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ABSTRACT

hybrid atom-ion trap. An octupole radio-frequency trap is used for trapping

anions, and a dark spontaneous-force optical trap is employed to create
ultracold rubidium (Rb) atoms. Spatial density distributions of the ion and atom
clouds are determined via photodetachment tomography and saturation absorp-
tion imaging, respectively. A method to map the ions’ translational temperature
onto their time of flight to the detector is presented. This technique is applied to
determine the temperature of OH™ anions as they undergo laser-induced forced
evaporative cooling to temperatures below 4 K. The dynamics of associative elec-
tronic detachment reaction between closed-shell anions OH™ and alkali atoms
Rb are investigated where for a ground-state Rb the influence of a dipole-bound
state as a reaction intermediate is observed. The interaction dynamics of Rb
with OH™(H20) are also explored, where a smaller atom-to-ion mass ratio favors
ion sympathetic cooling via elastic collisions. For atomic O™, the detachment
processes involving ground-state Rb are found to be closed and efficient anion
sympathetic cooling, via ultracold Rb, is observed. These results present hybrid
systems as a platform to investigate anion-neutral collision dynamics, particularly
interesting for astrochemistry, fundamental physics, and quantum chemistry.

In this work, the dynamics of anion-neutral interactions are studied in a
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ZUSAMMENFASSUNG

einer hybriden Atom-Ionen-Falle untersucht. Eine Oktupol-Hochfrequenz-

falle wird zum Fangen von Anionen verwendet, und eine dunkle optische
Falle mit spontaner Kraft wird verwendet, um ultrakalte Rubidiumatome (Rb)
zu erzeugen. Raumliche Dichteverteilungen der Ionen- und Atomwolken werden
mittels Photodetachment-Tomographie bzw. Séattigungsabsorptions-Bildgebung
bestimmt. Eine Methode, um die Translationstemperatur der Ionen auf ihre
Flugzeit zum Detektor abzubilden, wird vorgestellt. Diese Technik wird angewen-
det, um die Temperatur von OH~ Anionen zu bestimmen, wihrend sie durch
eine laserinduzierte erzwungenen Verdunstungskiihlung auf Temperaturen von
unter 4 K werden. Die Dynamik assoziativer elektronischer Ablésungsreaktionen
zwischen geschlossenschaligen Anionen OH™ und Alkaliatomen Rb wird unter-
sucht, wobei fiir den Grundzustand von Rb, der Einfluss eines Dipol-gebundenen
Zustands als Reaktionsintermediat beobachtet wird. Die Wechselwirkungsdy-
namik von Rb mit OH (H30) wird ebenfalls untersucht, wobei ein kleineres
Atom-zu-Ionen-Massenverhéiltnis die sympathische Ionenkiihlung durch elastis-
che Stofle begiinstigt. Effiziente sympathische Kithlung von Anionen iiber ul-
trakaltes Rb wird fiir atomares O~ beobachtet, wo sich herausstellt, dass die
Ablosungsprozesse mit Rb im Grundzustand unterdriickt sind. Diese Ergebnisse
prasentieren Hybridsysteme als Plattform zur Untersuchung der Anion-Neutral
Kollisionsdynamik, die besonders interessant fiir Astrochemie, Grundlagenphysik
und Quantenchemie ist.

I n dieser Arbeit wird die Dynamik von Anion-Neutral-Wechselwirkungen in
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CHAPTER

A BRIEF HISTORY IN TIME

An introduction to hybrid atom-ion trapping

he established techniques of atom and ion trapping and their combined
study in hybrid atom-ion traps, with their remarkable contributions in
advancing the studies on cation-neutral interaction dynamics, also mo-
tivated the use of such hybrid systems to push the frontiers in anion-neutral
research. The hybrid atom-ion trap, which is the focus of this work, was conceived
over a decade ago as an international collaboration under the guidance of Prof. Dr.
Matthias Weidemiiller from the University of Heidelberg, Germany, and Prof. Dr.
Roland Wester from the University of Innsbruck, Austria, providing a platform to

study anion-neutral collision dynamics in well-controlled conditions.

This chapter starts with walking the reader through the historical advance-
ments in the individual fields of the atom and ion trapping. The combination of
these two diverse fields, led to the realization of hybrid atom-ion traps to study
atom-ion interactions with unprecedented control and precision. Inspired by these
developments in the understanding of cation-neutral interactions in hybrid traps,
the idea of studying anionic systems in such cold and well-controlled conditions is
motivated. To underline the relevance and importance of anion research, the role
of anions as important species in distinct environments, as well as their interac-
tions with other particles, are elucidated upon. These insights are then brought
together, to motivate the use of a hybrid atom-ion trap for exploring anion-neutral
collision dynamics, and an outline of the results that were achieved during the

framework of the collaboration and particularly, this thesis are presented.



CHAPTER 1. A BRIEF HISTORY IN TIME

1.1 Developments of atom and ion traps

The quest to cool particles to absolute zero has always been a fascinating, albeit a
challenging journey. With every new advancement towards a new temperature
regime, a plethora of exotic and novel processes is revealed [4]. At the beginning
of the 20th century, cooling helium-4 particles into the sub-10 Kelvin range led
to the discovery of superconductivity and superfluidity [5, 6, 7]. Soon afterward,
superfluidity of helium-3 was demonstrated in the millikelvin regime [8]. With
the emergence of laser cooling techniques, the frontiers of these observed low
temperatures were pushed further into the ultracold regime [9, 10, 11]. The pio-
neers of this groundbreaking research were duly awarded the physics Nobel Prize
in 1997 [12, 13, 11]. The possibility to cool atoms to the microkelvin range (and
below) has led to unprecedented developments in the field of cold and ultracold
research [14]. These works include, but are not limited, to the enhancement of
atomic clocks [15, 16], precision studies of fundamental physics [17, 18], study of
quantum many-body phenomena [19, 20], quantum simulation [21, 22, 23] and
information processing [24, 25]. The ultracold atomic systems offer well-controlled
and highly scalable environments often connecting the rather distinct field of
atomic physics and quantum optics research to condensed matter [26], solid-state
[27] and even high-energy physics [28]. Thus, from the study of the fundamental
quantum nature of light-matter interactions to the application of these ideas to
shape the quantum technologies of the future, the development of laser cooling

techniques for the creation of ultracold atoms has played a pivotal role [29, 30].

The 20tP century was not only an exciting time for the field of atomic physics.
Motivated by the possibility to observe isolated particles, Hans Dehmelt and
Wolfgang Paul developed the techniques for trapping ions employing the use of
static electric/magnetic fields (Penning traps) [31, 32, 33] and radio-frequency
(rf) fields (Paul traps) [34], respectively. Soon after their realization, the groups
of Peter Toschek and David Wineland, achieved laser cooling of trapped ions in
these two traps [35, 36]. While the former was the first to photograph individual
trapped Ba™ ions in a Paul trap [37], the latter demonstrated the first clock that
implemented the principles of laser cooling in a Penning trap and was awarded
the Nobel Prize in 2012 for pioneering work on the manipulation of individual
systems [38]. Trapped ions have long lifetimes and long-range interactions, of-
fering systems with a high degree of control. Another method to store ions for
extended periods of time, which has been of key importance to further the re-
search on atomic and molecular ions, is the ion storage ring [39]. These systems,
apart from fundamental research [40], also find their applications in exploratory

studies of astrophysical relevance [41, 42]. However, with developments in the




1.2. HYBRID TRAPS AS TOOLS FOR ATOM-ION RESEARCH

field of ion traps, many groups were able to realize the rather compact ion trap
setups, drastically scaling down the physical constraints from a technological
point of view. Additionally, ion traps (in combination with laser cooling) offer
a platform to overlap the trapped ions with other neutral or charged particles,
to investigate their interaction dynamics even at low collision energies. These
features make ion traps an indispensable tool for research in diverse fields like
precision spectroscopy [43, 44], cold chemistry [45, 46], fundamental physics phe-
nomena [47, 48], many-body quantum physics [49, 50], and quantum information

processing [51, 52, 53], to name a few.

1.2 Hybrid traps as tools for atom-ion research

Given their widespread application, it can be safely said that the fields of trapped
atoms and ions are the two cornerstones of today’s research on exploring the
dynamics of fundamental processes as well as the upcoming quantum technologies
[564]. The amalgamation of the novel and distinct features of these systems led to
the development of hybrid atom-ion traps. These systems employing ion traps
offer a high degree of control and spatial localization with a long lifetime in
the trap. The addressability of ions via laser beams also allows for their optical
detection and precise state-control. For instance, laser-cooling of ions along with
the inherent Coulombic repulsive forces in ionic systems allows the ions to be
spatially separated and thus, individually detected and addressed via optical
forces. This provides a localized ion probe for investigating an atomic bath [55].
The ultracold atomic clouds in hybrid traps offer a system with a large degree of
scalability along-with long coherence times, which can also be used as a coolant
species for the sympathetic cooling of ions. In addition to the complementary
features of long-range and short-range van der Waals interactions of purely ionic
and atomic systems respectively, the hybrid traps make it possible to investigate
and tune intermediate-range ion-atom interactions [54, 56, 57].

The first realization of a hybrid atom-ion trap system was achieved less than
two decades ago, but this field has already seen tremendous developments. The
first hybrid traps were reported in the first decade of the 215 century, with the
early experiments employing Paul traps and magneto-optical traps [58, 59, 60].
To date, Paul traps seem to be the go-to choice for ion trapping in such systems
as the collisions of ions with atomic species in Penning traps would render the
orbital motion unstable [61]. Unlike Penning traps, Paul traps do not employ
large magnetic field coils that need to be cooled via liquid helium and are thus
easier to implement from an engineering and technical point of view.

The first proof-of-principle experiment in 2005, showed the experimental

feasibility of hybrid atom-ion systems and demonstrated the co-trapping of Ca™*




CHAPTER 1. A BRIEF HISTORY IN TIME

ions with ultracold Na atoms [58]. These systems have been an experimental and

theoretical playground to investigate atom-ion collisions dynamics in the cold
and ultracold regime ever since. Co-trapped ion-atom species undergo primarily
three kinds of collisions: elastic, inelastic, and reactive. Elastic collisions result
in energy transfer in the translational degree of freedom. Inelastic processes
primarily involve state-changing collisions, like the rotational states for molecular
ions and reactive collisions including the atom-ion reaction process like associative

electronic detachment (AED), charge-transfer, or charge-exchange process, etc.

The first experimental results on ion-atom reactive collisions were presented
in 2009, on the charge-exchange reactions in the Yb*-Yb system for collision
energies between 35 mK and 45 K [59]. The initial designs were further developed
to enable systems with lower atomic temperatures, such as the ones using an
optical dipole trap or a Bose-Einstein condensate (BEC). In 2010, investigations
on the charge-exchange processes in the Yb*-Rb system were presented and
demonstrated, for the first time, sympathetic cooling of an ion to 0.6(7) K by
immersing it in a BEC [62, 63]. The use of the single-ion as a probe for mapping
atomic density profile was demonstrated in the Ba*-Rb system, where the ions,

estimated to be at a temperature = 40 mK, were co-trapped with a Rb BEC [55].

These developments marked the beginning of an era that used these hybrid
systems as platforms to explore controlled chemical reactions. In the early 2010s,
the study on the charge-exchange reactions in the Yb*-Rb system was further
developed to experimentally explore the influence of electronically excited states
on the reaction rates [64]. Such electronic quantum state-dependent charge
transfer reactions were also studied in Yb*-Ca and Yb"-Li systems [65, 66]. It
was shown how the change in the electronic quantum state can result in the
suppression of certain charge-exchange processes. The work on other systems
of Rb*-Rb [67], Ca*-Na [58] and also molecular ions in BaCl*-Ca [68] further
demonstrated the effect of electronic excitation of the atoms, due to the cooling
lasers, on the reactive processes occurring in the systems. Subsequently, the
light-assisted radiative charge-exchange and molecule formation were studied in
the Ca*-Rb system, where the laser-cooled Ca* ions formed a crystal [60, 69]. The
work on the Coulomb crystals was further developed to study reactions between
laser-cooled Ba' ions and Rb atoms [70]. Towards the later years of the decade,
the excited state-dependent charge-exchange collisions were investigated for
Ca™-Li in the mK energy regime [71], and the measured reaction rate coefficients
were compared to a theoretical semi-classical capture model proposed in [72].
Subsequently, the sympathetic cooling of the ions by suppressing heating effects

in the rf trap was demonstrated [73]. This was particularly remarkable, as it is
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commonly seen that the ions in a Paul trap do not thermalize to the temperature
of the buffer gas used. This is attributed to the micromotion which is a fast
oscillatory motion, in addition to the ions’ secular motion, in ponderomotive rf-field
potential. These oscillatory rf-fields result in the heating of the ions during elastic
collisions. This has been a major limitation for achieving temperatures pertaining
to the s-wave scattering regime which is already two orders of magnitude lower

in atom-ion systems, as compared to that of its neutral counterparts [74].

In recent years, a large number of systems focus on the study of spin-changing
collisions. These include the study of spin-exchange rates in Sr*-Rb and Yb"-Li
systems, or spin relaxation rates in Sr*-Rb system [75, 76, 77]. Theoretical studies
on these processes revealed the possibility to probe Feshbach resonances in the
s-wave regime in systems where a large difference between the singlet and triplet
scattering length exists like for the Yb*-Li system [78, 79]. These predictions have
been recently experimentally confirmed in 2021, where for the first time Feshbach
resonances in the long-range particle interactions were observed between a single
laser-cooled Ba* ion and Li atoms in a crossed optical dipole trap. Four out of
eleven resonances observed were identified as s-wave resonances, rendering these
systems particularly interesting in paving the way for applications in many-
body physics [80, 81], and quantum simulations [82, 83]. With these works, it is
evident that the steady technological and conceptual advancements in the field of
hybrid atom-ion trapping have led to monumental growth in the understanding
of atom-ion collisional dynamics. These studies also highlight the role of quantum
state-dependence of the reactive processes that occur in distinct hybrid systems,

including the probing into the novel s-wave regime.

However, from the exhaustive list of the systems discussed above, it is also
quite evident that the majority of these systems employ the well-established
laser-cooling techniques for cooling and observing the ions which are exclusively
cationic species, completely leaving out their negative counterparts. The anion-
neutral collisions in hybrid atom-ion traps are of interest in several theoretical
studies [84, 85, 86], but experimental investigations on these systems are rather
sparse. While laser cooling of ions has been of central importance for the isolated
trapping and manipulating of cations, anions have resisted all attempts at direct
laser cooling due to the lack of closed-optical transitions in most anions. Several
candidates like the atomic anions Os™ [87], La™ [88] exist and schemes for Doppler
laser-cooling of molecular anions like OH™ [89], C; [90, 91] were proposed, but

direct laser-cooling of anions has, till date, not been experimentally achieved.

Creating an ultracold ensemble of any anionic species would further enable

to sympathetically cool any other atomic or molecular anionic particles, including
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electrons and antiprotons. Laser-induced cooling of anions via evaporative tech-

niques had already been proposed over three decades ago [92] and was recently
shown experimentally in a linear Paul trap for the cooling of atomic O™ anions
from 1.15 eV to 0.33 eV [93]. Another evaporative cooling technique based on the
alteration of the ion trap’s potential landscape was demonstrated experimentally
to cool trapped antiprotons down to 9 K [94]. This is of particular importance in
the studies involving antihydrogen or antimatter in general [95].

The storage rings also provide a pivotal system to probe the internal cooling
of molecular anions. Combining the ion storage technique with high-resolution
detachment spectroscopy, the radiative cooling of vibrationally excited C, was
experimentally observed [96]. The rotational quantum states were experimentally
probed for the OH™ anions, employing near-threshold photodetachment in a
cryogenic storage ring (CSR) [97, 98]. The molecular anions were cooled internally,
corresponding to a steady-state effective internal temperature of 13-15 K. The
CSR provides a cryogenic environment with long ion storage times, constituting a
novel system to study collisional [99] as well as radiative [40] processes in cations,
but also anions of varying molecular complexity [100, 101, 102].

Thus, cooling anions to low temperatures has increasingly gained attention
in theoretical and experimental studies, prompting the need to devise efficient
cooling techniques for trapping, cooling, and manipulating anions and even-
tually investigating anion-neutral interactions. Analogous to the atoms and
cations, the possibility to study anions in a well-controlled manner in cold or
even ultracold regimes would provide valuable insights into their chemical and
physical properties and also their applications in many diverse fields, like pre-
cision spectroscopy [103, 104], the study of fundamental interactions [105, 106],
cold-chemistry [107, 108] and astrochemistry [109, 110, 111].

1.3 Anions in nature

To address the stability of an anion, one of the properties that are frequently
addressed or referred to is the electron affinity (EA) [112]. It is an intensive
property and is defined as the energy difference between the neutral and its
corresponding anionic species, when both are in their electronic as well as the
rovibrational ground states. Thus, the EA quantifies how strongly the excess
electron is bound to the neutral core. For an anion with a positive EA, it is said to
be a stable entity as energy is needed to remove the electron to create its neutral
counterpart. Until the 1970s and 1980s, even the most fundamental data like
the EAs, were not directly or precisely determined for most of the anions, as the
experimental frameworks for these studies were limited by the technology of the

time. With the improvements in light and ion production and storage sources,
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the subsequent decades saw major improvements in both the quality (precision)
and quantity (the species studied) of the research into determining the EAs of
different anions. As the experimental investigations advanced, this field garnered
the attention of physicists and theoretical chemists alike, to develop and improve
methods to determine the anions’ fundamental structural and spectroscopic
properties. As interest grew, it led to several investigatory studies on the role of
anions as important constituents in varied fields like in the interstellar medium
(ISM), in the Earth’s atmosphere, biological clusters, plasmas, and minuscule

nanoscopic materials, some of which are highlighted as follows.

The presence of cations in the ISM has been long established since 1941.
However, it was only in late 2006, that the detection and identification of numer-
ous carbon chain anions were confirmed [113]. Prior to this discovery, the most
relevant anion for astrophysics (or chemistry) was the H™ anion. The radiative
attachment of electrons to the neutral H to create anionic hydrogen and the
associative electronic detachment (AED) between neutral and anionic hydrogen,
led to the formation of molecular hydrogen gas with the detachment of the excess
electron [114]. The study of this seemingly simple process was pivotal in the
understanding of the formation of particles in the early Universe [115]. With
the unforeseen detection of molecular anions in the 2007 Cassini mission in the
upper atmosphere of Saturn’s moon Titan, the interest in the study of anions in
space has tremendously grown [116]. This led to further investigations into the
chemical reactions, of these astrochemically relevant anions, with neutrals to un-
derstand the creation and/or destruction dynamics of different particles in these
hostile environments by attempting to simulate these astrophysical conditions
in the laboratories [117, 118]. In the Earth’s ionosphere, negative ions were also
detected in the lower ionosphere in the polar region. The associative detachment
reaction between O~ and molecular oxygen gas results in the formation of the
Ozone particles, which are critical for the life on Earth [119, 120].

Anions also play a fundamental role in signal transduction and energy storage
in many biological systems, like the phosphate anions for enzymatic reactions
involving zine (IT) ions [121, 122]. The investigations into the interactions between
aromatic rings and carboxylate anions have also shed light on the biological
relevance of anion quadrupole interactions [123]. The study of the reactivity of
amino-acid anions with nitrogen and oxygen in laboratory astrophysics is critical

to understanding the amino-acid behavior in extra-terrestrial environments [124].

Apart from the exploratory studies to explain the origin of life on Earth
seeded by extraterrestrial molecules, research involving anions in applied fields

is also gaining widespread interest. Heavy anions have been detected in plasmas
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and the study of the formation of dusty, reactive plasmas involving negative

ions is important in the field of colloidal chemistry, and also Coulomb crystals
[125]. Such ion-ion plasmas comprising of anions instead of electrons are also
used in silicon etching and thin film deposition industries [126, 127]. From an
additional industrial point of view, the development of molecular gates which can
be controlled with the presence of certain anions at the nanoscopic scale would be

an imperative building block for the future of nanometric devices [128, 129].

It can be seen that the universality of anions in a vast multitude of environ-
ments, encapsulating areas of the gigantic extra-terrestrial space right down to
the development of minute nanoscopic particles, makes the anions ubiquitous in
nature. The study of these anionic systems in well-controlled conditions would
not only further our knowledge about the fundamental processes that occur in
nature but also elaborate on how these insights could be developed further from

a technological point of view.

Given the common occurrences of anions in nature, the presence of an attrac-
tive potential between the core and the excess electron of the anion is implied.
In the asymptotic regions, the attractive potential that the valence electron feels
falls for cations and neutrals as -Ze?/r, where Z = 1 for neutral and Z = 2 for
singly-charged particles, e is the elementary charge and r is the distance between
the electron and the core. However, for anions, this potential scales significantly
slower with increasing distance. The long-range attractive potentials important
for an electron in singly-charged anions are the charge-dipole (x 1/r2), the charge-
quadrupole (x 1/r%) and the charge-induced dipole (x 1/r%) potentials [112].
Anions, whose neutral counterparts possess a large permanent dipole moment
can support excited electronic states that are close to the detachment threshold,
mediated via a charge-dipole interaction. Such anions are called dipole bound an-
ions (DBAs), observed experimentally for the first time in Lykke et. al [130]. These
anions have gone from being esoteric to being of great relevance in mainstream
chemistry as these anions can act as precursors to the formation of valence-bound
anions [131] and also play an important role in zwitterion chemistry [132, 133].
Even anions that are considered valence-bound can exhibit dipole-bound states,
as long as they support large dipole moments. Thus, while anions like OH™ are
valence-bound anions, other anions like the alkali hydroxides are dipole-bound
where the reaction between alkali and hydroxide anion is primarily mediated
via dipolar forces [86]. It is noteworthy to add, that with these novel interaction
dynamics with the neutral atoms, OH™ is one of the most well-investigated anions,
both experimentally and theoretically, due to its simplicity and importance in

astrophysics [134], laser chemistry [135] and spectroscopic studies [104, 136].




1.4. RESEARCH ON ANION-NEUTRAL COLLISIONS

1.4 Research on anion-neutral collisions

As we have seen, while anions are on their own a very interesting species, they
can exhibit novel dynamics when undergoing interactions with other neutral or
even cationic particles. Many phenomena involving anions are interpreted via
the reaction rate coefficients of anions interacting with different neutral particles.
The simplest model to explain the ion-neutral collision dynamics is given by
the Langevin capture model. In an entirely classical picture, this describes the
interaction between two colliding particles solely governed by the long-range
charge-induced dipole interaction [137, 138]. Investigations into ion-neutral reac-
tions often reveal deviations from this model, and the interaction potential of the

collision complex is then modified to account for other short-range effects.

Several experimental setups have been developed to study anion-neutral
reactions [139]. For instance in flowing afterglow and ion drift tube experiments
[140, 141, 142, 143] anion-neutral reactions can be studied at high temperatures
(up to a few hundred Kelvin) and the reaction partners can also be independently
controlled. Guided ion beams are also extensively used to study collision-energy
dependent reaction processes and cross-sections, with energies ranging between
0.1 eV to nearly 20 eV [144, 145]. A method that is currently widely used to
study reaction kinematics in experiments is the crossed molecular beams, and its
developers Herschbach and Lee were awarded the 1986 Nobel prize in Chemistry
[146, 147]. This method enables the measurement of both, kinematics and the
energy stored in the internal degrees of freedom of the reactants. In combination
with velocity map imaging, this method also provides a tool to study bimolecular
reactions, like nucleophilic substitution [148, 149].

Another method that is also extensively implemented is the use of cryogenic
multipole traps developed in the early 1990s by Dieter Gerlich [150]. These are
used for preparing cold and controlled ionic ensembles for studies pertaining
to laboratory astrophysics [113, 1511, collisional dynamics [149, 152, 153], pho-
todetachment and quantum state-dependent studies [154, 155, 156, 157] and
spectroscopic studies [104, 158], including the recent novel experimental observa-
tion of a dipole-bound state in C3N~ [159]. The ions in a multipole trap can be
cooled down to the Kelvin regime in all degrees of freedom via collisions with a
cryogenic buffer gas like helium [157, 160, 161]. This is a commonly used tech-
nique to cool ions, where direct laser-cooling is not feasible and is the current
state of the art for cooling anions. However, the final temperature of the ions is
limited by the temperature of the buffer gas used, which prompted the use of
laser-cooled ultracold atoms as a buffer gas for cooling the ions to the cold and

even ultracold temperature regime [54].
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With this motivation, the experience on the atom and ion trapping from

the respective working groups of Prof. Dr. Matthias Weidemiiller and Prof. Dr.
Roland Wester, led to the development of a hybrid atom-ion trap, and with that,
provided a platform to study interactions of different anions with photons and
ultracold atoms. In the former years of our collaboration, early measurements
on the electronic quantum state-dependent associative electronic detachment
between rubidium atoms in a magneto-optical trap and OH™ anions trapped in
an octupole rf trap were reported [162]. The implications of the results observed

were also discussed in the context of anion sympathetic cooling.

Subsequently, extensive theoretical investigations on the cooling dynamics of
ions via elastic collisions with an ultracold buffer gas were developed, including a
discussion on the use of a localized buffer gas in a system, where the mass of the
atom is heavier than that of the ion, to facilitate the process of sympathetic cooling
[163, 164]. Meanwhile, under the framework of another collaboration with Dr.
Milaim Kas at the University of Brussels, Belgium (and later at DESY, Hamburg,
Germany) theoretical investigations on the reactive collisions (including the
electronic quantum-state dependence) between ultracold rubidium and anions
like OH™ and their hydrated counterparts, were developed [85, 86, 165].

