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Bevezetés

A semleges atomok és atomi ionok ultrahideg, jéval 1 millikelvin alatti, h6mérsék-
letekre torténd lézeres hltésére és csapdazasara iranyulé kutatdsok olyan
jelent8s eredményekhez vezettek, mint példaul a kvantumdegeneralt gazok el6al-
litasa vagy egyetlen csapdazott ion preciz manipuldldsa. Mintegy 25 évvel ezel6tt
merult fel a két kisérleti technika egyesitésének gondolata, amely lehet6vé tenné
az atom-ion kolcsonhatdsok kvantummechanikai természetének vizsgalatat
ezekben az Ugynevezett hibrid csapdakban. Az ultrahideg semleges atomi ga-
zokban nagy részecsketavolsagoknal a dinamikat az R=% szerint valtozé van
der Waals-kélcsénhatas hatarozza meg. A hibrid csapdékban azonban az R—*
tavolsagfuggést mutato, toltés - indukalt dipdlus kozotti kdlcsénhatas dominal.
A kvantummechanikai tartomany elérése ezért tovabbra is jelents kihivast
jelent, mivel ehhez még alacsonyabb h&mérsékletekre van szikség. Az ilyen
hibrid rendszerek tobbek kozott a toltéstranszport és a kvantumgazokban je-
len 1évd szennyez8dések vizsgalatara is alkalmasak lehetnek, emellett igéretes
lehet8séget kindlnak a kvantum-szimulatorok terdletén.

A jelen doktori munka alkalifém atomok és alkaliféldfém ionok ultrahideg
Utkozéseinek kvantummechanikai leirdsaval foglalkozik, kilénds tekintettel
azokra a rugalmatlan folyamatokra, amelyek a csapdazott részecskék szamanak
csokkenéséhez vezethetnek. Doktori munkam soran két, kisérleti szempontbol
relevans, Utkozési rendszert vizsgaltam: Li-atomok Ba™ ionokkal, valamint Rb-
atomok Srt-ionokkal torténd ltkozését, ahol az iont mindkét esetben metastabil
gerjesztett allapotba preparaltak. A disszertacio a kutatasi tertlet attekin-
tésével kezd6dik, a kisérletileg megvalosult atom-ion kombinaciokra fékuszalva.
Ezt kdvet6en bemutatom ezen rendszerek elméleti lefrasahoz szukséges maod-
szereket. A molekulaionok leirasat a Born-Oppenheimer kozelités keretében
targyalom, amely a csoportunkban fejlesztett kvantumkémiai programmal szami-
tott potencialis energia gorbék meghatdrozasanak alapjat képezi. Ismertetem
az impulzusmomentumok csatolasanak alapjait a Hund-féle csatolasi eseteken
keresztll, valamint bevezetem a munkam szempontjabdl kulcsfontossagu spin-
palya kolcsdnhatast. Ezt kdvet6en bemutatom a Langevin-modellt, amely az
atome-ion Utkdzések hasznos klasszikus leirasat adja.  Munkdm alapjat a kvan-
tummechanikai széraselmélet képezi, amelynek fébb lIépéseit, valamint az altalam
hasznalt és tovabbfejlesztett numerikus programot mutatom be. A moddszer al-
kalmazasa soran két [épés jatszott meghatarozé szerepet. Egyrészt az atom-ion
kolcsonhatast, amely a molekulaionhoz kotdtt koordinatarendszerben egysze-
ribben irhat6 le, a dinamikai szamolasokhoz a laboratoriumi vonatkoztatasi



rendszerbe kell transzformalni, ami szilkségessé tette a vonatkoztatdsi rendsze-
rek kozotti transzformaciot. Masrészt az atom-ion kdlcsdnhatdsok Osszetettségét
megfelelen kell modellezni, ami esetlinkben kvazi-diabatikus eljarasok alkalma-
zasat jelentette. A disszertacio utolso részében a Li/Ba™ és Rb/Sr+ rendszerekre
vonatkoz6 eredményeimet mutatom be. A vizsgalatok tobb egymassal versengé
rugalmatlan folyamatot tartak fel, kdztik a nem-radiativ toltéskicserélédést, az
elektronikus gerjesztési kicserélédést és a finomszerkezeti legerjesztédést. A
szamitott hataskeresztmetszetek és reakciésebességek j6 egyezést mutatnak a
rendelkezésre all6 kisérleti adatokkal. Az eredmények rdmutatnak a spin-palya
kolcsdnhatéas és a rotacios csatolas erds egyuttes hatasara, amely az alapallapotud
részecskék ultrahideg tUtkodzéseire altalaban nem jellemz§8. A disszertaciét a jovo-
beli kutatasi lehet8ségek bemutatdsaval zarom, amelyek kozé tartozik tobbek
kozott a modellinkben a részecskék Zeeman-alszintjeinek figyelembevétele,
valamint a mddszer kiterjesztése mas, kisérleti szempontbdl 1ényeges atom-ion
rendszerre.



List of abbreviations

AE alkaline-earth neutral atom

AE™ alkaline-earth ion

Al associative ionization

AM alkali-metal neutral atom

AM+ alkali-metal ion

BF body-fixed (frame)

BO Born-Oppenheimer

CIPSI Configuration Interaction by Perturbation of a multiconfigura-
tion wave function Selected Iteratively

cM center-of-mass

CPP core polarization potential

DL dissociation limit

EC elastic collision

ECP effective core potential

EEE electronic excitation exchange

FCl full configuration interaction

FSQ fine-structure quenching

LZ Landau-Zener

MCQS Multi-Channel Quantum Scattering

MFR magnetic Feshbach resonance

MOT magneto-optical trap

NACT non-adiabatic coupling term

NRCE non-radiative charge exchange

NRQ non-radiative quenching

PDM permanent dipole moment

PEC potential energy curve

PES potential energy surface

PP pseudopotential

RCE radiative charge exchange

SCF self-consistent field

SF space-fixed (frame)

SO spin-orbit

SocC spin-orbit coupling

TBR three-body recombination

TDM transition dipole moment



Shorthand notation for scattering channels and dissociation
limits

D32 shorthand notation for the S + D3/, dissociation limit
D52 shorthand notation for the S + Ds, dissociation limit
lon+S AMT + AE(1S) dissociation limit

P+S AM(2P) + AEH(2S) dissociation limit

S+D AM(2S) + AET(2D) dissociation limit

S+S AM(2S) + AET(2S) dissociation limit
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Chapter 1

Introduction

The ability to manipulate atomic systems at ultracold temperatures (i.e. when
atoms have kinetic energies E equivalent to temperatures T' = E/kp well below 1
millikelvin) has opened a unique window into the quantum world. In this regime,
the wave-like nature of matter becomes dominant and observable, providing pro-
found insights into the fundamental laws of quantum theory and the intricate cou-
pling between matter and radiation. Beyond their fundamental importance, mas-
tering these controllable quantum systems is a prerequisite for the advancement
of next-generation quantum technologies. Trapped and laser-cooled atomic and
ionic systems have been extensively used to explore the quantum world, achieving
remarkable results in fields such as metrology and atomic clocks [1,2], quantum in-
formation [3-7], few- and many-body physics [8-12], cold chemistry [13], precision
measurements [14], quantum simulation [15,16], and ultracold molecules [17-19].

During the past three decades, a new field has emerged that combines these
platforms to investigate the quantum nature of atom-ion interactions, giving rise
to the concept of hybrid traps. For trapping ions, the most commonly used trap
is the radio-frequency quadrupole trap or Paul trap developed by Dehmelt and
Paul [20], although the so-called Penning trap is used occasionally [21]. Hybrid
traps combine the advantages of atomic and ionic platforms. They offer a high
degree of control and individual addressing typical of ion-based systems, together
with long coherence times and scalability of atomic systems. Experiments in hy-
brid traps span a wide range of research areas, including many-body and po-
laron physics [22-27] and charge mobility [28,29]. Further applications include
quantum simulation [30-32], quantum chemistry [33-39], and quantum informa-
tion [40-43].

Experimental investigations began in 2003 when Makarov et al. proposed a
setup including a trap for ultracold atoms combined with a trap for laser-cooled
ions in the same confined space [44]. Two years later, Smith et al. successfully im-
plemented this approach to investigate Na-Ca™ collisions [33]. A magneto-optical
trap (MOT) is used for trapping and cooling neutral atoms. This type of trap usu-
ally includes counter-propagating laser beams in combination with two separated
coils in anti-Helmholtz configuration. The first realization of a MOT was reported
in 1987 by Raab et al. to trap and cool sodium atoms [45]. In the next Chapter, |



provide more information about experimental developments in relation with my
thesis project.

The dynamics of ultracold gases is dominated by long-range interactions. Neu-
tral atoms interactions are of van der Waals type, varying as 1/R5 where R de-
notes the interparticle separation. Hybrid traps offer the opportunity to study
and control ion-atom interactions which vary as 1/R?, thus with a range signifi-
cantly longer than in the van der Waals regime. Therefore, the quantum regime
(i.e. when the interparticle dynamics is involving a single partial wave) is more
difficult to observe, as it requires temperatures which are much lower than for
neutral atoms. A limiting factor for reaching the quantum regime is the micromo-
tion which is generated by the Paul trap since it uses radio-frequency field to trap
the ion. When the ion shifts from the trap center, micromotion appears, leading
to heating of the ion. Moreover, the electromagnetic fields must be precisely con-
trolled, because the charged particles are sensitive to any stray fields. However,
a new trapping technique was developed in 2020 [46], which uses an optical field
to trap the ion, thus eliminating micromotion. However, reaching the quantum
regime remains challenging, and the method has not yet been widely adopted.
Heating effects still remain due to spontaneous scattering of photons from the
high-intensity laser field.

The thesis focuses on a particular class of mixed systems that includes
easily laser-coolable alkali-metal atoms (AM) and alkaline-earth ions (AE*). For
AM atoms, cooling is typically achieved via the closed optical cycling transition
between ground state 25, and the lowest excited state *P; /5 3/5. In AET, the
same cooling scheme is used with an important difference: the excited 2P1/273/2
states can decay to metastable 2D3/2,5/2 states located in between the 251/2 and
2Py 5 32 States. These states are dark for the cooling lasers, therefore repumper
lasers are required to drive the 2D3/2’5/2 states to the 2P1/2,3/2 ones. The achiev-
able temperatures for the atoms are in the nK range, while for the ions it can
be in the pK range. The excited state in the cooling scheme may generate novel
dynamics in the hybrid trap, as emphasized in [47]. Understanding and modeling
dynamics leading to ion losses is crucial because it enables full control of the
hybrid trap and reveals details of the ion-atom interactions, which can be very
complex despite the apparent simplicity of the system, each with a single valence
electron.

The thesis is structured as follows. Chapter 2 presents a selection of exist-
ing atom-ion hybrid trap experiments including combinations of AM-AE™ and
AM-AM™ species. Chapter 3 summarizes the theoretical framework underlying
my research. It describes the widely applied Born-Oppenheimer approximation
in molecular physics, Hund's coupling cases for angular momenta, elements of
computational approaches to determine the electronic structure of diatomic
molecules, and asymptotic models of spin-orbit interactions. The chapter then
shifts to the classical Langevin model for atom-ion collisions, followed by the
foundations of quantum scattering theory. This part discusses the scattering
amplitude, cross sections, and partial-wave expansion. It also outlines the
methodology for solving coupled-channel equations. Finally, it introduces the
scattering matrix which is used to derive transition probabilities and cross
sections.



Electronic structure and spin-orbit couplings are conveniently defined in the
body-fixed coordinate system, which rotates with the molecule. However, experi-
mental observations are made in the space-fixed (laboratory) frame. A basis trans-
formation is required to rigorously describe the dynamics, which is detailed in
Chapter 4.

The Born-Oppenheimer approximation breaks down at certain internuclear
distances where avoided crossings occur in the potential energy curves. This leads
to mixing between electronic states. The treatment of these non-adiabatic ef-
fects that | achieved in this work relies upon an original quasi-diabatization ap-
proach developed in our group which is presented in Chapter 5. Such a quasi-
diabatization procedure yields R-dependent spin-orbit couplings, and in a second
step, allows for the treatment of perturbation of these couplings due to the above
non-adiabatic effects.

The last two Chapters present the results that | obtained on the dynamics of a
alkali-metal atom in the ground state 25 and an alkaline-earth ion in a metastable
state 2D. The theoretical investigation of this system started in X. Xing's thesis [48].
Here | revisited this topicin detail in order to validate and generalize the multichan-
nel quantum scattering code. | first apply the methodology to the Li-Ba™ system
(Chapter 6) which is of particular interest as it involves collisions between a light
atom and a heavy ion. Due to the resulting relatively small reduced mass, the
system is an ideal candidate for reaching the quantum regime through cooling.
In this chapter, | analyze the elastic and inelastic processes observed experimen-
tally and identify the main dynamical mechanisms responsible for fine-structure
qguenching, non-radiative charge exchange and non-radiative quenching.

Subsequently, in Chapter 7, | examine the system Rb-Sr™. In this case, the
nearly equal masses of the colliding particles and the more complex excited elec-
tronic structure lead to dynamics that are similar to, yet distinct from, those of
the Li-Ba™ system. | investigated the experimentally observed inelastic processes,
the fine-structure quenching and electronic excitation exchange, and | showed the
complexity of the dynamics induced by non-adiabatic terms.

These two examples demonstrate that ultracold collisions involving metastable
alkaline-earth ions cannot be described by a single inelastic process or simple
semiclassical models. Instead, a complete multichannel quantum scattering
treatment is required. In both cases, satisfactory agreement with the experiment
has been found, allowing to infer the quality of the molecular data employed in
this work.



Chapter 2

Hybrid atom-ion traps: a
selection of experimental
realizations

In this chapter | provide insights about the experimental context of my research.
Thus, an experimentalist reader might rely the experimental developments to the
processes expected in hybrid ion-atom traps. Conversely, a theorist might bet-
ter appreciate the main experimental issues for such systems, for instance, why
metastable levels are considered as responsible for the observed dynamics. |
wrote this chapter without defining all experimental terms, assuming that as for
usual scientific papers, the quoted references would help to understand these
technical terms.

Several review articles have been devoted to the ongoing experiments with
hybrid traps, involving neutral atoms and molecules, and atomic and molecular
ions [13, 34, 49-51]. In this chapter, inspired by [49], | selected several cases of
experimental studies to illustrate the main features of the dynamical processes
occurring in hybrid traps. | focused on two distinct cases: combinations of neutral
alkali-metal (AM) atoms and alkaline-earth ions (AEt), and second, of atoms and
parent ions allowing for resonant charge exchange.

2.1 Hybrid traps combining alkali-metal atoms and
alkaline-earth and ytterbium ions

This case attracted a lot of attention for a good reason: both species AM and AE™
have an electronic configuration with a single valence electron, so that very sim-
ilar laser cooling setups could be used to prepare them. In general, a cloud of
AM atoms is laser-cooled and trapped in one location, while AE* ions are first
trapped and then laser-cooled. Both traps are merged to form the hybrid trap in
which both species are trapped at the same location. Several combinations AM-
AE™ have been experimentally explored around the world, and a complete list is

4



displayed in Table 2.1.

AM AET DL Location Ref.
OLi Ocat Lit(1S)+Ca(lS) Osaka (JP) [52-54]
138+ Li(2S)+Ba™(25) Freiburg (D) [39,55,56]
TLIT4176yp+ | Lit(1S)+Yb(tS) | Amsterdam (NL) [57-61]
2Na 0cat Nat(tS)+Ca(ts) Storrs (USA) [33,62]
39K 0cat K+(S)+Ca(lS) Duke (USA) [38]
8TRb 0cat Rb*(tS)+Ca(lS) Basel (CH) [47,63-65]
88Gr+ Rb+(19)+Sr(1.9) Rehovot (IL) [66-71]
138Bg+ Rb*(1S)+Ba('S) | Basel (CH), Ulm (D) | [46,72-75]
171,174y + Rbt(19)+Yb(19) Oxford (UK) [35,76-78]

Table 2.1: List of the combinations AM-AET experimentally explored. The
dissociation limit (DL) with the lowest energy for each pair is reported, be-
ing either AM(2S)+AET(2S) or AMT(1S)+AE(1S) involving particles in their
electronic ground state.

To cool an arbitrary alkaline-earth ion, the dipole-allowed transition between
the ground state 251/2 and the excited state 2P1/2 is used similar to the cooling
of alkali-metal atoms, where this transition is a closed cycling scheme. However,
in the case of heavier alkaline-earth metal ions (Ca™, Srt, Ba™t), metastable states
2D3/2.5/2 lie between the states 25, 5 and 2P, s». Thus, the excited electron can
decay not only back to the ground state 25‘1/2 but also to the state 2D3/2. To close
the cooling cycle, a repumper laser is required to pump the electron back to the
%Py, excited state. The cooling scheme illustrated in Fig. 2.1 for the three ions
Cat, Srt, Ba™. We note that the species Be™ and Mg™ are not specified in Table
2.1. These two species are also amenable to laser cooling [79,80]. The laser cooling
of these species is complicated due to their energy difference between 251/2 and
2Py 5 levels. The wavelength of the cooling lasers are in the UV-regime, 313 nm and
280nm for Be™ and Mg, respectively. Current experimental implementations
are limited by the technical challenges associated with realizing stable, narrow-
linewidth laser sources, particularly in the ultraviolet spectral region.

