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Elastic and inelastic collisions in an atom-ion experiment

by Amir MAHDIAN

In our hybrid atom-ion experiment, we study the interaction of single ions immersed
in an ultracold cloud of Rb atoms. In this thesis, two main studies are presented. The
first part involves the collisional cooling of the Rb™ ion via ultracold atoms, while the
second part involves quantum chemistry and the reactive collisions of a Ba™ ion.

I describe and experimentally demonstrate swap cooling, a novel cooling mecha-
nism in a homo-nuclear atom ion system, which can be by orders of magnitude faster
than sympathetic cooling. Swap cooling exploits resonant charge exchange, to bring
about a cold ion in a single glancing collision. Experimental techniques are laid out
for direct observation of this cooling process in a Rb-Rb™ system, detailing how to
prepare a single ion in a well-defined kinetic energy state, let it interact with the atoms
for a deterministic time interval, and measure how quickly its energy drops. The
findings are theoretically explained and numerically confirmed using Monte Carlo
calculations. Moreover, using numerical simulations swap cooling is investigated for
multiple species, namely alkali and alkaline-earth metals, and its universal behaviour
is examined.

The inelastic and reactive collisions of a laser-cooled Ba™ ion when interacting
with ultracold Rb atoms is investigated. Experimental analyses and theoretical
discussions are provided to better understand collision dynamics. I will discuss and
experimentally investigate how the combined spin-state of colliding particles affects
the cross section of reactive processes and how preparing the reactants in specific
quantum states can suppress certain reaction channels. It is shown experimentally
that chemical reactions in our system can be almost completely shut off using the
hyperfine level of Rb atoms.
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Chapter 1

Introduction

1.1 History

At the end of the 19th century, physics had matured to a level that it was generally
accepted that all the important laws of physics had been discovered and that, hence-
forward, research would be mainly concerned with applying the already established
laws to the detailed explanations of the experiment [Mic94]. Classical mechanics was
proven to be able to explain complex problems regarding macroscopic systems, and
the conservation laws for energy and momentum (and mass) were widely accepted.
Thermodynamics and the kinetic theory of gases were well established, and Maxwell
equations made it possible to understand optics in terms of electromagnetic waves.
However, around 1900 serious doubts arose about the completeness of the classical
theories. Some theoretical formulations led to paradoxes when pushed to the limit to
explain certain physical phenomena, such as the energy distribution in blackbody
radiation and the photoelectric effect. These shortcomings were never to be resolved
within the framework of classical physics, and new ideas were required. At the
beginning of the 20th century, a signi cant revolution shook the world of physics,
ushering in a new era, generally referred to as modern physics. A fundamental part
of modern physics is guantum mechanics, which was developed in the mid-1920s
by Niels Bohr, Erwin Schrodinger, Werner Heisenberg, Max Born and others. By
1930, David Hilbert, Paul Dirac, and John von Neumann had further uni ed and
formalized quantum mechanics, focusing more on measurement, the statistical nature
of our knowledge of reality, and philosophical speculation on the 'observer'. Many
new disciplines have emerged since then, including quantum chemistry, quantum
electronics, quantum optics, and quantum information science.

The work on quantum coherence theory by R. J. Glauber [Gla63b; Gla63a], a Nobel
laureate in 2005, and the development of the laser theory by H. Haken, M. O. Scully,
and W. E. Lamb, a Nobel laureate in 1955, gave rise to theoretical quantum optics in
the 1960s. Following that, the topic has become a well-established area of physics
due to the high level of quantum engineering, i.e. the preparation, manipulation,
control, and detection of quantum systems developed and realized by atomic physics
and quantum optics. The development of wholly new areas of atomic physics and
quantum optics, such as atom optics [Mey01], as well as new frontiers in precision
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metrology and quantum engineering, has resulted from laser cooling and mechanical
manipulations of particles with light [MS03]. The Nobel Foundation recognized these
advancements in 1997, awarding the prize to S. Chu [Chu98], C. Cohen- Tannoudji
[CT98], and W. D. Phillips [Phi98] "for the development of methods to cool and trap
atoms with laser light." In 1995, laser cooling along with evaporative cooling enabled
the experimental realization of a new phase of matter, the Bose-Einstein condensed
(BEC) phase [And+95; Bra+95; Dav+95]. BEC was predicted by Einstein in the 1920s
based on certain original ideas by Bose, and its experimental con rmation in 1995
marked the start of a new era in the so-called AMO community, which includes
atomic, molecular, optical, and quantum optical physics. A few years later, in 1999,
atomic degenerate Fermi gases were realized [DJ99; Sch+01; Tru+01], clearing the
path for Fermi super uidity to be observed. Ultracold atomic and molecular systems
are now at the forefront of modern quantum physics and are regarded as the most
controllable systems for studying many-body physics. These systems are expected to
have a wide range of applications in quantum information and quantum metrology;,

as well as the potential to serve as quantum simulators.

After successful demonstration of cold ion trapping in 1980 using a quadrupole
trap [Neu+80], H.G. Dehmelt and W. Paul shared half of the Nobel Prize in Physics in
1989 "for the development of the ion trap technique”, which arguably set one of the
most signi cant benchmarks in the study of single-particle quantum systems *. Cirac
and Zoller proposed in 1995 [CZ95] that a quantum computer can be implemented
based on a string of cold ions con ned in a linear trap, where the electronic states
of the ions represent the quantum bits of information. Cold trapped ions were
then experimentally investigated to realize such scalable quantum gates using a
bottom-up approach [SK+03; Hom+09]. Being one of the leading contenders in the
experimental realization of quantum computers, the eld of trapped ions has seen
remarkable technological growth in the last two decades. As quantum coherence
in con ned ions has been made to be highly resistive to the external noise, many
research groups are working on more complex protocols and building up quantum
networks based on trapped ions [DM10; Bru+19]. Another fascinating new eld is
guantum simulation with trapped ions, which is based on Richard Feynman's original
idea of simulating Hamiltonians with a well-controlled quantum system [Fey82]. The

rst results showed that phonon-mediated ion-ion interactions can be used to build
multiple spin models in which the spin states correspond to the ion's internal states
[MWO1; PCO04]. Experimental works in using trapped ions as a test-bed for quantum
simulations have since been undergoing rapid development [Fri+08; Kim+10; Bar+11;
BR12]. Researchers have been able to apply quantum simulation with trapped ions to
a wide range of new phenomena. Experimental demonstration of a digital quantum
simulation of a lattice gauge theory on a few-qubit trapped-ion quantum computer
[Mar+16], observation of a discrete time crystal [Zha+17a], generating many-body

IN. F. Ramsey received the other half of the prize that year “for the invention of the separated
oscillatory elds method and its use in the hydrogen maser and other atomic clocks".
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localization states in a quantum simulator with programmable random disorder
[Smi+16], and studying non-equilibrium dynamics in the transverse- eld Ising model
with long-range interactions [Zha+17b] are but a few examples. Cold trapped ions
have even been used to investigate statistical mechanics in quantum systems [Clo+16;
Ney+17; EFG15] and to study thermodynamics to the limit of single atoms.

The technological advancement that pushed the two elds of ultracold gases
and trapped ions forward has inspired scientists at the beginning of the 21st century
to combine these two well-established and controllable systems and study their
interaction. Various theoretical investigations into atom-ion interactions moved the
focus towards the ultracold regime at the turn of the third millennium, with an eye on
the near-term potential applications. Studies of charge transfer and total elastic cross
sections in ultracold atom-ion collisions [CD0O0] were followed by the investigation
of charge mobilities in an ultracold gas [C 00] and near resonant charge exchange
[BZDO08]. The promise of having a different inter-particle interaction than what has
been used by then, with neutrals or ions only, fuelled the new research eld. Due to
the polarization potential between an atom and an ion with an r # dependence at
large distances [Lan05], it was proposed to use hybrid atom-ion systems as a testbed
for studying strongly correlated many-body processes [CKL02; Goo+10; CTD11;
MPSO05], as a quantum gate [DIC10; ICZ07], or to emulate solid-state physics [Bis+13].
A quantum theory to study atom-ion scattering in the ultracold regime was also
developed, predicting shape and Feshbach resonances at nite temperatures [CDOO;
Idz+09; I1dz+11] and providing a universal bound spectrum for atom-ion systems
[Gaol0]. Moreover, sympathetic cooling of ions via collisions with ultracold atoms
was theoretically investigated [Mak+03; Kry+11; Hud09].

As the theoretical studies into atom-ion collisions were building up, several
experiments were being set up to explore the new eld. In 2006, the rst progress
report on a hybrid atom-ion experiment was published [SMLO0O5]. Soon after, such
systems were experimentally realized, and one of the rst topics studied was cold
elastic collisions between trapped ions and trapped atoms in the semiclassical regime
[Gri+09; Zip+10a; SHD10; Haz+13]. Collisional cooling of atomic [Zip+11; Rav+12;
Har+12; Siv+12] and molecular [Rel+13] ions immersed in a bath of ultracold neutral
atoms was demonstrated. Hybrid atom-ion experiments have also entered the realm
of quantum chemistry by studying inelastic and reactive collisions. Charge transfer
[Gri+09; SHD10; Rel+11; Hal+11; HW12; Smi+14; Haz+15; Sik+18b], molecular
formation [Hal+11; Rel+11; Sul+12; Har+13b; Hal+13b; Hal+13a; Sar+16; Moh+21],
and spin-exchange [Rat+13; Fur+18; Sik+18a] were studied in inelastic two-body
collisions for several species.

Many novel phenomena were explored as the new research eld progressed
towards experimental maturity. To name a few, three-body-recombination in atom-
atom-ion collisions [Har+12], non-equilibrium dynamics [Zip+11] and the micromo-
tion induced power-law energy distribution of the ion [Mei+16], using ion-induced
atom loss [Zip+10a] to detect the density pro le of the atomic cloud [SHD10] or
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minimize excess micromotion [SHD10; Zip+10b; Har+13a; Moh+19] were reported.
Moreover, bifurcation of ion energies [Sch+16], interactions between trapped ions
and ultracold Rydberg atoms [Ewa+19], buffer gas cooling of a trapped ion to the
quantum regime [Fel+20], long-range versus short-range effects in cold molecular
ion-neutral collisions [Dor+19], and swap cooling [Rav+12; DR18; MKD21] were
investigated.

Furthermore, full control of two independent subsystems in hybrid atom-ion
experiments allowed for controlled chemistry employing a variety of methods to
manipulate reactive and chemical processes. The energy dependence of inelastic and
reactive collisions was experimentally studied [Gri+09; Zip+10b; Hal+13a; Krli+16a;
Ebe+16]. Tuning the reaction rates of trapped ions with ultracold neutral atoms by
exerting control over both their quantum states was investigated. This comprises
research into different electronic states of the reactants [Hal+11; HW12; Rat+12;
Sul+12; Haz+15], as well as preparation in different spin states [Sik+18b; Sik+18a]
and external eld control [Sik+18a]. Moreover, Feshbach resonances between a single
ion and ultracold atoms were observed, allowing to tune the rate of both three-body
reactions and two-body sympathetic cooling [Wec+21].

[HHD14; SK14; Will5] provide an overview of the burgeoning eld of hybrid
atom-ion experiments. A more recent and comprehensive review of the theoretical
and experimental progress in research on cold hybrid ion-atom systems is given in
[Tom+19].

1.2 Outline of the thesis

The structure of this thesis is as follows:

In the remaining part of this chapter, | will give a brief overview of the hybrid
atom-ion experiment in Ulm, using which | have been able to perform the measure-
ments presented in the current thesis.

The purpose of chapter 2 is to provide a short overview of the fundamental theo-
retical concepts and formulas that are pertinent to the study of atom-ion interactions.
The focus here is on atom-ion collisions and various elastic and inelastic processes
that can in principle occur, rather than established cooling and trapping techniques
for each given system.

In chapter 3, | present direct experimental evidence for "swap cooling," a novel
and swift cooling process in which a hot ion can lose nearly all of its kinetic energy in
a single collision with an ultracold atom. Swap cooling can be by orders of magnitude
more ef cient than conventional buffer gas cooling. In a nutshell, the hot ion and
the ultracold atom swap their identities in a collision where merely an electron is
exchanged.

Chapter 4 further elaborates on swap cooling using numerical simulations. To
show the universality of the process, the calculations are extended to include several
species. Moreover, geometrical con gurations of the trapping potentials and the
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energy ranges that were not empirically accessible in our experiment are numerically
investigated.

Chapter 5 involves controlled chemistry in atom ion collisions using the initial
guantum states of the reactants. | look at the reaction rate of a cold Ba® ion in an
ultracold cloud of Rb atoms. The experimental results reveal that by preparing the Rb
atoms in different hyper ne states, the reactive process can be virtually completely
controlled. | also provide theoretical justi cations for the obtained results.

Chapter 6 provides a short summary of the thesis and suggests an outline for
future investigations.

1.3 Atom-ion experiment in Ulm

Our Ulm experiment is one of the few hybrid atom-ion traps which allows studying
the interaction between degenerate atomic samples and single ionic species. As the
apparatus has been in operation since 2009, detailed descriptions of the machine and
its working concept are available elsewhere [Sch+12; Sch12; Har13]. Therefore, | only
review the main characteristics of the set-up and the vacuum system.

The vacuum system comprises three connected chambers named MOT, BEC,
and science chamber after their respective functions (see Fig. 1.1). The chambers
are separated so that the optical access to the science chamber is maximized, and
the mutual electromagnetic disturbance between the atom and the ion system is
suppressed. The sequence of preparing ultracold atoms starts with few seconds
of loading 8’Rb atoms into a magneto-optical trap (MOT) from the background
vapour at a pressure of about Pyor 10 ° mbar. This process is followed by optical
molasses, which further cools down the atoms. Depending on the polarization of
one of the laser beams, atoms are then pumped into one of thejF = 1,mg = 1ig,
or jF= 2,mg = 2i,, states. The atoms in one of the said magnetically trappable
spin states are subsequently transported to the BEC chamber by means of magnetic
transport, resulting in a purely spin-polarized ensemble of atoms. The pressure in
the BEC chamber is almost two orders of magnitude lower than the MOT chamber,
allowing for the evaporative cooling down to the Bose-Einstein condensation (BEC).
In the BEC chamber, the atom cloud is held in a combined magnetic and optical
dipole trap. After an initial evaporative cooling in the magnetic quadrupole trap,
atoms are cold enough to be only con ned by the optical dipole trap. This process
ensures high atom number stability when set up appropriately [Kri17]. If required,
we can continue with the evaporative cooling in the optical trap to reach the sub K
regime and attain BEC. In the next step, the ultracold atom cloud is loaded into a
one-dimensional optical lattice consisting of two counter-propagating laser beams.
By changing the frequency of one of the laser beams, the atoms will be vertically
transported from the BEC chamber to the science chamber. A crossed optical dipole
trap is employed to con ne the atoms in the science chamber at a nal position
chosen to be the centre of the Paul trap, which allows atom-ion experiments to be
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FIGURE 1.1: Schematic drawing of the atom-ion experiment in Ulm.

Shown are the three vacuum chambers, each labelled according to its

role: MOT, BEC, and Science chamber. Magnetic transport is used to

bring the Rubidium atom cloud from the MOT to the BEC chamber,

from which it can be optically transported to the Science chamber. The

upper right image depicts a zoomed in picture of the linear Paul trap
in the science chamber, used to trap ions.

performed. Time of ight (TOF) absorption imaging is used to determine the number
and temperature of the atomic cloud.

Now, | continue with a brief representation of the ion system. The ions are
trapped in a linear Paul trap, shown schematically in the top-right of gure 1.1.
Our Paul trap consists of four blades known as RF-electrodes, which con ne the
ion radially by producing an oscillating quadrupole electric eld. The net result
of the oscillating electromagnetic eld will be a (near) harmonic trapping potential
in the radial direction [Ber+98]. Two end-cap electrodes with static potentials are
used for axial con nement of the ion. Additionally, four compensation electrodes
can apply DC electric elds in the radial direction of the Paul trap to centre the
ion at the minimum of the RF trapping potential. This way, the undesired excess
micromotion can be suppressed [Ber+98], ensuring cold and controlled collision
energies. Alternatively, an intentional DC eld can be applied to shift the ion radially
as a means to control the collision energy [Kri+16a]. We typically work with single
138Ba* or 8’Rb* ions. Ba' ions are produced by two-photon ionization of the neutral
Barium atoms. They are then laser-cooled down to the Doppler-cooling limit. Rb
ions are produced indirectly from neutral Rb atoms [Har+13b]. Moreover, we can
create Rtg and BaRb" molecular ions [Moh+21]. In a typical atom-ion experiment,
before loading the atom cloud, the ion is axially shifted from the centre of the Paul trap
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to prevent unwanted atom-ion interactions. The measurement starts with overlapping
the two trapping potentials and immersing the ion into the ultracold atoms.






Chapter 2

Theoretical background

2.1 Atom-ion interaction

The rich physics and chemistry in hybrid atom-ion systems, some of which was listed
in chapter 1, rely essentially on the nature of the interaction of charged particles
with ultracold neutral atoms. The interaction potential between colliding particles
depends on the characteristics of the species. The long-range part of the interaction
potential V (r), where r is the inter-particle distance, can be formulated as [DO18]
V=3 & 21)
n=1
where C, are long-range coef cients which can be derived from the multipole expan-
sion of the interspecies interaction operator. It is apparent from equation 2.1 that the
potential originating from successively higher n falls off increasingly rapidly with
distance, indicating that terms with smaller n progressively dominate the potential
at long-range. In most cases, it suf ces to truncate equation 2.1 to only include the
dominant term. lons mainly interact with the strong and long-range Coulomb poten-
tial, which has an r ' dependency. The interaction of polarizable neutral atoms in
the electronic ground state is determined by induced dipole moments, resulting in
anr % (mostly) attractive van der Waals potential. In atom-ion collisions, the effect
of the ion's electric eld #r) = €& (4peor?) on the polarizable atom dominates the
interaction potential. Here, eis the elementary charge, gy the vacuum permittivity and
r the separation between atom and ion. The electric charge induces a dipole moment
p(r) = a#(r) in an atom with polarizability a. The induced dipole feels an attractive
force towards the ion due to the inhomogeneity of the eld. The polarization potential
thus characterizes the atom-ion interaction,

& i Cy

-— 1 -— -
Vpol(r) = ép(r)#(r)— (4peg)22rd = 14 (2.2)

with 1 C4 = ﬁ(alz).

in atomic units C, = a/ 2. It should also be noted that in some literature, see e.g. [CDOO], the

polarization potential is de ned as V(1) = % which leads to a C,4 that differs in a factor of two
with what is given here.
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The internal spin state of the particles turns out to be relevant if they get close
enough for their spins to interact. Therefore, spin orientations become inconsequential
for interacting ions but notable when neutral atoms collide, owing to the distinct
range characteristics of the two potentials. The atom-ion polarization potential is a
middle ground that allows for both long-range interactions and the internal spin state
of the particles to be of signi cance. This topic will be explored in further depth in
chapter 5.

2.2 Classical two-body scattering

The collision of two (structureless) particles that interact via a spherically symmetric
potential V(r) is discussed in this section. The collision is elastic, meaning the total
kinetic energy of the particles before and after the collision is conserved, as there are
no internal degrees of freedom that could exchange energy with the translational
degrees of freedom. The following is mainly adopted from [HHO8].

FIGURE 2.1: Schematic drawing of classical two-body scattering in
the centre of mass reference frame. A particle with reduced mass m
and initial relative velocity vg is scattered from a xed centre, shown
by a red circle. Polar coordinates (r,q), can be used to describe the
motion. The impact parameter is de ned as the perpendicular distance
between the path of the projectile and the centre of scattering. The
distance of the closest approach is shown by r¢. The de ection angle ¢
is the deviation from the incident straight-line path due to scattering.

The dynamics of the two-body collision can be divided into centre-of-mass motion
and relative motion with the reduced mass of the two particles m= mamg/ (mp +
mg). As depicted in gure 2.1, the collision can be thought of as the scattering of
a particle with the reduced mass mand the initial relative velocity v from a xed
centre (shown by a red circle in Fig. 2.1). The de ection angle of the trajectory c¢
is the deviation from the incident straight-line path due to attracting and repulsive
forces. The de ection angle describes the outcome of the elastic collision and is the
main quantity to be determined. Since the collision is elastic, the kinetic energy in
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the relative motion is conserved. Moreover, the interaction's spherical symmetry
implies that the angular momentum of the relative motion is conserved. As a result,
the collision will take place in the plane de ned by the initial values of the radius
and momentum vectors. This means that the relative motion may be described
using only two coordinates which here are chosen to be the polar coordinates in the
plane (r, ). The total energy associated with the relative motion, also known as the
collision energy, can be written as E.o; = ( 1/ 2)mv? + 2'-—[;2 + V(r) in which v = dr/ dt
and L = mr2dg/ dt. The collision energy Eco = ( 1/ 2)mv3 and the magnitude of the
angular momentum L = ntvgsin g are constants of motion, where vy is the relative
speed prior to the collision and qis the angle betweenr and vo. An impact parameter
can be de ned as b = rsing, and therefore, L = mib= b 2nEg,.

It is useful to de ne an effective potential as

L? E
°r°2'bz. (2.3)

Vere(r) V(N + 55 = V(N+

Figure 2.2 shows the long-range part of the effective potential for an arbitrary (attrac-
tive) potential V(r) for three different values of L,lg= 0< Iy < . If Egoi = Ves4(r)
has a real-valued positive solution for r, then there will be a distance of the closest ap-
proach r for the total energy E., for which dr/ dt = 0. Evidently, such a solution, i.e.,
a turning point, will always exist for a potential with a repulsive part. For non-zero
impact parameters, turning points may also exist in the attractive part of the potential,
where V (r) < 0. Due to the centrifugal energy, a barrier can appear in the effective
potential when b > 0. In gure 2.2 the maximum of the effective potential for two
different angular momentums, corresponding to two different impact parameters,
happen atr = ro(L). The collision energy is higher than the centrifugal barrier for
the effective potential corresponding to L = I;. Therefore, the particles can have a
close encounter and experience the short-range part of the potential (not shown in the
graph). For L = I, on the other hand, the intersection between E.y and the potential
barrier determines the distance of the closest approach, r¢(l2), which is the classical
turning point of the collision.

In order to obtain an expression for the de ection angle, one notes that q(t) =
¢ 2dt. Sinceq(t ! ¥) = 0, and given that dr/ dt = O at Eco = Ver(r), itis
straightforward to show

t

z

r
o= b ! F

p dr
¥ 12 1 72 V() Ec

As said above, for potentials with a repulsive part, a distance of the closest approach
r = rc will exist with the corresponding angle g = ¢. It can be shown [HHO8] that
the trajectory is symmetric around a line at q = .. Since a non-de ected trajectory
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FIGURE 2.2: Long-range part of a classical effective potential according
to equation 2.3 for an arbitrary attractive potential V(r) for three
different values of L,lg = 0< |1 < I,. The maximum of the effective
potential happens at ro(L). The intersection of E;y and the Ve'-ff(r)
gives the distance of the closest approach, shown byre. If the collision
energy is higher than the maximum of the centrifugal barrier, as is the

case forlg and |1, the particles will have a close encounter, experiencing

the short-range part of the potential (not shown here).

corresponds to g = p the de ection angle is de ned as

n dr 2.4
I'e I’ZP 1 b2/ I’2 V(I’)/ Ecol ( )

C(Econb)=p 20=p 2b

Therefore, the de ection angle depends on the impact parameter and the collision
energy Eco.

2.2.1 Classical cross section

Before de ning the classical collision cross section, one needs to clarify what a "col-
lision" means. Classically, a collision is said to take place whenever two particles
exert a force on one another in the framework of Newton's mechanics [Lev05]. A
chemical reaction could occur as a result of the collision, or the two patrticles could
just be deviated off their uninterrupted straight-line trajectory, or anything in be-
tween. Whatever the outcome, a collision is considered to have occurred when a force
due to the potential acted. This force does not have to be repulsive, and in fact, the
long-range part of the force is generally weakly attractive. Now, the cross-section can
be de ned as the area that the relative motion of the particles must cross in a plane
perpendicular to the initial velocity, in order for a collision to occur.

As shown in gure 2.1, the impact parameter is de ned in a perpendicular plane
to the initial velocity vg. Consider a circular target region in that plane, the centre
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of which is at b = 0. A collision with an impact parameter in the range bto b+ db
must pass through a ring with a radius of band a width of dbto cross the target. Such
a ring has an area of 2p bdh Therefore, the differential collision cross section reads
ds = 2pbdh The total collision cross section is then the integral over all the values of
b that lead to a collision Z

s=2p P(b)bdb

where P(b) is the opacity function, which determines the probability that a particular
trajectory will lead to the process in question.

2.3 Elastic cross section

Here, | give an overview of the quantum theory of elastic collisions, which is the
most basic type of collisional process. In the context of this thesis, elastic collisions
are of relevance for the sympathetic cooling of ions by ultracold atoms. The collision
of two structureless particles via a spherically symmetric potential V (r), which tends
asymptotically to zero more rapidly than 1/ r, is considered. It is convenient to use
the centre of mass (COM) coordinate systems in which the Schrédinger equation of
the relative particle reads

ﬁZ
[ o2 + VDl () = Ecoy (r)

where mis the reduced mass, and the collision energy E.o,; = 1/ 2mv2. In particular,
if V(r) approaches zero asymptotically faster than 1/ r, this equation possesses an
eigensolution of energy E.q with asymptotic behaviour [MT61]

exp(ik.r) + f(vv)e"pf'kr) (2.5)
in which k = nv/ his the wave vector of the relative particle. The term exp(ik.r)
can be interpreted as a beam of monoenergetic particles with momentum hk and
density 1 that represents the incident beam. The expressionf(W)M refers to a
radial beam of particles emitted from the scattering centre, representing the scattered
particles. According to this interpretation [MT61], the number of particles emitted
per unit time into the solid angle dW in the direction Wis equal to the ux of scattered
particles through a spherical surface element with a very large radius that subtends
the solid angle (W, W+ dw), namely (hk/ m) f(W)2dW. The scattering cross section is

obtained upon dividing by the incident ux J= hk/ m

s(W) = jE(W)j2. (2.6)

f(W) is called the scattering amplitude.
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2.3.1 Decomposition into partial waves

In order to calculate the cross section, the asymptotic form of the stationary scattering
wave Y is needed, which can be obtained by solving the Schrédinger equation in
spherical coordinates. Since the axis of the rotational symmetry of the problem is the
direction of the incident wave vector k, we take it as the polar axis. Then, the wave
function y and the scattering amplitude f are independent of f. Expanding in terms
of the complete set of Legendre Polynomials reads

y(.a) = & 27 (cosq @7)
|

f(g) = & fiR(cosq) (2.8)
|
where vy, is a regular solution of the radial equation

d2
dr?

