap (MOT).

A novel type of hybrid trap is presented with the aim to increase the control over
collision energies. As normally on our setup both the neutral and ionic species are
continuously cooled, collision energies are low and hard to control. To solve this
problem, a dynamic MOT was created, where an atom cloud is shuttled between two
off-center positions within the trap. A detailed description of the new hybrid trap
setup is presented. The generation of the MOT laser light and its manipulation inside
an acousto-optical modulator setup driven by a home-built radio-freequency setup
is discussed. The shuttling atom cloud was analysed by time-of-flight experiments,
which were compared to results from Monte Carlo trajectory simulations. During
reaction measurements, the atoms can be moved at velocities of 3.1 to 4.8 m·s−1,
corresponding to kinetic energies of the rubidium atoms of Ekin = 50 mK to 120 mK.

For the ions, work towards implementing vibrationally state-selected molecular
oxygen ions is presented. Ions were produced by resonant multiphoton ionisation
and spectroscopy was performed on the 3dδ 3Φ Rydberg states. First reactions of
molecular oxygen ions in the vibrational ground state with a stationary atom cloud
were measured. It was found that the reaction rate did not depend on the excited
state fraction of the rubidium atoms. This was rationalised with the crossing of
the potential energy surface of a charge-transfer exit channel close to the potential
minimum of the ground-state entrance-channel potential energy surface.
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Chapter 1

Background and Motivation

The work presented in this thesis can be summarised under the topic cold and con-
trolled chemistry. The main focus was the continuation of the experiments performed
by Felix Hall, who originally built and designed the experimental apparatus this thesis
is based on [1]. The aim was to increase the control over the reaction conditions in
the ion-neutral systems studied.

The Experiment The core of the experimental apparatus is a so-called hybrid trap,
a combination of a magneto-optical trap (MOT) for neutral atoms and an ion trap in
the form of a linear Paul trap for ionic species. In a magneto-optical trap, the combi-
nation of a light field and a magnetic field are used to provide cooling and trapping for
neutral atoms. On this experiment, the MOT is used with rubidium-87 exclusively.
The linear Paul trap uses a combination of static and dynamic electrical fields to trap
ionic species and laser cooling can be applied to suitable ions, which are singly charged
calcium ions in our case. The laser-cooled ions can be used to sympathetically cool
other ionic species which are not accessible by direct laser cooling.

The purpose of our hybrid trapping experiment is the study of cold chemistry at
low collision energies with a high control over the reaction conditions. The first part
of this thesis deals with the problem of control over the collision energy in hybrid
trapping experiments. Since both the neutral and ionic species inside the hybrid trap
are cooled, kinetic energies are low and difficult to tune. We tried to address this
with the creation of a dynamic trap for the atoms, where the atoms are constantly
shuttled between two off-center positions inside the MOT.

The second part of this thesis deals with the implementation of molecular ions
into the hybrid trap. First work in this direction was already performed by Felix Hall
with molecular nitrogen ions and this thesis presents work towards the incorporation of
molecular oxygen ions into the hybrid trap. The direct comparison between molecular
nitrogen ions and molecular oxygen ions is interesting, as both systems should exhibit
similar characteristics. Molecular ions also open up the possibility of studying the
influence of internal degrees of freedom such as vibration and rotation on the reactivity
of the system. For this, molecular ions need to be prepared in selected vibrational
and rotation states. One possibility of creating the desired states is the ionisation of
suitable intermediate Rydberg states in the neutral molecule in a resonance-enhanced
multiphoton ionisation (REMPI) scheme.
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Structure of This Thesis This introduction will explore the history of cooling
down samples of atoms and using various techniques to generate moving atoms at well-
defined velocities. The second chapter gives an overview of the theory and methods
used in this work. Introduced is the basic theory behind collisions of ionic and neutral
species, the interaction of light and matter, from where the working principle behind
the magneto-optical trap is introduced. The theory behind trapping ions in Paul
traps is introduced and aspects of the combination of the two traps to form the
hybrid trap are discussed. The theory and methods chapter is concluded with the
discussion of the proposed determination of the vibrational state of molecular oxygen
ions loaded into the ion trap. Chapter three deals with the aspects of the shuttling
MOT. The experimental setup and technical implementation is discussed in detail.
Presented are the results, which come in the form of time-of-flight traces and their
comparison with results from simulations. First attempts at reactions with calcium
ions in the ion trap are also discussed. The fourth chapter discusses work towards
incorporating molecular oxygen ions into the hybrid trap. Spectroscopy on promising
states for vibrationally selected molecular oxygen ions using REMPI is presented.
First reactions with molecular oxygen ions in the vibrational ground state are shown.
Finally, the fifth chapter concludes the main part of the thesis and gives an outlook
to future work. Some more work on the design of new atom sources is presented in
the appendix, where also some of the software written during this work is presented.
The appendix is concluded with an overview of the radio-frequency components used
in the shuttling MOT setup.

1.1 A Brief History of Moving Atoms
In order to give an overview of how atoms have been moved using light forces, a brief
history of controlling the motion of atoms using light shall be given here.

Momentum Transfer between Photons and Atoms Einstein’s quantum theory
of radiation [2], developed in 1917, predicted the transfer of momentum between a
photon and an atom or molecule during absorption or emission. A few years later,
the first experimental demonstration of the force photons can exert onto individual
atoms was reported in 1933 by Frisch [3], who measured the displacement of a narrow
atomic sodium beam illuminated with the D-line light from a sodium lamp. It was
not until the invention of the laser with its high-power, tunable and narrow-band light
that the idea of cooling atoms using light became feasible. Before the proposition of
laser cooling, Ashkin put forward the prospect of using laser light to deflect atoms
using photon scattering in 1970 [4], which was soon after realised in 1972 by Picqué
and Vialle [5] and the group of Schieder and co-workers [6].

Doppler Laser Cooling Finally, the idea of using laser light to cool down atoms
by scattering photons was proposed in 1975 in two independent papers by Hänsch and
Schawlow [7] as well as Wineland and Dehmelt [8]. It did not take long and in 1978,
the two groups of Neuhauser, Hohenstatt, Toschek and Dehmelt [9] as well as the
group of Wineland, Drullinger and Walls [10] independently reported on successful
laser cooling at almost the exact same time. Both groups reported the laser-cooling
of singly charged ions of alkaline earth metals inside ion traps. Ion traps offer strong
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confinement in deep traps and thus are able to trap ions even at room temperature.
After initial trapping at room temperature, cooling light can then be applied to cool
the ions.

The Dipole Force As neutral atoms are not as strongly influenced by electric and
magnetic fields, ion traps do not work for them and other means of trapping needed
to be devised. In 1978, the same year as the first successful Doppler laser cooling of
ions, Ashkin proposed the idea of using an intense laser field to trap atoms using the
dipole gradient force [11]. The dipole gradient force arises from the interaction of a
strong light field with the induced dipole of an atom and was first suggested to be
used for the manipulation of atoms in 1962 by Askar’yan [12], as well as Letokhov in
1968 [13]. First experimental evidence of this dipole force was presented in 1978 [14],
where an intense, tightly focussed laser beam was used on a beam of sodium atoms to
focus, defocus and steer the atomic beam.

Using Laser Light to Stop Atoms First work towards the cooling and trapping of
neutral atoms using the scattering force was reported in two consecutive publications
in 1985 by Prodan and co-workers [15] as well as Ertmer and co-workers [16]. Both
groups presented the slowing, stopping and reversal of velocity of an atomic beam of
sodium. Atoms could be produced at rest in the laboratory frame, but there was no
continuous cooling or trapping yet. Since the atoms were produced from an effusive
oven, they were moving at several hundred meters per second in the lab frame and
needed to be slowed down. As the light applied slows the atoms down, changes in the
Doppler shift will move the atom’s transition out of resonance with the slowing laser
beam. The two groups used different approaches to circumvent this. Ertmer and co-
workers used an electro-optical modulator to chirp the laser frequency to compensate
for the change in Doppler shift, while Prodan and co-workers employed a steadily
varying magnetic field along the travel direction of the atoms to use the Zeeman
effect on the energy levels involved in the cooling transition to accommodate the
changing Doppler shift as the atoms are slowed. Prodan and co-workers also noted
the possibility of using light forces to produce atoms at well-controlled velocities
together with atoms at rest to study velocity-sensitive collisions.

A few months later, the first group used their atom stopping technique to load a
purely magnetic trap presented in a letter by Migdall and co-workers [17]. The mag-
netic trap was formed by two co-axial coils in anti-Helmholtz configuration creating
a quadrupolar magnetic field. Atom numbers were probed with a weak laser beam
after varying trapping times and a time constant of 0.83(7) seconds was found for the
exponential decay of atoms remaining inside the trap. Atom densities were very low
at only around 103 cm−3.

The Optical Molasses Technique Just a month after the loading of a magnetic
trap by a stopped atom beam, the group of Chu presented the first continuous three-
dimensional cooling of atoms using counter-propagating beams [18]. Sodium atoms
were cooled in three dimensions using 3 pairs of counter-propagating laser beams.
Atoms were generated by laser ablation of a sodium pellet and were loaded into
the cooling region by pre-cooling with a chirped laser pulse. In this way, atoms at
∼240 µK were produced in the cooling region at comparably low densities of 106 cm−3.
As there is no restoring force, the atoms were not trapped and spend on average only
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approximately 0.1 seconds in the cooling region. The technique was dubbed optical
molasses, due to “. . . the observation that the motion of the atoms in a viscous fluid of
photons (“optical molasses”) is analogous to diffusion in classical Brownian motion.”
as the authors have noted.

A year later in 1986, the same group presented the loading of an optical dipole
trap [19] similar to the one proposed by Ashkin in 1978 [11] from atoms inside an
optical molasses as presented above. A laser beam at 220 mW was focused to a
spot radius of ω0 ≈ 10 µm to generate the dipole trap, where atoms can be trapped
for approximately 1 second, limited by background gas ejecting trapped atoms when
colliding. The densities were estimated to be on the order of 1011 cm−3, but the
authors estimate to only have around 500 atoms inside the trap. They note the
possibility of moving the trapped atoms by slowly changing the position of the focus
of the trapping laser, but only reaching a speed of around 1 cm·s−1.

The Magneto-Optical Trap The big breakthrough in cooling and trapping of
neutral atoms was reported in 1987 in a paper by Raab and co-workers [20], where
they introduced the magneto-optical trap. The basic principle behind the trap was the
addition of a quadrupolar magnetic field to the optical molasses reported previously.
This added a restoring force to the damping force, creating a trap for the atoms
(the working principle is explained in more detail in section 2.3). The combination
of the optical molasses with the quadrupolar magnetic field allowed the continuous
cooling and trapping of atoms and provided a trap with unprecedented atom numbers,
densities and temperatures. The trap presented could hold as many as 107 atoms at
densities above 1011 cm−3 and temperatures reaching below 1 mK. For trap depth
estimations, the authors used a short and intense laser pulse to move the trapped
atoms in order to determine the minimal velocity with which most of the atoms are
ejected from the trap. The authors also noted the robustness of the trap to intensity
balance in the beams as well as purity of the circular polarisation and frequency of the
laser beam. They also mentioned the effects of slight misalignment of the laser beams,
which led to atoms settling in different local potential minima with the possibility of
making atoms oscillate between them!

Atomic Fountains It did not take long after the introduction of the magneto-
optical trap that the dense atom cloud it produces was used in experiments where
control over the motion of the atoms is crucial. In 1989, Kasevich an co-workers
presented the first successful implementation of an atomic fountain [21], an experiment
in which an atom cloud gets launched upwards and then falls back down under the
influence of gravity. The idea of an atomic fountain was first proposed by Zacharias in
the early 1950’s [22], but limited experimental tools at that time prevented a working
implementation of the proposed idea. To make the atomic fountain work, the group
of Kasevich an co-workers used sodium atoms, which were precooled in a magneto-
optical trap. After loading around 5 · 107 atoms into the trap, the magnetic field was
turned off, after which the intensity of the cooling beams was reduced, leading to
further cooling of the atoms. The cooling beams were then switched off and pulse of
an intense vertical laser beam tuned resonantly with a transition in sodium launched
the atoms upwards at a velocity of 2.4 m·s−1. At the top of their trajectory, the atoms
pass through an RF waveguide to perform spectroscopy on the hyperfine splitting of
the ground state of the atoms using Ramsey interferometry [23]. The performance
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as a frequency standard and thus reference clock was mentioned, but the experiment
was never used in such a way.

One problem in the above mentioned initial implementation of an atomic fountain
was the increase of the transversal spread of the atoms flying upwards after scattering
photons from the pushing beam. The group addressed this problem in a publication
in 1991, where they introduced a new scheme to push the atoms upwards [24]. Their
setup consisted of a magneto-optical trap where two of the three counter-propagating
laser beams were angled at 45° with regard to the vertical axis. To push the atoms
upwards, the magnetic field was turned off, followed by a decrease of the frequency
of the two laser beams propagating downwards, while the frequency of the two laser
beams propagating upwards was increased. This created polarisation gradients prop-
agating upwards at a speed of 2.5 m·s−1, which pushed the atoms upwards within the
moving optical molasses.

As mentioned above, one of the applications of atomic fountains is the usage as
a frequency and thus time standard. Until the establishment of atomic fountains
as frequency standards, thermal atomic beams were used in the implementation of
the most precise frequency standards available. The history of these frequency stan-
dards up until their replacement by fountain clocks is given in an article titled “NIST
Primary Frequency Standards and the Realization of the SI Second” [25]. The first
atomic fountain used as a clock was presented in 1996 [26] with a fractional frequency
uncertainty of 3 · 10−15, a description of the setup can be found in [27]. The atoms
were launched using the moving optical molasses technique [24]. Even today, cae-
sium fountains are some of the most precise atomic clocks [28] and are widely used
as frequency standards, since the SI second is defined with respect to the hyperfine
transition in caesium-133.1

2D Magneto-Optical Traps A different approach to generate a beam of slow
atoms with high degree of control over the velocity of the atoms was presented by
Chu and his group in 1990 [31]. They presented a two-dimensional version of the
magneto-optical trap, acting as a funnel for atoms. A quadrupolar magnetic field was
created by four parallel current wires in a “hairpin” arrangement, which created a
zero-field axis at the center of the wire geometry. Two pairs of counter-propagating
laser beams perpendicular to the zero-field axis provided cooling and trapping along
these directions. There was no trapping along the zero-field axis, but a pair of counter-
propagating laser beams provided cooling. A drift velocity of up to 5 m·s−1 along the
central axis could be imparted onto the atoms by creating a difference in either the
intensity or the frequency of the two axial beams. For axial laser beams at different
intensities, the atoms moved at a speed where they scattered the same amount of
photons from both beams. In the case where the frequencies were different, the atoms
moved at a speed where the frequencies of the two beams was Doppler shifted to be
equal.

Similar 2D setups have been demonstrated for sodium atoms [32] and for caesium
atoms [33]. A slightly different approach was employed by Swanson and co-workers in

1In recent years, novel types of atom clocks with improved accuracy have been developed. Exam-
ples include clocks based on optical transitions in ultra-cold strontium atoms in an optical lattice [29]
or clocks based on single Al+ ions used for spectroscopy and cooled by a single laser-cooled ion (Be+

or Mg+) [30].
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1996 [34], where they presented a 2D MOT for rubidium in which the atoms velocity
was controlled using the moving optical molasses approach [24].

In 1997, Weyers and co-workers presented a 2D MOT that was not only able to
push the atoms with the moving optical molasses approach, but also with a laser beam
and a homogeneous magnetic field [35]. Atoms were cooled and trapped horizontally
by two pairs of counter-propagating laser beams. Angled at 14° with respect to the
vertical axis, another crossed pair of counter-propagating laser beams created the
moving optical molasses that pushed the atoms downwards. As a second pushing
method they employed a homogeneous magnetic field together with a stationary laser
wave formed by opposite circular polarisation in the two vertical counter-propagating
beams [36].

Two-dimensional magneto-optical traps are still an active research field and are
mostly used to quickly load a 3D MOT used as an intermediate state for further
experiments. 2D MOTs have been developed for many different type of atoms, for
recent examples see [37–41].

Transfer of Atoms between Two MOT Setups The transfer of rubidium atoms
between two magneto-optical traps was demonstrated by Myatt and co-workers [42].
Atoms were first loaded into a vapour cell MOT and, after the trap was switched off,
pushed with a laser beam towards the second MOT. The atoms were guided towards
the second MOT through a tube in which they were confined by a hexapole magnetic
field. A very similar experiment was presented by Swanson and co-workers [43] for
potassium atoms. Atoms were pushed out continuously from a first 3D MOT using a
small, slowly diverging pushing beam, which pushed the atoms towards a second MOT
in a different chamber. A 2D MOT setup in the tube connecting the two chambers
improved transfer efficiency. Dimova and co-workers presented a similar setup where
a red-detuned, high power, slowly diverging beam was used to transfer atoms in two
independent setups using either rubidium or caesium [44]. In a setup presented by
Mishra and co-workers, a hollow beam was used for guiding a cloud of rubidium atoms
from one MOT to another [45].

A different approach to generate a velocity-tunable beam from a 3D MOT was
presented by Lu and co-workers [46]. A standard three-dimensional MOT setup was
used with three retro-reflected laser beams, where one of the mirrors used for retro-
reflection had a hole in the middle, through which a slow beam of atoms could escape
the MOT. The authors called this setup a “low-velocity intense atom source” (LVIS).
The velocity could be tuned with either intensity or detuning of the cooling beams.
Yan and co-workers presented a modification of the LVIS setup, where they guided
the atom beam with a hollow blue-detuned laser beam [47].

Application Example A combination of the various techniques presented above
was used in an atom interferometry setup presented by Müller and co-workers [48,49].
Rubidium atoms were loaded into two separate 2D MOTs from which they were
pushed with a laser beam towards their respective 3D MOT. The atoms loaded into
the 3D MOTs were then launched towards each other with the moving optical molasses
approach.

Moving Atoms using the Optical Dipole Force The experiments presented so
far all used the scattering light force to move the atoms; in some cases, the dipole
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force was used to guide atoms. The optical dipole force is a powerful tool and used
in many types of experiments [50], some of which also used the optical dipole force to
move atoms with high control.

Dahan and co-workers loaded caesium atoms from a MOT into an optical potential
formed by a laser standing wave [51]. By introducing a frequency difference in the two
counter-propagating laser beams, the optical potential started to move. By tuning the
frequency difference, a constant inertial force was acting on the atoms, which made the
atoms move and made the observation of Bloch oscillations [52,53] of atoms possible.
A similar setup to move sodium atoms was used by Wilkinson and co-workers [54]
to observe atomic Wannier-Stark ladders [55]. Kuhr and co-workers used a standing
wave dipole trap to trap and move a single atom loaded from a MOT [56]. The atom
could be moved up to 1 cm with very high precision at speeds of 1 to 10 m·s−1.

Transport of atoms in an 1D optical lattice over distances of up to 20 cm has
been presented by Schmid and co-workers [57], which was achieved using the overlap
of an optical Bessel beam and a counter-propagating Gaussian beam to form the
optical lattice. Dickerson and co-workers presented inertial sensing with an atom
interferometer [58] where the atoms are launched vertically in a moving optical lattice,
similarly to the atomic fountain experiments presented above.

Other approaches There also exist some approaches to move atoms controllably
without using light. In one example, Greiner and co-workers load atoms from a 3D
MOT into a purely magnetic quadrupole trap, from which the atoms were transported
over a distance of 33 cm using a chain of quadrupole coils [59]. Controlled atom
transport has also been presented by the same group in so-called magnetic conveyor
belts on a chip using Ioffe-Pritchard-type trapping potentials [60].

1.2 Hybrid Traps
The concept of hybrid traps has first been proposed in 2003 by the group of Smith
and co-workers [61]. The authors suggested overlapping a magneto-optical trap with
a linear Paul trap and the simultaneous cooling of both species in both traps. A
few years later, the first experimental implementation was presented in the form of a
hybrid trap where neutral Yb atoms inside a MOT were overlapped with Yb+ ions
loaded into a surface ion trap [62, 63]. This spawned a research area with many new
experimental demonstrations of hybrid trap systems consisting of MOTs overlapped
with ion traps [64–67]. Other experiments used atoms inside a magnetic trap [68]
or Bose-Einstein condensates formed inside crossed optical dipole traps [69,70]. Also
used were thermal atoms inside an optical dipole trap [71].

These experiments are of great interest for both physics and chemistry. Elas-
tic collisions are observed, which can for example result in atom loss [68, 70, 71] or
cooling of the ion [67, 69]. Reactive processes are observed as well, one example be-
ing charge-transfer reactions [63–65,70,72–74] which can either happen radiatively or
non-radiatively. Also observed are molecule formation [65,73,75], quenching collisions
leading to relaxation of internal excitations [76, 77] or spin-exchange collisions [74].

Even though many of these experiments demonstrate great control over various
aspects of the experiments, tuning the collision energy is still not straight-forward.
Quantum effects in the form of shape resonances are expected to be present in all of
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these ion-neutral system. Calculations have shown that shape resonances are to be ex-
pected at commonly achievable collision energies in hybrid trapping experiments [78].
However, so far no shape resonances have been observed due to lack of control over
the collision energy. Attempts where additional collision energy is introduced by in-
troducing additional micromotion to the ions have not been able to resolve any fine
structure expected to be seen due to quantum effects [65,73,75,79].

In chapter 3, a new type of hybrid trap is introduced which attempts to solve the
problem of adjustable collision energies. Off-center atom clouds are trapped in the
MOT by creating a radiation-pressure imbalance in one of the beams. From this off-
center position, atoms are pushed towards the ion trap center using an on-resonance
laser beam. After passing the ion trap center and interacting with the ions, the atoms
are trapped in an off-center position opposite the original one. From this other off-
center position, the atoms are pushed back, interact with the ions and are cooled back
into the first off-center position and a new cycle can begin. By carefully tuning the
intensity of the pushing beam, atom clouds at well-defined velocities can be generated.

1.3 Controlled Chemistry in Ion Traps
The invention of the experimental techniques described in section 1.1 and 1.2 made it
possible to study physical and chemical processes at very low temperatures. Next
to the already introduced hybrid traps, some other methods will be highlighted
here, for example reactions of laser-cooled calcium ions with velocity-selected CH3F
molecules [80] or with conformer-selected 3-aminophenol [81]. Cold and controlled
molecules can also be created by Zeeman deceleration [82, 83] or Stark decelera-
tion [82,84]. Many other examples exist in this growing field and new techniques are
constantly being developed, such as centrifuge deceleration of molecules [85]. Even
direct laser cooling has been demonstrated for certain diatomic molecules such as
SrF [86,87], YO [88] and CaF [89,90] and one polyatomic molecule, SrOH [91].