Due to the laser cooling scheme, the excited metastable states are populated,
which opens collisional loss channels within the trap. Several experiments ex-
plored the dynamics of these losses, and this is the central topic of the present the-
sis. Nevertheless, these intermediate metastable states have several advantages.
Since they are involved in the laser cooling scheme, they can be used for stor-
ing information (qubit) due to their long lifetime (compared to the excited state
2P1/2) [3]. The stored information must be read, the shelving technique uses the
metastable 2D level to read the information [81]. A further possible application
of the metastable 2D level is precision spectroscopy. This state disposes long ra-
diative lifetime, thus the natural linewidth of 2S5 — 2D transition is extremely de-
fined which makes it suitable for high-precision measurements. Such transitions
are used in optical atomic clocks, testing fundamental constants and measuring
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Figure 2.1: The energy levels that are included in the cooling scheme of Ca*, Srt
and Ba*.

relativistic effects [1, 82].

2.1.1 Li-Ba*

We see in Table 2.1 that one system stands out as qualitatively different from the
others, namely 5Li-138Ba*, which differs from all other systems: its lowest asymp-
tote involves Li and Ba™ in their ground state in contrast to the other combina-
tions AM-AE™ with the lowest asymptote involving a ground state AE atom and an
AMT ion with no valence electron. As a consequence, radiative charge exchange
(RCE) [83]

AM(*S1/2) + AET(*S1/2) = AMT('S) + AE('S) (2.1)

is energetically forbidden, offering the possibility of long interaction times. An-
other important aspect of the Li-Ba™ pair is the large mass imbalance between
species. As shown in [84], a large mass ratio, (matom/Mion ), CAN Mitigate the heat-
ing induced by excess micromotion in radio-frequency traps, thus facilitating ac-
cess to the ultracold quantum regime. It increases the density of near-threshold
bound states, which enhances the likelihood of observing Feshbach resonances
[39,56,57], which is a further step to achieve full quantum control of the collision,
to the formation of ultracold molecular ions [85] and for ultracold chemistry [86].

Experiments for this pair of species were conducted in the group of Prof. To-
bias Schatz (Freiburg, Germany). In 2021, Weckesser et al. studied the interaction
between ultracold 6Li atoms and a single '**Ba* ion [39]. They adjusted the exper-
imental parameters to study three-body reactions and their associated loss rates
for the identification of resonances, as well as two-body reactions to examine sym-
pathetic cooling of the ion within the ultracold atomic cloud. Indeed, they ob-
served 11 magnetic Feshbach resonances (MFRs) in the 70 G-330 G magnetic field
range with a step size of 400mG. However, the multichannel quantum scatter-
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ing calculations (MCQSC) predicted only five MFRs, which means that beyond the
electronic interaction other ones might be important, such as second-order spin-
orbit coupling. From the measured ion loss rate, they inferred that three-body
recombination was the dominant process. Later in 2025, Thielemann et al. [56]
investigated the collision energy dependence of MFRs when Li atoms were pre-
pared in their hyperfine state and the Ba™ ion was prepared in its ground state or
excited D3/, state. Compared to the previous investigation, they identified 49 reso-
nances in the 240 G-340 G with the step size of 200 mG. Then, they investigated the
ion collision energy dependence of the MFR around 321.90 G, which corresponds
to the s-wave. The survival probability of the ion was measured at different ion
collision energies below the s-wave energy in the range of magnetic field 321.6 G-
322.8 G and they found a strong collision energy dependence on MFRs. They also
observed that even around the s-wave energy the dependence of higher partial
waves are still not negligible.

As invoked above, the presence of AET ions prepared in the metastable states
2D3/275/2 induces loss channels in the hybrid trap, which we illustrate in Fig. 2.2
for the three pairs Li-Ca™, Li-Ba™, and Li-Yb™, for the sake of comparison. Losses
from the trap can be generated by various processes:

+ Non-radiative charge exchange (NRCE):
AM(%S,)9) + AET(®D;) - AMT(15) + AE*
where AE is left in an excited state;

+ Non-radiative quenching (NRQ):

AM(2S,5) + AET(2D;) — AM(%S, 2) + AET (25, 2);
* Fine-structure quenching (FSQ):

AM(2S1/2) + AET(2D52) — AM(2S1/2) + AET (D3 );
+ Electronic excitation exchange (EEE):

AM(Sy/2) + AET(2D;) = AM* + AE™ (28, /2)

where AM is left in an excited state.

In my thesis | studied the processes that are indeed active in Li-Ba*(QDj):
NRCE, NRQ and FSQ. The results are presented in Chapter 6 and in a published

paper [55].

2.1.2 Li-Yb™

The combination Li-Yb™ system also has a large mass imbalance and is a good can-
didate to reach the quantum regime at ultracold temperatures, despite the possi-
bility for RCE to occur during the collision of ground state species. Experiments are
performed in the group led by Prof. R. Gerritsma in Amsterdam (Netherlands). In
2017, the group first measured inelastic collision rates for ground and excited state
collisions [58]. They found that RCE and radiative association producing molecu-
lar ions LiYb™ during ground state collisions have rates ~1000 times smaller than
the prediction of the semiclassical Langevin model, which is in agreement with
other theoretical predictions [57,83]. When the ion Yb™ is prepared in an excited
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SLi*+4Ca* energy levels fLi+'*Ba’ energy levels fLi+Yb* energy levels

Figure 2.2: Energy thresholds and possible reaction pathways of AM-AE™ pairs in-
volving Li and (a) Ca™, (b) Ba™, (c) Yb™. For simplicity, only selected energy thresh-
olds are displayed for Li-Yb™, to illustrate the processes (the complete scheme is
visible in [58]. The possible reaction paths are fine-structure quenching (FSQ) or
spin-exchange, non-radiative charge-exchange (NRCE), radiative charge-exchange
(RCE) or non-radiative quenching (NRQ).

state (see Fig. 2.2), they observed that NRCE is the primary inelastic mechanism
and that its rate is independent of the chosen isotope of Yb™ and of the collision
energy in the range 1-120 mK xkg. In contrast, they found that the ion loss rate is
one order of magnitude higher for Yb™(2F% ,) than for Yo (2 D5 ).

Later, the group investigated the spin dynamics of a single Yb* ion embed-
ded in a cold, spin-polarized cloud of 5Li atoms [59]. In their experiment, 174Yb*
and '"'Yb* isotopes were used. They observed a strong spin exchange rate for
both isotopes, the atom cloud leading to the polarization of the ion spin up to
93 %. Using ab initio electronic structure and quantum scattering calculations, the
observed rates were theoretically explained.

In other papers, they tried to find ways to reach the quantum regime [60], and
they assessed the importance of spin-orbitinteraction in the shell transition f — d
in order to determine precise spectra of LiYb™ [61].

2.1.3 Rb-Sr*

This combination is composed of two equally heavy particles with a quite high
reduced mass, making the quantum regime hardly accessible. However, such a
configuration has been used for sympathetic cooling of Sr* by Rb atoms, which
might allow to reach the requested temperature. These remarkable experimental
efforts are undertaken in the group of Prof. R. Ozeri (Rehovot, IL).

In 2016, Meir et al. started their investigation with the collision of ultracold
87Rb atoms with a 88Sr* ion [66]. The Rb atoms were prepared in the hyperfine
level F = 1 of the ground state 5, ,, while the ion was prepared in the Zee-
man sublevel m = —1/2 of the ground state 25 /5. The authors first measured
the ion energy distribution and found that it is described by a Tsallis power-law
instead of the usual Maxwell-Boltzmann distribution. Then, they proposed and
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Figure 2.3: Energy thresholds and possible reaction pathways of AM-AE™ pairs
involving Rb and (a) Ca™, (b) Sr™, (c) Ba™. The possible reaction paths are fine-
structure quenching (FSQ) or spin-exchange, electronic excitation exchange (EEE),
non-radiative charge-exchange (NRCE), radiative charge-exchange (RCE) or non-
radiative quenching (NRQ).

implemented a method to measure the energy of a single-trapped ion in a sin-
gle experimental realization [87]. With this new measurement, their ion energies
were in agreement within 5 % with other thermometry methods that rely on aver-
aging.

Sikorsky et al. demonstrated control of spin exchange and charge exchange
dynamics by spin preparation [67]. The spin of the ion was mediated by the spin
exchange process, which was governed by the hyperfine state of the atom. The
Rb atoms were prepared in hyperfine levels |FF = 1, Mp = —1) or |F =1, Mp = 0),
while the ion was prepared in spin states |1)g,+ or ||)g,+. The measured quantity
was the probability P(]) of finding the ion in the ||)g,+ state after a given interac-
tion time. They found that approximately 90 % ion spin polarization was achieved
for the ||)q,+ ion state, even the ion was originally prepared in the [1)g .+ or [L)g,+
state with the preparation of the atom in the |F =1, Mp = —1) state. For the
other atom preparation |F' = 1, My = 0) this probability was around 50 %.

The charge exchange process between ground state Rb atoms and ground
state Sr™ ion was further studied. Due to the low density and the fact that there
is no crossing between PECs, the only way for charge exchange is radiative (see
Table 2.1). RCE was observed only when the Rb atoms were prepared inthe F =1
hyperfine level. The Rb* reaction product was identified by disappearance of ion
fluorescence and resonant excitation mass spectroscopy, and they showed that
RCE arises from two-body reaction. A simple theoretical model predicted the RCE
rate to be a factor of 1.45 larger for Rb atoms prepared in |F = 1, Mp = —1), with
the ion predominantly spin-pumped to m = —1/2, than for atoms prepared in
|F =1, Mr = 0) with a fully mixed ion spin state. The measured ratio of the RCE
rates, 1.42 £ 0.20, was consistent with this prediction. In 2018, Meir et al. used
previously developed single-shot thermometry when a single Sr* was immersed
in an ultracold (uK) Rb bath to investigate sympathetic cooling of the ion. Sym-
pathetic cooling was observed directly in two regimes [68]. One regime occurs



when energy transfer through collisions is efficient and leads to net cooling of
the system. The other arises when collisions can induce both cooling and heating
of the system as a consequence of non-equilibrium dynamics in the presence of
the ion trap. Moreover, measurements of the scattering angles revealed predom-
inantly forward-scattering events, a behavior that lies beyond the predictions of
the Langevin model.

In 2023, Pinkas et al. observed loosely-bound molecular ions formed in binary
collision [70]. Measurements of the electronic spin exchange rate were used to
explore the dependence of the bound states on both the collision energy and the
magnetic field. These measurements further enabled the extraction of the aver-
age molecular binding energy and the mean lifetime of the molecules. The results
were in good agreement with the molecular dynamics simulations. The quantum
control of the system at higher temperatures was investigated in a cooperative
work between experiment and theory by Walewski et al. in 2025 [71]. They mea-
sured the probability of hyperfine relaxation of one neutral atom and a spin flip
of a single ion for all possible spin projections of Rb atoms in the hyperfine state
F = 2, used the resulting data to calibrate an extensive theoretical model. Once
calibrated, the model showed that the spin flip dynamics in the F' = 1 manifold of
Rb atoms could be manipulated via tunable Feshbach resonances that extend well
into the ultracold quantum regime. They predict that the control can be available
at around 1 mK containing around 15 partial waves.

In 2020, Ben-shlomi et al. studied in a joint experimental and theoretical work
collisions between Rb atoms and Sr™ ions prepared in the 2D3/275/2 states [69] (Fig.
2.3). They found that after few Langevin collisions, the 2D3/2 and 2D5/2 states of
the ion quenched,and the ion gained kinetic energy. Using single-shot thermom-
etry after the collision, two quenching pathways were identified: fine-structure
quenching (FSQ)

Rb(5s %Sy /9) 4+ Sr*(4d *Ds 2) — Rb(5s %S /2) + Sr*(4d >Dy ), (2.2)
and the electronic excitation exchange (EEE)
Rb(58 251/2) + Sr+ (4d 2D3/275/2) — Rb(5p 2P1/273/2) + Sr+(58 251/2). (23)

In general, charge exchange process in atom-ion collisions is present. However,
here it was not observed. The observed inelastic processes were investigated with
semi-classical Landau-Zener model, and possible pathways were found. They also
found that the spin-orientation has no effect on the reactions, due to the strong
Coriolis-spin mixing. In my thesis, | investigated these inelastic processes in Chap-
ter 7.

2.1.4 Other atom - ion hybrid experiments

Li-Ca™: Another promising system to reach the quantum regime is the combina-
tion of °Li atoms and #°Ca™* ions with a smaller atom-to-ion mass ratio than the sys-
tems described previously, hoping that the micromotion heating is less. For this
purpose, Mukaiyama's group investigated the collision between Li atoms and Ca™
ion [52]. They observed elastic collision in the 100 mK - 3 K temperature range. The
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elastic cross section experimentally measured was in agreement with the semi-
classical model [88]. Later, inelastic collisions in the mK regime were observed by
Haze et al. in 2015 [53]. The reaction product was identified as Lit+ by mass spec-
trometry, indicating that the observed inelastic process was non-radiative charge
exchange. The measured charge exchange cross sections were much smaller than
those predicted by the Langevin model. Saito et al. further studied the charge ex-
change process in the system [54]. They investigated the energy and internal state
dependence of the charge exchange collision cross section. The energy varied be-
tween 1mKxkp and 2 Kxkg. In order to investigate the dependence upon the
internal state, the ion was prepared in electronic states %S, 5, 2Py 5, D35, and
2D5/2. The obtained cross sections were smaller than the Langevin cross section
but followed its behavior. Ab initio potential energy curves were calculated by our
group in Laboratoire Aimé Cotton and the route of charge exchange was identi-
fied.

Rb-Cat: In 2011, Hall et al. experimentally studied 3"Rb-4°Ca* cold collisions in
a hybrid atome-ion trap [47], in collaboration with our group in Laboratoire Aimé
Cotton. The collisional energy was in the range 200 mKxkg-20 Kxkp. As a re-
sult of collision Rb™ product was observed showing charge exchange between
Ca*t and Rb that can be radiative charge exchange induced by photon emission or
non-radiative charge exchange driven by non-adiabatic couplings between CaRb™
molecular states. The molecular ion CaRb™ was also formed by radiative asso-
ciation, and finally Rbj was observed in the presence of CaRb*. Molecular po-
tential energy curves were calculated up to 22" dissociation limit, and possible
pathways for the observed processes were identified. Further investigations were
conducted for the processes mentioned above in 2013 by Hall et al. [63]. Quantum-
chemical and quantum-scattering calculations were performed in order to com-
pare them with experimental results. The average collision energy was larger than
20 mK x kg while the calculations were performed from 10 pK xkg to 70 K xkg.
They demonstrated that the reactive collision rates depend on the long-range
charge-induced dipole interaction and follows the universal behavior predicted
by the classical Langevin model. The magnitude of the rates are controlled by
short-range non-adiabatic and radiative couplings, which lead to reaction chan-
nel specific chemical changes. Later, Eberle et al. improved the energy resolution
of the hybrid trap, where the Rb atoms were pushed through Coulomb crystals us-
ing radiation pressure [64]. Thus the atom kinetic energy could be changed in the
30mK x kp-350mK x kg. In 2022, Xing et al. continued theoretical investigations on
the system, and they showed that the formed CaRb™ molecular ion by radiative
association is protected against photodissociation by blackbody radiation and by
the cooling laser [65]. They obtained that the non-radiative charge exchange is
the dominant inelastic process in the collision, and their calculated reaction rates
were in agreement with experimental observation and previous calculations.

Rb-Ba™: The group of Prof. Denschlag (Ulm, Germany) started their investi-
gation with Rb-Ba* in addition to Rb-Rb* in 2010 [72]. The RbBa™ experiment
is different from the previous ones, because two heavy particles are in interac-
tion. They observed both elastic and inelastic collisions. The elastic collisions were
found important while the inelastic collisions were suppressed. The dominant in-
elastic channel was radiative charge exchange and was identified directly by mea-
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suring the trap frequency. Later, RoBa* molecular ion formation was observed
by Hall et al. (Basel, Switzerland) by false-color fluorescence imaging method. The
molecular ion can be formed by radiative association [73]. Moreover, Rb™ ion
was observed which indicated the occurrence of radiative or non-radiative charge
exchange process. Potential energy curves and reactive cross sections were calcu-
lated, and the theoretical rate coefficients were in agreement with experimental
observations.