11+ 1) 20v(r)
2

+ (K2
(e S5 T

[ My = 0, (2.9)

and its asymptotic form reads [MT61]

. 1
Vi, @ sin (kr éIp +d). (2.10)

Here, d is the phase shift, and the normalization constant g is adjusted so thaty (r, Q)
has the required asymptotic behaviour. One can also write the asymptotic form of
the wave function y (see eq. 2.5) in terms of a series of Legendre polynomials:

) é’kr o ékr
e+ f@——=8 (@+Dilik)+ fi—— P(cosq).
|

Here, j;(kr) is the regular spherical Bessel function. Taking the asymptotic form of
ji (kr) into account [AS68], one can rewrite this expression by separating the incoming
and outgoing waves

o 20+ 1 . 20+ 1 :
ry(ng) & ()*15—el+ —~+ f, & R(cosq).
| 2ik 2ik

The term in brackets in the right-hand side must be equal to the asymptotic form of
y1. This condition uniquely identies & and allow for writing f| as a function of the

phase shift.

20+ 1
d
k e

+ .
f = 2 % 1éd sind,.
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Upon substituting this expression in eq. 2.8, f(q) is obtained as a function of the
phase shift d

f(q) = 1/ ké (21 + 1)€% sin d P (cosq) (2.11)
1=0

In order to obtain an intuitive interpretation of the phase shift, one can compare
the asymptotic form of y; with the corresponding expression of the function (2| +
1)i'j;(kr). The former is the component of angular momentum | of the stationary
state of the scattering, while the latter represents the component of the same angular
momentum of the plane wave exp (ik.r). We have

y (@+ )N

r 2ikr

( )|+1e ikr+ eZidé'krl ,
2I2T< 1h( )i+ 1g ik g eikrl _
ikr

They are both superposition of the same intensity, incoming and outgoing waves.

(21 + )i'ji (k)

The incoming wave for both functions is exactly the same. The phase factor exp(2id)
distinguishes the outgoing wave of the stationary state of scattering from that of the
plane wave, meaning that the effect of the scattering potential is shifting the phase of
each outgoing partial wave.

The differential cross section is obtained from the square modulus of f(q), which
is then integrated over the angles (g, f ) to provide the total cross section sio;. Keeping
in mind the orthogonality of the Legendre polynomials, one obtains

4p o 2
Stot = 17 @ (21 + 1) sin“q (2.12)
1=0

in which each term 4
s = kiz’(zl + 1) sin?d (2.13)

represents the contribution of the corresponding angular momentum | to the scatter-
ing cross section. Evidently, the inequality s, %(ZI + 1) holds.

2.4 Semi-classical interpretation

As in section 2.3 the collision of a classical particle with mass min a central force eld
is considered. The following is mainly adopted from [MT61]. The incident particle's
energy is setto E = p%/ 2m, where pp is the magnitude of the initial momentum.
Each trajectory may be identi ed by its impact parameter b, which is de ned as
the distance between the centre of force C and the straight line holding the initial
momentum po. The angular momentum L is a constant of motion in such a collision,
and is directly proportionalto b, i.e.L = bp.
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If the force eld has a nite range rg, meaning that V(r) = Ofor r > rq, then
whether the incident particle is de ected or not is determined by whether b< rgor
b > rg. Only a suf ciently small angular momentum leads to a de ection.

A quantum collision differs from a classical collision in that it is fundamentally a
wave phenomenon. However, if beyond a certain distance r,, the scattering potential
V (r) is negligible (but not necessarily zero) the effect is similar to the scattering of a
beam of classical particles by a potential of nite range r,. Therefore, in general, if
I/ kK ro, the contribution of the Ith partial wave s, is negligible. On the other hand,
s; may assume all values between zero and its maximum %(ZI +1),if I/ k< rp.

In classical scattering, those particles whose impact parameter vary from 1/ k to
(I + 1)/ k, and thus whose angular momentum range from Ihto (I + 1)h, make up the
portion of the beam that corresponds to the Ith partial wave. Keeping the formulation
of the classical cross section in mind, the contribution s; vanishesif I/ k> rg, assumes
Z(2+ 1) if (1 + 1)/ k< ro, and takes on some intermediate value if rg lies between
I/ kand (I + 1)/ k.

The following semi-quantitative argument underpins the preceding rule for
guantum-mechanical scattering. The incident wave can be thought of as a superposi-
tion of spherical waves of given angular momenta. The radial portion of the term
corresponding to the partial wave of angular momentum | is proportional to j, (kr),
resulting in a relative probability density of r2j2(kr) in the spherical shell (r,r + dr).
Aslongasr < I(I+ 1)/ kthis density is very low, and it oscillates between 0 and

1whenr > " I(I+ 1)/ k. If rg < I/ k, the wave essentially does not enter the region
of strong potential; thus, there is minimal possibility that the presence of the potential
will have a signi cant impact on the wave.

2.4.1 Elastic atom-ion collisions

The quantum mechanical elastic cross section is already presented in equation 2.12
with the phase shift d resulting from the scattering potential for a given partial
wave | and wavenumber k. In principle, this formula can be applied to scattering
inany eld V(r) that vanishes at in nity. The use of this formula requires simply
a study of the features of phase shift d [LLM91]. For atom-ion interactions at low
temperature (ImK. T . 1K), however, numerous partial waves contribute to the
scattering observables. As a result, a semi-classical approach to describing the elastic
cross section for hybrid atom-ion systems may be viable.

Within the semi-classical scattering framework, and for a suf ciently large value
of |, the phase shift can be shown to be [LLM91]

mz ¥ V(r)dr
R ore K (1+ 1/2)2 12

g (2.14)

where the Langer correction, i.e. (I + 1) ! (I + 1/ 2)?, is assumed. The lower limit of
the integral r. represents the outer classical turning point (see Fig. 2.2), and its order
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of magnitudeis ro I/ k. If | 1, equation 2.14 can be solved using the atom-ion
long-range interaction of 2V (r) =  C4/2 r* which yields [CDOO]

pmCy k2

d o (2.15)

Substituting eq. 2.15 into eq. 2.12 gives an analytical expression of the elastic cross
section for neutral-ion collisions with a polarization interaction. However, this stage
requires some consideration [R20]. It should be mentioned that the semi-classical
opacity agrees quite well with its quantal counterpart for large values of | down
to a certain value, | = L, where some discrepancies arise. Asl decreases belowL,
the semi-classical and quantal opacities as a function of | reveal rapid oscillatory
behaviour. Therefore, for | < L, sin®d may be approximated by its averaged value of
1/2, which is generally referred to as the random phase approximation. Therefore,
the cross section may be given as

dp o . 2p 4p Z x .
Sel(Ecol) = 1@ a (21 + 1) sin®*(d(K)) ' WLZ"‘ e . 2I'sin®(d(k))dl, (2.16)
|

and assuming that for | > L the phase shifts are small so that sind  d, we have

2
Sel(Eoa) 5 L2 1+ E(K) . (2.17)
The value of L depends on the system under consideration and the collision energy.
However, it turns out that a reasonable choice for L is such that d (k) = p/ 4 (or
sin®d = 1/2) [CD00]. Then, the semi-classical cross section reads

o 13 2

Sa(Bea) = p ot 1t b B, (2.18)
This expression shows that the elastic cross section for atom-ion collisions has a
weaker energy dependency than the Langevin model (1 Ecoll’z, as will be seen in
section 2.6). The said semi-classical approach is often suf cient to represent elastic
collisions for collision energies in the region of ( ImK. E., . 1K), which is commonly
accessed in atom-ion experiments. In ref. [Hud09], the Eikonal approximation is used
to outline an alternate derivation of the elastic ion-neutral scattering cross section. In
many cases, one can also use the Langevin rate to approximate the elastic atom-ion
collision rate [Zip+11; CSH14; RW15] (see section 2.6).

2.5 Inelastic collisions

Collisions that induce a change in the internal quantum state of at least one of the
colliding partners are termed inelastic collisions. They play a signi cant role in

2please note that the interaction potential is presented here following the given reference, which
differs from what is de ned in section 2.1 in a factor of two.
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many circumstances, ranging from buffer-gas cooling of internal degrees of freedom
[Rel+13; Han+14; WLF19] to energy transfer in astrochemical environments : see e.g.
[Ham+07; GC+14]. Furthermore, the time scales of the available inelastic channels
establish a natural time restriction on the systems in which elastic collisions are of
interest. Apart from the evident example of sympathetic cooling via elastic collisions,
many-body proposals for atom-ion systems, such as the mesoscopic molecular ion
[CKLO2] or polaron formation [CTD11], exemplify this. Since only the long-range
interaction is considered in such proposals, it is very unlikely that the generated
many-body state will be the absolute ground state of the combined system. Any
transition to a lower-lying state due to an inelastic collision would release energy,
posing a threat to the many-body system's sustainability.

Spin ips, or hyper ne transitions in general, are well-known examples of inelastic
collisions in ultracold atoms. Spin exchange can occur during a collision if the
colliding particles are not in the spin stretched states. The energy difference between
the associated states will be released, resulting in a heating or loss mechanism. Spin
exchange and spin relaxation can also happen in cold atom-ion collisions and has
been experimentally investigated [Rat+13; Fur+18; Sik+18a; Sik+18b].

In cold ion-neutral systems, a plethora of inelastic and reactive processes have
been anticipated and observed [SHD10; Zip+10b; Har+12; HHD14; Sul+12; Rel+11;
Rel+13; Rat+12; Rav+12; Hal+13a; Hal+11; Hal+13b; HW12; Jr+15; Tom+19]. Only
two chemical reactions, however, are conceivable in atomic ion-neutral collisions:
charge transfer (A* + B! A+ B*) and association (A* + B! AB"*). Charge
transfer can either happen due to nonradiative or radiative couplings of potential
energy curves (PECs). Association requires a third particle, be it an extra atom
(A" + B+ M! AB" + M)oraphoton (e.g. A* + B! AB* + hn) to ensure energy
and momentum conservation. Atom-atom-ion three-body recombination is reported
to be the dominant reactive channel in our experiment [Har+12; Kru+16b], which
exploits high-density ( 10*m 2) atomic clouds con ned in an optical dipole trap.
However, many atom-ion experiments use a magneto-optical trap (MOT) with atomic
densities of  10®m 3 in which associative collisions are assumed to be radiative
[Tom+19].

Resonant charge exchange (RCEXx) in homonuclear atom-ion collisions A* + A !
A+ A*)is a prominent example of nonradiative charge transfer. RCEXx is expected
to happen at a rate several orders of magnitude larger than charge transfer in most
heteronuclear systems, as the entrance and scattering channels are the same in the
resonant case. It has been measured in arYb  Yb* system in the ultracold regime,
with a rate constant explained by the Langevin capture probability [Gri+09]. Due to
its importance in the current thesis, a more detailed account of the theory of resonant
charge exchange (RCEXx) will be presented separately in section 2.7.

Nonradiative charge transfer (nRCT) for a more general case of heteronuclear
atom-ion collisions is schematically represented in gure 2.3 by the transition A" +
B! A+ B*.nRCTis an inelastic process in which the charge hops from one atom
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into the other via an avoided crossing between the relevant electronic states. A closer
look at the potential energy curves is presented in the following to acquire a better
understanding of this process.

The two adiabatic potential energy curves (APECs) labelled V{2 and Vi in gure
2.3 divide the involved energy space into four regions [Yan+20]. If the nonadiabatic
electronic couplings between the two APECs are insigni cant, regions | and I11 will
be the bound and continuum regions of potential V72, respectively. And region IV will
contain both the continuum states of potential V and the bound states of potential V3!
independent of one another. Quasi-bound states can be formed in region Il due to the
potential barrier. These temporary quasi-bound states would decay into continuums
by tunnelling and are known as shape resonances.

FIGURE 2.3: Schematic representation of nRCT (see the text). Two
adiabatic potential energy curves are shown with solid lines, with
nonadiabatic couplings represented by dashed lines. The system en-
ters the upper (red) adiabatic curve as A* + B. Due to the nonadiabatic
couplings between the entrance curve and the lower lying adiabatic
curve which corresponds to the charge transfer asymptote A + B*, the
charge can hop from one atom into another at the avoided crossing be-
tween the curves. Four different regions are depicted the explanation
of which can be found in the text.

In the case of a system with sizable nonadiabatic electronic couplings, region
| remains the bound state region, primarily related to potential V2, and the quasi-
bound states in region |1 are modi ed by the electronic couplings. However, in region
IV, the bound states of potential V' can no longer be sustained due to electronic
couplings, and they leak or decay into continuum states of potential V2. These states
are known as Feshbach resonances, or Fano resonances, and are interpreted as the
result of interactions between bound and continuum channels.
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In gure 2.3 the system enters as A* + B on a curve that corresponds to the
experiment's collision channel. This entry curve interacts with a charge transfer state
with the asymptote A + B*, which is assumed to have the same spin multiplicity
and symmetry and hence undergoes an avoided crossing. The system may pass
through this avoided crossing in an adiabatic (staying on the same adiabatic curve)
or nonadiabatic, i.e., jumping over the avoided crossing and onto the other adiabatic
curve, manner. In the latter case, a charge transfer has taken place. The probability of
a nonadiabatic transition P,5 can be approximated within the Landau-Zener model
to give [Wit05]

Pra = exp( 2Wadtq).

The parameter w,q is a characteristic frequency. For example, at the crossing point, it
is the Rabi frequency with which the system oscillates between diabatic potentials
(shown by dotted curves in Fig. 2.3). The parameter t 4 is a measure of the duration
of the interaction.

2.5.1 Radiative processes

Radiative chemical reactions can have signi cant importance in cold and dilute envi-

ronments like the interstellar medium or cold atom-ion experiments [Kim+93; ZD90;

SLD98; DDY90; BHO6]. In addition to photoexcitation and photoionization which are

driven by the radiation eld, collisional radiative processes such as radiative charge

transfer (RCT) and radiative association (RA) may become relevant in atom-ion
chemistry at ultracold temperatures.

When ions and neutrals collide, the collision complex may emit a photon to
populate levels associated with lower-lying molecular potential surfaces. When
the ion's electron af nity (related to the ionization energy of its neutral precursor)
is greater than the ionization energy of the neutral collision partner, RCT and RA
can occur, (see Fig. 2.4). In such cases, lower-lying electronic states of the collision
system must always connect to charge-transfer asymptotes, i.e., asymptotes where
the charge has been exchanged between the collision partners. In gure 2.4, if
the emission populates a continuum, the scattering results in the dissociation of
the collision complex along the charge transfer asymptote, a process referred to as
radiative charge transfer (RCT). Radiative association (RA) is a related process in
which the spontaneous emission of the initial scattering state leads to the formation of
amolecularion,i.e. A* + B! AB* + hn, through decaying to one of the lower-lying
bound levels.

Mathematical descriptions of the quantum mechanical cross sections for RCT and
RA can be found in [ZD90; Hal+13a; Jr+15]. Here, suf ce it to say that apart from
transition selection rules, the ef ciency of these radiative processes is determined
by two main factors: the cube of the emitted photon's frequency and the specic
Frank-Condon factors (FCFs). The latter refers to the degree of overlap between the
wave functions corresponding to the states in the upper and lower curves, assuming
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FIGURE 2.4: Schematic representation of radiative processes in atom-

ion collisions. In radiative charge transfer (RCT), the collision complex

populates a continuum in a lower-lying electronic state by emitting a

photon. Radiative association (RA) is a process in which the sponta-

neous emission of the initial scattering state leads to the formation of
a molecular ion in one of the rovibrational levels.

a vertical transition (i.e. instantaneous on the timescale of nuclear motion). The FCFs,
and hence the relative ef ciency of RCT and RA, highly depend on the speci ¢ shape
of the potential energy curves and vary signi cantly from case to case.

2.6 Capture models

Although reactive collisions can theoretically be addressed using quantum scattering
theory, the computation of involved integrals are often cumbersome, even for small
systems. However, a number of simpli ed approximate treatments for ion-neutral
collisions have been established that do not require complex numerical calculations
and may be applied to large systems. Barrierless ion-neutral reactions are frequently
modelled within the realm of capture theories. In capture models, the reaction rate
is determined by the long-range tale of the interaction potential that leads to the
capture of collision partners, while the short-range reaction probability is assumed to
be unity [DO18]. This indicates, classically, that all trajectories that pass through the
centrifugal potential barrier are inward-spiralling and lead to a reaction [GS58] (see
Fig. 2.5).

Substituting the long-range interaction potential from equation 2.1 into equation
2.3, the effective potential of the collision for partial wave | will be

12 Cn

_—  — 2.19
2nmr2 " ( )

Véff(r) =
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FIGURE 2.5: Schematic classical trajectories in atom-ion collisions. If
the impact parameter is larger than a critical value by, collisions only
lead to glancing collisions with a weak de ection of the colliding part-
ners. The particles enter an inward-spiralling trajectory with impact
parameters below by, resulting in a short-range collision.

The classical cross section using the capture model can be derived forn > 2 as
follows [DO18]. First, we nd the position of the maximum of the effective potential
ro (see Fig. 2.2) by differentiating equation 2.19

1
nm. a2
The maximum of the effective potential occurs at the position rg and reads as
|2 ﬁ n 2 2
[ _ 2

Only when the colliding particles can reach beyond rq can they cross the effective
potential barrier and enter the region of chemical forces. Hence, the requirement for a
reaction is that the particles can reachr = rg with at least some kinetic energy left to
enter the "reaction zone". Concretely, if the collision energy E.q exceeds the maximum
effective potential energy Vet¢(ro) (see Fig. 2.2), the trajectory is inward-spiralling
and can lead to a reaction. As a result, | has a maximum value that allows for the
capture of the colliding particles:

n 2
102 .
Imax = ()2 2ol (2.22)
n 2
which corresponds to a critical impact parameter
I
be = —22X (2.23)

mv/

As is illustrated in gure 2.5, every collision with an impact parameter smaller than
b will lead to an inward-spiralling trajectory and the capture of collision partners in
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the short-range potential. Therefore, the classical capture cross section reads
n 2 2
2 N

n
n 2 Ecol

N|T

S(Eco) = pbZ = (2.24)

For the case of an ion being captured by a structureless neutral particle, such as
closed-shell atoms, and to a decent approximation, non-polar molecules, one has n=4.
Therefore, the cross section reads

| O
Stng(Ecol) = 2p C4/ Ecol, (2.25)

which is referred to as the Langevin cross section, after the pioneering work on ion-
neutral collisions conducted by P. Langevin [Lan05]. The corresponding expression
for the rate constant vs g is a special case in which classical capture theory predicts
a rate constant independent of the collision energy.

2.7 Resonant charge exchange

We now turn our attention to the charge transfer process in the special case of homo-
nuclear atom ion collisions, the so-called resonant charge exchange (RCEXx) process.
What is presented in this section, is to a large extent taken from [C 16].

In homonuclear systems A + A*, the charge can be on either centre, resulting
in an even or odd electronic wave function under the inversion symmetry (through
the midpoint between the two nuclei), ie, a gerade ( g) or ungerade (u) state. The
multiplicity is determined by the system under consideration. Alkali metals and
alkaline earth metals are most commonly used in ultracold atom-ion experiments due
to the existence of simple cycling transitions for laser cooling. Therefore, | focus my
attention on them in the following. The atom-ion complex will have a single active
electron if A is an alkali metal element (Li, Na, K, Rb, Cs, or Fr). For alkaline earth
metals (Be, Mg, Ca, Sr, Ba, or Ra), the complex has an active hole. In both cases, the
total electronic spinis S= 1/ 2, resulting in doublet molecular potential curves 285
and %S} .

When anion A" collides with its neutral parent atom A, the particles approach
each other along two possible potential curves corresponding to the electronic molec-
ular states 2Sj and 2S; (see e.g. Fig. 2.6 for Rubidium as an example). Elastic
scattering, in which the charge remains on the same centre, is one of the two conceiv-
able outcomes:

IV ©

8
2 A (%sy)
A+ At I A+ A, (2.26)
> . >
A7 (’S))
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FIGURE 2.6: The two lowest potential energy curves for Rb ; molecular
ion. Data taken from [Jyo+16].

and a charge exchange where the charge transfers onto the other centre is the other
possibility:

IV ©

2 ALCS))

A+ AT S S I AT+ A, (2.27)
A; (*S)

In the resonant scattering of an ion and its neutral parent atom of the same isotope
the two nuclei are identical, but from now on | label them with ~ A and B to keep them
distinguishable. Preceding the collision when the internuclear distance r is large, the
charge can be attached either to the nucleusA or B with the corresponding electronic
wave functions F ,, g, respectively. The total wave function of the system with proper
inversion symmetry can be constructed with a linear combination of F g,

1
Fou= FFE(FA Fg), (2.28)

where F o , are the even and odd electronic wave functions corresponding to g and
u potentials. The asymptotic form of the scattering wave functions on either g or
u potential curves (see equation 2.5) can be used to calculate the elastic and charge
exchange cross sections,

— jk.r g/u e
Yg,u(k,r)— arr+ fk (Q)T Fg/u- (229)

Here, X is the unscattered plane wave, and g is the outgoing scattered spherical
wave with the scattering amplitude 9 Y.
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If the charge is initially on a given nucleus, say A, the asymptotic wave function
of the system after the scattering is

ékr ékr

2o S Fae 210 S Fa (230)

1
Y = %(Yg‘k Yu)

From this expression, the scattering amplitude for the elastic process where the
charge remains on the nucleus A can be identi ed to be fg = %(f@J + fY). The charge-
exchange scattering amplitude frcex = %(fg fY) is determined from what reads
in front of F g, i.e. when the charge is centred on the nucleus B after the collision.
Accordingly, the differential cross sections lg and Ircey for the elastic and charge
exchange processes, respectively, will be:

Cla@ = 1) 199+ fU(q) 2

. (2.31)
lrcex(d) = 3] f9(q)  fU(g) j

From equation 2.31, one can calculate the total differential cross section l;o:(q) =
lei(q) + Ircex(Q). Integrating ov% the solid angle W yields the cross sections for a
given scattering energy, i.e. s = dWI(q). As was outlined in section 2.3, the cross
sections for total scattering may be obtained by following the standard procedure of
expanding in partial waves |, and expressing f" and f9 in terms of the phase shifts d,g
and d' [ZDC09]

2p & . . 1
Stot = k—g a (21 + 1)(sin?d + sin?d’) = é(sgl+ sd), (2.32)
1=0

where sJ" 988\ (2 + 1) sin?d™". Similarly, the charge exchange cross section
will be

(2 + 1 sin®(d" o). (2.33)
0

SRCEx =

Ol
i Qo

Here, k = P 2mE,/ h is the wave number and mis the reduced mass. These two
expressions can be used to calculate the elastic cross sectiorse; = Siot  Srcex The
phase shifts qg’u(k) are determined by matching the regular solutions of the partial
wave equation yﬁ’;(r) (see eq. 2.9), with the asymptotic form, see equation 2.10.

Approximated values for the phase shifts, and cross sections accordingly, could
be obtained in different scattering regimes depending on the collision energy Eg,.
The categorization of three distinct energy regimes is in order.

Only s-waves (I=0) contribute at ultracold temperatures, and phase shifts can
be characterized by the effective range expansion [OSR61] which at low collision
energies in rst approximation are independent of k and result in simple forms of
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cross sections [ZDC09]

St = 4p(aj+ &), with S = 4p G
Srcex = P(ag  au)? (2.34)
Sel = St Srcex= P(3a§+ 2aga, + 3a7).

Here, ag, are the scattering lengths for the g and u states, respectively.

Due to the contribution of higher partial waves and the emergence of shape
resonances, additional structure emerges as the energy increases. For a large enough
I, the phase shifts are determined by the long-range interactions, as the centrifugal
barrier ensures that the inner region of the potential contributes minimally to the
scattering (see Fig. 2.2). Therefore, the semiclassical approximation (see eq. 2.14)
can be employed. This is the energy regime that was already discussed in section
2.4.1, resulting in a simple expression for the semiclassical phase shiftd*° (eq. 2.15)
and the elastic cross section given in equation 2.18. Here, | just note that since the
long-range tale of the potential is the same for both g and u potential curves, one
obtains s = sY, and according to equation 2.32, syt = 2(s5+ s4) = s3" (Ecol)-

For charge exchange, the scattering from the attractive r 4 potential of one of
the two potential curves dominates the cross section at energies above the ultracold
regime. The process is characterized by small values of angular momentum, and
SrcexMay be approximated by the conventional Langevin formula s_ng = p b2, where
b is the maximum impact parameter still permitting the wave function to penetrate
beyond the centrifugal barrier (see section 2.6). The initial state of the system is
distributed evenly between the g and u states, i.e., half on each curve, resulting in
Srcex = 1/ 2(sf_’ng + s{hg). However, as can be seen in Fig. 2.6 for Rubidium (as a
representative case), one of the curves is signi cantly deeper than the other [C 16].
Therefore, the shallow curve's centrifugal barrier grows much more rapidly as |
increases, preventing the wave function from penetrating to a short separation and
resulting in negligible charge exchange. Hence, charge exchange scattering is mainly
determined by only one of the curves, and one can write

s
1 C
srcex(Eco) = 5Stng = P =, (2.35)
2 Ecol
where C4 = € 3 (see eqg. 2.2). The same conclusion can be reached using the

2(4peo)?
de nition of srcex With the following argument. Starting with equation 2.33, one can

divide the sum into three different contributions as follows. Srcex = %(Sl + S+ Sy),
Ifinal

|i:|iinit(2| + 1) sinz(d1u qg). The rstsumranges from | = Otol = |,
the second between| + 1 and lmax and the third from Inax+ 1 to ¥ . Here, |
and |y ax are the maximum | allowing penetration through the shallow and deep
potential well, respectively. For | > |nhax the semiclassical formula 2.14 can be used
to approximate the phase shifts of both curves, which quickly become equal to each

where S = &
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other by approaching d°®given by equation 2.15, resulting in a negligible contribution
Sy 0. In Sy, both phase shifts vary signi cantly and independently with |, resulting
in an average value of sinz(qu qg) 1/ 2, whereas in S,, only the phase shift
corresponding to the shallow potential follows the semiclassical expression (eq. 2.15),
yielding again sinz(cgu dlg) 1/ 2. Hence, one can approximate (2| + 1) sinz(cﬂu
d®) | for both sums leadingto S;+ S = & 7%(21 + 1) sin¥(d %) 112, and
therefore recovering equation 2.35,Srcex P 12,ad2 k2 = S ng/2.

At higher collision energies in the range of eV, the contribution of the long-range
attractive force tends to cancel out and the cross section is governed by the exponential
decay of the difference between the g and u potentials, which changes as [DB58]

Srcex(Econ) = (aln Ecg b)z- (2.36)

In the above formula a and b are constants which depend on the species under
consideration. For instance, if the collision energy is given in eV and Sgrcgx in atomic
units, a= 1.33 andb = 22.943 for Na+Na*" [CDO00], and in case of Yb+Yb*,a= 1.88
and b= 32.44 [ZDCO09].