In recent years, with vast improvements in the experimental setup and its
characterization, the collision dynamics between atomic and molecular anions
with photons as well as a localized cloud of ultracold atoms in a dark spontaneous
optical trap (darkSPOT) were studied [166]. The previously established technique
of photodetachment tomography via a far-threshold laser beam was used to map
out the ions’ spatial distribution [167], and a new technique was formulated to
map the ions’ temperature in the translational degrees of freedom [1]. In addition
to these insights and diagnostics techniques, several important results were
achieved during the framework of this doctoral thesis. Reaction dynamics between
atomic O~ and molecular OH™ and OH™(H50) anions with ultracold rubidium
were experimentally investigated and their implications on the prospects of anion
sympathetic cooling were further explored by studying anion-neutral elastic
collisions [2, 3]. New frontiers of cooling molecular anions were also demonstrated
by implementing laser-induced forced evaporative cooling, proposed in [92], to
cool OH™ anions to the Kelvin regime. It must be noted that, while some details
of these results are already published in [168], this thesis will primarily focus on
the anion-neutral reactive collisions and the implications of these results on the
other processes relevant to the system, will be discussed. This thesis is presented
in terms of three peer-reviewed publications, each followed by an additional

discussion, and is structured as follows.
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1.5 Outline of this thesis

In Chapter 2, the experimental setup of the hybrid atom-ion trap is introduced.
Key features of the system are encapsulated and details on the diagnostics of
the atom and the ion clouds’ spatial distributions via absorption imaging and
photodetachment tomography respectively, are discussed. The determination of
the fraction of excited rubidium in the atom cloud via fluorescence imaging is also
presented followed by a description of the determination of atom-ion reaction rate
coefficients.

The diagnostics for mapping the translational temperature of the trapped ions
are discussed in Chapter 3. A brief motivation and introduction to the different
techniques used for mapping the ion temperatures are presented, followed by the
published work on ions’ time of flight thermometry. Subsequently, the validity of
this technique in a one-dimensional case is analytically discussed. Additionally,
the application of this technique is demonstrated for temperature determination
of the OH™ ion cloud as it undergoes laser-induced forced evaporative cooling via
a far-threshold detachment laser.

With the temperature of the ions quantified, the temporal evolution of the over-
lap between the atom and the ion clouds co-trapped in the system was determined.
This provided us the tool to experimentally measure the reaction rate coefficients
as a function of the amount of excited rubidium present in the atomic ensemble.
In Chapter 4, the collisional dynamics between molecular anions and ultracold
atoms are presented. An introduction to the associative detachment reactions in
anion-neutral reactions is discussed, followed by the published work on rubidium
and OH™ anions. Subsequently, results of the experimental investigations on the
dynamics of OH™ (H20O) anions with rubidium are presented.

In Chapter 5, the elastic and reactive collision dynamics between atomic
O~ anions and rubidium atoms are investigated. Brief insights into the use
of hybrid atom-ion traps for state-dependent studies are motivated, followed
by the published work on the electronic quantum state-dependent detachment
processes. The results of the work are then discussed with their implications on
the sympathetic cooling of anions via the rubidium atoms.

Finally, in Chapter 6 the results presented throughout the course of this
thesis, including the published works, are summarized. The insights derived
are put into the broader context of exploring anion-neutral collision dynamics
in hybrid atom-ion traps, followed by a brief outlook on future experiments to

advance the exploratory studies on anion-neutral interactions.







CHAPTER

HYBRID ATOM-ION TRAP

An introduction to the experimental setup and methods

n this chapter, a concise description of the hybrid atom-ion trap located
at the University of Heidelberg is presented. An introduction to the exper-
imental setup and the diagnostic methods used for the characterization
and measurement of the dynamics of the ion-atom collisions is given. Firstly,
an overview of the complete setup is shown. Additional details about ion and
atom trapping are described, along with the well-established diagnostic methods
for the determination of their spatial density distributions. A description of the
measurements for the atoms’ excited-state fraction is discussed followed by the
determination of ion-atom overlap and reaction rate coefficients. In this work,
only the key aspects of the system directly related to the forthcoming chapters
are highlighted. Detailed experimental as well as theoretical descriptions of the
system and elaborate details on the components of the setup, can be found in the
earlier works from the group in [168, 169, 170, 171].
A section view of the experimental setup is shown in Figure 2.1. The different
components of the ion production, trapping and detection stages are highlighted

along with the description of atom trapping and detection laser transitions.
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2.1. ANION PRODUCTION, TRAPPING, AND EXTRACTION

2.1 Anion production, trapping, and extraction

The ions are created with a pulsed piezo-controlled valve producing a supersonic
expansion of a gas pulse that is ignited, subsequently creating a plasma discharge.
The ion source is based on the designs illustrated in [172, 173] and has been
adapted over the years as discussed in [168, 169, 174, 175]. Due to the dissociative
electron attachment happening within a supersonic jet, not only the charged
molecules of the gas species used are created but also their charged fragments,
as well as small clusters can be produced and studied. A gas reservoir is used
that can be filled with a carrier gas of choice, and if required can also be mixed
with another gas depending on the ions of interest. The species intended to be
studied in our setup, primarily O, OH™, and different order clusters of hydrated
hydroxide OH™ (H20); anions (where [ € N) are produced via argon gas seeded
with water vapor at room temperature. Once the gas is injected, it is followed
by a pulsed plasma ignition, which creates enough accelerated free charges that
result in the production of the desired anions in the source. After the creation of
the ions, ion optics consisting of a combination of ion deflectors and Einzel lenses
are used to guide the ions, towards the mass-selection stage. Depending on their
mass-to-charge ratio, the ions are separated in their time of flight (TOF), as they
are accelerated through stages of linear electric fields. This mass spectrometer is
based on the design by Wiley and McLaren [176] and for mass m and charge q,
the ions’ total time of flight is characterized as [168, 175]:

m
tTOF X \/g (2.1

This acceleration stage is further followed by another group of ion optics, to guide
and focus the ions into the trap. With the ions separated in the time domain, the
final selection of the ion species that is loaded into the trap is done by pulsing
the deflector before the trap as well as adjusting the opening time of the entrance
endcap.

Thus, mostly ions of a single m/q ratio are loaded into the octupole radio-
frequency wire trap. The use of wires instead of hyperbolic or cylindrical elec-
trodes provides optical access for the laser beams required for the creation of
laser-cooled ultracold atoms. Secondly, a multipole trap provides a large field-
free region where the rf-induced heating of the ions, when undergoing elastic
collisions with buffer gas, is suppressed [138]. As the ions enter the trap, the
trap is homogeneously filled with a pulse of helium gas at room temperature to
increase trapping efficiency as well as allow thermalization of the ion ensemble.
The collisions with the helium buffer gas also ensure that the ions are in their

vibrational ground state.
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The ion trap consists of eight gold-coated molybdenum wires with a diameter

of 100 pm. During ion loading, the potential on the entrance hollow endcap is
lowered to let the ions pass through, after which the potential is switched to high.
The static potential created confines the ions in the axial direction. Two pairs of
shielding electrodes are also present in the trap. While the horizontal set acts as
potential shaping electrodes to further modify the axial potential, the vertical
set provides shielding against the grounded magneto-optical trap’s coils. In the

radial direction, the effective potential Vg, is described as [138]:

(2.2)

2271712 _
n2u 2(n-1)
Vi) = 2 rf( r )

4ma)2r0 ro

where n is the pole order (n = 4 for an octupole trap), U,r and w is the rf-field
amplitude and angular frequency respectively. The inscribed radius of the trap
electrodes (or wires) is given by rg. Thus, while the axial spatial distribution
of the ions is dictated only by the static voltages applied to the electrodes, the
distribution in the radial direction is influenced by the mass of the ion, where the
heavier ions will radially be spread out farther away from the center of the trap.

After the ions are trapped and initialized with the helium gas at room tem-
perature, they can either be overlapped with ultracold atoms or subjected to a
laser beam. After interaction with the atoms or photons for a given amount of
time, the ions are then extracted onto the detector, which in our setup is a multi-
channel plate (MCP). The extraction potential landscape is modified (as in the
Wiley-McLaren mass spectrometer) to decrease the ions’ time of flight broadening
caused by the initial ion spread in the trap to first order. An analysis of the ions’
time of flight distribution allows a mapping of the trapped ions’ translational
temperature and their time of flight to the detector. The investigations on such a

TOF thermometry of ions in a multipole trap are presented in detail in Chapter 3.

2.2 Creation of an ultracold atom cloud

Laser cooling of atoms via red-detuned laser radiation and their subsequent
trapping via position-dependent forces within a magnetic quadrupole field, in a
magneto-optical trap (MOT), is a well-established technique to create an ultracold
cloud of atoms [177]. In our experiment, the atomic species of interest is rubidium
85 (85Rb). The transition for the optical cooling is characterized by the Dy line, i.e.,
152819, F = 3) — |52Ps9,F' = 4), and the laser beam addressing this transition is
called as "cooling" light. However, due to finite widths of transitions and lasers, it
is also possible that some of the atoms are excited into the |52Pgj, F’ = 3) level
from where they can spontaneously decay to the lower ground state |52S 19, F = 2).

This is also termed as "dark state" as the atoms that fall into this state, are lost
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from the cooling cycle. In order to cool these atoms, an additional laser beam
addressing the transition |5281/9,F =2) — |52P39,F’ =3) is employed and is
termed as the "repumping" light. The atoms are cooled and trapped via the
intersection of three sets of counter-propagating laser beams and the magnetic
fields created by coils in an anti-Helmholtz configuration, to create a three-
dimensional (3D) MOT. Additional sets of compensation coils are used in the three
dimensions to tune the zero of the magnetic field, also allowing the possibility to

spatially move the atom cloud.

In addition to mitigating the atom losses, firstly due to two-body collisions
between excited-state and ground-state atoms and secondly due to reabsorption
of spontaneously emitted photons, the atom trap in our setup is employed in
the dark spontaneous force trap (darkSPOT) configuration [166, 178]. In this
case, the intensity of the repumping light is spatially reduced in the center of
the atom trap. Thus, the atoms that fall into the dark state, cannot be addressed
by the cooling light resulting in an increase of the atom cloud density. In order
to ensure an efficient loading rate of the atom cloud, the atoms are loaded into
the 3D-MOT via a 2D-MOT [179]. The rubidium vapors are emitted into the
glass cell via a rubidium source dispenser and employing the principles of laser
cooling, the atoms are loaded into the 2D-MOT which then provides a high flux of
atomic beam pre-cooled in two dimensions. The atoms leave the 2D-MOT towards
the main chamber via a differential pumping stage, with velocities lower than
the capture velocity required for a 3D-MOT [179]. In the setup, it is possible
to alternate between the MOT and darkSPOT configuration via an additional
"fill-in" laser beam (which is at the same transition as repumping light but can
be independently controlled). All anions will undergo reactions with the excited
state rubidium, but for the ground state rubidium, several anions show a very
low reactivity. Thus, the possibility to tune the number of atoms in the dark state
in the darkSPOT, is of key importance in the system as it enables the study of

electronic state-dependent ion-atom reaction dynamics.

2.3 Ion-atom diagnostics

Once we have created the ion and atom clouds co-trapped in the same setup,
they undergo different kinds of collisions. In order to characterize the dynamics
of these processes, it is important to map the spatial density distributions of
the two collision partners. In this section, we briefly describe the techniques of
photodetachment tomography and saturation absorption imaging to determine

the ions’ and atoms’ spatial density profiles.
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2.3.1 Photodetachment tomography for anions

Experimentally, the ions’ spatial density distribution is determined via photode-
tachment tomography [167, 180]. A laser beam with wavelength A = 660 nm
(E, =1.88eV) and beam waist wo(1/e?) = 180 pm is used to detach the electron
from the O™ and OH™ ions, which have the electron affinities of 1.46 eV and
1.83 eV, respectively. For other species photon energies (Ey) larger than the elec-
tron affinity of the trapped anion species are required. For the spatial tomography
of OH™(H2O) anions with a photodetachment threshold at 2.95 eV, a laser beam
at 1 =405nm (E, = 3.06 eV) is used.

(@) (b)
20 H

Photodetachment rate
[s71]
2

0 T | T T
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Axial position [mm] Radial position [mm]

Figure 2.2: Spatial density distribution of O~ ions obtained via photodetachment
tomography. The points are the experimental measurements. For comparison of
the relative sizes of the atom and the ion clouds, a typical atom distribution is
shown in red (for illustrative purposes only). (a) The ions’ axial distribution as a
function of the axial position of the laser beam. The solid line corresponds to a
fit from Equation 2.4, yielding o1, = 1.14(1) mm. The zero position represents
the trap center. The ions are shifted due to the surface charges present on the
wire mounts [1]. (b) The ions’ radial distribution is shown, integrated along the
propagation direction of the photodetachment light. The solid line corresponds
to Equation 2.5. This gives o1, = 0.700(7) mm. The grey regions correspond to
the area blocked by the trap wires.

The ion loss rate kpq obtained at a particular position of the laser ry, at the
ion cloud, is directly proportional to the column density of ions p.(rz). The change

in the ion number N7, is described as [167]:
Ni=—kpa(rr) Ny (2.3)

where kpq = [0pa®@Lpc(rL) + kpgal. Here, the total photdetachment cross-section
and total photon flux is defined as o,q and @, respectively and kjgq is the

background loss rate due to collision of ions with the residual buffer gas. The
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results of the spatial density distribution of O~ ions, with the laser beam, coupled
into the trap, orthogonal to the azimuthal axis, are presented in Figure 2.2.

The spatial ion distribution in the axial direction is governed by the harmonic
potential, resulting in a Gaussian shaped distribution, such that:
(z —20)? )

(2)x -exp|—

(2.4)

N

A;iral
In the radial direction, the effective potential following r®-behaviour, governs

the spatial distribution and is determined by integrating over the transverse

photodetachment axis such that:

00 2+ _ 216/2
pc(y)ocf eXp(—(x b ;VO)) )dx (2.5)
—00 8'0'1
- ,r 7
Ra;lrial

In the above equations, the spatial width in the axial and radial direction as
defined as o1, and o7, respectively. Also, the center of the ion cloud in the axial

and vertical direction are given by z¢ and yg respectively.
2.3.2 Atom distribution via saturation absorption imaging

The darkSPOT configuration of the atom cloud leads to an enhanced atom cloud
density, due to the reduction of the radiative pressure and collisional losses.

In such an optically dense cloud, the optical pumping of atoms into the
stretched state (here, mp = 3) to create a two-level probe transition is not feasible,
due to particularly high probe beam intensities required [166, 181]. Consequently,
the two-level resonant absorption cross-section, oo, no longer holds valid as
the effective absorption cross-section for homogeneously distributed Zeeman
sub-levels is approximately reduced by a factor a = ag (1 +462) (assuming a
Lorentzian profile of the absorption cross-section). Here, a is the saturation
correction factor on resonance (which must be determined independently in order
to determine the optical depth and subsequently the spatial density profile of the
atomic cloud), and § = Aw/T is defined in terms of the detuning of the probe beam
(or the "imaging" light) from the atomic resonance Aw, and the natural linewidth
I of the transition, |52S1/e,F = 3) — |52P39,F' = 4).

The optical depth is calculated as:

(2.6)

T —1 Igw—1
Optical depth, od™ = —ayg -log( abs bgd) + ( div abs)

Liy — Inga Isat
Optical density,od
where the image I, is with atom cloud and absorption beam, I4;y is without

the atom cloud, and Iygq is without both atom cloud and absorption probe beam.
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The three pictures are recorded by the camera for each experimental cycle, as

shown in Figure 2.3. The saturation intensity of the imaging transition is given
as I = 1.67 2 [182].

A O

N
Optical Depth

Figure 2.3: Determination of atom density distribution via saturation absorption
imaging. The data points represent the optical depth calculated via Equation
2.6 and are fitted with a 2D Gaussian distribution, which gives us the peak
optical depth and the spread of the atom cloud in two directions. The raw images
recorded by the CCD camera are also shown where Abs is the image recorded
with both the atom cloud and the probe beam, Div is the image with only the
probe beam and Bgd is the image without the atoms and the probe beam.

For low beam intensities (I gy << Isat), the second term in Equation 2.6 can be
neglected such that, od* = —agody. However, when 1g;, > Ig,t, the contribution
from the intensity term can no longer be neglected and optical depth becomes
dependent on the intensity of the probe beam. In order to determine this term, a
measurement for the counts recorded on a camera pixel for an incident beam of
known intensity for a certain exposure time is performed [171]. This provides a
calibration curve between the counts recorded on the camera and the power or
intensity of the light incident on it. To prevent the saturation of the camera chip,
wavelength-dependent neutral density filters are used and accounted for.

In order to determine the correction factor ag, the atom cloud is imaged for
various intensities of the probe beam (on-resonance). With the beam intensity
known, the optical depth is then calculated via Equation 2.6 for different values

of ap. The value of ag is chosen as such that the optical depth calculated is
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independent of the probe beam intensity or in other words the value for which
the standard deviation of the optical depth over the entire probe beam intensity
range is the minimum. For our system, we determine the saturation correction
factor as, ag = 3.3 [168, 171].

For an atom cloud with a Gaussian density profile, the atom number N, and

atom density p4 is calculated as:

270y d;
N = (M) 2.7
ao
B ( od, ) 2.8)
pa= Va2no,og '

where od) is the peak height of the optical depth’s 2D-Gaussian fit, o; is the
spread of the atom cloud in i—th direction with i = x,y,z. Independent fluores-
cence measurements from a different angle of view confirmed that the atom cloud
is spherical in nature, thus the spread of the atom cloud in the z-direction is
approximated as the average of the spread in the other two directions [171]. In the
experiment, with independent control of the fill-in laser beam, it is also possible
to determine the number of atoms present in the dark state. Without the fill-in,
the atoms present in the states |52Pgjo, F' = 4), |52Ps0,F' = 3), |52S1/9,F = 3) are
imaged, and with the fill-in beam, in addition to the atoms in these states, the
atoms in the dark state |52S1/9,F = 2) are also addressed by the probe beam, giv-
ing us the total number of atoms present in the atomic ensemble. The temporal

evolution of the total number of atoms, N4 is described as:

t
NA(t):NAO-(l—exp(—a)) (2.9)

where Ny is the peak atom number and 7, is the loading time of the atom cloud

(when approximately 63% of the total atoms are loaded).
2.3.3 Excited state atoms via fluorescence imaging

The fluorescence caused due to the emission of photons from the atoms in the
excited state can be obtained by focusing the emitted light onto a CCD camera
[171]. This gives the number of atoms fluorescing from the excited state:

N* = (Patoms _Pbgd)

2.10
oo (2.10)

where Pagoms is power measured on the camera (in mW) and Pygq is the back-
ground power without the atoms but with the presence of laser beams, E . is the

photon energy at 1 = 780 nm, y is the spontaneous decay rate from the excited
2
r
ad’
cloud at the camera, defined in terms of the radius of the lens used for focusing

state to the ground state and Q = is the solid angle subtended by the atom
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the fluorescence light riens, and the distance between the atom cloud and the

imaging lens, d.

The excited-state fraction is defined as the ratio between the number of
atoms in the excited state N*, i.e., (|52Ps9,F' = 4) + |52P3s9,F’ = 3)) to the total
number of atoms, determined via fluorescence imaging and saturation absorption
imaging respectively. The loading curves for the atom density for two different

excited-state fractions are shown in Figure 2.4.

The determination of atom numbers via fluorescence and saturation absorp-
tion imaging are the main source of systematic uncertainties in the estimation of
excited-state fraction in our setup. These include the error in the calibration of the
cameras used, estimation of the collection solid angle, reflection losses, and also in
the determination of the laser intensities at the position of the atoms in the trap,
particularly for the repumper beam in the dark-SPOT configuration. Another
source of error for measuring the atom fluorescence is the scattering of photons by
different components of the trap, especially the trap wires. Though these effects
are accounted for via background correction of the recorded images, this could
still result in a slight overestimation of the number of excited-state atoms. Taking
these sources of errors into consideration, we estimate the systematic uncertainty

in the experimental determination of excited-state fraction to be ~ 40%.

o1 x10" .
% 5x10'0} Excited State Fraction
= @ 0.10(2)
-*é @ 0.28(5)
_8 1 X1010 |
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Figure 2.4: Atom density as a function of time. The loading time 74, of the atom
density distributions is marked via shaded lines for two different excited state
fractions 0.10(2) and 0.28(5), shown in blue and red respectively. The points
are the atom densities experimentally determined via saturation absorption
imaging (from Equation 2.8). The solid lines are the fits corresponding to the
Equation 2.9.
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In order to compare the population dynamics in our system to those typically
observed for atoms in a MOT, we approximate our system as a two-level system,
in the context of the model proposed by Townsend et. al in [183]. For a two-level
atom system irradiated by a monochromatic light source, the population of the
excited state, pee is calculated via the optical Bloch equations as:

c20?

tot

(2.11)

where Qo = F\/g is the Rabi frequency calculated by the average light inten-
sity, I in the optical trap, I, is the saturation intensity, 6 is the detuning of the
light beam from the atomic resonance, I is the natural linewidth and C% and C%
are the average Clebsch-Gordan coefficients. With our system approximated as a
two-level system with 6 = 14 MHz, we estimate C% =1.0(1) and C% =0.3(1), which

are in reasonable agreement with the typical values for these coefficients [183].
2.3.4 Determination of reaction rate coefficients

From these diagnostic methods, we determine the time-evolution of the ions’
and atoms’ spatial density distributions. The interaction with atoms results
in the change of ions’ density distribution due to a change in its translational
temperature as a result of sympathetic cooling via atom-ion elastic collisions. In
addition to these collisions, reactive processes induce additional ion losses from
the trap. In order to model these reaction dynamics, the atom-ion overlap integral,

®,1, is defined as (in units of cm™3):
0, 0)
Ourt)= | piw,3,2,Ti(6) paw, 3,2,V (2.12)
-0

where p;1 is the time-dependent ion density changing in accordance with the
ions’ translation temperature T7 and pa is the time-dependent atom density
evolving analogous to Equation 2.9. It is to be noted that while the ion density
distribution was found to be constant in time for the case of Rb-OH™ system,
it was significantly altered for both Rb-O~ system and Rb-OH™(H3O) system,
making it imperative to account for the time-dependence of the ion distribution,
in the determination of the overlap integral.
The change in the normalized ion number N is given as:
NV

3 = [ ®a1(0) + kiga) - Ny (2.13)

3

with x the reaction rate coefficient in cm3s™1, kpga the background loss rate in

s~! and Ny the normalized ion number. Rearranging the above equation provides:

t dNI ft
0 NI 0 ( Al bgd)
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Solving the above differential equation yields:

t
Ni(t) = N? -exp (—Kf (I)AI(t')dt') -exp(—kpgdt) (2.15)
0

where 1\710 is the initial ion number (normalized to 1) at time ¢# = 0. With all
the other parameters pre-determined, the observed ion losses as a function of
interaction time with the atoms can be fitted with Equation 2.15, yielding the
only fit parameter, the reaction rate coefficient « for a given configuration of the
system. In our work, we have extensively explored the dependence of the reaction
rate coefficients on the fraction of excited rubidium in the atomic ensemble, for
different atom-ion systems. These results would be discussed in detail in Chapter
4 and Chapter 5. However, the only thing missing in our diagnostics of the atom-
ion systems is the determination of the ions’ translation temperature, which is

discussed in detail in the following chapter.




CHAPTER

THERMOMETRY IN A MULTIPOLE TRAP

n this chapter, a thermometry method for the determination of the trapped

ions’ temperature in a multipole radio-frequency trap, is described. Firstly,

the motivation and the existing diagnostic techniques to obtain the temper-
ature of a trapped ionic species are discussed. This is followed by the published
work on determining the trapped ions’ translational temperature by mapping it
onto their time-of-flight (TOF) to the detector. Subsequently, the validity and lim-
itations of the linear mapping of ions’ temperature onto the variance of their TOF
distribution, is analytically discussed. Finally, the application of the thermometry
technique is demonstrated by estimating the temperature of OH™ anions as they
undergo laser-induced forced evaporative cooling from temperatures above room

temperature down to the Kelvin regime.

3.1 Motivation for temperature diagnostics

Multipole radio frequency ion traps are pivotal in the study of trapped ions
and their interactions with other neutral and charged particles [138]. These
include research of laser-induced processes [92, 184, 185], spectroscopic studies
[186, 187, 188, 189, 190], and ion-neutral elastic [63, 191], inelastic [192, 193]
and reactive [66, 153] collision dynamics. One of the pre-requisites to investigate
these interactions in a well-controlled environment, is the accurate determination
of the ions’ spatial and energy distribution.

The most frequently used methods to determine the ion temperature in a mul-
tipole trap involve the measurement of temperature-dependent coefficients like
ion mobility or reaction rates [194, 195], and performing spectroscopic studies to

resolve Doppler profile [37, 196, 197]. The fluorescence created by the ions can be
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imaged by a CCD camera to image the ions’ distribution, but for most molecular
anions, the latter is not feasible particularly due to the lack of closed optical
transitions or efficient probing schemes. While near-threshold photodetachment
techniques to estimate the internal temperature for such molecular anions exist
[192], the rethermalization of the ions with the surrounding black-body radia-
tions might result in different rotational and translational temperatures. The
estimation of the temperature of an ion in a radio-frequency (rf) multipole trap
is a non-trivial process [198]. The dimensions of the trap may also influence
the energy distribution of the ion ensemble, along with its coupling to the trap
imperfections [199] as well as the background residual gas and the rf-induced
micromotion [200]. These effects can further manifest themselves in the emer-
gence of non-thermal behavior exhibited by the ion ensemble [201, 163]. Thus, in
order to completely characterize the ion distribution, it is imperative to devise a
versatile, time-efficient method to determine the ions’ translational temperature

in a multipole trap.

3.2 Thermometry in a multipole ion trap

In our system, we study the interaction of anions with photons and laser-cooled
ultracold atoms to investigate anion cooling as well as anion-neutral reactive
processes. To model and understand the dynamics of these processes, it is nec-
essary to accurately determine the temperature of the trapped ions. A detailed
investigation to model the ion trap’s potential landscape as well as to study the
influence of trap geometry and imperfections on the ion distributions is performed
and the results are presented in the following publication.
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group of Prof. Dr. Roland Wester from the University of Innsbruck. Markus
Notzold and I are the shared first authors of this published work as also stated in
the article. I contributed to the experimental measurements on tomography and
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for investigating the ion dynamics in a multipole trap. I was also responsible for
the preparation and communication of the final manuscript [2], published in the
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Featured Application: In this work, we present a versatile method to determine the translational
temperature of ions trapped in a multipole ion trap. The temperature of the trapped ions
is mapped onto their time of flight to the detector. Unlike other ion-thermometry techniques,
e.g., Doppler spectroscopy, this method is time-efficient and can be applied to any ionic species,
without relying on the availability of suitable optical transitions.