In 2016, Kriikow et al. studied experimentally and theoretically three-body re-
combination (TBR) during the collision of two Rb atoms and a single Ba™ ion in the

mK regime [74]. They found that the TBR rate was proportional to Ec_jl/‘l, where
E.on is the collisional energy. Classical trajectory calculations were performed
to calculate TBR rate and their findings were in agreement with the experiment.
Later, the same group showed that two-body reaction rate can be obtained from
the TBR rate, and they found that the TBR rate dominates the two-body reaction,
which is charge exchange. Following the earlier observation of RbBa™ molecular
ions, Mohammadi et al. investigated the evolution of weakly bound RbBa™* molec-
ular ions in 2021 [75], in collaboration with our group at Laboratoire Aimé Cotton.
The RbBa™ molecular ion underwent collisions with ultracold Rb atoms, involving
elastic, inelastic, and reactive processes. Vibrational relaxation was found to be
the dominant process, while radiative processes became increasingly important
for more deeply bound molecular ions. As a result of these collisions, Ba™, Rbg
and Rb* ions were observed as reaction products. Furthermore, the collision dy-
namics were shown to strongly depend on the electric state of the molecular ion.

Back in 2020, Schmidt et al. (Freiburg, Germany) demonstrated a new method
to trap the atoms and a single ion simultaneously in an optical potential trap in-
stead of the usual radio-frequency trap [46]. This method eliminates the disadvan-
tage of radio-frequency trap that is the ion heating due to its micromotion in the
trap. They showed that the Ba™ could be cooled below the Doppler-temperature
by sympathetic cooling via collision with ultracold Rb atoms. They state that, this
method is general enough to leave the limitations of the radio-frequency trap
which are the large atom-ion mass ratio, furthermore, it is not limited to Rydberg
atoms, or homonuclear cases. Subsequently, the method may open the possibility
to reach the quantum regime for atom-ion interaction.

2.2 Hybrid traps combining atoms and their parent
ions

Owing to the symmetry of atom-ion collisions, in which the ionic and neutral
species are identical, the number of possible reactive processes is reduced, there-
fore providing a clean environment for precise control of ultracold collisions. Such
collisions are particularly suitable platform for investigating resonant charge ex-
change processes, charge transport and ion mobility in ultracold gases (see for
instance [89]).

In typical experimental realizations, the neutral atoms are confined and
cooled in a magneto-optical trap (MOT), which is spatially overlapped with a
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radio-frequency trap used to confine the ions. Following the preparation of
the ultracold atomic cloud, a controlled fraction of the atoms is photoionized
by a laser pulse, and the resulting ions are subsequently trapped in the Paul
trap. Due to the resonant charge transfer processes, i.e charge transfer without
energy release, losses in such hybrid traps are significantly reduced. Two kinds of
experiments have been performed: either with AM-AM™ combinations, or with
Yb-Yb* combination. The latter offers the possibility to laser-cool both species,
which has been indeed achieved.

2.21 Yb-Yb™

The first cold collision with trapped atoms and ions was performed in 2007 be-
tween Yb atom and Yb in the group of Vuleti¢ [90], [91]. Neutral ytterbium,
Yb(4f1* 6s2), has a closed-shell ground state, while its ion, Yb™ (4£465), is alkali
metal-like, having very similar electronic structure. As a result, resonant charge ex-
changein Yb +Yb™ collisions is highly efficient. Consequently, from an experimen-
tal point of view, trap losses are considerably reduced. Another favorable charac-
teristic of the Yb/Yb™ system is that both species are laser-coolable.Moreover, yt-
terbium has stable bosonic and fermionicisotopes, which makes mass-dependent
studies feasible. Due to the high atomic number Z, the spin-orbit interaction is
relatively strong, leading to a well-separated excited state structure and conse-
quently less complex dynamics.

In 2007, the group of Vuleti¢ was the first to observe a cold collision with
trapped atoms and ions in Yb-Yb* collisions [91]. In their experiment, several sta-
ble isotopes, namely bosonic 172Yb, 1™Yb and fermionic '"'Yb, were used to in-
vestigate charge exchange collision. The reaction was studied between different
isotopic combinations, ®Yb + #YbT — @Yb™ + AYb, enabled by isotope-selective
ion fluorescence detection. Measurements were done in the 35 mK and 40 K tem-
perature range. Even at the lowest temperature, around 40 partial waves con-
tributed to the collision, which is still in the semiclassical regime. The observed
rate coefficients were in good agreement with theoretical predictions based on
the semiclassical Langevin model.

2.2.2 Rb-Rb"

The collision between rubidium atoms and rubidium ions is one of the most stud-
ied systems in atom-ion hybrid traps, since rubidium atoms are easy to laser cool
and the corresponding ions can be efficiently confined in Paul traps, allowing good
control and spatial overlap between the two species. The system involves a sin-
gle valence electron neutral Rb and a closed-shell ionic core with a noble-gas-like
configuration, Rb™. The closed-shell structure of the ion implies that laser cool-
ing is not possible with standard techniques. Cooling of alkali-metal ions is typi-
cally achieved via sympathetic cooling, i.e., by co-trapping them with laser-cooled
alkaline-earth metal ions, or via resonant charge transfer processes. [92]. The
molecular states structure of the Rb-Rb™ system is less complex than that of the
Yb-Yb™ system. In Rb-Rb™ collisions, charge exchange is also a resonant process
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due to the identical atomic species, mainly governed by the non-adiabatic cou-
plings, butin contrast to the Yb-Yb* case is less efficient [91]: In the latter case, the
presence of multiple closely spaced electronic states and e.g. stronger spin-orbit
coupling leads to an increase of avoided crossings, which can enhance resonant
charge transfer. In rubidium case due to nonzero nuclear spin hyperfine interac-
tions can play an important role, opening up additional collisional channels while
for bosonic ytterbium isotopes, where the nuclear spin is zero, thus hyperfine in-
teractions play no role in the ultracold collisional dynamics.

The group of Prof. Denschlag investigated the interaction between an ion Rb™
with 87Rb Bose-Einstein condensate in 2010 [72]. The experimental setup is de-
scribed in detail in [93]. We note that using this same apparatus, it was possible
to investigate the interaction between Rb atoms and a Ba* ion. In Ref. [72], they
demonstrated that a single ion can be used as a probe of the atomic density dis-
tribution. The number of remaining particles was measured as a function of the
ion’s position relative to the center of the atomic cloud. Their measurements were
performed with three fractions of the condensate: a thermal cloud, a partially con-
densed atomic cloud, and an almost pure Bose-Einstein condensate. Based on
their theoretical model, the temperature of the atomic sample Tr;, was obtained
at 50, 35 and 25 nK for the three fractions.

In the same group, TBR was investigated in 2012 [94]. Two recombination pro-
cesses were considered:

* Rb + Rb + Rb* — Rby + Rb™. In this reaction, the ion acts as a catalyzer
to produce Rbs molecules. Then the ion gains 2/3 of the released energy.
Subsequently, the ion was sympathetically recooled via elastic two-body col-
lisions with cold rubidium atoms.

* Rb + Rb + Rb* — Rbj -+ Rb. In this second reaction, a molecular ion and a
neutral atom may be produced, but Rbj molecular ions were not observed
in this experiment.

Furthermore, in the experiment, the dependence of the TBR probability on
the kinetic energy of the ion (controlled by the micromotion of the ion) was in-
vestigated. They found that the probability can be increased by a factor of 5 with
increasing micromotion.

The Rb atom Rb™ ion collision was studied from a different point of view by
the team of Prof. Rangwala (Bangalore, India) to cool the ion by the atoms via res-
onant charge exchange [92,95]. As Rb™ cannot be laser-cooled, they suggest that
resonant charge exchange could be an efficient cooling process. They showed
that resonant charge exchange can cool the ion more efficiently than elastic col-
lision, leading to a lower ion kinetic energy than considering only the elastic one.
During the resonant charge exchange, the internal state of the interacting parti-
cles was unchanged, only the charge transferred from the atom to the ion. This
produces cold ion and hot atoms that leave the trap. A similar demonstration of
the beneficial affect of the resonant charge-exchange on the ion cooling in the Cs
atom Cs™ collision was shown by the same group [96].
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Chapter 3

Theoretical background

In this chapter, | will introduce the theoretical approaches and methods that are
used during my research. In Section 3.1, | introduce the Born-Oppenheimer ap-
proximation for diatomic molecules, which is at the foundation of the so-called
quantum chemistry, i.e. the resolution of the Schrodinger equation to determine
the electronic states of the molecules. The angular momenta are very important
for diatomic molecules. They can be coupled in various ways, leading to the for-
mulation of the various Hund's coupling schemes based on the hierarchy of the
interactions involved in the molecule. In Section 3.2, | give a brief presentation
of Hund's cases (a), (¢), and (e), which are relevant to the research of this the-
sis. Section 3.3 is devoted to the resolution of the time-independent Schrédinger
equation given in Section 3.1 for the electronic dynamics. | present in Section 3.4
the spin-orbit interaction that plays a central role in my investigation. | recall in
Section 3.5 the classical model for atom-ion collisions, the Langevin capture model,
useful for the basic understanding of the processes studied. Finally, | describe in
Section 3.6 the elements of scattering theory required for the investigated colli-
sional processes.

3.1 Born-Oppenheimer approximation for a di-
atomic molecule

In this section, | explain the widely used approximation in molecular physics, the
Born-Oppenheimer approximation [97]. It is based on the high ratio between the
nucleus mass and the electron mass. The proton is 1836 times heavier than the
electron.

Consider a diatomic molecule composed of atoms A and B with mass m 4 and
mp and n electrons. The position vectors relative to the center of mass O¢ s of the
system are R4 and R g, while the electronic ones are r;, where i = 1,2,3,...,n,
see Fig. 3.1. Using these notations, the relative distances between the particles
are defined as follows: the internuclear distance is given by R =| Rg — R4 |, the
distance between electrons i and j is r;; =| r; — r; |, and the nucleus-electron
distanceis 7,4/ =| i — Ra/p |.
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The frame of reference with its origin in O¢s and one axis along the molec-
ular axis is referred as the body-fixed (BF) frame, or the rotating frame. The BF
frame provides a natural description of the molecular system, since it separates
the rotation of the molecule from the internal degrees of freedom (vibration and
electronic motion), thus simplifying the treatment of the electronic structure. The
center-of-mass O¢js moves in the laboratory frame, also referred to as the space-
fixed (SF) frame, with a position

ma BSF mp BSF
—R 7}% A
ma+mp A ma+mp (3.1)

Rcm =

(b)  Zcum (©)

YCM

XCM

laboratory frame of reference molecular rotating frame of reference
“Space-Fixed (SF)” frame “Center-of-Mass (CM)” frame “Body-Fixed (BF)” frame

Figure 3.1: Different frames of reference: (a) The collision between the two col-
liding partners is described in the laboratory frame of reference, referred to as
the space-fixed (SF) frame {Xsr, Ysr, Zsr}. (b) The center-of-mass frame which
ignores the motion of center-of-mass Oy in the SF frame. (c) The body-fixed (BF)
frame {Xpr, Yar, Zpr} attached to the center-of-mass Ocy with Zpg along the
internuclear axis.

The time-independent Schrédinger equation for the molecule in the center of
mass coordinate system can be written as

Hap(r,R)¥(r,R) = EV(r,R), (3.2)

The Hamiltonian of the molecule, H 45, in the non-relativistic case is the sum
of the kinetic energy operator 7', and the potential energy term V/

Hup(r,R)=T(r,R)+ V(r,R), (3.3)
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where r = {ry,...,r,} represents all position vectors of the electrons. More ex-
plicitly, in the BF, the kinetic energy operator is written as the sum of the kinetic
energy operator for the relative nuclear motion and the kinetic energy of the elec-
trons,

h? E—
T(r,R) = To(R)+To(r) = —— Vi — 5— > Vi, (3.4)

where the reduced mass of the nuclei is noted i = ma mp/(ma + mp) with the ¢
index in the operator V? indicating that the derivatives are taken with respect to
the r;. The potential energy operator is given by the sum of the Coulomb interac-
tions between nuclei and electrons

‘7(7”7 R) = Vin(R)+ Vae(r, R) + Ve—e(r) =
62 ZAZB 62 ZA ZB
T 4mey R Ameg ; <ri t > d7eg ; ; T

(3.5)

where Z4 and Zp denote the atomic numbers of nuclei A and B. Throughout the
thesis, atomic units will be used, which means ﬁ =1,Ah=1and m, = 1. Dueto
their much larger mass, the nuclei move far more slowly than the electrons and
can therefore be treated as fixed from the perspective of the electronic motion.
Thus, we consider electrons moving in the Coulomb field of the nuclei for fixed R
values, and the electronic Hamiltonian in atomic units is given by

n n

ZaZ " /Z
__,sz AB_;(mj TB) ZZ* (3.6)

=1 j>1 Tij

The molecular wave function is written as a product of an electronic wave function
Y™ (r, R) for every distance R and a nuclear wave function x(R), also referred to
as the BO ersatz,

\I’m(T,R) = Xm(R)wm(rv R) (3.7)

The wave function ¥ (r, R) is the m™" solution at distance R of the Schrédinger
equation with the electronic Hamiltonian

H.(r, R)Y™(r,R) = EI"(R)Y™(r, R). (3.8)

The wave function depends parametrically on R, as well as the corresponding elec-
tronic eigenenergies E7"(R), resulting in the so-called adiabatic potential energy
curve (PEC) of the m*" electronic state. The adiabatic approximation at this stage
consists in solving the Schrédinger equation for nuclear motion and for a given
electronic state m. Substituting Eqs 3.7 and 3.8 in Eq. 3.2 leads to

(7(R) + EZ'(R)) X"(R) = E"X"(R), (3.9

where E™ is the total energy of the molecule in the electronic state m. In the adi-
abatic approximation, the terms involving the derivatives of the electronic wave
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function generated by the kinetic energy operator are neglected. These terms,
usually referred to as “radial couplings”, may become important in various situa-
tions, for example: (i) when two adiabatic PECs present an avoided crossing local-
ized in internuclear distance reflecting an abrupt variation of the electronic wave
function, and thus an important derivative with respect to R; (ii) when we intro-
duce additional terms in the electronic Hamiltonian, like spin-orbit interactions,
which might couple different adiabatic states. A way to take into account such
non-adiabatic effects consists in expressing the full molecular wave function as
an expansion over the electronic adiabatic states ¢ (r, R) solutions of Eq.3.8

Z X" (R)Y™ (r, R). (3.10)

m=1

where the functions x™(R) are not anymore solutions of Eq. 3.9. Substituting
Eq. 3.10 into the Schrédinger equation 3.2, the radial part of the nuclear kinetic
energy operator 7, (R) acts on one term of this expansion as

1 d2 1

m m d2Xm awm de m 82 w”L

{wTﬂ + 2

arz "o ar TX Rz |- BM

Projecting the resulting equation onto the electronic state 7 yields a set of cou-
pled equations,

[T+ ELR) x(R) + - W™ (R)X™(R) = Ex(R), (3:12)

m#q

where 7™ are the non-adiabatic coupling terms

Wq"”(R) = —i [QF‘””(R)(Z% + Gq””(R)} , (3.13)
with
0
I KA SR LA PR S

To examine the effect of a small change in the internuclear distance, R — R+ dR,
we differentiate the electronic Schrodinger equation (Eq. 3.8) with respect to R,

o0H, .. =~ OY™ OE™, m Y™
OR +HeaR_ 8Rw B “OR

(3.15)
Projecting this equation onto another electronic eigenstate 4, and using the

orthogonality of the electronic states, (¢ | ¢?) = 0 for m # g, together with
(™| H, = B (™), yields

<wq W>:< -5 (ur
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Therefore, the first-order derivative coupling introduced above can be equiva-

lently written as

aR‘ ¢m> N Eme(R) - E%(R)'

FI™(R) = <¢‘1 (317)

This expression shows that non-adiabatic coupling terms (NACTs) may become
large when two adiabatic PECs approach each other in energy. Therefore, in the
vicinity of an avoided crossing, where the energy gap becomes small and the elec-
tronic character of the states changes rapidly with R, the Born-Oppenheimer sep-
aration may break down and transitions between the coupled electronic states
can occur. Away from avoided crossings, NACTs are generally small and can of-
ten be neglected We will see in the next Sections how such coupling terms are
handled in the context of our work.