To summarize, three energy regimes regarding the resonant charge exchange were
discussed: an s-wave regime at ultralow energies described by scattering lengths, a
Langevin regime at medium energies which follows E Colllz , and an "exchange" regime
scaling as(aln E¢o;  b)2.
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Chapter 3

Direct observation of swap cooling
In atom-ion collisions
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3.1 Abstract

Collisions with cold patrticles can dissipate a hot particle's energy and therefore can
be exploited as a cooling mechanism. Kinetics teaches us that cooling a particle
down by several orders of magnitude typically takes many elastic collisions as each
one only carries away a fraction of the collision energy. Recently, for a system
comprising hot ions and cold atoms, a very fast cooling process has been suggested
[Rav+12] where cooling over several orders of magnitude can occur in a single step.
Namely, in a homo-nuclear atom-ion collision, an electron can resonantly hop from
an ultracold atom onto the hot ion, converting the cold atom into a cold ion. Here, we
demonstrate such swap cooling in a direct way as we experimentally observe how
a single energetic ion loses energy in a cold atom cloud. In order to contrast swap
cooling with sympathetic cooling, we perform the same measurements with a hetero-
nuclear atom-ion system, for which swap cooling cannot take place, and indeed
observe much different cooling dynamics. Ab initio numerical model calculations
agree well with our measured data and corroborate our interpretations.

3.2 Introduction

Preparing cold ions is often a precondition for modern experiments in various sci-
enti ¢ elds, ranging from ultracold chemistry [Wil+08] to quantum information
processing [CZ95]. While laser cooling opened up research in the ultracold regime
[Ket02], it is generally limited to the species with closed cycling transitions. An-
other method commonly used for cooling particles to subkelvin temperatures is
collision-induced cooling, such as sympathetic cooling or buffer gas cooling [Wil+08;
Mya+97; Tru+01; Wei+98; Siv+12; Dor+09]. Besides the translational degrees of
freedom, collisions can also cool internal degrees of freedom of molecules [Han+14;
Rel+13]. Sympathetic cooling of a highly energetic particle to orders of magnitude
lower kinetic energies typically requires many collisions. Because on average, each
collision can only take away a small fraction of the energy. Swap cooling, by contrast,
can bring about a cold ion in a single collision [Rav+12]. In order to lay out the swap
cooling process, we consider a homo-nuclear atom-ion system. As the hot ion passes
by a cold neutral atom at close proximity, the electron can resonantly hop from the
atom onto the ion, while the energy and momentum exchange between the particles
is negligible, (see Fig. 1). Thus, the former neutral atom has been turned into a cold
ion. First indirect experimental evidence for swap cooling was recently observed in
terms of an increased lifetime of Cs* ions in an ion trap when sympathetically cooled
with an ultracold cloud of Cs atoms instead of Rb atoms [Rav+12; DR18].

Here, we present direct experimental evidence for swap cooling for a single
8’Rb* ion as it crosses an ultracold cloud of neutral rubidium atoms. Our scheme
allows for a deterministic measurement of the cooling probability of the ion after
a chosen interaction time. We can perform our experiments in a regime where
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FIGURE 3.1: Scheme for swap cooling process a, A fast ion ap-
proaches a neutral parent atom at rest in a glancing collision. b, When
the electron orbitals around the two nuclei overlap, a resonant charge
exchange can take place.c, The new ion is now at rest to the extent
that the transferred momentum during the collision is negligible.

sympathetic cooling via elastic collisions is negligible, and the obtained results are
therefore attributed to swap cooling. Moreover, we investigate how swap cooling
depends on the initial kinetic energy of the ion and nd agreement with theoretical
predictions. Furthermore, in order to highlight the difference between swap cooling
and sympathetic cooling, we repeat the cooling experiments with a Ba * ion colliding
with ultracold Rb atoms, a system for which swap cooling mechanism does not exist.
As expected, we nd that cooling a highly energetic Ba * ion, which can only take
place via sympathetic cooling, is much slower than for Rb *. We carry out simulations
for sympathetic and swap cooling and nd good agreement with all our experimental
data.

3.3 Resonant charge exchange collisions

In general, one can classify atom-ion collisions into two types: Langevin collisions
and glancing collisions. A Langevin collision occurs when the impact parameter bis
smaller than a critical value b, which is a function of the collision energy Eg. In a
classical picture, atom and ion fall onto each other in a spiralling motion and nally
scatter from the inner-core repulsive potential with an isotropic angle distribution

in the centre of mass frame. A glancing collision has b > b, the atom-ion distance
remains on the order of b and generally only leads to small de ections. Resonant
charge exchange (RCEx) can occur in both Langevin and glancing collisions. Figure
3.2a shows the probability for resonant charge exchange for a Rb* - Rb collision with
a collision energy of 1000 K kg in a semi-classical picture. The vertical red dashed
line marks the critical impact parameter ( b) for that particular collision energy Ec),
de ned in the centre of mass frame. For Langevin collisions, b < b, the electron
has an equal chance to end up in each of the two identical (ionic) cores after the
collision, which means that there is a 50 percent probability for charge transfer. For
glancing collisions the asymptotic theory by Smirnov [Smi01] is used to calculate
the RCEXx probability (see Methods). For the given example of Rb, resonant charge
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(») (B)

(©)

FIGURE 3.2: Resonant charge exchange, glancing collisions and
Langevin collisions. a, The probability for RCEx in a Rb-Rb * col-
lision as a function of the impact parameter in a semi-classical picture.
The vertical red dashed line marks the critical impact parameter ( b)
for the given collision energy E.o = 1000K kg. Swap cooling occurs
when RCEXx takes place forb > b.. The oscillations are a result of
the coherent, quantum-mechanical electron hopping between the two
ionic cores while atom and ion pass each other, see also text.b, The
solid blue line gives the critical impact parameter b as a function of
E.o- The horizontal orange line marks the maximum impact param-
eter for which swap cooling is possible. Thus, for collision energies
below 100K kg, RCEx can only occur via a Langevin collision
(corresponding to b< b). For E,q; > 100K kg glancing collisions
also contribute to the RCEx. The green area is where swap cooling
can take place.c, Cross sections for resonant charge exchangegcex,
for Langevin collisions s_ng, for glancing collisions sgjance as well as
for the total cross section Siot = Sing + Sglance @S a function of colli-
sion energy E.. The Langevin cross section is directly linked to the
impact parameter bec by s ng = p b2 (see also Methods). The RCEx
cross section is plotted only within the range of validity of asymptotic
theory (see text). For collision energies below about 100 K kg, SrcEx
is essentially given by s| ng/2.
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transfer can occur for impact parameters of up to about 35 a; where & is the Bohr
radius, leading to swap cooling. The oscillations in Figure 3.2a can be understood as
a result of the coherent, quantum-mechanical electron hopping between the two ionic
cores while atom and ion y by each other. This process is analogous to coherent
Rabi- opping in a two-level quantum system, where the coupling is switched on and
off in a non-adiabatic fashion.

Figure 3.2b shows the critical impact parameter b as a function of the collision energy
(blue line). The orange horizontal line shows the maximum impact parameter for
which swap cooling is possible. In Figure 3.2a this maximum impact parameter is
clearly located at around b = 30ay. Collisions with b below this line but above b
(blue line) can lead to swap cooling, see green area in Figure 3.2b. The parameter
range that contributes to swap cooling clearly increases with Eg,.

Figure 3.2c shows calculated cross sections for resonant charge exchangercex
for Langevin collisions s| g, for the total cross section sy, as well as for glancing
collisions Sgjance = Stot  SLng- Mathematical expressions for these cross sections
can be found in the Methods. The cross section for RCEXx is calculated by means of
Smirnov's asymptotic theory which becomes less accurate at lower collision energies
[SmiO1] and is, therefore, only shown for energies downto 100K Kkg. Infact, for lower
collision energies, the critical impact parameter is > 35ay, so that the charge transfer
takes place only by Langevin collisions. Since in a Langevin collision the probability
for RCEx is 1/ 2, the charge exchange cross section goes over t@rcex = Sing/ 2 for
energiesE.,; 100K kg or below. We further note that since the scattering angle
in a Langevin collision is distributed randomly, it is futile to distinguish between an
elastic and a charge exchange process in Langevin collisions. Figure 3.2c shows that
the cross section for glancing collisions sgianceiS much larger than the cross sections
for Langevin collisions or for RCEx. Nevertheless, the only signi cant contribution of
glancing collisions in collisional cooling is in the form of swap cooling as glancing
collisions generally involve very small momentum and energy transfer. Summarizing
the results of Fig. 3.2c, for collision energies in the range from several mK kg to
about 100K kg the cooling process is dominated by Langevin collisions. For larger
energies, swap cooling increasingly dominates the cooling process.

3.4 Experiments and results

In order to investigate the cooling process, the following experimental procedure was
implemented. In brief, we rst accelerated a single ion in a Paul trap towards a cold
atom cloud, imparting a well-de ned kinetic energy to the ion. A sketch of the setup

is shown in Fig. 3.3a). This was done by quickly changing the endcap voltages of
the Paul trap. In a second step, after the ion had interacted with the atom cloud, we
determined whether the ion's energy had cooled down below 50 K kg. For this, we
lowered the voltage of an endcap electrode of the Paul trap to an appropriate value,
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(A) (8)

(©) (D)

FIGURE 3.3: The ion's energy: detection scheme and evolution. a,
Sketch of the experimental set-up showing Paul trap electrodes, the
ion and the atom cloud. Two possible trajectories of the ion in the
ion trap are displayed. The black, straight-line trajectory represents
the initial ion motion along the longitudinal axis ( z-axis) of the ion
trap, after the ion's launch. It runs right through the cloud centre. The
blue oscillating curve is an ion trajectory after a Langevin collision
with a cold atom that imparted on the ion a sizable momentum in the
transverse direction of the ion trap. As a consequence, the overlap
of the new trajectory with the atom cloud is (on average) strongly
reduced. This can signi cantly slow down further cooling of the ion.
b, Time sequence of experiment. The red solid line is the voltage
Vec1 on one of the two endcap electrodes. Vgcq1 = Vi corresponds
to the initial displacement of the ion. For Vgc; = Vo, the ion trap
is centred on the atom cloud. After an interaction time t, the atom
cloud is released and Vgc; is lowered to Vg, , SO that a hot ion escapes.
Afterwards, the voltage Vgc1is ramped up, and we probe whether the
ion is still trapped. c, Probability fora Ba™* or a Rb* ion with energy
Eion to remain trapped after the ion trap depth in axial direction has
been slowly lowered to a xed value (see text for details). The dashed
line is a tto the experimental results (see text). d, Probability for a
Rb* ion to be cooled to an energy below 50 K kg as a function of
the interaction time t . Plot symbols (circle, squares) are experimental
data for initial ion energies (660 K kg, 2000 K kg), respectively. Each
data point is extracted from 120 experimental runs. Solid lines are
full MC simulations. Dash-dotted lines are MC simulations without
charge transfer.
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and detected whether the ion was still trapped (The time sequence is shown in Fig.
3.3b).

In the following, we describe these two steps in more detail. For initially preparing
the ion, we either loaded a single *®Ba* ion or a single 8’Rb* ion into a linear Paul
trap (see Methods) and displaced it from the trap centre by a variable, but well-
de ned, distance in the axial direction. We then loaded an ultracold cloud of 8Rb
atoms into a crossed optical dipole trap which was positioned at the centre of the
Paul trap. The cloud size was smaller than the displacement of the ion, such that
initially the ion could not interact with the atoms. After the initial displacement
of the ion, it was accelerated towards the atoms by suddenly moving the centre
of the trapping potential back to the middle of the atom cloud (see Fig. 3.2b and
Methods). As a consequence, the ion was oscillating within the Paul trap along the
axial direction, periodically crossing the cold atom cloud. The kinetic energy of the
ion (Ejon) at the location of the atoms was initially precisely de ned by the ion's
initial displacement and by how fast the trap centre was moved back. E;,, could
be tuned over several orders of magnitude, up to about 7000 K  kg. After a time t
during which the ion could collide with the atoms, we determined whether the ion
had a energy (in axial direction) below 50 K kg and therefore learned whether it
had been collisionally cooled below this threshold. For this, we removed the atoms
and slowly lowered the depth of the ion's trapping potential in axial direction to a
xed value (see Methods for the details), such that the ion would only stay in the
trap and could be detected if its energy had been cooled to below 50K kg. From
many repetitions of the measurement we obtained the probability for cooling below
this (somewhat soft [as explained below]) energy threshold within t. In order to
test and calibrate this method, we carried out reference measurements where we
probed an ion with a known initial energy  Ejon. For this, all experimental settings
were the same, except that there was no atom cloud present. Figure 3.3c shows these
measurements for both Ba* and Rb*. The dashed line is a phenomenological t of
the form y = 1/ ((Eion/ @)P + 1) to the experimental data, where a= 54K kg and
b = 2.76 The fact that the curve is not a step function but has 80%-20% width of
about 60 K kg is mainly due to the fact that the turn-down of the trap potential is
not fully adiabatic and that it is not synchronized with the ions oscillatory motion.
Nevertheless, Fig. 3.3c shows that once the ion has an axial energy lower than 50
K kg, it will have a high probability to stay in the trap.

We now describe the cooling experiments. Figure 3.3d shows the probability to
cool a highly energetic Rb* ion as a function of the interaction time t. We show data
of two different experiments, corresponding to an initial kinetic energy of the ion of
(660 65) K kg, (green circles) and (2000 300) K kg (blue squares). As expected,
the cooling probability monotonically increases with t. However, what might be
surprising at rst is that the cooling results for the two experiments are very similat,
although their initial kinetic energies differ by almost a factor of three. This cannot be
explained within standard sympathetic cooling - but is an indication of swap cooling
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which can cool an ion in a single step. Another curiosity is that cooling seems to
slow down as time t increases. Already att = 10ms about 20% of the ions have
been cooled down. At that cooling rate one might expect to reach a cooled fraction
of nearly 100% by about 150ms. However, in the experiments we only get close to
this limit after about 2 s. The main explanation for this behaviour is as follows: If
in a collision (e.g. a Langevin collision) the ion obtains a sizable momentum kick in
the radial direction, then there is a good chance that its new trajectory has a much
smaller overlap with the atom cloud than before (see Fig. 3.3a). This drastically
lowers the subsequent cooling rate. These scenarios are corroborated by Monte Carlo
(MC) trajectory calculations for our experimental settings (solid and dash-dotted lines
in Fig. 3.3d). Details of the model are given in the Methods. The solid lines in Fig.
3.3d are the full model, whereas the dash-dotted lines are a model without the RCEx
process, i.e., without swap cooling. The model without swap cooling is inconsistent
with the data as it clearly distinguishes between the two cases with different initial
energies and predicts a much slower cooling rate, especially for the higher energy.
The full model reproduces the overall behaviour of the measured data but seems to
underestimate the cooling rate. This might be partially explained by systematic errors
in the theory when applying it to our energy range. The theory by Smirnov [Smi01]

is expected to be more accurate for keV collision energies and assumes the patrticle
trajectories to be straight lines, which is probably not justi ed for our experiments.

In order to obtain more evidence for swap cooling, we determined the energy
dependency of the cooling process. Furthermore, we compared cooling of a single
8’Rb* ion with that of a single ¥®Ba’ ion, for which RCEx, and therefore swap
cooling, is absent. Figure 3.4 shows the probabilities for cooling each ion with an
initial energy ' Ejon to below 50 K kg within 200 ms. For low initial energies of
up to 200 K kg both ions are essentially completely cooled down within the 200 ms
interaction time. This is not surprising as the dynamics of the system is described by
the Langevin collisions in this range of energy. By increasing the initial energy Ejgn,
the probability for cooling below the threshold decreases for both species, as expected.
However, the cooling ef ciency differs progressively for the two species as  Ejg, gets
larger. For Ba* the cooling probability essentially drops to zero for Ejo,, = 7000K Kg.
This is simply explained by the fact that swap cooling does not exist for Ba * and the
time t is too short for sympathetic cooling to reach the = 50K temperature threshold.
For Rb*, however, the probability to cool down the ion is still above 40%. The solid
red line shows the cooling results for full MC calculation for Rb . The red dotted line
is the MC calculation for Rb * without RCEXx but including sympathetic cooling via
elastic collisions. The blue solid line shows the MC simulation results for sympathetic
cooling of the Ba™ ion. As expected, the last two are very similar apart from a small
horizontal shift. The solid curves match the general trend of the experimental data
quite well, which is consistent with our previous discussion.

IFor Rb* Eju, = 2 E.. For Ba', assuming the Rb atom is at rest, Eigy, = Mga/ Mreq  Ecol =

2.5% o) Where Mpeq= FriaT- is the reduced mass in the two-body collision.
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FIGURE 3.4: Cooling of Rb * and Ba™ ions. Shown is the probability

tocoolaniontobelow 50K within t = 200ms with ultracold cloud

of Rb atoms. The probability is plotted as a function of the ion's initial

kinetic energy Ejon. The dashed line is the reference curve from Fig

3.3c. The solid lines are full MC simulations. The dotted red line is
MC simulation without RCEx fora Rb * ion.

3.5 Conclusion

The swap cooling process, demonstrated here for Rubidium, is based on a few very
general principles and should therefore be a universal process in all homo-nuclear
atome-ion collisions. Furthermore, it should even occur for molecules. Apart from the
proof of principle, we expect the present work to be of practical value in applications,
e.g. where ions with energies in the eV range need to be cooled down quickly. Swap
cooling should play an important role in current cold atom-ion experiments, such
as in [Har+12] where a chemical reaction process was driven by cold Rb™ ions and
emitted hot ones. Swap cooling is then an ef cient means to keep the reaction process
going. Moreover, it is essential to take into account the RCEX in investigating the
mobility of a charged particle in parent neutral particles[CDO0Q].

3.6 Methods

3.6.1 Preparation of the ultracold Rb clouds.

The atoms are con ned in a far off-resonant crossed optical dipole trap at a wavelength
of 1064.5 nm with a trap depth of 10 nK kg and with trap frequencies of wyy, = 2p
(24,138, 14% Hz. Atom clouds are prepared differently for different purposes. Atom
clouds that are used as coolant or as a means for ion detection typically consist of
N = 7 10*atoms. They are thermal ensembles with temperatures of about T = 600
nK. Their cloud shape is Gaussian with a standard deviation of syx,, (48,8.8,8.4
nm, and with a peak density of n= 1.3 102cm 3. Atom clouds that are used for
producing the Rb * ions (see section ‘Preparation of single ions at mK-temperatures')
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have a total atom number N = 1.2 10° corresponding to peak densities higher than
103 cm 3. The initial temperature of these clouds is about T = 510 nK.

3.6.2 lon trap con guration.

We use a linear Paul trap[Sch+12] where radial con nement is achieved by driving the
RF-electrodes with a radio-frequency of 4.21MHz and axial con nement is obtained
by applying static voltages of 7.6V to the two endcap electrodes. The trap frequencies
of aBa" ion are (Wyga Wy,Ba Wzea) = 2p (130,131, 37.8kHz, while foraRb * ion
they are (Wy rp, Wy ros Wzrp) = 2P (206, 208, 47.5kHz. The depth of the Paul trap
depends on the ion's mass but exceeds 1 eV for both ions.

3.6.3 Preparation of single ions at mK-temperatures.

We prepare a single mK-cold Rb* ion as follows. We produce an ultracold Rb cloud
with a density of n > 10'3cm 2in our dipole trap. Three-body recombination creates
Rb, molecules within this cloud, a few of which are photo-ionized by our dipole trap
laser in a resonant multi-photon ionization (REMPI) process[Har+13b]. In this way
we produce Rb; molecular ions at an initial rate of about 0.5s 1. Subsequent inelastic
collisions of these ionic molecules with cold Rb atoms, or photodissociation via the
1064 nm laser light produce Rb™ ions. The Rb" ion will then have elastic collisions
with Rb atoms which will decrease the density of the atoms by heating the cloud and
kicking atoms out of the shallow trap. Therefore, the production rate of additional
ions via three-body recombination quickly drops after the production of the rst
ion. As a consequence, with the proper settings of the experimental parameters we
can prepare a single Rb" ion with more than 90 percent probability. In order to
experimentally test whether we have created a single Rb* ion and to sympathetically
cool it down to mK temperatures, we immerse the ion/ions for two seconds into

a newly prepared Rb atom cloud with a comparatively low density of about 102
cm 3. We make use of ion-induced atom loss, in the same manner as explained in
section "Detection of ions', in order to determine the number of the ions in the trap.
For our analysis, we only take into account experimental runs which initially had a
single ion. If we need to prepare a single mk cold Ba* ion, instead of a Rb* ion, we
use isotope-selective, resonant two-photon ionization of neutral Ba atoms passing
through the centre of the Paul trap. Once produced, a Ba™ ion is immediately trapped
and laser cooled down to the Doppler cooling limit.

3.6.4 Setting the initial kinetic energy of the ion.

For setting the initial kinetic energy of the ion after it has been cooled to mK tempera-
tures, the centre of the axial trapping potential of the Paul trap is adiabatically shifted
by lowering the voltage of one of the endcap electrodes which leads to an adiabatic
displacement of the ion. Afterwards, the voltage of the endcap is set to its original
value using a well-de ned voltage ramp. This imparts a well-de ned kinetic energy
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to the ion as it swings back to the trap centre where the atom cloud is located. The
ion then undergoes essentially undamped harmonic oscillations in the trap along the
axial direction until the rst collision with a cold Rb atom which can change the ion
momentum appreciably.

In order to calibrate the ion's energy, we measure the initial displacement of the ion
as a function of the applied voltages to the endcap electrodes. The mean displacement
of the ion can be measured with an accuracy on the order of 1 percent via uorescence
imaging of the Ba™ ion. Since the minimum of the trapping potential is independent
of the mass, the displacement is identical for Rb* . The imparted energy to the ion is
determined by solving the equation of motion numerically, making use of the known
axial trapping potential and including a 30 V/m stray electric eld. As a typical
example, linearly ramping the voltage on the endcap electrode from 0.6 V back to 7.6
Vin 9.4 ns imparts an energy of 2000 300 K kg to the ion.

3.6.5 Determining whether ions have been cooled down to 50 K kg or
below.

We use a scheme which is rather simple and empirical but gives a clear semi-
guantitative measure of whether the ion energy has been cooled down in axial
directionto 50K kg or below by the atom cloud. Right after the atom-ion inter-
action, we lower the voltages on the electrodes of the Paul trap and hold them at
that level for 200 ms. The ramp-down in the axial direction is done by adiabatically
decreasing the voltage on one of the endcap electrodes (from 7.6 V to around 100
mV) within 150 ms. We note that this process also shifts the trap centre in the axial
direction, which in general leads to some heating of the ion. In parallel, we lower the
RF amplitude in the radial direction from 156 V to 50 V within 150 ms. These are the
lowest (experimentally determined) voltages so that ions which are mK-cold before
the ramp are still trapped with unit probability after the ramp. We measure the prob-
ability of losing the ion after the lowering process as a function of its initial kinetic
energy in the axial direction. These calibration measurements are shown in Fig. 3.3c.
Losses in the radial direction should be negligible because the radial con nement is
still comparatively large. Moreover, our simulations for large initial energies > 1000
K kg indicate that after the 200 ms interaction time of our measurements, the ion's
kinetic energy for the axial motion is typically still much larger than the one for the
radial motion. Therefore, in this energy range the measured energy in axial direction
should be quite representative of the overall energy of the ion.

3.6.6 Detection of ions.

In order to detect how many ions are present in the Paul trap, we immerse them for
two seconds into a newly prepared Rb atom cloud with a density of about 102 cm 3
and with a well-de ned atom number of (7 0.2) 10* Due to their micromotion
the ions induce loss in the atomic cloud as a result of elastic collisions which kick
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atoms out of the shallow dipole trap. We infer the ion number from a measurement
of the atom loss [Har+12]. However, in order to speci cally detect a single Ba *
we use a different method, where we perform intensive laser cooling by detuning

ion

the laser frequency 2.5 GHz to the red of the resonance and ramping it back in about
4s [Moh+21]. We have checked that this procedure cools down even the hottest Ba*
ions in our Paul trap with nearly 100 percent ef ciency. Once the Ba * ion is cooled
down we collect its uorescence signal on a EMCCD camera within 100 ms.

3.6.7 Theoretical model for swap cooling.

In the following we describe the semi-classical model for swap cooling in a homo-
nuclear atom-ion collision. The long range atom-ion interaction is dominated by the
attractive polarization potential[VW54] V(r) = Ca/ (2r%), where C4 = ac?/ (4peg)?
is proportional to the static dipolar polarizability of the atom  a, and qis the electron
charge. a = 4pey 47.4A3 for Rb [SN19]. For a given collision energy (Eo) in
the centre of mass (COM) frame, a critical impact parameter b, = ( 2C4/ Ego)Y* can
be de ned. In a classical picture, a collision with impact parameter b < b results
in an inward spiralling trajectory, followed by a hard elastic or inelastic collision,
and completed by an outward spiralling trajectory. The scattering angles for such a
collision are uniformly distributed over the whole solid angle of 4p. This is called
a Langevin collision, and its cross section is sing = p b = p° 2C4/ Ecq. Collisions
with impact parameters b > b, generally lead to small de ections and are therefore
called glancing collisions. They are of interest for the swap cooling process. For
glancing collisions, the atom-ion separation stays nite, and the two particles are
scattered from each other with a de ection angle qwhich is a function of the impact
parameter b. For a 1/ r* potential the angle qis given by [L01],

p A= P
q=p 2b 2 P2 b 1 K (2o 20* b* 1 1) (3.1)

where b= b/ b is the normalized impact parameter and

Z p/2 1
K(y) = G———=0dX
0 1 ysin?x

is the complete elliptic integral of the rst kind. In the following we consider the
collision of an incident Rb * ion with a neutral Rb atom which is at rest in the lab
frame. For an elastic collision the energy lost E;ossby the incident particle in the lab
frame is equal to the energy Egans transferred to the target particle which is initially
at rest. These energies can be expressed as a function of the scattering anglgin the
COM frame (see e.qg. [LO1]),

Eloss= Etrans = Eion,i sinz(q/2 ), (3.2)
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where Ejop; is the initial kinetic energy of incident ion. It is noteworthy that eq. (3.2)
is merely a consequence of the conservation of momentum and energy. We now
discuss the probability for resonant-charge-exchange in a collision. RCEXx has been
extensively studied theoretically[Smi03; JA89; Bra90] and has been experimentally
investigated for collision energies ranging from eV to keV for different species, in-
cluding Rubidium[PVD65]. Here we use the impact parameter dependent charge
exchange probability Prcex(b) obtained from the asymptotic theory presented by
Smirnov[Smi01] which in atomic units reads,

PRCEx(b)r:

L, 1 1 (3.3)
2 4 2 1 2ig 12

sin v 2gA exp J b exp( bg) .

Here, v is the collision velocity (1 a.u. of velocity = agEn/h = 2.18769126364 1(0°
ms Y),g= P 21 where | is the atomic ionization potential, A is the asymptotic
coef cient determined by comparing the asymptotic wave function with that obtained
from numerical calculations, and b is the impact parameter in the collision. We adopt
the numerical values of g = 0.554and A = 0.48for Rubidium from reference[Smi01].
The total cross sectionsgcey for resonant charge exchange is then,
Zy
SRCEX = 2p b db Rcex(b) (3.4)

For swap cooling we are only interested in those charge transfer collisions that result
in a cold enough ion. Therefore, we de ne the following swap cooling cross section,
Zy

SswagBenr) = - 2p bdb Rcex(b). (3.5)
This cross section depends on the threshold impact parameter by, > be. Every charge
transfer collision with an impact parameter greater than by, produces a Rb* ion
with a kinetic energy less than a maximal nal energy Ciyy = Ejon; sin?(q(b,)/2 )
which follows from egs. (3.1) and (3.2). All these collisions are accounted for in the
swap cooling cross section eg. (3.5). The calculated results for the swap cooling cross
section are presented in gure 3.5 for different maximal nal energies Ci,,. We also
show the total resonant-charge-exchange cross section from eq. (3.4) which is a slowly
varying function of the collision energy. It is worth noticing that the swap cooling
cross section is enhanced by increasing the collision energy. This effect is even more
pronounced for lower maximal energies ( Ci,) of the ion after the collision.