Abstract: We present a characterization of the ions’ translational energy distribution in a multipole
ion trap. A linear mapping between the energy distribution of the trapped ions onto the ions’
time-of-flight (TOF) to a detector is demonstrated. For low ion temperatures, a deviation from linearity
is observed and can be attributed to the emergence of multiple potential minima. The potential
landscape of the trapped ions is modeled via the finite element method, also accounting for subtleties
such as surface-charge accumulation. We demonstrate the validity of our thermometry method by
simulating the energy distribution of the ion ensemble thermalized with buffer gas using a Molecular
Dynamics (MD) simulation. A comparison between the energy distribution of trapped ions in
different multipole trap configurations—i.e., with hyperbolic rods, cylindrical rods, and cylindrical
wires—is provided. With these findings, one can map the temperature of the trapped ions down to
the Kelvin regime using their TOF distributions. This enables future studies on sympathetic cooling
and chemical reactions involving ions in multipole traps.

Keywords: multipole ion traps; wire traps; ion thermometry; ion tomography

1. Introduction

Developments in the field of trapped particles have enabled the exploration of dynamical processes
under the action of diverse short-range and long-range interactions. A detailed characterization of
the spatial distribution and energy distribution of these trapped particles is imperative to investigate
phenomena in ultracold chemistry [1-8], astrophysics [9], as well as astrochemistry [10], including the
formation and evolution of the interstellar medium (ISM) [11-15]. For charged particles trapped in
multipole ion traps, the measurement of temperature-dependent ion mobility and rate coefficients is
one of the key methods to characterize the temperature of the ions [16]. With advances in the application
of electrostatic lenses, another method called velocity map imaging became feasible such that ions with
same initial velocity in the trap could be mapped onto the same point on the detector [17]. Similar to
atoms, the phase space distribution of the trapped ions with closed optical transitions can also
be characterized via Doppler-spectroscopy [18-23]. However, this is limited to only a number of
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atomic cations. In case of molecular anions, a detailed characterization for the internal thermometry
via photodetachment techniques exists [24]. However, due to the rethermalization of the ions with the
black-body radiation, the temperature of ions in the external and internal degrees of freedom are not
necessarily the same. Recent work [25] measured the translational temperature of hydroxyl (OH™)
anions via the Doppler width of an overtone transition, but this method is time-intensive and requires
an exact knowledge of the overtone transition frequency.

In this work, we put forward a versatile tool to characterize the translational temperature
of ions trapped in a multipole ion trap by mapping the ions’ time-of-flight (TOF) to the detector.
Here, we describe an octupole radio frequency (rf) wire trap in a Hybrid Atom-Ion trap (HAI-trap)
setup. We start by detailing the experimental setup and the ion trap assembly in Section 2 and Section 3,
respectively. The current setup is an improved version of the earlier design described in [26]. Following
the description of the trap, we investigate the potential landscape created by a multipole wire trap
and traps with ideal cylindrical or hyperbolic rods in Section 4. We further compare the influence
of different trap geometries on the final energy distribution of the trapped ions after interaction
with a buffer gas. Then, in Section 5, we extend our investigations to the HAI-trap setup, where
the 3-dimensional (3D) model of the system is used to simulate potential landscape in the trap,
including surface charges that accumulate on the plastic components of the trap. The ion distributions
obtained via the simulated potentials are compared with the measured ion distributions obtained via
photodetachment tomography [27,28]. It is shown that the spatial energy distribution of ions in the
trap can be mapped onto the ions’ time-of-flight to the detector, including the effect of multiple regions
of potential minima that arise in multipole ion traps (with the pole order > 2). Independent of the
trapped ionic species, this technique is time-efficient and can be applied to any system without relying
on the existence of suitable transitions for determining the ions” motional temperature.

2. Overview of the Experimental Setting

A schematic representation of our experimental setup is shown in Figure 1. The ion source
consists of a pulsed piezo valve, which injects a gas pulse into the vacuum system. In the current setup,
a modified version of the design introduced by [29] is used. By actively controlling the discharge
voltage and the gas flow into the vacuum chamber, a variety of ionic species can be created depending
on the gas mixture used. Our benchmark system is the hydroxyl anion, which serves as our system of
interest for the rest of this work. For the creation of hydroxyl anions, argon gas mixed with water vapor
is used in the reservoir before the nozzle of the gas inlet. As the ions exit the source, they are guided
via ion optics towards a Wiley—McLaren-based time-of-flight mass spectrometer, which is operated in
a pulsed mode. Here, the ions are accelerated orthogonally with respect to their initial trajectory and
are then separated in the time domain based on their mass-to-charge ratio. The ions are then focused
through a pinhole into the next chamber where they are loaded into an octupole wire trap.

The trap assembly is explained in detail in Section 3. A 3-dimensional (3D) model of the wire trap
is illustrated in Figure 2a, and a qualitative representation of the potential during loading, trapping,
and extraction of the ions is shown in Figure 2b. The mass selection of the ions is done by switching
the entrance endcap of the trap between a high and low potential in order to load the desired species.
As the ions approach the trap, the entrance endcap electrode is set to a lower potential. Once the ions
enter the trap, the entrance endcap electrode is switched to a higher potential, thus confining the ions
in the trap axially.

In order to increase the trapping efficiency of the ions, a pulse of helium buffer gas is injected
into the trap. This not only greatly enhances the number of ions trapped, but also ensures that the hot
ions produced from the plasma discharge source are properly thermalized and lie in their vibrational
ground state. This serves as the starting condition for the ion ensemble which can then be overlapped
with a cloud of laser-cooled rubidium atoms. The implementation and characterization of the atom
trapping setup is detailed in [30]. Additionally, a far-threshold laser beam can be shone onto the ions
in order to characterize their spatial density distribution via photodetachment tomography [27].
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Figure 1. Schematic representation of the Hybrid Atom-Ion Trap (HAI-trap). The ions are produced

via a plasma discharge in a pulsed molecular beam and are then guided towards a Wiley-McLaren

time-of-flight spectrometer, where the ions are separated according to their mass-to-charge ratio. The ion

beam is then guided into the trap, and the entrance endcap is switched to mass-select the desired

species. Subsequently, the ions can be overlapped with a cloud of laser-cooled atoms to study atom-ion

interactions, or a detachment laser beam can be shone onto the ion cloud for photodetachment

tomography. Finally, the ions are extracted via the hollow endcap onto a detector that records the ions’

arrival time.

Depending on the nature of the experiment, the ions can be confined in the trap for varying
amounts of time. The interaction with laser-cooled atoms and/or a laser beam results in the change of
the ions’ energy distribution which is recorded by extracting the ions from the trap and measuring the
spread in the TOF distribution. The ions are extracted by lowering the potential on the exit endcap
electrode and exit shielding plate close to the detector. Furthermore, the entrance shielding plate is
switched to a higher potential to facilitate an additional acceleration of the ions towards the ion detector.
In our case, a microchannel plate (MCP) is used to detect the arrival time of the individual ions. It is
imperative to note that the ion detector counts single ion events, and does not integrate the signal.
This is critical for comparing the measured ion distributions to those obtained from the simulations.
(An integrator would introduce an additional broadening of the detected distribution). The width
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of this TOF distribution recorded on the detector can provide a direct mapping to characterize and
quantify ions’ energy distributions.

(@)

Yo x
.
endcap
M vertical shielding
M axial shielding
(b) ‘ trap center
1
loading, j |
1
I
I
I
Vi 1
= - I
= trapping _~,
2
5 1
(S5
2 :
5 ! /ﬁ\
= 1
© 1
1 extraction
1
I
I
I
I

axial position, z

Figure 2. Description of the ion trap. (a) A 3D model of the ion trap is shown with an illustration
of the radio frequency (rf) trap wires, endcap electrodes, and shielding plates used in the setup.
(b) A qualitative description of the electric potential as a function of the position along the trap’s main
axis during three different stages. Firstly, the loading of ions from the source into the trap. Secondly,
the axial confinement of ions. Finally, the unloading of ions from the trap to be further extracted onto
the detector.

3. Description of the Ion Trap

The 3D model of the trap assembly is shown in Figure 2a. The octupole trap consists of eight
gold-coated molybdenum wires with a diameter of 100 pm. They are symmetrically placed around the
trap axis on a circle with radius of 3 mm. The wires are soldered onto a printed circuit board (PCB).
A radio-frequency field is applied to the trap wires, along with an additional static voltage as an
offset. The offset chosen corresponds to the voltages used in the Wiley—McLaren acceleration stage,
which lowers the kinetic energy of the incoming ions such that the trapping potential can confine
them. While the static voltage applied to the endcap electrodes provides axial confinement to the ions,
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the radio-frequency field applied to the wires confines the ions radially, such that the ions experience a

position-dependent field proportional to r2"~2

, where n is the pole order of the ion trap, with n = 4 for
an octupole trap. The potential that the ions experience governs their spatial density distribution. Thus,
while they are Gaussian-distributed in the axial direction due to the harmonic potential in this direction,
they are described by a super-Gaussian distribution of order six in the radial direction [31].

The total potential exhibits a local maximum at the center of the trap along with off-center
minima [32]. While the endcaps create a necessary confining potential in the axial direction, they also
create a deconfining potential in the radial direction, which exhibits r2 dependency close to the
center [33]. This is a feature common to all multipole traps with n > 2, and not only to octupole wire
traps, thus creating multiple regions of local minima called “pockets”.

In addition to the rf wires and endcap electrodes, the trap consists of a set of vertical and axial
shielding plates. The vertical shielding plates prevent the grounded MOT coils (not shown) from
pulling down the potential in the trap center. The hole in the plates provide optical access for laser
beams to create an MOT. The axial shielding plates provide the flexibility to shift the ion cloud
during trapping or giving them additional acceleration during extraction, thus increasing the detection
efficiency. The axial shieldings are important for controlling the slope of the potential during extraction,
as seen in Figure 2b. The voltages applied to the endcap electrodes and shielding plates are optimized
such that the trapped ion cloud is initially exposed to a linear acceleration region during extraction.
This is necessary for obtaining a symmetric TOF spread. Additionally, the axial shieldings can also be
used to modify the potential topology for the extraction process to enhance the mass resolution of the
system. This is particularly useful for exploring systems with higher masses, where multiple ionic
species are simultaneously trapped.

A wire trap offers the advantage of providing optical access for laser beams for hybrid atom—ion
experiments, and an octupole trap provides a large central field-free region where the influence of
radio-frequency heating is reduced. However, one feature of wire traps that needs to be noted while
designing a trap assembly is that all nearby electrodes and grounded plates will influence the potential,
in the region enclosed by the wires, drastically. This effect is diminished for a trap using thicker rods,
as the penetration of outer electrodes is greatly reduced.

As opposed to the traps with wires, the ones using ideal cylindrical rods and hyperbolic rods are
mechanically more robust. The large size difference between wire and rod traps raises the question of
how the potential landscape deviates in these different types of trap. To understand the differences in
the potential between a wire trap and the more commonly used multipole trap consisting of thicker
cylindrical rods, a detailed comparison between traps with wires and cylindrical or hyperbolic rods is
subsequently described in Section 4.

4. Comparison between Wire and Rod Traps

In order to describe the confining potential created by an rf field and the physics governing the
dynamics in an ion trap, the adiabatic approximation is used. Here, the ion motion is split into a fast
oscillatory motion, also called micromotion; and a slow drift motion in the confining ponderomotive
potential, called macromotion. Henceforth, the potential created by rf traps can be expressed as an
effective conservative potential (averaged over one oscillation period), given by [34]

Vet (R(1)) = 53— (E(R(#),£)?). 6

Here, R(t) describes the trajectory of the macromotion, E is the time-dependent electric field, e is
the electronic charge, and m is the mass of the ion. This results in a pseudo-static effective potential,
which can approximately describe the ion trajectories in different multipole traps. This approximation
allows the comparison between different trap types via a static potential. The three trap types under
consideration are the ideal hyperbolic trap, a trap consisting of cylindrical rods, and a trap using wires.
A geometric comparison between the trap types is given in Figure 3a.
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Figure 3. Comparison between different multipole traps. (a) True size relations between hyperbolic
rods, ideal cylindrical rods, and cylindrical wires are represented. The distance of a hyperbolic rod
from the trap center is 7y = 2.25 mm, the diameter of an ideal cylindrical rod is 2p = 1.5 mm and
the wire diameter is d = 100 pm. The wires are placed concentrically with the ideal cylindrical rods
and are located 3 mm from the trap center. (b) The effective potential created by hyperbolic rods is
shown along with that obtained from a rod and a wire trap with their voltages matched to the same
average potential as in the hyperbolic case. It can be seen that the hyperbolic trap potential exhibits
true azimuthal angle independence, while distinct maxima/minima in the potential for traps with
cylindrical rods or wires can be observed. Additionally, the modulations in a wire trap have a higher
amplitude than those in a rod trap. For instance, the amplitude of fluctuations in a rod trap at 0.87 - g
is already attained by a wire trap at 0.81 - rp.

In order to replicate the curvature of the ideal multipole potential to first and second order,
the radius of the cylindrical rods used must fulfill the following relation [34,35]:

p = rO . (2)

For our wire trap with 100 pm diameter wires and a distance from the trap center of 3 mm,
the ideal rod diameter is 1.5 mm, which is more than an order of magnitude larger than the wire size,
and thus, Equation (2) is far from being fulfilled.

Due to the vast geometric differences between the three mentioned rod shapes, it is not trivial
to predict if and how the potential landscape differs in the different trap types. In an attempt to
investigate these differences, we used COMSOL Multiphysics to simulate infinitely long traps without
endcaps. For details on the COMSOL simulations, see Appendix A. The geometries are chosen as
seen in Figure 3a, with the hyperbolic and cylindrical rod trap having the same inscribed radius of
2.25 mm, and the wire trap lying concentrically inside the rod. The simulated electric fields are used to
calculate an effective potential via Equation (1) assuming OH™ ions and a trap frequency f of 5 MHz.
The resultant potential was then averaged over the azimuthal angle and the voltage was varied until
the difference in the average effective potential between the hyperbolic trap and the rod/wire trap
was minimized.
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As a result, it was observed that in order to match the potential created by hyperbolic rods,
the ideal rod trap needs a factor of 1.01, or about a 1% increase in the voltage; while the wire trap needs
a voltage 5.4 times higher for the same. Thus, with a suitably higher voltage, it is possible to match
the averaged potential. However, the ideal rod trap and wire traps exhibit maxima and minima over
the azimuthal angle corresponding to the position of the rods/wires and the space in between them.
These results are depicted in Figure 3b. The effective potential for the different trap configurations as a
function of the azimuthal angle at three different radii (from the center of the trap) is shown. These radii
are also marked in Figure 3a. At each of these radii, it can be seen that the amplitude of modulations
in the wire trap exceeds those in the rod traps. Furthermore, these distortions become more prominent
as one goes radially outwards in the case of a cylindrical rod/wire trap. As a consequence of these
deviations, the minimum voltage for stable trapping of ions increases for a cylindrical rod trap, and is
even further increased for a wire trap.

In order to estimate the influence of the deviations from the ideal hyperbolic potential on the
temperature of ions in the trap when they encounter a neutral collision partner, a Monte-Carlo buffer
gas simulation for all three trap configurations was performed. The voltages used are the same as the
ones previously used to match the potential landscape of a hyperbolic trap with 50 V rf amplitude.
These simulated, matched voltages are used to calculate the electric field vectors, which are then
loaded into a home-built script. Subsequently, the ion trajectories are calculated, and a classical,
hard-sphere-based collision model is used to simulate the collisions with a buffer gas. For details on
the Molecular Dynamics simulations, see Appendix B. In our case, we investigate the thermalization
of OH™ ions with a room-temperature helium buffer gas. The mean speed of the ions is obtained
via the Molecular Dynamics (MD) simulations. The resultant energy distribution is demonstrated in
Figure 4. The temperature of the ion ensemble T is calculated from the ions” mean speed () as

Tmo?

T = o (3)

where kg is the Boltzmann constant (We hereby use Equation (3) to define the notion of temperature,
as well as in case of the emerging nonthermal distributions.). In all three cases, a temperature of
366 K was obtained, with the deviations between the traps being < 1 K. The insignificant deviation in
the temperature between the different types of traps can be explained via the mean radial extension
of ions in the trap which, in the simulations, is 0.24-ry (also depicted in Figure 3a). This means
that the ions primarily explore the innermost region of the trap, and spend only a little time in
the outer region of the trap, where the modulations in the effective potential are relatively higher.
In Figure 4, the dashed black line represents an analytical Maxwell-Boltzmann distribution at
366 K [36]. Furthermore, it can be inferred that the ions energy distribution is not perfectly described
by a Maxwell-Boltzmann distribution and exhibits a nonthermal behavior. The simulated temperature
is significantly higher than the temperature of the buffer gas at 293 K. This effect is dependent on the
multipole order and is well-investigated in previous works [37], amounting it to the collision of ions in
the micromotion-dominated region of the rf trap.

In view of the above results, it can be assumed that the main heating mechanism is the
micromotion-dominated rf heating which causes the ions to gain additional energy when colliding
in the 1f field. In the case of thermalization of ions with a neutral buffer gas at room temperature,
the deviations prevalent in the rod or wire trap from the ideal hyperbolic potential can be neglected.
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Figure 4. Simulated energy distribution of ions after collisions with helium buffer gas at 293 K
for different trap configurations are shown. For traps with hyperbolic rods, cylindrical rods, and wires,
the temperature obtained from the distributions are all 366 K, using Equation (3). On comparison with
an analytical Maxwell-Boltzmann distribution at 366 K (black dashed line), it can be seen that the
distribution is not perfectly thermal.

5. Translational Temperature Determination in HAI-Trap

The mapping of the ion ensemble’s energy distribution in the trap onto the TOF spread of the
extracted ions demands a more sophisticated model of the setup. Thus, the 3D trap assembly of
the HAI-trap experiment with all the electrodes including the endcaps and shieldings, as described
in Section 3, are accounted for in the COMSOL simulation. In this section, firstly, the translational
temperature of the ions is simulated via an MD simulation. The energy distribution thus obtained is
then characterized via a photodetachment tomography of the ions’ spatial distribution. The energy
and spatial distribution is then used to determine the influence of surface charges that can accumulate
on the printed circuit boards (PCBs) in the trap assembly. Subsequently, the mapping of the ions” TOF
distribution onto the detector and the obtained correlation between the spread of TOF distribution
and the ions’ translational temperature is discussed. For details on the COMSOL simulations,
see Appendix A; and for details on the Molecular Dynamics simulations, see Appendix B.

5.1. Energy Distribution of Trapped Ions

A 3D model of the trap is imported into the COMSOL environment to obtain the potential
landscape created by the static voltages of the various electrodes. Subsequently, in the Monte-Carlo
simulation, this static potential is then combined with the potential created by the rf field to simulate
the energy distribution, as shown in Figure 5. In case of OH™ thermalizing with helium buffer gas,
the temperature obtained from the distribution is 373 K, and is a few Kelvin higher than that of the
infinitely long wires (no endcaps). This stems from the fact that the static voltages push the ions into
the rf field near the endcaps. While this relative effect is minimal at room temperatures, it is shown to
become more pronounced and critical for cryogenic traps, where collisions occur in Kelvin regime [37].
While the dynamics of the ions in the low-to-mid energy range are well-represented by a Maxwell
distribution, the high-energy tail of the distribution can be described with a Tsallis distribution [38].
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Figure 5. Simulated energy distribution of ions thermalized with a 293 K helium buffer gas in the
HAI-trap potential landscape. The energy of the ions is characterized via a Tsallis with T = 313(2) K
and g = 1.070(2) as well as a Maxwell distribution with T = 359(3) K. It can be seen that the Maxwell
fit overestimates the relative amount of low-energy to mid-energy and underestimates the high-energy
tails which are then better represented via a Tsallis distribution (as shown in graph inset).

5.2. Spatial Distribution from Photodetachment Tomography

The difference between the two distributions, shown in Section 5.1, can be further characterized
by mapping out the spatial ion distribution along the cylindrical axis of the ion trap via a far-threshold
photodetachment tomography. This technique determines the density distribution without relying on
a closed cycling transition and precise imaging systems. If the photon energy of the laser is above the
electron affinity of the anion, then the process of laser-induced photodetachment, OH™ + hv - OH +e™,
causes neutralization of the anion—as a result, it is lost from the trap.

For a narrow laser beam, this photodetachment loss rate is proportional to the photon flux and
the ions’ single particle column density at the position of the laser beam. The single particle column
density 71, can then be extracted by measuring the exponential decay rate « (extracted from the ions’
loss behavior following N(t) = Ny exp [—«t]) and the background loss rate I in the trap as

k(rp,y) +T
(TdeL/hl/

)

ncol(xL/ yL) =

where 0}, is the absolute photodetachment cross section and P the laser power. For OH™,
a free-running laser diode at a wavelength of 660 nm, far above the detachment threshold of 678 nm,
was used. The laser light is focused to a beam diameter of 180 pm and can be moved parallel to the
trap’s axis. A measurement along the trap axis is shown in Figure 6. The axial confinement created by
the endcaps and the axial shielding plates can be well described by a harmonic potential. That implies a
direct proportionality between the variance in position along that axis and the translational temperature
of the ions.

Note that for more accurate modeling of our trap, surface charges were introduced on both PCBs
to account for the shift in mean position and width of the ion cloud. More details on this procedure can
be found in Section 5.3. In Figure 6, the spatial distribution of the ions’ corresponding to the energy
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distribution described previously (in Figure 5) is shown. The simulated ion distribution 7,y is related

to the potential as
Viot

ksT

) ©)

Nion ~ exp(—

for a Maxwell distribution and as

Njon ~ (1—(1—‘7) <]:/;?1t—-)lq> (6)

for a Tsallis distribution [38,39], where g is the shaping parameter and Vi is the sum of the static
potentials as well as the effective potential calculated via Equation (1). A significant difference between
the Tsallis and the Maxwell distribution can be seen near the peak of the distribution, with the Tsallis
model exhibiting a narrower ion distribution. Although higher energy tails are predicted by the Tsallis
distribution, the wings show little to no deviations.

In conclusion, it can be said that in the case of collisions of ions with a buffer gas at room
temperature, the deviations from the Maxwell distribution in an octupole trap can be neglected.
However, changes in the ions’ phase space density arising due to sympathetic cooling methods with
different neutral-ion mass ratio might result in distributions with a higher g-parameter [40—-42]. In this
case, it becomes imperative to include a detailed characterization of the Tsallis energy distribution.
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Figure 6. Column density profile as a function of the axial laser position along the cylindrical axis of
the trap. Each point was derived by fitting a first-order exponential decay to the ion signal for multiple
interaction times with a far-threshold laser beam. The standard deviation of the fits are presented by
the error bars. The measured density distribution is compared with the simulated potential which
accounts for surface charges. Equations (5) and (6) are used to derive a density distribution from this
potential using the simulated energy distribution from Figure 5. The probability density curves shown
here are normalized to 1.

5.3. Effect of Surface Charges on the Ion Distribution

Tomography of an ion ensemble also serves as a tool to account for the charging up of PCBs
used in the setup. The exposed PCBs can accumulate charges, thus prompting the modification of the
potentials used in the model. Hence, we add surface charges to both PCBs until the mean position
and the width of ions’ distribution matches the one obtained via a photodetachment tomography.
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To motivate the modeling of trap discrepancies via surface charges, an example is demonstrated in
Figure 7. The charge build-up on the PCBs in this instance is more severe than the one seen in Figure 6
(where a symmetric charge distribution on the PCBs is observed). In order to characterize the charges,
two tomography measurements were performed at different static voltages applied to the endcap
electrodes. Change in the static voltage results in the change of both mean position and width of the
ion cloud. The charges are calculated such that they match the ion distribution observed at an endcap
voltage of 80 V and at a temperature of 373 K. Once the distributions match, the charges are fixed and,
using the same charge distribution, the modified potential successfully reproduces the ion density
distribution measured for an endcap voltage of 40 V.
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Figure 7. Characterization of surface charge accumulation on PCBs. The surface charge distribution is
defined such that the tomography measurements for 80 V endcap voltage matches the simulated ion
distribution at a temperature of 373 K. Once the charges are fixed, the modified potential is used to
obtain the ion distribution for a configuration with 40 V endcap voltage, which matches the measured
ion density distribution for the chosen endcap voltage.

5.4. Correlation between Ions” TOF Distribution and Their Translational Temperature

To model the extraction of the ions from the trap onto the detector, the ions are initially placed in
the extraction potential of the trap at randomized initial positions and velocities. The velocity vectors
are randomly sampled from a Maxwell-Boltzmann distribution at a given temperature. The ion’s
position, though randomly sampled, is weighted with the simulated trapping potential, and expected
ion distribution is calculated as pjon ~ exp(— ,t/;‘%) It is imperative to account for the simulated
potential so as to accurately describe the appearance of pockets, i.e., regions of global maxima in the
ion density distribution. Figure 8a shows a cut of the radial ion distribution at the axial local potential
minimum (trap center) at 373 K, while Figure 8b shows the same at 30 K. At higher temperatures,
the ion distribution is very homogeneous, but the effect of local potential minima becomes particularly
pronounced at lower temperatures. The origin of these pockets lies in the symmetry-breaking of
the potential, as reported in [32]. Here, the axial and vertical shielding electrodes have a strong
influence in the trap center, thus leading to symmetry-breaking in the trap. This results in the two
pockets, as the potential landscape is strongly dominated by the two pairs of shielding electrodes.
The depth of the pockets is calculated from the energy of ions E via the relation T = % to ~60 K.
As previously mentioned, the initial positions and velocities of the ions are randomly sampled, prior to
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the extraction from the trap. The arrival time of the ions is then binned and subsequently represented
by a Gaussian fit.

The expectation for the relationship between the variance of the ions” TOF distribution and their
temperature is a linear function. This assumption is based on the following considerations: Firstly,
the TOF spread is primarily dominated by the velocity vectors along the main axis, pointing towards or
opposite to the detector. The TOF spectrometer was adjusted to create a symmetric ion distribution via
the axial shielding plates, as described in Section 3. The axial velocity spread is described by a Gaussian
distribution with 02 o kg T. Secondly, the axial spatial distribution is governed by the harmonic potential
defined via a Gaussian distribution, where (752 o kT holds valid again. Lastly, the extraction potential
is well-approximated via sequential regions of linear acceleration. Thus, the axial velocity distribution
of the ions can be linearly mapped onto the ions’ time of flight to the detector. In agreement with this
expected behavior, a linear relationship between the variance, i.e., 02, of ions’ TOF distribution and their
translational temperature is seen in Figure 9.
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Figure 8. Heatmap representation for the density distribution of ions in the trap. (a) Homogenoues ion
density distribution at 373 K. (b) Ion density distribution at 30 K exhibiting regions of global maxima
called “pockets”. The depth of the pockets is calculated from the energy of ions E via the relation
T= %{f to ~60 K. The axes used are corresponding to the coordinates shown in Figure 2.