The kinetic energy operator Tn(R) appearing in Eq. 3.12 can be expressed in
polar coordinates (R, 0, ¢) as

. 119 (5,0 11 /(1 9 0 1 9
LR = —3. wor (R 8R) o (mae““"ae* ea¢>
119 (.,0 1 £

where £ is the angular momentum associated with the mechanical rotation of the
molecule. As 7,,(R) has a well separated radial part and an angular one, the nu-
clear wave function x™(R) is written as the product of an R-dependent vibrational
wave function x7% (R) and an angular-dependent part rotational wave function

X:Tcl;t (87 d))
X" (R) = xyin(R) Xrot (0, ) (3.19)

Inserting Eq. 3.19 in Eq. 3.9 leads to the two equations for the radial and
rotational wave functions

1 1 02 L(L+1) m m B m
T ROR? + R + B (R) | xvib(R) = E xyip(R) (3.20)
e L0+1
ﬂﬁ)ﬁot(aa ¢) = (2 Rg)Xrot (9 ¢) (3-21)

For diatomic molecules we use the conventional relation

20+1
X (0,0) = \| == D3 1, 6,6,0)

where D are the so-called Wigner functions that will be useful in the next Chapter.
In the case, when the electronic wave functions are sensitive to the movement of
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the nuclei, the motion of the nuclei and electrons will not be decoupled anymore,
i. e., the coupling terms between nuclear and electronic motions in 7}, (R) are not
negligible, and the electronic states are mixed. Later in the thesis, we will show
some examples, where the Born-Oppenheimer approximation is not valid, these
are the so-called avoided crossings, which enable non-adiabatic transitions, thus
inelastic processes. In Chapter 5, | will show examples for the treatment of the
avoided crossings.

3.2 Couplings in diatomic molecules: Hund’s cases

Being by essence a non-spherical object, the angular momenta play an important
role in molecules. We defined in the previous Section the mechanical rotation
of the molecule £. The internal angular momenta of the molecule, namely the
total electronic angular momentum L and the total electronic spin S must be
considered too. The total nuclear spin I is neglected in our study, as the dynamics
that will be modeled in the next chapters can be considered as independent from
I at a first level of approximation. These angular momenta may be coupled
to each other in various ways, depending on the relative strengths of the inter-
actions that they characterize. Frederich Hund was the first to systematically
categorize the various coupling schemes in a diatomic molecule. After his work,
these groups are referred to as Hund's coupling cases [98]. Five main Hund's
cases exist, labeled (a), (b), (¢), (d), and (e). In this Section we present three
Hund's cases (a), (c¢) and (e) which are relevant for our work. They are usefully
illustrated by a classical vector model, and allow to determine a set of “good”
guantum numbers as those who are conserved during the process, i.e. quan-
tum numbers which appropriately characterize the quantum states (see Table 3.1).

Hund'’s case (a): In the Hund's case (a) coupling scheme (Fig. 3.2), the orbital
angular momentum, L, is strongly coupled to the internuclear axis, so that it
precesses around the internuclear axis much faster than the electronic spin S .
The projections of L and S onto the molecular axis are well defined as +A and
+3, respectively, and their sum €2, 2 = A + X is also well characterized. The
electronic Hamiltonian (Eq.3.6) does not depend on the sign of these projections,
thus neither do the resulting electronic energies. In the laboratory frame, and in
the absence of external field, the mechanical rotation £ (which is perpendicular
to the internuclear axis) can couple to their projections to form the total angular
momentum J of the molecule which might depend on the sign of these projec-
tions, leading to a doublet of close energy levels, usually referred to as A-doubling
or Q-doubling. Note that the projection of J on the molecular axis is 2, while it
is denoted M along an arbitrary axis of the laboratory frame. The set of good
guantum numbers in Hund's case (a) are then |A], |X], |2], J, M. Note that the
parity of the total wave function of the molecule is also a good quantum number
in the laboratory frame, as it will be discussed in Chapter 4.

Hund'’s case (c¢): in this case, both L and S rotate around the internuclear axis
with similar velocity, so they add together to form the total electronic angular mo-
mentum j = L + S which in turn rotates around the axis with a fixed projection
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Q

Figure 3.2: Vector coupling model for Hund's case (a) coupling case in diatomic
molecules.

Q. This is the case when the spin-orbit coupling is strong with respect to the elec-
trostatic interaction of the electrons with the nuclei. The momentum £ then adds
to Q forming J (Fig. 3.3). The good quantum numbers that are now ||, J, M.

N e

Figure 3.3: Vector coupling model for Hund's case (¢) coupling case in diatomic
molecules.

Hund's case (e): This case corresponds to a weak electrostatic interaction of the
electrons with the nuclei, so that the total electronic momentum j and the rotation
£ rotate with similar velocity around the total angular momentum around J (Fig.
3.4). This happens for instance at large internuclear distance where long-range
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interaction between the two atoms takes place, without exchange energy, while
the atomic spin-orbit interaction is dominant. The only good quantum numbersin
this case are J and M. Itisimportant to realize that in most cases, and in particular

o— o

Figure 3.4: Vector coupling model for Hund's case (e) coupling case in diatomic
molecules.

for describing a collision between two atoms, there is not a unique Hund's case
under which the atom pair can be modeled at all distances. The electronic states
are conveniently described in Hund's case (a) or (c¢) in the BF frame, while the
collision starts under conditions of Hund's case (e) in the SF frame. Therefore it is
important to set up appropriate transformations between these various frames.
This will be the topic of Chapter 4.

Hund's Quantum Electronic Spin-orbit Rotation
Cases numbers
(a) NS Y Q J M Strong Medium Weak
(c) Q,J, M Medium Strong Weak
(e) J, M Weak Medium  Strong

Table 3.1: Summary of the "good” quantum numbers characterizing Hund's
case (a), (c) and (e), with the corresponding approximate interaction
regime, including electronic interaction of electrons with nuclei, spin-orbit
interaction, and rotational interaction.
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3.3 Determination of the electronic structure of a
diatomic molecule

In this section, | briefly describe the method used in our group for solving the elec-
tronic Schrédinger equation within the Born-Oppenheimer approximation (Sec-
tion 3.1), in order to obtain Hund's case (a) PECs that are at the foundation of my
work. More details about the methodology can be found in various articles from
our group, e.g. [99-101]. | first recall Eq. 3.8 of the electronic Schrédinger equation
for the electronic motion expressed at a fixed internuclear distance R,

H.(r,R)Y™(r,R) = E"(R)Y™(r, R), (3.22)

where

n n

n N n 2 2
A 3L ) DS ) P LR CRE)
=1 26 (%]

a=1i=1 i=1 j>i

Equations 3.22 and 3.23 describe a complex many-body system with two nuclei
and n electrons (with n usually large), and their resolution is reputed to be one of
the most complex to solve in quantum mechanics, a research field referred to as
quantum chemistry. The first step consists of finding reasonable approximations
that allow such a resolution with controlled numerical accuracy.

Our study focuses on diatomic molecules composed of an alkali-metal atom
(Li, Rb) and an alkaline-earth ion (Ba™, Srt), both with a single valence electron
moving in the field of singly-charged (Li*, Rb™) or doubly-charged (Ba?*, Sr?*)
closed-shell core. The system contains two valence electrons; therefore, it can be
treated as an effective two-electron system. The closed-shell cores A+ and B**
are represented by the so-called pseudopotentials (PP) [102,103]. More specifi-
cally, for each isolated atom, the mean field induced by inner-shell electrons on
the valence electron is modeled by a parametric effective core potential (ECP) with
spherical symmetry Vgcp(r). For practical use in numerical calculations, a Gaus-
sian form for the ECP is chosen

Z — i T
Viecp(r) = -t Zcﬂ“n”e S (3:24)
i=1

where Z is the charge of the core, and C, n; and «; are adjustable parameters that
determine the apmlitude and radial shape of the Gaussian terms. The parameters
of the ECP are determined after performing an all-electron self-consistent field
Hartree-Fock (SCF) calculation, and adjusting the obtained atomic energies to the
experimental ones. In general the results are not fully satisfactory, as an impor-
tant effect is neglected: the correlation between the valence electron and the core
electrons. In the present context, it corresponds to the instantaneous deforma-
tion induced by the valence electron of the ionic core which is not a point charge,
but rather a charge distribution characterized by a static dipole polarizability a™.

An additional term is added to Vgcp, namely, the core polarization potential
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(CPP) Vepp(r) [104,105]

1
Verp(r) = —§a+f2, (3.25)
f= %Fl(r, pL)- (3.26)

The so-called cut-off functions F;(r, p)

0 r<p

(3.27)
1 r>p.

Fl(rv pl) = {

involve cut-off radii p; depending on the orbital angular momentum of the valence
electron [, and are designed to limit its penetration within the ionic core. Practi-
cally, three cut-off radii ps, pp, pa (for I = 0, 1,2) are adjusted to reproduce the ex-
perimental energies of the lowest s, p and d levels of the considered atom [99,105].

It is worth noticing that the behavior of the ECP at short internuclear distances
is not rigorous as it involves only the coulombic repulsion between the two ionic
closed-shell cores. But the repulsion between core electrons is even stronger
due to Pauli exclusion principle. It has been shown [106, 107] that such an ef-
fect can be modeled by adding to the ECP a core-core repulsion term of the form
Vee(R) = acce~beef, One efficient way to calculate the a.. and b.. parameters is to
perform an Hartree-Fock calculation on the closed-shell molecule AB3* at short R
and fit the parameters to the results. However, under the typical conditions of the
systems used here, such a term becomes significant only below 6 a.u. (this value
is typical for alkali-metal ionic cores like Rb [107]), so that the repulsive branch of
the PEC is noticeably affected when the minimum of a PEC lies close to that dis-
tance. In our work, the dynamics of the systems is controlled by patterns of the
PECs typically beyond 10 a.u., so that we will not include V... in the used PECs.

The main outcome of the simplifications above is that standard techniques
of quantum chemistry can be applied by performing a full configuration interac-
tion calculation (FCl) in the chosen Hilbert space for the two valence electrons.
This opens the way to obtain results for highly-excited electronic states, in con-
trast with method using incomplete configuration interaction. This Hilbert space is
built by centering a large Gaussian basis set on each ionic core and setting up two-
electron configurations. The molecular wave functions are obtained from Hartree-
Fock single-electron calculations, followed by FCl, resulting in Hund's case (a) PECs
for each molecular symmetry 25+1 A, Calculations are performed using the CIPSI
package (Configuration Interaction by Perturbation of a multiconfiguration wave
function Selected Iteratively) originally developed in Toulouse (France) [108], which
was further adapted in our group to run via an automatic procedure. This method
has been successfully applied to several systems in our group [83,99-101,109-111],
to calculate Hund's case (a) PECs, permanent dipole moments (PDMs) and transi-
tion dipole moments (TDMs).

As a preliminary step to Chapters 6 and 7, Fig. 3.5 shows the calculated PECs
for the LiBa™ and RbSr™ molecules of relevance for my thesis. While having both
two valence electrons, their molecular structure is vastly different from each other.
Indeed, their dissociation limits originate from the combination of the spectrum
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Figure 3.5: Hund's case (a) PECs of LiBa* (left panel) and RbSr™ (right panel), pre-
sented with the same energy scale. The origin of energies is fixed at the dissoci-
ation limit of the electronic ground state. Singlet states are displayed with solid
lines, and triplet states with dashed lines.

of several atomic species, namely A, AT, B and BT. Being a heavy species, Ba
and Ba* exhibit more energy levels in the energy range considered than Li, Rb
and Sr. However, within the energy range relevant to the present study, up to the
metastable ionic entrance channel correspond to the third and eighth dissociation
limits of LiBa* and RbSrT, respectively. Up to these limits, the LiBa™ exhibits a
simpler structure with fewer relevant dissociation limits than RbSr*. The 25 — 2P
in alkali-metal atom (i.e. the usual D line) have comparable energies in Liand Rb, so
that each panel includes the dissociation limits Li(2s)+Ba™(6s) and Rb(5s)+Sr*(5s)
within the same energy range.

In contrast, the lowest asymptote is different for the two systems. From a colli-
sional point of view, the initial channel with neutral alkali-metal atom and alkaline-
earth ion in their ground state has the lowest energy in LiBa™, and not in RbSr*:
therefore there is no possibility of radiative charge exchange in the former system,
in contrast to the latter one [83].

The metastable excited state of alkaline-earth ions, namely Ba*(5d) and
Srt(4d) in the present case, plays an important role in their laser-cooling cycle, as
briefly addressed in Chapter 2. Therefore, collisions might occur between ground
state alkali-metal atoms and metastable alkaline-earth ions, which is the main
topic of my work. Surprisingly enough, despite the significantly lower number
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of asymptotes in RbSrt by comparison with LiBa™, the Hund's case (a) PECs
correlated to the Li(2s2S)+Ba™(5d2D) and to Rb(5s2S5)+Sr*(4d2D) asymptotes
mostly interact via real crossings or avoided crossings with PECs correlated to a
single lower asymptote, i.e. Lit+Ba(6s%1S) and Rb(5p2P)+Srt(5s25). We imme-
diately notice that the resulting dynamics will be different, as charge exchange
is expected in the former case, and not in the latter. We will come back to these
issues in Chapters 6 and 7.

3.4 Spin-orbit interaction in a diatomic molecule:
asymptotic model

In heavy atoms such as Rb, Ba and Sr considered in this work, the spin-orbit (SO)
interaction is strong and generates SO doublets (see Table 3.2), so that within the
molecule containing them, it might become stronger than the electrostatic inter-
action. As explained in Section 3.2, this situation refers to Hund's case (c) coupling
case. The molecular SO coupling is expected to depend on the internuclear coordi-
nate R in a non-trivial manner, starting from the atomic values for infinite atomic
separation. This will be discussed in Chapter 5. In order to capture the essential
features of the system, it is wise to design an asymptotic model to build the SO
Hamiltonian. We will show later that the structure of the atomic and molecular
SOC matrices are identical.

Atom/ion | Level | SO doublet | Energy splitting Aso
(cm~1) (em~1)
Rb 5p 1/2,3/2 237.595 158.397
Srt 5p 1/2,3/2 801.46 534.307
Srt 4d 3/2,5/2 280.34 112.136
Ba™ 6p 1/2,3/2 1690.843 1127.229
Bat 5d 3/2,5/2 800.955 320.382

Li 2p 1/2,3/2 0.34 0.227

Table 3.2: Spin-orbit splittings and corresponding spin-orbit constants Aso
of relevant energy levels in several atomic and ionic species studied in this
work [112].

Thus, spin-orbit coupling can be handled in a two separated atom framework
at large internuclear distances. More precisely, we consider a neutral alkali-atom
and a singly-charge alkaline-earth ion, so that one valence electron is bound to
each ionic core. We consider the effective spin-orbit Hamiltonian that can be
added to the molecular Hamiltonian,

Hso = Adola - 5a+ ASplp - $p, (3.28)

where A4, and AZ, are the atomic splitting constants for atoms A and B, respec-
tively. The molecular wave functionin Hund's case (a) |A, S, ¥) can then be written
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as a linear combination of atomic orbitals, where each atom A and B is supposed
to be in a well-defined atomic state with quantum numbers /4,54 and ig,sp

|Aa S, Z> Z Z CSS;\X,JmSA;sB,msB |SA7mSA’sB7mSB> X

M5, =—8A Msy=—35B

X Z Z lA 77L1A7l37ml |ZA7mlA7lemlB> ) (329)

mLAfflAmlB 7[3

where C;."Jflkl are Clebsch-Gordan coefficients [113]. It is easy to derive the matrix

elements of Hso for every possiblevalue of Q = A+ ¥ =my, +my, +ms, +ms,
using the usual ladder operators

[i|l,ml,s,mg \/ll—l—l my(my £ 1) | I,my + 1,8, mg) (3.30)
§* | I,my,s,ms) = \/S (s+1)—mg(ms £1) |1, my,s,ms + 1) (3.31)
Zz ‘ lamlasvms> =my | lamlvsams> (3.32)

5* ‘ l,ml,s,ms> =Ms | laml757ms> (3.33)

Hso = Ao <z<z) G4l S84+, sA)) +AE, (z<z) <Z>+2(z+sB+z sB)>. (3.34)

We consider an atom or an ion with one valence electron and with spin-orbit in
states 2P or 2D (see Table 3.2), characterized by the SO constants Ap = 2AEp/3
and Ap = 2AEp /5, while the other partner remainsin a 2S state. AEp and AEp
are the atomic spin-orbit energy splitting of 2P and 2D states. This gives rise to
asymptotic limits that we will denote S 4+ P and S + D for simplicity. In each case
we obtain Hamiltonian matrices containing the spin-orbit interaction on diagonal
and off-diagonal matrix elements. These matrices are collected in Appendix A.

In this asymptotic framework, there is no SO coupling between states corre-
lated to different asymptotic limits. However, considering R—dependent spin-
orbit couplings, there may be couplings in the short-range that tend to zero at
large internuclear distances. These are referred to as indirect spin-orbit couplings,
whereas those involving the same asymptotic limit are known as direct spin-orbit
couplings. This feature is investigated in Chapter 5, where | introduce the determi-
nation of R—dependent spin-orbit couplings, and their influence on the dynamics
is illustrated on two specific examples in Chapter 6 and Chapter 7.