3.6.8 Description of the simulation.

We have performed Monte Carlo trajectory calculations for the motion of the ion in
the ion trap and its collisions with the ultracold Rb atoms. These collisions include
Langevin collisions, resonant charge exchange collisions and elastic collisions. The
simulation takes into account the settings of the experiment, such as the ion trap
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FIGURE 3.5: The RCEx and swap cooling cross sections for a Rb-Rb *

collision. The black curve is the calculated RCEXx cross section using

asymptotic theory [SmiO1]. Three different swap cooling cross sections

are also presented for different maximal energies (Cyy,) of the ion after
the collision.

frequencies, the density distribution of the atomic cloud, and the ion's initial position
and energy. We use the semiclassical elastic scattering cross section of reference
[CDO00] as a total cross sectionsq for both elastic and charge transfer processes,

1/3

2 2
Stot(Eco) = P ﬁ24 1+ %6 Ecol|/3- (3.6)
The nite value of s effectively limits the impact parameterto b by = P Stot/ P -
This is not a problem, since trajectories with larger impact parameters experience
negligible angles of de ection and negligible energy transfers anyway. The rate for a
collision is given by
G= NatomStot V, (3.7)

where ngom is the density of the atom cloud at the position of the ion, and v is the
ion's velocity in the lab frame. The ultracold atoms are considered to be at rest. We
follow the method in reference [Zip+11] for ef cient time advance. Once a collision

occurs we generate the impact parameter b via? b = bmp NRang Where Ngangis a
random number drawn from a uniform distribution in the interval [0...1]. The
impact parameter determines whether the collision is of the Langevin type or a

glancing collision. For a Langevin collision ( b < bc) the scattering angle gin the centre
of mass system is isotropically distributed. For the glancing collisions ( by, > b > b)
which include both elastic and RCEX processes, the scattering angleq is determined

R
2This formula corresponds to the inverse of the integrated probability distribution ~ P(b) = Ob dP =

020 bBY sior = (b/ bin)2
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by eqg. 3.1 and the transferred energy to the target particle (in the lab frame) is given
by eq. 3.2. The probability for RCEX is calculated via eq. 3.3. The simulation runs until
the total interaction time is reached. If the nal energy of the ion in axial direction is
smaller than a set threshold around T, = 50K Kg, it will be counted as a cold ion
which stays trapped in the Paul trap after the ramp down. In order to reproduce the
nite energy resolution of the detection scheme (as shown in Fig. 3.3c) we generate a
corresponding distribution of random numbers for the threshold in our simulation.
In order to nally calculate the probability for the ion to stay trapped for a given  Tiow,
we analyse typically 10000 MC runs and average over the trapping probability for all
thresholds of the distribution.

During the Monte Carlo simulations, the atom cloud density distribution is as-
sumed to be constant. This is reasonable since atomic losses due to background
collisions, heating and atom-ion collisions during the interaction time are negligible.
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Chapter 4

Numerical study on the
universality of swap cooling

4.1 Introduction

In chapter 3 the experimental evidence for swap cooling, i.e. cooling a hot ion via
resonant charge exchange (RCEXx) in a homo-nuclear atom-ion system was presented
for the representative case of a RE" ion interacting with ultracold Rb atoms. In
order to demonstrate swap cooling, the experiments were carried out in a regime
where cooling by resonant charge exchange was overwhelmingly dominant over
the conventional collisional cooling, i.e. sympathetic cooling via elastic collisions.
As was pointed out, the swap cooling differentiates itself from sympathetic cooling
in two main aspects. First is the fact that the former is a single collision process
while the latter requires successive elastic collisions, each of which carries away some
portion of the energy that is to be dissipated. Second, the swap cooling collision
cross-section is a slowly varying function of the collision energy (see section 3.6.7
and the following section), as contrasted with strong E C01|’3 dependency of elastic
collision cross-section (see eq. 2.12). These two major differences manifest themselves
in the relative ef ciency of each cooling mechanism depending on the experimental
parameters which can be broadly categorized as the density distribution of the ions
and atoms, interaction time, and collision energy.

In this chapter, | use numerical calculations to investigate the properties of the
swap cooling process compared to sympathetic cooling in more detail. The relative
performance of each cooling mechanism under various experimental conditions
will be discussed. The Monte Carlo (MC) simulations are not limited to the exact
characteristics of our experimental set-up and allow exploring a broader range of
parameters. Moreover, following the theoretical procedure introduced in the previous
chapter, | expand the scope of the study to other species, namely, alkali and alkaline
earth metals. It is shown numerically that swap cooling happens for all the elements
investigated, and it is indeed the dominant cooling channel for higher collision
energies. Moreover, its characteristics seem to be universal and follow the same trend
as Rubidium.
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4.2 Swap cooling cross section

Before presenting the numerical simulations, I look at the cross section of different
types of collisions relevant for this study, namely, RCEXx, swap cooling, and the
Langevin collision cross section. The mathematical formulas required for calculating
these cross sections are given in chapter 3. Here, | only repeat the equation 3.5 used
to calculate the swap cooling cross section:
Zy
Sswad brnr) = b 2p b db Rrcex(b),

hr

where the probability of a resonant charge exchange collision Prcgy in atomic units is
given by (see section 3.6.7)

PRCEX(b)r:
. 1 p 1
2 + 2 L W2ig 12
sin v ng exp g b exp( bg)

Here, v is the collision velocity (1 a.u. of velocity = agEn/ h = 2.18769126364 1(°
ms 1), g = P ~ 21 where | is the atomic ionization potential, A is the asymptotic
coef cient determined by comparing the asymptotic wave function with that obtained
from numerical calculations, and b is the impact parameter in the collision. Table 4.1
shows the numerical values for A and g in addition to the static dipole polarizabilities
a for alkali and alkaline earth metals. It can be seen from the above formula that

TABLE 4.1: Static scalar dipole polarizabilities, and asymptotic co-

ef cients (see the text for de nitions) for alkali and alkaline earth

metals. Data for dipolar polarizabilities are taken from [SN19], while
the asymptotic coef cients are adopted from [SmiO1].

Element | a (4[)%338) A (atomic units) | g (atomic units)
Li 164.1125 0.82 0.630
Na 162.7 0.74 0.615
K 289.7 0.52 0.565
Rb 319.8 0.48 0.554
Cs 400.9 0.41 0.535
Be 37.74 1.6 0.828
Mg 71.2 1.3 0.750
Ca 160.8 0.95 0.670
Sr 197.2 0.86 0.647
Ba 272 0.78 0.619

the swap cooling cross section depends on a chosen threshold impact parameter, by,
which in turn corresponds to a cooling threshold Gy, (see section 3.6.7). The latter is
introduced to provide a quantitative de nition of a "cold" ion. Namely, if the total
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FIGURE 4.1: The cross section of different types of collision in homo-
nuclear atom-ion systems for A) Alkali metals, and B) Alkaline earth
metals. Solid lines show the cross section for swap cooling collisions
for a cooling threshold of Cy,, = 100K kg (see the text), while dash-
dotted lines represent the total RCEx cross section. Dotted lines depict
the cross section for the Langevin collisions. Different species are
distinguished with different colours. Please note that the vertical
axis in panel (A) uses linear scale, while in panel (B) is chosen to be
logarithmic for better visibility. The Langevin cross section of Lithium
and Sodium almost overlap because their polarizability is virtually the
same (see Table 4.1).

kinetic energy of the ion after the collision is less than Cy,, the ion is considered to be
cooled down via a swap cooling collision.

Figure 4.1 shows different cross sections as a function of the collision energy (E¢o))
up to E.q = 11600K kg = 10eV for alkali and alkaline earth metals. The cooling
threshold used for these calculations is set to be Cy,, = 100K Kkg. Please note that
for two particles with the same mass, considered here, Eo = 1/ 2Ejo, Where Ejqn is
the initial kinetic energy of the ion. Different species in gure 4.1 are shown with
different colours. Swap cooling cross section is depicted with solid lines, while dash-
dotted curves represent the RCEX collision cross section. Langevin cross sections are
shown with dotted lines. As expected, different species behave similar to one another
with regard to the calculated cross sections, and they follow the same trend. It is
also notable that the numerical values for each type of collision cross section remain
within the same order of magnitude upon changing the element for all alkali and
alkaline earth metals.

It was laid out in chapter 3 that the cooling process in homo-nuclear atom-ion
collisions is dominated by swap cooling and Langevin collisions. Fig. 4.1 clearly
shows that increasing the collision energy favours swap cooling over Langevin
collisions. It can be seen that the swap cooling cross section becomes larger than the
Langevin cross section only after increasing the collision energy to several thousand
K kg. However, the signature characteristic of swap cooling, i.e., bringing about a
cold ion in a single collision, makes it non-trivial to nd the exact collision energy
above which swap cooling starts to dominate the collisional cooling. Therefore,
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numerical calculations simulating various experimental conditions are presented in
the following section to provide a comparative study of the relative ef ciency of each
cooling process.

4.3 Comparative performance of swap cooling

The measurements that were presented in gure 3.4 were designed to demonstrate
swap cooling. The interaction time in the experiment was, therefore, chosen to be
200ms, which was too short for any signi cant contribution from sympathetic cooling
for higher collision energies. The atom-ion interaction time in the MC simulations
were accordingly xed at the same value. The cooling probability was then deter-
mined by dividing the number of runs in which this interaction time is suf cient to
cool the ion below the Cy, by the total number of runs. Here, the same MC simu-
lation is used with a slightly different approach. Namely, the atom-ion interaction
time is not xed and in each run the simulation continues until the ion cools down
to the ultracold temperatures. Concretely speaking, the cooling threshold is set to
Cihr = 10mK kg (which differs from Cy, 50K kg used in the previous chapter in
accordance with the experiments). The rst parameter of interest is then the average
interaction time (T) needed to cool down the ion as a function of its initial kinetic
energy for different experimental conditions. In the following, | rst discuss how the
spatial con nement and density distribution of atoms and ions affect T and the rela-
tive ef ciency of each cooling mechanism. Simulations are performed for Rubidium
as an exemplary case.

The solid blue line in gure 4.2 shows T for a typical setting of our experiment
as a function of the initial kinetic energy of the ion in the units of K kg. The initial
conditions in the simulation are chosen to match the typical experimental parameters
asin[MKD21]. The Rb* ionis con ned in a linear Paul trap with trapping frequencies
(Wx Rb» Wy R WzRD) = 2P (206,208,47.5kHz. In the simulations all the initial
energy of the ion is allocated to the z component. The atom cloud has a Gaussian
density distribution with a standard deviation of sxy, (48,8.8,8.4 nm, and with a
peak density of n = 1.3 102 cm 2. These conditions, i.e. local density distribution
of the atom cloud and relatively low ionic trapping frequencies, lead to very small
overlap between the ion trajectory and the atom cloud for higher initial kinetic
energies of the ion. Therefore, enhancing Eqn will on average signi cantly increase
the time needed to cool down the ion. For comparison, the same MC calculations
are performed without swap cooling, which means no charge transfer occurs during
the simulations. The average cooling time T when swap cooling does not take place
is shown with red dashed line in gure 4.2 which progressively deviates from the
corresponding full MC calculations (solid blue line) by increasing E ion. For the highest
calculated initial energy of E jon, = 1160K kg 1eV, mere sympathetic cooling takes
about 9 times longer to cool the ion down as compared to the total collisional cooling
that includes swap cooling.
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FIGURE 4.2: Average cooling time of a Rb* ion interacting with ul-
tracold Rb atoms. The solid blue line simulates typical experimental
conditions, in which the atoms are con ned in an optical dipole trap
with a Gaussian shape density distribution and the ion in a linear
Paul trap with relatively low trapping frequencies (see the text). The
dashed red line has the same con guration for the atom cloud and
the ion but does not include swap cooling, i.e. no charge transfer (CT)
happens during the simulation. Solid magenta line assumes the same
atomic density distribution but almost 10 times higher ionic trapping
potentials (see the text for exact numbers). The cooling time of a free
ion interacting with ultracold atoms with uniform density distribution
is shown with orange solid line for n= 1.3 10%m 3 (HUD) and
with violet solid linefor n= 1 10°%m 2 (LUD). The maroon dashed
line also assumes the ion to be a free particle interacting with neutral
atoms with a uniform density distribution of n= 1.3 10%2cm 2 but
does not include swap cooling. All curves presented with solid lines
use the full model that includes cooling via RCEX.

The main reason for slow cooling rates for the mentioned experimental conditions
is the small overlap between ion trajectory and the atom cloud. | therefore performed
simulations for high ionic trapping frequencies (HITF) but the same density distri-
bution for atomic cloud which is shown by solid magenta line in gure 4.2. The
chosen ionic trapping frequencies for these simulations are (Wy rp, Wy rp WzRrb) =
2p  (2,2,7) MHz which result in much more localized ion trajectories, and therefore,
better overlap with ultracold atoms. While these frequencies are much higher than
what we typically have in our Paul trap, they are still in the range of accessible trap-
ping frequencies which can be used in atom-ion experiments. It can be seen that this
change makes the cooling more ef cient and also less sensitive to the variations of Ejop,.
In the next step, the atom cloud is assumed to have a uniform density distribution
of n(x,y,z) = 1.3 10 cm 3, and the ion a free particle with initial energy E iop.
These conditions resemble buffer gas cooling. The corresponding MC calculations
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FIGURE 4.3: The x-axis shows the initial kinetic energy of the Rb *
ion Ejon. The simulation runs until the ion is cooled below 10mK kg
due to collisions. The overall percentage of the total dissipated energy
via different cooling processes is shown. The solid blue line depicts
the proportion of the energy dissipated via swap cooling for typical
experimental parameters. The dotted violet curve corresponds to the
rest of the collisional cooling in the same simulation, i.e., sympathetic
cooling. The dashed red curve represents all the energy dissipated
via RCEX, which comprises swap cooling plus all Langevin collisions
with a charge exchange.The solid maroon and orange curves represent
the dissipation of a free Rb* ion's initial energy via swap cooling,
assuming the atoms have a uniform distribution with the constant
densityof n= 1.3 102cm 3andn=1 10°%m 83, respectively.

are labelled HUD (standing for high uniform density) in gure 4.2 and are shown
by the solid orange line. The violet solid line in the same graph represents the same
calculations for a lower uniform density (LUD) of n(x,y,z) = 1 10°cm 3. As
expected, the orange and violet curves are the same apart from a constant prefactor
corresponding to the ratio of the two atomic densities. More importantly, after a
suf ciently high initial energy of about E jo, = 100K kg the cooling happens at a
faster rate by increasing Ejon. As we shall see in further details in the following, this
happens as swap cooling becomes the dominating cooling channel in the collisional
dynamics. For the sake of comparison, the maroon dashed line in gure 4.2 resulted
from the MC simulations with the same parameters as for the orange curve, with
the exception that RCEX is not included in the simulations. Clearly, the average
cooling time in MC calculations without charge transfer (dashed maroon line) is an
ever-increasing function of E o, contrary to the full model (solid orange line).

Figure 4.3 illustrates the relative performance of different cooling mechanisms,
i.e. the percentage of initial energy of the ion which is dissipated via each process,
as a function of Ej,,. The curves labelled "Exp" present MC simulations that are
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performed using typical experimental parameters in accordance with [MKD21], and
with the aforementioned blue solid line in gure 4.2. Each time a charge transfer
happens during the simulation, the code adds the energy difference of the ion before
and after the collision to the swap cooling proportion only if the collision's impact
parameter was higher than the critical impact parameter b.. The red line in gure 4.3,
on the other hand, shows the overall collisional cooling via RCEX. It accounts for a
higher percentage of dissipated energy since, besides swap cooling, it also includes
charge transfer events that happen via Langevin collisions. As mentioned in chapter
3, for lower collision energies, the dynamics of the system is mainly characterized by
Langevin collisions, half of which lead to RCEx. The relative performance of swap
cooling is also calculated for a free Rb* ion interacting with ultracold Rb atoms with
a uniform density distribution. The maroon curve in gure 4.3 represents the higher
uniform density (HUD) of n(x,y,z) = 1.3 102cm 3, while the orange line shows
the lower uniform density (LUD) of n(x,y,z) = 1 10° cm 2. Although the average
cooling time is directly proportional to the atomic density as can be seen in gure
4.2, the swap cooling proportion of the collisional cooling seems to be independent
of the density as the LUD and HUD curves in gure 4.3 practically overlap. More-
over, regarding the percentage of cooling that is done via swap cooling, there is no
signi cant difference between the local or uniform density distribution of the atomic
cloud in spite of the sizable difference in the average cooling time. Therefore, since
the comparative performance of different cooling processes is rather insensitive to
the density distribution of the ultracold atoms, and taking into account the consid-
erable difference in the computational cost, in what follows the MC calculations are
performed for the case of a free ion interacting with ultracold atoms with a uniform
density of n(x,y,z) = 1.3 10%cm 3.

4.4 Swap cooling for alkali and alkaline earth metals

So far in this chapter, the comparative role of swap cooling for different con gurations

of the atom and the ion systems is explored numerically. The next step is to investigate
the swap cooling process in other species rather than Rubidium. Although switching
to other species is experimentally challenging, expanding the numerical calculations
is quite straightforward. The theoretical model for swap cooling and the details of the
Monte Carlo simulations used to calculate collisional cooling are laid out in chapter 3
(see also Appendix B). Here, the same code is used for other species. The numerical
values for the static dipolar polarizabilities of neutral atoms a which are required for
calculating the collision rates are taken from [SN19]. The resonant charge exchange
probability for glancing collisions is calculated using formula 3.3 in which numerical
values for asymptotic parameters A and g are adopted form [SmiO1]. For Langevin
collisions, the RCEXx probability is 0.5. Table 4.1 shows the numerical values for a, A,
and g for alkali and alkaline earth metals used in the simulations.
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FIGURE 4.4: An energetic ion interacts with its parent neutral particle.
Shown are MC calculations for the average time needed to cool down
the ion as a function of its initial kinetic energy for A) Alkali metals,
and B) Alkaline earth metals. The ion is assumed to be a free particle
interacting with its parent neutral particles taken to be at rest with a
uniform density distribution of n(x,y,z) = 1.3 10%cm 3.

Figure 4.4 presents MC calculations for a free energetic ion interacting with its
parent neutral particles. The neutral atoms assumed to be at rest in the simulation
with a uniform density distribution of  n(x,y,z) = 1.3 102 cm 3. The average time
T needed to cool down the ion below 10mK kg is shown for different species. Each
data point is averaged over 10000 repetitions. Panel A in gure 4.4 is dedicated to
alkali metals, while panel B represents MC calculations for alkaline earth metals. The

rst thing that stands out from these two graphs is that for all the considered species,
increasing the initial energy of the ion above a certain Ej,, 1000K kg does not
increase the average cooling time. This energy dependency is, of course, in clear
contrast with sympathetic cooling in which the average cooling time is expected to
be directly proportional to the amount of the energy that needs to be dissipated, as
shown for the case of Rubidium in gure 4.2 (the maroon dashed line). Increasing the
initial energy makes the swap cooling the ever dominating cooling channel, which
makes the overall cooling progressively more ef cient. Another interesting feature is
that for all the species and the entire range of Ejo, considered here, the variation in
the average cooling time remains within one order of magnitude.

In order to have a more quantitative understanding of the role that swap cooling
plays in the overall collisional cooling of the ion, the percentage of the initial energy
Eion that is dissipated via swap cooling E pissswap is directly calculated in the same
manner already explained for the case of Rb™ ion. Figure 4.5 shows the Epjssswapfor
both alkali metals (panel A) and alkaline earth metals (panel B). * Evidently, swap
cooling plays a more prominent role by increasing E ion, @ fact which holds true quite
universally regardless of the species under study. When the ion's initial energy

1sympathetic cooling will account for the rest of collisional cooling in Fig. 4.5 which is not shown for
being trivial. Concretely, the percentage of E,p, that is dissipated via elastic collisions is E pjss glastic =

100 EDiss,Swap
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FIGURE 4.5: The percentage of the initial energy of the ion that is
dissipated via the swap cooling process in homo-nuclear atom-ion
collisions for A) Alkali metals, and B) Alkaline earth metals. The ion
is assumed to be a free particle interacting with its parent neutral
particles, taken to be at rest with a uniform density distribution of
n(x,y,z) = 1.3 102cm 3. It can be seen that the relative ef ciency
of the swap cooling process is virtually the same for all the studied
elements.

reaches 10 eV, about 90 percent of the energy is lost by virtue of swap cooling. More-
over, it can be seen that all the species studied here, demonstrate similar behaviour
with regard to the signi cance of swap cooling. It was also discussed in the previous
section that the spatial con guration and density distribution of the atoms and ions
contribute minimally to the relative ef ciency of the swap cooling process. Therefore,

it seems reasonable to conclude that the percentage of the energy that is dissipated via
the swap cooling process in homonuclear atom-ion collisions is determined mainly by
the initial kinetic energy of the ion. Another aspect that is worth noticing in gure 4.5

is that for E o, up to several hundreds K kg, swap cooling is practically negligible,
and the cooling dynamics are described with sympathetic cooling. This is consistent
with the aforementioned results of gure 4.4 in which, for very low initial energies of
the ion, the average cooling time is an increasing function of E jo,. Further increase
of the ion's initial energy results in the progressive dominance of swap cooling in
collisional dynamics, which in turn leads to considerable modi cation of the average
cooling time.

Perhaps the most striking feature of the swap cooling process is that it can bring
about a cold ion in a single collision. Therefore, it is useful to look at the number
of times that swap cooling happens during the atom-ion interaction. Figure 4.6
shows the said quantity for both alkali and alkaline earth metals. Of course, swap
cooling can only happen in district occasions and the fractional number for swap
cooling in the graph should be understood in the statistical sense. The MC simulation
for each data point is repeated 10000 times and in each run the number of swap
cooling collisions is counted which could be zero or an integer number. Shown is
then the number of times that swap cooling happens averaged over the total number
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FIGURE 4.6: The statistical average of the number of times that a swap
cooling collision happens. The atom-ion interaction time is as long
as needed to cool down the ion below 10mK kg. A) Alkali metals,
and B) Alkaline earth metals. The ion is assumed to be a free particle
interacting with its parent neutral particles, taken to be at rest with a
uniform density distribution of n(x,y,z) = 1.3 10%cm 3.

of repetitions. Itis interesting to note that there is almost a one to one correspondence
between gures 4.6 and 4.5 meaning that probability of having one swap cooling
collision predicts the percentage of the energy that is dissipated via swap cooling in
a statistical averaged sense. Another curiosity is that for very high initial energies
in gure 4.6, the number of swap cooling collisions can slightly exceed 1 which is
contrary to the expectation of having a cold ion after one swap cooling collision. This
happens because in the MC simulation any resonant charge exchange collision with
an impact parameter greater than b is counted as a swap cooling collision. If such a
collision happens with an impact parameter close to b there is a chance that the ion
is hot enough to undergo another swap cooling collision during the interaction time.
So far, | have focused on the swap cooling process and its role in the collisional
cooling in homo-nuclear atom-ion collisions. A complete picture of collisional cooling,
however, has to also take into account elastic collisions. The average number of elastic
collisions? during the interaction time as a function of E ,, is provided in the top
panels of gure 4.7 for the same species as before, while the bottom panels show the
average number of Langevin collisions. Fig. 4.7 once again shows that there is an
initial phase in which increasing the amount of energy that needs to be dissipated
via collisions requires a higher number of elastic (Langevin) collisions, which is an
intuitive outcome of the simulation. However, further increase of the initial energy
after Ej;n,  1000K kg will lead to fewer elastic (Langevin) collisions during the
interaction time. This is inline with the previous explanations of collision dynamics in
such systems. As mentioned before, the atom-ion interaction time is not xed during
the MC calculations and the simulation runs until the ion is colder than 10mK Kkg.
As swap cooling prevails the collisional cooling by increasing E op, the interaction

2Here, elastic collisions are de ned according to section 2.4.1, with the nite cross section given in
equation 2.18.
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FIGURE 4.7: The statistical average of the number of times that an
elastic collision happens during the atom-ion interaction time which is
hold long enough to completely cool down the ion. A) Alkali metals,
and B) Alkaline earth metals. The ion is assumed to be a free particle
interacting with its parent neutral particles taken to be at rest with

a uniform density distribution of n(x,y,z) = 1.3 102 cm 2. For
energies above E;, 100K kg the number of collisions decreases
by increasing E;j,,, which is an indication of the dominance of the swap

cooling process (see the text).

time T and, consequently, the number of elastic (Langevin) collisions decreases. In
other words, gure 4.7 can be best understood in tandem with gure 4.4.

As already discussed, Epissswapdoes not strongly depend on the speci ¢ element
under consideration. This in turn means that the performance of collisional cooling
via elastic collisions in homo-nuclear atom ion systems should manifest the same
universality regarding different species. However, there is a clear distinction between
the number of elastic collisions of different species in gure 4.7. This is not surprising,
as most of the elastic collisions are glancing collisions that contribute minimally to
the collisional cooling. The number of Langevin collisions, on the other hand, show
the same universality as swap cooling under changing the element. In Langevin
collisions, the ion scatters with a uniformly distributed scattering angle in the centre
of mass (COM) reference frame. According to the equation 3.2 the energy transfer
from the ion to the cold atom with the same mass in the COM frame is equal to
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Etrans = Eionsin?(a/ 2) in which Eop is the initial kinetic energy of the ion. Since the
average of the sin? function is equal to 1/ 2 the ion's energy after | Langevin collisions
would be approximately 1/ 2! of its initial energy. This indicates the importance of
Langevin collisions in the cooling process.

4.5 Concluding remarks

After the experimental demonstration of swap cooling fora Rb * ion interacting with
parent neutral Rb atoms in [MKD21], the numerical MC calculations are used to
expand the scope of the study of swap cooling to other species. The obtained results
denote that not only swap cooling can happen in other homo-nuclear atom-ion
collisions, but also its properties are quite universal among different species.

While the overall collisional cooling of a highly energetic ion immersed in ultra-
cold atoms strongly depends on the geometry of the problem, namely the density
distribution of the atom cloud and the trapping frequency of the ion, the relative
ef ciency of swap cooling seems to be rather insensitive to such parameters and is
almost solely determined by the initial energy of the ion.

As already shown in the case study of Rubidium, the swap cooling contribution
to overall collisional cooling progressively grows by increasing the ion's initial energy.
Virtually regardless of the speci ¢ element under consideration, swap cooling starts to
take part in the cooling process for E o, about several hundred K kg. This estimation
was justi ed in chapter 3 by looking at the energy dependency of the critical impact
parameter. Moreover, swap cooling starts to play a more prominent role for initial
energies above By, = 1000K Kg.