It is important to note that for temperatures lower than 60 K, a deviation from the initial linear
slope is seen. This can be attributed to the aforementioned occurrence of pockets in this temperature
regime. The ions get trapped locally in these pockets which exhibit a more quadrupole-like character.
During the extraction, this causes the radial velocity component of the ions pointing radially outwards
to rapidly turn around, thus decreasing the time spent in the trap and hence, the TOF spread.

Using the time-of-flight (TOF) trace corresponding to the tomography from Figure 6, and the
linear fit for temperatures above 60 K in Figure 9, one can calculate the temperature of the “benchmark
measurement” as 370(12) K. This is in line with the predicted value by the Monte-Carlo simulations. Since
the tomography measurements are time-consuming, the calibration between the TOF variance and
temperature of the ion ensemble provides a fast and reliable thermometry method to determine external
or translational temperature of the ions trapped in a rf trap.
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Figure 9. The variance of the TOF distribution, i.e., o2, plotted as a function of the initial temperature of
the ions in the trap before extraction onto the detector. The change in the linear slope can be seen in the
left inset. It is interpreted as a consequence of the pockets arising at a temperature regime of about 60 K.
Furthermore, the temperature from the corresponding TOF trace of the tomography measurements is
derived to be 370 K, which is consistent with the Monte-Carlo simulations’ prediction. This TOF trace
is shown in the right inset along with the Gaussian fit representing the distribution.

6. Conclusions

In this work, we presented a thermometry technique that uses the linear relationship between
the motional temperature of an ensemble of ions trapped in a multipole trap and the variance of the
time-of-flight distribution of the extracted ions. This technique provides a fast and reliable method to
determine the energy distribution of, in principle, any ionic species confined in an ion trap, and can
be used to measure the external temperature ranging from hundreds of Kelvin down to a few Kelvin.
In our study, a deviation of the linear behavior was observed for lower temperatures. This is attributed
to the existence of multiple potential minima in the trapping potential. These minima become more
prominent at lower temperatures and were included in our model to obtain an accurate temperature
calibration curve in the Kelvin range for our thermometry method. Additionally, the simulation of
the trapping potential was modified to account for surface charge accumulation, thus increasing the
accuracy of our model and allowing us to simulate the spatial distribution of the ion ensemble in the
trap. This altered potential was determined by using an axial tomography measurement from our trap
as well as a Monte-Carlo simulation, which predicted the energy distribution of ions colliding with
room-temperature helium buffer gas. We showed that our octupole radio-frequency wire trap can
create, with sufficiently higher voltage, nearly the same effective potential as the corresponding ideal
hyperbolic or cylindrical rod trap. Further, a Monte-Carlo simulation shows that, after interaction with
a room temperature helium buffer gas, the ions thermalize to the same final energy distribution in
all the three trap types. A temperature higher than that of the buffer gas is obtained for all simulated
traps attributed to the rf micromotion heating. These findings support that a wire trap with its superior
optical access, in comparison to a trap utilizing thicker rods, is an ideal instrument for a hybrid trap
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and comes at little to no disadvantages. The optical access facilitates the laser cooling of rubidium
atoms present in the chamber in order to create a dense atomic cloud and overlap it with the trapped
ensemble of hydroxyl anions. With the flexibility to trap and characterize any ionic species in the setup,
this system provides an excellent platform to study diverse atom—ion interactions.
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Appendix A. COMSOL Multiphysics® Simulations

The simulations described in this work were performed in the COMSOL Multiphysics 5.4
software [43]. It utilizes the finite element method for calculation of the static potentials as well
as the harmonically changing radio frequency field. The AC/DC module with its Electrostatics and
Electric Currents submodules were used in all the simulations. The 2-dimensional geometries of the
different trap types were created within COMSOL.

The ideal multipole potential is created by rods with hyperbolic shapes, however, in practice,
cylindrical rods are often used instead. For the hyperbolic trap, the octupole field was modeled as [44]

P(x,y) = (l”“) (x* — 622y + o). (A1)

4
2,

For the 3D simulation of the trapping potential, a 3D model of our setup including ion optics
and metal and plastic holders was loaded into the software. For the different materials used in the
trap assembly (Steel, PEEK, etc.), the corresponding relative permittivity constants were accounted
for. Note that for both the 2D as well as the 3D simulations, COMSOL’s infinite element domain
feature was employed. This was used to model a grounded vacuum chamber infinitely far away,
which allowed for an overall smaller geometry to be simulated.

For extraction of ions from the trap, the Charged Particle Tracing module was used. The extraction
from the trap is done without including Coulomb interaction between the particles. For each temperature,
an ensemble consisting of 150,000 ions was initialized into the trap and the particles were extracted
simultaneously.

Appendix B. Molecular Dynamics Simulation

The molecular dynamics simulation employed in this work calculates the ion trajectory of a
single ion in a multipole trap by solving Newton’s equations of motion. The electric field vectors for
the calculation of the force acting on the charged particle are obtained from a COMSOL simulation.
The radio-frequency field is modulated with a sine-function and is superimposed with constant electric
field vectors forming the static voltages. The ion is propagated using the well-known Verlet algorithm
since it is time efficient to compute and is symplectic—i.e., it conserves phase space. Since a discrete
amount of electric field vectors are loaded into the simulation, the exact force acting on a particle
is determined by linear interpolation of the nearby vectors. The collisions with a buffer gas are
modeled as random events. After each time step, it is calculated by drawing a number from a random
distribution, representing whether a collision occurred or not. In the case where a collision is detected,
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the ion and the buffer gas are moved into the center-of-mass frame, with the buffer gas velocity vector
components being drawn from 1D Maxwell-Boltzmann distributions. A hard sphere collision is
calculated, and the velocity vector components of the ion are changed accordingly. The position and
velocity of the ion is recorded after the time-average of 25 buffer gas collisions. In case the ion is lost
from the trap, a new ion is added in the center of the trap and initialized by waiting for 500 collisions.
After half a million recordings (for the 2D simulations), or 1 million recordings (for the 3D
simulations), the simulation is terminated and the data is evaluated by binning the velocities. The time
between two collisions with the buffer gas is 10 ps, the time-step size of the simulation is 7 ns,
and the resolution of the electric field grid is 1000 per mm. All the three parameters were checked for
convergence, and sweeps of different time steps, electric field grid resolution, and buffer gas collision
rate were performed in order to investigate a change in temperature for the result. Note that the time
between two buffer gas collision was checked between 1 ms and 0.1 ps, but no significant change in
temperature was detected for the trap frequencies f of 5 MHz and 6.8 MHz used in the simulation.
The simulation step sizes were checked between 0.7 ns to 50 ns. Stable trapping and convergent energy
distributions were achieved for 10 ns step size, thus a step size of 7 ns was chosen for time efficiency.
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CHAPTER 3. THERMOMETRY IN A MULTIPOLE TRAP

In the following sections, additional insights about the thermometry method
presented in the published work are discussed. Firstly, a discussion on the linear
mapping between the temperature of the trapped ions and the variance of their
TOF to the detector for a one-dimensional (1D) case is presented along with the
limitations of this method, followed by an example application where the ion
ensemble’s temperature is measured as it undergoes far-threshold laser-induced

forced evaporative cooling.

3.3 Mapping ion temperature to their TOF

In order to understand the origin of the linear mapping found between the trapped
ions’ temperature (or kinetic energy) and their TOF to the detector, we investigate
an ensemble of ions flying towards a detector, in a 1D scenario.

Assume an ion with charge ¢ and mass m, initially at rest at ¢ = 0. When

subjected to an electric field E, it is accelerated by an amount a = %,

over a
certain distance z. The time it takes to traverse through this field is calculated as

[176, 202]:
2mz

lfield = 3.1)

After passing through this single acceleration stage, the ion enters a field-free
drift region, flying towards a detector placed at a distance D. The time spent in
this region is calculated as:

m
2qEz

Larift = (3.2)
Thus, the total time ions take to arrive at the detector, ¢, is described as:

total = tfield T+ Edrift (3.3)

D-\/5 m (3.4)
q
m

= \/ 2U 3.5)

where U = gEz is the kinetic energy gained by the ion during the acceleration

stage. If the ion had an initial velocity vy with the corresponding kinetic energy
Uy, then U transforms as U = qEz + Uy.

This principle can be extended to any subsequent acceleration or extraction
potential of any arbitrary shape by approximating it as a finite sum of short
linear acceleration stages where the time of flight for ions subjected to a total of &

fields is described as:

— (3.6)
Uk

k
U1 — Uy
Ltotal = Z
=2

U; — V- 1) D




3.3. MAPPING ION TEMPERATURE TO THEIR TOF

where the last term represents flight time in the field-free region and vy, is defined
as:
k 2
Up = (v(z,+22aidi) 3.7)
i=1

Here, v; are the velocities after the i-th field is applied after which the ions are
accelerated by a;, and vg is the initial velocity of the ion. The length of each
acceleration stage is given as d; and D is the last field-free flight region.

Assuming a thermal ensemble, some ions have a starting direction opposite to
that of the detector. These ions will first be slowed down by the applied fields, and
once they have zero velocity, they are turned around and are then accelerated
towards the detector. This "turn-around" time ¢i,m, due to the initial kinetic
energy of the ions, causes an additional lag in these ions’ arrival time and is
defined as:

_mlvg|

tturn = +—qE €, (3.8)

where é, is unit vector directed towards the detector and the ions’ initial energy
towards the detector gives them a head start. Thus, the observed time-of-flight
of the ions (TOF) is now given as tgps = ftotal + fturn. This effect also causes a
broadening of the ions’ TOF distribution.

Now that we have estimated the ions’ time of flight to the detector in terms
of its kinetic energy (or the initial velocity along the axis towards the detector),
we can determine the ions’ TOF distribution on the detector, if the ions’ starting
velocity distribution P(vg) is known. Here the function P(A¢) gives the ion’s time
of flight distribution, as measured by the detector. With vy = % = f(At), the

distribution functions are related as [203]:
’ qE
P(At)=P(f(A1))-f'(At) = P(vp)- o (3.9)

If we start with an ion ensemble with a velocity distribution described via a
Maxwell-Boltzmann distribution, we have:

2
mvy

P(vo) =N, -exp Tt (3.10)

where N, is the normalization constant, kg is the Boltzmann constant and 77 is
the temperature of the ion ensemble. This would correspond to a TOF distribution,
P(At) as:

¢2E2Ai2

P(At)=N,;-exp ™I (3.11)

where N; is the normalization constant. Thus, we see that the Gaussian shape of
the thermal ion ensemble is conserved in the time domain, where the variance of

the TOF distribution is directly proportional to the ion temperature (via kgT7).
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This mapping between the ions’ energy distribution and the TOF distribution also
applies for non-thermal ion distributions, for instance Tsallis ion distributions

often encountered in rf traps.

Until now, all the ions are assigned the same starting position and the spread
in the initial position of the ions is neglected. In order to account for this spread,
the spatial density distribution of the trapped ions must be determined. The
axial confinement of the ions, in a multipole ion trap, is created via static volt-
ages, which results in a harmonic potential in the axial direction. The spatial
distribution of the ion cloud in this direction is thus described by a Gaussian
distribution. In the case of an initial section with non-linear accelerations over
the region of ions’ spatial extent, an asymmetrical broadening of the ions’ TOF
distribution will arise. The simulations show that these effects are found to be
negligible in the case of our octupole trap for ion temperatures between 1 K and
400 K. However, for higher temperatures due to a larger spatial extent of the ions,
the ion distribution will increasingly experience the effects of such non-linearities
(as they are spread farther away from the center of the trap and also closer to the
endcap electrodes). In such a scenario, a more extensive acquisition and analysis
of the TOF spread would be needed.

An additional effect that is more prominent in our system, is the radial spatial
and velocity distribution of the ion cloud. During their extraction onto the detector,
the ions are spatially focused through a narrow endcap which also causes the
redistribution of the radial and axial components of their velocities. This gives
rise to the offset between TOF variance and temperature, as seen in Figure 9
of the published paper in Section 3.2. To observe the dependence of the offset
on the trap order, a simple three-dimensional model for a multipole trap with
varying pole order n, is simulated and is shown in Figure 3.1. The radial trapping
parameters are adjusted to have the same effective radial potential for all cases. It
can be seen that for higher multipole orders, a higher offset in the linear mapping
is observed. As shown, for temperatures lower than 100 K, the regions of local
potential minima become significant and the mapping between the ions’ TOF
variance and ion temperature deviates from the initial linear trend and exhibits

a larger slope.

With these considerations into account, we established a thermometry method
to determine the temperature of ions in our system comprising of an octupole rf
trap. In the following section, the results of the laser-induced forced evaporative
cooling of an anion cloud are presented, where the ion temperature determination
via TOF thermometry, supplemented with a thermodynamical description, played

a critical role in explaining the dynamics of anion-photon interactions.
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Figure 3.1: The mapping between the variance of the ions’ TOF distribution and
the temperature of the trapped ions, is shown for a simple model of a multipole
trap with different pole order n. The offset arising due to the redistribution
of the radial and axial velocity components during extraction increases with
increasing pole order. For temperatures lower than 100 K, a deviation from the
initial trend is seen as the effect of local potential minima becomes significant
at lower temperatures.

3.4 Temperature determination in anion cooling

The theoretical model for laser-induced cooling of trapped anions was already
proposed decades ago in the work of A. Crubellier [92]. Building on these ideas,
the experimental results achieved for the laser-induced forced evaporative cooling
of OH™ anions via a far-threshold photodetachment laser beam are presented in
this section, with a focus on the temperature determination of the ions using the
previously described TOF thermometry method. The details on the measurement
techniques and the thermodynamical model are extensively discussed in [168].
A cloud of OH™ anions is trapped in the octupole ion trap, and after thermal-
ization with a room-temperature helium buffer gas the initial temperature of
the ions is determined to be 390(15) K. A far-threshold photodetachment (PD)
beam with wavelength App = 660 nm, power Ppp =41 mW and beam diameter
wpp ~ 180 um is placed at the radial center of the ion cloud and moved axially

from an initial position of 4 mm away from the axial center of the ion cloud
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towards the center of the ion distribution with a speed vpp = 0.5 mm s~ 1. The
change in the ions’ TOF distributions due to the varying interaction times with

the laser beam is shown in Figure 3.2.
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Figure 3.2: Evolution of the ions’ TOF distribution for varying interaction
time with the photodetachment laser beam. The points are the experimentally
measured distributions, fitted with Gaussian distributions, represented by the
solid lines. In the inset, the variance of the obtained Gaussian distribution’s
width, U%OF, is shown as a function of the photodetachment time. The shrinking
of the ions’ TOF variance is a signature of the forced evaporative cooling of the
ions via a far-threshold laser beam.

Since the initial position of the beam is always the same, the effective interaction
time of the ion ensemble with the photodetachment laser beam is determined by
the final beam position which is the observable being tuned during the measure-
ments. As a result, the hottest ions at the edge of the ion cloud are dynamically
photodetached from the trap, such that the remaining ions closer to the center
then rethermalize to a colder temperature. As discussed in Section 3.2, the es-
tablished mapping between the temperature of ions in the trap and their TOF to
the detector is used to determine the ions’ temperature from the variance of their
TOF distribution (square of the width oror, obtained via a Gaussian fit).

This measurement is then performed for different speeds of the photode-

tachment laser beam. The change in ions’ temperature as a function of photode-
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Figure 3.3: Laser-induced forced evaporative cooling of molecular OH™ anions.
(a) The change in the ion temperature as a function of interaction time with the
photodetachment laser beam is shown for varying speeds of the laser beam. The
effective interaction time is determined by the initial beam position (same for
all cases), the final beam position, and the displacement speed of the photode-
tachment beam. (b) The corresponding change in the normalized ion number is
shown. The points are the experimentally measured data and the solid lines are
the numerical solution of the differential equation given in Equation 3.12 and
3.13. Adapted from [168].

tachment time is shown in Figure 3.3 (a). The corresponding change in the ion
numbers is shown in Figure 3.3 (b).

The description of the time evolution in the ion temperature 77 and number
Ni, due to the dynamic photodetachment of ions is adapted from Crubellier’s
model [92] to account for a time-dependent laser beam position and is described
as [168]:

. 3\o o
== (3) %22 [ b3z, 00 (3,2,0.(4 mim — o) Vour- (., 2)dxdydz

5 0,0
E) UPDTIf p1(x,y,2, TD$r(v,2,0,(4mm - vppt)) dxdydz

(3.12)
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where opp is the absolute photodetachment cross-section of OH™ at 1 = 662 nm
measured as 8.5(1)s¢at(3)sys - 10718 ¢m? in [180], o1 is the ions’ spatial density dis-
tribution determined via photodetachment tomography, ¢y, is the time-dependent
photon flux, Vo~ is the sum of the axial and radial potential approximated by a
harmonic and a r® potential respectively. The ion-ion heating rate Theat, is de-
pendent on the ion-ion collision rate v;; [204] and €= 0.045(6) is the mean relative
energy exchange per collision. The background loss rate without the presence
of a laser beam is represented by kpgq = 0.009(1) s71. A detailed derivation of
this theoretical model is discussed in [168]. All the parameters described are
determined via independent experimental measurements, thus providing a model
free from any fit-parameters. As can be seen in Figure 3.3, the ion temperatures
determined experimentally are in agreement with those expected from the theo-
retical description. The ion numbers are also in a reasonable agreement with the
model, only deviating for very slow beam velocities or longer photodetachment
times, where ion losses due to rf-induced heating become significant. The highest
cooling efficiency is observed for vpp = 1.0 mm s~! where a final temperature
of 2.2(8) K is achieved in less than four seconds. This is accompanied with an
orders-of-magnitude increase in the relative phase-space density and Couloumb
coupling parameter, as detailed in [168]. Thus, we attained ion temperatures
lower than that obtained via the current state of the art techniques of anion
cooling via cryogenic buffer gas. The observation of these novel dynamics would
not have been feasible without a method to determine the temperature of the
trapped ions as they interact with the laser beam.

In conclusion, in this chapter, we described a thermometry method for ions
trapped in an octupole trap, by mapping the ions’ temperature to their TOF to the
detector. This diagnostic technique can be applied to determine the translational
temperature of any ionic species trapped in a multipole ion trap. In addition to
the published work, the validity and the limitations of this method are discussed
along with an application scenario of the established characterization of the ion
temperatures to demonstrate anion cooling via laser-induced forced evaporative
processes. This TOF thermometry method is, henceforth, used to determine
the ion temperatures in our trap for benchmarking experimental investigations

involving anion-atom interactions.




CHAPTER

DYNAMICS OF MOLECULAR ANIONS WITH ATOMS

n this chapter, the collision dynamics between molecular anions and ultra-
cold atoms in a hybrid atom ion trap are discussed, with a key focus on the
associative electronic detachment reactive channels. Firstly, the motivation
to study these ion-atom collision dynamics is briefly touched upon, followed by
the description of the published work on exploring associative detachment in
anion-atom reactions where a dipole-bound electron is involved to mediate the
reaction between rubidium (Rb) and OH™. Subsequently, the preliminary results
on the preparation and interaction of Rb with hydrated hydroxide molecular

anions, OH™(H2O) are presented.

4.1 Insights on anion-neutral reaction dynamics

The attractive potential between ions and neutrals substantially exceeds the
range of the van der Waals forces acting between two neutral species. Further-
more, many important ion-neutral reactions are exothermic and barrierless. Often
this leads to high reaction rate coefficients [205], making ions important protago-
nists in the chemical network of diverse environments. They are present in a vast
range of research fields, from organic chemistry [27, 206] over Earth’s ionosphere
to the interstellar medium [207, 118, 115]. Most of the ion-neutral reactions are
particularly governed by their quantum states, blocking, opening, or promoting
reactive processes to reveal diverse chemical phenomena [64].

A chemical process specific to anions is the associative electronic detachment
(AED). Here, the excess electron is detached from the anion leading to the forma-
tion of a neutral molecule. This class of reactions is one of the main destruction

mechanisms of anions in the interstellar medium (ISM) and plays a relevant role
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as an intermediate step in the creation of complex molecules [115, 116]. With
the detection of water clusters and several anions, including OH™, in the coma of
comet Halley [208, 209], investigations into their reaction dynamics with other
ionic and/or neutral species would provide important astrochemical insights.

The possibility of a strong dipole moment in these molecular anions facilitates
their existence in hostile environments due to increased stability. Already in
1947, a minimum dipole moment required to bind an electron to a polar molecule
enabling the formation of a stable anion was predicted by Fermi and Teller [210].
AED reactions forming a stable intermediate anionic complex with a dipole-bound
electron, follow related dependencies on the dipole moment. In a collision com-
plex, the dipole moment of the neutral core binding the excess electron changes
according to the internuclear configuration. Reaching a stage, with a dipole mo-
ment below a critical value, results in the neutralization of the anionic complex
by autodetaching the electron and creating a neutral molecule. The coupling of
the quantum states of the intermediate dipole-bound anionic complex with the
resultant neutral molecule and the electron detached into the continuum renders
the theoretical calculations for modeling the AED reaction rather challenging.
The core potential approximation chosen to predict the reaction dynamics in such
systems is critical [85] and extensive experimental characterization of these AED
reactive channels can provide benchmark data and a reference system to improve
ab initio calculations on anion-neutral collisions.

A detailed experimental and theoretical investigation of the associative de-
tachment reaction between hydroxide anions and rubidium atoms is presented in
the following section. The chosen reaction partners provide a model system, to
describe the dynamics of any alkali metal undergoing AED reaction with a closed

shell anion.

4.2 Associative detachment in anion-atom reactions

As an extension to the work detailed in [162], we study the AED reaction between
Rb atoms and OH™ anions for varying fractions of excited rubidium (52Ps5) in
the ensemble. Our experimental findings for the case of ground state rubidium
(528 1s2) are supported with ab initio calculations which explain the deviations
from Langevin capture rate via the presence of steric effects. In addition to
exploring these novel reaction dynamics, studying the reaction rate coefficients
as a function of the fraction of excited rubidium in the atomic ensemble in a
hybrid atom ion trap also helped us to quantify the ion losses that occur due to
the reactive channels present in our system.

My contributions were in the characterization of the experimental setup.

I performed the experimental measurements and the subsequent analysis for
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determining the reaction rate coefficients and excited state fractions and also pre-
pared the final plots and the manuscript (except the theoretical parts). I was also
involved in the discussions regarding the theoretical investigations which were
performed by our theory collaborator Dr. Milaim Kas (affl. Deutsches Elektronen-
Synchrotron (DESY), Germany). The following manuscript [2] is published in the
journal Nature Communications.

Title: Associative detachment in anion-atom reactions involving a dipole-
bound electron.

Authors: Saba Zia Hassan, Jonas Tauch, Milaim Kas, Markus Noétzold, Henry
Lépez Carrera, Eric S. Endres, Roland Wester Matthias Weidemiiller.
Published in: Nat. Commun. 13, 818 (2022).

"This is an open-access article distributed under the terms of the Creative Com-
mons CC BY license, which permits unrestricted use, distribution, and reproduc-

tion in any medium provided the original work is properly cited."



https://doi.org/10.1038/s41467-022-28382-w
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

A RTl C I_ E M) Check for updates

Associative detachment in anion-atom reactions
involving a dipole-bound electron

Saba Zia Hassan® !, Jonas Tauch', Milaim Kasz'3, Markus Nétzold?, Henry Lépez Carrera®, Eric S. Endres'4,
Roland Wester® 4 & Matthias Weidemiiller® &

Associative electronic detachment (AED) between anions and neutral atoms leads to the
detachment of the anion's electron resulting in the formation of a neutral molecule. It plays a
key role in chemical reaction networks, like the interstellar medium, the Earth’s ionosphere
and biochemical processes. Here, a class of AED involving a closed-shell anion (OH™) and
alkali atoms (rubidium) is investigated by precisely controlling the fraction of electronically
excited rubidium. Reaction with the ground state atom gives rise to a stable intermediate
complex with an electron solely bound via dipolar forces. The stability of the complex is
governed by the subtle interplay of diabatic and adiabatic couplings into the autodetachment
manifold. The measured rate coefficients are in good agreement with ab initio calculations,
revealing pronounced steric effects. For excited state rubidium, however, a lower reaction
rate is observed, indicating dynamical stabilization processes suppressing the coupling into
the autodetachment region. Our work provides a stringent test of ab initio calculations on
anion-neutral collisions and constitutes a generic, conceptual framework for understanding
electronic state dependent dynamics in AEDs.

TPhysikalisches Institut, Ruprecht-Karls-Universitat Heidelberg, 69120 Heidelberg, Germany. 2 Département de Chimie, Faculté des Sciences, Université Libre
de Bruxelles (ULB), 1050 Brussels, Belgium. 3 Deutsches Elektronen-Synchrotron (DESY), 22607 Hamburg, Germany. # Institut fiir lonenphysik und
Angewandte Physik, Universitét Innsbruck, 6020 Innsbruck, Austria. °Present address: Universidad de Las Fuerzas Armadas ESPE, 171103 Sangolqui, Ecuador.
Memail: weidemueller@uni-heidelberg.de

| (2022)13:818 | https://doi.org/10.1038/541467-022-28382-w | www.nature.com/naturecommunications 1




ARTICLE

nions are ubiquitous in nature, from aqueous solution!

and the earth’s atmosphere? to astrochemical

environments3~>. They are reactive species, very sensitive
to their environment, and often essential intermediates in
important chemical events®. An important reactive process, dis-
tinguishing reactions involving anions from those involving
cations or neutrals, is associative electronic detachment (AED),
A + B~ — AB + e, which leads to the formation of a neutral
molecule. The reaction is energetically allowed if the dissociation
energy of AB is greater than the electron affinity of B. Given
their universality, investigations of AED have led to profound
understanding of phenomena in diverse chemical reaction net-
works. In the interstellar medium, AED is assumed to be one of
the main destructive mechanisms of astrochemically relevant
anions’. It serves as an intermediate step in the creation of
complex molecules>$, contributes to the production of molecular
hydrogen® and the formation of interstellar water!. Furthermore,
AED also plays a critical role in the formation of prebiotic
molecules!!-13. Extensive theoretical studies on the dynamics of
AED exist for various systems, including halogen anions colliding
with hydrogen!4, the creation of hydroxyl molecules from O~
and hydrogen!5, the collisions of Li + H~[16, and the funda-
mental reaction H 4+ H~[%17, In contrast, detailed experimental
studies are limited to only few examples exploring reaction paths
to the destruction of astrochemically relevant anions>”-%17.