3.5 Langevin model: a useful classical model for ion-

atom collisions
In 1905, Paul Langevin [114] proposed a classical model to describe possible tra-
jectories for ion-atom collisions, in the context of ion mobility in neutral gases. In

particular, he obtained orbiting trajectories of the ion around a neutral particle,
thus corresponding to a capture (Fig. 3.6). This model was widely used afterward
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to describe ion-neutral collisions in chemistry (see, for instance, [115-117]). In this
approach, it is assumed that the ion-neutral collision rate is determined by the
long-range part of the interaction potential, fixing the condition for the system to
pass across the centrifugal barrier and then leading to capture or more generally
to a reaction between the two particles.

p

b> bmax -p >

b = bpax _
P

b < bpax
b
V4

Figure 3.6: Possible trajectories of the Langevin model depending on the choice
of the impact parameter b with respect to the critical impact parameter b,,,4.. Blue
curve: b < bmq, and the projectile is captured by the target in a spiral trajectory,
and reaction occurs with unit probability. Red curve: b = b,,,, corresponding to
an orbiting trajectory around the target. Green curve: b > b, and the projectile
is not significantly influenced by the target.

The long-range part of the interaction potential between an ion and a neutral
particle (an atom in our case) is V(R) = —C4/R* where C, is half of the static
dipole polarizability « of the atom,

2
04:< - ) /2. (3:35)

47eg

This interaction competes with the rotational interaction between the particles
(with reduced mass p) quantified by partial waves ¢, giving rise to the effective
potential

C 00+ 1)R?
Vir(R) = —Rj+(2MR§. (3.36)

This potential exhibits a centrifugal barrier (Fig. 3.7) with a height depending on ¢

20+ 1)2n

Ver(R*) = 1620, (3.37)
and located at the position
x 4/104
B = ey o 3:39)

Therefore, the collision energy must be larger than the height of the barrier for
the capture to occur. In a classical approximation, the number of partial waves is
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Potential energy

Interatomic distance

Figure 3.7: Effective potential energy of a hypothetical atom - positively charged
ion system, including the centrifugal (rotational) term for £ = 0, 1, 2. In the s-wave
case (¢ = 0) thereis no barrier, while for increasing values of ¢, a centrifugal barrier
emerges.

large, so that the magnitude of the angular momentum of the system is L = A/,
and its maximum value at a given collision energy E. = h%k?/(2u) is

Lmaw - (16/~LQC4EC)1/4- (339)

This corresponds to a maximum impact parameter for the classical collision
bmaz = L/(hk). The classical cross section o9 = wb2, ., usually denoted as the
Langevin cross section, is

1C
o =2m E‘L. (3.40)

and the associated rate coefficient K = %O’L

12
K, =2m %. (3.41)

The Langevin rate is then constant with respect to the collision energy, which
makes ion-atom collisions remarkable. Such a capture model does not take into
account the possible quantum effects occurring at short ion-atom distances, so
that the Langevin rate is an upper bound for the quantum reaction rate. Thisis the
central goal of the present thesis: to determine the importance of these quantum
effects and thus evaluate a realistic reaction rate to be compared to experimental
measurements.

In [118] a generalized derivation of the capture cross section for 1/R~2 and
1/R~% interactions is presented, and the Langevin cross section is discussed in
detail.
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3.6 Elements of quantum scattering theory

Assume a typical atomic collision as shown in Fig.3.8. A homogeneous, well-
collimated, monoenergetic beam formed by A particles is aimed at a target B
particle. After a collision between particles A and B, a detector placed outside
of the path of the incident beam registers the particles emerging from the
interaction. Several types of collisions are possible:

1. Elastic collisions, when particles A and B are in the same internal state be-
fore and after the collision:

A+ B — A+ B. (3.42)

2. Inelastic collisions, when the internal quantum state of particle A and/or B
changes during the collision, for example, the B particle is left in an excited
state after the collision:

A+B - A+ B. (3.43)

3. Reactive collisions, when, after the collision, two different particles are cre-
ated compared to the colliding ones

A+ B —-C+D (3.44)
In the following, we present the main aspects of quantum scattering theory
that are relevant to our study:

+ definition of the scattering amplitude and the cross section for the scatter-
ing of particles and its relation to the underlying wave function of the sys-
tem;

+ scattering by a central potential allowing for the so-called partial wave ex-
pansion of the wave function to determine the scattering amplitude;

+ extension to the scattering for a multichannel problem, leading to the reso-
lution of coupled Schrédinger equations;

+ choice of the log-derivative algorithm for solving the coupled equations;

+ extraction of & matrix of scattering amplitudes.

3.6.1 Scattering amplitude and cross section

Let us consider the incident ionic beam A directed along the z-axis toward the
target atom B, see Fig. 3.8.

The incident flux of atom A is denoted by F'. The number of atoms scattered
into a small solid angle d2 in the direction 6, ¢ in unit time is denoted by dN. The
number of scattered atoms is proportional to d2 and F', the proportionality factor
o(0, ¢) is the differential cross section and has the dimension of area.

AN = o(0,4)F d.
(3.45)
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Figure 3.8: Schematic view of a scattering experiment in the lab, when a beam
of particles A collides a target of particles B, and products detected at a certain
angle 6 with respect to the incident beam.

The total scattering cross section is obtained by integrating the differential cross
section over the whole solid angle

27 T
o = / do / (0, ) sin 0do. (3.46)
0 0

In quantum scattering, the cross section reflects the intrinsic properties of the full
wave function of the interacting system, and thus the underlying interactions at
work during the collision. We derive below this relationship.

The collision between two particles with masses m 4 and mp, interacting via
a potential, V(R) that depends only on their relative coordinate R, can be sepa-
rated into the free motion of the center of mass and the relative motion of the
particles. The latter is equivalent to the motion of a single particle of reduced
mass, i = mamp/(ma + mpg), in the potential V/(R). Therefore, we consider the
simplest collision problem: the non-relativistic scattering of a spinless particle by
a potential V(R). The Schrodinger equation for the relative motion is

i 0
— EV +V(R)|¥(R,t) = zha\If(R, t). (3.47)

The potential V(R) is taken to be real and time independent. Typically, it will be a
single Born-Oppenheimer (BO) potential energy curve derived along the lines of
the previous subsections. Thus, the stationary solution of Eq. 3.47 is

U(R,t) = p(R)e FH/". (3.48)

The wave function ¢)(R) is the solution of the time-independent Schroédinger equa-
tion

(- Zw + V(R)|4(R) = By(R), (3.49)
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with E = (h%k2)/(2u) being the energy of relative motion and k; is the magnitude
of the incident wave vector k;. Equation 3.49 can be rewritten using the scaled
potential U(R) = 2uV (R)/h? as

[W Ty U(R)]w(R) —0. (3.50)

For potentials U(R) vanishing faster than 1/R for large R values, the scattering
wave function satisfies the Schrédinger equation for a free particle

[v2+k2}¢(R) _— (3.51)

In general, the wave function at large distances is expressed as the superposition
of the incident wave function v, (R) and the scattered wave function ¢s.(R),

$(R) ~ tin(R)+ Ys(R). (3.52)
R—o0

The function 1y, is represented by a plane wave traveling along the internuclear

axis Z with momentum k;,

Vin(R) = e®R = ActhiZ (3.53)

where A is a normalization factor. The function 1)y is written as an outgoing spher-
ical wave

6ikir

wSC(R) = Af(klv 9, d)) Ta
where f(k;, 0, ¢) is the scattering amplitude depending on the energy and direc-
tion of R. Thus, the scattering wave function must satisfy the asymptotic boundary
condition

(3.54)

ikZ eth
V(R) ~ A+ f(k0,6) . (3.55)
The current of probability density j is defined as
. hor *
5= g (¢ RITO(R) — (Vo (R (R (3.56)

At large distances for the flux through a spherical surface, only the radial compo-
nent of j contributes,

0 0

= g [0 R G - (v (R)uR) (357)

i-R==_—
J J 2

where R = R/R is the radial unit vector. The scattered radial current reads as

L (R VLR
i = g [ e e
_ hk; 2 ) 2+
- U |A‘ ‘f(k7,797¢)| R27 (3-58)
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and the incident current in the Z-direction
. hk
G = I|A\2. (3.59)

The incoming flux through the unit area is proportional to j{¥, while the number
of scattered particles in the df2 solid angle in unit time is proportional to j,. R2dS.
The differential cross section is the ratio of these two currents,

J& R2dQ

(3.60)

This equation expresses the relationship between the cross section and the wave
functions through the scattering amplitude.

3.6.2 Partial wave expansion

A very common situation is the scattering of a particle by a central (or spheri-
cally symmetric) potential V' (R), thus conserving the total angular momentum
L. In this case the Hamiltonian commutes with the operators L2 and iz, and the
Schrédinger equation is separable in spherical coordinates. Since the incident di-
rection of the particle coincides with the Z-axis, the wave function, the scattering
amplitude, and the differential cross section are independent of the azimuthal
angle ¢. Therefore, the scattering wave function can be expanded in a series of
Legendre polynomials

G(ki, R,0) = > Ry(ki, R)Py(cosb). (3.61)
£=0

where the index / is the quantum number associated to L. The radial wave func-
tions, Ry (k;, R), satisfies the Schrédinger equation
d? 2.d  le+1) 9
e e A 21 Ro(k; =
{dR2 + R dR T2 U(R) +k7} Ry(ks, R) 0, (3.62)
where U(R) is defined in Eq. 3.50. This equation can be simplified by introducing
the function uy(k;, R) = R x Ry(k;, R),

[ ?  l+1)

dR? R?

—U(R)+kf} ue(ks, R) = 0. (3.63)

The solutions can be written as a power series
e}
u(ki, ) = > anR". (3.64)
n=0

Equation 3.63 admits two linearly independent solutions: one with a regular be-
havior at the origin

ue(ks, R) o~ R, (3.65)
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and the other which is irregular at the origin

—¢

ug(ki, R)  ~ R (3.66)

The physical solution of Eq. 3.62 must be regular for R = 0, so that R,(k;, R) ~ R’
when R — 0.

The long-range behavior of R,(k;, R) is determined assuming that the

rescaled potential U(R) vanishes in a region R > Ry. Equation 3.62 reduces

to a free particle equation which is conveniently rewritten using a new variable

p = sz,

Z? 2d L(0+1)

R - 1 _ = .
[dp? ok " ( p? ﬂ Rele) . 3:67)

known as the spherical Bessel differential equation. The general solution is a lin-

ear combination of the spherical Bessel function j;(p) and the spherical Neumann
function n;(p)

o\ 12
je(p) = <2p> Jev1/2(p) (3.68)
1/2
wle) = O (5] G (369)

where §,.1/2(p) is the Bessel function of half-integer order.
The long-range behavior of j,(p) and n.(p) is

1
je(p)  ~  —sin(p—Lm/2), (3.70)
p=oo P
1
ne(p) ~ ——cos(p—4LIn/2). (3.71)
p—s00 p

At large distances R > Ry, R¢(p) is written as a linear combination of Bessel func-
tions with coefficients By, and C, depending on k;

Re(p) = 92 = By(ki)jelo) + Culkimelo) 372
The asymptotic form of Re(p) is

Re(p)  ~ Bz(mm(p_“/z)—cg(ki)w. (3.73)

r—o0 p

Since the sin and cos terms in Eq.3.73 have the same argument, it is convenient to
rewrite their linear combination as a single sin function with a phase shift

welp) 2

sin(p — £m/2 + 6o (k;)). (3.74)

T—00

Using the trigonometrical identity sin(a + ) = sin«cos 8 + cosasin 3 with the
notation a« = p — ¢x/2 and 8 = §,, the Eq. 3.74 becomes

Re(p) ~ A(;;k,) (cosdgsin (p — €m/2) + sin g cos (p — 4m/2)). (3.75)
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Comparing Eq.3.73 and EqQ.3.75, one can identify By(k;) = Ae(k;) cosde(k;) and
—Cy(k;) = Ay(k;) sin §,(k;). Defining the phase shift d,(k;) as

tan dg(k;) = —Cy(ki)/Be(k:) (3.76)

and the normalization function as A(k;) = \/BZ(k;) + CZ(k;) the desired form
is achievable. We see that the presence of potential U(R) induces a phase shift
d¢(k;) on the wave function compared to the free wave function. The overall nor-
malization A,(k;) is arbitrary and does not affect the phase shift.

Ag(ks) .
mg(ki, R) ~ E( ) sin [kiR — ETI’/Z + 5@(1@)] (3.77)
R—o00 kiR
Since Ay(k;) can be arbitrary, a convenient choice is Ay(k;) = —2ie%(ki) |n this

manner, the radial wave function in the asymptotic region is

Ag(k;) .
Re(k;, R) o li-(R) sin [k;R — 4 /2 4 04(k;)] (3.78)
i(kr—0r/246,) _ ,—i(kr—Lmw/2+5¢)
, N _9jeide(k) € €
Re(ki, R) oo 2ie %R (3.79)
efi(k:rféﬂ'/2) _ ei(krfhr/2) )
Re(kis R) -~ R e (3.80)

We can define the Sy(k;) = €2"¢(k) as a single element of the scattering matrix or
& matrix.

Another useful choice of A, (k;) is possible in order to obtain the the scattering
amplitude f(k;,8). Using Eq. 3.55, the plane wave can be expanded in terms of
Legendre polynomials

AehiZ = Aehifeost = AN il (204 1) g (ki R) Py(cos 6). (3.81)
£=0

thus Eq.3.55 becomes

1/)(1‘) 7'—f>voo A i26(2£+ 1)WPZ(COSG) + f(ki79)eiii7“| _
=0 i
eikﬂ’ e} i
= A{ ; [f(kiaa)g (2ki>(2€+1)Pz(COSQ) +
—ik;r s i
+C r [Z (-1)° (%) (2¢ 4 1) Py(cos 9)] } ; (3.82)
=0 i

where we used the asymptotic form of j;(kr) and the identity

c—0 ikir _ - 7’L‘kﬂ“
sin(k;r — €n/2) = Le 2/ < (3.83)
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On the other hand, the asymptotic form of ¢(r) , based on Eq. 3.61 and 3.77, can
be written as

et(kr—€m /2464 (k) _ p—i(kr—L€m/2+6:(k))
E Ap(k) Po( (3089) . . (3.83)
7—00 2ikr

Combining the two equations (Eqg. 3.82 and Eq. 3.84) we obtain the normalization
coefficient for each partial wave

Ag(k;) = Aif(2041) e (3.85)

and then the partial wave expansion of the scattering amplitude

f(ki,0) = = i(zm 1) (€2 —1) Py (cos ), (3.86)

or in a more natural form, using the definition of & matrix

Plhi8) = 5o 020+ 1) (Selhs) = 1) P (cost) (3.87)
vy

Il
o

and finally the differential cross section

1 o0 o0 )
do(k, 0) = ?Z Z (20 + 1)(20 + 1)l (ki) =80 (k)] 5
o=

X sin (0p(k;

VA

(=)

~—

sin (0p (k;)) Pi(cos @) Py (cosB). (3.88)

It is independent of the A normalization factor, since it cancels out during the
matching of Eq. 3.82 and Eq. 3.84. The total cross section is obtained by integrat-
ing the differential cross section over the solid angle

o(k;) = 27r/ do(k;, 0)sin 0df
0
4 & 9
= TZ 204 1) sin® dp(k;)
Ll

= > o (3.89)
=0

The partial cross section oy(k;) reaches a maximum value of 47(2¢ + 1)/k?. In
the atom-ion experiment, the ongoing goal is to reach the s-wave regime (¢ = 0),
where the maximal cross section is 47 /kZ.

A third possible parametrization of A(k;) is when Ay (k;) = [cos 6,(k;)] . Us-
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ing this definition the radial wave function in the asymptotic limit is

Ap(ki) .
Relki, R) ~ ]j(R) sin [k:R — 07/2 + 84(k;)] (3.90)
1
Ro(k: ~ — = Agn(kR— 50 (ks
Re(ki, R) 7 FRcos 0y (0) sin (k; R — ¢m/2) cos §¢(k;)+
+ cos (k; R — ¢m/2) sin 64 (k;) (3.91)
1
Ry(ki, R) 2 TR [sin (k;R — € /2) + Ky(k;) cos (k; R — ¢ /2)] (3.92)

where we defined K,(k;) = tan d,(k;) and it is called reaction matrix. The relation
between reaction and scattering matrix is

- 14 ZK@(/@)

Se(ki) = 1—iK(k;)

(3.93)

3.6.3 Coupled-channel equations

Up to now, we have recalled the basics of scattering theory by considering only
a single state, commonly referred to as a scattering channel, or channel, in short.
In general, a collisional event induces transformations of the system via inelastic
or reactive processes (see the introduction of this Section.) In other words, a col-
lision involves several channels, as illustrated in Fig.3.9, which are coupled with
each other via specific terms in the Hamiltonian of the system. A collisional chan-
nel is asymptotically well-defined by its momentum k and appropriate quantum
numbers specific to the considered system. A channel is open (resp. closed) if its
asymptotic energy is smaller (resp. larger) than the one of the incoming channel
including the initial collision energy.