Other promising candidates for cold and controlled chemistry are molecular ions
inside Coulomb crystals in ion traps [92]. Even though molecular ions can not be
directly cooled themselves, they can be cooled sympathetically due to their Coulomb
interaction with directly laser-coolable atomic ions. Examples of reactions with sym-
pathetically cooled molecular ions include H+

3 reacting with O2 [93] or OCS+ reacting
with ND3 [94]. Additionally, molecular ions in ion traps offer the prospect for state-
selected reaction studies. Molecular ions in the rovibrational ground state can be
produced by optical pumping, which has first been demonstrated for MgH+ ions [95]
and HD+ [96] ions in two consecutive publications. Another possibility is to produce
the molecular ions directly in the desired state, which can be achieved by resonance-
enhanced multiphoton ionisation (REMPI) using suitable intermediate states. This
has been demonstrated in our group for N+

2 ions [97, 98].
Another promising candidate for state-selected generation using REMPI are molec-

ular oxygen ions [99,100] and experiments in this direction are presented in chapter 4.
O+

2 ions are of interest due to their importance in the chemistry of the upper atmo-
sphere of our planet [101]. The re-neutralisation reaction of O+

2 with Cs is already
well studied [102–104]. Direct comparison with previous experiments of N+

2 ions and
Rb atoms [72] is also of interest. Contrary to N+

2 ions, reactions of O+
2 ions with Rb

atoms in the ground state were expected to be slow, due to an energy mismatch in
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the involved energy levels of the entrance and product channels (see Fig. 4.13). It was
thus expected to see an enhancement of the reaction rate for vibrationally excited O+

2
ions.

9



10



Chapter 2

Introduction - Theory and General
Methods

This chapter is the foundation of this work, where the theory behind the processes
studied and methods used in the experiments are introduced. The main focus of this
work was studying reactions between neutral and charged particles with increased
control over the reaction conditions. The theoretical framework of ion-neutral col-
lisions will be introduced in the first section 2.1. Section 2.2 introduces the theory
behind the interaction of light and matter. Presented are the methods used to cool
ions and atoms. The generation of molecular ions by photoionisation is also discussed.
In Section 2.3, the magneto-optical trap used to generate a cloud of cold rubidium
atoms will be presented and Section 2.4 introduces the theory behind trapping ions in
radio-frequency ion traps. In Section 2.5 some aspects of the combination of the two
traps presented in the previous sections will be discussed. The chapter is concluded
by introducing a scheme for the determination of the vibrational states of molecular
oxygen ions after loading.

2.1 Ion-Neutral Collisions
Collisions between charged and neutral particles play an important role in chem-
istry in dilute gaseous media. Examples include the upper atmosphere of our own
planet [101] or gas clouds in the inter-stellar medium [105]. These ion-neutral pro-
cesses often feature universal behaviour and are usually exothermic with no barriers.
They generally mostly depend on the long-range part of their interaction potential.
In this section, the theory behind ion-neutral collisions will be briefly laid out.

First, the classical capture model for structureless particles is introduced, lead-
ing to the formulation of the temperature-independent Langevin rate constant for
charge - induced dipole collisions. Also mentioned are charge - permanent quadrupole
interactions, which can lead to an enhancement of the reaction rate. The section is
concluded with the introduction of quantum-mechanical effects in cold collisions.

2.1.1 Classical Capture Model
The classical capture model assumes the collision of two structure-less particles in free
space, unperturbed by their environment. The capture model assumes that the two
particles react with each other with unit probability for all trajectories with enough
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energy to overcome centrifugal barriers in the effective interaction potential [106].
To start, consider two particles with relative velocity v and distance R, as shown in
figure 2.1 a). The distance between the particles perpendicular to the velocity vector
is called impact parameter b.

0V
eff

Interparticle Distance R

Rmax

Ek

Veff(Rmax)
a) b)v

~R b

Figure 2.1: a) The definitions of relative velocity v, distance R and impact parameter
b when two structure-less particles A and B approach each other are shown. b) A plot
of the effective potential Veff of two particles interacting at kinetic energy Ek. The
bump in the potential is referred to as centrifugal barrier.

The total energy of the system in absence of a force is given by [106] as

ET = µ

2

(
dR
dt

)2

+ ETb
2

R2 (2.1)

which links the energy before the collision at R = −∞ to finite values of R. At
first the energy is dominated by the kinetic energy, but at small values of R, the
second term due to the rotation of ~R gains importance, which manifests itself as the
centrifugal term ETb

2/R2 in equation (2.1).
In the presence of a force, the interaction potential V (R) responsible for the force

can simply be added to equation (2.1) to read

ET = µ

2

(
dR
dt

)2

+ ETb
2

R2 + V (R). (2.2)

The interaction potential and centrifugal barrier can be added together to an effective
potential of the form

Veff = ETb
2

R2 + V (R), (2.3)

which will always have a maximum if the potential V (R) is proportional to R−s

for s ≥ 3. This maximum is known as the centrifugal barrier and it increases as b
increases. Figure 2.1 b) shows a plot of a model effective potential with a centrifugal
barrier. There exists a maximum value for b known as bmax for every collision energy
where the centrifugal barrier is equal to the collision energy.

At values of b > bmax, the particles will not get to short internuclear distances,
where at b < bmax, they do. Because of the cylindrical symmetry of the problem, this
defines a collision cross section σ = πb2

max. Multiplying the cross section σ with the
velocity v results in the rate constant k = σv.
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2.1.2 Relevant Interaction Potentials

Depending on the identity of the collision partners, the interaction potential V (R)
takes different forms, where the long-range part of the potential can be described by

V (R) =
∞∑
n=1

Cn
Rn

, (2.4)

where Cn are the long-range coefficients. For this work, the relevant coefficients are C3
for the charge ↔ permanent-quadrupole interaction and C4 for the charge ↔ induced-
dipole interaction. The two coefficients are given by [1, 107] as

Celst
3 = (−1)l+Λ

(
l 2 l

−Λ 0 Λ

)
〈l||Q2||l〉, (2.5)

C ind
4 = −1

2

(
α0 + 3Λ2 − 6

6 α2

)
. (2.6)

For these formulae, l and λ are the neutral particle’s orbital angular momentum and
its projection on the collision axis, the bracketed arrays in equation (2.5) are Wigner
3j symbols, 〈l||Q2||l〉 is the reduced matrix element of the quadrupole moment of the
neutral particle and α0 and α2 are the scalar and tensor components of the electric
dipole polarisability of the neutral particle for a given quantum state.

2.1.3 Langevin Collision Rate

For the simple case of collisions between charged particles and and neutral particles
with zero orbital angular momentum l, the relevant long-range coefficient is C4, since
there is no charge permanent-quadrupole interaction and usually interactions with
n > 4 can be ignored. For l = 0, α2 is negligibly small, thus combining equations (2.4)
and (2.6) results in a potential of the form

V (R) = − α0

2R4 . (2.7)

Inserting this into equation (2.2) and solving for bmax, the so-called Langevin cross-
section σL can be calculated. The name originates from Paul Langevin, a pioneer in
the work on ion-neutral collisions [108]. σL in this case is found as

σL = π
(2α0

ET

)1/2
, (2.8)

which can be written as the Langevin rate constant kL as

kL = 2π
(
α0

µ

)1/2

. (2.9)

This gives a theoretical collision rate for ion-neutral reactions which is not depen-
dent on the collision energy.
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2.1.4 Extension to Quadrupol-Ion Interaction
If the collision involve neutral particles in an electronic state with orbital angular
momentum l = 1, then not only the C4, but also the C3 is expected to have a significant
effect at long range. Laser cooling of rubidium (see section 2.2.4) involves the first
excited state 2P3/2 with orbital quantum number l = 1, i.e. the Langevin collision
rate is not applicable, but needs to be extended to also include charge-permanent
quadrupole interactions. The derivation of a rate constant including this “extended”
interaction potential was done by Felix Hall [1] and his work and the important results
shall be briefly summarised in this section.

For a collision involving a neutral particle with orbital angular momentum l = 1,
the interaction potential is formulated as

V (R) = Celst
3
R3 + C ind

4
R4 , (2.10)

where the C3 coefficient according to equation (2.5) contains a reduced matrix element.
Reformulating this for a single electron atom (ignoring spin-orbit interactions) in
terms of modified spherical harmonics, one finds for l = 1 with its projections λ = 0
and λ = 1 to relate to two symmetries of Σ and Π, respectively, with which a p orbital
can approach the ion. Collisions in Σ symmetry lead to an attractive interaction,
whereas collisions in Π symmetry lead to a repulsive interaction. These cases have to
be treated separately to calculate the collision rate constant. Additionally, the tensor
polarisability α2 in C4 may not be negligibly small for l = 1.

The evaluation of the C3 terms requires the calculation of the square of the mean
radius of the valence electron, which was calculated within the single electron ap-
proximation using the quantum defect method. From this, interaction potentials for
ion-neutral collisions with a neutral in an electronic state with l = 1 can be formu-
lated. The evaluation of the collision rate constant in these systems can then be done
numerically, for which a script was written by Felix Hall. Contrary to the Langevin
rate constant derived in the previous section, the collision rate constant obtained with
this “extended” potential has an energy dependence, which is proportional to E−1/6.

2.1.5 Quantum-Mechanical Effects
At the lowest collision energies observable in the experiments presented in this thesis,
quantum mechanical effects in the form of so-called shape resonances are expected to
become important [78]. In an effective potential as shown in Fig. 2.1 b), quasi-bound
states can exist above the asymptotic energy behind the centrifugal barrier. If the
energy of an incoming particle matches this quasi-bound state, the particles wave
function can be dynamically trapped behind the centrifugal barrier. This results in a
large amplitude of the scattering wave function at short internuclear distances, where
reactions take place, resulting in an increased cross section.

Shape resonances have for example been observed in the Penning ionisation of H2
and Argon atoms by metastable Helium atoms inside a merged-beam apparatus [109].
In these systems, shape-resonances are comparably wide (tens of millikelvin) due to
the light masses of the reaction partners involved. Their results also highlight how
the position and width of shape resonances can be used to verify calculated potential
energy surfaces. Systems studied on our experiment have all involved reaction partners
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with higher masses, where shape resonances start to occur at lower collision energies
and are also much more narrow and thus harder to observe.

Calculations on the Ca + Rb+ system predict several shape resonances below
100 mK [78], which so far have not been observed in experiments. Previous reaction
studies on our experiment have been limited to lowest average kinetic energies of
around 20 mK and collision energy resolution worse than that [65,75], preventing the
measurement of reaction rate enhancements due to shape resonances. The shuttling
atom trap tries to address the problem of poor control over the collision energy and
is discussed in chapter 3.

2.2 Light-Matter Interaction
The interaction of light with matter is the starting point of many of the techniques
used in this thesis. Light is used to cool ions and atoms down to temperatures well
below 1 K. In the case of neutral atoms, it also provides part of the trapping force,
together with the magnetic field. Further, light is also used to ionise molecular ions
in a controlled way.

This section introduces light-matter interaction, starting with the two-level system
and introducing the steady state populations. Then light forces are introduced, which
are then used to explain Doppler laser cooling. The energy levels involved in Doppler
cooling of calcium ions and rubidium atoms are discussed and the section is concluded
with the explanation of the photo-ionisation spectrum of the O2

1,3Φ states.

2.2.1 Two-Level System
An important quantity to know is the steady state populations of atoms in a (near-)
resonant light field. Starting from semi-classical theory of light-matter interaction,
working through Rabi oscillations and optical Bloch equations [110], the excited state
population of a two-level system is found to be

ρee = Ω2
R

Γ2 + 4δ2 + 2Ω2
R
, (2.11)

where ΩR = deg · E0/~ is the Rabi frequency with the transition dipole matrix ele-
ment deg and the electric field amplitude E0 and Γ = 1/τ is excited state decay rate,
the inverse of the excited state lifetime τ . The detuning δ = ωeg − ω is the difference
between the resonance transition frequency ωeg and the frequency of the light field ω,
as shown in Figure 2.2.

Equation (2.11) can be simplified by introducing the saturation intensity defined
as

IS =
~Γω3

eg

12πc2 , (2.12)

where c is the speed of light in vacuum. From the saturation intensity, one can define
the saturation parameter S0 using the intensity I of the light field as

S0 = I

IS
= 2Ω2

R
Γ2 , (2.13)
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~ωg

~ωeg
~ω

~δ

Figure 2.2: A model two-level system with ground state g at energy ~ωg and excited
state e at energy ~ωe with a difference in energy of ~ωeg, driven by a light field of
frequency ω and detuning δ.

which can be used to rewrite the steady-state solution of the excited state fraction as

ρee = S0/2
1 + S0 +

(
2δ
Γ

)2 , (2.14)

which approaches 1
2 for increasing intensity.

For the 5s 2S1/2 → 5p 2P3/2 transition in 87Rb equation (2.12) results in a theoret-
ical value for the saturation intensity of IS = 1.66 mW/cm2 using circularly polarised
light [111] (IS = 3.58 mW/cm2 for light with isotropic polarisation). Experiments
where the excited state fraction of rubidium in a magneto-optical trap were measured
directly revealed that a value of IS = 9.2±1.7 mW/cm2 better reproduces experimen-
tally measured parameters [112], so this value for the saturation intensity was used
in the atom number determination method introduced in section 2.3.3.

The photon scattering rate ΓPh is the product of the excited state population ρee
and the excited state decay rate Γ:

ΓPh = ρeeΓ. (2.15)
These formulae will be important for the description of the properties of the

magneto-optical trap introduced in section 2.3.

2.2.2 Light Forces
Another important aspect in light-matter interaction is the force a photon can exert
onto an atom. A photon posses a momentum ~k, where the angular wavenumber k
is related to the light’s wavelength λ by k = 2π/λ.

The scattering force F can be calculated as
F = ~kΓPh, (2.16)

and since the photon scattering rate ΓPh saturates at Γ/2, the maximum of this force
is

Fmax = ~kΓ
2 . (2.17)

Thus the maximum acceleration is

amax = Fmax

m
= ~kΓ

2m = vr
Γ
2 , (2.18)

where vr is the recoil velocity
vr = ~k

m
. (2.19)
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2.2.3 Doppler Laser Cooling

The light forces presented in the previous section can be used to change the momentum
of particles, where if the average momentum of a particle is reduced, cooling can be
achieved. Since a single photon’s momentum is minuscule compared to the momentum
of particles to be cooled, many such photons need to be scattered to change the
particle’s momentum considerably. In order to scatter many photons, the particles
need a closed cycle of absorption and emission, limiting the possibility of laser cooling
to species with simple energy level structures and thus mostly to atoms.

The laser-cooled species in this work are singly charged calcium ions and neutral
rubidium atoms, the energy level structures of which are discussed in section 2.2.4.
In recent years, progress has been made towards laser cooling of simple two-atomic
molecules, such as SrF [86, 87], YO [88] or CaF [89, 90], and even the first cooling of
the tri-atomic species SrOH has been reported [91].

To achieve cooling using light forces, the forces acting on the particles must be
velocity dependent and dissipative, so that the particles are cooled more than they
are heated. A simple way this can be achieved is by exploiting the physics of the
Doppler effect. The resulting Doppler laser cooling technique was proposed in two
independent papers by Hänsch and Schawlow [7] as well as Wineland and Dehmelt [8]
in 1975 and will be introduced below.

In Doppler laser cooling, a red-detuned cooling laser is used. Atoms moving against
the laser beam direction will see the frequency of the laser shifted towards resonance
and scatter photons. This process slows them down, because the momentum gain
from spontaneous emission happens in all spatial directions and averages out over
time, as is sketched in Figure 2.3.

e
g

e
g

e
g

~p0
~~k

ii)i) iii)

~p0 − ~~k 〈~p 〉 < ~p0

Figure 2.3: The principle of Doppler laser cooling. In i), a photon with momentum
~~k of a light field propagating opposite a particle with initial momentum ~p0 gets
absorbed. ii) The absorbed photon excites the particle from ground state g to the
excited state e and the particles momentum is reduced by an amount equal to the
photons momentum. Finally in iii) the particle relaxes back to its ground state by
emitting a photon in a random direction. This cycle is continuously driven resulting
in a reduction in velocity of the particle opposite the propagation direction of the
light field.

Consider a light field of a running wave with wave vector k, frequency ω and
detuning δ0 and an atom with momentum p at velocity v opposing the direction of
the laser field as sketched in Figure 2.3. The zero velocity detuning from the atomic
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transition at frequency ωeg is given as δ0 = ω − ωeg and the total detuning including
the Doppler effect is δ = δ0 − kv. Equation (2.16) thus reads as

F = ~kΓPh = ~kΓ
2 · S0

1 + S0 + 2
(
δ0−kv

Γ

)2 . (2.20)

A Taylor expansion of First order can be made around v = 0 for small v, the result
of which is

F ≈ F0 − βv, (2.21)
where β is the damping coefficient:

β = −~k2 4S0
(
δ0
Γ

)
[
1 + S0 + 4

(
δ0
Γ

)2
]2 (2.22)

and F0 is a term corresponding to constant acceleration.
For red detuning at δ0 < 0 (i.e. laser frequency set to below transition frequency)

the damping coefficient is positive, leading to damping of v and thus a cooling effect.
Velocity-dependence is also fulfilled, since as the velocity v decreases, the force acting
on the particles is also reduced. But due the term F0 in equation (2.21), a force is
acting on the particles even once they are slowed down to a stop, thus leading to an
acceleration in the opposite direction.

This can be prevented using counter-propagating laser beams, such that the force
in equation (2.20) now reads

F± = ~kΓPh = ~kΓ
2 · S0

1 + S0 + 2
(
δ0±kv

Γ

)2 . (2.23)

In this case, the term F0 in the Taylor expansion cancel out and give

F ≈ −βv (2.24)

with
β = 8~k2 S0δ0[

1 + S0 + 4
(
δ0
Γ

)2
]2 . (2.25)

This is now a purely velocity-dependent force and this configuration represents the
one-dimensional optical molasses, resulting in damping along the axis of the counter-
propagating laser beams. To achieve cooling in all three spatial dimensions, three
orthogonal counter-propagating laser beams need to be overlapped, resulting in a
three-dimensional optical molasses configuration, the first experimental demonstra-
tion of which was achieved by S. Chu and co-workers in 1985 [18]. Even though
the density of atoms might be increased locally at the intersection of the three laser
beams, the atoms are not trapped. There is no restoring force and the atoms are free
to drift out of the laser beams.

One possibility of trapping particles is the addition of a quadrupolar magnetic
field, which can add a restoring force and thus provide trapping. This setup, where
the light and magnetic field together are providing the trapping, is called a magneto-
optical trap and is introduced in section 2.3. For charged particles, ion traps can
provide trapping independent of the light field and are introduced in section 2.4.
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There is a limit to the temperature that can be reached using Doppler laser cooling,
set by the recoil velocity of single photons spontaneously emitted in the process. The
residual motion due to these random spontaneous emission events is the Doppler
cooling limit and gives an estimate for the Doppler temperature TD as the lowest
temperature reachable in an optical molasses configuration [110] as

kBTD = ~Γ
2 . (2.26)

2.2.4 Laser Cooling in Ca+ and Rb
The two species laser cooled in this work are singly charged calcium ions and neutral
rubidium atoms. Both species possess a single electron in the outer-most shell, leading
to a simple energy level structure. A schematic of the energy levels involved in laser
cooling of both species is shown in Figure 2.4.

a) b)

4s 2S1/2

3d 2D3/2

5s 2S1/2

4p 2P1/2 5p 2P3/2

Repumping
Cooling Cooling
397 nm
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780 nm

Repump.

F ′= 3
F ′= 2
F ′= 1
F ′= 0

F = 2

F = 1

Figure 2.4: Energy levels involved in the laser cooling of a) singly charged calcium
ions and b) neutral rubidium atoms. Solid arrows indicate absorption and dashed
arrows indicate spontaneous emission.

Doppler laser cooling in calcium ions is achieved by driving the 4s 2S1/2 → 4p
2P1/2 transition at around 397 nm. At a lower probability, the 4p 2P1/2 level can also
spontaneously decay to the metastable 3d 2D3/2 level. In order to reintroduce the
ions into the cooling cycle, the ions need to be repumped on the 3d 2D3/2 → 4p 2P1/2
transition at around 866 nm.

In rubidium the 5s 2S1/2 (F = 2) → 5p 2P3/2 (F ′ = 3) transition is used for
Doppler laser cooling. Atoms off-resonantly excited to the 5p 2P3/2 (F ′ = 2) level
can decay to the 5s 2S1/2 (F = 1) level, which is not addressed by the cooling laser.
Since the two hyperfine levels in the ground state are only separated by approximately
6.8 GHz, an electro-optical modulator (EOM) generating sidebands at this frequency
can provide repumping.

In the excited state 5p 2P3/2 of rubidium, a single 397 nm photon of the calcium
cooling laser is enough to ionise the rubidium atom. To avoid this, the laser cooling
light for the calcium ions and rubidium atoms are never present simultaneously.

2.2.5 Photoionisation of O2 Using the 1,3Φ States
The 3dδ 1,3Φ Rydberg states in molecular oxygen were described by Chupka and co-
workers in two-photon resonant excitations from either the X 3Σ−g ground state [113]
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or the metastable a 1∆g state [114] in molecular oxygen. In a follow-up paper, they use
these states to generate molecular oxygen ions in a desired vibrational state with very
high fidelity [99]. To be able to use these states for the generation of vibrationally
state-selected molecular oxygen ions, one needs to measure and understand their
spectrum. The structure of the spectra arise due to the different angular momentum
couplings in ground and excited state and selection rules in the excitation scheme
used.

Hund’s Coupling Cases Hund’s coupling cases describe different possible coupling
hierarchies in the coupling of the various angular momenta present in molecules. There
are a five cases usually denoted case a through e. Since only case a and b are relevant
for the two states involved in the transitions presented here, these two cases shall be
introduced here.

In Hund’s case a, the nuclear rotation is coupled weakly to the electronic angular
momentum, but the two electronic angular momenta (spin and orbital angular mo-
mentum) are coupled strongly to the internuclear axis. The projection of the orbital
angular momentum ~Λ and the projection of the spin angular momentum ~Σ couple to
the total electronic angular momentum ~Ω. ~Ω then couples to the rotational angular
momentum ~R, forming the resulting total angular momentum ~J . A schematic of this
coupling is shown in Figure 2.5 a).

In Hund’s case b, the vector ~S is not coupled to the internuclear axis. The coupling
is as follows: the projection of the orbital angular momentum ~L on the internuclear
axis called ~Λ couples to the rotational angular momentum ~R, leading to the total
angular momentum without spin ~N . ~N can then couple with the spin angular mo-
mentum ~S to form the total angular momentum ~J . A schematic of this coupling is
shown in Figure 2.5 b).

a) b)

~R
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~S

~J~N

~L

~R

~Λ
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~J

~N

~Σ
~Ω

Figure 2.5: Vector diagrams of Hund’s cases a and b.
a) Hund’s case a. The coupling hierarchy is first ~Ω = ~Λ + ~Σ and then ~J = ~Ω + ~R.
b) Hund’s case b. The coupling hierarchy is first ~N = ~Λ + ~R and then ~J = ~N + ~S.