Due to swap cooling, the average cooling time of a hot ion immersed into an
ultracold cloud of its parent neutral particles does not show a strong dependency on
the Ejon and can even decrease for higher energies. This can be understood by taking
into account that, contrary to all other relevant types of collision, the swap cooling
cross section is an increasing function of Ejy,, (for the energy range studied here).

For alkali and alkaline earth metals studied here, the amount of energy dissipated
via the swap cooling channel and the average number of swap cooling collisions
seem to be rather insensitive to the speci ¢ elements being used.

While the glancing collisions' contribution in dissipating the ion's energy is mainly
in terms of swap cooling, Langevin collisions play a considerable role in collisional
cooling regardless of the occurrence of the resonant charge exchange.
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Chapter 5

Controlled reaction ofaBa T ion
Interacting with Rb atoms

5.1 Introduction

A long-standing goal in chemical physics is to understand and eventually control
how reactants become products. In a reactive process, having complete control over
all guantum mechanical degrees of freedom, should that be possible, allows for the
discovery of the relevant interaction processes and the steering of chemical reactions.
However, in heteronuclear systems, the problem of studying collision dynamics is
often perplexed due to numerous potential reaction channels. Therefore, to limit the
manifold of collision pathways in our atom-ion experiment, we study the interactions

of neutral atoms in their electronic ground state at ultracold temperatures with single
ions. Moreover, in this chapter, | will discuss and experimentally investigate how
the combined spin-state of colliding particles affects the cross section of reactive
processes and how preparing the reactants in speci ¢ quantum states can suppress
certain reaction channels. Therefore, in addition to obtaining a feasible way to control
reactive collisions, it will also be possible to examine the accuracy of certain theoretical
assumptions about the reactive processes in our system and study chemical reactions
at the most elementary level.

It's also worth noting that at cold and ultracold temperatures, the energy scale
involved in exoergic reactions could be immense. For example, if the reaction exoer-
gicity is on the order of an electron volt ( 10* K  kg) and the relative collision energy
of the reactants is in the mK range, the products separate with an energy that is up to
9 10orders of magnitude greater than their initial kinetic energy. The substantial
difference in kinetic energy between products and reactants makes detecting reaction
products and studying their quantum states problematic in the experiments designed
for neutral particles. However, owing to the very deep trapping potentials of our RF
ion trap, it is possible to detect the ionic products after reactive collisions and get an
insight into the collision dynamics accordingly.
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5.2 Theoretical considerations

We study the interaction of single laser-cooled 3®Ba'* ions with ultracold Rb atoms
while both species are initially in their electronic ground states. Figure 5.1 shows the
relevant potential energy curves for the system. Since the ionization energy of Ba is
higher than that of Rb, the entrance channel in our experiments, which is marked
by a dotted line at the zero level of potential energy in Fig. 5.1, is not the absolute
ground state of the system. Moreover, depending on the initial quantum state of

FIGURE 5.1: Potential energy curves for BaRb*. Data taken
from[Hal+13b]
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the colliding partners, the scattering can take place via either of the singlet (2) 1S*
or triplet (1) 3S* curves. Each of these channels will enable a variety of secondary
inelastic and reactive processes, some of which are outlined below. As is shown in
Figure 5.1 the (2!S* is not the electronic ground state which opens up the possibility
of radiative charge transfer (RCT) and radiative association (RA) for the (2) !S*
entrance channel. In RCT, the collision complex emits a photon and decays to one
of the continuum states of the electronic ground state (X) 1S* which asymptotically
corresponds to the charge exchanged state. In RA, the collision complex relaxes
to one of the molecular bound states of the (X)S* by emitting a photon (see also
section 2.5.1). As long as the spin selection rules hold, RCT and RA are forbidden
for the (1)3S* entrance channel. Moreover, if a molecular ion is formed after a three-
body-recombination in the (2) 1S* state, it can undergo radiative relaxation to the
electronic ground state (X)1S*. Furthermore, the potential photoexcitation channel
for the BaRb* complex via the 1064 nm laser light (which is used as the optical dipole
trap for the Rb atoms) depends on the electronic state of the complex. Therefore,
suppressing the singlet (2)1S* entrance scattering channel would substantially limit
the available decay channels and secondary processes, which could be used as a
means to control the dynamics of the system. In the following section, | discuss the
experimental realization of this goal.

5.3 Experiments and results

We have already investigated the reactive collisions between a 13®Ba* ion prepared
in an incoherent mix of its two spin ground states and an ultracold cloud of spin-
polarized 8Rb atoms, prepared in the hyper ne state jF= 1,mg= 1i rp Of the
electronic ground state [Kri+16b; Moh+21]. It was shown in [Kri+16b] that the
main decay channel in our experiments is three-body-recombination (TBR), and it
was hypothesized that the outcome of such reactive process is the formation of a
BaRb" molecular ion. Due to the (mentioned) initial quantum state of the reactants,
a reactive collision allows for the formation of a BaRb * molecular ion in both the
singlet (2)'S* and triplet (1) 3S* states in those experiments.

In order to suppress scattering along the singlet (2)1S* potential curve, | per-
formed measurements by preparing the ultracold Rb atoms in the spin stretched
jJF = 2,mg = 2ig, state. The Bd ion can also be prepared in one of the Zeeman
sublevels of 6s2S,,, state, either parallel Zsl,z,m,- =12 . = "1 g Or antipar-
allel Zsl,z,mj = 12 ;. = j#ig, tothe magnetic eld. This is done via optical
pumping by using a s* (s )-polarized light along the direction of the magnetic eld.
As long as the total spin quantum number of the system is conserved, if the spin
of the ion is aligned with the spin of the atoms prepared in the jF= 2,mg = 2ig,
state, i.e. forj" iz, , only the triplet potential contributes to the collision dynamics.
Preparing the ion in the j#ig, spin state will allow for spin exchange collisions,
which will ultimately polarize the ion's spin parallel to the spins of the atomic bath.



60 Chapter 5. Controlled reaction of a Ba* ion interacting with Rb atoms

Spin exchange collisions between an ion and ultracold atoms have been studied in
similar atom-ion experiments, and the rate of such collisions is reported to scale with
Langevin collision rate [Sik+18b; Fur+18]. Since the objective of the current study
is to investigate reactive processes by suppressing some of the available channels,
the measurements presented in the following are performed with the spin of the ion
initially prepared parallel to the polarized atoms to avoid spin-exchange collisions.

| note, however, that in complementary measurements (presented later on in this
chapter), | have not observed any signi cant difference in the reaction rates due to
the initial spin state of the ion.

Asymptotically, the atom-ion interaction is dominantly determined by the at-
tractive polarization potential of the form [VW54] V(r) = Ca/ (2r%), where C, =
aq?/ (4peg)? is proportional to the static dipole polarizability of the atom  a, and qis
the electron charge. In the classical picture, the polarization potential characterizes
the total two-body (three-body) collision rate, which is thus the same for Rb atoms in
their ground state regardless of their total atomic angular momentum ( F) quantum
number. It is often assumed that in heteronuclear atom-ion systems, for any reac-
tive process to take place, collisions with energies above the centrifugal barrier, i.e.,
Langevin collisions, are required (see section 2.63. The rate of Langevin collisions
is energy-independent and is given by g, = 2p C4/ mm, where mis the reduced
mass andn is the density of the neutral atomic cloud. In our experiments we have
g/ n= 219 10 °cm?®s, and we work with typical densities of n = 10%cm 3. The
reactive collision in our experiments for Rb atoms preparedinthe jF= 1,mg= 1lig,
state are measured [Kri+16b] to be dominated by three-body-recombination with a
rate coef cient of kz3 = 1.04 10?*cmbs 1.

In [Kri+16a], the quasi-classical trajectory (QCT) calculations have been used
to explain the obtained reactive collision rates in our experiments for Rb atoms in
thejF= 1,mg = 1lig, state. The classical treatment was justi ed since the involved
collision energies ( mK kg or above) are way beyond the threshold energy of

50nK kg for entering the s-wave regime of Ba* Rb. The QCT calculations use
the classical equation of motion and Monte Carlo sampling to determine the TBR
rate as a function of collision energy. Any trajectory that leads to the formation of a
dimer after TBR with negative binding energy is considered a recombination event
[PRG15]. The short-range part of the interaction potential contributes minimally to
the calculated TBR rate, and the long-range part is the same for both singlet and triplet
potentials in the same entrance channel. Therefore, insofar as the QCT calculations
can be trusted to describe our system, there should be no difference in the TBR rate for
triplet and singlet potentials. | note, however, that these calculations cannot predict
resonance features should they occur [Ber79].

To summarize all the above discussion, the expectation is to have the same decay
rate of the Ba" ion when working with  jF = 2,mg = 2i 5, atoms but with a differ-
ent population distribution of the nal products after the atom-ion interaction. To
investigate this hypothesis, | performed two sets of measurements where all the
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FIGURE 5.2: Detection probability of a spin polarized Ba * ion

after the interaction with an ultracold cloud of Rb atoms in the

jF=1,mg= 1ig, state with a peak density of 5 102 cm 3. The
solid line is an exponential t to the data.

experimental parameters are the same except for thejF, mgi 5, quantum number of
the Rb atoms. Figure 5.2 shows the probability of detecting a cold Ba™ ion after a
varied interaction time with an atomic cloud of 8RbatomsinthejF= 1,mg= 1lig,
electronic ground state. The cloud consists of N=1.6  10° atoms with a peak density
ofn=5 10%m 3. The blue solid line is a simple exponential decay t to the data.
These measurements reproduce the previously reported decay rate in [Kri+16b] and
match our expectations. We use uorescence imaging of the ion to determine whether
there is a cold (below 1K kg) Ba* in the Paul trap after the interaction. These ions
are considered to have not been reacted since such processes in our system are typi-
cally highly exothermic and could also involve a charge transfer which leads to other
ionic species rather than a Ba" ion. Numerical simulations using QCT predict that the
initial reaction product after a three-body-recombination is a weakly bound BaRb *
molecular ion [Kri+16a; Moh+21; PRG15]. I, therefore, note that if such molecules
are dissociated before going through secondary inelastic or reactive collisions, we
will not be able to distinguish them from an ion that has not undergone a reaction.
We now look at the decay probability of a spin polarized Ba * ion under the
same experimental conditions except for the fact that Rb atoms are prepared in the
JF = 2,mg = 2iz, quantum state. Figure 5.3 shows the probability of detecting a cold
Ba" ion after a variable interaction time in such a system. It can be seen that even
increasing the interaction time by more than one order of magnitude is not suf cient
for the ion to reach the same reaction probabilities as for the jF = 1,mg = 1i 5, mea-
surements. The inset of Figure 5.3 shows a zoom of the shorter times corresponding
to Figure 5.2 in order to allow for a direct comparison. After 50ms the ion has more
than 50% chance to react away when interacting with jF= 1,mg = lig, atoms
while the decay of the Ba* ion immersed in a cloud of ultracold Rb atoms in the
jF = 2,mg = 2iy, state is almost completely suppressed. Since these results are very



62 Chapter 5. Controlled reaction of a Ba* ion interacting with Rb atoms

FIGURE 5.3: Probability of detecting a cold Ba* ion after the interaction

with an ultracold cloud of Rb atomsinthe jF = 2,mg = 2i g, state with

a peak density of 5 102 cm 3. The solid line is an exponential t to

the data. The inset is a zoom of the data at shorter times corresponding
to Fig. 5.2

intriguing, | have performed similar measurements for different con gurations of

the atom cloud, and they all con rm the very low decay rate of the Ba * ion while
interacting with the Rb atoms inthe jF = 2,mg = 2i,, state. Figure 5.4, for instance,
compares the reaction probability of the ion when immersed into a cloud of Rb atoms
with a peak density of n = 1.2 10%cm 2 prepared in the two different quantum

states.

A)jJF=1mg= 1> (B)jF=2,mg=2>

FIGURE 5.4: Probability of detecting a cold Ba* ion after the interaction

with an ultracold cloud of Rb atoms with a peak density of n= 1.2

10 cm 3. A) The Rb atoms are prepared inthe jF = 1,mg = lig,

state, and B) inthe jF = 2,mg = 2i 5, state. The inset shows a zoom of
shorter time scales corresponding to Fig 5.4a.

As previously stated, the distinct difference between the reaction rate of an ion
via singlet or triplet channels was not anticipated in our measurements, and there are
no other atom-ion experimental studies on this topic involving three-body reactive
collisions. However, similar observations have been reported in two other atom-ion
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FIGURE 5.5: Energy level diagrams of 13%Ba* ion [Cur04] and 8’Rb

[Biz+99]. Shown are the hyper ne structure of the electronic ground

state of Rb and the relevant electronic structure of the Ba* ion. The
relevant Zeeman-splitting of both systems are also illustrated.

experiments in which reactive processes are dominantly two-body. In [Rat+12] the
reaction rate of an Yb™ ion prepared in its electronic ground state with Rb atoms
inthe jF = 2,mg = 2i,, state was found to be 35 times smaller than reaction rate
with atoms inthe jF = 1,mg = 1ig, state, and the observed suppression was broadly
attributed to the difference in hyper ne interaction. In [Sik+18b] Rb-Sr * mixture was
used to study chemical reactions. They observed charge-exchange reactions every

5 10* Langevin collisions when Rb was prepared in the F = 1 hyper ne level, and
did not observe charge-exchange reactions when it was initialized in F = 2 level. The
charge exchange reactions in [Sik+18b] are expected to happen radiatively. Therefore,
the mentioned suppression of charge exchange is not surprising, as radiation can
couple the charged-exchanged ground state to the singlet entrance channel and not
to the triplet potential relevant for F=2 atoms. It was also suggested in [Sik+18b] that
the suppression of charge exchange would be due to the increase in the steady-state
temperature of the ion when Rb is initialized in F=2 and the hyper ne energy is
occasionally released in a spin-relaxing collision. Since the latter point is also relevant
for my experiments, | explore it in more details in the following.

The hyper ne level structure of the Rb atom in its electronic ground state is

shown in gure 5.5. A collision-induced transition from the F=2 hyper ne level
to the F=1 manifold will release the E}! = h 6.83GHz 326mK kg energy gap,
which will be distributed between the colliding partners. Let's denote the probability
that a Langevin collision will lead to such a spin relaxation with the proportionality
coef cient h, where 0 < h < 1. Using energy and momentum conservation, it is
straightforward to calculate the average kinetic energy intake by the ion per Langevin
collision due to the hyper ne transition of the atom to be  dEpea;= hE[ m;‘fmi . Here,
mg and m; represent the mass of the atom and the ion, respectively. One can also
show that for an ion with the kinetic energy Ejo,, prior to the collision, the average
energy loss per Langevin collision is dE¢gg = 2mem

(ma+ m;)?
equation, one obtains the steady-state kinetic energy of the ion < Ejo,, >= hE}

Eion- Solving the resulting rate
Mg+ m;
2m;
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which corresponds to the average collision energy of < E;, > = m:;ami < Ejpon>.1n
our case of a Ba ion interacting with Rb atoms, we have < Egy >= h265mK Kg,
and < E;g>= h102mK Kkg.

The energy-dependency of reactive collisions in our experiments when Rb atoms
are preparedinthe jF = 1,mg = 1i 5, state has been independently studied [Kri+16a]
using excess micromotion to tune the collision energy. It was found, empirically, that
the three-body-recombination rate coef cient ks scales with the collision energy as
k3 Ecocl"46. To nd an upper-limit for the suppression of reactive collisions due
to additional heating via hyper ne energy release, one puts h = 1 which gives an
upper limit for collision energy of 100mK kg. Using the said power law scaling,
this collision energy, compared to the 1 mK collision energy typically used in our
measurements with atoms inthe jF = 1,mg =  1ig, State, suppresses the reaction
rate by a factor of 8. Although this effect is signi cant and has to be taken into
account, it cannot fully explain the obtained suppression when working with the
JF = 2,mg = 2i4, atoms, since even increasing the interaction time by a factor of
10 is not nearly enough to get the same reaction rate as with jF= 1,mg = lig,.
Moreover, it should be emphasized that spin relaxation can only happen via spin-
nonconserving collisions, for example due to second-order spin-orbit interaction.
Therefore, the estimated value for suppression due to an increase in collision energy
via hyper ne transition using h = 1 should be considered a conservative upper limit.

Another consideration while explaining the observed low production rate of
hot Ba" ions in my experiments with atoms in the jF= 2,mg = 2iy, state is the
following. It has been suggested that the electric eld can dissociate very weakly
bound molecular ions after their formation [Die+20]. If a three-body-recombination
results in a weakly bound molecular ion which is dissociated via electric eld before
photo-dissociation, it will produce a relatively cold Ba * ion which will not be detected
as a reacted ion by our scheme. | note, however, there is no reason to think that this
phenomenon should happen at much larger rate for triplet molecules compared to

singlet ones.
It is also possible that the initial reactive process in our atom-ion experiments
when the atoms are prepared inthe jF= 1,mg = 1lig, state is due to the photoex-

citation of a three-body complex into a bound or continuum excited state. Such
an excited three-body complex can result in an excited molecular ion and a neutral
atom, or a neutral molecule and an ion in the electronic excited or ground state.
Of course, such possibilities are more involved to be considered theoretically, and
numerical calculations for this problem might not be feasible at the current accessible
computational powers.

Finally, it is certainly concievable that the reaction dynamics of a spin polarized
Ba" ion interacting with ultracold Rb atoms with  jF = 2,mg = 2i ;, cannot be simply
explained in a classical picture and will await quantum mechanical calculations.
An exemplary quantum mechanical effect that could explain the sizable difference
between the reaction rates via triplet or singlet potentials is Fano-Feshbach resonances.
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Although the collision energies in our experiments are too high to discern Feshbach
resonances, they can still in uence overall reaction rates. The result of such resonances
is the formation of meta-stable bound states, which could enhance the probability
of photoexcitation of the collision complex via the available 1064 nm laser light.
Feshbach resonances and the likelihood of photoexcitation of meta-stable states are
both substantially in uenced by the details of the short-range part of the potentials
and thus can result in different reaction rates for triplet and singlet potentials. One
way to test this hypothesis is to perform spectroscopy by using a laser beam that
selectively couples the singlet (triplet) entrance channel to a repulsive excited state
which is associated with the charge-exchanged asymptote (or the 5d2Ds, state of
Ba" ion, see the next section). Finding resonance-enhanced transitions may allow for
deterministic evaluation of the three-body recombination rates and probing of the
meta-stable states before other secondary processes (see [Moh+21] for a discussion
on such processes) have a chance to take place. | have performed measurements in
which the ion was exposed to 614nm and 650nm laser light during the atom-ion
interaction. My preliminary results showed that the exposure of the mentioned lasers
does affect the reaction rates. However, complete spectroscopy with a dedicated laser
wavelength was not possible at the time and remains to be investigated.

Before concluding this section and for the sake of completeness, the comparison
between reaction probability of the Ba * ion when initially prepared parallel j"ig;
or antiparallel j#i g, to the direction of the magnetic eld is shown in gure 5.6.
In both measurements, the atoms are prepared in the jF = 2,mg = 2i g, state with
apeak densityof n = 5 10 cm 3. As it can be seen, the initial spin state of the
ion does not have a sizable impact on the decay probability, which is inline with
the aforementioned discussion. When the Ba™ ion in the j#i 5 state is immersed in
the spin-polarized cloud of Rb atoms, two-body spin-exchange collisions can align
the spin of the ion with that of the atoms. The timescale for such phenomena is
determined by the Langevin collision rate, which for the said density of the atom
cloudwillbe  10*s *. Since collision-induced spin polarization of the ion happens
way faster than any reactive collisions, no difference in the decay rate of the ion due
to its initial spin state is expected.

5.3.1 Reaction products

Analysing the ionic reaction products is a tool we can employ in our experiments to
get insight into collision dynamics. After the atom-ion interaction and determining
whether the Ba* ion has reacted, we perform an extensive laser cooling stage for
3 seconds to retrieve hot Ba" ions. This is done by red detuning the frequency of
the 493nm laser light used for laser cooling of the ion by 2.5GHz and ramping it
back to its original value. We have checked independently that this process can cool
down any ground state hot Ba * ion in our Paul trap. Moreover, we can determine
the percentage of the Ba" ions that as a result of the reactive processes end up in the
metastable5d2Ds/, state after the interaction. The electronic level structure of the Ba*
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(A)j"iga (B) j#igy

FIGURE 5.6: Probability of detecting a cold Ba * ion after the interaction

with an ultracold cloud of Rb atomsinthe jF = 2,mg = 2i, state with

apeakdensityofn=5 102cm 3. A) The ion is initially prepared
inthe j"ig, State, and B) in the j#i 5+ state.

ion is shown in gure 5.5. The 5d2Ds, state has a lifetime oftsp,, = 31.2s[Auc+14],
and is not used in our laser cooling cycle. Therefore, for all practical purposes, the
fraction of the ions in the 5d?Ds/, state can be deterministically measured by means
of a depumping laser at 614nm that couples this state to the 6P %Py, state. It should
be noted that the exit channel in which the Ba* ion is in the 5d electronic level cannot
be accessed via collision only, as the collision energy is not enough to reach the excited
level of Ba™. Thus, the existence of such ions is clear evidence of photoexcitation
of the collision complex via 1064nm laser light during the interaction. In a typical
atom-ion experiment with Ba * ions, after determining whether the ion has gone
through a reaction by uorescence imaging, we continue our analysis by the said
extensive laser cooling followed by another imaging. If the Ba * ion is retrieved after
the cooling stage, | call them "hot Ba* " ions. In the next step, the 614nm laser is also
turned on while the extensive cooling is performed. If the Ba * ion is retrieved after
this stage, it means that it has been in the 5d%Ds/, state, and | denote such ions by
"D-state Ba' "

From those ions in Fig. 5.4a that have gone through a reactive process, the
percentage of hot Ba' ions and the ones in the 5d?Ds, are depicted in Figure 5.7
for measurements with Rb atoms prepared in the jF= 1,mg = 1lig, state. Such
analysis for measurements with the jF = 2,mg = 2i 5, Rb atoms, though possible in
principle, would not be reasonable due to very low reaction rates and the resulting
high statistical uncertainty in reaction products.

It turns out that the percentage of the nal reaction products in our experiments
when working with the Rb atoms inthe jF= 1,mg = 1lig, state are rather insensi-
tive to different experimental parameters, including atom numbers, the density of the
atom cloud, interaction time, and even the collision energy, and the obtained results
are similar (within the range of the uncertainty) to the ones shown here. | also note
that our current laser cooling scheme for Ba* ion does not allow for the detection
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FIGURE 5.7: The percentage of hot and D-state Ba ions with respect
to reacted ions after the interaction with an ultracold cloud of Rb

atoms with a peak density of n= 1.2 10 cm 3. The Rb atoms are
prepared inthe jF= 1,mg = 1ig, state corresponding to Fig. 5.4a.

of the ions that end up in the 5d2D5, state (see Fig. 5.5). However, by the same
token that the Ba* in the 5d2Ds/, is produced, the 5d2D5, state can be accessed. In
fact, since the percentage of the produced "hot Ba' " and "D-state Ba* " ions in our
measurements are about the same (see Fig. 5.7) it is very well possible that all the
retrieved Ba* ions in our measurements after reactive processes are populated in the
5d electronic level.

The suppressed reactivity of the Ba*™ ion when immersed in an ultracold cloud
of Rb atoms in the jF = 2,mg = 2, state can open up the possibility of controlled
reactions with dedicated laser light, which can for example couple the collision
complex in the triplet entrance channel to a repulsive excited state with the Ba * ion
in the 5d state in the asymptotic limit.

In the remaining part of this section, | consider another reaction product, namely
the BaRb" molecular ion. Using mass-selective parametric heating of the ion in the
Paul trap, we can selectively remove different ionic species from the trap. After a
certain interaction time, during which the ion might have experienced a reactive
process, we remove all Ba" ions from the Paul trap by mass- Itering before shining
any laser beam into the ion trap. We then perform the extensive laser cooling followed
by uorescence imaging. Since all the Ba* ions have been previously removed from
the trap, any detected Ba* ion can only be produced via the photodissociation of
BaRb" molecular ions by means of the cooling lasers. Figure 5.8 shows the results of
such experiments when Rb atoms are prepared in the jF = 2,mg = 2i;, state. The
presented probabilities of detecting a Ba* ion in this plot should be interpreted in
accordance with Figure 5.3 where the decay rate of the ion is depicted. For very short
interaction times below 50ms, shown in the inset of both graphs, the ion has virtually
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FIGURE 5.8: The probability of detecting a Ba* ion resulting from
photodissociation of BaRb* molecular ions after removing all Ba *
ions via mass ltering after the interaction. The atom cloud consists of
ultracold Rb atoms in the jF = 2,mg = 2i 5, state with a peak density
ofn=5 10%cm 3. The inset shows a zoom of shorter times.

no chance to react away and therefore there is no signal of Ba" ion coming from the
photodissociation of the molecular ion. As time progresses, the reaction probability
of the ion increases and so does the probability of having a BaRb* molecular ion
after the interaction, up until about half a second. For longer times although the
decay probability of the ion increases, the number of surviving BaRb * molecular ions
after the interaction decreases. This is not surprising because1064nm laser light that
is available during the interaction can photo-dissociate the molecular ions that are
formed after a three-body-recombination. | note, however, that the photodissociation
of the BaRb* can in principle produce a neutral Ba and a Rb * ion. Therefore, the
signal used here for detecting the survived BaRb* molecular ions after the interaction
provides a lower limit for the actual probability. Summarizing the results of gures
5.3 and 5.8, the spin-polarized Ba" ion is fairly inert when immersed in a cloud of
spin-polarized Rb atoms in the jF = 2,mg = 2i 5, state, and the small fraction of the
ions that react are very likely to produce BaRb * molecular ions which are stable for a
relatively long time of about half a second.

For the sake of completeness, the same measurements concerning the detection of
BaRb" molecular ions are performed for a Ba* ion interacting with Rb atoms in the
JF=1,mg = 1ig, state, the results of which are shown in gure 5.9. Once again,
it is important to keep in mind that the production rate of BaRb * molecular ions
presented in Fig. 5.9 should be interpreted in accordance with the decay rate of Ba™
ion depicted in Fig. 5.2. Concretely speaking, although the detection probability
of the BaRb* molecular ions seems to be in the same order when the Rb atoms are
prepared in different hyper ne levels, the percentage of survived molecules after the
interaction with respect to the decay rate of the Ba* ion is much higher when the ion
interacts with atoms in the F=2 level.
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FIGURE 5.9: The probability of detecting a Ba* ion resulting from

photodissociation of BaRb™ molecular ions after removing all Ba *

ions via mass ltering after the interaction. The atom cloud consists

of ultracold Rb atoms in the jF= 1,mg= 1lig, state with a peak
densityof n=5 10%cm 8.

5.4 Concluding remarks

In this chapter, reactive collisions of a Ba*™ ion immersed in an ultracold cloud of Rb
atoms were discussed. It was shown experimentally that the initial hyper ne state of
the neutral atoms can be used to effectively turn the reactive processes on and off.

While the obtained results of the suppressed reactivity of the ion are not yet fully
understood, they provide valuable insights into the theoretical understanding of
collision dynamics and challenge our interpretation of the reactive processes in our
system. | laid out feasible experimental proposals for further investigations.