My work focuses on the description of ion-atom collisions. As discussed in
Chapter 2, several processes might occur such as charge exchange or excitation
exchange. It means that the entrance channel, described by a given adiabatic
(or Born-Oppenheimer) state, is actually coupled to other BO states through non-
adiabatic couplings, which are induced, for example, by radial or spin-orbit cou-
plings (see Section 3.1). The Schrodinger equation of Eq.3.49, which was written
for a single PEC, can be generalized to the so-called coupled-channel form for a
collision energy E as

P10 (0
2uR2OR \'" OR

where the wave function ¥ is expanded on a finite set of BO states |®,,) as

2o, - B

> + 2uR2L + V(R)] U(R)=EY(R) (3.94)
1

W(R1) =) £Fa(R)|Pa), (3.95)
a=1

and the V operator in now expressed as a matrix with R-dependent diagonal ele-
ments .
Vaa =Va = <(I)a| V |(I)a> (396)
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Figure 3.9: Schematic illustration of open and closed scattering channels with re-
spect to an incoming channel. Each channel is represented by a single potential
energy curve.

being the PECs of the BO states «, and R-dependent off-diagonal elements
Vaa = (25| V| ®a) (3.97)

representing the non-adiabatic couplings between BO states « and 3. Substituting
3.95 in 3.94 and projecting the equation on state |®3) we obtain a set of radial
coupled equations of the generic form

Bﬂ (dcll?? - W};l)> +Vas(R) + E} Fs(R) = ; Via(R)Fa(R).  (3.98)

As all interactions are assumed to vanish for R — oo, the PEC of each state |®,,)
reaches its asymptotic value ¢,. If the entrance channel is a given BO state |®;),
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its asymptotic energy ¢; can be considered as the origin of energy, to which the
collision energy F is added. Therefore, a channel « is openif e, < ¢; + E. In the
next subsection, we present the numerical approach that we chose to solve this
system of coupled Schrédinger equations.

3.6.4 Solvingthe coupled channel equations: the log-derivative
algorithm

To solve the coupled Schrddinger equations, we use the robust approach pro-
posed by Johnson [119], the log-derivative algorithm, that we implemented in a
numerical code developed in our group in Orsay. This algorithm offers several ad-
vantages for coupled-channel scattering calculations compared to other ones. It
is simple to include in a numerical code, treats the closed channels without special
numerical difficulties, and allows the propagation step size to be modified easily.
In addition, the method is self-starting, meaning that the propagation can be ini-
tiated directly from the inner boundary condition without constructing the wave-
function amplitudes at several initial grid points. It can also be started inside the
classically forbidden region without introducing numerical instabilities. Moreover,
Johnson showed that the method can be computationally more efficient than the
matrix Numerov method for calculating the S- matrix [119, 120].

We briefly recall below the main steps of the method. The system of coupled
differential equations illustrated by Eq. 3.98 is first recast in compact matrix form
(after global multiplication by 24/h?)

[D*+W]|F =0, (3.99)
where D? is the diagonal matrix associated with the kinetic energy operator

szd—zI (3.100)
7dR2 9 3

I being the identity matrix. The square matrix ¥ includes the rescaled total en-

ergy, centrifugal, and interaction terms

L+1)
RQ

W = [ + kQ} I1-U, (3.101)
where U = (2u/h?)V. Equation 3.99 admits N linearly-independent solutions
represented by the square matrix F'. Each column of F represent one indepen-
dent solution of the coupled-channel equations, expressed in the BO states (Eq.
3.95). To solve the system of coupled second-order linear differential equations
(Eg. 3.99), we first transform it into a system of first-order nonlinear equations by
inserting the logarithmic derivative (log-derivative in short) of the F,, (R) functions

d
Yo(R) = —pInFuo(R), (3.102)
leading to the log-derivative matrix Y’
Y = F'F ' (3.103)
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This allows to rewrite Eq. 3.99 in the form of a matrix Ricatti equation
Y'+Y?24+W = 0. (3.104)

A direct numerical integration of this Riccati equation is problematic because the
log-derivative matrix may diverge at nodes of the wave function. The Johnson
algorithm avoids this difficulty.

The radial interval [Rpin, Rmax] is discretized on a uniform grid,

R, = Rumin + nh7 n= 07 BERE) Na (3.105)

where h is the radial step size. The number of grid points is chosen to be odd,
consistent with the Simpson-type quadrature used in the Johnson recurrence. In
scattering problems, a usual boundary condition is F(Ry,i,) = 0, while its deriva-
tive can be chosen arbitrarily, provided that the resulting solutions remain linearly
independent. A convenient choice is F'(Ruin) = I, where I is the identity matrix.
Therefore, the log-derivative matrix formally diverges at this boundary. Follow-
ing Johnson [119], this condition is implemented numerically by choosing a large
diagonal initial value Y (Ruin) = 10?°I. Since the interaction matrix # is real
and symmetric and the initial log-derivative matrix Y (Rui,) is diagonal, the prop-
agated Y (R) remains symmetric up to the numerical precision. The Riccati equa-
tion is then propagated outward using Johnson's fixed-step recurrence relation.
The method uses Simpson-type quadrature weights on the radial grid. The sys-
tem of Eq. 3.104 is solved using a recurrence algorithm to determine the value of
Y,=Y(R,),

Y, = (I+hY, 1) 'Y, 1 — (h/3)wun, (3.106)

where the matrices u,, are local effective interaction matrices entering the John-
son propagator. Their different forms at even and odd grid points arise from the
Simpson-type discretization used in the recurrence relation.

W(R,) n=0,24 ...,N
= (3.107)

I+ (h2/6)W(R,)] 'W(R,) n=1,3,5 .., N—1

and w,, weights are the same as those appearing in the Simpson’s integration rule
assigned to every grid point

1 n=0,N
wy,=4¢4 n=1,3,5,...,N—1 (3.108)
2 n=2,4,6,...,N—2.

The truncation error of the method scales as h?, as discussed in Ref. [119]. As
emphasized in [119], recurrence is designed to provide the log-derivative matrix at
the final matching point Ry.x. This is sufficient for scattering calculations, since
the K and S matrices are extracted by matching the propagated solution to the
asymptotic channel functions at R, .x.
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3.6.5 Scattering matrix

Along the lines similar to Section 3.6.2, the matrix of solutions F' can be written in
the asymptotic region (R — oo) as

F = J+NK (3.109)
R—o0

where now appears the reaction matrix K containing all the information about the

scattering process, which has the block structure incorporating the open (index

"0") and closed (index "c") channels

KOO KOC
K = (Kco ch>' (3.110)

This expression illustrates how closed channels have an influence on open chan-
nels, through the off-diagonal blocks K,. and K .,. The diagonal matrices J and
N, with elements depending on the nature of channels:

* Open channels: the elements are Ricatti-Bessel functions

Jij(R) = 855k % o, (ks R), (3.111)

Iy
Nij(R) = bi5k; /*ny, (k;R). (3.112)

+ Closed channels: the elements are modified spherical Bessel functions

Jij(R) = 63k Iy, 12k, R) (3.113)
Nij(R) = i kjl-/Qsz +1/2(k; R) (3.114)

The reaction matrix in the asymptotic region, based on Eq. 3.103 and 3.109,
reads as

K = [Y(RN(R)-N'(R)] ' [Y(R)J(R)—J'(R) (3.115)
The unitary scattering matrix S we defined as

1+iKo,

§ = 1—iK,,’

(3.116)
considering only the open-open block of the reaction matrix, since the contribu-
tion of possible resonances are negligible. The quantity |Sa7/3|2 is the probability
for a system initially in channel « to scatter into channel 3. In our investigations,
we will model scattering processes in the space-fixed frame in the absence of ex-
ternalfields, where the total angular momentum J and parity p are good quantum
numbers. Therefore, the partial cross section for the inelastic process from chan-
nel a to 3, for a given total angular momentum J and parity p, and after averaging
over all projections of J, is given by

™

0B, Jipka) = 5@2JJ+1)

2
Sy
2 ,
ka

) (3.17)
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The total inelastic cross section for a given parity is obtained by summing partial
cross sections for all values of J which energetically allowed in the entrance chan-
nel

o(Bapka) = D 0B a,Jpka) (3.118)
J

Inthe calculations, the two parity cases are treated separately, thus the unitarity of
the associated & matrices is assured independently. Therefore, the total state-to
state inelastic cross section reads as

O—(ﬂ —a,p= laka) +0(ﬁ —a,p= _17ka)
D) .

0B+ a,ky) =
(3.119)

To compare our calculations to experimental observations, rate coefficients are
determined,

KB+ a,ky) = % o(f + a,kq). (3.120)

Assuming a Maxwell-Boltzmann distribution of collision energies, thermalized
rate coefficients at an effective temperature Tz are obtained by averaging
the energy-dependent rate coefficient over the corresponding collision-energy

distribution, )

VT (kpTem)3/?
X / K(E; f)VE e B/keTengp,
0

K(Teff; f) =
(3.121)

where the effective temperature in the center-of-mass frame [38] is given by

mATB+ + mB+TA

Teg = (3.122)

ma + mp+

The presented quantum scattering model for the description of ion-atom colli-
sions, considering all the relevant channels, will be referred to later in the thesis
as the Multi-Channel Quantum Scattering calculation, MCQS.

42



Chapter 4

Frame transformation: from
body-fixed to space-fixed
frame

The developments presented in Chapter 3, while being general, assume that the
diatomic molecule of interest is described in its own frame, referred to as the
body-fixed (BF) frame. This choice is very convenient to describe the electronic
states of the molecule through potential energy curves (PECs) depending of the
internal coordinate R along the molecular axis. But the molecule rotates in the
lab frame, referred to as the space-fixed (SF) frame, so that it is submitted to Cori-
olis effect. In other words, the angular momentum £ associated to the rotation
of the molecule in the SF frame can be coupled to the electronic angular momen-
tum and spin which are well-defined in the BF frame. In many ultracold atom-ion
collisions involving ground state colliding partners, the electronic structure is rel-
atively simple, and the £ can be used to characterize the relative motion of the
colliding partners. In the systems considered in this thesis, however, the alkaline-
earth ion is prepared in a metastable D state carrying a non-zero electronic an-
gular momentum j. Consequently, the mechanical rotation £ and the electronic
angular momentum j must be coupled to form the total angular momentum J.
To properly account for this angular momentum coupling in the scattering calcu-
lations, the molecular states defined in the BF frame must be expressed in the
SF frame. This is the purpose of the so-called "frame transformation” presented
in this Chapter. We first define the total parity of the molecular state which is an
additional “good” quantum number of the system, and then the mathematical for-
malism based on rotations allowing to transform quantum numbers valid in the
BF frame into quantum numbers valid in the SF frame.
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Figure 4.1: The action of the parity operator on the position vector of a single
electron. In spherical coordinates (r, 6, ¢), it corresponds to the transformations
r—r,0—>m7—0and ¢ - 7+ ¢.

4.1 Parity

The parity is associated with spatial inversion. The parity operator P acts only on
the spatial coordinates by inverting the sign r — —r. For a single-particle wave
function ¥(r), the action of the parity operator is defined as

PU(r) = U(—r). (4.1)
The parity operator is linear, unitary, Hermitian and satisfies the following relation
pPr=1 (4.2)

where I is the identity operator. This implies that the eigenvalues of the parity
operator are p = +1. If the particle wave function ¥(r) is an eigenfunction of the
parity operator P, then R

P¥(r) = p¥(r), (4-3)

with p = +1 corresponding to even parity, and p = —1 to odd parity. Conse-
quently,

(4.4)

W(or) = +U(r) even parity
| =¥(r) oddparity.

Assuming that the wave function of a single electron in an atom is characterized
by quantum numbers (n, I, m;), the wave function can be written as

Ut my (1,0,0) = Ry i (r) Prpm, (cos 0) ™9, (4.5)
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where n is the principal quantum number, [ is the orbital angular momentum
quantum number, m; its projection, and P, ,,,(cosf) is a Legendre polynomial.
Due to the spatial inversion, § — 7m — 6 and ¢ — w + ¢, see Fig. 4.1 the angular
dependent parts of the wave function becomes

P (—cost) = (=1)'"™ Py, (cos )
6imz(7f+¢>) _ (_1)m,eiml¢. (4.6)

The effect of the parity operator P on the wave function is

P, 1, (7,0,0) = (—1)'W,, 1 (1,0, 0). (4.7)
Hence, the parity of the wave function of a single electron in an atom is
P=(-1)" (4.8)

If the atom has many electrons, then the parity is

n

P = (_I)Zi=1 bi (4.9)

)

where n is the number of electrons.

In this work, | focus on diatomic molecules rotating in the space-fixed frame
with a rotational angular momentum £ with quantum number ¢. The inversion
operation will also act on the spatial coordinates of the nuclei, inducing a parity of
(—1)%, leading to a total parity of the rotating diatomic molecule of

P = (—1)latis+t, (4.10)

4.2 Euler rotations and Wigner functions in di-
atomic molecule

To describe the rotational degree of freedom of a diatomic molecule, we intro-
duce the BF coordinate system (Xgf, Ygr, Zgr), Where the Zgg axis coincides with
the internuclear axis. The orientation of the BF frame relative to the SF frame,
(Xsk, Ysg, Zsg), is specified by the Euler angles («, 3, v). The CM motion is elimi-
nated by a simple translation leading to the CM frame (Xcm, Yem, Zem), which can
then be rotated to the BF frame (Xgg, Ysg, Zgr), through the following steps:

* Rotate the Z¢y axis with an angle « until the Y¢y axis becomes perpendic-
ular to the molecular axis, leading to the frame (X¢y, Yems Zem)-

* Rotate the Y¢,, axis with an angle 3 until the Z¢.,, axis aligns with the molec-
ular axis, leading to the frame (Xgf, Ygr, ZgF).

The first rotation on the Z¢y axis is described by the R, («a, 8, ) rotation ma-
trix,

cosa —sina 0
R.(a,5,7) = | sinae cosa 0. (4.11)
0 0 1
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Zey Z'em=Zew Z'em

X'
X M o

Let /" be a line perpendicular to OcyZew 1. A rotation about the Zey- axis by an angle « is performed until 2. Since OcyY'em L (Z'cy Ocw B) plane, a rotation
and AB. the You- axis coincides with the line /; so that OcyY’cw L AB. This  about the Y'cy- axis by an angle £ aligns the Z'cy- axis
yields the rotated (X'cy,Y' ey Z'cy) frame, where Z/cy = Zey with the rotating molecular axis AB. Thus, we obtain the
molecular rotating frame (Xg¢Yer Zgr), With Z'cp = Zow.

Figure 4.2: lllustration of the two-step rotation from the CM to the molecular rotat-
ing BF frame of reference, corresponding to transition from panel b) to panel c) of
Fig. 3.1 (the change from panel a) to panel b) is obtained by a simply translation).

Then, the rotation on the Y¢,, is described by the rotation matrix R, (¢, 5, 7)

cosB 0 sinf
R,(c,B,7) = 0 1 0 ) (4.12)
—sinf 0 cospf

In case of diatomic molecules, a third rotation is not necessary to fully determine
the orientation of the molecule, i.e. ¥ = 0. Consequently, the full rotation matrix
is

cosacosfS —sina cosasinf
R(c,3,0) =R.(a,3,0)Ry(cv, 3,0) = [ sinacosf  cosa  sinasinf | . (4.13)
—sinf 0 cos 3

It is known that the angular momentum is a generator of rotation, thus a gen-
eral rotation operator with angles («, 8, v) angle in the frame (z, y, z) can be writ-
ten as X X .

R(a, B,7) = e "*leem P lvem17x (4-14)
where J., fy, and fy are the components of the total angular momentum operator
J. The components satisfy the identity J? = J2 + J2 + J2.

The Wigner function D gives the matrix elements of the rotation operator in
| JM) basis representation [121]. In this case, the Wigner function D with Euler

angles («, 8,7) is
Dipn(enBy) = (JM'| R(a, 8,7) | JM)

(M| eiode el | Ar), (415)

where M and M’ are the projections of J on the molecular axis in BF frame of
reference and on the Z-axis in SF frame of reference,and M ,M' = —J,...,+J.
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4.3 Transformation matrix

The state describing the collision between an atom and anion is a continuum state
of a diatomic molecular ion. For large interparticle separations, the wave func-
tion can be expanded, to a good approximation, in terms of the eigenstates of
the separated atomic system, while for small separations, it is more conveniently
expanded in the molecular Born-Oppenheimer electronic states. The aim is to de-
termine the transformation between these two representations of the molecular
states. The molecular basis |A S X) for Hund's case (a) states in the asymptotic
region can be expanded on the basis of products of atomic states [122]

[ASS) = ) [laAa)llzAp)|SE) (AaAp| A), (4.16)
Aa,AB

where A = A4+ Ap,and A4, Ap are the quantum numbers for the projections on
the molecular axis of 14 and I, respectively. The coefficient (A4 Ap| A) combin-
ing the two atomic projections on the molecular one is 1, for cases where one of
the angular momenta is zero. This will be the case in our study, since one of the
colliding partners is in the ground state s, while the other partner is in the state
s,p or d. In the coupled atomic basis, the molecular basis can be written as

ASS) = > flaAa)llsAs) Y C2% . epsplsata)lssTa)
Aa,AB YA, 2B
- .