Ground State of O2 The ground state of molecular Oxygen is a 3Σ−g state and
follows Hund’s coupling case b (first ~N = ~Λ + ~R and then ~J = ~N + ~S). Since
the ground state of oxygen is a Σ-state, ~Λ is zero and thus ~N = ~R. The total
angular momentum is then given as ~J = ~N + ~S. Oxygen is a homonuclear diatomic
molecule with total nuclear spin I = 0, so every other rotational level is missing due
to exchange symmetry and only levels with N odd exist, with positive parity. S can
be 1, 0 or −1, leading to three different total angular momenta J per rotational level:
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J = N + 1, N and N − 1, denoted the F1, F2 and F3 levels, respectively. An overview
of the first rotational levels and resulting total angular momentum J , split up by the
Fi components, is shown on the left side of table 2.1.

With molecular oxygen being a triplet state, the spin-spin interaction has to be
considered as well. Given by Herzberg [115], the energies of the F -states can be
approximated by

F1 = BνN(N + 1)− 2λ(N + 1)
2N + 3 + γ(N + 1)

F2 = BνN(N + 1) (2.27)

F3 = BνN(N + 1)− 2λN
2N − 1 − γN,

where Bν is the rotational constant of the vibrational state ν and for ν = 0 given
as B0 = 1.438 cm−1, γ = −0.0084 cm−1 is the spin-rotation coupling constant and
λ = 1.984 is the spin-spin coupling constant.

Excited State of O2 The measured excited states of molecular Oxygen are 1,3Φg

Rydberg states and follow Hund’s coupling case a (first ~Ω = ~Λ+~Σ and then ~J = ~Ω+~R).
The Φ states measured were only triplet states, i.e. Σ = 1, 0 or −1 and Λ in case of
a Φ state is equal to 3. So there are 3 total electronic angular momenta quantum
numbers Ω = 2, 3 and 4 possible. The measured states had Ω = 2 and 3, meaning
total angular momentum levels of J = 2, 3, 4, . . . for 3Φ2 and J = 3, 4, 5, . . . for 3Φ3
are possible.

As stated in [114], the rotational energies in the 3Φ3 and 3Φ2 states do not follow
the usual expression

T +BJ(J + 1)−DJ2(J + 1)2, (2.28)

but are better fit by
T + γJ +BJ(J + 1), (2.29)

indicating that there are energy level shifts proportional to J . The values for the
constants are also given in reference [114].

Expected Transitions In transitions from the 3Σ−g ground state to the 3Φ states
the orbital angular momentum quantum number Λ changes by 3, meaning these tran-
sitions are nominally forbidden, since they violate the selection rule for change in
the orbital angular momentum quantum number of ∆Λ ≤ 2 in two-photon transi-
tions [113]. They become allowed because of an l-uncoupling interaction with the
nearby, allowed 1,3∆ complex [113].

Expected J levels in the ground state of oxygen and levels reached in the excited
state of the O-, P-, Q-, R- and S-branch are shown in table 2.1. The corresponding
energy levels in the ground and excited state have been calculated and by subtracting
the appropiate ground state level energy (up to R = 17) from the excited state level
enery, the different transition energies have been calculated.

In this manner, a total of 123 transitions to the 3Φ2 and 116 transitions to the
3Φ3 state have been calculated per vibrational level, totalling to 717 calculated line
positions. A plot of the calculated line positions together with the measured spectra
can be found in section 4.2.1.

21



Table 2.1: The expected levels in the ground state of molecular oxygen, separated for
the different spin-rotation components Fi. On the right, the expected J levels reached
in the excited state for the O-, P-, Q-, R- and S-branch are shown. The red J levels,
namely 0 and 1, do not exist for the 3Φ2 state and the red and green J levels, namely
0, 1 and 2, do not exist in the 3Φ3 state.

spin-rotation component N = R J = N + S O P Q R S

F1 (S = 1)

1 2 0 1 2 3 4

F1 (S = 1)

1 2 0† 1 2 3 4
3 4 2 3 4 5 6
5 6 4 5 6 7 8
... ... ... ... ... ... ...

F2 (S = 0)

1 1 - 0 1 2 3
3 3 1 2 3 4 5
5 5 3 4 5 6 7
... ... ... ... ... ... ...

F3 (S = −1)

1 0 - - 0 1 2
3 2 0 1 2 3 4
5 4 2 3 4 5 6
... ... ... ... ... ... ...

2.3 Magneto-Optical Trap
The optical molasses technique introduced in section 2.2.3 can be used to cool parti-
cles, but the particles are not actually trapped. To trap the particles, an additional
position-dependent force needs to be implemented which pushes all the atoms to-
wards a point in space. A position-dependent force can be added with the overlap
of an quadrupolar magnetic field onto the light field, resulting in a magneto-optical
trap (MOT), which will be described in this section. Figure 2.6 shows a schematic of
this setup.

2.3.1 Operation Principle
To understand the operation principle behind a magneto-optical trap, a sketch of
the position dependence on the energy level structure of a particle with a transition
F = 0 → F ′ = 1 inside an inhomogeneous magnetic field is shown in Figure 2.7.
Due to the increase in magnetic field when the particle moves away from the trap
center, the Zeeman splitting in the excited state increases. This increase in splitting
in the excited state moves the transition closer to the frequency of the light field ω at
detuning δ when the particle leaves the trap center.

Selection rules only allow ∆M = +1 for σ+ polarisation and ∆M = −1 for σ−
polarisation. This introduces an imbalance in the scattering rate from the two beams
when the atom leaves the trap center and thus adds a restoring force towards the trap
center. For example, consider an atom moving left in Figure 2.7, which moves the
Mg = 0 → Me = +1 transition (subscripts g and e referring to ground and excited
state, respectively) closer to resonance with the light field at frequency ω and thus
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Figure 2.6: Basic setup of a standard magneto-optical trap. Two coils in orange
in anti-Helmholtz configuration (where the current I runs in opposite directions)
generate a quadrupolar magnetic field. At the center of the quadrupolar magnetic
field, 3 pairs of counter-propagating beams are overlapped in an optical-molasses
configuration where each pair consists of beams with opposite circular polarisations
σ+ and σ−.

makes the atom more likely to absorb a photon from the beam with σ+ polarisation
from the left, pushing the atom back towards the trap center.

δ

ω

Position

Energy

Mg = 0

Me = −1

Me = 0

Me = +1

0

σ+ σ−

Figure 2.7: Energy level diagram of a simple model MOT with no Zeeman splitting in
the lower level. In the excited upper state, Zeeman splitting toMe = −1, 0, 1 happens
with increasing distance from the trap center, because of the increasing magnetic field.
The magnetic field increases linearly with position.

Because of the splitting of the Zeeman levels of the particles in the excited state,
equation (2.23) now reads

F± = ~kΓ
2 · S0

1 + S0 + (2δ±
Γ )2

, (2.30)

where the new detuning δ± is given as

δ± = δ0 ∓ kv ±
µ′B

~
. (2.31)

The term ±µ′B
~ is responsible for the position dependency of the force, due to the

increase in magnetic field B as the particles move away from the trap center with

µ′ = (geme − ggmg)µB and B = A · z, (2.32)
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where µB is the Bohr magneton, A is the magnetic field gradient and subscripts g and
e refer to the ground and excited states, respectively.

Similarly to working out equation (2.24), the force can be expanded as

F ≈ −βv − κz, (2.33)

where β is the same as for optical molasses as in equation (2.25) and κ is given as

κ = µ′A

~k
β. (2.34)

This results in there being a position-dependent force as well as a damping force,
effectively cooling and trapping the particles with a magnetic field and light.

2.3.2 Pushing Atoms with Light
The forces introduced in section 2.2.2, extended to laser cooling in section 2.2.3 and
adapted for the MOT in section 2.3.1 can also be utilised to push atoms. Two setups
using scattering light forces can be applied to make atoms move: either using counter-
propagating laser beams or a single laser beam.

As introduced in section 2.2.3 in equations (2.23) to (2.25), having two counter-
propagating laser beams at the same frequency and intensity will result in damping
along this axis. Changing the frequency or intensity of one of the two beams creates an
imbalance in the scattering force in the two directions, creating a radiation pressure
difference. This makes the atom drift along the axis [31], as long as there is no
restoring force present. With a restoring force an equilibrium can be reached where
the restoring force and the radiation pressure cancel each other, leading to trapping
in an off-center position (with respect to the trap center).

Equations (2.20) to (2.22) pertained to the case of a single laser beam. Considering
a stationary atom in this setup, the atom gets pushed away from the laser beam
source. Using a light frequency resonant with a transition in the atom, the atom will
be quickly accelerated, shifting the atom off resonance due to increasing Doppler shift,
resulting in a non-linear acceleration.

The shuttling atom trap introduced in chapter 3 makes use of both concepts
introduced here. Radiation pressure imbalance in one of the axes due to decrease in
intensity of one of the two beams results in trapping the atom cloud in an off-center
position. Atoms are shuttled back an forth between two such off-center positions using
on-resonance laser beam pulses. The whole process and technical implementation is
explained in detail in section 3.1.

2.3.3 Atom Number and Density Estimation
After establishing the basic working principle of magneto-optical traps in section 2.3.1,
this section will cover how the number of atoms inside the atom cloud and the average
density of trapped atoms can be estimated from experimental images taken with an
electron-multiplying charged-coupled device (EMCCD) camera.

The method used to determine atom numbers is to calculate the expected number
of photons scattered by one atom for a given set of trap parameters and compare
it with the total number of photons scattered from the atom cloud, which can be
estimated from the number of photons registered by the camera and accounting for
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losses due to the imaging system. The total number of photons scattered is divided
by the expected number of photons from calculations to yield the total atom number
of the cloud. The average density inside the cloud can then be calculated from a
geometric analysis of the atom cloud images.

Atom Number Estimation Applying this approach, the atom number N can be
calculated as

N = Nph

LT · texp ·G
· 1

ΓPh
, (2.35)

where Nph is the photon count registered by the EMCCD camera, L is the total loss
factor for the imaging system, texp is the exposure time, G is the electron-multiplying
gain of the camera and ΓPh is the calculated photon scattering rate.

The EMCCD camera used to take images of the atom cloud works by counting
the number of electrons generated by photons hitting each of the detector’s pixels.
To determine the number of photons which were registered by the camera that were
scattered by the cloud Nph, one determines the total number of counts of images of
the atom cloud and subtracts the total number of background counts of images where
the atom cloud is not present (which is achieved by switching off the magnetic field).
Counts in the images without atom cloud come from different sources, such as stray
light and dark counts of the EMCCD sensor.

The photon count Nph is not the total number of photons scattered by the atom
cloud, as losses due to the imaging system need to be considered as well. The loss
factor LT is the total imaging system loss and the product of geometric factor (i.e. the
solid angle registered by the camera), losses due to the imaging system and camera
sensitivity. The total imaging system loss LT is calculated as

LT = L1 · L2 · L3 · L4 · L5 · L6 · L7, (2.36)

where L1 = 0.451 ± 0.01 is the loss due to chopping of the cooling laser beams,
L2 = 0.00762 ± 0.0005 is the loss due to the solid angle, L3 = 0.93 ± 0.02 is the
loss due to the view port glass, L4 = 0.098 is the loss due to the camera sensitivity,
L5 = 0.059±0.02 is the loss due to the bandpass filter used to isolate the light from the
atoms, L6 = 0.84±0.02 is the loss due to the microscope optics and L7 = 0.484±0.05
is the loss due to the PMT beam splitter cube inside the microscope. The total
imaging system loss is then found as LT = 7.5 · 10−5 ± 1.0 · 10−5.

Two factors are settings dictated by the camera program, which are the exposure
time texp and the EM gain factor G. The gain is generally kept low (G� 200), where
it is behaving linearly. The photon scattering rate ΓPh is introduced in equation (2.15),
where the excited state population is calculated from measuring the total intensity
illuminating the atom cloud as well as the detuning settings.

Average Atom Density Estimation The average density of the atom cloud can
be calculated assuming the density distribution follows an isotropic Gaussian distri-
bution [116] of the form

n(r) = N

π3/2ω3 exp
(
−r2/ω2

)
, (2.37)
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where ω is the 1/e radius of the cloud. The average density navg is found by integration
of the product of the probability of an atom being at radius r and the density at that
location, which results in

navg =
∫ n(r)

N
n(r)dV = N

2
√

2π3/2ω3
. (2.38)

A LabVIEW program was written for the atom number and density analysis,
which is able to perform all steps automatically. The program is briefly described in
the appendix in section B.4.2.

Systematic Uncertainties in Atom Number and Density Estimation The
systematic uncertainty in the atom number and density estimation was evaluated
using Gaussian error propagation. The uncertainty in scattering rate is a result from
errors in laser intensity determination, the large error in saturation intensity (see
section 2.2.1) and the estimated error in laser detuning. Uncertainty in the total
imaging loss factor is stated above. For the photon counting of the EMCCD camera,
a Poisson distribution was assumed, for which the standard deviation was estimated
as the square root of the number of counts. An error of 5% was assumed for the radius
determination of the atom cloud distribution. This resulted in an estimated relative
systematic uncertainty in atom number of around 30 − 35%, which is slightly lower
than previous stated uncertainty in atom number on this experiment of 44% [1].

2.4 Ion Trapping
In our experiment, a so-called linear Paul trap is used. It consists of 4 parallel rods
arranged in a square and each rod is split into 3 segments. According to Earnshaw’s
theorem, charged particles cannot be confined by electrostatic potentials alone [110].
Because of this, Paul traps make use of a combination of radio-frequency and static
potentials to dynamically trap ions. Figure 2.8 shows a schematic drawing of a linear
Paul trap and explains the different electrical fields applied to the electrodes of the
trap.

2.4.1 Equations of Motion
To understand the dynamics of the ions inside a linear Paul trap, the equation of
motions are derived. Starting from a three-dimensional potential Φ = αx2+βy2+γz2,
the Laplace equation

∇2Φ = ∂2Φ
∂x2 + ∂2Φ

∂y2 + ∂2Φ
∂z2 = 0 (2.39)

needs to be fulfilled, which leads to α+β+γ = 0. One way this can be achieved is by
setting α = β = −2γ resulting in a trapping configuration that is radially symmetric.

The potential along the radial direction is generated by a radio-frequency voltage
and takes the form of

V (x, y, t) = V0,RF

(
x2 − y2

r2
0

)
cos (ΩRFt), (2.40)
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Figure 2.8: Schematic of a linear Paul trap as used in the experiment, which consists
of 4 segmented rods arranged in a square pattern. The orientation of the coordinate
system used is shown, where z is aligned along the central axis of the trap and x and
y are pointing towards the rod centers. The shortest distance from the central trap
axis to the surface of the rods is defined as r0 and the length of the central segment
of each rod is defined as 2z0. To provide confinement radially (in direction of x and
y), radio-frequency voltage is applied to all four rods, where the ones labelled with
+ are in phase and 180° out of phase with the ones labelled −. Confinement along
the axial direction (z) is provided by applying dc voltage to the outer segments of
each rod, referred to as endcap electrodes. Additionally, dc voltages can be applied
to all 12 segments individually to counteract trap imperfections and optimise the ion
position onto the trap axis.

where V0,RF is the zero-to-peak amplitude of the applied radio-frequency voltage with
frequency ΩRF. The potential along the axial direction due to the applied endcap
volatge Vend is given by:

U(x, y, z) = κVend
z2

0

[
z2 − 1

2(x2 + y2)
]
, (2.41)

where κ is an experimentally determined geometrical factor and z0 is half the distance
between the endcap electrodes.

The equations of motions can be derived from Newton’s second law, F = ma,
which states that the force F is the product of mass m and acceleration a. A force on
a particle with charge Q by an electrical field E is given as QE and the acceleration
can be written as the second derivative of the displacement vector r, resulting in
equation

QE = mr̈. (2.42)

This leads to the Mathieu equation describing the motion of a trapped ion as

d2

d τ 2u+ (au + 2qu cos (ΩRFτ))u = 0, (2.43)

with u = x, y, z and τ = 1
2Ωt. The so-called Mathieu stability parameters au and qu

are given as
ax = ay = −1

2az = −4κQVend
mΩ2z2

0
, (2.44)

qx = −qy = 4QV0,RF
mΩ2r2

0
, qz = 0. (2.45)
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For small values of the stability parameters |au| � 1 and |qu| � 1, the solution to
the Mathieu equations can be approximated as

ru(t) = r1u cos(ωut+ φ)
[
1 + qu

2 cos(Ωt)
]
. (2.46)

The motion can be seen as the combination of two oscillations, the first a slow, large-
amplitude motion at a frequency ωu which is dependent on the mass of the ion. The
second motion is a fast, smaller amplitude motion at frequency Ω as a direct result
of the RF fields acting on the ion.

The frequency of the slower of the two oscillatory motions is described by

ωu = 1
2Ω
√
au + 1

2q
2
u (2.47)

and takes different values for the radial and axial secular frequencies.
These secular frequencies are mass-dependent and therefore can be exploited to

determine the mass-to-charge ratio of the ionic species inside the ion trap. This so-
called resonant excitation mass spectrometry (REMS) works by applying an additional
radio-frequency field to one or multiple electrodes of the Paul trap. By scanning the
frequency of this field over the expected motional frequencies of ions inside the trap, a
relatively crude mass-spectrum can be recorded [117]. The observable used to detect
excitation is either a decrease or increase in fluorescence (depending on the laser
cooling settings) as the motion of the ions is excited.

The secular motion of the ions is often described within the adiabatic approxima-
tion [118] as the motion inside a time-independent pseudopotenial UPseudo which is
given by [119] as

UPseudo(r, z) = 1
2ω

2
rr

2 + 1
2ω

2
zz

2, (2.48)

with

ωr =
√
a+ 1

2q
2, ωz =

√
−2a and r2 = x2 + y2, (2.49)

where ωr and ωz are the effective radial and axial secular oscillation frequencies within
the pseudopotential. This appropriately describes the thermal motion of the ions
within the trap, but time-dependent effects caused by the oscillating RF field are not
included.

2.4.2 Coulomb Crystals
With laser cooling of ions inside the ion trap, a phase transition from a diffuse ion
cloud to ordered structures called Coulomb crystals is observed. Coulomb crystals are
three-dimensional arrangements of the ions. The laser-cooled ions inside the Coulomb
crystal fluoresce, enabling the imaging of Coulomb crystals using sensitive electron-
multiplying charged-coupled device (EMCCD) cameras attached to a microscope.
Figure 2.9 a) shows an image of Coulomb crystal consisting of laser-cooled calcium
ions.

For large crystals, a single laser beam for Doppler laser cooling can be enough,
since all motional degrees of freedom are coupled by the Coulomb interaction between
the ions. When other ions in addition to calcium are loaded into the trap, they are
indirectly cooled by their Coulomb interaction with the laser-cooled calcium ions. A
Coulomb crystal containing molecular oxygen ions is shown in Figure 2.9 b). The
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molecular ions are lighter than the calcium ions and are thus confined more strongly,
pushing them towards the trap center. The ionisation laser also produces some heavy
ions, which are trapped less strongly and thus form a dark band around the calcium
ions.

a) b)

Figure 2.9: Fluorescence images of Coulomb crystals. a) A pure calcium Coulomb
crystal. b) After loading molecular oxygen ions into the crystal, a dark core within
the crystal appears. Heavy ions form a band around the calcium ions leading to
indentations at the top and bottom of the crystal.

2.5 Hybrid Trap
The most important aspects in the combination of the magneto-optical trap and the
ion trap will be briefly described here. Discussed are the determination of reaction
rates and the calculation of the degree of overlap between the atom cloud and the
ions. For a description of the experimental setup, see section 3.1.

2.5.1 Determination of Reaction Rate Constants
Coulomb crystals are overlapped with the atom cloud and the disappearance of ions
is observed with the EMCCD camera. Since there are many more atoms than ions
and the atoms are constantly reloaded from background, the reactions follow pseudo-
first-order kinetics. The pseudo-first order rate constant is determined by observing
the loss of ions over time, where the integrated rate-law is given as

log V (t)
V0

= −kpfot. (2.50)

Here V (t) is the volume of the ions after time t, V0 is the volume at the start of reaction
and kpfo = navgk2nd is the pseudo-first order rate constant which is the product of the
average atom density navg and the second-order rate constant k2nd.

In order to determine the second-order rate constant k2nd, the logarithm of the
relative volume loss is plotted against time and a straight line is fitted through the
data, giving the pseudo-first-order rate constant as the slope. Dividing kpfo by the
average atom number navg results in the second-order rate constant k2nd.

2.5.2 Calculating the Overlap
The ion density within the crystal can be approximately considered constant over the
volume of the crystal. This is not given for the atom cloud, which is described by a
three-dimensional Gaussian distribution. Using the average density to calculate the
second order rate constants would lead to a systematic error. An additional random
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error would be incorporated into the measurement because of varying crystal size and
position relative to the atom cloud.

To avoid these systematic and random errors, an overlap factor is calculated which
scales the overall average density of the atom cloud to the average density sampled by
the crystal. This is done by numerically integrating the density distribution over the
volume of the crystal to get the number of atoms within and dividing by the volume
of the crystal. Position and size of the atom cloud and crystal are extracted from
experimental images.

The first version of the numerical integration was implemented in Matlab to be
used as a .m script used in Matlab’s command line, where all the parameters needed
to be determined beforehand and input by hand. Later, a Labview program was
developed that incorporated automatic atom cloud analysis combined with manual
size and position determination of the ion crystal, which made the process simpler
and less prone to mistakes when copying results over from one program to the next.
This program is described in the appendix in section B.4.3.

Here, the idea behind the numerical integration method will be briefly introduced.
It was already described previously [120], where it was derived for ellipsoid crystals.
When using molecular ions forming a string inside an ion crystal, an ellipsoid does
not properly represent the shape the ion string. To better describe the ion string, a
cylinder was used for the calculation of the estimated atom density sampled by the
ions.

Figure 2.10: The principle of the calculation of the average rubidium atom density
sampled by the cylinder encompassing the molecular ions inside a Coulomb crystal is
shown. A cylinder is divided into segments longitudinally and each segment is divided
into hollow cylinders (the hollow cylinders are shown for only one segment).

The basic idea behind the numerical integration is to divide a cylinder encom-
passing the ions into hollow cylinders of approximately constant density of rubidium
atoms. As shown in Figure 2.10, the cylinder is divided into disks along its axis and
each disk is divided into hollow cylinders. For small enough hollow cylinders, the
atom density inside them is approximately constant over their volume, due to the
rotational symmetry of the cylinders and the atom cloud distribution (assuming the
centre of the atom density distribution lies on the central longitudinal axis of the
encompassing cylinder). A few hundreds of divisions into disks and a few tens of
divisions into hollow cylinders is enough for an adequate estimation of the average
density sampled by the molecular ions. The average atom density is calculated by
summing over the atom number inside each hollow cylinder and divide by the total
volume of the cylinder.
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2.6 O+
2 state detection

As explained in section 2.2.5, molecular oxygen ions can be produced in selected
vibrational states using resonance-enhanced multiphoton ionisation using suitable in-
termediate states in the neutral molecule. This technique has already been used in
our group for the production of state-selected molecular nitrogen ions [97]. After the
production of the ions, their internal state needs to be confirmed and the lifetime of
that state needs to be measured.