Our work presents a detailed experimental investigation on the
AED reaction dynamics between hydroxyl anions (OH™) and a
cloud of laser-cooled 8Rb atoms, in a hybrid atom-anion trap.
The AED process in this system involving a closed-shell anion and
a single active electron atom is characterized by the emergence of
an intermediate dipole-bound complex. Unlike valence-bound
anions where the electron is characterized by dense, localized and
multiply occupied orbitals, the excess electron in a dipole-bound
anion lies in a very diffuse, singly-occupied orbital'8-20. Histori-
cally, dipole-bound anions went from just being a theoretical
curiosity to becoming identified as important species in various
chemical processes, e.g electron capture in neutral molecules?!:22,
zwitterion chemistry which plays an important role in amino
acids?3 and charge transfer processes?2>. In astrochemistry,
dipole-bound anions have been invoked as important precursors
to the formation of valence-bound anions?®, and as candidates for
the explanation of diffuse interstellar bands?”-?8. For our system,
the intermediate dipole-bound anion exhibits a stable ground state
and a short-lived excited state, resulting in a vastly different
dynamics of the AED reaction.

Over the last years, the study of controlled ion-neutral reactions
has enabled insights into the collisional dynamics and the investi-
gation of chemical phenomena at their most elementary level29-32,
However, most work focused on cationic and neutral systems,
leaving out important collisions and reactions involving negative
ions®>. Also, a comprehensive experimental study of the electronic
state-dependence in controlled reactions is largely unexplored.

In our work, making use of state-of-the-art techniques for
trapping of ions and atoms31:34, we can precisely control the
amount of excited rubidium, allowing us to explore the influence
of the electronic state on the anion-neutral reaction dynamics.
The observed experimental results are compared to predictions of
the Langevin classical capture model> and ab initio calculations
performed for the Rb-OH™ system3®37. As we show, the Lan-
gevin model fails to explain the reaction dynamics for both the
ground and excited state. In contrast, the ab initio calculations,
including steric effects, yield good quantitative agreement with
the observed reaction rate coefficients for the ground state and
provide a qualitative interpretation for the dynamics involving
the excited state.

Results

Theoretical description of associative electronic detachment.
The only energetically accessible loss channel for Rb in the
ground state is the AED reaction Rb(3S) + OH~ — RbOH + e,
as theoretically investigated in3%37. For excited Rb, there are
additional loss channels, of which the AED channel dominates
(see Supplementary Note 4). In order to understand the under-
lying mechanism involved in the measured loss processes, we
apply a modified Langevin capture model which takes into
account that the AED is energetically allowed only for a finite
range of angles of approach. For the ground state complex, the
crossing between the anionic and neutral the potential energy
surface (PES) occurs only at short range and not at long or
intermediate internuclear distances due to the weak binding of
the dipolar intermediate complex3%37. The PESs of the ground
and low-lying electronic excited states of the anion Rb—-OH™ and
neutral Rb—OH collisional complex have been calculated using ab
initio methods (for details see Methods and Supplementary
Note 1). A 1D cut of the PES at an exemplary collisional angle of
0 =80° is shown in the left panel of Fig. 1a. The region for which
the energy of the anion is larger than the energy of the neutral
(when the anion PES intersects the neutral one) is defined as the
autodetachment region (gray shaded area).

The ground state of the intermediate complex Rb—~OH™~ (blue
curve in Fig. 1a) is stable against autodetachment as its energy lies
below the neutral one. It can be categorized as a dipole-bound
state, despite its rather large detachment energy (=0.3 eV)33. The
autodetachment region can only be reached for a limited angular
space in the repulsive part of the PES (see the two cases of 8 = 80°
and 0° in Fig. 1a, where the crossing is energetically inaccessible
and accessible respectively). Thus, a much lower reaction rate
than the upper bound given by the Langevin capture rate is to be
expected.

More quantitatively, based on our ab initio calculations (see30),
the reaction path for the AED reaction is shown in Fig. 1b. The
reaction starts with the Rb+ OH™ reactants, with the excess
electron occupying a valence-bound m-orbital. The shape of the
HOMO changes drastically when the reaction proceeds to the
formation of the Rb—~OH™ intermediate complex exhibiting the
typical halo shape of a dipolar bound complex. The stability of a
dipole-bound anion primarily depends on the dipole moment of
the core. The dipole moment of the Rb—OH decreases with
decreasing interatomic distance Rg;, (as shown in the Supple-
mentary Fig. 2). Thus, a crossing with the energy of the neutral
state can only occur in the repulsive inner region of the PES (see
Fig. 1a, right panel).

As the dipole moment increases with 6, the anionic states
become stabilized beyond a critical threshold value, which defines
the angular space fraction p, in which the AED reaction occurs
(see Methods for details). For 6 < 20° (dashed blue levels shown
for 6=0°), the energy crossing is found below the entrance
channel threshold opening the AED channel (blue dot in Fig. 1a
right panel). For 6 2 20° (solid blue levels shown in Fig. 1b at R,
for 6= 80°) the crossing becomes inaccessible. In this case, p is
rather small, leading to a large deviation from the capture theory.
The steep rising potential in the repulsive region, leads to a
reaction probability highly sensitive to the ab initio methods and,
in particular, to the effective core potential used3®-37. As shown in
Table 1, we find a reaction rate to be a factor of ten smaller than
the Langevin rate employing the best available effective core
potential for Rb. The calculation for the Langevin capture rate is
described in Supplementary Note 3.

The electronic states of the dipole-bound intermediate complex,
that are embedded into the autodetachement region, correlate to the
excited entrance channel Rb(2P) + OH~ (red curves in Fig. 1a).
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Fig. 1 Description of the Rb-OH~ system. a Potential energy surfaces as a function of the distance Ry, between the Rb atom and the center of mass of
O-H (left panel). The angle 8 between the OH axis and the Rb atom is chosen to be 80°. The diabatic crossing between the excited state RbOH~ complex
(red curves) and its neutral counterpart RbOH (gray curve), is indicated by the two red dots. The crossing for the ground state RbOH~ complex occurs at
the inner part of the potentials (blue dot). Ry stands for the optimized Rgy, distance (minimum of the interaction well) and R, corresponds to the distance
at which the detachment occurs. The crossing in the repulsive region between the anionic and neutral PES for 8 = 0° is shown in the right panel. b Reaction
path for the AED reaction between ground state Rb and OH~ shown for two different collisional angles: @ = 0° (dashed blue line) and 8 = 80° (solid blue
line). The zero corresponds to the energy of the Rb+OH~ entrance channel. The orbital corresponding to the excess electron (highest occupied molecular

orbital, HOMO) is shown.

Table 1 Comparison of results from the classical capture
theory predictions (Langevin) and the ab initio calculations
(modified capture model), to the experimentally obtained
reaction rate coefficients (at 355 K).

kgs (10~2cm3s—) kes (1072 cm3s—)

Langevin 43 7.2
Ab initio calculations 0.42 7.5
Experiment 0.85(7) 2.1(4)

kas and ks are the ground state and excited state reaction rate coefficients, respectively.

Since all possible pathways lead to an energetically accessible
crossing into the autodetachment region, which ultimately leads to
AED, the total loss rate is expected to be close to the capture rate.
Due to the highly diabatic nature of the PESs, the dynamics of the
AED reaction can be primarily described as following a single
diabatic PES (red dashed curve in Fig. la left panel). The excited
state of the dipole-bound intermediate complex is short-lived and
undergoes spontaneous autodetachment.

However, for increasing collisional angles, the dipole moment
increases and the excited state stabilizes similar to the ground
state (see Supplementary Fig. 2). In particular, above a critical
collisional angle, here 6> 150°, the crossing into the autodetach-
ment region occurs at an energy higher than that of the entrance
channel. This critical collisional angle defines the accessible
angular space p, for AED with an excited state rubidium and is
significantly larger than the ground state case. The calculated loss
rate is obtained using appropriate long-range interactions and
features of the PES (see Methods). It is found to be close to the
Langevin rate (see Table 1), which is explained by the cancellation
of additional long-range interaction terms and the reduced
accessible angular space.

Measurement of reaction rate coefficients. A mass-selected
ensemble of hydroxyl anions OH~ formed via electron attach-
ment is loaded into an octupole radio-frequency wire trap, as
schematically shown in Fig. 2a and described in detail in3%40,
Multipole ion traps feature a large field-free region in the radial
direction, thus reducing radio-frequency heating*!. The hydroxyl
ions occupy the vibrational ground state, as all higher vibrational
states decay on a millisecond time scale. The kinetic temperature
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Fig. 2 Hybrid atom-ion system. a The experimental hybrid atom ion trap system. The OH~ ions (purple cloud) are created and loaded from the source
chamber and trapped in an octupole radio-frequency (rf) wire trap. A far-threshold laser beam (green) is used to determine the ion density via
photodetachment tomography. A laser-cooled cloud of ultracold Rb atoms (orange cloud) is overlapped with the ion cloud. As shown here, the spatial
extent of the ion ensemble is significantly larger than that of the atomic cloud. After interaction with the laser or atoms, the time of flight of the ions are
extracted onto the detector. b The detected normalized OH™~ ion count after reaction with the laser-cooled rubidium atoms for excited state fractions of
0.70(2) and 0.28(5) (blue and red data points, respectively). The gray data points depict the ion losses without the presence of rubidium atoms. The ion
losses are fitted by Eq. (1) (solid lines). The error bars represent the statistical errors. € Reaction rate coefficient as a function of the excited state fraction.
The solid red line is a linear fit through the data points. The slope and intercept of the fit yields the reaction rate coefficient for the excited state and ground
state rubidium interacting with OH—, respectively. The gray shaded area represents the 1-¢ range of statistical uncertainty.

is set to 355(10) K, via collisions with a pulse of helium buffer gas.
The temperature of the ions is measured by mapping the ions’
energy distribution to their time-of-flight (TOF) to the detector®(.
The ions’ spatial distribution is mapped out by photodetachment
tomography with a far-threshold laser42.

Once the ions are trapped, they are overlapped with an ultracold
cloud of rubidium atoms loaded into a dark spontaneous-force
optical trap (dark-SPOT) configuration®3. In the dark-SPOT
version of a magneto-optical trap, a part of the repumping laser
beam is spatially blocked. By changing the intensity of this laser
beam, the fraction of atoms that are pumped back into the cooling
cycle is controlled, thus providing control of the fraction of atoms in
the excited (Rb(*P)) and ground state (Rb(%S)). After a given
reaction time, the number of ions remaining are extracted onto a
detector, thus yielding a loss rate dependent on the fraction of
electronically excited rubidium in the ensemble.

The ion losses for two different excited state fraction of the
atom ensemble, are shown in Fig. 2b. The evolution of the ion
number in the ensemble, N, is expressed as:

Nt =N exp (<& [ 0,00 ) epipgan 0

where N? is the initial ion number, k is the reaction rate
coefficient, @y, is the spatial overlap between the ion and atom
cloud (see Methods) and kg is the background ion loss rate
without the presence of atoms. The ion losses are fitted by Eq. (1)
yielding the reaction rate coefficient for the corresponding excited
state fraction. By varying the amount of excited Rb in the atomic
ensemble, a linear relationship between the reaction rate
coefficients and excited state fractions is found as shown in
Fig. 2c. From the intercept of a linear fit through the data points,
the reaction rate coefficient for Rb in the ground state is obtained
as kgs = 8.5(7) x 10710 cm3 s~ ! with the corresponding statistical
uncertainty. The slope yields the reaction rate coefficient for
excited state as kps=2.1(4)x102cm3s~ 1. We estimate a
systematic uncertainty of 40% and 60%, respectively, mainly
due to the determination of the spatial overlap ®;4 and
parameters of the atom cloud.

Discussion

The experimentally observed reaction rate coefficients are compared
with the predictions of the classical capture theory and our ab initio
calculations (modified capture model) as shown in Table 1.
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The reaction rate for the ground state channel obtained from
the experimental results shows the expected deviation from the
Langevin prediction due to steric effects determining the stability
of the intermediate dipolar complex, as previously outlined. The
dipole moment drops below the critical threshold only for certain
angles of approach for the anion-neutral collision, rendering a
substantially reduced angular space where the autodetachment
region is accessible. The experimental results confirm our
understanding of the AED reaction dynamics, where for the first
time, the dominant influence of a dipole-bound state as a critical
reaction intermediate is revealed.

In other alkali hydroxide anions, the autodetachment region is
predicted to generally lie above the energy of the entrance
channel3®8, In such cases, depending on the energy gap between
the anionic state and neutral state, diffuseness of the dipole-
bound electron, and the reduced mass of the system, the AED rate
is essentially determined by the presence of non-adiabatic cou-
pling of the discrete states with the continuum!6-44,

In general, alkali atoms when interacting with non-metal or
halogen anionic species, will form complexes with large dipole
moment due to the large difference in the electronegativity. These
collisional complexes will most likely support dipole-bound excited
states. Our results, thus provide a framework for probing the
influence of stable dipole-bound states for future studies on anion-
neutral reactions.

As shown in Table 1 for the excited state channel, the
experimentally determined reaction rate deviates significantly
from the capture model as well as the ab initio calculations. This
indicates the presence of additional stabilization mechanisms,
like, e.g., the presence of longer lived metastable intermediate
states in combination with non-adiabatic couplings, not
accounted for in the current theoretical model.

In conclusion, we investigate the electronic quantum state-
dependent AED rates in the Rb—-OH™ system. Through control
on the electronic configuration of the rubidium atom, the elec-
tronic state of the intermediate dipolar complex is altered and its
influence on the collisional detachment process is revealed. The
intermediate complex is a dipole-bound anion which exhibits a
stable ground state but short-lived excited states. A unifying
feature of the reaction dynamics for both the ground and excited
state channels is the accessible angular space which governs the
probability of the reaction to occur. For the ground state Rb
interacting with OH™, the experimentally observed rate devia-
tions from the capture model predictions are explained via the
steric effects. Due to the high sensitivity of the reaction rate
coefficient on the subtle details of the structure of the inter-
mediate complex, our measurements provide a stringent test for
different effective core potential models. However, for the excited
state, the measured loss rate is significantly lower than the ab
initio and capture model predictions. A deeper theoretical
investigation of the excited states of the dipole-bound Rb—-OH~
complex is needed to understand this discrepancy. Due to its
similarity in the electronic structure of the intermediate complex
to other alkali, alkali-earth hydroxides3, and alkali with hydrated
hydroxide#>, this work provides a general experimental frame-
work to investigate state dependent alkali-anion reactions and
opens new routes for the understanding of AED reactions.

Methods

® Determination of spatial overlap, ®;,(f) With an jon spatial density
distribution constant in time (determined via ions’ time-of-flight distribu-
tion), the evolution of spatial overlap between the ion and atom cloud is
governed by the time-evolution of the atom cloud (loading behavior)
ny(t) = n (1 — exp (7t/‘rA)), where 1, is the peak atom density and 7, is
the loading time. The volume of the atom cloud governs the boundary of

the interaction region. The overlap ®;,(f) can be determined as:

Ot = [ m52) 2 Dy @

Here, #1;(x, y, z) is the unit-integral normalized OH™ density and n(x, y, z, t)
is the time-dependent atom density distribution. The ion density distribution
is determined via photodetachment tomography “¢. The potential landscape
arising from the geometry of an octupole wire trap results in the ion density
distribution radially proportional to r2"~2 (where n=4), and axially
represented by a Gaussian profile. The atom cloud exhibits a Gaussian
density profile determined via saturation absorption imaging?”48. The spatial
extent of the ion cloud is much larger than that of the atomic cloud. The
number of excited atoms are imaged by fluorescence imaging while the total
number of atoms are imaged via saturation absorption imaging. The ratio of
the two gives the excited state fraction of the atom cloud.

® Theoretical method: The rate coefficients corresponding to the reaction
involving Rb(?P) and OH~ have been obtained using a modified capture
model that includes features of the spin-orbit PES (see Supplementary
Note 2), along with the following assumptions:

- Since the rubidium atom is present in its Rb(2P3),) fine state in the trap,
the collision with OH™ can either proceed following the 6E,, or 5E;
spin-orbit PES of the Rb-OH™~ complex. In the first case, the reaction
proceeds on a potential that exhibits a barrier (see Supplementary Fig. 4),
in the second case the upper limit of the cross section is taken to be the
capture cross section g obtained with the following long-range potential:
V(R) = 3t + % + e(%) where « and Q are the static polarizability
(870 a.u.) and quadrupole moment (26 a.u.) of Rb in its 2P state.

- The detachment of the excess electron is assumed to be instantaneous
when the autodetachment region is reached (sudden approximation).

- The transition probability between adiabatic potentials have been
calculated using the Landau-Zener formula“®.

- Electronic detachment can only be avoided if the collision takes place
along the 2E;,, PES (first excited states of the Rb—OH ™~ complex) within
the angular space p = 1 (1 — cos(6,,,,))>, where 0, is the collision angle
for which it crosses the neutral curve above the energy in the entrance
channel. We found 6, ,,, &~ 153° (see Supplementary Fig. 3).

- The electronic to kinetic energy transfer reaction rate is expected to be
very small. This reaction has therefore been neglected (see Supplementary
Note 4).

The total loss cross section from the Rb(2P5,,) + OH~(2X 1) entrance channel is
given by a sum of the loss from the 5E;,, and 6E,,, channels:

1 1
OB = 502 (B + 507 (E) ®
The first and second term are obtained using the following expressions:

oBr(B) = (1 - Py(E) (1 - p)) 00(E) )

B (B) = (1 - Py(E) (1 - p)) 04(E) ©)

where (1 — p) corresponds to the angular space where the crossing into the auto-
detachment region is avoided, Py is the Landau-Zener probability to exit through
the non-reactive channels Rb(2P5,) + OH~(!=%) or Rb(?P,,,) + OH~ (12 ) (thus
1-Pyp is the probability to exit via the charge transfer channel), oy, is the capture
cross section and o5 = mR%(1 — U/E,) is a classical cross section. The latter is

given in terms of the largest impact parameters b,,,, for which the potential barrier
is less than the collision energy E.. Rg =34 a.u.and Uz = 4.5 x 10~ are the position
and height of the potential barrier, respectively (see Supplementary Fig. 4). The rate
constant is then obtained by averaging over a Maxwell-Boltzmann distribution:

8 i =
b = [ [ B, ©
: nu(k, T

where y is the reduced mass of Rb—~OH™ system.

Owing to the highly diabatic nature of the PES (i.e small Landau-Zener adiabatic
transition probability, (see Supplementary Note 4)), the probability to exit through
the charge transfer channel, Pcy, is very small, around 1.5% for the relevant col-
lision energies. Therefore Pyg = 98.5% and the entire dynamics is controlled by p.
For p =1, 0},, = 3(0 + 0) which leads to a capture case where all collisions that
overcome the centrifugal and potential barrier, resulting in AED. For p =0, the
2E, ), state is stable against autodetachment (its energy lies below the neutral for all
collision angles 6). The total loss is then given by g;, =5(1 — Pyg)(0 + 0¢).
Hence, associative detachment can only occur following the adiabatic states from
the entrance channel for which the Landau-Zener probability is (1 — Pyg) =
1.5 x 1072, With the factor of 0.5, the total loss becomes 67,5, = 7.5 x 10~3(03 + 0¢).
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Supplementary Note 1

Ab-initio potential energy surfaces

Multi-configuration approaches have been used in order to obtain the excited potential
energy surfaces that correlate to the Rb(P3/2)+OH™ entrance channel. We have ac-
counted for the spin-orbit coupling using the state interacting method as implemented
in the MOLPRO [1] program using the spin-orbit operator from the MDF effective core
potential. A total of 6 interacting anionic states and 2 neutral states have been taken into
account. A set of state averaged orbitals was obtained by performing multi-configuration
calculation on selected configurations [2]. These orbitals were then used to perform con-
figuration interaction using the internally contracted scheme (ic-MRCI) implemented in
the MOLPRO program, including the Davidson correction (labelled +Q) [3].

The ic-MRCI+Q has been applied to a set of manually selected configurations, in the Cg
point group. The selected configurations have been obtained from a separate SA-CASSCF
calculation on the four A" and two A” low lying electronic states of the RbOH~ molecular
complex, taken in its optimized geometry (linear geometry). The active space covers 9a’
and 3a” molecular orbitals (MO).

Singly excited configurations were found to be dominant contributors in the CI expansion.
This is expected from electronic configurations consideration. The ground-state electronic
configuration is 1a"22a/?3a’%1a"?4a"?5a'?6a'*7a'*2a""?8a’*, where the 1a’, 2a’ and 3a’ MOs
correspond to the 1sp, 4sg, and 2so atomic orbital (AO), respectively, the 4a’, 1a”, 5a’
and 6a’, 7a’, 2a” MOs are mainly formed by the 4pgr;, and 2po AOs, respectively, and the
8a’ MO is mainly formed by the 5sg, AO and corresponds to the highest occupied MO
(HOMO). In further discussion we will omit the 1a’?2a'23a’?1a"%4a'5a'*6a’? inner shell,
which will be labelled with brackets [], and only focus on the valence MOs. The first
unoccupied MOs, 9a’, 10a’ and 3a” are mainly formed by the 5pgrp AOs, the ground-state
electronic configuration becomes [|7a’?2a28a'19a’°10a/°3a"°. The first four A’ and two
A" low lying excited states of the RbOH™ molecular complex correlate to the following
channels: Rb™(*S)+OH(21T), Rb(28)+O0H~ (*£*) and Rb(*P)+OH~ (*£"). Their main
electronic configuration correspond to single excitation relative to the ground-state con-
figuration within the valence 7a'2a”8a’9a’10a’3a” MOs. The different electronic states
along with their main electronic configurations are given in Supplementary Table 1. The
dissociation channels at which they diabatically correlate are also depicted. It should be
noted that these electronic excited states correspond to shape resonances of the RbOH+e~
collisional system.

Electronic states Main electronic config. Dissociation Height
XA [7a"?2a"?8a Rb(2S)+O0H~ (' XT)
2 2A7®1 2A77 7a’22a”28a'09a/1 @ 7a/22a//28a/03a//1
l ! Rb(?P)+OH~(*X1)
32A7 []7a/22a//28al010al1
42092247 ([7a"12a"28a" @ [|7a/*2a/ 80" Rb~(*S)+OH(*II)

Supplementary Table 1: The main electronic configurations and dissociation channels of
different electronic states are presented.

A particularly interesting feature of the Rb-OH™ collisional complex is the drastic
change in the binding nature of the excess electron along the reaction path. The excess
electron is first localized on the hydroxyl anion, which is a typical closed shell valence-
bound anion, characterized by a compact density, large detachment energies (= 1.8 eV)
and important electron correlation effects. When the reaction proceed, the Rb atom dis-
turbs the electron cloud, the excess electron becomes more diffuse and less strongly bound




where it is primary bound via dipole-charge interaction.

One of the usual difficulties one faces while using standard bound-state quantum chem-
istry approaches to calculated metastable states embedded in a continuum is that the
wave function usually undergoes variational collapses to a neutral + free electron state
where the excess electron occupies a very diffuse orbital. Various stabilization schemes
can be used to tackle this problem. Here we found out that constraining the reference
MCSCF wave function to single excited configurations avoids the convergence problems
and allows us to obtain the resonance states even when using diffuse basis set. The
potential energy surfaces (PESs) shown in the main text have been obtained with this
manually selected MCSCF /ic-MRCI approach using the MDF ECP for Rb along with its
spdf g companion basis set [4] supplemented by a set of 5s4p3d2fg even tempered diffuse
functions and the AVQZ basis set for the O and H atom [5].

Using group theory consideration the four *A’ + two 'A” electronic states result in six
interacting By /; spin-orbit (SO) states. The results are shown in Supplementary Figure 1
for & = 80°. The two insets show the behaviour near the potential well and at dissociation,
lower and upper left panels, respectively. The PES of the neutral RbOH ground-state is
shown in black line. Our calculation correctly reproduces the SO splitting of the 2Py /2
and 2P, /2 state of Rb, with a calculated value of 26.5 meV which is to be compared to
experimental value 29.3 meV [6].

Rb (*Sy) + OH™ (")

Rb (?Py,) + OH™ (%)

Rb (?Py) + OH™ (%)

Rb™ ('S) + OH (1)

50
oL g . . 6Eie — Neutral X A’ —_—
2 4 6 8 10 2323 54 26 28 3
RRo (A)

Supplementary Figure 1: Left panel: PESs of the low-lying excited states of the Rb-OH™
molecular complex for 6 = 80°, including SO couplings. This leads to 6 interacting E, /5
states. The red curve and other solid colored lines correspond to the adiabatic potential
of the ground- and excited-states of the Rb-OH™ collision complex, respectively. The
dashed lines correspond to the A” states in the non-relativistic picture. The upper right
panel show the PESs of the excited states at dissociation where the relevant channels are
depicted. The bottom right panel shows the PESs of the 3 lowest anionic states (red,
dashed gray and blue curve) around the potential well alongside the neutral potential
(black curve).
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Supplementary Figure 2: Hartree-Fock calculation of the dipole moment of RbOH. The
black curve shows the dipole moment p as a function of internuclear distance Ryyp for
0 = 0°. The blue curve shows the dipole moment as a function of collisional angle 6 for
an optimized internuclear distance. The critical value of the dipole moment ensuring a
stable intermediate dipolar complex is indicated by the dashed line.