= Z C;SAZEASBEB Z CljjAfsAzAWASA)JAQMX
Aa,AB Jja,Q2a
DIP R

x oy ol s se)is Q). (4.17)
iB.lB

The states |j4 Q4) and |j5 Qp) defined in the BF frame can be transformed to the
SF frame by means of the Wigner function Dy,  (o30)

lja/BQasB) = Z |jA/Bm;'4/B>DjA/B (ap0), (4.18)

A/B
Q0
A/B ™; A/B

J

m

where m, and Q, are the quantum numbers related to the projection of the angu-
lar momentum q on a SF and on the molecular axis, respectively. The a, 8 angles
are the Euler angles for the rotation between the SF and BF frames (Fig. 4.2). Us-
ing this transformation and expanding the product of two Wigner functions D with
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the same arguments in a series of Wigner functions [113], Eq. 4.17 becomes

E § E jala iB QB
C(SA YasB z313’01/1 Aasa EACZB Apspp X
Aa,Ap ja,Q2a mf,m

Ya,XB jB.OB

X DJAAQADJ BQ |]Am >|.]BmB>

_ E E E jaQa iB QB
= CSAZASBZBClAAASAEACZBABSBEB X

Aa,Ap ja,Q2a mf mf
24,55 jB.OB

Q
XD Ol s Dy €Yl 0 (Lasa)iamit) (s sp)jpmy)
J

m_]-,Q

IASS)

(4.19)

where, for simplicity, the argument of the Wigner functions is not written. For
small internuclear distances, the symmetrized molecular basis can be given as

1 2J+1
[ASYEQJMp) = 3 [Dia(aBO)[ASE) +

/2 —0A,0050

+  (L=6a,005,0) (—1)PT/ =5t DIx (@ B0)|—AS — 5)],
(4.20)

where M is the quantum number of the projection of the total angular momenta
J on a SF axis, p = £1 is the parity eigenvalue, and o = 1 for the electronic state
¥~, and is zero for other symmetries. The term Dy}, (a 80)|A S %) can be further
expanded using Eq.4.19 and the properties of Wigner D-function regarding the
product of two D functions and the relation with the spherical harmonics

Difo(aBO)|ASE) = Z Z Z Z JZQJFES\/EX

AaAp jala miAmB
$a.2p .8 77 m;ﬂ
2jp+1
Jm; 0
X 2lB+1CjAm ij C]mé [LC —QJia X
laAa lg A j—Q
X CSBZBSAEA C]A QASAZA CjB QB SBEB CJB 7QBjA 7QA X

X |(1A5A)]Am H(ZBSB)]Bm VYo, (B, ).
(4.21)

The products of four Clebsch-Gordan coefficients can be recast in terms of 95
symbols [113]

> Cps cd con ol = V2a+ 1v2d + 1329+ 11/25 + 1 x
Byep
c b a
x Y CpriuCifaa S e d (4.22)
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Thus the expression in Eqg. 4.21 simplifies to

Difo(aB0)|AS )

/\

AP DD DED DD P M

Aa,AB ja,iB mJA,'m l,
m7Q
L : -
X C;Am7:l jpmB Cam 1 quQQJsz\/2JA+1\/233+1><
L M L M
x V2 rIV2S+1 Y OFMeoRMy L X
L, My,
sa ja la
X 5B jB lB |(ZA SA).]Aa > ‘(lB SB).]B? >Y£—u(,3,a)
s i L

(4.23)

Considering the coupled basis for the electronic total angular momentum j in the
SF frame

Gagp)img) = Y, €™ o l(asa)iamy) (s sp)is,mP),

JAW JBm

mA mB
3"

(4.24)

and the symmetry properties of Clebsch-Gordan coefficients and 95 symbols, we
obtain

ia(aB0)[ASE)

DDV

ja,jiB j,m; €, —p

X Cf7nMJZ ch(lQJQ\/QjA‘Fl X
x V2 +1V25+1 ) V2L+1x
L,Aa,AB
. A la sa ja
x CiASZ CZAAAIBAB lf S; Jl_3 |(]aa.73).77mj> YE—;L(B,OJ
J

(4.25)

Considering the coupled basis for the total angular momentum J in the SF frame

GOIM) = > CIM, |(ads)img) Yoou(B, ),

mg,— K

(4.26)
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for agiven ja, jg, J, ¢, Jand M

Dijo(aB0)|ASE)

(=172 /254 +11/2jp +1V25 + 1 x
X C][?O_QJQ X

X Z V2L+1C£?\SE Clljcxj)\AlBABX
L A, Ag
la sa ja
X Il sp jsp|(jl)J M)

L S j
(4.27)

Thus, the transformation matrix element from Hund's case (a) BF frame basis to
the Hund's case (e) SF frame basis reads as

((GOTM|Difo(a@BO)ASE) = (=1)77%¢/2j4 +1/2jp +1V25+1 x
i Q2
X CfQQJQ Z V2L+]‘CiASE Cll,/A‘/}\AlBAB X
L,Aa,AB

la sa ja
I sB JB
L S j

X

(4.28)
For the symmetrized state, Eq.4.20, the transformation matrix element for a given
parity becomes

_1\lat+is+¢ _

x  (=1)779 /254 +1/2jp + 1V25 +1 x
j O
X CfO—QJQ Z V2L+1CJLASECILA/>\AZBABX
L,Aa,AB
la sa ja
X Ip s JjB

L S j
(4.29)

where the first factor ensures parity conservation and reflects the normalization
of the symmetrized basis, including the A = ¥ = 0 case, in which the X% states
are built from only a single 2 term. As an example, Hund’s case (a) and Hund's
case (e) basises for J = 0,1, 2,3 are presented in Appendix B.
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Chapters

Quasi-diabatization: a way to
treat dynamical couplings

With knowledge of the molecular interactions described and elements of quan-
tum molecular dynamics presented in Chapters 3 and 4, it is in principle possi-
ble to fully predict the reactions that can occur during the collision of a neutral
atom and an atomic ion of the types that are exposed in Chapter 2. However, we
adopted the adiabatic representation of the potential energy curves describing
the electronic states of the relevant molecules, meaning that we neglected the so-
called non-adiabatic couplings that can exist between adiabatic states. In general,
such couplings are responsible for any transformation (change of internal state,
chemical reaction, etc) of a quantum molecular system. We have seen in Chap-
ter 2 examples of situations where such couplings might be strong in a diatomic
system. In the vicinity of an avoided crossing between two PECs, the relevant elec-
tronic wave functions abruptly vary with the internuclear distance R, thus gener-
ating large derivative terms in the Schrédinger equation. Such terms are usually
tedious to evaluate theoretically, as their accurate calculation may require an ar-
bitrary small grid step in R. This issue is even worse for polyatomic systems, as
such couplings are multidimensional quantities that could be singular at conical
intersections of potential energy surfaces (PESs), making them impossible to fit
easily.

To solve such a problem, scientists continuously search for a general solution,
consisting of finding appropriate representations of the electronic states of the
system other than the adiabatic one, in which they would be represented by PECs
(or PESs) and couplings (usually referred to as non-adiabatic coupling terms, or
NACT) which smoothly vary with the internal coordinates (i.e. the internuclear dis-
tance R for a diatomic system). The very first approach that has been formulated
in this context is probably the famous Landau-Zener (LZ) model [123,124], a semi-
classical linearization approach which is remarkably intuitive and accurate given
its simplicity. We present it in Section 5.1.

As numerical calculations on computers were developing, a wealth of propos-
als have been published in the scientific literature which are impossible to quote
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here, being far beyond the purpose of this thesis. A well-known reference text-
book has been written by M. Baer in 2006 [125], describing in mathematical terms
the adiabatic-to-diabatic transformations allowing one to transform a diagonal
(adiabatic) Hamiltonian matrix into a non-diagonal (diabatic) one, based on the
seminal works of F. Smith [126] and W. Lichten [127]. A two-state analytical model
is proposed, and examples mostly devoted to multidimensional systems (with at
least three atoms) are provided. In principle, both representations must provide
the same results when treating the dynamics of the system, provided that some
mathematical conditions (presented in [125]) are fulfilled, which is practically not
often the case. In practice, numerical approximate models are developed, so that
it is usual to refer to quasi-diabatic approaches, which we will use in this chapter.

Our group was concerned for a long time with quasi-diabatic approaches. This
started with modeling the process of associative ionization (Al) occurring between
two excited sodium atoms [128, 129], producing a molecular ion and an electron.
Schematically, the Hilbert space of the diatomic system is divided in two sub-
spaces, one for (singly-excited) Rydberg states, and one for doubly-excited states.
The Al process is then described as the interaction between these two blocks of
states with a well defined character, so that dynamics occurs when coupling terms
are strongly mixing these two characters. This approach is referred to as "diabati-
zation by block diagonalization”. An approach based on projection operators has
been used in the context of long-range photoassociation of two excited sodium
atoms [130]: the Hilbert space was projected on a subspace with covalent states
(i.e. associated with two neutral atoms) and a subspace with ionic states (i.e. associ-
ated with a positive and negative ion pair). It happens that local avoided crossings
(and thus NACTSs) are present in the relevant PECs. With such a separation, it was
then possible to introduce the spin-orbit (SO) interaction on the neutral sodium
atoms and then determine the molecular SOCs via the projection backwards.

Inthe presentwork, | have a similar objective: introducing SO interactionin the
theoretical description of cold atom-ion collisions. To that end, the group has ex-
plored another quasi-diabatic approach, based on a rotation of the Hilbert space
onto a set of reference states representing the atomic states, thus allowing the in-
troduction of atomic SO operators. In Section 5.2, we present the principle of this
approach. Similarly as in the example above [130], NACTs are present between
adiabatic states of our molecular systems. We present in Section 5.3 the second
step of our quasi-diabatic method.

5.1 Landau-Zener model

In 1932 L. Landau and C. Zener independently published their seminal works enti-
tled "Non-Adiabatic Crossing of Energy Levels” [124] and "On the Theory of Energy
Transfer” [123]. The Landau-Zener model provides a simple semiclassical descrip-
tion of the transition probability between two electronic states in the vicinity of an
avoided crossing. Although the model is based on a local linearization of the po-
tential energy curves, it gives a useful physical picture of how non-adiabatic tran-
sitions may occur during a molecular collision. Let us consider a diatomic system,
where R denotes the internuclear distance and r represents the electronic co-
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ordinates. In the Born-Oppenheimer representation, the electronic Schrédinger
equation is solved at fixed values of R, as discussed in Section 3.3,

H.(r,R)Y™(r,R) = E"(R)Y™(r, R), (5.1)

provides the adiabatic potential energy curves (PECs). As two PECs related to
states of the same symmetry cannot cross, they might undergo avoided crossings
when they approach each other. In the vicinity of such a region, the electronic
wave functions changes rapidly with R, leading to significant non-adiabatic cou-
plings. These couplings can induce transition between adiabatic states during the
collision.

The scheme of Fig.5.1 illustrates this situation. The two PECs have different
characters on the two sides of the avoided crossing. For example, a curve that
has a character of mainly type 1 for R < R, may acquire a character of mainly
type 2 for R > R.. Thus, following the same adiabatic curve through the avoided
crossing does not necessarily mean preserving the same diabatic character.

Potential energy
T

Internuclear distance

Figure 5.1: Schematic representation of two adiabatic potential energy curves
forming an avoided crossing. The two curves have different electronic characters,
denoted here as type 1 and type 2. Around the avoided crossing at R., the charac-
ters of the adiabatic curves are exchanged.

The essence of the Landau-Zener model can be understood from a simple
two-state Hamiltonian. First, consider two uncoupled diabatic states |1) and |2)

53



assuming their energy variation is linear with R described by

R R
Ei(R) = 0‘7 By(R) = — 2=, (5.2)

where a > 0 is constant, leading to the simple Hamiltonian

H <a2R 0 > (5.3)
_ D). 5.3
0 —of

If there is no coupling between the two states, the PECs cross at R = 0 (Fig.
5.2). When an off-diagonal coupling W_ is introduced between the two states, the

Hamiltonian becomes
aR W,
H = (W?, aR) . (5.4)

2
The eigenvalues of this Hamiltonian are

2
Ba(r) =1/ () + w2 (5:5)

The coupling produces an avoided crossing between the two PECs (Fig. 5.2). The
energy gap is minimal at R = 0 with a value 2|1V,|.

This example illustrates the difference between the "diabatic” and "adiabatic”
descriptions. In the diabatic representation, the states preserve their character,
and the coupling appears as an off-diagonal matrix element. In the adiabatic
representation, the Hamiltonian is diagonal, but the character of the eigenstates
changes rapidly around the avoided crossing. A non-adiabatic transition corre-
sponds to a change between adiabatic curves during the nuclear motion through
the crossing region. The Landau-Zener transition probability depends on the cou-
pling strength at the crossing point, the relative velocity of the particles, and the
difference between the slopes of the diabatic curves. In atomic units, the proba-
bility can be written as

—27W?2
e ) : (5.6)

P =
o (SaF

where W, is the energy difference between the adiabatic curves, v, is the relative
radial velocity at R,
2(F; — U,
Ve = ( - C)7 (57)
7

where p is the reduced mass, F; is the initial relative energy to the entrance chan-
nel, and U, the potential energy at R.. The difference between the slopes of the
two diabatic curves at the crossing point is defined as

Ap | Ve

iR dR (5-8)

R=R.

At ultracold temperatures, E; is small compared to the potential energy such that
the relative velocity is characterized mainly by U..
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T A

Potential energy
=]

Internuclear distance

Figure 5.2: Avoided crossing produced by the off-diagonal coupling W.. The
dashed lines represent the uncoupled diabatic curves, while the solid lines are
the adiabatic eigenvalues of the coupled two-state Hamiltonian. The minimum
energy gap at the crossing point is 2|W,.|.

The Landau-Zener model can also be used as a practical tool for constructing a
quasi-diabatic representation from adiabatic PECs displaying an avoided crossing.
In this approach, the adiabatic curves are locally replaced by two crossing diabatic
curves, and a coupling function is introduced to reproduce the original avoided
crossing. In the present work, the coupling between the two diabatic curves is
modeled by a Gaussian function

R—Rey2

G(R) = 2W, exp~ ("3 (5.9)

where 2W, is the energy gap between the two curves at the crossing point and
0 characterizes the width of the coupling region. The parameters R., W, and ¢
are chosen so that the resulting adiabatic curves reproduce the original avoided
crossing as closely as possible. This quasi-diabatic representation makes it possi-
ble to include the effect of localized radial non-adiabatic couplings in scattering cal-
culation without explicitly evaluating the derivative couplings between adiabatic
electronic wave functions.
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5.2 Quasi-diabatization of Hund's case (a) PECs:
obtaining molecular spin-orbit couplings

From the presentation of various experiments in Section 2.1, it appears that spin-
dependent processes take place, therefore, spin-orbit (SO) interaction plays an
important role and must be included in our theoretical model. The asymptotic
(R-independent) model of spin-orbit couplings (SOCs) presented in Section 3.4
provides an appropriate description at large interatomic distances. Since reactiv-
ity is expected to be significant in short range, it is necessary to determine SOCs
varying with R. Of course, commercial quantum chemistry packages offer such a
possibility, but as we are interested in highly-excited states, we relied on the cal-
culations described in Section 3.3 performed with the code CIPSI available in the
group. Note that a version of this code, called CIPSO, has been developed in the
past to include SO interaction by determining an effective SO operator adapted
to the employed ECPs and CPPs [131].

Instead, in our group, we determined R-dependent SOCs based on a so-called
"quasi-diabatic” method: The idea carried by this word is to express the adiabatic
states of a given Hamiltonian (in our case, the Hund's case (a) states) in a represen-
tation in which the electronic states possess a well-defined character. As SO inter-
action is well known in atoms (being characterized by the fine-structure splitting
of atomic energy levels resulting from the diagonalization of atomic SO matrices
wgy of Egs. A1-A.9) ', it is wise to express the adiabatic states in an atomic rep-
resentation, so that atomic SO (Section 3.4) could be accurately introduced. The
principle of the chosen approach was first published in 1985 [133] and applied to
the van der Waals molecule NaCd in 1996 [134]. Since then, our group has applied
to KCs [135], RbCa™ [65], LiBa™ [55], RbSrt [132].