2.6.1 Determination of Vibrational State
In the previous work in our group, a monitor gas was used to distinguish vibrationally
excited (ν ≥ 1) and non-excited (ν = 0) molecular nitrogen ions in laser-induced
charge transfer used to probe the rotational distribution [97, 121, 122]. The reaction
N+

2 + Ar→ N2 + Ar+ is only exothermic for vibrationally excited molecular nitrogen
ions. The ionisation energy of molecular nitrogen is slightly below the one of argon,
whereas it is higher for vibrationally excited molecular nitrogen ions, meaning in
the ground state, the charge-transfer reaction does not happen. As this technique
was already used and proven, adapting the technique for molecular oxygen ions was
explored.

In molecular nitrogen ions, this technique was only used to distinguish the vibra-
tional ground state from molecular ions in any excited vibrational state. Vibrationally
excited molecular nitrogen ions react with neutral argon and are replaced with argon
ions. The string of light molecular ions at the center of the crystal gets smaller, as
the argon ions have approximately the same mass as calcium ions and diffuse into
the crystal. Light ions that do not disappear are thus nitrogen ions in the vibrational
ground state. This technique can be very sensitive, as losing just one or two light ions
can already drastically change the appearance of the Coulomb crystals.

This technique can be extended to distinguish higher vibrationally excited states,
by finding suitable reaction partners with ionisation energies in between the ones for
molecular ions in its different vibrationally excited states. Table 2.2 shows suitable
reaction partners that can be used to determine the the lowest three vibrational state
of the O+

2 ions. As an example, SO2 will react with molecular oxygen ions with a
vibrational state of ν ≥ 2, but not with ν = 1 or 0.

This scheme for the characterisation of the vibrational state of O+
2 ions has been

used by Böhringer and co-workers [123]. In their experiment, they used these three
monitor gases to characterise their ion source used in ion drift tube experiments.

Table 2.2: The ionisation potentials of molecular oxygen ions in different vibrational
states ν. The last column shows reaction partners that have ionisation potentials
between the vibrational state on the left and the next higher vibrational state.

IP O+
2 (eV) ν does not react with

12.07 0 Xe (IP = 12.13 eV)
12.31 1 SO2 (IP = 12.35 eV)
12.53 2 H2O (IP = 12.62 eV)
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Chapter 3

The Shuttling MOT

This chapter provides an overview of the first part of this project, which was aimed
at the development of a new kind of hybrid trap with better control over collision
energies in reaction studies. The original idea and conceptualisation were introduced
by Ravi Krishnamurthy, who also was responsible for the first implementation.

An inherent problem of hybrid traps is the difficulty in tuning the collision energies.
Particles are cooled and stored in both traps, implying kinetic energies are generally
low and constant. The problem of adjustable collision energy could be solved with
the ability to add kinetic energy into the system in a controlled way. Optimally,
this kinetic energy can be tuned over a large range with high accuracy and precision.
Variable collision energies can be achieved by moving the two clouds relative to each
other, where ideally only one of the two is moving.

Ions are easily moved by electric fields, making them seem like an optimal candi-
date for controlled movement. But since in hybrid experiments the ions are usually
stored inside dynamic radio-frequency traps, moving them off-center from the trap
axis introduces excess micromotion. This excess micromotion leads to an increased
spread in their kinetic energy. Ions can be moved without the introduction of excess
kinetic energy, if they are moved along the ion trap axis. This has been recently
demonstrated in the group of Jonathan Home using time-varying electric potentials
in a multizone segmented ion trap to move ions at velocities of 7 m·s−1 and up to
±1000 µm away from the trap center [124], but only with one or two independent ions
at a time. So while ions can be moved easily, they are also easily disturbed and thus
require very precise control over the electric fields used for trapping and manipulation.

On the other hand, cold atoms at rest are not moved as easily as ions, but several
ways how atoms can be displaced exist. Possibilities include moving the center of a
magnetic trap, moving an optical dipole trap or pushing atoms using scattering light.
Section 1.1 in the introduction gives an overview of various concepts and implemen-
tations of experiments where these forces have been used to move atoms. For our
experiment, using scattering light to push was chosen because it could be integrated
into the current experiment with only modifications to the generation and distribution
of the atom trapping light and no changes to the in-vacuum setup.

This chapter is separated into two major sections. The first section 3.1 deals with
the technical implementation and methods of the shuttling atom trap and discusses
the relevant experimental techniques. The second section 3.2 provides an overview of
the performance of the shuttling magneto-optical trap and presents the first reaction
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study between shuttling rubidium atoms and calcium ions in the hybrid trap. A final
section summarises and concludes this chapter.

3.1 Technical Implementation and Methods
This section describes the technical implementation of the shuttling atom trap. It
starts with a description of the experimental setup inside and around the vacuum
chamber and the working principle behind the shuttling atom trap. The generation
of the cooling, trapping and pushing light is explained, starting with the description of
generating the laser light using an external-cavity diode laser, amplified by a tapered
amplifier. Further, the manipulation of the light using a setup of acousto-optic mod-
ulators driven by a home-built radio frequency setup to create the necessary cooling
and pushing light pulses is explained and the pulse sequence used and its generation
are discussed. Also covered are the imaging systems used to analyse the dynamic
atom cloud. To interpret the obtained data, simulations developed by Claudio von
Planta and finalised by Alexander Dörfler are briefly introduced at the end of this
section.

3.1.1 Experimental Setup
The original setup this work is based on was designed, built and characterised by
Felix Hall and is described in detail in his PhD thesis [1]. The hybrid trap used in
this experiment consists of a linear Paul trap in conjunction with a magneto-optical
trap. An overview of the experimental setup is shown in Figure 3.1.

In the original MOT setup, a single laser beam at 780 nm was split up three
times into retro-reflected cooling beams for the six beams needed for the magneto-
optical trap. For the shuttling atom trap, this configuration was kept on two axes
(designated y and z), but for the third axis along x, the cooling beams were split into
two individual beams. The magnetic coils in the vacuum have been left in their original
configuration, but newly designed rubidium sources (described in appendix A.1) have
been installed.

On the ion setup, two spatially overlapped, retro-reflected beams at 397 nm and
866 nm are aligned along the axis of the ion trap. Over the course of this thesis
the old ion trap had to be replaced due to cracks in the ceramic holders. However,
the reaction data presented in section 3.2.3 have been measured using the old trap.
The new trap has the same relevant dimensions as the old trap, but with an updated
design following the design of the ion trap used in Daniel Rösch’s PhD thesis [125].
The calcium sources have also been replaced with updated designs and are described
in appendix A.1 together with the new ion trap design in appendix A.2. A fibre on a
translational stage can be moved into the ion trap center as a reference point for the
alignment of lasers into the trap center.

3.1.2 Operation Principle
This section explains how the concepts of moving atoms with light introduced in
section 2.3.2 can be used to generate a dynamic atom trap with control over the atom
velocities. In a nutshell, atoms are shuttled between two off-center positions inside
the MOT using scattering light forces to move the atoms.
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Figure 3.1: The experimental setup. The ion trap is located at the center, encom-
passed by two coils which provide the quadrupolar field for the magneto-optical trap.
The frequency-tripled output of a Nd:YAG laser at 355 nm is used to generate calcium
ions by non-resonantly ionising calcium atoms from an effusive oven (not shown). Two
spatially overlapped laser beams at 397 nm and 866 nm aligned along the ion trap
axis provide Doppler laser cooling light for the calcium ions. Cooling and trapping
light for the atoms along the axes y and z is provided by a single beam split into
two retro-reflected counter-propagating beams. Two individual counter-propagating
beams are overlapped along the x axis in order to have control over the intensity and
frequency of the two beams individually, which is necessary for the shuttling trap
operation as described in section 3.1.2. The microscope connected to an EMCCD
camera in the yz plane is shown, as well as the top-down relay lens system connected
to a CMOS camera are shown and are described in detail in section 3.1.7.

Off-center atom clouds are produced by reducing the intensity of one of the x-axis
laser beams. To push the atoms, the cooling laser beams along the x-axis are turned
off, while simultaneously turning on a pushing laser originating from the side the atom
cloud was off-set to. This push beam is on for approximately 200 µs, which accelerates
the atoms to speeds of a few metres per second depending on the push beam intensity
used. The push beam duration is kept short in order to ensure that the atoms are in
free flight when they pass the trap center. During this time, the cooling along the y-
and z-axis is kept on to continuously cool and provide confinement along these axes.

Once the atoms have passed the trap center, the cooling laser beams along the
x-axis are turned on again, with reversed intensities, trapping the atom cloud in an
off-center position opposite the original one. From there, the atoms are pushed back
to their original position, completing one shuttling cycle. Continuously driving the
cycle results in a shuttling atom cloud that can be used for reaction experiments. A
schematic of this process is shown in Figure 3.2.

During reaction experiments, the calcium ions in the ion trap also need to be
laser cooled. Since the 397 nm laser used to cool the ions can ionise rubidium in
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a) b)

Figure 3.2: Schematic of the operation principle behind the shuttling hybrid trap.
a) An off-center atom cloud in orange gets pushed and moves through ions laser-cooled
in the ion trap in blue towards an off-center position on the other side. b) From there,
the atom cloud is pushed back through the ions to the original off-center position,
completing one cycle.

the excited state (as explained in section 2.2.4), the 397 nm und 780 nm laser must
not be on at the same time. During the equilibration time of the atom cloud in the
off-center position, the ions and atoms are both laser cooled by alternating between
laser cooling of the two species in intervals of 200 µs. During the pushing of the atoms
and the subsequent free flight of the atom cloud, the ions are not laser cooled. For
more details on the exact pulse sequences used see section 3.1.6 and Figure 3.6.

3.1.3 Light Generation

780 nm To generate the light used in the shuttling magneto-optical trap, a single
commercial external-cavity diode laser (ECDL, model DL100 from Toptica Photonics)
is operated at approximately 780 nm. Using saturated absorption spectroscopy [126,
127] on a glass cell filled with rubidium vapour, the laser is locked to the crossover
line between the F = 2 → F ′ = 3 and F = 2 → F ′ = 1 transitions in the D2 line of
rubidium-87 [111]. This locks the laser 212 MHz away from being resonant with the
5s 2S1/2 (F = 2) → 5p 2P3/2 (F ′ = 3) transition.

The laser light is amplified using a tapered amplifier (BoosTA by Toptica Photon-
ics). Out of the approximately 30 mW coupled into the amplifier, over 1 W of laser
power is produced, which is directly coupled into a fibre. The fibre provides mode-
cleaning and transports the light to the optical assembly controlling the shuttling
operation. The light generation setup for the atom trap is shown in Figure 3.3.

397 nm & 866 nm The light used to cool the calcium ions is produced by another
two ECDL operating at 397 nm and 866 nm (DL100 pro and DL100, respectively,
from Toptica Photonics). The 866 nm laser is shared with other experiments in the
lab using beam splitters and its light is transported to the experiment using a fibre.
The 397 nm laser is used exclusively for this experiment. Both lasers used for ion
cooling are locked to a high-precision wavemeter (HighFinesse WS/U-30) using a
home-built locking software called LaserLock written in LabVIEW and described in
appendix B.1.
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Figure 3.3: A schematic of the 780 nm laser setup on the left and a photograph of the
experiment with an overlaid laser beam path in red on the right. The external cavity
diode laser (ECDL) generates laser light at around 780.246 nm. A beam sampler
(BS) reflects a small amount of laser light onto a polarising beam splitter (PBS)
cube, which reflects a fraction of the beam to pass a glass cell filled with rubidium.
The beam is attenuated and reflected back onto the ingoing beam and acts as the
spectroscopy beam in the saturated absorption spectroscopy. The quarter-wave (λ/4)
plate is rotated such that it turns the polarisation of the spectroscopy beam by 90°
with respect to the incoming beam. This makes the spectroscopy beam pass through
the PBS and hit the photo diode (PD). The photo diode is connected to the laser
controller, which uses a lock-in regulator to lock the laser. The initially transmitted
part of the PBS is aligned into a fibre going to a wavemeter for simple verification
of the lock and calibration of the wavemeter. The beam transmitted through the
initial beam sampler directly after the laser is aligned through an isolator and into
a tapered amplifier (TA). The TA’s output is aligned into a fibre for mode cleaning
and transportation of the laser light to the AOM setup.

3.1.4 Light Manipulation
To generate the light pulses at different frequencies and intensities as explained in
section 3.1.2, the output of the fibre transporting the light from the tapered amplifier
is split multiple times and sent through a setup of acousto-optic modulators (AOM).
A schematic of this setup is shown in Figure 3.4.

The laser beam coming out of the fibre is split into two beams, where the first arm
is used for cooling along the y- and z-axis. The beam is sent through an AOM to shift
the light slightly to the red of the 5s 2S1/2 (F = 2)→ 5p 2P3/2 (F ′ = 3) transition. The
first-order diffracted output of the AOM is sent through an electro-optic modulator
(EOM), which generates sidebands to repump population on the 5s 2S1/2 (F = 1) →
5p 2P3/2 (F ′ = 2) transition. The output of the EOM is then coupled into a fibre to
transport the light to the experiment table, where it is split into two retro-reflected
beams for y and z.

The second arm of the splitter after the fibre is used to generate the light for
cooling and pushing along the x-axis. This beam is split into individual beams for
both directions along the x-axis, where each of these two beams is split again into
beams for cooling (xc+/xc−) and pushing (xp+/xp−). The AOM of the cooling
beams are operated at the same frequency as the yz AOM mentioned above, whereas
the AOM for the pushing beam is operated such that the light is shifted on resonance
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Figure 3.4: A schematic overview of the AOM (acousto-optic modulator) and EOM
(electro-optic modulator) setup is shown at the bottom. The photograph above shows
the experimental setup with an overlaid laser beam path in red. Beam splitter (BS)
cubes are used to split the laser beam out of the fibre coming from the tapered
amplifier, combining the cooling (xc+/xc−) and pushing (xp+/xp−) beams and to
clean polarisation of the the laser beams before being aligned into the fibre. Beam
splitters used to combine the beams marked with an asterisk (∗) are non-polarising, all
others are polarising beam splitter cubes. Half-wave (λ/2) plates are used to balance
the power in the different arms after the polarising beam splitter cubes and to align
the polarisation of the beams to the fast axis of the polarisation-maintaining (pm)
fibres. See text for details.

with the transition. The cooling and pushing beams are aligned through their respec-
tive AOM and their first-order diffracted outputs are overlapped using non-polarising
beam splitter cubes. The overlapped beams for the x+-axis and x−-axis are both
coupled into their own fibre to be transported to the experiment table, where they
are then overlapped as counter-propagating beams.

The fibres used to transport the atom trap light to the experiment table are all
polarisation-maintaining (pm) fibres. To ensure the stability of the polarisation a
polarising beam splitter cube and half-wave plate is placed in front of every fibre.
The polarising beam splitter cube cleans the polarisation and the half-wave plate is
used to align the light’s polarisation to the fast axis of the pm fibre.

Because the 397 nm laser also needs to be switched on and off, the 397 nm laser
light is sent through an acousto-optic modulator (AOM) and its first-order diffracted
beam is coupled into a fibre to be transported to the experimental table.

38



3.1.5 Radio Frequency Generation and Manipulation

The radio frequencies (RF) powering the five AOMs (one for yz, and two each for
pushing and cooling along both directions of the x-axis) are generated using a home-
built setup made from Mini-Circuits components. For an explanation of the different
RF components, see appendix C for more details and part numbers. The beams along
the x-axis and the ones along the y- and z-axis have different requirements for their
switching abilities, where the latter ones just need to be switched on and off. The
cooling beams along the x-axis also have to be switched on and off, where the on
state can either be high power or low power. The pushing beams along the x-axis
need to be switched on and off too, where the power level of the on state needs to be
continuously adjustable. An overview of the setup can be found in Figure 3.5.
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Figure 3.5: A schematic of the radio frequency setup powering the AOMs. See text
for more details. a) Creating the cooling and compensation frequencies for yz only
requires two voltage-controlled oscillators (VCO) and one single pole double throw
(SPDT) switch to switch between the two radio frequencies. b) For cooling along x,
the initial radio frequency at the cooling and compensation frequency are both split
up into four, two of each are attenuated. Using two SPDT switches for pulse control
and a single splitter as combiner (Comb.) per side, the radio frequencies are mixed
before going into the amplifier (Amp.). c) For pushing along x, the pushing radio
frequency is split and controlled using a single SPDT while the compensation radio
frequency is controlled using a splitter and two voltage-variable attenuators (VVA′)
used as on/off switches. A splitter in reverse is again used as a combiner for each
side, whose outputs are going into another set of voltage-variable attenuators (VVA)
two continuously tune the push beam power.

The RF is generated using voltage-controlled oscillators (VCO). There are separate
VCOs for the cooling along yz, the cooling along x and the pushing along x. The VCOs
for the cooling AOMs were typically operated around 200 to 204 MHz, resulting in a
cooling detuning from 12 to 8 Mhz, while the VCO for the pushing AOMs was usually
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kept at 212 MHz, shifting the diffracted beam on resonance with the 5s 2S1/2 (F = 2)
→ 5p 2P3/2 (F ′ = 3) transition.

Initial experiments revealed that the AOMs heat up due to the dissipation of the
RF power, which leads to a change in the deflection angle of the deflected beam.
In order to have stable operation conditions during switching operation, the amount
of RF power dissipated in the AOMs should be constant over time [128]. For this
reason, instead of switching the RF off to switch off the laser beam, the RF is switched
to a different frequency sufficiently far away (266 MHz) from the typical operation
frequencies. At this higher frequency, no light is deflected, but the RF power is still
dissipated in the AOM. This ensures a steady operation of the AOMs. The RF at
266 MHz is generated by a second set of VCOs, one for every VCO generating the
RF for cooling and pushing. From here on, this part of the RF setup will be referred
to as compensation.

Radio frequency setup for cooling along the y- and z-axis Since the cooling
along the y- and z-axis only needs to be switched on an off, the corresponding RF setup
is comparably simple and is shown in Figure 3.5 a). The cooling RF and compensation
RF are connected to the pole port of a single pole double throw (SPDT) switch1, which
applies either frequency depending on the cooling laser beam along the y- and z-axis
being on or off. The output of the SPDT is connected to the input of an amplifier,
whose output is directly connected to the yz AOM.

Radio frequency setup for cooling along the x-axis Two separate AOMs are
used for the two independent beams along the x+-axis and x−-axis, generating light
at the cooling detuning with high intensity, low intensity or being turned off. The
schematic for their RF generation is shown in Figure 3.5 b). The output from a
single VCO is split into four equal parts using a four-way splitter. For the low-power
operation of the AOMs, two fixed attenuators are connected to two of the outputs of
the four-way splitter. This setup resulting in two RF outputs at high power and two
at low power is copied with a VCO operating at the compensation frequency.

To generate the RF to be fed into the AOM for the cooling laser beams along
the x-axis, one high-power output at the cooling frequency and one low-power output
at the compensation frequency are connected to the throw inputs of an SPDT, and
one low power output at the cooling frequency and one high power output at the
compensation frequency are connected to the throw ports of a second SPDT. The
switching logic of these two SPDT is shown in Table 3.1.

The outputs of the two SPDT are combined on a two-way splitter used in reverse
whose output is connected to an amplifier which then connects to the AOM. This
setup of combining 4 different radio frequencies using two SPDTs and one two-way
splitter exists for both xc+ and xc−.

Radio frequency setup for pushing along the x-axis The setup to generate the
radio frequency for the AOMs creating the pushing pulses is shown in Figure 3.5 c).
Since the two pushing beams are never on at the same time, a single SPDT is used
to split and control which of the two amplifier receives the pushing radio frequency.

1An SPDT switch consists of one input (pole) and two outputs (throw) and two control inputs to
switch which throw is connected with the pole. They can also be used in reverse. See Appendix C.4.
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Table 3.1: Switching logic for xc+/xc− cooling and compensation RF. The throw
ports of SPDT 1 has high cooling and low compensation RF connected, whereas
SPDT 2 has low cooling and high compensation RF connected.

xc+/xc− setting SPDT 1 SPDT 2
high power high cooling RF no output
low power low compensation RF low cooling RF

off no output high compensation RF

The compensation frequency is split using a two-way splitter connected to two VVA
(marked as VVA′ in the figure), acting as on/off switches2. The switching logic for all
the SPDT and two VVA′ is summarised in Table 3.2.

One each of the outputs of the SPDT and the two-way splitter is combined on two-
way splitters used in reverse. After combining the radio frequencies for compensation
and pushing, two individual VVA control the total amount of radio frequency fed into
the amplifier and thus intensity of the resulting pushing beam.

Table 3.2: Switching logic for (xp+/xp−) pushing and compensation RF. The throw
ports of the SPDT route the pushing RF to one of the two amplifiers. The VVA′ block
the compensation RF when their control is set to low (i.e. 0 V) and let it through
when set to high.

active AOM SPDT VVA′+ VVA′−
xp+ throw+ low high
xp− throw− high low

neither no output high high

3.1.6 Pulse Sequence Programming

The setup generating the radio frequency for the AOMs introduced in the previous
section contains multiple switches, which all have control inputs to change the states
of the switches. For every SPDT switch, there are two control ports and the two
VVA′ in the x pushing setup each have one control port. With all six SPDT switches
and two VVA to control, a total of 14 control inputs need to be triggered.

Originally, a Digital Delay Pulse Generator model 9528 by Quantum Composers
was used to generate the necessary trigger pulses for the shuttling operation. As
this pulse generator only has 8 outputs, additional home-built logic electronics were
needed to trigger all 14 control ports. As this setup was reaching its limits with
generating the pulse sequences for reaction experiments due to the limitations of the

2An “off” state of 0 V connected to the control port of the VVA results in an attenuation of
> 40 dB, effectively blocking the RF. At the control voltages output by the pulse generator used,
the attenuation is around 5− 10 dB, effectively passing the RF through.
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Quantum Composers pulse generator3, a new source for the generation of the control
pulses was sought.

A new solution was found with the PulseBlaster programmable TTL pulse gener-
ator from SpinCore Technologies, which are available as PCI cards. They offer up to
24 channels which are individually controllable and arbitrary timing sequences can be
programmed, making it much more versatile than the initially used Quantum Com-
posers pulse generator. The PulseBlaster has a worse pulse resolution (10 ns versus
250 ps on the Quantum Composers pulse generator), but for the shuttling atom trap
this is sufficient, as the usual duration of pulse instructions are on the order of a few
to hundreds of microseconds.

A total of 14 out of the 24 channels of the PulseBlaster were used to control the
RF setup, removing the need for external logic electronics and simplifying the setup.
One additional channel is used to trigger the oscilloscope during TOF measurements
and an optional channel can be used to trigger the EMCCD camera if needed.

The relevant part of a typical pulse sequence is shown in Figure 3.6. The three
phases of equilibration of both atoms and ions, pushing of the atoms and free flight
of the atom cloud are shown schematically and explained in the caption.