Regardless of the underlying reasons behind the minute reaction rates, the empir-
ical discovery of suppressed chemical reactions due to the hyper ne structure of the
neutral atoms allows the atom-ion experiment to be used for other studies in which
reactive collisions are not desired as they disrupt the system. Polaron type physics,
where a charged impurity in an ultracold gas modi es the surrounding atom density
[Goo+10; MPSO05; CTD11], is an example of such a system.

Low baseline reactivity also permits steering chemical reactions in the desired
direction using external control. As an example, laser light can be used for state-
to-state chemistry or photoassociation. The latter is a two-body process. Therefore,
nding resonant photoassociation transitions will allow comparative study of two-
body and three-body reactive processes by re-examining the interaction of the Ba*
ion with Rb atoms inthe jF= 1,mg = 1liy, state.
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Chapter 6

Summary and outlook

The rstline of research that was presented in this thesis is concerned with a novel
collisional cooling mechanism that takes place in homo-nuclear atom-ion systems.
This cooling process is called "swap cooling" as it entails the swapping of identities
between a hot ion and an ultracold atom. It distinguishes itself from conventional
sympathetic or buffer-gas cooling in that it is a single-collision phenomenon and
becomes increasingly more ef cient at higher collision energies. The concept of swap
cooling was explained in Chapter 3, and the conditions for its observation were
discussed theoretically, followed by presenting direct experimental evidence for its
occurrence in a Rb-Rb"™ system. Chapter 4 further elaborates on the study of swap
cooling by extending the investigation into other species using numerical calculations.
Monte Carlo simulations were presented, showing the universality of swap cooling
among alkali and alkaline earth metals.

An extensive combined theoretical and experimental study of chemical reactions
of aBa" ionimmersed in an ultracold cloud of Rb atomsinthe jF= 1,mg= 1lig,
state is presented in [Moh+21] (in which | am a co-author) to investigate the dynamics
of the system during the interaction time. It provides a self-consistent interpretation
predicated on the assumption that the initial reaction is a three-body-recombination
(TBR), which results in a weakly bound molecular ion. The freshly formed molecule
can, in turn, undergo secondary inelastic and reactive processes, including photo-
excitations via 1064 nm laser light which is used as an optical dipole trap for Rb
atoms. | pointed out in Chapter 5, however, that the same line of reasoning does
not seem to be able to explain the experimental results when the atoms are initially
prepared in the jF = 2,mg = 2i, state. The primary discrepancy was reported to
be the extremely low reaction rates of the Ba™ ion when interacting with Rb atoms
in the F=2 hyper ne level, which is not in agreement with the predicted TBR rate
obtained from quasi-classical trajectory calculations. It was propounded that the
semiclassical calculations based on the long-range interactions might not be suf cient
to describe the collision dynamics in our system, and one may need to also take
into account the short-range interactions and resonances. Taking into account the
new insights derived from measurements with neutral atoms initially prepared in
different hyper ne levels, | suggest in section 6.1.2 a blueprint for future experimental
investigations.
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6.1 Outlook

Throughout this thesis, | have mostly focused on presenting the experimental results
and providing theoretical comments to help comprehend them. | have given lesser
attention to the experimental methodologies and lab work for two main reasons.
First, most of the employed experimental procedures have been described elsewhere.
Second, paying too much attention to the speci cs of measurement techniques will
make it more dif cult for the reader to follow the main storyline and the basic theory
that underpins it. Here, | point out some of the empirical techniques used in this
thesis and elaborate on how they can be used to design new measurements. In the
following section, after a short introduction of an exotic phenomenon known as shape
resonance, | propose a method for its experimental demonstration which is based on
controlling the collision energy as was described in Chapter 3.

6.1.1 Shape resonance

The current collision energies in our system allow for many partial waves to contribute
to the scattering process, and therefore collisions are often treated in a semi-classical
way. However, there are certain quantum effects that, in principle, could be observed
in atom-ion collisions in our setup. Shape resonances, which were brie y introduced
in section 2.5, are an example of such a short-range quantum phenomenon. Even if
many partial waves contribute to the collision, a particular partial wave in resonance
with a quasi-bound state behind the centrifugal barrier can enhance the total cross
section of inelastic and reactive collisions. Shape resonances have been theoretically
investigated for various atom-ion mixtures, including Rb-Ba *, where calculations
show a multitude of resonances at currently accessible collision energies [Hal+13Db;
Idz+09; Jr+15]. However, the occurrence of shape resonance in atom-ion systems is
yet to be demonstrated.

Resolving shape resonances experimentally requires well-de ned collision ener-
gies with narrow energy distributions. Calculations presented in [Jr+15] show that for
a Rb-Ba" system, even a Gaussian energy distribution as high as2mK kg half-width
will still feature observable energy-dependent enhancements in reactive collision
cross-sections. In [Kri+16a] an experimental technique based on tuning the excess
micromaotion is laid out to control the average collision energy in our system and
study the energy-dependency of reactive collisions. However, this method cannot
be used to observe shape resonances due to the high micromotion-induced energy
distribution width. In chapter 3, | introduced another experimental technique to tune
the collision energy. In brief, an initial kick prepares the ion in a well-de ned initial
kinetic energy state. The ion will then essentially undergo an undamped harmonic
oscillation along the axial direction of the Paul trap. Since this motion is not driven
and the ion remains in a region in which the excess micromotion is minimized, it
is expected that the ion will have a narrow energy distribution (of about 1mK kg).
One can further increase the precision in tuning the ion's energy by working at lower
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trapping frequencies than what was used in Chapter 3. According to [Jr+15] a rea-
sonable energy range for investigation would lie between 10mK kg and several
100mK kg. In our system, these energies are easily accessible by setting the endcap
voltages and choosing the appropriate pro le for ramping the voltage (see section
3.6.4). Soitis plausible that this technique could be used to achieve narrow enough
collision energy distributions in the desired relative velocity range to observe shape
resonances in our experiment.

In order to observe shape resonances, one can look at reactive collisions. Since in
our experiment the reactive collisions are dominantly three-body processes, working
with higher densities of the atomic cloud will favour reactive decays of the initial
ion over two-body elastic collisions. The latter will redistribute the collision energy
between colliding partners and is, therefore, an impediment to studying shape res-
onances. Working with a Rb BEC and short interaction times should provide the
optimum conditions for resolving shape resonances.

6.1.2 Photon-induced reactive collisions

As mentioned above, it seems that the full understanding of the chemical processes in
our atom-ion mixture awaits more experimental investigations. | suggested in Chap-
ter 5 that dedicated laser light could be used to probe or control reaction dynamics,
upon which | elaborate here. The main idea is to design measurements in which the
population distribution of the reaction products of aBa * ion interacting with a cloud
of ultracold Rb atoms could be signi cantly altered by means of a control parameter.
The same principle was used in [Moh+21] when the presence of 1064 nm laser light
was manipulated to control the reaction pathways and, thereby, the nal reaction
products. However, since the 1064 nm laser is used as an optical dipole trap, this
method limits full control over the experimental parameters such as interaction time
and the density of the atomic cloud.

Assuming that the initial reaction product is a BaRb * molecular ion, laser light
can be used to con rm its existence and probe its rovibrational levels. One can nd
a transition from a rovibrational level of the molecular ion to a repulsive excited
state with a very strong Frank-Condon factor. If this excited state corresponds to
a charge-transferred asymptote, it will effectively turn the Ba * ioninto a Rb* ion
after the interaction. Of course, a sizable change in the population distribution of
the reaction products can only be obtained if a transition with a much higher cross
section than that of the 1064 nm laser light is found. Since the photodissociation cross
sections depend strongly on the initial spin multiplicity of the molecular ion, one
can probe the singlet and triplet states by changing the frequency of the dissociation
laser light. When the Rb atoms are prepared in the jF= 1,mg = 1liy, state, the
reaction rate is high, and both singlet and triplet molecules are formed. After nding
a transition that indicates the production of triplet molecules, the same measurements
will be performed with the atoms prepared inthe jF= 2,mg = 2i 5, state to monitor
the reaction rate and con rm whether any molecular ions were formed.
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A more intricate approach when the atoms are initialized inthe jF= 1,mg = 1lig,
state would be photoexcitation to a bound electronic excited state of the molecular
ion that has a good overlap with the deeply-bound vibrational levels in the electronic
ground state. Therefore, the net result of the reaction will be the formation of sta-
ble, deeply-bound molecular ions in the electronic ground state. Such molecules
should be immune against secondary reactive collisions and will be detected via mass
spectroscopy after the interaction. Since the derived transitions in this scenario are
bound-bound, spectroscopy will reveal the population distribution of the rovibra-
tional levels of the initially formed molecular ions. More importantly, this method

can produce stable molecular ions in our system, which we have not yet been able to
achieve.
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Appendix A

Life and death of acold BaRb *
molecule inside an ultracold cloud
of Rb atoms

This section is a publication where | am a co-author. The rst author is Amir Mo-
hammadi who has used this work as a main part of his PhD thesis (published by uni-
versity of Ulm, 2020). The publication is inserted here because it is closely related to
my own PhD topic.

The content of this chapter has been published in Phys. Rev. Research 3. The
material is taken from:

Amir Mohammadi et al. “Life and death of a cold BaRb * molecule inside an ultra-
cold cloud of Rb atoms”. In: Physical Review Resear8ll (Feb. 26, 2021). Publisher:
American Physical Society, p. 013196.p01: 10.1103/PhysRevResearch.3.013196.
URL: https://link.aps.org/doi/10.1103/PhysRevResearch.3.013196 (visited on
11/19/2021)

The article is published under the license CC BY 4.0. See also license text:
https://creativecommons.org/licenses/by/4.0/

Remarks: The authors acknowledge the publication in Phys. Rev. Research 3.

The content can also be found on arXiv:2005.09338v1. Please note that the format
of the (journal) article was modi ed in order to t the style and layout of the thesis.
Hence, a consecutive numbering of gures and references for the whole thesis was
applied as well.
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A.1 Abstract

We study the evolution of a single BaRb * molecule while it continuously collides with
ultracold Rb atoms. The initially weakly-bound molecule can undergo a sequence

of elastic, inelastic, reactive, and radiative processes. We investigate these processes
by developing methods for discriminating between different ion species, electronic
states, and kinetic ion energy ranges. By comparing the measurements to model
calculations we obtain a consistent description of the typical trajectory of the ion
through the manifold of available atomic and molecular states. As a further result, we
determine rates for collisional and radiative relaxation as well as photodissociation,
spin- ip collisions, and chemical reactions.

A.2 Introduction

In recent years, methods have been developed to produce ultracold molecules out of
ultracold atoms, e.g. by photoassociation [Jon+06; HS06; Ulm+12], sweeping over a
Feshbach resonance [KGJO06; Chi+10], radiative association in a two-body collision
(e.g. [Hal+11; Jr+15]), or three-body recombination [MBV96; FRS96; Bur+97; SK+98;
GGPR17]. Typically, the resulting cold molecules are internally highly-excited and
very reactive. Therefore, several questions arise. What are the reaction and relaxation
paths that the particles take while they are exposed to light elds and collisions?
What are the dynamics?

Investigations on these topics can be conveniently performed in hybrid-atom-
ion systems where trapped, cold molecular ions are immersed in a trapped gas of
ultracold atoms [MW17; ZW17; HS15; MWW10; Ger08; Tom+19; HHD14]. lon traps
can be very deep so that an ion is still trapped even if large amounts of energy are
released in an inelastic or reactive process. Furthermore, it is possible to selectively
detect ionic products on the single particle level. Control over the locations of the traps
allows for deterministically starting or stopping collisional dynamics between atoms
and ion. In addition, low temperatures in the mK regime and below enable a high
level of control for the preparation of the initial quantum state of the reactants and of
the collision parameters such as the collision energy. A speci ¢ property of ion-neutral
collisions is the long-range interaction between a charge and an induced dipole, which
depends on the interatomic distance as 1/ R* [HHD14; Tom+19]. The combination
of long-range interaction and low temperature corresponds to an interesting regime
where reactions and inelastic processes can already take place at comparatively large
inter-particle distances (see, e.g., [JM20]). This leads to large cross sections and
promotes the formation of weakly-bound molecular states.

The young eld of cold hybrid-atom-ion systems has shown tremendous progress
studying inelastic collisions and reactions. This includes charge exchange between
atoms and atomic ions [Gri+09; Sch12; Rav+12; Rat+12; Goo+15; Haz+15; Jog+17],
and spin ips [Sik+18b; Fur+18]. It was possible to observe collisionally induced
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vibrational or rotational relaxation of a deeply-bound molecular ion [Rel+13; Hau+15],
which is a collision at short internuclear distances. Furthermore, the formation of cold
molecular ions from cold neutral and electrically charged atoms has been realized for
several species (e.g., [Hal+11; Har+12; Hal+13b; Sul+12]), and reactive behaviour of
molecular ions has been investigated [HW12; Dei+12; Pur+19; Pur+17].

Here we take a different approach, focussing less on a single, particular physical
or chemical process. Instead we study the progression and interplay of the elastic,
inelastic and reactive processes which take place. Concretely, we investigate, both
experimentally and theoretically, the evolution of a cold, weakly-bound BaRb * molec-
ular ion as it continuously collides with ultracold Rb atoms. These collisions can
be elastic, inelastic, or reactive. Our investigation includes the deterministic birth
of the molecular ion inside the atom cloud, its typical life undergoing changes in
the electronic and vibrational states, and its death as it reacts away. We nd that
the evolution of the BaRb™ ion directly after its formation is mainly dominated by
vibrational relaxation collisions with Rb atoms at large internuclear distance. With
increasing binding energy, radiative processes become progressively important until
they are dominant. We observe Ba", Rb; and Rb* ions as reaction products, resulting
from a range of photo- or collisionally-induced processes which are discussed in
detail. Interestingly, in the experiments of Ref. [Hal+13b] where the formation of
BaRb" molecules from cold Ba* ions and Rb atoms was studied, also Rb" and Rb}
as nal products were detected. How these products came about, however, remained
unclear. The results of our work, presented here, may be a key to also explain these
ndings.

This article is organized as follows. In Secs. A.3 to A.9, we study the elastic,
inelastic and reactive processes of the BaRE ion for different phases of its evolution.
A detailed discussion of experimental parameters and detection methods is provided
in Secs. A.10 to A.12 of the Appendix. Finally, in Secs. A.13 and A.14 of the Appendix
we give additional information on the theoretical models, calculations, and Monte-
Carlo (MC) simulations.

A.3 Experimental setup and production of molecular ion

Our experiments are carried out in a hybrid atom-ion apparatus. The basic setup is
described in detail in [Sch+12]. For the investigations presented here, we produce a
single BaRb"* molecule which is trapped in a linear Paul trap with trap frequencies
of 2p (80, 30 kHz in radial and axial direction, respectively. The BaRb * ionis in
contact with acloud of 6 10° ultracold 8’Rb atoms with a temperature of T = 750nK.
The atoms are prepared in the electronic ground state 5S,,, and are spin-polarized,
having a total angular momentum F = 1land mg = 1. The atomic cloud is held
in a far off-resonant crossed optical dipole trap (ODT) at 1064 nm with a trap depth
of approximately 20 nK kg, where kg is the Boltzmann constant. The density
distribution of the cigar-shaped cloud can be described by a Gaussian with root mean
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FIGURE A.1: (a) lllustration of various inelastic and reactive processes.
(i) Formation of a BaRb* molecule via three-body recombination,
(ii) collisional relaxation of a BaRb *, (iii) substitution reaction, (iv)

collisional dissociation, (v) collisional spin exchange, (vi) photodisso-
ciation, and (vii) radiative relaxation. (b) PECs for BaRb *, taken from
[Hal+13b]. The entrance channel Rb(5s2S) + Ba" (6s2S) marks zero
energy. Solid black, blue, and red arrows show possible photodissoci-
ation transitions for 1064 nm, 493 nm, and 650 nm light, respectively.
The dashed green arrow indicates radiative relaxation to the electronic

ground state.

square widths of 9 and 60 nm in radial and axial direction, respectively (see Appendix
A.10).

Initially, the cold BaRb * molecule is produced via three-body recombination
Ba" + Rb+ Rb! BaRb" + Rb, typically at large internuclear distances [Krii+16b;
Kri+16a], see (i) in Fig. A.1(a). For this, we prepare in the Paul trap a single, laser-
cooled 138Ba’ ion in the electronic ground state 6 S;» , and a dense Rb atom cloud in
the ODT. At that time the two traps are separated by about 100 nm. Right before we
start our experiments with the single Ba * ion we remove unwanted Rb * and Rb;'
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ions, which can form spontaneously in our trapped atom cloud 1, with a mass- Iter
scheme, see Appendix A.11. After this puri cation step the 493 nm and 650 nm
laser-cooling beams for the Ba" ion are switched off and the Ba* ion is moved into
the atom cloud center. This is done within 100 ns by abruptly changing the voltage
on one of the endcap electrodes of the Paul trap by 1.5 V.

Once the Ba' ion is in the atom cloud the Ba® + Rb+ Rb! BaRb" + Rbthree-
body recombination leads to the formation of BaRb * molecules with a rate Gy, =
kan(t)2, where k3 = 1.044) 10 ?*cm®s 1is the three-body rate constant [Krii+16b],
and n(t) is the density of the atom cloud at a given time t at the ion trap center. For
the central atomic density of 8.1 10%cm °we obtain G,, 6.8 10°s 1. Three-
body recombination is by orders of magnitude the leading reaction process of the
Ba" ion, and BaRb" is the main product [Krii+16b; Krii+16a]. Initially, the BaRb *
molecule is weakly-bound below the atomic Rb(5s2S) + Ba" (6s2S) asymptote [see
Fig. A.1(b)]. Its binding energy is expected to be  2mK kg corresponding to the
typical atom-ion collision energy in our Paul trap [Kri+16b; Kri+16a]. Furthermore,
according to simple statistical arguments, we expect the BaRb* molecular ion to be
produced in the singlet state (2)1S* and triplet state (1)3S* with a probability of 25%
and 75%, respectively. For both of them the initial binding energy of 2mK kg
corresponds to a vibrational state v = 5 (see also Fig. A.5 of Appendix A.13.1). The
negative vibrational quantum number v indicates that it is counted downwards from
the atomic asymptote, starting with v = 1 for the most weakly-bound vibrational
state. Whenv has a positive value, it is counted upwards from the most deeply-bound
vibrational state v = 0.

A.4 Experimental Investigation of the evolution of the molec-
ular ion

As will become clear later, we can learn a lot about the evolution of the BaRb *
molecule by monitoring the presence of the Ba™* ion and its state in the trap. Figure
A.2(a) shows data for the measured probability Py, for detecting a Ba™ ion as a
function of time for four different experiments. After immersing the cold Ba * ion
into the cloud for a variable time t we quickly (within 20 ns) pull out the remaining
ion and take two uorescence images (see Appendix A.12.1 for details). For the
rst image the imaging parameters are chosen such, that only a cold Ba * ion with
a temperature of about 100mK or below can be detected. The lled blue circles in
Fig. A.2(a) show these measurements for various immersion times t . We essentially
observe here the three-body recombination of Ba™ towards BaRb™ . Next, we take a

second uorescence image which is preceded by a long laser cooling stage (for details

1Rb§ ions can spontaneously be produced at a rate of about 5 s 1 in the dense Rb atom cloud due to
three-body recombination of neutral Rb atoms and subsequent multi-photon ionization by the ODT
light at 1064nm [Har+13b]. Subsequently, Rb* ions can be created by decay of Rtg ions into Rb* ions
in reactive collisions with neutral Rb atoms, or by photodissociation of Rb ; ions with 1064nm light
[Jyo+16]
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FIGURE A.2: (a) Probability Py, of detecting a Ba* ion as a function

of time t after immersion into a Rb atomic cloud. Circles are mea-

sured data. Each data point is the mean value of 50 repetitions of the

experiment and the error bars represent the 1s statistical uncertainty.

Curves are the results of MC simulations (see Appendix A.14). (b)

Time evolution of the atomic density n at the ion trap center after the
ODT beams have been switched off att = 250ns.

see Appendix A.12.1). This retrieves almost 60% of the Ba' ions that had reacted away
[ lled red circles in Fig. A.2(a)]. We can explain this retrieval by the following scenario.
There is a sizable probability for a freshly formed BaRb * molecular ion to break up
via photodissociation. The break up produces a hot Ba* ion which is subsequently
cooled down to below  100mK by the long laser cooling stage so that it can be
detected by uorescence imaging (see Appendix A.12.1). Photodissociation can occur,
e.g., by the ODT laser at 1064 nm. Figure A.1(b) shows indeed that 1064 nm photons
can excite weakly-bound BaRb* ions below the Rb(5s2S) + Ba" (6s2S) asymptote to
repulsive potential energy curves (PECs). The most relevant transitions to produce a
hot Ba* ion are (2)1S* | (4)!S* and (1)3S* ! (3)3P. After the excitation, the Ba*
ion and the Rb atom are accelerated away from each other, following the repulsive
molecular potential. The Ba* ion will obtain a high kinetic energy of upto 0.2eV. As a
consequence, it will afterwards orbit most of the time outside the atom cloud, having
a small probability for collisions with Rb atoms. Therefore, sympathetic cooling and
three-body recombination are strongly suppressed and the hot Ba™ ion remains hot
until it is cooled down during the long laser cooling stage. We have direct evidence
for this photodissociation process, since we detect a fraction of the Ba* ions in the
electronically excited 5Ds5;, state which corresponds to one of the asymptotic states



A.5. Insights from calculations 81

of the (4)1S* and (3)3P potentials [see Fig.A.1(b)]. Concretely, we nd that about
half of the retrieved hot Ba ™ ions populate the metastable 5Ds,, state with its natural
lifetime of ~ 30s. As the Rb(5s) + Ba" (5d D3/ 512 ) asymptotes are located more
than 5000cm ! above the initially formed BaRb * molecular states, they only can be
reached by photodissocation. We discriminate the population of the Ba * 5Dg, state
from the population in the other Ba * states by using the fact, that a Ba" ion in state
5Dg, can only be laser-cooled and detected after pumping it out of this metastable
level with a 614nm laser. Thus, when we switch off the 614nm laser we lose the
signal from the metastable 5Dg;, Ba" ion.

To double check whether it is really the 1064 nm ODT laser which is responsible
for photodissociation we carry out a second set of measurements, where the ODT
is turned off 250 ns before the Bd ion is immersed into the cold atom cloud. As a
conseguence the atomic cloud is now free falling and ballistically expanding. The
calculated time evolution of the atomic density at the center of the ion trap is shown in
Fig. A.2(b) (see also Appendix A.10). When we detect cold Ba* ions via uorescence
imaging [hollow blue circles in Fig. A.2(a)] there is essentially no change in signal as
compared to the case with the ODT being on. This is expected since the atomic density
is nearly constant on the time scale of the three-body recombination. However, the
signal solely for the hot Ba™ ion, which is obtained by subtracting the signal for cold
Ba" from the signal for both cold+hot Ba *, is signi cantly smaller compared to when
the ODT laser is on. Thus, this indeed shows that 1064nm light photodissociates
BaRb" molecules into hot Ba* ions and Rb atoms. Nevertheless, the signal for the
hot Ba* ion is still on the order of 10% for suf ciently large times t. Therefore, also
light with a different wavelength than 1064 nm must contribute to the production of
hot Ba® ions. As we will show in Sec. A.8 the remaining signal for hot Ba * can be
explained due to photodissociation of ground state (X)!S* molecules via the laser
cooling light at 493 nm.

We note that photodissociation by 1064nm light can also produce a hot Rb™ ion,
instead of a hot Ba* ion. This occurs in the transition (1)3S* | (3)3S*. So far, we
have not experimentally studied this process in detalil.

A.5 Insights from calculations

We now combine the information from our experimental data with insights from
theoretical calculations. This sets strong constraints on possible scenarios for the
evolution of the BaRb™ molecule and essentially xes all free parameters of our
theoretical model. Our analysis mainly involves electronic and vibrational states,
while rotational and hyper ne degrees of freedom are not taken into account to a
large part.

For example, we have carried out calculations for photodissociation cross sections
which are based on computed PECs and transition dipole moments for highly-excited
electronic states [Hal+13b; Jr+15] (for details see Appendix A.13.3). In the calculations
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we nd that the photodissociation cross section for the v = 5 BaRb" molecule
with 1064 nm light is about two orders of magnitude too small to explain the hot
Ba" signal. However, the calculations also show that the photodissociation cross
section increases approximately asp E8-75for both singlet (2)1S* and triplet (1)3S*
BaRb" molecules, where E, is the binding energy (see Fig. A.8 of Appendix A.13.3).
Apparently, shortly after production, while it is still immersed in the Rb cloud, the
weakly-bound BaRb™* molecule must vibrationally relax by a number of vibrational
levels before it is photodissociated. A theoretical treatment shows that the vibrational
relaxation is due to inelastic atom-molecule collisions, for which we have derived
cross sections in Appendix A.13.1 via quasi-classical trajectory (QCT) calculations.
Furthermore, our calculations predict that while photodissociation of singlet  (2)1S*
molecules via the 1064 nm laser indeed dominantly produces hot Ba™* ions, photodis-
sociation of triplet (1)3S* molecules mainly leads to hot Rb* ions. Thus, in order
to explain the measured substantial percentage of hot Ba* ions, there has to be a
mechanism which converts triplet molecules into singlet molecules. This spin- ip
mechanism is provided by inelastic atom-molecule collisions, for which the cross
section is estimated to be a fraction of the Langevin cross section (see Appendix
A.13.2). Finally, our theoretical treatment reveals that radiative relaxation of the
(2)'s* molecules towards the electronic ground state (X)S* due to spontaneous
emission [as illustrated by the green downward arrow in Fig. A.1(b)] needs to be
taken into account. According to our calculations we obtain a broad population
distribution of nal vibrational levels in the ground state, ranging from about v = 10
to above v = 200 with a peak at v = 55, see Fig. A.12 in Appendix A.13.3. For a relax-
ation towards the v = 55level a photon at a wavelength of about 850 nm is emitted.
The relaxation rate is predicted to scale asp E8-75, which is the same power law as
for photodissociation, see Fig. A.11 in Appendix A.13.3. Hence, there is a constant
competition between photodissociation and radiative relaxation for the singlet state
(2)s*. Once in the ground state the molecule is immune to photodissociation by
1064 nm light, because the photon energy is not suf cient. Photodissociation via laser
cooling light, however, is possible.

We note that triplet (1)3S* molecules cannot radiatively relax to (X)!S* accord-
ing to the selection rules for electric dipole transitions. Therefore, in the absence of
any collisional or light-induced processes, these molecules remain within the triplet
state (1)3S*.

Besides the already mentioned inelastic and reactive processes also collisional
dissociation, substitution reactions and elastic collisions play a role for the evolution
of the BaRb" molecule. In order to theoretically model the evolution of the BaRb *
molecular ion in the atom cloud we carry out MC simulations and compare them to
the measured data. In the simulations we take into account the most relevant pro-
cesses shown in Fig. A.1(a), as well as additional ones. Details on the simulations, the
various processes, and their respective cross sections can be found in the Appendices
A.13 and A.14. The simulations produce the lines in Fig. A.2(a), showing reasonable
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agreement with the experimental data. Additional results of the calculations can be
found in Fig. A.17 in Appendix A.14.2.