Supplementary Note 2

Features of the potential energy surface

2.1 Potential well region

Our calculations show that the excited states of the RbOH™ complex, taken in its equilib-
rium geometry (6 = 0°) are auto-detaching states, in other words, only the ground state
has a positive vertical detachment energy (VDE). However, for larger values of 6 dipole
moment of the RbOH core increases, leading to a stabilization of the anion. This can be
seen in Supplementary Figure 2, where the the Hartree-Fock dipole moment of the RbOH
core is depicted as a function of Rgy, for = 0° (black) and as a function of 6 at optimized
Rpgp distance (blue). As a consequence, the VDE increases for increasing 6. This trend
can be seen in Supplementary Figure 3 where the crossing point between the anionic
first excited-state 2E,/, PES and the neutral PES is marked by a dot. In particular,
for 6 > 153° the crossing with the neutral PES occurs above the Rb(*P3/,)+OH~ (1£7)
entrance channel energy. The later is taken as E. + T'(u,J), where E. and T'(u,J) are
the collision energy and internal energy (vibration and rotation) of OH™ at T' = 355K,
respectively. This characterizes an accessible angular space where the auto-detachment
from the 2E, /5 is avoided.

2.2 Long and intermediate range

Although it is difficult to see in the Supplementary Figure 1, the 6E,/, state is repul-
sive at long range and attractive at intermediate distance, leading to a potential barrier
around 14 A. The barrier can be seen in Supplementary Figure 4 where the PESs for the
6E,/, state for various values of § have been plotted. The barrier height is almost inde-
pendent of § and is about 4.5 x 1073 eV high. This repulsive state can be related to the
classical repulsive potential of a charge-quadrupole interaction [7]. We suspect the pres-
ence of a higher lying state, with a repulsive potential at intermediate and short range,
that interacts with the 6E, /, state leading to an avoided crossing. We found this state
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Supplementary Figure 3: PESs for the first excited state of the anion RbOH™ (22A’ or
2K 9, solid lines) and the ground state of the neutral RbOH molecular complex (dashed
lines), for various collision angle 8. Note that the colors corresponds to various values of
0. The right panel shows a zoom-in of the PESs in the repulsive region. The zero energy
is taken as the energy of the ground state entrance channel Rb(2S)+OH™.

to be mainly described by doubly excited electronic configurations, hence it corresponds
to a Feshbach resonance of the RbOH+e~ collisional complex. Our approach based on
manually selected singly excited configurations is not adequate to describe this additional
state. Unfortunately, due to the convergence problems pointed out above, adding even
the minimum number of doubly excited configurations needed to describe this additional
state results in variational collapses of the wave function. Therefore, specific methods
would be needed.
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Supplementary Figure 4: Potential barrier along the 6E,/y state for various values of 6.
The distance Rp is the intermolecular distance Ry, at the potential’s maximum value

Us.




Supplementary Note 3

Determination of Langevin reaction rate

In the event of an atom-ion collision, the upper limit to collisional rate constants is given
by the classical-mechanics based, Langevin capture model [8]. The long range interaction
potential V(r) is dominated by the interaction between charge-induced dipole of the atom
with the ion’s charge such that:

Cy
Vin(r) = == (M
where 7 is the interparticle separation and Cy = ﬁ [9]. Here « is the scalar polariz-

ability of the neutral, e is the electron charge and ¢g is the permittivity of free space.
By including the centrifugal potential into the effective potential of the collision complex,
the Langevin reaction rate constant kr, can be derived as :

_ Cy e «
kL—Zml? = 260\/; (2)

where all parameters are in S.I. units.
The scalar polarizabilities and the calculated reaction rate constants for excited and
ground-state Rb are summarized as follows:

a (aw) [10] | ki (107% em®s~1)
Rb (2P) 870 72
Rb (2S) 318.6 4.3

Note: Conversion factor used for o (from atomic units to S.I. units) [10], 1 a.u. =
1.648773 x 1074 Cm?2 V1L,

The modified Langevin model that has been used to calculate the loss rate from the
ground and excited state channel averages over the range of angles of approach for which
the reaction is exoergic. There are some implicit assumptions in this model, which require
some additional discussion

1. The present model assumes that no angle of approach is preferred. Steering effects,
i.e. reorientation of the OH™ molecule due to intermolecular forces, start to play
a role at low temperatures and would lead to an increase in the likelihood of a
"head-on” collision of Rb-O-H, thus increasing the AED rate towards the Langevin
rate. Although we do not expect these effects to be dominant in the temperature
regime of our experiment, they might partially explain the underestimation of the
measured rate coefficient by the ab initio calculation.

2. The population of rotational levels in OH™ may not follow a thermal distribution
due to collisional cooling with the ultracold buffer gas. However, it has been shown
that a lower rotational temperature would actually decrease the measured AED
rate [11].

3. As suggested in [12], the presence of vibrational excited OH™ anions will strongly
increase the AED loss. Using the dipole moment of OH™, we find that the lifetime
of v = 1 state, before radiative decay is on the order of couple of milliseconds, which
in comparison to the complete timescale of the experiment (~ 10 seconds), makes
the fraction of ions in the excited vibrational states negligible, as mentioned in the
main text.
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Excited-state loss channels
The interaction of hydroxyl anion with excited Rb (2P) opens the following loss channels:
e Associative electronic detachment (AED):
Rb(®P) + OH~ — RbOH + e~
e Electronic to kinetic energy transfer:
Rb(®P) + OH™ — Rb + OH™ + Eip
e Charge-exchange reaction:

Rb(®*P) + OH~ — Rb~ + OH

4.1 Electronic to kinetic energy transfer

In order to estimate the probability to exit through the electronic to kinetic energy transfer
Rb(?P3/2)+OH™ — Rb(?S)+OH" channel, we have calculated the non-adiabatic coupling
matrix elements (NACME) between the XE; /5 and 2E; o states, which link to entrance
and exit channels. This has been done using the finite difference approach, implemented
in MOLPRO. The results can be seen in Supplementary Figure 5. The coupling exhibit
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NACME (-)

2 22 24 26 28 3 3.2 3.4
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Supplementary Figure 5: Non-adiabatic coupling strength between the XE, /5 and 2E, /5
states of the Rb-OH™ molecular complex for various 6.

the typical bell-shape behaviour of non-crossing states with constant energy spacing. This
coupling case can be described by the Rosen-Zener-Demkov model [13,14] for which the
coupling potential is modeled by a hyperbolic secant:

» — Ro

R
Vi2(Rrp) = vosech(Ri

) 3)




and the probability transition between adiabatic states (in atomic units) is given by
ﬂ) (4)
2V/2E/p

where AF is the energy difference between both non-crossing adiabatic states, Ey is the
kinetic energy. The parameters 8, Rrpo and vg were extracted by fitting our NACME
calculation. The fitted values are vy = 1.95, Rgrpo = 4.79 and 5 = 0.63. With AE =~
7 x 1073, B, =~ 0.056 we found the non-adiabatic probability transition Pjs ~ 0.15% for
the relevant collision energies. This small probability is mainly due to the large reduced
mass of the system and the larger energy gap between adiabatic states in comparison
with the avoided crossing case. This justifies the neglect of the electronic to kinetic
energy transfer channel in the dynamics.

Pyy = sin?(mvo ) sech?(

4.2 Charge transfer channel

The probability for an adiabatic passage at the various avoided crossings (at Rgp ~ 8 A,
7 A and 4 A in Supplementary Figure 1, left panel) is estimated using the Landau-Zener
formula:

m(AE)?
) (5)
2AF\/(2Ex /1)

where AE and Fj are the energy gap and kinetic energy at the avoided crossing point
respectively, p is the reduced mass and AF is the difference in the slope between the two
diabatic curves. We found the diabatic transition probability P2 to be close to one for
the relevant collision energies. This is primarily due to the small energy gap between the
adiabatic states. Typical value of Pj5 are found to be around 0.95.

The probability to exit via the charge transfer channel Rb~+OH is given by Por =
1 — Png, where Por is obtained by summing the probabilities associated to different
paths that lead to the non-reactive channel. Owing to the highly diabatic nature of the
PES (i.e small Landau-Zener adiabatic transition probability, see above), Por is very
small, around 1.5% for the relevant collision energies. Since the loss from the electronic
to kinetic energy transfer channel is also found to be small, the AED reaction is predicted
to be the dominant loss channel.

Py = exp(
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CHAPTER 4. DYNAMICS OF MOLECULAR ANIONS WITH ATOMS

4.3 Effect of hydration on hydroxide anions

The reaction rate coefficients determined for AED in the Rb-OH™ system provide
critical insights into the feasibility of sympathetic cooling of the anions using
ultracold atoms. As rubidium, even in its ground state undergoes an AED reaction
with OH™, this results in loss of ions before they can be cooled considerably via
elastic collisions with the atoms. In the perspective of sympathetic cooling, the
reactive collisions are thus termed "bad collisions" whereas the elastic collisions
leading to anion cooling are considered to be "good collisions". The ratio of good-
to-bad collisions influences the efficiency of anion sympathetic cooling.

This efficiency is also governed by the mass ratio ¢, i.e., the ratio of the mass
of the coolant atom to the mass of the anionic species to be cooled. While it was
long-established, that efficient ion cooling via atoms is limited to systems with
¢ <1, recent theoretical and experimental studies have opened new regimes of
ion cooling in systems with ¢ > 1 [67, 163, 164]. These insights motivated the
investigation of collision dynamics between rubidium and hydrated hydroxide
anions, OH™(H20), where a more favorable mass ratio is expected to increase the
efficiency of anion sympathetic cooling via collisions with an ultracold buffer gas.

In this section, the preliminary results on the interactions between Rb and
OH (H20) are discussed as follows. Firstly, the production and preparation of
the ion cloud are briefly discussed. Subsequently, the experimental results on the

collisional dynamics of Rb and OH™ (H20O) molecular anions are shown.

4.3.1 Preparation of ion cloud

As discussed in Chapter 3, the argon gas seeded with water vapor used for
the production of hydroxide anions also results in the production of hydrated
hydroxide anions. A detailed experimental characterization for the production
of different orders of hydrated hydroxide anions OH™ (H30); (where [ € N) is
presented in [175]. After the production, the ions enter a Wiley-McLaren (WML)
acceleration stage, which corrects the spread in the different starting positions
of the ions to the first order. This allows distinguishing ions of different mass-to-
charge ratios based on their different time of flights, with the WML improving
the mass resolution. The heavier the mass of the ion, the later is its arrival time.
Finally, a deflector before the trap and the entrance endcap can be independently
adjusted for the final selection of the ion species of interest, for its loading, and
subsequent trapping in the ion trap.

Depending on the ions’ mass, charge, and the corresponding time of flight
(TOF) to the detector, for the species whose TOF is known, (here, O~ and OH"),

one can determine the time where the hydrated anions are expected. In the case
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of OH™, we also trapped O~ ions due to the small difference, in the mass-to-charge
ratio between the two species, which makes it unfeasible to separate the ions in
their time domain. Analogous to this system, we also expect to trap both O~ (H30)
and OH™(H20) ions. The simulated time of flight distributions of different ionic
species are shown in Figure 4.1, after the extraction of ions onto the detector. The

ions’ TOF to the detector is estimated similarly to the ion extraction simulation

discussed in Chapter 3.
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Figure 4.1: Simulated time of flight distributions (normalized) of O~ and OH™
and their hydrated counterparts O~ (H2O) and OH™ (H30) are shown. The solid
points correspond to the binned arrival time of an ion cloud extracted from the
trap. The solid lines correspond to a Gaussian distribution fitted to the data
points, centered about ty with a width of o.

As expected, when the ions are loaded into the trap, in addition to the desired
OH ™ (H30) ions, other ionic species with a similar mass-to-charge ratio also
enter the trap. In our setup, in addition to OH™(H20) ions, we trapped O, and
0O~ (H20) anions with an electron affinity of 0.43 eV and 2.6 eV respectively [211].
A photodetachment laser beam with A =450 nm (E = 2.75 eV) would thus detach
the O; and O™ (H20) species while only the OH™(H20) ion species, which has
an electron affinity of 2.95 eV, is retained in the trap. As the O, anions were
produced in large quantities, a high power photodetachment beam at A = 660 nm

(Ey = 1.88 eV) is additionally used to increase the photodetachment rate. The
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measured time of flight distributions of the ions, due to their interactions with
the various photodetachment laser beams are shown in Figure 4.2. It should be
noted that the width of the symmetrical distribution (blue) is determined to be
o =0.973(3) us by fitting a Gaussian function to the measured data points. This
is broader than the width expected from the simulation shown in Figure 4.1. The
reason for the broadening of the width is attributed to the presence of other ionic

species and will be discussed in the following section.
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Figure 4.2: Ion separation via interaction with photodetachment (PD) laser
beams. The experimentally measured normalized time of flight distribution
for different ion clusters is shown. The orange distribution corresponds to
an ion cloud comprising three ion species, O,, O~ (H20), and OH™ (H20) Gi.e.,
with no laser beam switched on). With the 660 nm laser beam (E, = 1.88 eV)
switched on, the O ions are detached (green distribution). With an additional
450 nm photodetachment laser beam (E, = 2.75 eV), both Og and O~ (H20)
anions are detached from the ion cloud (blue distribution). The asymmetry of
the orange and green distribution points to the presence of different ion species
present in the ion cloud, whereas a rather symmetrical distribution (blue), is
observed with both the photodetachment laser beams on. The red solid curve
is a Gaussian fit to the measured distribution. The secondary x-axis (top axis
shown in gray) represents the ion’s mass-to-charge ratio corresponding to its
TOF to the detector.
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4.3.2 Qualitative description of anion cooling via ultracold atoms

After an ensemble of OH (H20) ions has been prepared as discussed in the
previous section, the ions are now overlapped with an ultracold cloud of 3°Rb
atoms, created at the center of the ion cloud. As a result of this overlap, the atoms
and ions undergo different kinds of collisions. Our primary interests are, firstly
the elastic collisions, which result in the sympathetic cooling of ions, and secondly,
the reactive processes which are the main ion loss channels as seen in the RbOH™
system. The trapped ions’ translational temperature is mapped onto the ions’ time
of flight to the detector, where the variance of ions’ TOF distribution is directly
proportional to the temperature of trapped ions. The time of flight distributions
of the ion cloud as a function of different interaction times with the atom cloud is

shown in Figure 4.3.
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Figure 4.3: Overlap of OH (H20) anions with ultracold Rb. The experimentally
measured normalized time of flight distributions of the ions for different inter-
action times with the atom cloud are shown. The shrinking of the ions’ time
of flight distribution is caused by the sympathetic cooling of ions via ultracold
atoms. However, the emergence of a shoulder or a second peak indicates the
presence of other anionic species in the trap. The solid points are the exper-
imentally measured distribution. The solid lines are a guide to the eye. The
secondary x-axis (top axis shown in gray) represents the ion’s mass-to-charge
ratio corresponding to its TOF to the detector.
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We see a clear shrinking of the ions’ time of flight distribution, due to the sympa-
thetic cooling of the ions with atoms. However, for longer interaction times with
the atoms, one can also see a second peak arising in the form of a shoulder. This
indicates the presence of other ionic species with a mass-to-charge similar to that

of hydrated hydroxide anions.
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Figure 4.4: Scanning ion loading parameters. Ions’ normalized time of flight
distributions are shown for different switching times of the entrance endcap. The
inset shows the schematic representation of the switching of the static potential
VEc, applied to the endcap. When Vg is high, the ions cannot pass through
the endcap into the trap, when Vg is low, the ions can be loaded into the trap
after which the endcap is at a higher trapping potential again at time ¢=tgc. We
vary this time parameter tgc to change the loading of ions into the trap. The
duration for which the endcap remains on a lower potential is given by Atgg,
which remains the same for all the measurements. For a later time instance
tgc, we see the emergence of a second ion species, different from OH™ (H30),
which is loaded into the trap. The solid points are the experimentally measured
distribution. The solid lines are a guide to the eye. The secondary x-axis (top
axis shown in gray) represents the ion’s mass-to-charge ratio corresponding to
its TOF to the detector.

As previously discussed in Chapter 2, the ions are mass-selected by changing
the times for which the potential on the endcap electrodes is switched on. If the

shoulder in the time of flight distribution at longer interaction times, is a result
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of loading another ion species in the trap, it should be possible to modify the
amplitude of this peak by scanning the switching timings for the entrance endcap.
As the time of arrival for the two ionic species is too close and we could only see
the emergence of the second peak in the presence of the atoms, we let the ion
cloud interact with the atoms for 7000 ms for different switching times tgc, which
defines the point in time at which the endcap potential is switched from a loading

(Ve Low) to a trapping potential (Vgc High).

The resulting distributions are shown in Figure 4.4. It can be seen that it is
possible to enhance/suppress the second peak by tuning the endcap parameters to
selectively load ion species in the trap. Thus, it can be concluded that the second
peak is not a cooling artifact but stems from a different ionic species created in
the source. Though only water seeded in argon is used in the source, this second
species might be created by ablation from the many Teflon and PEEK insulators
used in the plasma discharge source. However, the exact source of this other ionic

species in the trap could not be conclusively identified.
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Figure 4.5: Sympathetic cooling of OH™ (H20) with ultracold rubidium. The ions’
normalized time of flight distributions are plotted for different interaction times
with the ultracold atom cloud. The points are experimentally measured data
points and the solid curves are a guide to the eye. The secondary x-axis (top axis
shown in gray) represents the ion’s mass-to-charge ratio corresponding to its
TOF to the detector.
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In order to minimize the number of ions of this other species that is loaded
into the trap, we changed the switching timings of the deflector before the trap
and the entrance endcap electrodes to maximize the loading of OH™ (H20) anions
into the trap. Subsequently, the ion cloud is again overlapped with the atom cloud
for different interaction times. The ions’ time of flight distributions are recorded
as shown in Figure 4.5. A Gaussian fit to the ion distribution at £ = 0 s gives the
width as o = 0.893(8) us, which is now in agreement with the width expected from
the simulations shown in Figure 4.1. The broadened TOF width seen in Figure

4.2 was a result of the presence of other ionic species.
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Figure 4.6: Anion-atom interactions in a hybrid atom-ion trap. (a) The ion tem-
perature as a function of interaction time with the atom cloud is shown for two
different excited state fractions of rubidium. The points are the experimentally
measured data and the colored dashed lines are the guide to the eye. (b) The
normalized ion numbers are plotted as a function of interaction time with the
atom cloud for two different excited state fractions. The points are the exper-
imentally measured data, fitted with Equation 4.1 represented with colored
solid lines. The errors on the measured data points are Gaussian-propagated
statistical errors and are smaller than the circular markers.

Nevertheless, the shrinking of the width of ions’ time of flight distribution,
seen in Figure 4.5, is a clear indicator of the OH (H30) sympathetic cooling
via collisions with an ultracold buffer gas. Using the thermometry technique

established in our work [1], we obtain a linear mapping between the variance of
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ions’ time of flight to the detector and the temperature of ions in the trap. This
enables us to plot the temperature of the ions as a function of interaction time
with the atoms for two different excited state fractions in Figure 4.6 (a). In both
cases, we observe a decrease in the ions’ temperature. For a higher excited state
fraction, the ions cool down from 384(6) K to 67(3) K in two seconds, whereas for
a lower excited state fraction, the final ion temperature attained in just under
eight seconds is 26(3) K. This difference in the lowest temperature reached is
due to the presence of additional loss channels present in the former case, which
result in the loss of ions from the trap before they could be sufficiently cooled
further via elastic collisions.

In our system, the direct associative electronic detachment between Rb and
OH ™ (H50) leading to the production of RbOH(H30) is unlikely as the autode-
tachment region is only accessible for collision energies much higher than that
encountered in our system [165]. The dominant reaction channel in the Rb-
OH™(H20) system is via indirect detachment where a vibrationally hot RbOH™ is
formed as an intermediate product which, depending on the energy distribution
considerations, would be the final stable product for this reaction or alternatively
results in the formation of the products RoOH+HyO+e~ due to rovibrationally
induced electronic detachment [212]. However, in our current setup, we cannot
distinguish the final products of a reaction process but can only observe the ion
losses that are attributed to the sum of the possible reactive channels.

To estimate the reaction rate coefficient for these loss channels between
Rb and OH (H30) anions, the change in the number of ions as a function of
interaction time with the atoms is determined and is shown in Figure 4.6 (b). The
solid points are the experimentally measured data for two different excited state

fractions. The solid lines represent the evolution of the ion numbers described as:

t
N1(#) = (1 - Nofr) - exp (—Kf ‘DAI(t')dt') -exp(—kpgdt) + Nofr (4.1)
0

where Ny¢r is the number of ions as t— oo, « is the reaction rate coefficient, ®4;(¢)
is the time-dependent atom-ion overlap and kygq is the ions’ background loss
rate without the presence of atoms in the trap. As the ion density is directly
proportional to the temperature of the ions, the latter is determined via the
ions’ time of flight distributions and then interpolated to determine the time-
dependent ion density and thus, the ion-atom overlap via Equation 2.12. The
offset seen in these measurements could possibly arise from the presence of
other ion species. Despite tuning the trap loading parameters to minimize the
loading of other anionic species into the trap, there could be still some ions from
a mass different than OH™ (H20O) that were loaded into the trap. Though the
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number of these ions is relatively low to create a significant change in the ions’
TOF distribution, they are still enough to result in an offset while observing
the time-evolution of the ion numbers. This offset was also observed during the
photodetachment tomography measurements with a photodetachment laser beam
at 1 =405nm (E, = 3.06 eV) and was further accounted for while determining
the ions’ spatial density distributions. Since the photon energy is larger than the
photodetachment threshold of the OH™(H2O) anion, the ions that remain even
after a long interaction time with the laser beam are assumed to be the other
ionic species, which could not be separated from the OH™(H20) anion ensemble.

With these considerations, the preliminary reaction rate coefficient for the
excited state fraction of 10.5(7)% is determined as x = 1.42(4)-1072 em3s~!, which
is marginally higher than that observed for Rb-OH™. Taking into account the
systematic errors, arising from the ion offset, uncertainty in the determination of
the atom-ion overlap mainly due to ambiguities in saturation absorption imaging
of the atom cloud and approximation of the ions’ radial density distribution under
the r® potential, it can be said that the reactive loss rates for the system Rb-
OH™(H30) are on the same order of magnitude as the Rb-OH™. However, while
there was no appreciable anion sympathetic cooling observed for the case of the
Rb-OH™ system, we observed a significant cooling for the Rb-OH™ (H20) system
due to a more favorable mass ratio of the latter. In order to achieve a quantitative
understanding of the dynamics involved, systematic experimental investigations
on determining the ground state and excited state reaction rate coefficients for
the Rb-OH™ (H20) system, with the possibility to distinguish different reactive
channels, would be required. These measurements would reveal critical insights
into both the reaction dynamics as well as the prospects of cooling the ions to
even lower temperatures. Additionally, investigations on anion-neutral systems
with OH™(H20); where [/ > 1 would also reveal interesting insights into the effect
of hydration on the collisional dynamics in such systems where the influence of

steric effects becomes more pronounced.




CHAPTER

DYNAMICS OF ATOMIC ANIONS WITH ATOMS

n this chapter, we investigate the dynamics of collisions between O~ atomic
anions and rubidium atoms in a hybrid atom-ion trap. Firstly, a brief in-
troduction to the state-dependent studies in the field of hybrid systems
is motivated followed by the description of our published work on electronic
quantum state-dependent anion-neutral interactions. Subsequently, with the in-
sights from our published work, we discuss the implications of our results on the

sympathetic cooling of these atomic anions via laser-cooled ultracold rubidium.

5.1 Hybrid systems for state-dependent studies

Over the last years, rapid technological advances have facilitated the co-trapping
of ions and atoms combining the principles of radio-frequency traps and magneto-
optical or optical dipole traps respectively, into a single hybrid atom-ion trapping
system [54]. Using the distinct features of both its subsystems, such hybrid traps
provide a platform to not only pursue fundamental research on ion-neutral colli-
sions dynamics but also open up new frontiers in the field of quantum technologies
[63, 64, 213, 214].

The control and range for tunability of interactions render these hybrid
systems ideal tools to study cold and controlled ion-neutral collisions with energies
ranging from room temperature down to less than 1 K [68, 215, 216, 217]. From
investigating the influence of spin- or charge-exchange processes to the effect
of electronically excited systems, these results enable an insight into quantum
state-dependent collisions and the investigation of chemical phenomena in their
most elementary level [66, 75, 76, 191, 218, 219].

While cations are extensively studied in hybrid atom-ion traps, the exper-
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CHAPTER 5. DYNAMICS OF ATOMIC ANIONS WITH ATOMS

imental studies of ion-atom interactions involving anions in such systems are
rather limited. In our previous work detailed in Chapter 4, we expanded the
understanding of associative electronic detachment dynamics in a hybrid system
where rubidium atoms and hydroxide anions are co-trapped in one single setup.
In addition to different dynamics at work for distinct electronic states of the
neutral, we also identified the AED reaction as a major loss channel rendering
the sympathetic cooling of OH™ molecular anion rather inefficient. Improving
the mass ratio of the system by changing the anionic species, and investigating
the Rb-OH™ (H20) system, we were able to qualitatively demonstrate the sympa-
thetic cooling of molecular anions with an ultracold buffer gas. Since, the reactive
processes were the main ion loss channels in the above systems, to observe an
efficient anion sympathetic cooling we pursued to identify a system where the
detachment loss processes are suppressed. [220].

Theoretical investigations suggest that the molecular complex Rb-O~ has
several electronic excited states that are stable against autodetachment (their
corresponding anionic potential energy curves lie below the neutral one). Hence,
from the ground state entrance channel Rb (Sy2) + O7, all the possible paths
avoid the autodetachment region. Since the non-adiabatic induced detachment
can be ruled out, due to compact valence-bound orbitals and the large mass of the
systems, the associative electronic detachment rates should be very small. This is
in agreement with the trend observed for other alkali monoxide systems where
all the four relevant electronic ground states were found to be stable against
autodetachment [221, 222]. In addition to OH™ anions, atomic O~ anions are
also trapped in our system in large quantities, enabling us to experimentally
investigate the electronic quantum state-dependent detachment processes in

Rb-O7. These results are discussed in the following section.

5.2 Quantum state-dependent detachment processes

We present an experimental investigation on the quantum state-dependent anion-
neutral detachment processes. Different processes leading to the loss of anion’s
excess electron are identified for both ground state and excited state rubidium.
The rate coefficient for these detachment loss processes is estimated as a function
of the excited state fraction of rubidium. Since the only energetically feasible
channel for the ground state is the associative electronic detachment reaction,
the experimental findings are supported via potential energy surfaces describing
the AED reaction between O™ anion and rubidium atom in its ground state.