3.1.7 Imaging
Two different imaging systems were used to monitor the laser-cooling fluorescence
of the ions and atoms. To see the position of both imaging systems in the experi-
ment, see Figure 3.1. The first imaging system consisted of an electron-multiplying
charge-coupled device (EMCCD) camera attached to a microscope with approximately
10× magnification. This assembly lies in between the axes of the xy plane of the ex-
periment and thus corresponds to a side-on view at a 45° angle to the shuttling axis.
Using exchangeable narrow bandpass filters inside the microscope, the fluorescence of
either the ions or the atoms can be imaged. This imaging system is used to take im-
ages of the stationary atom cloud for analysis. During reactions, it is used to monitor
fluorescence of the calcium ions (sample images are shown in Figure 2.9).

The second imaging system is installed from the top looking down, slightly angled
from the z axis and perpendicular to the x axis. It consists of a 1:1 relay lens system,
which by using a beam splitter simultaneously images the fluorescence of the atoms
onto a complementary metal-oxide semiconductor (CMOS) camera and a photomul-
tiplier tube (PMT). A schematic of this imaging system is shown in Figure 3.7 a).
This imaging system is used exclusively to image the atoms and a sample image taken
with the CMOS camera is shown in Figure 3.7 b). A double slit can be inserted into
the relay lens system, which restricts the light scattered by the atom cloud. The light
scattered as the atom cloud passes by the two slit positions results in a double peak in
the PMT signal. From the time delay of the two peaks and the distance between the
two slits combined with the magnification factor of the relay lens system, the velocity
of the atom cloud between the two slits can be calculated.

The atom cloud can even be imaged using digital consumer cameras which had
their IR filter removed. Such a sample image is shown in Figure 3.7 c) to give an
impression of the scale of the experiment.

3With the model 9528 pulse generator all channels are synchronised to the programmable internal
time period T0, meaning that totally arbitrary pulse sequences are not possible, but such sequences
are desirable for the exploration of more complex pulse sequences for future work.
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Figure 3.6: Pulse sequence for one pushing sequence used in the shuttling hybrid
trap during reaction experiments. After equilibration of the atoms and ions during
the equilibration time period Te (x+), where both species are cooled alternatingly,
the atoms are pushed along the x axis towards the ions during pushing time period
Tp. In the following free flight time period Tff, the atoms move at constant velocity
through the trap center, where they interact with the ions. Once the atoms have
reached the other off-center equilibrium position, another equilibration time period
Te (x−) starts with reversed intensities along x. After Te (x−) the atoms are pushed
back again using the push beam from the opposite side and restarting the shuttling
cycle. During reaction experiments, the equilibration time period was set to 39.2 ms,
where the MOT cooling lasers along the x axis were on for 200 µs, alternating with
the Ca+ laser which was on for 160 µs with 20 µs of no laser light in between. Typical
duration of the push beam period was 200 µs, followed by free-flight period of 600 µs.

3.1.8 Simulations

This section will briefly cover simulations of the shuttling process, which were orig-
inally developed by Claudio von Planta during his master thesis [129] and further
developed by Alexander Dörfler.

The dynamics of the shuttling atom cloud were simulated using Monte Carlo
trajectory simulations in two separate programs. The first program simulates a model
atom cloud while taking into account all the relevant experimental parameters, such as
laser beam profile, light frequency and magnetic field gradient. Values used for these
parameters were measured values as used in the experiments. Typically around 20’000
Rb atoms were simulated using a velocity Verlet algorithm to integrate the equation of
motions to obtain the classical trajectory of each atom. Atom-atom interaction were
neglected because of the low densities of the atom cloud, which were on the order of
108 to 109 cm−3. In order to match experimentally observed geometric and thermal
properties of the atom cloud, an adjustable stochastic heating force was implemented.
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Figure 3.7: Top down shuttling imaging system and images of the shuttling atom
cloud. a) Schematic of the one-to-one relay lens system used to image the shuttling
atom cloud and record time of flight traces. Placing a lens L1 with focal length
f1 = 100 mm at a distance corresponding to twice its focal length 2f1 away from the
image plane I will image the image plane I to a position behind the lens at a dis-
tance of another 2f1, creating an image plane IA. A second lens L2 with focal length
f2 = 60 mm at a distance 2f2 from IA relays the image onto two imaging sensors
simultaneously using a beam splitter cube (BSC). A CMOS camera is used to image
the atom cloud and a PMT is used to measure time-of-flight traces in conjunction
with an optional double slit aperture inserted into the image plane IA. b) Experimen-
tal images as seen by the CMOS camera connected to the top-down imaging system.
The green bars indicate the positions of the double slit used for time-of-flight mea-
surements. c) Image taken with a commercial digital camera with removed IR filter
showing the shuttling atom cloud as two connected bright spots between the central
ion trap electrodes, highlighted by a green arrow.

The second program simulates the actual pushing of the atom cloud. It takes
the equilibrated atom cloud from the first program as input and applies the radiation
pressure force generated by the on-resonance push beam. A fourth-order Runge-Kutta
algorithm was used to integrate the equations of motion in this program. To compare
with measured time-of-flight curves, atoms passing through the volume sampled by
the slit aperture in the experiment were counted against time to generate simulated
time-of-flight curves. The mean and width of the velocity distribution of atoms passing
the trap center can be extracted from the trajectories of the atoms, giving insight into
the inner dynamics of the atom cloud during shuttling operations.

3.2 Measurements and Results

This section presents the results from the characterisation of the shuttling atom cloud.
First experiments were performed to measure the velocity range in which the shuttling
atom cloud can be operated. Over the course of the optimisation process, various
settings were changed to find the optimal experimental parameters. The detuning of
the cooling and the pushing beam was varied, as well as cooling laser intensities and
magnetic field gradient. A single measurement series performed usually consisted of
a scan over the available range of push beam energies.
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The result from these scans are time-of-flight spectra, which only contain the in-
formation of the speed of the atom cloud, but no other directly inferable parameters
of the atom cloud such as expansion of the cloud or internal velocity distribution.
To be able to get insight into the internal parameters of the atom cloud, the mea-
sured TOF spectra were compared to simulated spectra, where the relevant measured
experimental parameters were used as input for the simulations.

The section is concluded with a first test of the shuttling atom cloud being used
for reaction studies, where the reaction between laser-cooled calcium ions and neutral
rubidium atoms was revisited. This system was already studied on this setup in
detail before in the work of Felix Hall [1, 65, 75] using stationary atom clouds. The
interaction time of the two clouds during reactions is calculated, which is used together
with density estimations from reactions of molecular nitrogen ions with the shuttling
atom cloud [130, 131] to determine the second-order rate constant for the reaction of
calcium ions in the ground state.

3.2.1 Time-of-Flight Measurements

To evaluate the operation range of the shuttling atom cloud, time of flight (TOF)
traces were measured at various experimental settings. Final settings were a cooling
detuning of 10 MHz and an on-resonance push beam. One such TOF trace is shown
in Figure 3.8. The alignment was optimised for symmetry of the shuttling atom cloud
and maximum brightness of the atoms, which is crucial for the measurement of the
time of flight traces. Only a bright enough atom cloud will produce enough signal
on the PMT to make the measurement of TOF traces possible. The PMT signal was
digitally filtered4 on the oscilloscope and averaged over a few individual traces (< 10).
This greatly reduces noise in the PMT signal originating from various light sources in
the lab (minimised by working in a dark lab) and stray light from 780 nm laser light
reflections.

A program was written to automatically measure TOF traces over a range of push
beam powers and generate TOF spectra. All relevant measurement parameters such
as laser intensities and detunings are recorded and used as input for Monte Carlo
trajectory simulations as explained in section 3.1.8. The resulting simulated TOF
trace is shown in Figure 3.8 and shows good agreement with the experimental TOF
trace. Insets in the figure show snapshots of the simulated atom cloud at various
moments during the simulated free flight process.

The outcome of one such measurement generating a TOF spectrum is summarised
in Figure 3.9, where experimentally determined kinetic energies of the atoms are
compared with the corresponding results from simulations. The required powers in the
experiment are matched with push beam powers used in the simulations to achieve the
same kinetic energy of the rubidium atoms. The small discrepancies were attributed
to experimental imperfections, such as non-optimal alignment of the laser beams and
small performance variations in optical components along the x+ and x− beam paths.

4The LeCroy WaveSurfer 64MXs-A oscilloscopes offer an ERES (Enhanced RESolution) filter,
which applies a Finite Impulse Response (FIR) filter. A FIR filter works similar to a moving average
and smooths out high-frequency noise [132].
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Figure 3.8: Comparison of a representative measured time-of-flight trace (solid black
line) with the results from Monte Carlo trajectory simulations (dashed red line).
Traces are inverted since the Signal of the PMT used has negative polarity. Images at
the top show snapshots of the atom cloud at various time steps during the simulation
and show the expansion of the cloud during the shuttling process. Simulation credit:
Alexander Dörfler.

3.2.2 Results from Simulations

The measured TOF spectra only give insight into the average kinetic energies of the
rubidium atoms. As demonstrated in the previous section, the simulations are able
to reproduce the shape of the TOF curves (Figure 3.8) and the push beam power
dependence (Figure 3.9) well, thus additional information can be extracted from the
obtained trajectories. One important parameter to know is the spread in kinetic
energy. The kinetic energy distributions of the simulated atom clouds passing the
trap center are fit with a Gaussian distribution to obtain the standard deviation σ as
the kinetic energy spread. The results from one such simulation series can be found
in Figure 3.10, where they are summarised as spread in Rb kinetic energy and spread
in collision energies of the Ca+ − Rb system.
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Figure 3.9: Required push beam powers versus the obtained collision energy for the
Ca+ − Rb system (assuming stationary calcium ions) on the bottom abscissa and
corresponding kinetic energies of the rubidium atoms on the top abscissa. The push
beam power on the left represents required powers in simulations to replicate the
experimentally measured time of flights and thus collision energies. Experimental
push beam powers are shown on the right for both flight directions. Horizontal error
bars indicate one standard deviation over a series of ten measurements and indicate
a good reproducibility of velocities of the shuttling atom cloud. Simulation credit:
Alexander Dörfler.

3.2.3 Reactions with Ion Crystals

As a first test system for reaction studies, the reaction of neutral rubidium atoms
with singly charged calcium ions was revisited. Coulomb crystals were loaded into
the ion trap and moved axially out of the way of the shuttling atom cloud. The
shuttling atom cloud was then turned on and after enough time for the atom cloud
to reach equilibrium, the crystal was moved to the center and images of the crystal
were taken in regular intervals. A LabVIEW program exists to monitor the velocity
of the atom cloud during reaction measurements by recording TOF traces in a given
interval and fitting them to determine the atom cloud flight time. The program and
fitting procedure are described in the appendix B.3.3.

As described in Section 2.5.1, reaction rates are determined by observing the
decrease in fluorescence, as laser-cooled and thus fluorescing calcium ions are re-
placed by dark product ions. Images taken during the reaction experiments (see
insets in Figure 3.11) were analysed using a custom LabVIEW program described
in Appendix B.4.1. Crystal volumes were obtained by fitting ellipses and flattened
ellipses to the crystal shapes, from which the volume occupied by the crystals could
be calculated.

Figure 3.11 shows a measurement series at rubidium kinetic energies Ekin/kB of
80 mK, corresponding to a collision energy Ecoll/kB of 25 mK in the Ca+−Rb system,
assuming calcium ions at rest. Averaging over four experiments, the pseudo-first order
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Figure 3.10: Data points shown are kinetic energy spreads obtained from fitting Gaus-
sian distributions to kinetic energy distributions obtained from simulations of pushing
atom clouds. Axes are representing either rubidium kinetic energy Ekin and kinetic
energy spread ∆Ekin or collision energy Ecoll and collision energy spread ∆Ecoll in
the Ca+ − Rb system, assuming calcium ions at rest. Simulation credit: Alexander
Dörfler.

rate constant was determined as kpfo = 1.6(1)× 10−4 s−1. The reaction rate constant
obtained without a shuttling rubidium atom cloud present was found as 5(2)×10−5 s−1

and represents the reaction rate of calcium ions with background gas in the ultra-high
vacuum chamber when no atom cloud is present (which was achieved by switching off
the EOM).

3.2.4 Second Order Rate Constant Estimation
In order to calculate the second order rate constant from the pseudo-first order mea-
surements presented in the previous section, the interaction time of the two clouds
needs to be calculated and the density of the travelling atom cloud needs to be esti-
mated.

Interaction Time Estimation Reactions only happen when the atom cloud and
ion crystal are spatially overlapped, which in the shuttling atom cloud only happens
during the free-flight time period as the atom cloud passes the ion trap center. This
results in a much shorter interaction time compared to reactions with stationary atom
clouds.5

5As a simple estimation for an interaction distance of approximately 300 µm (the approximate
size of the atom cloud) and a speed of 3.9 m·s−1 (corresponding to a kinetic energy Ekin/kB of
80 mK as used in the reactions presented in the previous section), this results in a interaction time
of only around 77 µs per single shuttling event. At 25 shuttling events per second, this totals in
an interaction time of only 1.9 ms per second of shuttling the atom cloud back and forth. In other
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Figure 3.11: Ca+-Rb pseudo-first order reaction rate with the shuttling rubidium
cloud at rubidium kinetic energies Ekin/kB of 80 mK, corresponding to a collision
energy Ecoll/kB of 25 mK in the Ca+ − Rb system. Data points represent averages
over 4 experiments and error bars indicate one standard deviation ±1σ.

Since the atom distribution inside the atom cloud follows a three-dimensional
Gaussian distribution and the crystal has the shape of an ellipsoid, the overlap cal-
culation is not straight-forward. On top of that, the atom cloud is flying through the
crystal at a 45° angle with respect to the long axis of the ellipsoid. To get a better
estimate of the true interaction time, the overlap between the atom cloud and crystal
is calculated a various positions as the two pass each other. The overlap factor as
explained in section 2.5.2 is then multiplied with the time the atom cloud takes to
move between two of the points where the overlap factor is calculated.

Summing up over all these scaled interaction times for enough total distance cov-
ered in the calculation (the overlap factor drops off quickly as the distance between
the two clouds increases) gives an estimate for the effective interaction time for one
shuttling event of 149 µs. Multiplying this effective interaction time by 25 shut-
tling events per second results in a scaled interaction time factor of approximately
3.7 milliseconds per second, meaning that the interaction time of the crystal with the
shuttling atom cloud is reduced by a factor of 1/268 compared to constant overlap
with a stationary atom cloud. The measured pseudo-first order reaction rate is also
reduced by this factor, thus dividing the pseudo-first order rate constant given in sec-
tion 3.2.3 by 1/268 gives an estimate of the effective pseudo-first order rate constant
as keffpfo = 0.043(3) s−1.

Density Estimation and Second Order Rate Constant To calculate the sec-
ond order rate constant, the effective pseudo-first order rate constant needs to be

words, the observed pseudo-first order rate constant is reduced by a factor of over 500 compared to
reactions with a constantly overlapped stationary atom cloud.
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divided by the density of the atom cloud, but estimating the density of the shuttling
atom cloud is not straight-forward. The density in the off-center positions could be
measured, but it is not clear how efficient the pushing process is and how many atoms
are lost during the free-flight period. One way to estimate the density is to compare
the reaction rates observed with already measured second order rate constants from
reactions using stationary atom clouds.

Second order rate constants for the reactions between calcium ions and rubidium
atoms have been studied in detail in the PhD thesis by Felix Hall [1, 65, 75]. In the
experiments performed by Felix Hall, both the atom cloud and ions were stationary
and both were constantly laser cooled during their interactions, different from the
experiments here, where only the rubidium atoms are laser-cooled during the inter-
action. This means that in the experiments presented here, the calcium ions will
never be reacting in the excited state, but the rubidium atoms can both react in the
ground and excited state. In the system with stationary atoms and ions, it was found
that the reaction rate is dominated by calcium ions in the excited 4p 2P1/2 state and
reactions, but ions in the 4s 2S1/2 and 3d 2D3/2 level are much slower. Because of this,
the reaction rate constants ks,d for these states could only be estimated and only an
upper bound of ks,d ≤ 3 ·10−12 cm3s−1 is given, compared to the excited state reaction
rate constant of kp = 1.5(6) · 10−10 cm3s−1. The fraction of rubidium atoms in the
excited state had no observable influence on the measured reaction rates.

Another system measured in the work of Felix Hall was the reaction of molecular
nitrogen ions sympathetically cooled by a Coulomb crystal of calcium ions with a
stationary atom cloud of rubidium. The observed reaction rates were faster than the
ones measured in reactions between calcium ions and rubidium atoms. In work done
by Alexander Dörfler [130, 131], the reactions between molecular nitrogen ions and
rubidium atoms was revisited using the shuttling atom cloud. Using results from
these experiments for the reaction rates together with the second order rate constants
measured by Felix Hall, the density of the shuttling atom cloud could be determined
and was calculated as approximately 3.15 · 108 cm−3. Dividing the effective pseudo-
first order rate constant obtained in the previous paragraph by this density results in
a second order rate constant of k2nd = (1.4 · 10−10 ± 9 · 10−12) cm3s−1.

Compared with the upper bound of the second order rate constant in the ground
state of the calcium ions of ks ≤ 3 · 10−12 s−1 as measured by Felix Hall, the value
obtained for k2nd seems unreasonably high. Using this second order rate constant with
the atom density obtained in the reactions of the shuttling atom cloud with N+

2 ions in
reactions and assuming reactions with a stationary atom cloud, i. e. constant overlap,
the expected pseudo-first order rate constant is calculated to be 9.5 · 10−4 s−1. For a
shuttling atom cloud, this would be further reduced by a factor of 1/268 as calculated
above, resulting in an expected pseudo-first order rate of 3.5 ·10−6 s−1, which is below
the background rate observed with no atom cloud present.

Possible error source arise at every step of these calculations. The measured
pseudo-first order rate constants presented above are really low, at the limit of what
is measurable on this experiment. The calculation of the overlap factor and the
assumptions made for the calculation of the effective interaction time might be off.
It also has to be noted that a few months passed between the measurement of the
reactions of calcium ions with the shuttling atom cloud and the reaction of nitrogen
ions with the shuttling atom cloud used to determine the atom density. However all of
these factors can not account for the two orders of magnitude difference in the second-
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order rate constant for ground state reactions as measured in the work of Felix Hall
and the second order rate constants as measured in reactions of the shuttling atom
cloud calculated using the atom density as measured in the nitrogen ion experiments.

The most probable explanation for the reaction rate observed is a local increase
in background rubidium present in the chamber when an atom cloud is loaded into
the MOT. These background reactions can happen constantly and not just when the
atom cloud is shuttling through the ion crystal, which also leads to reactions with
calcium in the excited state. Since these reactions are very fast, a small increase in
local rubidium density can lead to an increase in the observed rate.

3.3 Summary and Conclusion
The results presented here show the first implementation of a new hybrid trap system,
directly aimed at better control over collision energies in hybrid trapping experiments.
It was shown that the shuttling of an atom cloud between two off-center positions in a
magneto-optical trap is a viable method to introduce control over the collision energies
inside the hybrid trap. The rubidium kinetic energies could be varied between 50 and
120 mK with good reproducibility. Simulations indicate a comparatively large spread
in kinetic energy, which could be improved by reducing the temperature of the atom
clouds in the off-center positions. So far, this has proved challenging, as the alignment
of the shuttling MOT is very delicate.

It was shown that the observed characteristics of the atom cloud could be well
reproduced by simulations, where the only adjustable parameter not directly inferable
from the experiment was the stochastic heating force. The time-of-flight traces as well
as the dependence of the velocity of the atoms on the push beam power could both
be well reproduced.

For the first reaction measurements, the reaction between calcium ions and ru-
bidium atoms was revisited. As laid out in section 3.2.4, the effective interaction
time between the atom cloud and Coulomb crystal greatly reduced the expected re-
action rate, making the observation of this slow reaction impossible. Fast reactions,
such as reactions with molecular ions, can still be measured. The density estimation
of the shuttling atom cloud during the free-flight period also remains a challenging
problem. Measurements using known second-order rate constants to determine the
density of the shuttling atom cloud would optimally be performed alternately with
measurements for which one wishes to determine the second order rate constant.
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Chapter 4

Molecular Oxygen Ions

This chapter discusses progress towards incorporating state-selected molecular oxygen
ions into the hybrid trap with the goal of measuring the influence of the internal
states such as rotational and vibrational states of the molecular ion on the reaction
rate. Initial work on including molecular ions into the hybrid trap was performed
by Felix Hall, where nitrogen ions were loaded from nitrogen gas leaked into the
chamber [1,72]. These nitrogen molecular ions were loaded in the vibrational ground
state at a thermal rotational-state distribution. When loading from background gas
leaked into the chamber, state-selective loading is not possible, as collisions with
background nitrogen molecules during loading lead to vibrational and rotational state
redistribution. For state selection to work, molecular ions have to be loaded in a
collision free environment, conditions only achieved using a molecular-beam setup.

Molecular oxygen ions were chosen as a new reaction target due to promising
previous work [99], showing the possibility of the selective generation of vibrational
states. Since molecular oxygen ions play an important role in the chemistry of the
upper atmosphere, it is already a well-studied system, but so far no studies were
performed using selected vibrational states at low collision energies. An overview of
previous studies involving molecular oxygen ions can be found in the introduction.

To generate the molecular oxygen ions selectively as reported in [99], the spectrum
of the 1,3Φ states needed to be measured and assigned. For this, a molecular beam
setup was built, which was a copy of the beam machine used on another experiment
in our lab [97,98] and is described in section 4.1. Measurements of molecular oxygen
spectra performed using the molecular beam setup are described in section 4.2, where
also failed loading attempts from the molecular beam are described. Section 4.3 de-
scribes preliminary results from reactions using molecular oxygen ions and stationary
atom clouds.

4.1 Molecular Beam and REMPI Setup
This section describes the molecular beam machine setup, which consists of two differ-
entially pumped vacuum chambers. It was used as a resonance-enhanced multiphoton
ionisation (REMPI) spectrometer. The full vacuum chamber setup is shown schemat-
ically in Figure 4.1.

The section starts with a description of the first chamber, designated source cham-
ber, where a pulsed molecular beam is formed using piezo valve. Also described is
the ionisation chamber, which houses the time-of-flight mass spectrometer setup and
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is reached by the molecular beam after passing a skimmer connecting the two cham-
bers. The ionisation chamber houses the repeller electrodes which accelerate the ions,
generated by a focused ionisation laser, through a flight tube and onto a microchan-
nel plate detector. The generation of the ionisation laser light used for the REMPI
spectroscopy is discussed as well as the experiment control and signal acquisition.

Source Chamber
Ionisation Chamber

Ionisation Turbo
Source Turbo

Flight Tube MCP

Viewport

Flexible Bellow
Gas Source

Valve

Repeller Electrode Stack

→

Fixed Skimmer

Movable Skimmer
Valve Mount

to Ion Trap
Beam Axis

Figure 4.1: The molecular beam machine setup consisting of two connected vacuum
chambers. The source chamber on the left houses a pulsed valve on a movable mount.
A movable skimmer centred on a flange connects the source chamber to the ionisation
chamber on the right. The ionisation chamber houses a standardWiley-McLaren time-
of-flight spectrometer consisting of 3 repeller electrodes underneath a flight tube with a
microchannel plate (MCP) at the top. Both chambers have a turbo pump connected
to provide the vacuum. A flange with a fixed skimmer at the centre connects the
ionisation chamber to the main experiment over a flexible bellow. The whole beam
machine is mounted on a movable frame allowing the alignment of the beam machine
axis onto the ion trap centre.