A.6 Evolution of the molecular ion

In the following, we discuss the results of our analysis. Our theoretical investigations
show that the evolution of the BaRb * molecule both for the singlet state (2)'S* and
the triplet state (1)3S* will at rst be dominated by vibrational relaxation collisions,
which occur approximately with the Langevin rate G = 164ms ! for the peak
atomic density of 8.1  103cm 2 in our cloud (see Appendix A.13.1). Typically, these
collisions lead to vibrational relaxation in steps of one or two vibrational quanta, with
an average of 1.4 vibrational quanta per Langevin collision (see Appendix A.14.1).
Vibrational relaxation heats up the ion since binding energy is released in form of
kinetic energy. This is counteracted by sympathetic cooling due to elastic collisions
with Rb atoms, which occur at an average rate of about one elastic collision (with
sizable momentum exchange) per vibrational relaxation step (see Appendix A.14.1).
As a consequence the typical temperature of the BaRb" ion is below 15mK during
the initial, collision-dominated phase of the evolution. In general, when the collision
energy is larger than the binding energy of the BaRb * molecule, the molecule can
also dissociate into a (cold) Ba" ion and a Rb atom. For the initial vibrational level
v = 5withits binding energy of 2mK kg this process occurs, however, only with
a comparatively small rate of about G_/ 7 (see Appendix A.13.1), and is negligible for
deeper vibrational levels. Furthermore, our calculations reveal that for weakly-bound
BaRb' ions in the states (2)1S* and (1)3S* the rate for the substitution reaction
BaRb" + Rb! Rby+ Ba' is negligible. This is a consequence of the fact that the
interaction between the Rb atoms is much more short range than between a Rb atom
and the Ba" ion, see also Appendix A.13.1. Concerning the spin- ip collisions we
obtain good agreement with the experimental data when using a spin- ip rate of
G /42 for ips from triplet to singlet (see Appendix A.13.2).

Our calculations predict that for the experiments with ODT, which is operated
at an intensity of 18kWcm 2, the (2)1S* molecules vibrationally relax typically
toalevelv= 12(E, 50mK kg) before either photodissociation or radiative
relaxation to the ground state. By contrast, (1)3S* molecules, which cannot radia-
tively relax to the ground state, typically reach a deeper vibrational level of v = 21
(E,, 460mK kg). The photodissociation rates are given by Gop = sppl/ (hn),
where 1, h, and n are the laser intensity, the Planck constant, and the laser frequency,
respectively, and spp is the photodissociation cross section. Calculations for spp are
presented in Appendix A.13.3. For the experiments without ODT (and thus without
corresponding photodissociation channel) (2)1S* molecules are expected to relax
typicallyto v= 18(E, 230mK kg) before radiative relaxation to the ground
state takes place.
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FIGURE A.3: Observation of radiative relaxation. The data points give
the measured probability Py + of detecting a Ba* ion after an extensive
laser cooling stage as a function of the time t 9after which a 300 ms long
1064 nm light pulse is applied. For formation of a BaRb * molecule,
a cold Ba' ion is immersed into the atom cloud at t 9= 0. The solid
black line represents the time evolution of the atomic density n at the
ion trap center (see Appendix A.10). All other lines are results of MC
calculations for the probabilities of nding the species as denoted in
the legend.

A.7 Radiative relaxation

Since radiative relaxation to the ground state is predicted to be a central process in
the evolution of the BaRb™ ion, we now test for it experimentally. The idea is to
measure for how long BaRb* molecules remain in the excited states (2)1S* or (1)3S*
before they radiatively relax to the ground state (X)S*. We probe the presence
of a BaRb" molecule in the states (2)1S* or (1)3S* by photodissociating it into a
Ba" ion and a Rb atom with the 1064 nm laser, and then detecting the hot Ba* ion.
BaRb" molecules in the ground state (X)!S* cannot be photodissociated by the
1064 nm laser because the photon energy is not suf cient. We start this experiment
by moving a single and cold Ba™ ion into the atom cloud 250 ns after the 1064 nm
ODT laser has been switched off. As before, a BaRB molecule will form on a time
scale of G, = 0.15ms. After the immersion of the Ba * ion, we wait for a time t°
before we switch on again the 1064 nm laser’ to photodissociate the molecule. Before
applying the detection scheme for the released hot Ba* ion, i.e. long laser cooling
and subsequent uorescence imaging, we remove any remaining BaRb * molecule by
mass- Itering (see Appendix A.11). The removal is done, because a remaining BaRb*
molecule can give rise to a spurious hot Ba* signal as the laser cooling step can also
photodissociate a BaRb" molecule into a Ba* ion and a Rb atom. This is discussed in
detail later in Sec. A.8.

2We use the vertical ODT beam with an intensity of 1.8 kW cm 2 which is only about 10% of the
intensity of the crossed ODT used for the experiments in Fig. 2. The light is switched on for 300 ms
which is about three orders of magnitude longer than the typical photodissociation time scale.
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The red data points in Fig. A.3 show the probability Pg,+ to detect a Ba" ion
(hot or cold) at the end of the given experimental sequence for various times t % As
expected, the Ba signal decreases ag increases because the BaRb molecule has
more time to relax to the (X)!S* state. The decrease to aboutl/ 3 of the initial value
takes place within about t °= 0.5ms, which represents an approximate time scale
for the lifetime of the (2)1S* and (1)3S* BaRb" molecule, respectively, in the cloud
of Rb atoms. For times longer than 2 ms an almost constant value of P;;+  6%is
observed. This remaining population is composed of the following contributions:
4% are cold Ba" ions (blue solid line) that have not reacted at all  or that have been
released again as a result of collisional dissociation. 2% arise probably from BaRb™
molecules that are stuck in the triplet state (1)3S™* after the collisional phase when
all neutral atoms have left for t9> 2ms, and are photodissociated from there by
the 1064 nm light. The green dashed curve gives the probability for ending up with
a BaRb" molecule in the electronic ground state. This probability nearly reaches
Pears = 20% In principle, this fraction would be about four times as large, if the
substitution reaction BaRb" (X)+ Rb! Ba+ Rb} , which depletes electronic ground
state BaRH (X) molecules, were absent*. The corresponding reaction rate is expected
to be on the order of the Langevin rate (see Appendix A.13.1). We note that a Rb;
molecular ion can also decay in the collision Rb;' + Rb! Rb' + Rby, ifitis not too
deeply bound . In our simulations, however, we do not further pursue this process,
and therefore give here the joint probability for nding a Rb ;' ion orits Rb* decay
product (magenta line in Fig. A.3). The orange curve, in contrast, gives the probability
for Rb* ions which are produced via photodissociation by the 1064 nm laser.

A.8 Photodissociation of electronic ground state molecules

Finally, we investigate photodissociation of the (X)!S* state molecules. Once a
BaRb" molecule has relaxed towards (X)1S* it s stable with respect to 1064nm light,
however, photons from the cooling lasers for Ba™* at the wavelengths of 650 nm or
493 nm can still photodissociate it, see blue and red arrows in Fig. A.1(b) ©. Figure A.4
shows photodissociation as a function of exposure time Dt for light at 493 nm (a) and
at 650 nm (b), respectively. The lled circles represent the fraction of experimental runs
where we detect a BaRb" ion. We probe the presence of a BaRB ion by measuring

SAbout a quarter of the cold Ba* signal stems from experiments where due to a technical glitch no
initial Rb cloud was produced and therefore the Ba * ion could never collide with Rb atoms. These
glitches occur in about 1% of all runs.

4The subsitution reaction BaRb* + Rb! BaRb+ Rb* can be neglected, as discussed ir??

®The XS} electronic ground state of the Rb, molecule has a potential depth of about 4000 cm *
[Str+10]. Furthermore, e.g. the vibrational level v = 550f the X1S* state of the BaRl™ molecule has a
binding energy of about 3800 cm 1. When assuming that in the substitution reaction BaRb * + Rb!
Ba+ Rb; a Rb; molecule can be produced with about the same binding energy as the former BaRb *
molecule, then the substitution reaction Rb ;’ + Rb! Rb*+ Rby is energetically allowed.

6photodissociation of a BaRb" molecule in the (X)1S* state is also possible with a photon at 614 nm.
We do not take into account this process here, because when working with the 614 nm laser only low
powers of a few MW were used.



8%ppendix A. Life and death of a cold BaRb * molecule inside an ultracold cloud of
Rb atoms

FIGURE A.4: Photodissociation of ground state BaRb* molecules by

493 nm (a) and 650 nm (b) laser light as a function of exposure time

Dt. Filled circles show the probability of detecting a BaRb * molecule.

Hollow diamonds give the probability of detecting a Ba * ion. The
solid lines are ts of an exponential decay plus offset.

whether a corresponding mass- Iter removes the ion from the Paul trap, see Appendix
A.11. The photodissociation laser is switched on t = 10ms after immersing the Ba*
ion into the atom cloud without ODT. The observed decay of the BaRb * fraction
can be approximately described by an exponential plus offset, Popexp( GI) + P
(see solid lines in Fig. A.4). The offset Py may stem from BaRb* ions in certain
vibrational levels of the states (1)3S* or (X)1S* which happen to have rather small
photodissociation cross sections. As mentioned before, we expect the vibrational
distributions in both states to be quite broad. In addition, the PECs indicate that the
photodissociation cross sections for both the states(1)3S* and (2)S* by 493nm and
650nm light might be extremely small, because of a missing Condon point at short
range for the relevant transitions [Hal+11], see also Appendix A.13.3.

From the measured laser intensities of I493 = (180 40) mWcm 2 and lggg =
(260 50) mWcm 2, we can determine effective, average photodissociation cross
sections for the given (X)S* BaRb" molecule population distribution over the
vibrational states, using s = Ghn/ |. We obtain s;e3 = (1.2 0.3) 10 ¥’ cm? and
Seso= (1.0 0.2 10 Ycm?

We now test whether a Ba* ion has been produced during photodissociation,
see hollow diamonds in Fig. A.4. For the detection of the Ba ™ ion the mass- Itering
scheme is used to remove a possibly remaining BaRb" ion, before long laser cooling
and subsequent uorescence imaging are carried out. For light at 650 nm we do not
nd any Ba * signal. This can be explained with the help of Fig. A.1(b). The 650 nm
laser couples the (X)!S* state essentially only to the (3)1S* state which, however,
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dissociates into Rb" + Ba. In contrast, for light at 493 nm the production of Ba * ions
is expected, and indeed the loss of BaRl signal in Fig. A.4(a) directly correlates with
an increase of Ba signal. Furthermore, we observe that about half of the produced
Ba" ions end up in the metastable state 5Ds, , since their signal is lost as soon as
we switch off the 614 nm repump laser. Besides serving as a consistency check, this
measurement also demonstrates that single ground state BaRb™ molecules can be
detected with high ef ciency via uorescence imaging.

From the experimentally determined cross sections we can estimate that when
applying uorescence imaging photodissociation of a (X)S* state molecule will on
average result in a (hot) Ba* ion with a probability of about 70%, and in a Rb* ion
with a probability of about 30%.

A.9 Conclusions and outlook

In conclusion, we have studied the evolution of a BaRb * molecule in a gas of ultracold
Rb atoms. We nd that due to the high predictive power of the theory for the
collisional and radiative processes of the BaRb" molecule only a comparatively small
amount of experimental input is necessary to qualitatively pin down the evolution of
the molecular ion. In order to experimentally probe the current state of the ion we
have developed novel methods which are based on the coordinated concatenation
of mass spectrometry, controlled photodissociation, timing of atom-ion interaction,
laser cooling, and uorescence imaging. We nd that while the molecular evolution
is dominated by vibrational relaxation for the most weakly-bound levels, radiative
processes become increasingly important for more deeply-bound levels. Furthermore,
our work shows how differently the molecules behave depending on their electronic
state. The holistic view of the molecular evolution presented here, opens up many
new perspectives for future experiments, as it lays out how to prepare and manipulate
speci ¢ molecular states and how to probe them. In the future, it will be interesting
to extend the work presented here to resolve the vibrational and rotational states of
the BaRb" ion. This will allow for investigating collisional and radiative processes
and reaction paths so that our understanding can be tested on the quantum level.
Some of the methods presented here are very general and can be directly adopted for
studies of a broad range of other atomic and molecular species. These can be, e.g. of
interest for research in astrochemistry where reaction chains in the cold interstellar
medium are investigated [LGN12; SB08; PBO7; Smi92].
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A.10 Density evolution of atom cloud

Initially, the prepared 8’Rb atom cloud consists of about N = 6 10° atoms ’ and
has a temperature of T = 750nK. Itis con ned in a crossed ODT using laser light
at 1064nm. One ODT beam has a power of 1.6W and a beam waist of 230nm at the
location of the atoms. The other one has a power of 2.1W and a waist of 96nm. Dipole
trap frequencies are (wy, wy,w;) = 2p (145, 145, 22 Hz for the three directions of
spacei 2 f x,y, zg. Here, the y-axis corresponds to the vertical axis, which is along
the direction of the acceleration of gravity g. The initial widths s; ¢ of the atomic
cloud are sjg = w, 1P ks T/ Mgy, Where mgy, is the atomic mass of 8’Rb. We obtain
Sx,0 = Sy,0 = 9mm, and s;o = 60nm.

When switching off the ODT atatime t = 0, the evolution of the density n(t) of
the atomic cloud at the position of the ion can be expressed by

|
N(2p) 3/2 ( gzt4 )
sx(Dsy (s () P &)

n(t) = (Al)

using the atom cloud widths s;(t) = ; si?0+ ke Tt2/ mgp. In Fig. A.2(b) we show the
density evolution of the atom cloud at the location of the ion trap centre. We note
that the interaction time t isgivenby t = t 2508, since the atoms are released
25018 before the ion is immersed into the atom cloud at t = 0. In Fig. A.3 we have
essentially the same density evolution despite the fact that at t “some laser light at
1064nm is switched on. We have checked numerically that due to the low intensity of
1.8kWcm 2 used for these measurements the effect of the optical trapping potential
is negligible.

A.11 Mass ltering

We can selectively remove an ion of a pre-chosen mass from the Paul trap by reso-
nantly heating the ion out of the trap. For this we modulate the voltages on electrodes
which are normally used for the compensation of radial stray electric elds at the ion
trap center [Har+13a; Moh+19]. This modulation shifts the trap center periodically
about the axial symmetry axis of the Paul trap. The frequency of the modulation is
set to be the mass-dependent trap frequency of the chosen ion species. We typically
modulate the trap for a duration of 3 s. We have performed test measurements for
deterministically prepared Ba *, Rb*, and Rb; ions. In these cases we observed an

"The measured atom numberis 6.0 1.2 10P. In our model simulations we use 6.2  10° because
this optimizes the agreement with the experimental data.
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ef ciency of almost 100% for removing the ion by resonant modulation. We therefore
also expect a similar ef ciency for a BaRb* ion. A modulation with the resonance
frequency for a particular ion species does not affect the trapping of an ion of a
different species relevant for the present work.

A.12 Detection of the ion

In order to detect a single, trapped ion in the Paul trap we have two methods which
we describe in the following.

A.12.1 Fluorescence detection of a single Ba* ion

In order to detect a Ba®™ ion we rst separate the ion trap centre from the atom trap
centre by a distance of 100mm which is much larger than the size of the atomic cloud
in order to suppress unwanted collisions. This is done by applying appropriate dc
voltages on the Paul trap endcap electrodes. Afterwards, the atoms are released from
the ODT by switching it off. After 20ms, when all atoms have left, we move the ion
back to its former position, since this position corresponds to the centers of the cooling
laser beams for the Ba ion. Here, the lasers have beam waists (I/ € radii) of about
20mm. The cooling laser beams consist of one beam at a wavelength of 493 nm for
driving the 6S,,, to 6P;» Doppler cooling transition, and one beam at a wavelength
of 650 nm for repumping the Ba * ion from the metastable 5D3/, state towards 6Py, .
During a laser-cooling time of 100ms an electron multiplying CCD camera takes a
rst uorescence image of the Ba * ion. This method allows for detection of a cold
Ba" ion with a temperature of T 100mK or below, due to the short duration of the
laser cooling. A hotter Ba™* ion, e.g. resulting from photodissociation with a kinetic
energy on the order of 0.2eV, can be detected by taking a second image after long
laser cooling. For this, the 493 nm laser beam frequency is red-detuned by 1 GHz and
swept back towards resonance within three seconds. Afterwards, we take another
uorescence image, again for a duration of 100ms. From the two images we can
discriminate a hot ion from a cold one. For example, if a uorescing Ba * ion is found
in the second image but not in the rst one, then this Ba * ion was hot at the time of
the rstimage. Furthermore, we can detect whether a Ba * ion is in the metastable
state 5Ds/, . Such an ion will only appear in the uorescence image, if we previously
pump it out of the 5Ds;, state, e.g. with a 614 nm laser via the 6P, level. Therefore,
in order to probe for a 5Dgj, ion, we take two sets of uorescence images. The rst
set is without the 614 nm repump laser and the second set is with the 614 nm repump
laser. If we only obtain a uorescence signal in the second set of the images, then the
Ba" ion was in the metastable state 5Ds, .
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FIGURE A.5: Vibrational binding energies of a BaRb* molecule for

the electronic states(1)3S* and (2)1S*. The rotation is in the ground

state, i.e.j = 0. The brown data points result from the Lennard-Jones

potential which is used for the QCT calculations. The purple and

blue data points are the results from our calculated (1)3S* and (2)1S*
PECs, as described in Appendix A.13.3.

A.12.2 Detection of the ion via atom loss and discrimination of ion species

In our setup only the Ba* ion can be detected directly via uorescence imaging. In
order to detect a different ion species such as BaRlb, Rb*, Rbg we use a scheme
where the ion in icts atom loss in a cold atom cloud [Har+13a; Har+13b]. For this,
the ion is kept in the ion trap while a new cloud of neutral atoms is prepared. Then,
the ion is immersed into this new atom cloud. Elastic collisions of the ion with the
ultracold atoms lead to loss of atoms as they are kicked out of the ODT, which is much
shallower than the ion trap. After a given interaction time the remaining number of
atoms is measured via absorption imaging. If this number is signi cantly lower than
for a reference measurement using a pure atom cloud an ion is present. Typically we
already know from the preparation procedure (and, because all relevant ion species
cannot escape from the deep Paul trap potential), that a single ion must be trapped in
the Paul trap, but we would like to discriminate between the ion species BaRb *, Rb*,
and Rb; . For this, we carry out mass- Itering in the Paul trap (see Appendix A.11),
where we remove selectively the ion from the trap if it has a speci ¢, pre-chosen mass.
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Subsequently, we test whether the ion has been removed from the Paul trap with the
ion detection scheme based on in icted atom loss.

A.13 Calculation of cross sections

A.13.1 Cross sections from QCT calculations
Model

We use QCT calculations [PR19] to determine cross sections for elastic collisions,
vibrational relaxation, collisional dissociation and substitution reactions in collisions
of a BaRb" ion with an ultracold Rb atom.

Since the three-body process occurs at large internuclear distances we assume
that the three-body potential energy surface can be described by pair-wise addi-
tive ground-state potentials according to V(Ry, Rz, R3) = V(Ry2) + V(R3) + V(R23).
Here, the Rb-Rb interaction is taken from [Str+10], while the Ba ™ -Rb and Ba-Rb"
interactions are modelled by means of the generalized Lennard-Jones potential
V(R)= C41 (Rw/ R)* 2]/ R* where C4 = 160a.u., Ris the internuclear distance,
Rm = 9.27a, and & is the Bohr radius. We note in passing that C4 = agp€’/ [2(4p#o)?]
is proportional to the static dipolar polarizability agp, = 4p#o 4.7398) 10 ?°m3
of the Rb atom [Gre+15]. eis the elementary charge and #y is the vacuum permittivity.
The Lennard-Jones type potential describes the long-range interaction correctly and
leads to a manageable computational time. We note that the C, coef cient for a Ba
atom is 134 10.8a.u. [Sch+07]. Nevertheless, for saving computational time we
simply use the same coef cient for the Ba atom as for the Rb atom in our model. This
introduces small quantitative errors of about 5% but does not change the qualitative
interpretation.

Using the QCT approach, we study the collisional behavior of BaRb * molecules
in the states (2)1S*, (1)3S* as well as (X)1S*. We ignore any spin degrees of
freedom, which means that the results are the same for both (2)1S* and (1)3S*
BaRb" molecules. Furthermore, we only consider collisions where BaRb ™ molecules
are initially nonrotating, i.e. j = 0. We have numerically checked that for other low
j-states the results will not be signi cantly different at the level of our approximations.

In order to determine cross sections and rates for a given electronic and vibrational
state we sum over the corresponding rotational distribution of the nal products.

In Fig. A.5, the energetically uppermost vibrational levels as derived from the
Lennard-Jones potential are shown down to binding energies of about 1 K  kg. For
comparison, we also present the results from the PEC calculations for the (2)1S* and
(1)3S* electronic states (see Appendix A.13.3).

We have carried out QCT calculations for the vibrational levels v=( 1, 2,.., 16)
and for a collisional energy range of E;c = 1 100mK kg. This range for E; cor-
responds to a range of the kinetic energy of the BaRb* ion of Ec(1 m mgp) ! =
3.6 360mK kg, when assuming zero kinetic energy for the atoms. Here, mis the



9,%ppendix A. Life and death of a cold BaRb * molecule inside an ultracold cloud of
Rb atoms

FIGURE A.6: Vibrational relaxation cross section as a function of the vi-
brational quantum number v, for various collision energies E;. Shown
are results of QCT calculations. The error bars represent1s standard
deviation obtained by evaluating the numbers of trajectories leading to
the same outcomes. The dashed lines are the Langevin cross sections.
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reduced mass of the Rb-BaRl system. For a given set ofv and E., we determine
a suitable maximum impact parameter bynax beyond which no reactions/inelastic
processes occur anymore. bmax is typically on the order of the Langevin radius
b = (4C4/ Ec)Y*. We run batches of 10 trajectories, effectively sampling the con-
guration space including different impact parameters b < byax and molecular
orientations. As a result we obtain a probability distribution for the different colli-
sional processes. The cross section for a speci ¢ collision processk can be calculated
assk = p b2, Pk, where P is the probability for a trajectory undergoing this process.

Results

» Vibrational relaxation: Figure A.6 shows the cross sections for vibrational re-
laxation for the states (2)1S* and (1)3S* for different collision energies. The
calculations clearly reveal that in general the vibrational relaxation cross section
is well approximated by the Langevin cross section s| (Ec) = p P 4C4/ E;. The
corresponding Langevin rate q%) = s Vipnn(t) = Kn(t) is independent of
the collision energy. Here, vion =  2E¢/ mis the velocity of the BaRb™ ion and
KL=2p 2C4 m= 2.03 10 °cm3s !isthe Langevin rate constant. We note
that in our calculations vibrational relaxation typically leads to a change in the
vibrational guantum number v by one or two units, i.e. vVl= v 1,v 2 The
average change is 1.4 units, as discussed later in Appendix A.14.1. Since these
results are quite independent of the initial vibrational quantum number (see
Fig.A.6), we adopt them for levels which are more deeply-bound than v = 16.
Furthermore, we use them also for vibrational relaxation in the ground state
(X)S*. If the collision energy is large enough, in principle, also vibrational
excitation could occur, but for our settings the calculations show that this is
quite negligible.

« Substitution reactiorBaRb" + Rb! Rb, + Ba': For the weakly-bound levels
of the (2)1S* and (1)3S* electronic states this reaction is in general so rare
that it can be neglected. This can be explained as follows in a simple classical
picture. The Ba* ion and the Rb atom of the weakly-bound BaRb * molecule
are generally well separated. The colliding free Rb atom mainly interacts with
the Ba" ion via the long-range polarization potential while the interaction
between the two Rb atoms is essentially negligible. Hence, the formation of the
neutral Rb, molecule is unlikely. For the ground state (X)!S* the reaction is
energetically closed.

* Substitution reactiorBaRb"” + Rb! BaRb+ Rb": For the weakly-bound levels
of the (2)1S*, (1)3S* and (X)!S* electronic states this reaction is rare because
it entails the formation of a neutral molecule, following similar arguments as for
the previously discussed reaction BaRb™ + Rb! Rb, + Ba*. In addition, for the
weakly-bound levels of (2)1S* and (1)3S* the reaction would require a charge
transfer between the Rb atom and the Ba* ion, since for these electronic states
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and long binding lengths the positive charge is almost completely located on
the Ba atom within the BaRb™* molecule. For deeply-bound levels in the ground
state (X)1S* with v. 90the reaction is energetically closed. This covers about
70% of the produced ground state molecules, as discussed in Appendix A.13.3.
For these reasons we ignore this substitution reaction in our model.

+ Substitution reactiorBaRb" + Rb! Rb, + Ba: For the weakly-bound levels of
the states(2)1S* and (1)3S* this reaction involves a charge exchange and is
therefore negligible. For the weakly-bound levels of the ground state (X)S™,
where the positive charge of the BaRb* molecule is located on the Rb atom,
the substitution reaction can have a sizable probability. From numerical QCT
calculations for the most weakly-bound levels we can extrapolate roughly the
scaling law s a(z) Ey/ (mK  kg) for the cross section. Thus, the cross section
increases linearly with the binding energy. We expect this to be approximately
valid up to a binding energy of about 1000 K kg, where the expression should
smoothly go over to the Langevin cross section.

» Elastic collisions:Due to the restriction b < by we do in general not take
into account all elastic collisions. In particular those with very little energy
transfer are omitted since they are irrelevant for sympathetic cooling. To a rst
approximation, the elastic cross section for which sizable amounts of kinetic
energy are transferred between the collision partners is the Langevin cross
section. This is valid for all states, i.e. (2)S*, (1)3S*, and (X)!S*.

« Collisional dissociationA BaRb* molecule can dissociate in a collision with a
Rb atom, if the collision energy E; is large enough. For a weakly-bound BaRb™*
molecule in the state (1)3S* or (2)1S* this would lead to a release of a Ba* ion
and a Rb atom. In our experiments, however, the typical collision energy is
too small. Therefore, this process is relevant only for the most weakly-bound
BaRb" molecules. In our simulation this only concerns the vibrational level
v = 5inthe states(2)'S* and (1)3S*. It has a binding energy of 2mK  kg.
For a collision energy of E; = 2mK kg, which is typical in the beginning of
our experiments, the calculated dissociation cross sectionisthen4 10 2cm?
[PR19]. This is about a factor of seven smaller than the Langevin cross section.

A.13.2 Spin- ip cross section

If the BaRb" ion is in the triplet (1)3S* (singlet (2)1S*) state it may undergo an
electronic spin- ip towards the singlet (2)1S* (triplet (1)3S*) state in a close-range
collision with a Rb atom. Discussions of spin- ip processes for molecules can be
found in the literature, see, e.g., [KD04; ABO1; Kre08].