My contributions were in the stabilization and optimization of the experimen-
tal setup for data acquisition, where I performed all the experimental measure-

ments used in this work. With the techniques established from the previous work,
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I analyzed the data acquired and quantified the detachment loss rates between ru-
bidium atoms and O~ anions co-trapped in a hybrid atom ion trap. I also prepared
the final figures and the manuscript, except for the theoretical parts which were
written together with Dr. Milaim Kas. (affl. Deutsches Elektronen-Synchrotron
(DESY), Germany). Reproduced from [3], with the Permission of AIP Publishing.
Title: Quantum state-dependent anion-neutral detachment processes
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ABSTRACT

The detachment loss dynamics between rubidium atoms (Rb) and oxygen anions (O~) are studied in a hybrid atom-ion trap. The amount
of excited rubidium present in the atomic ensemble is actively controlled, providing a tool to tune the electronic quantum state of the system
and, thus, the anion-neutral interaction dynamics. For a ground state Rb interacting with O™, the detachment induced loss rate is consistent
with zero, while the excited state Rb yields a significantly higher loss rate. The results are interpreted via ab initio potential energy curves and
compared to the previously studied Rb—~OH™ system, where an associative electronic detachment reactive loss process hinders the sympathetic
cooling of the anion. This implies that with the loss channels closed for ground-state Rb and O~ anion, this system provides a platform to
observe sympathetic cooling of an anion with an ultracold heavy buffer gas.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0082734

I. INTRODUCTION

Anion-neutral reactions play a key role in diverse fields rang-
ing from organic chemistry studying Sn2 reactions' ~ to Earth’s
atmosphere“ ° and the interstellar medium.”” Over the last years,
many techniques were developed to study anion-neutral chem-
istry, including flow and drift tubes,” ' crossed beam apparatus,12 H
guided ion beams,"” ' and ion traps.l‘\‘ 20

Recent developments in the field of hybrid atom-ion traps
have further facilitated the study of cold and controlled ion-neutral
reactions.”’ These works demonstrate the influence of the nuclear
spin configuration”>*’ or the valence orbital on reaction rates, as
well as deviations from classical capture models at low collision
energies.”"”” With a large amount of control and tunability, these
hybrid traps provide a platform for investigating the dynamics of
ion-neutral systems.

A class of ion-neutral interactions unique to anionic sys-
tems are electronic detachment processes. Due to the small binding

energy of the electron, these detachment processes are frequently
observed and can occur via different channels.”** One of the most
extensively studied processes is the associative electronic detach-
ment (AED) reaction.”” *’ Here, the excess electron is detached from
the reaction complex to stabilize the formation of a neutral molecule.
This class of reactions is one of the main destruction mechanisms
of anions in the interstellar medium and plays a relevant role as an
intermediate step in the creation of other molecules.””" **

The system Rb-OH™ has been of particular interest for
theoretical and experimental studies while investigating AED
reactions.””"""*"" A recent comprehensive study on this system®
investigates the dynamics of electronic quantum-state dependent
AED reaction, where the reaction proceeds via a dipole-bound
intermediate complex. In the case of an excited state rubidium,
an unstable intermediate is formed, but for a ground state rubid-
ium, this complex is stable. The probability that the reaction takes
place is determined by the crossing between the anionic and neu-
tral potential energy curves (PECs). The important implications of
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these results were to identify the effective core potentials (ECPs) suit-
able to investigate such anion-neutral collisional dynamics and also
to quantify AED reaction as the main loss channel in the Rb—OH™
system. The latter is of key consequence in determining the fea-
sibility of sympathetic cooling of the anion via collisions with the
ultracold buffer gas of laser-cooled rubidium atoms. Sympathetic
cooling of atomic and molecular ions to ultracold temperatures via
a neutral buffer gas has paved way for multiple areas of research
particularly in cation-atom systems’' but is not as extensively inves-
tigated in anion-atom systems. In the Rb—~OH™ system, there is a
finite probability, even for Rb in its ground state to undergo AED
with OH™, making the cooling of the molecular anion rather ineffi-
cient. It can be inferred that limiting the loss from both the ground
and excited state channels is crucial to observing sympathetic
cooling.’

In order to study a system where the detachment loss channels
are potentially suppressed, we extend our work to investigate the
electronic quantum state-dependent detachment reactions between
Rb atoms and O™. With a mass ratio quite similar to Rb—~OH", the
cooling dynamics in this system will also be primarily influenced
by the presence of reactive processes. Based on the electron affinity
of Rb (0.49 eV**) and O (1.46 eV*’), the only energetically possible
channel for ground state rubidium interacting with O~ is the AED
process where Rb + O~ — RbO + ¢

Analogous to the Rb—OH™ case, in addition to AED, several
channels open for the reaction of O™ with excited state Rb, which
has an energy of ~1.6 eV higher than Rb in its ground state. As a
result, the following loss channels are also energetically accessible:

e Penning detachment (PD),

Rb*+0” - Rb+O+e .

e Charge transfer (CT),

Rb* +0™ - Rb*™ + 0.

o Electronic to kinetic energy transfer (leading to loss of the
ion from the trap),

Rb*+ 0O~ - Rb+ O + Egp.

Here, the loss channels PD and CT are exo-energetic, cor-
responding to an energy difference of AE~ -0.14 eV and AE
~ —0.63 eV, respectively. For Rb—-OH™ system, these channels were
shown to be negligible in comparison to AED. However, these
results cannot be straightforwardly extrapolated to the Rb-O~ sys-
tem. In particular, the Penning detachment reaction channel, closed
in the Rb—-OH" case, is an additional loss channel that will compete
with AED and is likely to be comparable with the latter.”® Together,
all these channels contribute to the ion losses from the trap.

In this work, we experimentally investigate the electronic quan-
tum state-dependent detachment processes between Rb atoms and
O~ anions in a hybrid atom-ion trap, where the fraction of electron-
ically excited rubidium in the atom ensemble is precisely controlled.
The atom-induced ion losses are measured as a function of this
excited state fraction, which yields a loss rate coefficient for ground
state and excited state rubidium interacting with O~. The possible
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loss channels are discussed, and the measured experimental results
are interpreted via ab initio potential energy surfaces describing the
most relevant AED process. Finally, the implications of these results
on the sympathetic cooling of O™ ions in such hybrid atom-ion traps
are discussed.

Il. EXPERIMENT

The experimental setup uses a hybrid atom-ion trap as shown
in Fig. 1(a). The ions are produced in a plasma discharged source,
from a mixture of argon gas and water vapor. The time of flight of
ions depends on the mass to charge ratio and is separated in the time
domain as they traverse through the Wiley-Mclaren spectrometer.
The ions are then mass-selected to only load the O™ ions into the
octupole radio-frequency wire-trap. The multipole trap configura-
tion provides a nearly field-free region, which decreases ion heating
caused by collisions in the radio-frequency field. The use of wires
in place of the conventionally used thicker cylindrical rods provides
the optical access needed for cooling or diagnostic laser beams. In
order to ensure stable trapping of O~ ions, a peak-to-peak radio-
frequency voltage of 340 V is chosen at an angular frequency of
w =27 - 6.8 MHz. The trapped ions are then thermalized for 200 ms
with a pulse of the helium buffer gas at room temperature. The
length of the buffer gas is chosen such that ions exhibit a thermal
behavior in their time-of-flight distribution. The temperature of the
ions is determined by mapping their temperature to their time of
flight during extraction from the trap. The temperature of the ion
cloud, after interaction with the helium buffer gas, is estimated to
be 370(12) K. Since the time-of-flight distribution is well-described
by a Gaussian distribution with no high-energy tails, we conclude
that the energy distribution of the trapped ions is thermal. A more
detailed description of the setup including an explanation of the used
thermometry method can be found in Ref. 40. The same method is
also used to measure the ion temperature after interaction with the
rubidium atoms. The spatial distribution of the ions is determined
via photodetachment tomography via a far-threshold laser beam.*!
In the axial direction, the ions exhibit a Gaussian distribution due to
the harmonic trapping potential in this direction. Radially, the spa-
tial distribution of ions is governed by the r° radial potential of an
octupole trap.

Once the ions are loaded in the trap and thermalized with the
helium buffer gas pulse, a laser-cooled cloud of ultracold 85Rb atoms
is created at the center of the ion cloud. The energy level scheme is
shown in Fig. 1(b). The atoms are loaded from a 2D magneto-optical
trap into a dark spontaneous-force trap (darkSPOT). In this config-
uration, the intensity of the repumper laser beam is suppressed, thus
reducing the number of atoms pumped into the cooling cycle and
increasing the number of atoms in the ground state F = 2. There-
fore, by tuning the intensity of the repumper laser beam, the number
of atoms pumped into the cooling cycle can be controlled. This is
quantified as the excited state fraction, defined as the ratio of num-
ber of atoms in the excited state (F' = 4 + F’ = 3) to the total number
ofatoms (F' =4 + F' =3 + F =3 + F = 2). The former is determined
via fluorescence imaging and the latter is determined via saturation
absorption imaging.”” The control on the amount of excited rubid-
ium provides a tool to investigate the electronic state-dependent
reaction dynamics of this system.
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FIG. 1. (a) Hybrid atom-ion trap setup. The ions are produced in the source chamber and loaded into the radio-frequency ion trap. The trap electrodes are shown in
different colors. The spatial distribution of the trapped ion cloud (purple cloud) is performed via photodetachment tomography with a far-threshold laser beam (shown in
green). The ions are concentrically overlapped with a laser-cooled ®Rb atom cloud (orange). After interaction with the atoms, the ions are guided toward the detector and
their temperature is extracted from their time of flight to the detector. (b) Energy level scheme for ®*Rb. The cooling and repumper transitions are shown in red and green,
respectively. In the darkSPOT configuration, the population of the state F = 2 is increased by spatially reducing the intensity of the repumper laser beam. This provides a
tool to control the electronic state configuration of the atomic ensemble, by changing the amount of rubidium present in the excited state 5%P5, o the ground state 52S;,.

IIl. DETERMINATION OF RATE COEFFICIENTS

Once the loading of the atoms in the trap (at the center of the
ion cloud) starts, the atoms and ions undergo elastic and reactive
collisions. The elastic collisions transfer kinetic energy from the hot-
ter species, resulting in the sympathetic cooling of the ions. In this
case, O™ anions are cooled sympathetically via elastic collisions with
ultracold rubidium. The reactive collisions result in the loss of the
anions due to the formation of rubidium monoxide. The ion num-
ber and their time-of-flight distribution are recorded for different
interaction times with the atom cloud. The time ¢ = 0 represents the
start of the loading of the atoms in the trap.

The overlap @(t) between the two clouds depends on their
density distribution and is defined as

t
O(t) = fo Pion (%, ¥, 2, T(t)) patom (%, ¥, 2, t) dxdydz. 1)

Here, p,,,,, and p, = are the time-dependent density distributions of
the atom and ion cloud, respectively. The time-dependence of the
atom cloud distribution is described as

Patom () = patom,0(1 — exp(~t - L)), @

where p,, . the peak atom density, and L, the loading rate, are the
fit parameters obtained by fitting the measured data to Eq. (2). The
measured loading of the atom cloud and its corresponding fit and fit
parameters are shown in Fig. 2(a). The atom density distribution is
experimentally determined via saturation absorption imaging. The
initial density distribution of ions (at t = 0) is determined via pho-
todetachment tomography. This density distribution is dynamically
altered due to elastic collisions with the atoms. As the ion tempera-
ture changes, the spatial distribution of ions also evolves accordingly.
The ion temperature after interaction with the atom cloud is shown

in Fig. 2(b) (purple points). The interpolation of the ion temperature
as a function of the interaction time is calculated (purple curve), rep-
resenting the time-evolution of the density distribution of ions. After
the time-dependent density distributions of the atom and ion cloud
are estimated, the overlap is calculated via Eq. (1), and the evolution
of the ion number N;(t) is described as

Ni(t) = No - exp(—kAtQ(t')dt')exp(—kpdt). (3)

Here, Ny is the initial number of ions at f = 0, k is the reactive rate
coefficient, and kpq is the background photodetachment loss. The
photodetachment threshold of O™ (x1.46 eV) is lower than that of
the cooling light needed for cooling *’Rb (~1.6 €V). The ion loss rate
due to the photodetachment of the anion is determined via an inde-
pendent measurement (blue points in Fig. 2(c)], where the atoms are
not loaded into the trap but the cooling (and repumping) laser beams
are switched on. An exponential fit to the ion number recorded after
the interaction time with these laser beams yields the photodetach-
ment rate kpq [blue curve in Fig. 2(c)]. With all these parameters
pre-determined, the measured ion losses due to the varying inter-
action time with the atoms [red points in Fig. 2(c)] are fitted with
Eq. (3) [red curve in Fig. 2(c)], yielding the reaction rate coefficient
k for a given excited state fraction.

As previously mentioned, by tuning the intensity of the
repumper laser beam, it is possible to vary the amount of excited
rubidium in the atomic ensemble, i.e., the excited state fraction. The
reaction rate coefficient, k, is determined for various excited state
fractions, and the observed dependency is plotted in Fig. 3. From
a linear fit (green line) through the experimentally measured data
(black points), the reaction rate coefficient in the case of an excited
state rubidium interacting with O™ anion is measured as kes = (1.8
£0.1) - 107 cm® s7'. In the case of a system with ground state
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FIG. 2. Temporal evolution of atom density, ion temperature, and normalized
ion number are shown. The statistical errors of the measured data (points) are
smaller than their point size. (a) The measured time-evolution of the atom den-
sity is shown (orange points). This is fitted with the function in Eq. (2) yielding
the atom cloud loading rate, L = 0.87(3) s~ and the peak atom density, Patom0
=4.42(5) - 10" cm~2 (orange curve). (b) The measured time-evolution of the
ion temperature due to interaction with an ultracold buffer gas is shown (purple
points). The interpolation function for the ion temperature as a function of the
interaction time (purple curve) provides the corresponding change in the density
distribution of ions. (c) The measured normalized ion losses as a function of the
atom-ion interaction time. Here, the background loss rate, kng = 0.339(6) s~ is
determined without the presence of atoms (blue points), fitted with an exponential
decay function (blue curve). For an exemplary excited state fraction of 0.113(5),
the ion losses with the atoms (red points) fitted with Eq. (3) (red curve) yield
the reaction rate coefficient k = 1.95(4) - 10~'° ecm® s=". The uncertainty due
to systematic errors is estimated to be ~40%.

rubidium, the extrapolation of the fit to zero (fit intercept) yields
the reaction rate coefficient as kg5 = (=0.8 £3.1) - 107" cm’ s7'.
The systematic errors are estimated at ~40% and attributed to the
errors in the characterization of the atom cloud diagnostics via

fluorescence imaging and saturation absorption imaging.

IV. INTERPRETATION

Experimental results show that the loss rate coefficient for the
ground state Rb interacting with O~ is consistent with zero. As dis-
cussed earlier, the AED channel is the only energetically possible loss
channel in the Rb-O™ system, where Rb is in the ground state. AED
reactions occur if the potential energy curves for the anionic and
neutral systems cross, thus enabling a transition between the two
systems. If such crossings are not energetically accessible, the detach-
ment can only be triggered through non-adiabatic couplings,*’ for
which the rate of electron detachment is several orders of magnitude
smaller than for the former mechanism.*!

In order to confirm if such crossings are present along the
ground state reaction path, the potential energy curves (PECs)
that correlate with the entrance channel Rb(*S) + O~ have been
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FIG. 3. Electronic state-dependent reaction dynamics. The reaction rate coeffi-
cients for different electronic configurations of the atomic ensemble are plotted
as a function of the corresponding excited state fractions of the atom cloud. The
experimentally measured data (black points) is fitted with a linear function (green
line). The error bars of the data points represent the Gaussian propagated statisti-
cal errors. The slope (intercept) of the linear fit yields the reaction rate coefficient
of O~ interacting with excited (ground) state rubidium. The green shaded region
shows the 95% confidence bands of the true fit.

calculated using ab initio methods. All calculations have been per-
formed with the MOLPRO program.” The Davidson corrected
multi-reference configuration interaction with single and double
(MRCISD + Q) method® is applied to a set of state-averaged molec-
ular orbitals obtained using the complete active space self-consistent
approach (CASSCF). The active space includes 6 ¢ and 2 7 orbitals,
corresponding to valence orbitals and inner-valence shells of the
Rb atom (4s and 4p orbitals). The multiconfiguration Dirac-Fock
(MDF) electron core potential and the corresponding spdf
segmented valence basis set,”” augmented by a set of 3s, 2p, and
1d even-tempered diffuse functions, have been used to describe the
28 core electrons and the 9 outer electrons of Rb, respectively. The
oxygen atom has been described by the quadruple zeta augmented
valence correlation-consistent Dunning basis sets” (AVQZ). The
calculated PECs are depicted in Fig. 4. The main panel shows the
four molecular RbO™~ states that correlate with the ground state
entrance channel Rb(?S) + O™: '2*, 3%, '1, and II. Their energy
ordering follows the trend seen in other alkali oxides."””’ All anionic
states are valence bound states that are all stable against autodetach-
ment, i.e., their respective detachment energies (energy gap between
anion and neutral PECs at their respective minimum) are positive.
This is predicted to be about 1.2 eV, as compared to about 0.3 eV
for the case of Rb-OH™,* and the AED reaction is predicted to
be exo-energetic (AE » —1.1 eV). In addition, no crossing between
anion and neutral PECs can be seen along the reaction path. Due
to the large reduced mass and rather large detachment energies, the
non-adiabatic detachment rate is expected to be orders of magni-
tude smaller than the Langevin rate of 4.4 - 10~ ¢cm® s™'.5! Thisis in
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FIG. 4. The main panel shows the potential energy curves (PECs) describing the
four molecular states that correlate with the Rb (?S) + O~ ground state channel
(colored lines) and the neutral ground state RbO (black line). The smaller inset
shows the anion PECs around the potential well. The dashed line corresponds to
the energy at the ground state entrance channel.

agreement with the previously determined negligible rate coefficient
for the ground state.

The collisions of O~ with excited Rb lead to losses with a mea-
sured rate coefficient of kes = (1.8 £0.1) - 10~ cm® s~'. Even con-
sidering the systematic error of 40%, this value is significantly lower
than the Langevin rate of 7.4 - 10~° cm® s™". Such a discrepancy was
also observed in the previous work investigating the Rb~OH™ case.*®
These results indicate the presence of other processes in the system,
which suppress the coupling into the autodetachment manifold. The
reduced loss rate from the excited channel could be explained by the
presence of higher-lying excited states that are stable against autode-
tachment, thus providing reaction paths that avoid the loss channels.
In addition, some dynamical stabilization processes may occur, lead-
ing to non-unity detachment probability when the autodetachment
region is reached. This could result in an overall reduced loss rate. A
thorough theoretical investigation of the stability of the higher-lying
excited states against autodetachment is needed to quantitatively
explain the observed deviation for the excited state.

V. CONCLUSION

We have measured electronic quantum state-dependent loss
rates in a hybrid ion-atom trap involving ultracold Rb atoms and
trapped O™ anions. The energetically allowed electron detachment
processes are identified as associative electronic detachment (AED)
for the ground state Rb(*S) + O~ channel and AED, charge-transfer,
and Penning detachment for the excited state Rb(*P) + O~ chan-
nel. A detailed theoretical description of the structure, dynamics,
and stability of the excited state of the Rb—-O~ system and an exper-
imental framework to distinguish these different loss channels is
required. In this work, we observed a vanishingly small loss rate for
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the reaction with Rb in its ground state. The potential energy curves
are calculated using ab initio methods. The AED channel is pre-
dicted to be exo-energetic. However, all anionic states are found to
be stable against autodetachment, and no crossings into the autode-
tachment region are seen, supporting the experimentally observed
vanishing rate coefficient. For reactions involving excited Rb, a rate
significantly lower than the Langevin rate is observed, indicating the
presence of dynamical stabilization processes. This discrepancy is
similar to the one observed in the Rb—~OH™ case.

From the results obtained for the ground state rate coefficient,
it can be inferred that it is possible to minimize the O ion losses by
confining rubidium atoms only in their ground state, for example,
in a dipole trap. Additionally, a far-detuned dipole trap would also
suppress photodetachment losses, which would result in a higher
number of elastic collisions, resulting in a more efficient sympathetic
cooling of the ions.

Besides the atom-to-ion mass ratio, the key properties that gov-
ern the dynamics of ion sympathetic cooling in the trap are the
ion-ion thermalization rate, the atom-ion elastic collision rate, and
the atom-ion reactive collision rate. The ratio of atom-ion elas-
tic to reactive collision rate is critical in determining the cooling
efficiency.”” Considering the measured loss rate, this elastic to
reactive collision ratio is estimated to be an order of magnitude
larger in the Rb-O~ system as opposed to the Rb-OH™ system,’
making it feasible to observe anion sympathetic cooling in this sys-
tem. The first signatures of anion sympathetic cooling are already
seen in this work [see Fig. 2(b)] and will be further investigated in
the future.
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CHAPTER 5. DYNAMICS OF ATOMIC ANIONS WITH ATOMS

5.3 Sympathetic cooling of atomic anions

From the investigations into the quantum state-dependent detachment processes
between Rb and O™, we infer that the detachment loss channels for the case of
ground-state rubidium are negligible. In this section, we discuss the implications
of the above findings in the context of sympathetic cooling of anions via an
ultracold buffer gas. Firstly, we demonstrate the cooling dynamics for different
relative overlaps between the atom and the ion cloud, followed by a discussion
of the different types of collisions that occur in the system. These results were
presented in detail in [168], and offer comprehensive complementary insights to
the following discussion.

Despite a similar atom-to ion mass ratio as compared to the Rb-OH™ system,
the ratio of elastic to reactive collisions in the Rb-O~ system is significantly larger
than the former. This makes it feasible to experimentally observe the sympathetic
cooling of O~ anions via ultracold buffer gas, Rb.

Once the ions are loaded into the trap, they are thermalized to a temperature
of 370(16) K via collisions with a pulse of helium gas at room temperature. This
thermal ensemble of ions is then overlapped with an ultracold atom cloud. By
moving the atom cloud, along the axial trapping direction, the overlap between
the two clouds can be changed. The results for the observed sympathetic cooling
of O~ and the corresponding ion losses for two different relative axial positions
Az, of the atom-ion clouds are shown in Figure 5.1 (a). For almost concentric
atom-ion clouds, i.e., Az = —0.3 mm the ions cool to a final temperature of 30(2) K
in three seconds. For Az = 1.45 mm, after five seconds of interaction time, the
final temperature reached is 90(6) K. The higher temperature is a consequence
of the smaller total overlap between ions and atoms, resulting in fewer cooling
collisions. Assuming the ion-ion thermalization rate is always much greater than
the ion-atom elastic or reactive collision rate, the change in the temperature of
the ion ensemble T7, is described as [168]:

n-xe( ) [

3 7
(ikBTAwVeff(x,y)) - (ngTl—Vo—u,y,z))

(Ea(r)

(5.1)
3\(1
p1(x,y,2, TDpa(x,y, 2, t)dxdydz} + (5) (g) Tiev;;(T1)

v~

THeat

Here, k] is the ion-atom elastic collision rate-coefficient based on the Langevin
scattering model [223], <AE—E> is the mean relative energy exchange, and (E A(r)) is
the radius-dependent mean atom energy [164], which depends on the atom cloud

temperature T's, atom-ion mass ratio ¢ and effective radial potential Vegl(x, y).




5.3. SYMPATHETIC COOLING OF ATOMIC ANIONS

The trapping potential V- is determined experimentally via photodetachment
tomography, p1 and pa are the spatial density distributions for the ion and the
atom cloud respectively. The ion-ion heating rate T'Heat, is the same as described

in Section 3.4.
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Figure 5.1: Cooling dynamics between O~ anions with rubidium for different
relative positions between the atom-ion cloud. The measurements to account
for the photodetachment losses due to cooling lasers are recorded without
the presence of atoms and are shown in black. (a) The evolution of the ion
temperature as a function of interaction time with the atoms is shown. The inset
shows the relative positioning of the atom-ion clouds in the axial direction. The
ions’ spatial density distribution is shown in purple, along with an illustrated
atom distribution centered at —0.3 mm (green) and 1.45 mm (red) relative to the
center of the ion cloud. (b) The time evolution of the normalized ion number is
shown. The points are the experimentally measured data and the solid curves
represent the numerical solution corresponding to Equation 5.1 and Equation
5.2. Figure adapted from [168].

The time-evolution of the number of ions N1 shown in Figure 5.1 (b), is de-
scribed as follows (including the temperature-dependent ion density distribution):

Ni=N [ pie,3,2, THEDpa(s, 3,2, 0 dxdydz = hngaly (5.2)

where x; and kpgq are reaction rate coefficient (in cm? s71) and the background

loss rate (in s™1) respectively.
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By numerically solving the two coupled differential equations, Equation 5.1
and Equation 5.2, the O™ anion sympathetic cooling dynamics are described. A
detailed description of the procedure for the experimental measurements and the

derivation for the thermodynamic model is explained in [168].

(a)

40
—
l(l) —@— ion-ion thermalization rate, vy,
— 20 -1 -@- ion-atom elastic collision rate, Vg
% ..@-- ion-atom reactive collision rate, v,
o

2 ) .3
Interaction time [s]

Figure 5.2: Rates of different relevant collisions that occur in the Rb-O™ system
for two different atom-ion overlap configurations. (a) The atom-ion clouds are
almost concentrically placed, with a relative axial displacement of Az = —0.3 mm.
It can be seen that the ion-ion thermalization rate (solid lines) and the ion-atom
elastic collision rate (dashed lines) are on the same order of magnitude. The
ion-atom reactive collision rate is also shown (dotted lines). In contrast, as
shown in (b) for a relative axial displacement of Az = 1.45 mm a clear separation
between the two rates is seen. The points are the experimentally measured data,
while the lines (solid, dashed, and dotted) are a guide to the eye. Figure adapted
from [168].