4.1.1 Pulsed Valve and Source Chamber
The valve used in the molecular beam machine is a modified piezo valve originally
designed by Dieter Gerlich [133]. The valve body is machined from stainless steel.
Opening and closing of the valve is achieved by means of piezo actuation, which
presses or releases a rubber seal against the opening of the valve. The valve opening
diameter is 300 µm in the form of a straight cone with an opening angle of 40 degrees.
A cross-section of the valve is shown in Fig. 4.2.

To operate the piezo, the valve has one electrical connection, which is connected
with a wire to an electrical feedthrough. From outside the vacuum, the feedthrough is
connected to a custom-built piezo driver box which supplies the 200 V pulses necessary
to operate the piezo. The high voltage pulses of the piezo driver box are controlled by a
pulse generator controlling the timing of the various parts of the REMPI spectrometer.
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Figure 4.2: A schematic of the piezo valve, reproduced from [133]. The two stainless
steel plates are held together by screws and sealed by an O-ring. Another O-ring is
used to seal the electrical feedthrough, which is isolated from the steel housing. The
piezo element is clamped between the electrode and the steel housing. A piece of
rubber glued onto the piezo element seals the valve orifice. The application of 200 V
to the piezo element bends it away from the orifice and opens the valve.

The opening time of the valve can be varied from tens of microseconds to as long
as desired at repetition rates of up to 3 kHz [133]. For REMPI measurements and ion
loading the valve was operated at 10 Hz, limited by the maximum repetition rate of
the laser source. Gas pulse length was typically in the range of 1 to 10 ms at backing
pressures between 1 and 2 bar overpressure.

The valve is installed inside the source chamber using a three-legged mount built by
the mechanical workshop. In theory, the mount allows lateral and vertical movement
of the valve as well as moving the valve along the axis of the molecular beam. This
works well when outside of vacuum, but under vacuum, the springs providing the force
to move the mount horizontally and vertically are not strong enough. Also, trying to
move the valve along the axis of the molecular beam twists the whole mount and thus
misaligns the valve. A new valve mount is currently under construction.

The base pressure in the source chamber reaches low 10−7 mbar with the valve off,
whereas valve operation increase the pressure to a few 10−4 mbar, depending on the
exact settings.

4.1.2 Time-of-Flight Spectrometer and Ionisation Chamber
The time-of-flight spectrometer is housed in the second vacuum chamber, referred to
as the ionisation chamber, and is separated from the source chamber by a skimmer on
an movable mount, which allows lateral and vertical movement of the skimmer from
outside of the vacuum chamber. The skimmer has an opening diameter of 500 µm and
can be moved vertically and laterally. The base pressure in the ionisation chamber is
in the low 10−8 mbar, whereas during valve operation it can reach a few 10−7 mbar,
depending on the exact settings.

The time-of-flight spectrometer consists of 3 repeller electrodes inside the ionisa-
tion chamber, above of which there is a flight tube with a microchannel plate (MCP)
at the end. The repeller electrodes are aligned in such a way that the molecular beam
passes through the bottom two electrodes, with a third electrode above them. The
vertical distance between the bottom and centre electrode is the same as the distance
between the centre and the top electrode. The molecular beam passes at a distance
of a third from the bottom electrode, see the inset in Figure 4.1.

Each of the electrodes is connected to a high-voltage feedthrough using shielded
Kapton coaxial cable. The flight tube is approximately 50 cm long with the MCP
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at the end. The MCP is operated at around -2.2 kV, supplied by high-voltage DC
power supply (MCP 14-3500, FuG Elektronik GmbH). To accelerate the ions, only
the bottom repeller electrode was used, where the high-voltage pulses at 1 kV were
supplied by a home-built high-voltage switch controlled by the pulse generator.

On the other side of the ionisation chamber opposite of the movable skimmer, there
is a non-movable skimmer (300 µm opening) on a fixed flange. After the skimmer,
there is a gate valve, allowing the main vacuum chamber and the beam machine to
be operated independently of each other. This second skimmer does not need to be
movable, since the whole molecular beam machine rests on a movable frame. The
movable frame allows lateral and vertical movement as well as control over the pitch
of the beam machine.

4.1.3 REMPI Laser Setup
A tunable dye laser (NarrowScan, Radiant Dyes) was used to generate the laser light
used for the measurement of the REMPI spectra. The laser was operated with a dye
solution containing coumarin 1 (also know as coumarin 47 or 460). This dye is tunable
from around 445 nm to 475 nm and after frequency doubling is able to cover the whole
range necessary for the measurement of the ground and first two vibrationally excited
states of the 1,3Φ states of neutral molecular oxygen in a [2+1] REMPI scheme1. The
dye laser was pumped at 355 nm using the frequency-tripled output of a Nd:YAG
laser (SpitLight 1500, InnoLas) at 10 Hz repetition rate. The firing of the flashlamp
and the Pockels cell delay of the Nd:YAG laser were both controlled by the pulse
generator.

A small fraction of the dye laser fundamental is split off and transported via
fibre to a wavemeter (WS6, HighFinesse) for wavelength calibration. The dye laser
fundamental is frequency doubled to produce light of around 230 nm. The frequency-
doubled output of the dye laser is separated from the fundamental using a single
prism and is then guided to the molecular beam machine using right-angle prisms. A
250 mm UV fused silica lens (Thorlabs) in front of the ionisation chamber focuses the
laser beam onto the molecular beam. After passing the ionisation chamber, the laser
beam is dumped into a thermal power sensor (S302C or S470C, Thorlabs) connected
to a power meter (PM100D, Thorlabs).

4.1.4 Measurement Control and Signal Acquisition
The whole REMPI setup was controlled from a computer using LabVIEW to inter-
face the various components. The computer connects to the dye laser to scan the
wavelength, to the wavemeter to read out and confirm the wavelength of the dye
laser, a power meter to measure the power of the ionisation laser, a pulse generator
controlling the timing sequences of the REMPI measurements and the oscilloscope
for acquisition of the MCP signal.

Four channels of the pulse generator (Digital Delay Pulse Generator model 9528,
Quantum Composers) are used for timing control. One channel is used to control
the valve by applying a trigger to the high-voltage switch that generates the pulses
for the piezo. Two more channels are used to trigger the flashlamp and Pockels cell,

1The [2 + 1] indicates a two-photon absorption of the neutral oxygen molecule to an intermediate
state, from which the molecule is ionised by a third photon of the same wavelength.
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where the laser power is controlled with the delay between the flashlamp trigger and
the Pockels cell trigger. A fourth channel triggers the high-voltage switch connected
to the bottom repeller electrode.

For a REMPI measurement, the computer connects to the dye laser to set the
wavelength to the desired value. The wavelength is confirmed using a wavemeter
(WS6, HighFinesse) and is corrected iteratively until the desired value is reached,
which was necessary as the mechanics of the laser proved to be not reliable enough to
consistently reach the correct wavelength. The computer then reads out the amplified
MCP signal from the oscilloscope (WaveSurfer 64MXs-A, LeCroy) and integrates the
signal. The integrated signal is recorded together with the laser power obtained using
a thermal power sensor (S302C or S470C, Thorlabs) connected to a power-meter
(PM100D, Thorlabs). The program repeats this process until the wavelength range
specified by the user is covered.

4.2 Measurements using the Molecular Beam
This section describes the measurements involving the molecular beam machine. First,
the resonance-enhanced multiphoton ionisation spectrum of oxygen was measured,
specifically the spectrum of the ground and first two vibrationally excited 3Φ2,3 Ryd-
berg states. These states were first described in the group of Chupka [113,114]. Also
presented is the alignment of the components of the molecular beam machine, as well
as the alignment of the beam machine axis onto the ion trap centre. The section is
concluded by showing failed attempts of efficient loading using the molecular beam
machine.

4.2.1 O2 REMPI Spectra Analysis and Interpretation
The spectra were recorded using a LabVIEW program, described in appendix B.3.2.
For the measurements, the backing pressure on the valve was set to around 2 bar
of pure oxygen. Opening time of the valve was 10 ms at a repetition rate of 10 Hz,
leading to a background pressure of around 1.4·10−4 mbar in the source chamber. The
ionisation laser was delayed by 7 ms with respect to the start of the valve opening and
typical laser powers after passing the molecular beam machine were between 5 and
9 mW.

A typical time of flight (TOF) trace is shown in Figure 4.3, where the flight time
has been converted to the mass-to-charge ratio of the ions. There is a clear and strong
peak at 32 amu/e (atomic mass units per elementary charge unit), corresponding to
molecular oxygen ions O+

2 . Other peaks most probably correspond to mineral oil
impurities in the vacuum chamber originating from the oil backing pumps that were
used on the setup initially.

To obtain a spectrum, the peak corresponding to molecular oxygen in the TOF
trace was integrated while scanning the wavelength of the ionisation laser. The spec-
trum of the vibrational ground state of the O2

3Φ2,3 state was measured at a fundamen-
tal ionisation laser frequency of around 21210 cm−1 (471.5 nm) corresponding to tran-
sition frequencies around 84840 cm−1. The first vibrationally excited state was mea-
sured around 21680 cm−1 (461.3 nm) for transition frequencies around 86720 cm−1 and
the second vibrationally excited state was measured around 22140 cm−1 (451.7 nm)
for transition frequencies around 88560 cm−1. For each of these states, the wavelength
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Figure 4.3: Time-of-flight trace, where the flight time has been scaled to mass over
charge m/z in units of atomic mass units per elementary charge units (amu/e). The
peak at 32 amu/e corresponds to molecular oxygen ions at a flight time of approx-
imately 9 µs. The background peak progressions marked with an asterisk (∗) most
probably correspond to C+, C+

2 and C+
3 fragments with varying numbers of hydro-

gen atoms attached. These fragments are formed by the ionisation laser dissociating
mineral oil traces in the vacuum chamber originating from the foreline oil pump.

of the fundamental was scanned over approximately 50 cm−1 to cover the relevant part
of the spectrum.

The measured spectra were assigned according to calculations presented in sec-
tion 2.2.5. Molecular constants used in the calculations were obtained from Herzberg
for the ground state [115], whereas values determined in the work of Chupka and
co-workers were used for the excited states [113, 114]. The three measured spectra
and their assignments are summarised in Figures 4.4 to 4.6.

4.2.2 Molecular Beam Alignment and Failed Loading
The whole alignment process consisted of two steps. First, the molecular beam ma-
chine components (the valve and two skimmers) need to be aligned with respect to
each other and then in a second step, the axis of the beam machine needs to be aligned
onto the ion trap centre. Both these steps were performed by aligning a pilot laser
through the molecular beam machine and then align the beam machine onto the fibre
at the centre of the ion trap. The molecular beam was aimed at a crystal at the trap
centre to confirm the alignment using the heating effect of gas molecules colliding
with the ions (see below).

To align the movable skimmer, the beam machine was separated from the main
chamber and vented. The flange holding the valve and its mount was removed and
the pilot laser was aligned through the centre of the open flanges on both ends of the
beam machine. The position of the movable skimmer was then optimised by observing
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Figure 4.4: Measured spectrum of the O2
3Φ2,3 (ν = 0) state in black at the bottom.

Assignments at the top are separated into transitions to the 3Φ2 and 3Φ3 states and
split for the O, P, Q, R and S transitions, where colours indicate which spin-rotation
component Fi in the ground state is addressed. Numbers next to the first transition in
each rotational progression indicate the lowest rotational quantum number addressed
in the ground state.
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Figure 4.5: Measured spectrum of the O2
3Φ2,3 (ν = 1) state in black at the bottom.

Assignments at the top are separated into transitions to the 3Φ2 and 3Φ3 states and
split for the O, P, Q, R and S transitions, where colours indicate which spin-rotation
component Fi in the ground state is addressed. Numbers next to the first transition in
each rotational progression indicate the lowest rotational quantum number addressed
in the ground state.
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Figure 4.6: Measured spectrum of the O2
3Φ2,3 (ν = 2) state in black at the bottom

scaled by a factor of 3 compared to the previous two figures. Assignments at the top
are separated into transitions to the 3Φ2 and 3Φ3 states and split for the O, P, Q, R and
S transitions, where colours indicate which spin-rotation component Fi in the ground
state is addressed. Numbers next to the first transition in each rotational progression
indicate the lowest rotational quantum number addressed in the ground state.
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the beam on a beam profiler (BC106N-VIS/M, Thorlabs) installed at the end of the
beam machine.

Then, with the pilot laser still aligned, the beam machine was closed using a large
viewport in place of the flange with the valve. The other end of the beam machine
was connected to the main vacuum chamber. After pumping the beam machine over
night, the gate valve between beam machine and main chamber was opened. The
EMCCD camera and microscope were removed and a beam profiler (BC106N-VIS/M,
Thorlabs) was put in their place. With this setup, the pilot laser was aligned onto
the fibre in the trap centre using the beam profiler to observe the shadow cast by the
fibre and the diffraction pattern of the laser.

During this alignment process, it was found that the lateral movement of the
beam machine is not perfectly parallel, but there is also a a yaw movement where the
beam machine twists around its vertical axis. In other words, when moving the beam
machine laterally, the front moves less compared to the back, because the movement is
constrained by the flexible bellow connecting the beam machine to the main chamber.
A lateral movement of 9 mm at the back of the beam machine corresponds to a
movement of the beam axis at the ion trap center of approximately 4 mm at the
position of the fibre.

To confirm the alignment after reinserting the valve inside the source chamber,
the molecular beam was aimed at a crystal at the fibre position. The gas molecules
in the beam hit the crystal and heat the ions. Depending on the laser cooling settings
for the ions, this heating can be observed as a darkening of the fluorescence and
increased blurriness of the ions in the images. As is shown in Figure 4.7, no heating
was observed when the beam machine was moved laterally, off-setting the beam from
the crystal. This confirmed the presence of the beam and proper alignment.

a) molecular beam aligned b) molecular beam not aligned

be
am

on
be

am
off

Figure 4.7: Molecular beam alignment using Coulomb crystals. a) Molecular beam
aligned with the ion trap centre. Blurring due to heating of the ions is observed in the
bottom image, where the molecular beam is present versus the top image, where the
molecular beam is turned off. b) The molecular beam machine is moved to the left,
which makes the molecular beam miss the trap centre. No difference in appearance
of the crystal is observed whether the molecular beam is turned off or on.

While trying to load from the molecular beam, it was discovered that the wave-
length used for ionisation of the molecular oxygen also produces a lot of dark ions
when there is no oxygen present. These dark ions most likely correspond to fragments
of the form CnH+

m with n = 1 and m = 0−3 or n = 2 and m = 0−5 which form when

62



mineral oil present in the vacuum chamber2 is dissociated by the UV laser (see the
background ions in the TOF spectrum in Fig. 4.3). This is a problem if the loading
rate from the beam is slow. During all attempts of loading from the molecular beam
no significant increase in loading rate was observed with the molecular beam present
compared to loading from the background. Figure 4.8 shows the best achieved loading
rates compared to loading rates from background.

The too slow loading rate was attributed to a too low density generated by the
valve. Compared to previous experiments on a similar setup in our group with the
same type of piezo valve [98], the distance between the valve and the ion trap center is
increased from approximately 80 cm to 120 cm due to constraints in the vacuum setup,
which reduces the density of the molecular beam at the trap center. Additionally, their
valve had an orifice diameter of 800 µm, which results in larger particle densities.
The particle density in a super-sonic expansion at a position x behind a valve with a
backing particle density of N0 can be estimated as [134]

N(x) = N0

(
1 + γ − 1

2 M(x)2
)− 1

γ−1
, (4.1)

where γ = cP/cV is the ratio of specific heats (γ = 7/5 for O2 and N2). M(x) is
the Mach number at position x, which for γ = 7/5 and a valve orifice diameter d is
estimated as

M(x) = 3.65
(
x

d
− 0.4

)2/5
− 0.82

(
x

d
− 0.4

)−2/5
. (4.2)

Combining equations (4.1) and (4.2) with the parameters in the present experiment
of a valve orifice diameter of d = 300 µm, a beam travel distance x = 120 cm and
a backing pressure of 2 bars at room temperature, this results in an estimated beam
density of ≈ 2.7 · 1011 cm−3. Using the parameters of the other experiment in our
group of d = 800 µm, x = 80 cm and a backing pressure of 1.5 bars [98], the beam
density at the trap center is estimated as ≈ 3.2 · 1012 cm−3, which is over an order of
magnitude higher.

4.3 Reactions using O+
2 in the Vibrational Ground

State
As described in section 4.2.2, loading from the molecular beam was possible, but the
loading rate was too slow and loading unwanted ions from background was compara-
bly fast. This section describes experiments using molecular oxygen ions loaded from
oxygen gas leaked into the chamber. Due to collisions during the loading rotation-
ally state-selective loading was made impossible, but the vibrational ground state of
molecular oxygen ions could be studied.

First, the loading from molecular oxygen ions is discussed and compared with
loading from background or with nitrogen gas present. As introduced in section 2.6,
reactions with xenon gas to ensure that loaded molecular oxygen ions are in the
vibrational ground state are presented. Then, a summary of reactions of the stationary
rubidium MOT at different laser-cooling parameters leading to a range of excited-state

2Mineral oil is present due to the foreline rotary vane pump using oil. This pump has since been
replaced by an oil-free pump stand using a combination of a membrane pump and a turbo pump.
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a) no molecular beam present b) molecular beam present
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Figure 4.8: Loading from the molecular beam was difficult. a) Turning the oxygen
ionisation laser on for 15 s loads light ions from background. In all three experiments,
approximately the same amount of light ions was loaded. b) Loading with the molec-
ular beam present will result in loading from the beam, but the amount of ions loaded
is not reproducible and just barely above background.

population fractions intended to probe the influence of the excited state of rubidium
on the reaction rate is shown. The section is concluded with a discussion on the
observed reactivity, where long-range effects as well as short-range effects in terms of
energy levels of the different entrance and exit channels in the O+

2 + Rb→ O2 + Rb+

reaction system are compared to previous measurements of N+
2 + Rb in this setup.

4.3.1 Loading and Vibrational State Determination

Molecular oxygen ions were loaded from background by leaking O2 gas into the hy-
brid trap chamber and focussing the ionisation laser beam into the trap centre using
a 500 mm UV fused silica lens (Thorlabs). The ionisation laser was tuned to the
transition of the 3Φ (ν = 1) Rydberg state, as more laser power was available there
compared to transitions to the ν = 0 vibrational state leading to more efficient load-
ing. In Figure 4.9, loading rates from leaking either background O2 or N2 gas into
the chamber are compared to loading from background. The loading rate with leaked
O2 is by far the highest, confirming the loading of mostly O+

2 ions into the Coulomb
crystal.

Loading molecular oxygen ions from background gas leads to collision of the ions
with neutral molecules during the loading process. Some of these collisions can result
in quenching of the vibrational state of the ionic molecule. Böhringer and co-workers
examined the collision between molecular oxygen ions and various neutral molecules
including neutral molecular oxygen [123]. They state a Langevin collision rate of
7.4 ·10−10 cm3s−1 and a quenching rate from the first vibrationally excited state to the
ground state of 3·10−10 cm3s−1. At O2 background pressures of around 1.5·10−8 mbar,
this corresponds to a quenching rate of 0.11 s−1.
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a) background

b) leaked N2

c) leaked O2

Figure 4.9: Loading with the ionisation laser for 15 s. a) Loading with no gas leaked
into the chamber is slow and only very few light ions are loaded from the background
gas present in the chamber. b) As a control experiment, nitrogen gas at a pressure of
approximately 1.5 · 10−8 mbar was leaked into the chamber while trying to load with
the ionisation laser. Compared to background, some more ions were loaded, possibly
trace amounts of oxygen left over in the gas line. c) Leaking in oxygen at a pressure
of approximately 1.5 · 10−8 mbar results in many more light ions being loaded into
the trap, most of which are molecular oxygen ions.

The high background O2 pressure during loading ensured quenching of all molec-
ular oxygen ions to their vibrational ground state. During the usual loading times of
around 10 to 20 s, this creates molecular oxygen ions in the vibrational ground state
even though they are ionised using the first vibrationally excited intermediate state.
To confirm that the molecular oxygen ions are in the vibrational ground state, xenon
gas was leaked into the chamber, which reacts with molecular oxygen ions if the are
vibrationally excited, but not if they are in the vibrational ground state, as explained
in section 2.6. As presented in Figure 4.10, this was confirmed by observing few to
no reactions when xenon gas was leaked into the chamber, indicating that indeed
molecular oxygen in the vibrational ground state was loaded.

4.3.2 Reactions with a Stationary Atom Cloud

The goal of these experiments was to measure the reaction rate of molecular oxygen
ions in the vibrational ground state with rubidium atoms in varying excited state
populations. For this, atom clouds at different laser cooling settings were generated
by varying the detuning and power of the MOT cooling laser beams. At a detuning of
10 MHz, atom clouds were generated at powers of 1 mW, 2 mW, 3 mW and 4 mW on
each of the arms of the MOT, while at 15 MHz detuning, atom clouds were generated
at 3 mW and 5 mW. The resulting calculated excited state fractions according to
equation (2.14) are summarised in Table 4.1. For each of these MOT cooling settings,
12 reactions with molecular oxygen ions were performed.
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i) ii)

Figure 4.10: Using xenon to determine the vibrational state of the molecular oxygen
ions after loading. After loading molecular oxygen ions during 15 s at a pressure of
1.5 ·10−8 mbar, xenon gas was leaked into the chamber at a pressure of 1.5 ·10−8 mbar
for several minutes. Two examples are shown. The upper images are after loading
molecular oxygen ions and the bottom images are after 5 minutes of interaction with
xenon. As can be seen, the reaction of only a few molecular oxygen ions i) or none ii) is
observed, confirming that most molecular oxygen ions are quenched to the vibrational
ground state during loading.

Table 4.1: A summary of cooling beam power P and detuning δ resulting in calculated
excited state fractions ρee following equation (2.14) for all six measurement series.

P δ ρee

1 mW 10 MHz 7.5%
3 mW 15 MHz 9.6%
2 mW 10 MHz 13.5%
5 mW 15 MHz 14.5%
3 mW 10 MHz 17.5%
4 mW 10 MHz 20.8%

For every MOT cooling setting, the cooling lasers needed to be optimised again
to ensure well-formed atom clouds at the right position. Overlap between atom cloud
and Coulomb crystal in the image plane of the EMCCD camera is straight-forward,
as both species can be imaged on this camera. For overlap verification out of plane
of the EMCCD’s image plane, two methods were used in conjunction. The top-down
imaging system is not sensitive enough to image the ions, so the overlap needed to be
checked indirectly using the fibre tip that can be inserted into the ion trap centre. By
illuminating the tip with 780 nm laser light the position of the fibre tip can be imaged
on the top-down imaging system (see Figure 3.1), which can then be compared with
the position of the atom cloud. As the resolution of this imaging system is much
lower than the EMCCD, the overlap was also confirmed using the 397 nm to deplete
the atom cloud. As explained in section 2.2.4, rubidium atoms in the excited state
can be ionised by 397 nm photons. If the atom cloud is overlapped with the 397 nm
laser beam, atoms will be lost from the trap due to the aforementioned effect. This
decreases the fluorescence of the atoms significantly. By comparing the fluorescence
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level with and without 397 nm laser present, the overlap between the the atom cloud
and the ion trap centre can be estimated and compared during experiments.