We estimate the spin- ip cross section in the following way. In the collision
between a Rb atom and a BaRl molecular ion we only consider the interaction
between the free Rb atom and the Ba" ion which is loosely bound in the BaRb *
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molecule. Spin- ips can occur when the two electron spins of the Ba * ion and the
free Rb atom are opposite to each other, e.g.ms(Ba") = 1/ 2and mg(Rb) = 1/ 2,
such that after the collision the spins are mg(Ba") = 1/2 and ms(Rb) = 1/2. Here,
ms is the magnetic quantum number of the electron spin. Taken by itself, the state
ms(Ba") = 1/ 2, mg(Rb) = 1/ 2is a 50% / 50% superposition state of spin singlet
and spin triplet. In the following we estimate the spin- ip cross section for such
a superposition state. The actual spin- ip cross section for our experiment should
be a fraction of this, because the statistical factors of the total spin-decomposition
need to be taken into account. This requires an analysis, in how far a spin- ip of the
bound Ba* ion leads to a ip of the total electron spin in the BaRb * molecule. Such
an analysis is, however, beyond the scope of the present work.

The spin-exchange cross section for the 50% / 50% superposition state can be
estimated using a partial-wave approach [DRB65; CD00] as

_P

ssi(Ec) = ;4 (2 + Isin® d¥(E)  dl(E) (A.2)
|

=~

where d(E;) and d' (E;) are the energy dependent phase-shifts of the partial wave
| for the singlet and triplet atom-ion potential energy curves, respectively. Here, k
is the wave number of the relative momentum in the center-of-mass frame. Next,
we determine an angular momentum |nax such that for | > |nax the phase-shift
qS(Ec) d"(Ec). This is possible, because for large enoughl the particles only probe
the long-range tail of the ion-atom potential and this tail is essentially the same for
singlet and triplet states. Therefore, only trajectories with | Imax contribute to
the cross section. Forl Imax We estimate the contribution of each partial wave
term in Eq. (A.2) by using the random phase approximation for the phase-shifts,
sin? dls(Ec) d'(Ec) = 1/ 2[CDOO0]. The partial wave Imax can be estimated [Rat13]
using the critical impact parameter (Langevin radius) via |max = bk = ( 2Ca/ Ec)Y4k,
as for impact parameters b > by the inelastic cross section vanishes in the classical
regime. Carrying out the sum in Eq. (A.2) up to Imax We obtain

1/2
— plrznax _ b 2C, — SL(EC)

= = — = : A.
s(E)= St = 5 & 5 (A3)
The spin- ip rate is then simply proportional to the Langevinrate G . We stress again,
that Eg. (A.3) is only an estimate. Therefore, for our simulations we allow for another
constant t parameter g such that the spin- ip rate for a transition from the singlet

state to the triplet state is given by

Gi=9G. (A.4)

For determining g we use experimental data for which the ODT is off. When setting
g = 1/14 we obtain good agreement with our measurements.
Finally, we note that the spin- ip rate for a transition from a triplet state to a
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TABLE A.1: List of the relevant electronic states, L, for the BaRb*
molecule that can be reached from the entrance channel upon ab-
sorption of a photon of 1064 nm wavelength. The entrance channel
is spanned by the electronic states(2)1S* and (1)3S* which corre-
late in the asymptotic limitto Rb 5s2S + Ba" 6s2S . Ey max iS the
atom-ion relative kinetic energy released after photodissociation when
the initial molecule is weakly bound. spmax is the largest estimate for
the state-to-state absorption cross section for a BaR molecule with
binding energy E, = 1K kg (see also Appendix A.13.3).

L Asymptotic limit Exmax  Smax
(cm 1) (cm?)

(2®s* Rb' + Ba 6s5d3D 8200 negligible
(1)°P negligible
(3)'s* Rb" + Ba 6s5d!D 5900 10 %
(1)tp 10 Z
(3)®s* Rb* + Ba 6s6p3P 4800 9 10 %
(2)°P 4 10 20
(4)'s* Rb 5s2S + Ba" 5d2D 4000 4 101°
(2P 2 10 %
(4)%s* 4 102
(3)°P 2 102

singlet state is not G but G/ 3. This is because a spin- ip process between the bound
Ba" ion and the free Rb atom does not necessarily change a triplet BaRb" molecule
into a singlet one. Collisions with an unpolarized sample of Rb will in general shuf e
around the total spin S of the molecule equally between the four levels S= 0,mg= 0
and S= 1,mg= 1,0,1 Thus, on average only 1 in 3 spin-exchange collisions of a
triplet BaRb™ molecule will produce a singlet BaRb * molecule.

A.13.3 Radiative relaxation and photodissociation cross sections

In the following we calculate cross sections for radiative relaxation and photodissocia-
tion. For this, we rst calculate PECs, wave functions and transition dipole moments.
Table A.1 shows electronic states for relevant transitions. In the following discussion,
the spin-orbit interaction will be neglected.

Potential energy curves

The PECs displayed in Fig. A.1(b), the permanent electric dipole moments (PEDMSs),
and the transition electric dipole moments (TEDMs) for the BaRb * molecule are
obtained by the methodology described, e.g., in [ADO5; AD0O6; AGD11]. Brie y, the
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calculations are carried out using the Con guration Interaction by Perturbation of
a Multicon guration Wave Function Selected Iteratively (CIPSI) package [HMR73].
The electronic structure is modeled as an effective system with two valence electrons
moving in the eld of the Rb * and Ba?* ions represented by effective core potentials
(ECP), including relativistic scalar effects, taken from Refs. [DB74; DB75] for Rb* and
Refs. [Fue+85; FR87] for B&" . The ECPs are complemented with core polarization
potentials (CPP) depending on the orbital angular momentum of the valence electron
[MFM84; FMD92], and parametrized with the Rb * and Ba?* static dipole polariz-
abilities and two sets of three cut-off radii [GAD10; AD12]. Only the remaining two
valence electrons are used to calculate the Hartree-Fock and the excitation determi-
nants, in atom-centered Gaussian basis sets, through the usual self-consistent eld
(SCF) methodology. The basis set used for the Rb atoms is from Refs. [AD0O5; AD06],
and the one for Ba is from Refs.[AD12; Bou+10]. A full con guration interaction (FCI)
is nally achieved to obtain all relevant PECs, PEDMs, and TEDMs. In Ref. [Jr+15] a
comparison between these calculations for several systems, including BaRb", and the
ones available in the literature is given for the (X)1S* and (2)1S* electronic states.
Since for the states(1)3S* and (2)S* we need to consider extremely weakly-
bound vibrational levels, PECs have to be calculated up to large inter-particle dis-
tances. For this, we analytically extend the existing short-range PECs by matching
them to the atom-ion long-range interaction behavior

C4

= (A.5)

lil!m¥ V(L;R) = D¢
where Dg is the dissociation energy of the electronic state L . From ts of Eq. (A.5) to
our ab initio PECs at around 25 ag, we obtain a C4 value of about C, = 171a.u., which
is close to the known value C4 = 160 a.u. for Rb atoms.

We note that the asymptotic energies (R ! ¥ ) for our PECs are in reasonable
agreement with experimental values. There is virtually no error regarding those
asymptotes for which each valence electron is localized on one atomic core [e.g.,
for the asymptotes Rb 5s2S + Ba® 6s2S and Rb 5s°S + Ba® 5d2D ]. However,
if both valence electrons are localized on the Ba atom we obtain deviations from
experimental values of 180cm ! forthe Rb* + Ba 6s°'S asymptote, 120cm *!
for the Rb* + Ba 6s6p3P asymptote, and 420cm ! for the Rb" + Ba 6s5d1D
asymptote, respectively [AD12].

Calculation of wave functions

The diatomic eigenvalue problem is solved for each PEC V (L ; R) by means of the
mapped Fourier grid Hamiltonian (MFGH) method [Kok+99], which diagonalizes

a discrete variable representation (DVR) matrix of the Hamiltonian. We use a fairly
large internuclear distance range, Rmax 50008, in order to even accommodate
small binding energies E, on the order of E;, 10nmK  kg.
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FIGURE A.7: PEDMSs (circles) and TEDMs (solid lines) as functions

of the internuclear distance of the BaRb™ molecule. Initial and nal

states are given in the plot. For S-S transitions the dipole moment

along the internuclear axis is shown, whereas for S—P transitions the
dipole moment in transverse direction is shown.
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The energy-normalized continuum wave functions jL 9% ki are computed using
a standard Numerov method [Joh78]. Here, jCis the rotational quantum number.
Since the kinetic energies at long range for the exit channels correspond to several
thousands of wave numbers the calculations are performed on a fairly dense and
large grid (between 90,000 and 150,000 grid points) so that there are at least 20 points
per wave function oscillation.

Transition electric dipole moments

The TEDMs Do, (R) between relevant electronic statesL and L % are shown in
Fig. A.7 as functions of the internuclear distance R. The plots show that S-S transi-
tions are generally stronger than S—P transitions. Furthermore, the TEDMs vanish at
large distances. Such a behavior is expected, since thdBa" + Rb asymptote cannot be
addressed from the Rb" + Baasymptote by optically exciting one of the atoms [see
Fig. A.1(b)]. Therefore, for weakly-bound rovibrational states all outer turning points
can be disregarded, i.e. radiative processes are driven at short range.

Photodissociation

In order to determine the photodissociation cross sections, we calculate the absorption
Cross sectionssy_ go | y; (EY for the transitions between rovibrational levels (v, j) in the
electronic state L towards the continuum of an electronic state L °[KVD89; BTG11]

SL g%, L uj E® =
4p2 EO 0 a o (A.6)
§2j+181,1 L%k Do (R)jLui =

Here, EO = hn E, is the nal energy obtained for a given optical frequency n
and binding energy E,. Furthermore, cis the speed of light, and j°represents the
rotational quantum number of the nal level. We note that the transition moment
h.% kiDL o, (R)jLui is essentially independent of j and j°for the low values of
j relevant here. From QCT calculations we estimate a typical range of rotational
quantum numbers of j < 20for the BaRb* ion in our experiments. S(j%j) denotes
the Honl-London factor [HWO5]. In principle, transitions can be grouped into the
three branches Q (° = j, S—P transitions only), R (j°= j+ 1),and P (= | 1).
In our experiments we drive each of these transitions, if allowed by selection rules.
Summing over the P, Q, R contributions one obtains a total cross section which is
independent of j. Therefore it is suf cient to present in the following only total cross
sections obtained for j = 0.

Figure A.8 shows the predictions for photodissociation cross sections for 1064 nm
light as functions of the binding energy E;, of the initial rovibrational state. Here,
the three dominant transitions are presented. We checked numerically that the
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FIGURE A.8: Photodissociation cross sections as functions of the bind-

ing energy for an excited state BaRb' ion exposed to 1064 nm light.

Shown are the results for the most relevant transitions in our experi-

ments. Data points are calculations. Solid lines represent ts p EX-"Sto
the data points (see legend).

cross sections follow a EQ-"® scaling law within the shown range of Ey®. This can
be explained by the increasing localization of the vibrational wave function with
increasing binding energy E,. Our calculations reveal that the transitions are mostly
determined by the wave functions at the inner turning points of the PECs.

We note that because of an uncertainty in the calculation of the absolute energy
position of the PECs of up to a few hundred cm * (hc) there are corresponding

8Figure 8 indicates that for the transition (1)3S* | (3)3P a deviation from the scaling law sets in at
about 10K kg. For (2)1s* | (4)1s* and (1)3S* | (3)3S* such deviations set in at higher energies
of 60 K kg and 600 K kg, respectively (not shown in Fig. 8). For the (2)1S* | (4)1S* transition,
the deviation can partially be explained by distortions of the wave functions due to the double-well
structure of the singlet entrance channel PEC [see Fig. 1(b)].
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FIGURE A.9: Photodissociation cross sections as functions of the nal

energy EC = hn E,. Upper panel: (2)1s* | (4)1s*. Middle

panel: (1)3S* I (3)3P. Lower panel: (1)3S* ! (3)3S*. The color

coding of the lines corresponds to the binding energy of the initial

state as indicated on the right. The right (left) vertical dashed line

marks the energy E9when a 1064 nm photon excites a molecule with
Eb = 0.1K kB (Eb = 315K kB)

uncertainties in the photodissociation cross sections. The possible range of cross sec-
tions is investigated in Fig. A.9. Here, EY (ho) is varied between 8800and 9800cm 1,
i.e. around typical values corresponding to nal states addressed via light at 1064 nm
and starting from initial states with rather small binding energies (see dashed vertical
lines). These calculations are carried out for several binding energies.

The cross sections in Fig. A.9 exhibit oscillations. For a xed binding energy, the
energy interval DECfor a full oscillation between a minimum and a maximum is
smaller than about 500cm * (hd) for all three presented transitions. This is about
the uncertainty of the absolute energy positions of the PECs and therefore the true
cross section can actually lie in the range between calculated minimum and maximum
values.

The oscillations of the cross sections in Fig. A.9 are associated with the spatial
oscillations of the initial rovibrational wave functions. For the sake of clarity, this is
illustrated in detail in Fig. A.10. Wherever an anti-node of the initial wave function
coincides with the anti-node of the scattering wave function at the inner turning
point of the excited PEC, the cross section has a local maximum. This is known as
the re ection principle (see, e.g., [Sch93]). The frequency separation of the local cross
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FIGURE A.10: (a) Photodissociation cross section as a function of
nal energy E°= hn E, for the transition (2)1S* | (4)1S*. (b)
The (4) 1S* PEC (red curve) and two energy-normalized continuum
wave functions (black curves). (c) The (2) 1S* PEC (red curve) and
the rovibrational wave function (black curve) for the binding energy

of E, = 10.5cm 1. Blue and orange dashed lines help to illustrate
that a good wave function overlap at the inner turning point of the
excited PEC leads to a large cross section. (d) The respective TEDM as

a function of the internuclear distance R.

section maxima clearly depends on the slope of the PEC and the wavelength of the

initial wave function.
In order to describe the experimentally measured data (see Appendix A.14.2), we

use photodissociation cross sections in our MC simulations of the form s (Ey/ (K
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TABLE A.2: Cross sectionsse for the three transitions that are taken

into account in our MC simulation. The predicted maximal values are

given beside the values resulting from ts to the experimental data

in our MC simulation. In the last column the released ion for each
transition is given.

Transition max. Se (theor.) Se(exp.) | rel.ion
(10 °cm?) | (10 2°cm?d)

(2! 4)is* 40 540 Ba*

(1! 3)3s* 9 7 Rb*

(D3s* 1 (3)°%P 0.23 1.61 Ba"

kg))®"°. Thus, they exhibit the E-®scaling, which our calculations predict. The pre-
factor s, however, is used as free parameter which is determined via ts to the data. In
Table A.2 we compare the obtained values for s¢to the theoretically predicted maximal
values. We nd that the experimental cross section for the transition (2! 4)!S*
(for the transition (1)3S* ! (3)3P) is by a factor of 13.5 (by a factor of 7) larger
than the predicted maximal value. At this point it is not clear how to explain these
discrepancies. In contrast, for the transition (1! 3)3S* we nd consistency between
theory and experiment.

Having discussed in detail the photodissociation by 1064nm light, we now brie y
comment on the photodissociation by 493nm and 650nm light. Calculated PECs for
highly excited electronic states (not shown here) indicate that the photodissociation
of weakly-bound molecules in the (2)1S* and (1)3S* states might be quite strongly
suppressed because Condon points might not exist for the relevant transition. This
agrees with the experiment, from which we do not have any evidence for this pho-
todissociation process either. Concerning photodissociation of ground state (X)S*
molecules via the laser cooling light, for which we do have experimental evidence
(see Sec. A.8), a theoretical analysis has not been carried out yet.

The excited state (2)1S* can decay radiatively to the ground state (X)S* by
spontaneous emission of a photon. The corresponding radiative lifetime of the (2)S*
molecule is shown in Fig. A.11 as a function of the binding energy E,, as previously
discussed in [Jr+15]. The relaxation can in principle lead to dissociation of the BaRb ™
molecule into a Rb* ion and a Ba atom. However, our calculations of the Franck-
Condon factors show that it will dominantly produce a BaRb * molecule in the (X)1S*
state. Figure A.12 shows the predicted broad distribution of vibrational levels which
are populated. During such a relaxation the kinetic energy of the BaRb * molecule
essentially does not change, because the photon recoil is very small. The radiative
relaxation rate is the inverse of the lifetime, i.e. 0.34 (E,/ (mK kg))%"°ms 1 (see
Fig. A.11). We use this relaxation rate in our MC simulations. The physics behind the
scaling u E8-75 is that for an increasing binding energy the wave function becomes
more localized at short range where radiative relaxation dominantly occurs.
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FIGURE A.11: Radiative lifetime (blue dots) for the highest rovibra-
tional levels (v,j = 0) of the (2)* S* electronic state, as a function of
the binding energy Ey. The red dashed lineisa t p E, ®to the data.

Radiative relaxation to the electronic ground state

For the sake of completeness, we note that radiative relaxation within a given PEC
(such as(2)1S* or (1)3S*) is negligible in our experiments. As already discussed in
[Jr+15] these relaxation rates are on the order of seconds.

A.14 Monte Carlo Simulations

In this section we describe how we simulate the evolution of a BaRb * molecule in
a Rb atom cloud by means of MC trajectory calculations. For this, we make use of
the cross sections we have determined in Appendix A.13. In order to reduce the
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FIGURE A.12: Calculated population distribution for vibrational levels

v of the electronic ground state (X)1S* of the BaRb" molecule after
radiative relaxation from a weakly-bound level in the (2)1S* state
with j = 1. Here, the same approach is used as described in [Jr+15].

complexity we carry out the calculations in two steps. In a rst step we only consider
a subset of collision processes. A main nding of these calculations is that the average
kinetic energy of the BaRb* ion only slightly increases as it relaxes down to more
deeply-bound vibrational states. We use this information in the second step of the
MC calculations, where we now include all inelastic and reactive processes but for
which we ignore elastic collisions and simply assume that the molecular ion has a
constant kinetic energy.
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FIGURE A.13: Evolution of the vibrational quantum number of a

BaRb" molecule in collisions with Rb atoms. We only consider the "rel-

evant” collisions which have impact parameters b < bpyay, as discussed

in Appendix A.13.1. The y-axis on the left shows the vibrational quan-

tum number v and the y-axis on the right shows the collision energy
E.. The data correspond to a single MC trajectory.

A.14.1 Restricted model

Here, we simulate trajectories of a spinless BaRb" molecule. During each trajectory
the molecule can undergo multiple collisions within the gas of Rb atoms. We consider
elastic collisions, vibrational relaxation collisions, and collisional dissociation.

The simulation starts with the molecular ion in the vibrational state v = 5below
the Ba" + Rb asymptote. An example of the evolution of the vibrational state as a
function of the collision number for a single trajectory is shown in Fig. A.13. The
calculations reveal that vibrational relaxation typically takes place in steps of one or
two vibrational quanta. The molecular kinetic energy increases after each vibrational
relaxation step and decreases due to sympathetic cooling in elastic collisions. Precisely,
how much energy is released in a vibrational relaxation step or carried away in
an elastic collision depends on the scattering angle of the atom-molecule collision
[LLM91]. In the simulations we choose random values for the scattering angle in the
center-of-mass frame, which are uniformly distributed.

After analyzing 10 # calculated trajectories we obtain the following results. Be-
tween two vibrational relaxation processes there is on average approximately one
elastic collision (see Fig. A.14). Although, overall, the kinetic energy of the molecule
increases as it relaxes to more deeply-bound states, within the range of interest the
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FIGURE A.14: Average number of elastic collisions of Rb atoms with a

BaRb' ion in the vibrational state v before a relaxation (excitation) to

another vibrational state occurs. Data points are from MC simulations.
The error bars represent 1s standard deviations.

molecular collision energies are typically only a few mK kg (see Fig. A.15). On
average, the molecular ion requires 17.5 4.2collisions to relax from v=5down
tov= 17ofwhich 9.0 3.8collisions are elastic. Figure A.16 shows the average
vibrational quantum number v as a function of the number of vibrational relaxation
collisions. We nd that v decreases nearly linearly. On average about 1.4 vibrational
guanta are lost per relaxation collision, independent of the initial vibrational quantum
number. Since the vibrational relaxation cross section is well approximated by the
Langevin cross section (see Fig. A.6) the vibrational quantum number will on average
be lowered by one unit at arate of 1.4 G . We note that also in a recent theoretical
investigation of vibrational quenching collisions of weakly-bound Rb 5 molecular
ions with Rb atoms the changes in the vibrational quantum number are predicted to
be small [JM20].

A.14.2 Full model

In the second set of MC trajectory calculations we take into account all the processes
discussed in Appendix A.13. Furthermore, we also include the formation of the
weakly-bound BaRb™* molecule with vibrational quantum number v = 5via three-
body recombination. Adopting simple statistical arguments and considering that the
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FIGURE A.15: Average collision energy of the BaRb™* ion right after

(blue lled squares) and directly before (red open squares) vibrational

relaxation as a function of the vibrational quantum number. Data

points are results from the MC simulation. The error bars represent 1s

standard deviations. Here, the difference between the curves describes
the effect of cooling due to elastic collisions.

Ba" ion is initially unpolarized, the probability for the freshly formed molecule to be
in state (2)1S* ((1)3S*) is 1/4 (3/4), respectively.

Motivated by the results in Appendix A.14.1 we generally assume a collision
energy E. for the BaRb* molecule of a few mK kg. For the collisional dissociation
regarding the v = 5 level we assume Ec = 2mK  kg. Actually, for all other
collisional processes the precise value for the collision energy is not relevant since
their rates are proportional to the Langevin rate, which is independent of E.. For the
ground state (X)!S*, however, the assumption of low collision energy is in general
not justi ed. This is because a vibrational relaxation from a deeply-bound vibrational
level to the next one releases a large amount of energy. This puts the ion on an orbit
through the Paul trap which is much larger than the size of the atom cloud. As a
consequence the rate for further elastic, inelastic, or reactive collisions is signi cantly
reduced. For example, when the BaRb" molecule in state (X)1S* relaxes from v = 55
to v = 54the motional energy of the BaRb* molecule increases by about16K kg. In
order to get cooled back into the atom cloud, the energy has to be lowered to about
1K kg. On average, 446 of the energy is cooled away in a single elastic Langevin
collision. Therefore, ve elastic Langevin collisions are needed on average, to cool the
BaRb" ion back down into the Rb gas. When we take this cooling time to be 130 ns
long we nd good agreement with the data.
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FIGURE A.16: Average vibrational guantum number for a BaRb * ion
as a function of the number of vibrational relaxation collisions with
Rb atoms. The data points represent the results of MC calculations.

Once a highly energetic Ba*, or a Rb*, or a Rb; ion is produced after photodisso-
ciation or a substitution reaction, no further reaction takes place in our simulation.
However, if a cold Ba™* ion is created it can again undergo a three-body recombi-
nation event with the respective rate and a new evolution starts. Time is typically
incremented in steps of Dt = 1 ms. We typically carry out 2000 trajectories in a MC
simulation for a given experimental procedure.

The results of the MC simulations are presented as lines in Figs. A.2(a), A.3, and
A.17. In fact, Fig. A.17 is an extension of Fig. A.2(a), showing additional evolution
traces for various ion states. The measurements and predictions are shown separately
for the case with dipole trap (wODT) and the case without dipole trap (woODT)
in Fig. A.17(a) and (b), respectively. The data points are the same as in Fig. A.2(a).
The plots clearly show how initially the populations of the  (2)1S* and (1)3S* states
increase due to formation of the BaRb* ion via three-body recombination. At some
point later these populations peak and decrease due to radiative relaxation to the
ground state (X)!S* and, in the presence of 1064nm light, due to photodissociation.
The calculations for the creation of either a hot Ba* or a Rb* ion via this photodissoci-
ation are given by the curves denoted by hot Ba™ (1064) and Rb™ (1064), respectively.
Radiative relaxation leads at rst to a growing population ofthe  (X)'S* ground state
BaRb" molecule which, in secondary reactions, is converted into a Rb; or a Rb* ion.
Here, we only consider the sum of the Rb;’ and Rb* populations, denoted Rbg /Rb ™.
When the 1064nm ODT is on, photodissociation is a dominant process for (2)S*
and (1)3S* molecules. Furthermore, the small fraction of molecules that relax to
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FIGURE A.17: Calculations (lines) for ion signals together with mea-
sured data ( lled and open circles) of Fig. A.2(a). Shown are the proba-
bilities for nding different ion states or species as given in the legend.

In (a) the case with ODT is considered while in (b) the case without
ODT is considered. "hot Ba* (PD)" and "Rb* (PD)" are populations due
to photodissociation with 1064nm light. The population "Rb 3 /Rb *"

is due to secondary collisional reactions of BaRb* (X)1S* molecules
with Rb atoms.

the ground state (X)1S™* are quickly removed in the trapped, dense atom cloud due
to secondary reactions with Rb atoms. In contrast, when the ODT is off, almost the
whole ion population is rst converted into ground state BaRb * molecules, apart from
a small fraction remaining in the state (1)3S*. A sizable fraction of the ground state
molecules do not undergo secondary reactions and therefore persist, as the released
Rb atom cloud quickly falls away. In order to describe the experimental signal for
"cold+hot Ba* " we add the populations for "cold Ba *" and "hot Ba* (1064)" as well
as 70% of the population of BaRb* molecules in the states(X)1S* and (2)1S*. This
last contribution is due to photodissociation of ground state molecules. The scenario



	Abstract
	Acknowledgements
	Introduction 
	History
	Outline of the thesis
	Atom-ion experiment in Ulm

	Theoretical background 
	Atom-ion interaction
	Classical two-body scattering
	Classical cross section

	Elastic cross section
	Decomposition into partial waves

	Semi-classical interpretation
	Elastic atom-ion collisions

	Inelastic collisions
	Radiative processes

	Capture models
	Resonant charge exchange

	Direct observation of swap cooling in atom-ion collisions
	Abstract
	Introduction
	Resonant charge exchange collisions
	Experiments and results
	Conclusion
	Methods
	Preparation of the ultracold Rb clouds.
	Ion trap configuration.
	Preparation of single ions at mK-temperatures.
	Setting the initial kinetic energy of the ion.
	Determining whether ions have been cooled down to 50 KkB or below.
	Detection of ions.
	Theoretical model for swap cooling.
	Description of the simulation.


	Numerical study on the universality of swap cooling
	Introduction
	Swap cooling cross section
	Comparative performance of swap cooling
	Swap cooling for alkali and alkaline earth metals
	Concluding remarks

	Controlled reaction of a Ba+ ion interacting with Rb atoms
	Introduction
	Theoretical considerations
	Experiments and results
	Reaction products

	Concluding remarks

	Summary and outlook 
	Outlook
	Shape resonance
	Photon-induced reactive collisions


	Life and death of a cold BaRb+ molecule inside an ultracold cloud of Rb atoms
	Abstract
	Introduction
	Experimental setup and production of molecular ion
	Experimental Investigation of the evolution of the molecular ion
	Insights from calculations
	Evolution of the molecular ion
	Radiative relaxation
	Photodissociation of electronic ground state molecules
	Conclusions and outlook
	Density evolution of atom cloud
	Mass filtering
	Detection of the ion
	Fluorescence detection of a single Ba+ ion
	Detection of the ion via atom loss and discrimination of ion species

	Calculation of cross sections
	Cross sections from QCT calculations
	Spin-flip cross section
	Radiative relaxation and photodissociation cross sections

	 Monte Carlo Simulations
	Restricted model 
	Full model


	MATLAB code
	Bibliography