It can be seen in Figure 5.1, that the derived thermodynamic model can
explain the observed cooling dynamics reasonably well for the larger axial dis-
placement between the atom-ion cloud, but significant deviations occur from the
thermodynamic model for smaller displacements, i.e., for Az = —0.3 mm particu-
larly for longer interaction times. The deviation of the model can be explained by
analyzing the timescales or rates of different types of collisions that occur in the

system for two varying relative atom-ion overlaps, as shown in Figure 5.2. The
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ion-ion thermalization rate vy, is calculated as [168]:
n1e4logAﬁ
Vth = 9
12e5/m3m(kpTr)3

where ng is the ion number density, logA;; is the Coulomb logarithm, ¢g is the

(5.3)

vacuum permittivity and m is the mass of the ion. The ion-atom elastic collision
rate v, and reactive collision rate v, are described as follows:
o0
Vel = Kelf PI(x,y,Z,TI(t))PA(x,yyZ, t)dxdydz
-0
oo (5.4)
Vr =Ky f p1(x,y,2, T1i(t)palx,y,2,t)dxdydz
o0
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Figure 5.3: Resultant normalized TOF distributions for the two atom-ion rel-
ative displacements. (a) For Az = —0.3 mm, after an interaction time of three
seconds, shown in green, and (b) for Az = 1.45 mm, after an interaction time of
five seconds, shown in red. The black solid lines correspond to the Gaussian
fit, whereas the blue dashed lines correspond to a Tsallis fit (as defined by
Equation 5.5). The deviation, seen in the wings in (a), between the Gaussian
and the Tsallis fit represents the deviation of the ion distribution from a thermal
behavior. (¢) The evolution of the Tsallis g-parameter as a function of time is
shown. For ¢ — 1, the ion ensemble is said to be thermal whereas, for g > 1, the
ensemble is said to be non-thermal.

The high atom-ion elastic collision rate for Az = —0.3 mm, results in the

breakdown of our thermodynamical model which assumes that the ion-ion ther-
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malization rate is significantly higher than the rates of other processes in the
system. As seen in Figure 5.2 (a), the ion-ion thermalization rate and the atom-ion
elastic collision rate in this case are rather similar and unlike in Figure 5.2 (b) for
Az = 1.45 mm, no clear separation between the two time-scales (or rates) can be
observed. This explains the deviation of the experimentally measured data from
the model, for Az = —0.3 mm, as our ion distribution is no longer thermal. This
non-thermalicity of the ion distributions is also seen in their corresponding time-
of-flight (TOF) distributions as shown in Figure 5.3 (a) and (b) for Az = -0.3 mm
and Az = 1.45 mm respectively. The deviation from the thermal distribution is
quantified by fitting the data with the following Tsallis fit [224, 225]:

()

pror(t)=A- (5.5)

N2
1+(1_q)(_(t to))

2
20710F

where ¢ is the shaping parameter and o7 is the width of the TOF distribution.
For ¢ — 1, the ions exhibit a thermal distribution, and deviations from this regime
represents the emergence of non-thermal regimes where the assumptions for the
validity of our thermodynamic models breaks down [164], as seen for the case of
Az = —0.3 mm. The time-evolution of this g-parameter is shown in Figure 5.3 (c).

With these experimental investigations on the electronic quantum state-
dependent detachment losses between Rb and O™, we gained insights into the
feasibility of the anion’s sympathetic cooling in the system. By minimizing the
fraction of excited rubidium in the atomic ensemble, we observed anion cooling to a
final temperature of 30(2) K. The ions’ radial potential could be well-approximated
with a r® potential and the measured experimental data was reasonably described
via a thermodynamic model, for the case when the ion-ion thermalization rate is
greater than the atom-ion elastic or reactive collision rate. The photodetachment
of the O™ anions due to the atom cooling lasers was the major loss channel in
this system. A possible solution to circumvent this problem would be to confine
Rb atoms in a dipole trap, which would not only suppress the ground-state
detachment losses but would additionally suppress the photodetachment losses
due to the lower photon energies of the laser beams used for dipole traps.

In conclusion, the hybrid atom ion traps, provide an ideal platform to study the
sympathetic cooling of both molecular and atomic anions via ultracold atoms. With
the right combination of the atom-anion species, ensuring a favorable mass ratio
for efficient anion cooling, as well as by suppressing the reactive loss channels,
it is possible to observe anion sympathetic cooling to the current state of the art

regime of cryogenic temperatures.
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SYNOPSIS

Summary & Outlook

his work started with the aim to investigate the novel dynamics that
occur in anions during their interaction with ultracold atoms in a hybrid
atom-ion trap. In this chapter, the insights derived from the motivation,
methods and results presented in this thesis are summarized. The important
conclusions and their implications on the study of anion-neutral interactions and

the future prospects of anion cooling to the ultracold regime are discussed.

The omnipresence of anions in varied environments has motivated several
theoretical and experimental investigations on not only the fundamental and
structural properties of anions but also on studies of their interaction dynamics
with charged and neutral particles. Recent technological advancements in the
hybrid trapping of atoms and ions in the same experimental apparatus have led
to enormous developments in the field of exploring cation-neutral interactions
[54, 56]. Some of these works include sympathetic cooling of a single ion in a BEC
[63], rotational cooling in Coulomb-crystallized molecular ions [193], electroni-
cally excited state-dependent reactions [64, 68], and observation of Feschbach
resonances in the ultracold s-wave regime which, until recently, had rather been
elusive [226].

Motivated by the success of hybrid atom-ion traps in elucidating the cation-
neutral interaction processes, the idea of combining anions and ultracold atoms
in such a hybrid system was developed as a natural consequence. In the earlier
experiments, hydroxide OH™ anions trapped in an octupole radio-frequency wire

trap were combined with rubidium atoms in a magneto-optical trap [162]. In-
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vestigatory studies on anion-neutral associative electronic detachment reactions

were discussed in the context of anion sympathetic cooling via an ultracold buffer
gas. The experimental setup was later modified to trap atoms in a darkSPOT
configuration to achieve high atom densities up to 10! ecm3s™! and the flexibility

to tune the electronic state configuration of the atomic system [171, 179].

Anion-atom diagnostics

Within the framework of this thesis, the key focus was on the investigations of
the anion-neutral elastic and reactive collision processes. In order to model these
dynamics, various diagnostic methods to characterize our atomic and anionic
systems were employed, which were discussed in Chapter 2. The imaging of
the high-density atomic cloud, via the well-established method of saturation
absorption imaging, provided information on the time-evolution of the atom
density and the total atom numbers [166, 181]. The number of atoms in the
excited state was determined by imaging the atoms’ fluorescence onto another
CCD camera. The ratio of the number of atoms in the excited state to the total
number of atoms gives the excited-state fraction for the rubidium atom cloud. For
the anion ensemble, the spatial density distribution in both the axial and radial
direction is determined via far-threshold photodetachment tomography [167, 180].
The ions’ axial distribution is governed by the harmonic potential created by the
static voltages on the trap’s electrodes, whereas in the radial direction the ions’
spatial distribution is influenced by the r® potential of an octupole trap.

This previously established technique provided insights into the ions’ spatial
distribution, but the information on the temperature of the ions in the trap
was still missing. Although the ions in the trap are initialized with a room
temperature buffer gas, it is well-known in the field of ion-trapping that rf-field
induced micromotion may result in the heating of the ion ensemble during elastic
processes. This renders the temperature determination of trapped ions in a
multipole ion trap non-trivial, thus prompting a need for a thermometry method
to determine trapped ions’ translational temperature. Doppler spectroscopy is one
possible thermometry method for translational temperature determination but
requires the feasibility to address multiple electronic transitions, rarely found
in anions. However, these are very time-consuming methods and require prior
knowledge about the anion’s spectroscopic properties.

With this motivation, we developed a time-efficient thermometry technique,
discussed in Chapter 3, which can be used to determine the translational temper-
ature of any anionic species trapped in a multipole ion trap. In our simulations,
we use OH™ anions as an example case for the thermometry method and the

results are published in [1].




ANION-ATOM DIAGNOSTICS

We start by providing a detailed description of the experimental system with
a focus on the octupole wire ion trap. A qualitative description of the potential
landscape of the trap’s electrodes during loading, trapping, and extraction of the
ions onto the detector is provided. Traditionally, multipole ion traps employ the
use of ideal cylindrical rods or hyperbolic rods due to their mechanical strength
and durability. However, the optical access the wires provide is pivotal for the use
of laser beams to overlap the trapped ions with ultracold atoms.

To determine the dynamics of ions trapped in a radio-frequency ion trap,
an adiabatic approximation is used which provides a pseudo-static effective
potential and the electric fields the ions experience in such traps [138]. The
energy distributions of trapped ions, in three traps involving cylindrical rods,
hyperbolic rods, and cylindrical wires are simulated in COMSOL Multiphysics
5.4 software [227]. It uses a finite-element method for the calculation of static
potentials and rf fields in ideal multipole traps (with infinitely long wires and no
endcaps). It was observed that for sufficiently high voltage, it is possible for the
traps with cylindrical rods and wires to match the effective potential created via
the use of hyperbolic rods. The discrepancy in the effective potential increases as
one goes radially farther away from the center. Since in our system, the ions are
initialized by a room temperature helium buffer gas pulse, and the ions mostly
traverse in the inner regions of the trap, the influence of the observed deviations
is minimal as long as the voltage is high enough to ensure stable trapping.

To further investigate the influence of the trap geometries on the temperature
of the ions, the thermalization of the OH™ ensemble with a helium buffer gas at
293 K, was investigated with a Monte-Carlo approach. The mean speed of the ions
0 was calculated, in a molecular dynamics simulation, for each trap configuration,

and the temperature of the ion ensemble T7 is given as:

Tmo?

T = 6.1
I Skn (6.1)

It was shown that the choice of rod geometry does not significantly alter the
energy distribution or the temperature observed for the ion ensemble, as long
as the voltages are scaled accordingly. However, the temperature observed is
significantly larger than that of the buffer gas used which is attributed to the
heating effects induced by the rf-field.

To characterize the temperature determination of trapped ions in our system,
a 3D model of the setup including the endcap and shielding electrodes was
used to simulate the potential landscape created. Following the Monte-Carlo
approach, the energy distribution of OH™ ions, undergoing elastic collisions with

a homogeneously distributed helium buffer gas, is calculated. The simulated data
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is represented via a Maxwell-Boltzmann as well as a Tsallis distribution, for

comparing the ions’ distribution in different energy regions. In the low to mid
energy region, the ions’ energy can be well described via a thermal distribution
whereas in the high-energy region, non-thermal behavior emerges which is then

better described via a Tsallis distribution.

The ions’ spatial distribution in the axial direction is experimentally mea-
sured and compared to the ones obtained via simulations. While a deviation
between the Gaussian and Tsallis distributions was seen near the peak of the ion
distribution, no significant deviation near the wings was observed. This shows
that the influence of the high energy tails representing the Tsallis-like behavior
is negligible at the room temperature-like conditions. In our work, the tempera-
tures are estimated via thermal ion distribution, and minor deviations from the
thermal behavior, if any, are not taken into account. It is noteworthy to add that,
particularly at lower ion temperatures, it is possible to observe a significantly
non-thermal behavior and a more extensive characterization of the ion cloud’s

energy distribution via Tsallis statistics would be needed.

Two additional effects were also characterized during the scope of this work.
One was the determination of the surface charges that accumulate on the printed
circuit boards used in the trap assembly. These charges can change the effective
potential that the ions experience and must therefore be accounted for. The pho-
todetachment tomography measurements for a certain voltage on the endcap
were performed and the surface charges were adjusted until the simulated ion dis-
tribution matches the measured data. Once the distributions match, the potential
landscape used for subsequent simulations is then modified accordingly. Another
effect arises due to the symmetry-breaking of the potential, which results in the
regions of local potential minima which we term "pockets" [228]. This effect is
more pronounced at lower temperatures as the ions spend more time in the local

minima, resulting in an increased ion density in those regions.

Taking these effects into consideration, the temperature of the ions in the
trap is mapped onto their time of flight to the detector. This provides a calibration
curve as well as establishes a linear relationship between the variance of the ions’
TOF distribution measured experimentally and the temperature of trapped ions.
With this, a time-efficient and reliable thermometry technique was developed for
our system. Further, the results of this work are applicable to any anionic species

stored in a multipole trap.

In addition to the published work, an analytical description of the linear
mapping between the ion temperature and their TOF is discussed in Section 3.3.

A one-dimensional case is considered where ions, starting at the same position
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with velocities sampled from a thermal distribution, are directed towards a
detector. Accounting for the turn-around time of the ions and the time of flight
incurred due to different acceleration stages, we show that a linear relationship
between the ions’ TOF and their velocity exists. This idea can be extended to any
extraction potential by approximating it as a sum of several linear accelerating
stages and the linearity between ions’ TOF variance and their translational
temperature is conserved.

In Section 3.4, we demonstrate the application of this thermometry method by
determining the temperature of OH™ anions as they undergo forced evaporative
cooling via a far-threshold photodetachment beam. The hotter ions at the periph-
ery of the ion ensemble in the trap are dynamically removed via a laser beam
moving at a chosen speed towards the center of the trap. The remaining ions
then rethermalize to a colder temperature. The initial position of the laser beam
always remains the same and the effective interaction time of the ions with the
laser beam is determined by the beam’s final position. The ions’ TOF distribution
is recorded and with the mapping established, a final temperature of 2.2(8) K
is obtained for a beam speed of vpp = 1.0 mm s~ 1. The experimental data are
represented by a full thermodynamical model, with all the parameters like the
trapping potential, ion-ion heating rate, etc. pre-determined without any fitting
parameters. The time-evolution of the ion temperature obtained experimentally
via the TOF thermometry method and the temperature from the theoretical
model are found to be in reasonable agreement with one another. With these
measurements, the technique of forced evaporative cooling proposed decades ago
in [92], is experimentally demonstrated for the first time and temperatures below
those obtained via cryogenic buffer gas, are reported. This technique presents
a novel case of the anion-photon interactions, where any anionic species can be

cooled to the Kelvin regime via laser-induced forced evaporative cooling.

Investigations on anion-atom interactions

With the diagnostic methods, we have the temporal evolution of the spatial density
distribution of the atom and ion cloud determined, including the possibility to
map the temperature evolution of the ions as they undergo interaction with other
particles. Employing these tools one can model the anion-atom collisions as they
are overlapped in a hybrid atom-ion trap. Once the ions and atoms are overlapped,
the elastic collisions result in the cooling of ions and the reactive collisions result
in the loss of ions from the system due to different possible reaction channels. For
molecular anions, another kind of inelastic collisions are additionally possible,
where the ions undergo cooling in their internal (rotational and vibrational)

degree of freedom, but in this work, we limit ourselves to investigating the
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interplay between elastic and reactive collisions in the anion-atom system.

In Chapter 4, we investigated the dynamics of the molecular anions interact-
ing with ultracold Rb. The first ion species of interest was the OH™, as it is one
of the simplest and most well-studied molecular anions. Preliminary investiga-
tions on the Rb-OH™ system were performed in [162] and the reactive collisions
were studied in the context of anion sympathetic cooling, where the reaction
rate for the associative electronic detachment (AED) process was derived. It was
conjectured that by limiting the interaction between the ions and the atoms in
the MOT, cooling the ion via "good" elastic collisions with the neutral partner
might still be feasible. The system of Rb-OH™ has also been a point of interest
for several theoretical investigations, where the choice of different effective core
potentials led to divergent results for AED between OH™ and rubidium in its
electronic ground state [84, 85, 86]. While the earlier theory [84] predicted this
channel to be closed (as long as the ions are in their vibrational ground state), the
recent theoretical investigations in [85, 86] predicted a finite probability for AED
reaction to occur even for rubidium in its electronic ground state. In our system,
we ascertain that the ions undergo thermalization with a helium buffer gas at
room temperature which ensures that the ions are in their vibrational ground
state. So while the former theory would predict AED reaction to being suppressed
as long as the amount of excited rubidium in the atomic ensemble is low enough,
the latter theory suggests appreciable ion losses due to AED even for the case of

Rb in its ground state.

The darkSPOT configuration in the current setup provides a possibility to tune
the electronic state of the neutral collision partner to experimentally investigate
the ion losses incurred due to the AED reaction channel. The key focus was to
identify and quantify these reactive loss channels to further the understanding
of anion sympathetic cooling. As it is rightfully said, "Beauty lies in the eyes of
the beholder”, what started as an investigatory study into the "bad" reactive loss
processes, revealed novel interaction dynamics between a closed-shell anion OH™
and an alkali metal atom Rb and formed the basis of the work published in [2].
The reactive collisions between OH™ and Rb in its electronic ground state (2S)
and excited state (2P) were theoretically and experimentally studied at 355(10) K.
It was observed that of all the different reactive processes that are energetically
feasible, AED is the most likely process to occur in the system resulting in the

formation of a neutral molecule via Rb + OH™ — RbOH+e™.

The potential energy surfaces as a function of the distance between the Rb
atom and the center of mass of OH™ anion were calculated, and the crossing

points between the anionic and neutral curves were investigated to determine
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the probability of the occurrence of the AED reaction. For ground-state rubid-
ium, when the angle of approach between the atom and anion is 8 = 20°, then
the crossing becomes inaccessible, while for 6 < 20°, the crossing is found below
the energy of the entrance channel, and the AED reaction proceeds in such a
configuration. The dipole moment of the Rb-OH system decreases with decreas-
ing inter-atomic distance but increases with increasing 6. For higher angles of
approach, the dipole moment is high enough to support a stable anionic state.
But for certain angles of approach, the crossing occurs at a short range, as the
electron is bound to the intermediate complex primarily via weak dipolar forces.
Due to these steric influences, the expected reaction rate is much lower than that
predicted by the Langevin capture rate. For excited state rubidium, a reaction
rate close to the Langevin rate is expected, since in this case a short-lived dipole-
bound intermediate complex is formed and it is shown that all possible potential
energy surfaces pertaining to the excited state rubidium lead to a crossing into

the autodetachment region.

Experimentally, we measure the ion losses as a function of interaction time
with the atomic cloud. We determine the reaction rate coefficient « for a certain
fraction of excited Rb in the atomic ensemble as discussed in Chapter 2. It is
to be noted that tomographic scans for different anion-atom interaction times
showed no appreciable change in the OH™ ions’ spatial density distribution, thus
the ion-atom overlap is calculated with an ion distribution constant in time.
The measurements are repeated for varying excited state configurations of the
rubidium and a linear dependency between the excited state fraction and the
corresponding reaction rate coefficient is established yielding the AED reaction
coefficient between OH™ and rubidium in the ground state and excited state. For
ground-state Rb, our experimental findings are in agreement with the abd initio
calculations. As expected, a reaction rate much lower than the Langevin reaction
rate is observed, highlighting the influence of steric effects in the formation
of a stable intermediate dipolar complex and in mediating the AED reaction.
However, for the excited state case, the deviation of the experimentally observed
reaction rate coefficient from that obtained via both the Langevin capture model
and ab initio calculations, hints at the presence of other dynamical stabilization
processes that are not taken into account in the current study. In this work, we
expanded the understanding of AED reaction dynamics and demonstrated the

dominant influence of a dipole-bound state in mediating the reaction process.

The finite reaction rate observed for the ground state Rb interacting with
OH™, also showed that the AED reaction rates in the system are enough to induce

significant ion losses and thus, suppress efficient anion sympathetic cooling via
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elastic collisions with a Rb buffer gas. This motivated the study of collision

dynamics in Rb and hydrated hydroxide OH™(H30) anions, presented in Section
4.3, where a smaller atom-to-ion mass ratio, provides more favorable conditions
for efficient sympathetic cooling of the molecular anions, via a localized ultracold
buffer gas [163, 164, 170].

We described the process of ion cloud preparation and selection of OH™(H20)
anionic species in the trap, which was then overlapped with an ultracold rubidium
cloud. For an excited state fraction of 10.5(7)%, a final temperature of 26(3) K is
attained in less than eight seconds and a reaction rate coefficient of x = 1.42(4)-
1072 cm®s™! is determined. However, an offset in the ion number is observed
which hints at the presence of other anionic species in the trap. This is also
confirmed by the offset seen in photodetachment tomography, where for a very
long interaction time with the far-threshold laser beam all OH™ (H20) anions
should have been photodetached. The source of the other species could not be
conclusively determined and introduces an additional source of systematic error
in the determination of the reaction rate coefficient in the system. Nevertheless,
it can be safely said that, within the systematics of our system, the reaction rate
is comparable to that in the Rb-OH™ system, but a favorable mass ratio of the
Rb-OH™(H20) system results in an efficient cooling of the anions via collisions
with ultracold Rb buffer gas.

The ratio of elastic-to-reactive collisions, in the anion-atom interactions, can
be increased by suppressing the reactive losses. Theoretical investigations on
O~ with alkali metals showed that these alkali monoxide systems support elec-
tronic ground states that are stable against autodetachment [221, 222]. In our
experimental setup, due to similarity in their mass-to-charge ratio, in addition to
OH™, O™ anions are also efficiently trapped. Thus, with slight changes in the ion
loading and trapping procedure, it was possible to create an ion cloud consisting
only of O™ anions. The dynamics of these trapped atomic anions with ultracold
Rb atoms are presented in Chapter 5. The dependence of the electron detachment
processes on the electronic quantum state of the neutral was investigated, with
the focus to find a system where the reactive losses with ground state rubid-
ium are suppressed. The experimental results were supplemented with relevant

potential energy surfaces and encapsulated in the published work in [3].

Different loss channels for O~ interacting with Rb in its electronic ground
state (2S) and excited state (2P) were identified. Depending on anion-neutral
energetics, for the ground state Rb, the only reactive process found to be energeti-
cally possible is the AED. In the case of the excited state Rb, in addition to AED,

other loss processes like Penning detachment, charge transfer, and electronic
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to kinetic energy transfer are also found to be energetically feasible. Since in
our system we cannot distinguish between the reaction products (and hence the

reaction channels), we only observe the total loss due to the different channels.

Similar to the Rb-OH™ system, the ion losses were measured for varying
interaction times with the Rb atoms, and for different configurations of the excited
state fraction in the atomic ensemble. The time evolution of the ions’ density
distribution was estimated in accordance with the interpolation function for the
ion temperature, and the ion-atom overlap was calculated. With the knowledge
of these parameters, the reaction rate coefficient for each configuration was
determined. A linear fit through the reaction rate coefficients as a function of the
excited state fraction provided the reaction rates for the case of the ground state
and excited state rubidium interacting with O~. A rate coefficient consistent with
zero was found in the case of ground state Rb. This was further supported via the
calculated potential energy surfaces where the four molecular states pertaining
to the ground state channel were found to be stable against autodetachment.
For the excited state rubidium, a reaction rate lower than the Langevin rate but
similar to the Rb-OH™ case was found, hinting again at the presence of other

processes that suppress the coupling into the autodetachment region.

With suppressed reactive losses, it was possible to observe sympathetic cooling
of O™ anions during its interaction with Rb atoms. The results for different axial
displacements (thus, varying degrees of overlap) between the two clouds were
studied and shown in Section 5.3. The excited-state fraction in the atom ensemble
was minimized and for nearly concentric atom-ion clouds, a final temperature of
30(2) K was attained in three seconds. The final temperature attained was limited
by the ion losses induced by the cooling light used for the atom trapping. The
evolution of ion temperature and number were represented via a thermodynami-
cal model. The main assumption of the model is that the ion-ion thermalization
rate is significantly higher than the ion-atom elastic or reactive collision rate.
It was shown that this assumption holds valid for the case of higher relative
axial displacement between the two clouds and the ions’ temporal evolution is
well-represented by the thermodynamical model, which breaks down for the case

of nearly concentric clouds due to the emergence of non-thermal behavior.

During the framework of this thesis, we could resolve and understand the
different dynamics prevalent in the anion-neutral collisions, when the two species
are co-trapped in a hybrid atom-ion trap. The key focus was on the feasibility of
the anion sympathetic cooling via ultracold rubidium, which paved the way for
the exploration of reactive collisions involving molecular as well as atomic anions

revealing interaction novel dynamics, presented in the published works.

103



CHAPTER 6. SYNOPSIS

Outlook on future experiments

The hybrid atom-ion traps present themselves as a platform to study ion-atom
interaction processes. For molecular anions, a system with a more favorable atom-
to-ion mass ratio can be employed to explore the prospects of anion sympathetic
cooling. With very few technical modifications, higher orders of hydrated hydrox-
ides, OH™ (H20); where [ > 1, can be trapped in the system. An improved mass
ratio and the conjectured low reactive losses would provide favorable conditions
for anion cooling via ultracold Rb. Investigations on the reactive collisions and
comparisons with OH™ anions would reveal insights into the effect of hydra-
tion on gas-phase reactions [165]. In higher-order clusters, the study of specific
isomers and their influence on the reactivity of the system can be probed via
photodetachment methods. Interaction of C, anions with lighter alkali atoms,
like Li is also a system of interest from the perspective of sympathetic cooling,
where the ground-state reactive channels are predicted to be closed. This provides
a pre-cooling technique for the Doppler cooling of these anions as proposed in
[91] but would require major experimental modifications [220]. Additionally, with
suppressed reactive losses, it is also possible to probe the internal (vibrational
and/or rotational) states of the molecular anions, in such hybrid systems [192].

In the case of atomic O~ anions, we identified Rb-O™ as a system where the
loss channels for the ground state atom are suppressed. Thus, trapping atoms
in a far-threshold dipole trap would not only eliminate the excited-state reactive
loss channels but also the ion losses incurred via the cooling lasers. This would
increase the lifetime of the ions in the trap and improve the elastic-to-reactive
collision ratio, critical for sympathetic cooling.

Experimental investigations of the reaction dynamics of these anions are
also of pivotal importance in the context of quantum chemistry research. The
possibility to differentiate the reaction channels is an additional technical feature
that could improve the experimental work on exploring the reaction dynamics.
Improved theoretical models, providing detailed insights into the stability of the
excited states, and accounting for possible non-adiabatic effects in such systems
can bridge the gap between the theoretical and experimental results.

It is evident that with our work on the anion-neutral collisions, we have only
scratched the surface of a plethora of anionic systems whose interactions with
other neutral (or charged) species possess rich and novel dynamics. Investigations
into these systems would not only provide insights for fundamental physics and
chemistry research to build up new technologies but would also reveal answers to
questions pertaining to the formation and destruction channels of particles in the

Universe and about our life on Earth, as we know it.
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