Ions were loaded at around 6 · 10−8 mbar of oxygen gas leaked into the cham-
ber during 10 s of illumination of the fundamental of the REMPI laser tuned to
21678.8 cm−1, which corresponds to a term energy of 86715.2 cm−1. Typical laser
powers during loading were from 6 to 8 mW. To ensure enough time for quenching all
molecular oxygen ions to the vibrational ground state, oxygen pressure was kept at
this high level for another 20 s after loading. The quenching rate of the first vibra-
tional state to the ground state at the O2 loading pressure is approximately 0.44 s−1,
corresponding to a half-life time of 1.6 s.

After the ions were loaded, the rubidium atom source was turned on for 3 minutes
to ensure reaching equilibrium temperature of the atom source.3 After this time
passed, the crystal was moved axially away from the trap centre and the cooling
lasers of the MOT were turned on for 30 s to form an equilibrated atom cloud. As
equilibrium of the atom cloud was reached, the crystal was moved back to the trap
centre and immediately images were started to be recorded in 1 s intervals.

After all the molecular oxygen ions had reacted away, images of the atom cloud
were taken and all MOT cooling laser beam powers were recorded. An additional set of
images of the atom cloud and depleted atom cloud using the 397 nm laser as explained
above was recorded to ensure continuous overlap over the course of a measurement
series. After some of the reactions, mass spectra of the crystal were recorded using
resonance-excitation mass spectrometry to determine the product species.

4.3.3 O+
2 + Rb Reaction Rate Measurements Summary

To analyse the recorded data described in the previous section, the pseudo-first order
rate constants had to be determined, for which the volume occupied by the molecular
oxygen ions over time needs to be determined. They form a string in the middle of
the crystal creating a dark core (see Figure 4.10), whose volume is proportional to
the length of the cylinder occupied by the molecular oxygen ions. It is thus enough
to determine the length of the dark core and plot the logarithm of the length of the
core L divided by the length of the core at the start of the reaction L0 against time
to carry out the reaction rate determination as described in section 2.5.1.

Atom densities were determined from the atom cloud images taken after every
measurement together with the laser powers recorded. A LabVIEW program was
written to automatically analyse a full dataset consisting of images and a single text
file containing the laser powers for every measurement. The program reads in the
laser powers from the file, fits a two-dimensional Gaussian distribution to the atom
cloud images and together with the photon counts of the EMCCD camera determines
the atom number and density of the atom cloud. To calculate the overlap factor as
described in section 2.5.2, a second program using the same two-dimensional Gaussian
fitting routine was used with an interface to approximate the volume of the molecular
ions inside the Coulomb crystal by hand.

3It is not expected that the molecular oxygen ions are affected during this time. The three gases
with highest partial pressures and masses lower than calcium present in the vacuum chamber are H2,
H2O and N2. H2 does not react with O+

2 in the ground state [135] and also H2O does not react [123].
The ionisation potential of N2 is too high for reactions to occur.
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From the pseudo-first order rate constants, the average densities and the overlap
factors, the second order rate constants could be determined for every measurement,
a summary of which can be found in Figure 4.11. The average reaction rate over all
different measurement series was found to be 3.00 · 10−9 ± 1.40 · 10−9 cm3s−1, which
is very close to the Langevin collision rate that was calculated as 3.33 · 10−9 cm3s−1

for the O+
2 + Rb system. The population of rubidium atoms in the excited state does

not seem to influence the reaction rate. Using the method devised by Felix Hall [1],
the extended theoretically expected excited-state rate including charge-quadrupole
interactions to account for the quadrupole moment of rubidium in the 2P3/2 state (see
section 2.1.4) was calculated as kthp = 1.66 ·10−8 cm3s−1 at an average collision energy
of Ecoll/kB = 20 mK.

The systematic uncertainties of the second order rate constant calculations was
estimated by Gaussian propagation of uncertainty and found to be between 33 % and
37 % for the different measurement series. The main source of systematic uncertainty
is the atom number determination that was discussed in section 2.3.3. The total
uncertainty was estimated as the root-mean-square value of the systematic uncertainty
and statistical standard deviation. The vertical error bars in Figure 4.11 represent
the total uncertainty.
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Figure 4.11: Summary of the reactions between sympathetically cooled molecular
oxygen ions and stationary rubidium atoms in the hybrid trap. Intensities and de-
tuning of the MOT cooling laser beams have been varied to achieve different excited
state populations in the atom cloud. The dashed line indicates the magnitude of the
Langevin collision rate in this reaction. Taking into account the extended excited
state reaction rate as discussed in section 2.1.4, the dashed-dotted line is obtained,
which predicts an increase in the reaction rate at higher excited state fractions. The
measured reaction rate data in red does not seem to follow a trend with regard to the
excited state population. The vertical error bars indicate the total error estimated
from the root mean square of systematic uncertainty and one statistical standard de-
viation. Horizontal error bars indicate the systematic uncertainty in the excited state
population.
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4.3.4 Reaction Product Analysis

After some of the reactions, mass spectra were recorded using resonant excitation mass
spectrometry (REMS) to identify reaction products. For each of these measurements,
a mass spectrum of the pure calcium crystal before O+

2 loading was recorded as a
reference spectrum. After loading O+

2 and letting it react away completely, a second
mass spectrum was recorded for the identification of reaction products. In a next
step, all the heavy product ions cooled by the crystal were ejected by lowering the
amplitude of the trapping radio-frequency to a point where calcium ions are still
stably trapped, but the heavier product ions are not trapped and thus ejected from
the trap. Rubidium ions were then loaded from background by simultaneously letting
in the 397 nm and 780 nm laser and another mass spectrum was recorded. This
mass spectrum indicates that the only product ions observed in reactions between
molecular oxygen ions and rubidium atoms are rubidium ions, as this spectrum looks
identical to the one recorded with the product ions. The three mass spectra are shown
in Figure 4.12.
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Figure 4.12: Resonance-excitation mass spectra of different Coulomb crystals for the
determination of product ions in the O+

2 + Rb reaction. i) Reference spectrum of a
Coulomb crystal containing only calcium ions. The single peak corresponds to the
radial frequency of the calcium ions in the trap. ii) Spectrum after all previously
loaded molecular oxygen ions have reacted away with rubidium atoms. iii) After
cleaning the heavy product ions of the crystal of the second spectrum, rubidium ions
were loaded from background by simultaneously letting the 397 nm and 780 nm into
the vacuum chamber. The spectra in ii) and iii) are identical, indicating no other
products than Rb+ are formed.
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4.3.5 Possible Reaction Mechanisms

As presented in section 4.3.3 and summarised in Figure 4.11, the measured reaction
rates do not seem to be influenced by the excited state population of the rubidium
atoms in the atom cloud. This stands in contrast to the measurements of molecular
nitrogen ions with rubidium atoms performed on this setup by Felix Hall, where the
fraction of rubidium atoms in the excited state seemed to dominate the reactions [1,
72].

Summary of Previous N+
2 + Rb Measurements The channel-averaged rate

constant in the N+
2 + Rb system was reported as k2nd ≈ 2 · 10−9 cm3s−1 [1], a

value similar to the one reported above for the O+
2 + Rb system. For the N+

2 +
Rb system, the second order rate constant was found to increase in reactions with a
larger fraction of rubidium atoms in the excited state. A fit of the measured excited-
state-dependent reaction rates to a rate equation model yielded a rate constant of
kp = 2.4 · 10−8 ± 1.3 · 10−8 cm3s−1 for rubidium atoms in the excited state and an
upper bound for the ground state rate of ks ≤ 2 · 10−10 cm3s−1.

The measured upper bound for the reaction rate constant ks of the N+
2 + Rb

system for rubidium atoms in the ground state is over an order of magnitude lower
than the calculated Langevin collision rate constant of k(s)

L = 3.5 · 10−9 cm3s−1. This
discrepancy was explained by the inefficiency of the charge transfer, as the closest
product channel in the neutral nitrogen molecule was the C 3Πu valence state which
requires a reordering of the electron configuration for the reaction to happen. Addi-
tionally, there is a relatively large difference in energy between the entrance and the
exit channel to form neutral nitrogen molecules in the C state [1]. Previous studies of
keV molecular nitrogen ions reacting with caesium atoms in a gas cell already reported
that charge transfer is most efficient for transfer of the electron into a Rydberg orbital
in a near-resonant process [136].

The reaction rate constant kp of the N+
2 + Rb system for rubidium atoms in the

excited state was found to be approximately four times larger than the Langevin
collision rate constant in the excited state of k(p)

L = 6.6 · 10−9 cm3s−1. The Langevin
rate constant kL, which usually determines an upper bound for the interaction rate
in a given ion-neutral system, only assumes interactions between charge and induced-
dipole and gives a collision-energy independent estimate for the collision rate constant.
To explain the large magnitude of the reaction rate of rubidium atoms in the excited
state kp, an additional intermolecular interaction had to be taken into account. The
anisotropic charge distribution of the 2P3/2 state in rubidium gives rise to a quadrupole
moment, which results in an additional charge-quadrupole interaction affecting the
ion-neutral interaction potential. The addition of this interaction leads to a collision-
dependent intermolecular force, which can be calculated (see section 2.1.4). The
resulting extended theoretical excited-state collision rate in the N+

2 + Rb system was
calculated as k(p)

ee = 1.7 · 10−8 cm3s−1 (at an average collision energy of Ecoll/kB =
23 mK), agreeing well with the measured excited state rate within uncertainties.

The agreement between the measured excited state rate and the calculated ex-
tended theoretical excited state rate indicates an efficient charge transfer in the ex-
cited state, which was rationalised with the presence of matching excited states in the
neutral molecular product resulting in near-resonant product channels. In addition
to being nearly resonant, these states are also Rydberg states building on the ground
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and first excited state of the molecular nitrogen ion, facilitating charge transfer. It
has to be noted that the F state in molecular nitrogen, which is closest in energy to
the excited state entrance channel, is not built on the ground state of the molecular
ion, but it is heavily mixed with the G state at slightly lower energies. The G state
is a Rydberg state built on the ground state of the molecular nitrogen ion.

The Situation in Molecular Oxygen The effects of the long-range part of the
potential are expected to be very similar in reactions rubidium atoms with molecular
oxygen ions compared to reactions with molecular nitrogen ions, as the only change
from one system to the other is the reduced mass. Since molecular oxygen at 32 atomic
mass units is only slightly heavier than molecular nitrogen at 28 atomic mass units,
the Langevin and extended excited-state collision rates are very similar in magnitude.
This similarity in the long-range interactions is not reflected in the observed reactivity.
In reactions of molecular oxygen ions with rubidium atoms, the excited state of the
rubidium atoms seemingly had no influence on the reactivity, contrary to the reactions
of molecular nitrogen ions, where the excited state dominated the measured reactions.

As both long- and short-range effects are important for understanding the reac-
tivity of a system, the short-range situation was examined in terms of comparison
of possible entrance and product channels as it was done for the N+

2 + Rb system.
Figure 4.13 gives an overview of the closest asymptotes in the available entrance and
product channels in the reactions of rubidium atoms with molecular oxygen ions with
entrance channels on the left and exit channels on the right. The term energies for the
excited state in neutral molecular oxygen have been taken from the NIST Chemistry
WebBook [137]. The valence orbitals of the ground-state configuration of molecular
oxygen in the simple molecular-orbital (MO) model are described by

(1σg)2 (1σu)2 (2σg)2 (2σu)2 (3σg)2 (1πu)4 (1πg)2,

which in its lowest energy configuration leads to a 3Σ−g state. Removal of one of the
electrons in the (1πg) MO leads to the X+ 2Πg ground state of the molecular oxygen
ion.

The two states in molecular oxygen on the product channel side that are closest
to the entrance channel state where the rubidium atom is in the ground state are
the C and d states. Both of these states are 3s Rydberg states built on the ground
state of the molecular oxygen ion, which should facilitate charge transfer, but they
are both higher in energy than the ground state entrance channel and not enough
additional energy is present to overcome this energy difference. However, there exist
energetically possible charge-transfer asymptotes, corresponding to excited states (A,
A′ and c states) in molecular oxygen at much lower energy than shown in Figure 4.13,
which cross the potential energy curve of the O+

2 -Rb system at its minimum, allowing
for efficient charge transfer [138].

The product channels closest in energy to the entrance channel with rubidium in
the excited state mostly correspond to 3p Rydberg states built on the ground state
of the molecular oxygen ion. There are multiple states available at energies slightly
below the level of the excited state entrance channel, which should result in efficient
charge transfer. It is not exactly clear why this is not represented in the measured
data shown in Figure 4.11, which does not show any trend of the reaction rate constant
with regard to the rubidium atom excited-state fraction. This would indicate that
the excited state reaction is not very efficient, which would bring down the excited
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Figure 4.13: A comparison of the total electronic energies of the entrance and exit
channels in the reactions of molecular oxygen ions and neutral rubidium atoms. a) The
two possible entrance channels for O+

2 (X+ 2Π1/2g) and Rb in either its ground state
((5s1) 2S1/2) or excited state ((5p1) 2P3/2). b) Possible exit channels of a rubidium
ion in its ground state ((4p6) 1S0) with oxygen molecules in various excited electronic
states.

state reaction rate constant to the same order of magnitude as the ground state rate
constant.

4.4 Summary and Conclusion

Initial work towards state-selected reactions of molecular oxygen ions with rubidium
atoms at low collision energies was presented. Building on work by Chupka and co-
workers [113, 114], the O2

3Φ2,3 states were measured for the ground and first two
excited vibrational states. The molecular beam machine and time-of-flight spectrom-
eter to achieve this were introduced.

The alignment of the molecular beam onto the ion trap center was achieved, but it
was found that the loading rate of molecular oxygen ions out of the beam was too slow
compared to loading unwanted ions from the background gas present in the vacuum
chamber. An almost identical setup in our group was used successfully before [98], but
compared to their setup, the valve on the setup presented here is approximately 50 %
further away from the ion trap center. Combined with a smaller valve orifice diameter,
this reduces the density of the molecular beam at the trap center by approximately
one order of magnitude.

Loading molecular oxygen ions from gas leaked into the vacuum chamber was
presented as an alternative to measure reactions of the vibrational ground state of
the molecular ions with rubidium atoms. Using xenon gas it was shown that the
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molecular oxygen ions were indeed loaded in the vibrational ground state, as only
very few to no reactions were observed between the two species.

Molecular oxygen ions loaded from background gas were then used to measure
their reaction rate with neutral rubidium atoms, were the fraction of atoms in the
excited state was varied. It was found that the reaction with rubidium atoms in the
excited state was not faster than in the ground state, even though the theoretical
extended excited-state rate including quadrupole-ion interactions predicts a higher
collision rate in the excited state than the Langevin rate predicts for the reactions of
the rubidium atoms in the ground state. This shows the importance of considering
short-range effects in the reactivity of these system.

Possible charge-transfer exit asymptotes to lower-lying valence state exist for the
reactions with rubidium in the ground state. Charge transfer to these states is efficient
due to a crossing at the minimum of the O+

2 -Rb potential energy surface. This also
suggests that no big effect of vibrational excitation on the rate constant for O+

2 and
Rb atoms in the ground state would be expected. In the N+

2 -Rb system, no such
crossing exists, which is reflected in the low measured rate constant for the ground
state of rubidium in that system.

For O+
2 -Rb, it is not entirely clear why the excited state reactions are much slower

than the predicted rate from theory. There exist several close 3p Rydberg states in
molecular oxygen as exit channels, so charge transfer is expected to be very efficient,
but the experiments do not reflect that. This stands in contrast to the very similar
situation of entrance and product channels for neutral rubidium atoms in the excited
state in reactions with molecular nitrogen ions where the measured excited state
reaction rate matched the theoretically calculated collision rate, indicating an efficient
charge-transfer mechanism. The comparably slow reaction rate of molecular oxygen
ions with rubidium atoms in the excited state could point to a very weak non-adiabatic
coupling between entrance and exit channels. Another possibility is a too strong non-
adiabatic coupling, leading to strongly avoided crossings and thus making reactions
slow.

To solve the difficulties in loading from the molecular beam, a new Amsterdam
pulsed valve will be implemented into the beam machine, together with larger skim-
mers. This should greatly improve the densities of the molecular beam at the ion trap
center and thus improve the loading rate. It is clear that further studies are needed
to fully understand the reactivity of molecular oxygen ions with rubidium atoms in
the ground and excited state. Theoretical calculations for the O+

2 + Rb system are
currently being performed by Michał Tomza [138] and should give more insight into
the underlying reaction mechanism.
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Chapter 5

Conclusion and Outlook

The Shuttling MOT This thesis presents the successful implementation of a novel
type of hybrid trap with increased control over the collision energies. Increased con-
trol over the kinetic energies of the atoms was achieved by shuttling the atom cloud
between two off-center positions within a magneto-optical trap. By changing the in-
tensity of the laser that pushes the atoms from one off-center position to the other,
atoms at well-defined velocities were obtained. Measurements of the time of flight of
the atoms were compared with Monte Carlo trajectory simulations and good agree-
ment was found.

Drawbacks of the shuttling atom cloud are the short interaction times and low
densities. This made the observation of the reaction between Ca+ ions in the ion
trap and the shuttling Rb atoms impossible. However the comparably much faster
reactions of Rb atoms with molecular ions such as N+

2 and O+
2 can still be studied.

The density estimation of the shuttling atom cloud is also still a challenging problem.
A sensitive and accurate measurement will be needed, since at high kinetic energies
the atom cloud is moving fast and interaction times will be short.

Molecular Oxygen Ions Molecular oxygen ions have been introduced into the
hybrid trap by means of resonance-enhanced multiphoton ionisation. For this, the
spectra of the 3dδ 3Φ Rydberg states have been measured using a [2 + 1] photon
ionisation scheme. Unfortunately, loading from the molecular beam was not achieved.
The valve used in the molecular beam machine setup generated an oxygen density
at the trap center that was too low, which was attributed to a combination of a too
long flying distance and too small opening diameter of the valve. Molecular oxygen
ions were loaded into the ion trap from background gas leaked into the chamber,
which restricted the accessible vibrational level of the molecular oxygen ions to the
ground state. After loading of the molecular oxygen ions into a Coulomb crystal and
sympathetic cooling, they were overlapped with a stationary Rb atom cloud for an
initial study of the reactivity. Reaction rate constants were determined for various
excited-state population fractions of the rubidium atoms.

Even though generation of vibrationally excited molecular oxygen ions was not
successful, new insight into the reaction mechanism has been gained. The observed
reactivity between molecular oxygen ions in the vibrational ground state and rubid-
ium atom was surprising. After earlier measurement using molecular nitrogen ions,
where a clear dependence of the reaction rate on the excited state of the rubidium
atoms was observed and ground state reactions were slow, a similar dependence was
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expected in the experiments presented in this thesis. But what was found instead, is
that the reaction rate of molecular oxygen ions reacting with ground state rubidium
atoms is comparable to the Langevin collision rate, indicating a very efficient reaction
mechanism. As the excited state population of the Rubidium atoms increased, the
observed reaction rate stayed constant. This indicates an inefficient reaction mecha-
nism in the excited state, since from theory a higher collision rate for excited state
rubidium atoms is expected. Electronic structure calculations show that there exists
a significant electronic barrier for the N+

2 + Rb system in the ground state, whereas
in O+

2 + Rb, no such barrier is present [130], explaining the fast reaction rate. The
reason for the inefficient reaction of O+

2 ions with Rb atoms in the excited state is still
an open question. A theoretical study has not yet been performed due to the difficulty
and high computational cost for exited state quantum-chemical computations in this
system.

Outlook After the work described in this thesis, improvements aiming at increas-
ing the stability of the experimental setup were implemented by Alexander Dörfler.
Most notably, this included changes to the optical setup around the vacuum chamber.
Measurements were performed of reactions of both molecular nitrogen ions and molec-
ular oxygen ions with shuttling rubidium atoms inside the moving trap. A detailed
discussion and comparison of their reactivities can be found in [130,131].

For future work, the experiment would optimally be redesigned. The problem
of slow reaction rates could be solved by increasing the density of the atom cloud
substantially. A lower average temperature of the off-center atom cloud would also
help with the spread in collision energy. For optimal collision energy control, the
switch could be made to a moving optical molasses configuration, but this would
require substantial changes to the experimental setup. If a new setup were to be
designed, one could also think about using 2D MOTs to load the 3D MOT from where
the atoms are launched towards the ions. This could further increase the density of
atoms within the trap. If efficient loading can be achieved, a higher duty cycle would
also further help with slow effective reaction rates.
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Appendix A

New In-Vacuum Components

Over the course of this thesis, some of the in-vacuum components of the setup were
replaced. The mount for the rubidium alkali metal dispenser sources needed to be
replaced, as the original one broke. New commercially available calcium sources were
acquired, for which new oven mounts needed to be designed. The design of both new
atom source mounts is discussed in section A.1. As the frame of the old ion trap
broke too, a new ion trap with the same relevant dimensions and an updated design
was installed. The new ion trap is discussed in section A.2.

A.1 New Calcium and Rubidium Sources
Initially the vacuum chamber hosted three atom sources: one rubidium alkali metal
dispenser source (SAES Getters) and two homebuilt ovens consisting of resistively
heated metal tubes filled with either calcium or barium powder.

For electrical connection on the old rubidium source holder, a screw through a
threaded hole in the isolating Macor piece was used to clamp together the electrical
connection with the alkali metal dispenser. This puts stress on the Macor holder,
which broke after trying to replace an empty rubidium source with an new one. It was
decided to redesign the holder of the alkali metal dispenser and, due to an initiative
by Alexander Dörfler, at the same time also switch to commercially available ovens for
calcium and barium (Alvatec, replaced by AlfaVakuo), for which a new oven holder
needed to be designed. Both new sources are shown in Figure A.1, where the design
idea behind both is detailed.

Both types of atom sources work by resistive heating by passing a current through
them, for which they have two electrical connections each. On the original setup, six
connections on vacuum feedthroughs were used to supply the three sources with power.
To increase redundancy, the switch was made to a total of four sources, two rubidium
sources and two Ca ovens. Since no additional connections on feedthroughs were
available, for both, the alkali metal dispenser and the ovens, two of their connectors
were combined on a single feedthrough, while the other connectors were connected
to individual feedthrough connectors. To select one of the pair of the two identical
sources, the common and one of the individual connections on the feedthrough are
connected to the current power supply. This passes the current through just one of
the two sources and leaves the other one floating. As no experiments with barium
were planned, two calcium ovens were installed as well as two rubidium alkali metal
dispensers.
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Ca oven tube Macor isolator
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Macor isolator

a) b)

Figure A.1: Computer-generated images of the new atom sources. Both source mounts
follow the same design idea, where the electrodes of the atom sources are clamped
in between two metal pieces, fastened by screws. A different set of screws is used to
connect the wires supplying the current and the metal pieces are attached to the Macor
insulator using a third set of screws. This design allows for the screws responsible
providing the electrical connection to be tightened for good contact, without putting
stress on the Macor insulator. a) The calcium oven tubes (only one is shown) are
resting on a Macor frame with a v-shaped groove. The two ovens are slightly angled
towards each other, such that they both point at the ion trap center where the atom
beams cross with the 355 nm laser beam used for ionisation. The Macor frames are
mounted on a metal plate, which is itself connected to a metal stand that is clamped
to the base of the vacuum chamber. b) The alkali metal dispenser sources containing
rubidium are mounted vertically, hanging freely between two metal clamps. The metal
clamps are connected to two Macor pieces, which themselves are connected to a metal
stand.
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A.2 New Ion Trap
The ceramic holder of the old ion trap cracked as well, leading to a bad contact on one
of the electrodes. This was a known flaw in the old design of the ion trap, where the
endcap electrodes were connected with a screw through a threaded hole in the Macor
frame. This created a weak point in the Macor piece which would lead to cracks.
Figure A.2 shows a computer-generated image of the new ion trap and discusses the
new design.

Figure A.2: A computer-generated image of the new ion trap, which was adapted
from the design of the new ion trap used by Daniel Rösch [125]. Threaded holes in
the endcap electrodes are used for their electrical connection. The central electrode
extends through the hollow endcap electrodes and is fastened to the Macor frame
using nuts. Additional Macor spacers isolate the electrodes from each other. The
two Macor frames are fastened to a ground plate which is attached to the chamber
base. A fibre tip mounted on a translation stage can be inserted into the trap center
through a hole in the Macor frame.
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Appendix B

LabVIEW Programs

LabVIEW is a visual programming language developed by National Instruments
(http://www.ni.com). It is a fully functional programming language and one of its
strengths lies in the simplicity of interfacing with all kinds of internal and external
hardware, where libraries to do so are provided by many manufacturers. Another
strength of LabVIEW is the easy creation of a user interface (UI).

Over the course of this thesis, many LabVIEW programs were written to interface
with hardware and simplify a lot of aspects of the experiment. The first of the two
big projects was LaserLock, a software suite consisting of a server application and
various clients to lock and control many of the diode lasers in our lab. LaserLock and
its design is described in section B.1. The second big project was a custom camera
software to interface with the EMCCD (electron-multiplying charge-coupled device)
camera, which improves productivity with features such as auto-saving of image series
and quick access to change settings. The custom camera software is described in
section B.2. Various other smaller programs to interface with other hardware were
written and are described in section B.3. Programs written for data analysis are
described in section B.4.

B.1 LaserLock

Many of the diode lasers in our lab are locked using high-precision wavemeters (WS-U,
HighFinesse). A small fraction of each laser’s light is split off and sent through a fibre
into to one of two fibre switches. One fibre switch is using single-mode (SM) fibres
for light around 400 nm, whereas the other fibre switch uses multi-mode (MM) fibres.
Each fibre switch has four input ports and one output connected to their respective
wavemeters.

When the lab was initially set up, only two diode lasers needed to be locked, which
was achieved with a single MM fibre switch and a single wavemeter. After the lab
started to grow, more lasers needed to be locked, which was initially achieved with a
program written by Matthias Germann and running on a dedicated computer. As the
number of lasers needed to be locked grew even further, the original program could
not handle the increased number of lasers. There was a demand for a new solution.
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When the above-mentioned SM fibre switch was acquired1 together with a second
wavemeter, a new program LaserLock was written to accommodate the two fibre
switches and two wavemeters. The new program builds on the core of the old programs
and uses the same proportional-integral (PI) feedback routine for the locking. The
rest however was rewritten from scratch, while maintaining a similar UI.

LaserLock was designed to be as flexible as possible. A screenshot of the main
program is shown in Fig. B.1 a). There is a panel for each of the four input ports
(channels) on the two fibre switches, resulting in a total of eight panels. Individual
channels can be activated or deactivated as needed, so that the program only switches
to channels where lasers are connected that are currently in use. The settings for the
laser on a specific channel are entered in the panels corresponding to that channel.
Lasers are identified by a four-letter code, a combination of their wavelength and a
single letter to distinguish multiple lasers at the same wavelength.

The lasers can be locked by turning on the feedback, which can be done indepen-
dently for each channel. The stabilising feedback is implemented as a PI controller,
which compares the measured wavelength to the wavelength set point and applies ap-
propriate feedback. A DAC (digital-to-analogue converter) card applies the feedback
as a voltage to the laser controller to be applied to a piezo-electrical element inside
the external-cavity diode lasers to finely tune the wavelength.

Before LaserLock, a screen-sharing program was used to connect to the computer
where the old laser-locking software was running to change settings such as the wave-
length the laser is locked to. Since screen-sharing programs are usually computation-
ally intensive and have a lot of overhead for this application, the new laser-locking
program was also designed to solve this problem. The laser-locking program acts as
a server and sends all the relevant data (most importantly current wavelength, target
wavelength, interferogram as measured by the wavemeter amongst other values) over
the local area network2 to the various experiment computers.

For the experiment computers, small and lightweight client programs were written
(see Fig. B.1 b) for a screenshot), which receive the data from the server and can also
send commands back to the server3. The clients can turn the locking on or off, the
wavelength setpoint can be changed and channels can be activated or deactivated. A
second client is used to display the interferogram used by the wavemeter to determine
the wavelength (see Fig. B.1 c) for a screenshot). Every client receives all data from
all lasers currently active on the server side. The four-letter codes mentioned above
are used to choose the laser whose data is displayed.

1It was found that the UV lasers were more stably locked when the light was only guided through
single mode fibres, thus a fibre switch with singlemode switches for light around 400 nm was acquired.
All 397 nm lasers used in the lab are locked with this fibre switch.

2The data is sent over UDP (User Datagram Protocol), a minimal messaging protocol which does
not check if the data is received or not. This simplifies the process, as the server does not need to
check if the client is active or not. Dropped packets also do not disturb the client.

3To send commands, the clients use TCP/IP (Transmission Control Protocol over Internet Proto-
col), which provides a reliable way to share data over the network to ensure commands are received
by the server.
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B.2 Custom Andor EMCCD Camera Program
The EMCCD (electron-multiplying charge-coupled device) camera program provided
by the manufacturer Andor is not very well optimised for our applications, so it
was decided to write a custom camera program which suits our needs. Features
missing the most were easy switching of settings and automated saving of images. A
camera program was written from scratch with these features in mind, resulting in
the program shown in Fig. B.2. As the laser cooling of calcium ions produces only
very little light, images acquired by the camera are very noisy. It is thus common to
display a running average over the last few images recorded for better image quality.

Settings (exposure time, EM gain and averaging) can be changed on the fly, with-
out interrupting the image acquisition. These settings can also be saved and recalled
later for easy switching between different settings. Images are saved with the click
of a single button as TIF image files where both a 16 bit version storing the actual
pixel count data and an auto-scaled 8 bit version for easy viewing and printing are
created. Additionally an ASCII text file is saved with the exposure, gain and averag-
ing settings. File name is concatenated from a custom name as specified by the user,
the time-stamp and a millisecond timer. The three generated files are distinguished
by an additional u8, u16 and txt added to the file name for the 8 bit, 16 bit and text
files, respectively.

Auto-saving of images was implemented, where images are taken in fixed time
intervals as specified by the user. Images can either be recorded indefinitely until
the user stops the auto-saving or a limit can be set on how many images should be
recorded, where a sound cue can be played when the desired number of images is
reached. The user can choose to save just a part of the image to save disk space in
cases where the full sensor information is not needed (e.g. for crystal images).

Some features have not been implemented, such as binning of pixels (where multi-
ple pixels are combined to create a larger pixel, increasing sensitivity and decreasing
noise) and configuring an external trigger for the camera. As these features are gen-
erally only needed rarely (for example in temperature measurements of the atom
cloud), they were not implemented. A version of the program exists that also inter-
faces with a function generator (TG2000, TTi (Thurlby Thandar Instruments)) to
record resonance-excitation mass spectra.

B.3 Experiment Control
Over the course of this thesis, many aspects of the experiment have been made re-
motely controllable from the experiment computer. For this, various LabVIEW pro-
grams have been written, some of which will be introduced below.

B.3.1 Hybrid Trap Control
Ion Trap Control There are two programs to control the ion trap, one for the DC
voltages applied to the electrodes and a second one that controls the power supply
of the radio-frequency generator. The program that controls the DC voltages on the
trap was originally written by Anatoly Johnson and is shown in Fig. B.3 a).

The second program was written when the switch was made to a new, remotely
controllable power supply for the radio-frequency generator and is shown in Fig. B.3 b).
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The program connects to the power supply over USB. It was kept very simple and is
able turn the generator on and off, load different radio-frequency voltage settings and
turn on ramping of the voltage. The program also monitors the measured voltage and
current fed into the radio-frequency generator in real time.

MOT Coil Control Similarly to the program that controls the power supply of the
radio-frequency generator, this program controls the DC power supply that provides
the current for the MOT coils. The program is shown in Fig. B.3 c). The maximum
voltage and current can be set and the power supply can be turned on and off. The
program also monitors the measured voltage and current fed into the MOT coils in
real time.

Oven and Shutter Control The calcium ovens and rubidium getters are heated
using simple AC power supplies able to provide a few amperes of current to the atom
sources. Initially they were switched on and off with a physical switch, but a relay
was installed to be able to remotely control them. The LabVIEW program shown in
Fig. B.3 d) was written to interface with an Arduino board, whose digital outputs
were used to control the relay inside the oven power supplies. It also remotely controls
the laser beam shutter in the 355 nm beam line used to ionise calcium.

Atom Shuttling Light Control The required pulse sequences controlling the
AOM setup as discussed in section 3.1.5 and 3.1.6 are generated using a PulseBlaster
programmable TTL pulse generator from SpinCore Technologies inside a dedicated
computer. A LabVIEW program on that dedicated computer is used to program
the pulse generator as desired. Some sequences are fixed (e.g. loading a stationary
MOT in a centre or off-centre position) while other sequences are customizable and
parameters can be changed (e.g. changing the hold time in an off-centre position of a
shuttling sequence).

This program acts as a server and can receive commands to switch between dif-
ferent sequences from the experiment computer. A client program was written for
the experiment computer to send commands to the computer with the PulseBlaster
installed. The program is shown in Fig. B.4 a). Commands are used to load different
preprogrammed sequences, where parameters for customizable sequences are also sent
over the network.

B.3.2 REMPI Program
The program shown in Fig. B.4 b) was written to record REMPI-TOF spectra was
written. It interfaces with the dye laser used for the ionisation, a wavemeter, an
oscilloscope connected to the MCP and a laser power meter. Wavelength scans are
performed by sending a command to the dye laser to set it to the desired wavelength,
confirming the wavelength with the wavemeter and adjusting the wavelength if the
set point and measured wavelength do not match. Then the scope’s waveform with
the TOF signal from the MCP is read out and the desired peak is integrated, where
the integration window is set manually. For each measured point, the laser power is
recorded using a power meter (PM100D, Thorlabs) connected over USB. After the
spectrum is measured, all the recorded data is saved into a text file, from which the
program automatically generates an image file of the plotted data.
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B.3.3 Atom Cloud Time-of-Flight Monitoring
This program interfaces with the LeCroy oscilloscope to read out the atom cloud time-
of-flight traces to do long-time monitoring of the time of flight of the atom cloud, for
example during reaction measurements. The oscilloscope records a total of 100k data
points (photo-multiplier tube voltage versus time) over 100 ms to capture both double
peak structures corresponding to forwards and backwards shuttling of the atom cloud.

The peak finding and fitting routine is rather simple. First, the trace containing
the 100k data points is split into two, where each double peak structure falls into
one of the two halves of the data set. Since the peaks have negative polarity, the
peaks are found by finding the data points below a relative threshold. The peaks
are very similar in intensity, thus this will find data points from both peaks. Taking
the average time step of these data points, a time step in between the two peaks is
found. The data points before this time step correspond to the first peak and the
data points after this time step correspond to the second peak. It is enough to just
analyse a few hundred time steps each by fitting a Gaussian distribution to determine
the exact center of the two peaks. Knowing the center of the two peaks, the time of
flight can be calculated. From the time of flight, the program calculates the velocity
and collision energies and saves them in a text file.

B.4 Analysis Software
Various programs were written to analyse various data sets that were recorded. Some
already existed as other individual programs or scripts that were inconvenient to
use. The programs presented here were all written to make data analysis simpler
and automate as much as possible, which also reduces human error when manually
transferring data from one program to another.

B.4.1 Fitting Tools for Crystal Analysis
In order to determine the rate constant of the measured reaction rates, the volume
of different crystals needs to be calculated. Since crystals are rotationally symmetric
ellipsoids, the volume is determined by fitting a rectangle around the crystal to de-
termine the long and short axis of the ellipsoid, from which the volume is calculated.
As the reaction progresses, the shape of the remaining calcium ions changes from an
ellipsoid to a flattened ellipsoid. The volume of this flattened ellipsoid can be calcu-
lated by calculating the volume of the inner cylinder and calculating the volume of
the two cut ellipsoid caps for which horizontal line can be fitted to determine all the
necessary dimensions for the calculation of the volume of the crystal.

All the parameters of the crystal, the long axis, short axis, radius of the flattened
ellipsoid, volume of the total ellipsoid and volume of the flattened ellipsoid are con-
stantly stored in the clipboard in real time as the various parameters are adjusted.
This allows for the parameters to be easily pasted into a text file or excel for further
analysis.

There is a second version of the program for the analysis of molecular ion strings
inside crystals and is shown in Fig. B.5 a). Instead of fitting a horizontal line to a
flattening crystal, a vertical line is fitted by hand to match the amount of molecular
ions. Since the number of ions is proportional to the length of the string, instead
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of saving the volume of the string, the total length (corresponding to the long axis
of the crystal) and the current length is saved, together with the other parameters
mentioned above. Additionally, the millisecond time stamp of the images (extracted
from the file name) is saved too, since reactions with molecular ions tend to be faster
and images are taken in quick succession.

To quickly analyse a lot of pseudo-first order data and make plots of all the mea-
sured reactions, another program was written that takes text files in the format pro-
duced by the programs described above and calculates a linear fit of the data to
extract reaction rates.

B.4.2 MOT Atom Number and Density Analysis
The process described in section 2.3.3 to estimate atom number and density of the
atom cloud was originally done by hand, which was later somewhat automated in a
combination of Matlab and bash scripts. During the course of this work, this process
was further simplified and written as a standalone LabVIEW program, which is shown
in Fig. B.5 b).

The program executes the full analysis of atom number and density automatically.
The laser powers can either be manually typed in or read from a file, whereas detuning
and camera settings (exposure time and gain) need to be put in by hand.

For the geometric analysis of the the atom cloud images, there are two modes.
In the first mode, two separate one-dimensional vertical and horizontal Gaussian
distributions are fitted to slices through the centre of the intensity distribution. The
approximate center of the cloud is found by determination of the centroid of the
brightest pixels (where the threshold for this can set by the user). The average of the
ω1/e radius of both distributions is used for the density estimation. The second mode
fits a symmetric two-dimensional Gaussian distribution to the full image to extract
the ω1/e radius.

The number of photons scattered by the atom cloud is found by integrating the
counts of the images with the atom cloud present and subtracting the integrated
counts from images without the atom cloud present. From this, the atom number and
density is calculated as described in section 2.3.3. The loss factors are hard-coded into
the program, as they only change if the optical setup changes, which rarely happens.

B.4.3 Crystal and Atom Cloud Overlap Calculation
As described in section 2.5.2, an important factor in estimating reaction rates is the
degree of overlap between the Coulomb crystal and the atom cloud. Originally, a
Matlab script was written to calculate the overlap factor, where all necessary values
had to be determined beforehand and were entered by hand. To simplify this process,
a LabVIEW program with an intuitive graphical user interface, as shown in Fig. B.6,
was written. The position of the atom cloud is determined automatically using the
same routines as the program described in section B.4.2, whereas the size and position
of the ion crystal has to be specified by hand.
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b) c)

a)

Figure B.1: LaserLock server and clients. a) The LaserLock server program. There are four channels
at the top corresponding to the four channels on the single-mode (SM) fibre switch and 4 channels
on the bottom corresponding to the four channels on the multi-mode (MM) fibre switch. Individual
channels can be activated in the top right corner of each channel and locking is turned on with
the “Enable feedback” button. Interferograms as measured by the wavemeters are displayed on the
left, one each for one of the lasers connected to the SM switch (top) and one connected to the MM
switch (bottom). b) The LaserLock control client which copies the look of the server panels. c) The
LaserLock interferogram client which display the interferograms as measured by the wavemeters,
the wavelength and the frequency of the lasers. Both clients can easily be modified to show more
channels.
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Figure B.2: Custom EMCCD (electron-multiplying charge-coupled device) camera software. The
EM gain, exposure time and averaging settings are controlled in the top right corner and can be
saved and recalled. There are buttons to either save single images or take images in a given interval
and the user can choose to save the whole image or only part of the image. On the bottom right side
are controls for measuring resonance-excitation mass spectra (REMS). The black and white point
of the displayed image can be changed in the bottom left, where also the current working directory
in which data is saved to can be controlled. The yellow cursors in the live image are used to set the
boundary for saving only a part of the image. The red cursors set the region of interest in which
the fluorescence for measuring REMS is recorded and the green cursors are used as visual guides.

88



a) b)

c) d)

Figure B.3: a) Ion trap DC voltage control. DC voltages can either be entered by hand at the
bottom or by using the different functions with the tabs at the top. Voltage settings can be saved
and recalled. b) Ion trap RF voltage control. The voltage can be set in the top right corner or with
the slide underneath it. Preset voltages can be entered below the slide on the left and loaded with
the click of the OK button. Ramping of the voltage can be turned on in the bottom left and there
is an option for q-cleaning (ejecting light ions at very high RF amplitudes) on the right. c) MOT
coils DC control. The upper bound for voltage and current can be set and the power supply output
can be turned on or off. d) Ionisation laser shutter and oven control. The power supplies for the
calcium oven and the rubidium alkali metal sources can be turned on and off and the shutter in the
beam line of the laser used to ionise the calcium can be controlled.
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a)

b)

Figure B.4: a) Shuttling light control program. Different pre-programmed settings can be chosen.
The program communicates with a second program running on the computer where the PulseBlaster
pulse generator is installed to switch between the pulse sequences. The intensity of the pushing beam
can be chosen on the right, either applying the same control voltage to both or applying individual
control voltages. Hidden from view are the controls to change the cooling frequencies, as they are not
changed frequently. b) Program that performs resonance-enhanced multiphoton spectroscopy. The
desired wavenumber range and step size can be entered in the top left, the program then connects
to the laser to perform the scan, to the oscilloscope to read out the time-of-flight traces and to a
power meter to measure the laser power. After a scan is finished, the data is stored in a text file
and a plot of the measured spectrum is generated automatically.
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b)

a)

Figure B.5: a) Crystal fitting program. Images in the folder specified in the top left are loaded,
were two buttons are used to switch to the next or previous image. On the left image, the red
cursors are used to fit a bounding box for the ellipse of the crystal by hand, where the image on the
right is used to confirm a good fit of the ellipse. The vertical green cursor on the left is used to fit
the length of the string of dark ions within in the crystal. b) Atom number and density calculator.
The laser powers can be entered by hand or read from a file. The atom cloud images can be fit
by a two-dimensional Gaussian distribution or by a vertical and horizontal Gaussian distribution
through the centroid of brightest pixels of the intensity distribution.
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Figure B.6: A program to estimate the overlap of a dark core of light ions inside a Coulomb crystal
with the atom cloud. The dimensions of the atom cloud are fit with the same routines as used by the
program that estimates the atom number and density. Two yellow cursors are used to approximate
the size of the dark core in the Coulomb crystal image.
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Appendix C

Mini-Circuits Radio-Frequency
Components

This section is intended as a short overview of the different radio-frequency (RF) com-
ponents used in the setup that drive the various acousto-optic modulator (AOM) in
the experiment. The setup is explained in detail in section 3.1.5. All the components
listed were bought from Mini-Circuits and model numbers are given below.

C.1 Voltage-Controlled Oscillator (VCO)
The radio-frequency used for the experiment is generated using voltage controlled
oscillators (VCO), model ZOS-300+. They are able to produce radio-frequency at
oscillation frequencies between 150 and 280 MHz, where the exact frequency is con-
trolled by a DC voltage potential at the control port. The DC control voltages are
supplied by either a dedicated power supply for the whole RF setup (in the case of RF
at the pushing and compensation frequency) or by the DAC card that also supplies
the DC voltages for the ion trap (in the case of the RF at cooling frequencies, allowing
easy tuning of the cooling detuning from the experiment computer).

C.2 Fixed and Voltage-Variable Attenuators
Fixed attenuators are used to reduce the RF power by a fixed amount and are used
to balance the RF power in the setup. They are used in various places in the setup,
but most importantly in front of the amplifiers to limit the RF power output to the
AOMs. As the AOM have an upper limit on the RF power that can be dissipated of
1 W, care needs to be taken not to connect too much power. The fixed attenuator
come in various levels of attenuation and have model number BW-SNW2+, where N
is an integer corresponding to their attenuation in dB.

Voltage-variable attenuators (VVA) are attenuators with a control port to allow
for tunable attenuation depending on the DC voltage potential applied. They are
used to control the power level of the RF at the pushing frequency, which controls
the intensity of the pushing laser beam. Additionally, VVAs are also used as on/off
switches, because at zero voltage applied to the control port the attenuation is over
30 dB, effectively blocking the RF. The model number of the VVAs used is ZX73-
2500-S+.
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C.3 Two-Way and Four-Way RF Splitter
Passive splitters have a single RF input, which is split equally into the desired amount
of outputs. They can also be used in reverse, where multiple RF sources are combined
into one single output. In our setup two-way (ZFRSC-42-S+) and four-way (ZB4PD1-
500-S+) splitters are used.

C.4 Single Pole Double Throw Switches
Single pole double throw (SPDT) switches have two RF inputs, one RF output, and
two control inputs. The SPDT switches have model number ZX80-DR230-S+. If
none of the control inputs is set to high, the output is grounded and setting either
one of the two control inputs to high results in the corresponding input being wired
to the output. They can also be used in reverse to route a single RF input to either
of the two throw ports.

C.5 Amplifiers
To get enough power into the AOM, the RF is amplified using broad-band amplifiers
with model number ZHL-1-2W-S+, which work from 5 to 500 MHz. These amplifiers
can produce up to 2 W of RF power, but the power limit of the AOM of 1 W should
not be exceeded. The output power is controlled using various fixed attenuators at
the input of the amplifier.
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