The quasi-diabatization is applied to the lowest N, Hund's case (a) molecular
states of symmetry 29+1A? with electronic wave functions ¢ (2*1AP;r R), i =
1,...,N, noted in short |[4!) = i (r, R) in the following, where r holds for all
electronic coordinates. In this work, we consider the symmetries 3%+ L3I 13 A
(see Chapters 6 and 7). The corresponding Hund's case (a) PECs are assembled in
a N, x N, diagonal matrix W, (R).

For each molecular symmetry 2+ AP, at a sufficiently large internuclear dis-
tance R,., a set of N, reference states is defined as the lowest N, Hund's case (a)
states \wﬁef> = ! (r, Ryet). The distance R, is chosen sufficiently large to ensure
that these states are a good representation of the separated ion-atom pair. We
will name the ensemble {7} as the "atomic basis” or “atomic states”, in short.
Then, at each distance R < Rt the set of adiabatic states {|¢?) } is rotated to the
atomic basis through the unitary transformation matrix U(R) applied to W, (R),

WIUR) = UR)W.(R)UT(R), (5.10)

to form the quasi-diabatic matrix W44(R). This matrix contains on the diagonal
the energies of quasi-diabatic states ng) = ¢§d(r, R) expressed on the atomic

'In the following, we adopt the notation of our paper [132] to present the quasi-diabatic
approach.

56



basis, while off-diagonal terms are their couplings. The rotation matrix U is cho-
sen so that the quasi-diabatic states resemble as much as possible the "atomic
states”, thus by maximizing the sum of overlaps at each R
1 & 2
=, Zl (@il [er) | (5.1)
on the lowest N, < N, atomic states of interest for the considered system. Thus,
the closer pis to 1, the better the transformation. In the present case, we chose
N, = 30, and N, = 10 for LiBa™ up the asymptote Li(2s)+Ba™(6p), or N, = 40,
N, = 8 for RbSr* up the asymptote Rb(5s)+Sr*(4d).

At this stage, the molecular states are expressed in the "atomic basis” for every
symmetry 251 AP, with the corresponding quasi-diabatic potential energy matrix
W4, Following Section 3.4, the matrices W44 involved in every value of Q can
be collected into a larger block-matrix W9, at every R, in which we distribute
the spin-orbit matrix elements reported in Eqs. A.1-A.g (e.g. for P+ S and S + D
dissociation limits),

WIGP(R) = WIG(R)+w. (5.12)

Diagonalizing the matrix W;‘le_SO(R) at every Ryields the Hund's case (c) PECs
for a given Q symmetry (Fig. 5.3, panel a) for LiBa* and panel b) for RbSrt): us-
ing this quasi-diabatic methodology, the PECs now include R-dependent SOCs be-
tween Hund's case (a) states. The avoided crossings present in Hund's case (a)
PECs are highlighted with circles in the figure, now showing a complex structure
which will be discussed in connection with the studied inelastic processes in Chap-
ters 6 and 7.

The molecular SOCs can be extracted by performing the inverse rotation from
the "atomic basis” back to the Hund's case (a) representation, applied on ngg_so
as

Ya(R) = UMR) WET(R)UR) (5.13)

leading to the matrix W3°, containing Hund’s case (a) PECs on its diagonal for all
symmetries which are relevant for the chosen value ©, and SOCs as off-diagonal
elements. The resulting R-dependent SOCs are displayed in Fig. 5.4 for LiBa*,
and in Fig. 5.5 for RbSrT. At large distances, direct SOCs (concerning states cor-
related to the same asymptote) reach their atomic value (see Section 3.4). The
quasi-diabatization allows one to determine the indirect SOCs (also referred to as
second-order SOCs [136,137]) between states correlated to different asymptotes
and that are obviously not accessible in the asymptotic model. These couplings
vanish at large distances.
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Figure 5.3: Hund's case (c) PECs for a) LiBa™, and b) RbSr™, panel b), tending to
the dissociation limits relevant for the studied inelastic processes, after the diago-
nalisation of matrix ijiﬂ_so(R) or Wi, (R). The region of the avoided crossings
between Hund's case (a) PECs is marked with red shaded area and blue, green,
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5.3 Quasi-diabatization of spin-orbit couplings

Hund's case (a) PECs generally exhibit avoided crossings between adiabatic states
of same symmetry, as illustrated in Fig. 3.5 for LiBa* and RbSr+ for 1+ and 23X+
symmetries. They reflect abrupt changes in electronic wave functions, so that
SOCs will reflect them too. Their existence induces complex patterns in Hund's
case (c) PECs (Fig. 5.3). As these avoided crossings are localized and distinct in
Fig. 3.5, they can easily be "diabatized” with the Landau-Zener approach (Section
5.1), as recalled in Fig. 5.6 for convenience: the local linearization of the PECs
allows for determination of diabatic states with smooth energy variation with R,
maintaining their smooth electronic character. We will use this simple model in
the dynamical calculations for LiBa™ (Chapter 6), in which the linearization of the
avoided crossing between the PECs 2" and 313 is easily transferred to their
SOCs with the 1311 state via a smooth ("manual”) connection before and after the
crossing (see Fig. 6.4). However, this linearization must be properly implemented
in the quasi-diabatization of the previous section to derive accurate SOCs, for a
more complex case like RbSrT. As illustrated by Figs. 5.5 and Fig. 5.4, SOCs exhibit
amore complex behavior thanin LiBa*. The two avoided crossings in the relevant
RbSr states generates more complex patterns in the SOCs (see panels for 2 =
0%, 0~, 1) making tedious such a "manual” matching.

S+D

a e
LP'W
d
v .

P+S

Figure 5.6: Landau-Zener model: local linearization of the potential energy of two
adiabatic states ¥{ and ¥4, yielding linear potential energies of two diabatic states
U¢ and ¥4. Index 1 holds for the wave function that relate to the PECs tending to
the lower dissociation limit, (P + S here), and index 2 for those tending to the
higher one (S + D here)

The Hund's case (a) PECs and the corresponding electronic wave functions
|yi) are calculated independently at each internuclear distance R. Therefore, the
global phase of a given electronic wave function is arbitrary and may change from
one grid point to the next. Such phase changes are also transferred to the trans-
formation matrix U, which connects the set of N, adiabatic states {|¢}) } to the N,
reference states {¢/} used to construct the quasi-diabatic states {¢/,}. When
the adiabatic states are uncoupled or only weakly coupled through NACTs, their
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character can be followed smoothly from large to short internuclear distances.
A consistent phase convention can then be maintained by comparing the wave
functions at neighboring grid points and, when necessary, inverting their global
sign. In this way, the quasi-diabatic states can be correlated continuously with the
reference states. When NACTSs are locally strong (i. e. for a localized avoided cross-
ing between two Hund's case (a) PECs), the atomic decomposition of wéd might
abruptly vary, making the phase tracking tedious or even wrong. Therefore the
quasi-diabatic states before and after the avoided crossing could be improperly
correlated, thus yielding erroneous SOCs in the procedure described in the previ-
ous section.

To ensure phase consistency in our work, we therefore check the evolution
of the unitary matrix U(R) as a function of the internuclear distance. Arbitrary
phase changes were detected and corrected by looking at the discontinuity in the
derivative of the unitary transformation. The calculations were done on a fairly
dense internuclear grid (0.01 a.u. near crossings) to discriminate between rapid
changes of character and actual discontinuity. To make discontinuity easier to
detect, it is recommended to have some arbitrary phase convention set in the
quantum chemistry code used. In this way, phase changes occur at a few distances
instead of being completely chaotic.

Through an avoided crossing between two PECs, the two corresponding adi-
abatic wavefunctions [¢%) undergo an abrupt change of character, as recalled in
Fig. 5.6. This transformation can be viewed as a rotation 7 (¢(R)) applied to the
wavefunctions |+/%) characterized by a 2 x 2 matrix

(1R ) = (il o) (R )

yielding diabatic wavefunctions |¢%) which do not exhibit an abrupt change of
character at the crossing point. We need to choose the angle of the inverse ro-
tation p(R) correctly, otherwise the diabatic wavefunction will incorrectly acquire
an extra phase compared to the asymptotic wavefunction. In general, in the full
numerical calculation including all adiabatic states, it is difficult to extract a single
effective rotation angle in order to ensure a proper determination of SOCs. We
have indicated above that a straightforward approach can be applied in a case
like LiBa™ by manually smoothly connect the pre-crossing SOC curve to the post-
crossing curve. However, to visualize and ensure that we are doing the connection
correctly in a case like RbSr+, we developed a reduced 2 x 2 toy model for the ex-
ample of the 5!$+ and 61X states in RbSr.

First, we looked, for each symmetry, at the off-diagonal element, sin 8(R), of
the unitary matrix U(R) that couples the two states we are focusing on. These
R-dependent sin #(R) values correspond to the rotation from the atomic basis
(e.g |v(5pbs)), [1(5s4d))) to the adiabatic basis (e.g. [w(5'XT)), [ (6131))) (see
Fig. 5.7 panel b)). The corresponding values of cos #( R) are then obtained, allowing
the transformation matrix U(R) to be constructed. This leads to the equation in
which we ignored the R-dependence of the rotation angle,

([ ) (ot e ) (i) )

(5.14)

[ (615F)) sinfis:  cosfigt (55 4d)) (5.15)
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Figure 5.7: Panel a) shows the Hund’s case (a) PECs of RbSr+ tending to the P+ S
and S + D dissociation limits, with the two avoided crossings encircled. Panel
b) shows the off-diagonal element of the rotational matrix, sin #:1x+, in red solid
line, the sinfsx+ in red dashed line, sin 8.7 in blue solid line and sin #31; in blue
dashed line, associated with the avoided crossings marked by black and green
circles, and the ones not highlighted on panel a) between the 11 states and II
states, respectively.
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We note here that we rescaled the rotation angle values so that
0(R) € [-w/2;7/2]. Equivalent equations for the wave functions as Eq. 5.15 can be
written for the other relevant symmetry 3% * in RbSr*. The diabatic states can be
expressed by the adiabatic ones, see Eq. 5.14, as

P\ cospiz+  singiz+ P(5E8T) (5.16)
P2 ) T\ —sinpig+  cos it P(6rET) ) >
where 1} (resp. 12) is the diabatized ! ¥ state converging to the lower asymp-

tote P + S (resp. the upper asymptote S + D). Based on Egs. 5.15 and 5.16 the
diabatic basis as a function of the atomic basis can be thus expressed as:

v = cos p1x+ cos brx+ U (5p 5s)
+ sinpigt sinOix+ U(5p 5s)
—  cos @i+ sinbix+ U(5s4d)
+ sinpig+ cosbin+ U (5s4d) (5.17)

and

vl = cos p1x+ sin brx+ U (5p 5s)
—  sinpig+ cosOix+ U (5p5s)
+  cospix+ cosbixn+ U (Hs4d)
+ sinpigt sinbix+ U(5s4d). (5.18)

Let's analyze these diabatic states far away from the crossing, i.e., in long range
and in short range. At long range, before we reach the avoided crossing, the dia-
batic state coincides with the atomic state, i.e. ¥¢ = ¥(5p5s) and ¥4 = ¥(5s4d),
see Fig. 5.6. Furthermore, considering Fig. 5.7 we can see thatinlong range 615+ =
0, which based on Egs. 5.17 and 5.18, implies that p:5+ = 0. In short range, be-
low the avoided crossing, the adiabatic element can have a complex behavior as
the state can remain slightly mixed but the rotation tends toward § = £7/2, see
Fig. 5.7. In particular for the 13X T states we have 155+ = /2. The P+ S (S + D)-
character of the diabatic state \Il‘f (qu) is preserved also in the short range, which
implies that p1x+ = 7/2 based on Egs. 5.17 and 5.18. With the above definition
of the rotation matrix 7 (R) and defining ¢ € [0;7/2] we ensured that there is no
extra phase factor.

In the adiabatic basis we compute the adiabatic SOCs of the toy model, e.g.
(U(5'S1)| Hso |¥(4310))), using the fact that Ep,g = (U(5s5p)| Hso |¥(5s5p)),
Esyp = (¥(4d5s)| Hso |¥(4d 5s)) are the known asymptotic SOCs (fine-structure
splitting of Rb 5p and Sr™ 4d level, respectively) and that the terms connecting
two different asymptotes in the atomic basis vanish. We note that the obtained
"toy" curves are recognizable compared to the full numerical results showing the
weak influence on the system of far away electronic states. We have equivalent
matrix for the 3%+ symmetry (only ¥ states were diabatized in this work). We now
analyze the effect of the diabatization of the adiabatic states on the SOCs through
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the example of the Q = 0™ symmetry. Thus, we focus on the SOCs between the
adiabatic states 5, 61X+ and 3, 4311 (the SOCs A; 2, Aa 3, A4, A3 4, Of Fig. 5.5). We
introduce the following notations for the adiabatic SOCs presented in panel a) of
Fig. 5.8:

)y P+ S

N(P+8)—(S+D)

N (S +D)—(P+5)

) S+D. (5.19)

Vii =4 2 = <‘I’(5 E+)| f{so |‘I’(33H
Vsl = Ag 3 = (W(6'S7)| Hso |¥(3°T1
Vi = Ay g = (U(5'SH)| Hso |U(4°T0)) (
Vsh = Aga = (U(6'S7)| Hoo [0 (4°T1
On the right hand side in color are indicated the dissociation limits of the in-
volved adiabatic states they are tending to in the long range. Black and red colors
are for couplings between states tending to the same dissociation limit, namely
P+ S and S+ D. The adiabatic SOCs in green and blue are for couplings between
states tending to different dissociation limits (P+S5)—(S+D) and (S+D)—(P+5),
respectively. The colors correspond to the colors of the adiabatic SOCs of panel
a) of Fig. 5.8.
Considering the diabatized states U¢ and ¢ related to the NACT between the
adiabatic states 5! X+ and 6! X+ we introduce the following notations for the dia-
batized SOCs:

Vil = (9] Hso |0 (3°TD))
Vi = (V3| Hso |(3°I1))
Vih = (U] Hso |0 (4°TD))
Vih = (03] Ho |V (4°1D)) (5.20)

where we neglected the weak non-adiabatic coupling between the adiabatic states
3311 and 4°I1. These compact notations also apply for the other relevant couplings
(¥t 311 and 3%+ —11I) related to the X, avoided crossing in Fig. 5.7. Note that,
because we only diabatized ¥ states, the SOCs between two II states, as well as
those involving the A states, remain unchanged. Now, if we take the Egs. 5.20 and
expand the diabatic wavefunctions using Eq. 5.16 we obtain the diabatized SOCs
matrix elements:

Vi = V2 cos piss + V& sin iyt
Vil =V cos it — Vi sin iyt
Vi = Vi cos prg+ + Vi sin pix+

Vah = Vi cos it — Vibsinpige. (5.21)

The diabatized couplings, Egs. 5.21, at long range with o1+ = 0, are equal to
the asymptotic values
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Vi =V =Epys P+S

Ve =V& =0 (P+5S)—(S+D)

Vi =V%=0 (S+D)—(P+S)

Vs = Vg =Esip S+D, (5.22)

while as we reach short range with p15+ = 7/2, we have:

V= Vg (P+S)—(5+D)

Vi =-Vii P+5S
Vi= V& S+D
Vih = -Vi (S+ D) — (P+5). (5.23)

The toy model above is useful to understand this issue of the phase tracking of
the states through the avoided crossing. This procedure has been implemented
in a more general way in our numerical code for the two avoided crossings rele-
vant in RbSrT. Thus, the matrix WZ?S{SO(R) (eq. 5.12) is transformed into a matrix

W2 *°?(R) including the diabatized SOCs after this second step.

In panel b) of Fig. 5.8, the long-range diabatized SOCs are plotted on the right-

hand side of the X; avoided crossing according to Egs. 5.22, whereas the short-
range diabatized SOCs are plotted on the left-hand side according to Egs. 5.23. In
this later case, we can see that the black and blue curves change sign with respect
to the short range part of panel a). The shaded area of panel b) around the X;
avoided crossings hides the region where the adiabatic SOCs are strongly mixed,
resulting in an abrupt behavior of certain diabatized SOCs.
In panel c) of Fig. 5.8 the diabatized SOCs are presented connecting "by hand" the
long-range and short-range regions based on Egs. 5.22 and 5.23. In panel c) we
choose the color of the diabatized SOC being identical with the one of the adiabatic
one in long range, thus in short range the green of panel b) becomes black, the
black becomes green, the red becomes blue and finally the blue becomes red.
In Appendix C the diabatization procedure of SOCs is presented for the Q = 07,
Fig C.1, and for the Q = 1, Fig C.2 and Fig C.3, symmetries.

66



150

4 120
‘_f-\
I E / 90
O
w e
=
e 430
o
2 0
O
- -
‘E P+S 30
— S+D
o (8+D) + (P+S) | -60
é (P+S) + (S+D)
o=
a, - -90
n
\ -120
50 bt ] 50

10 12 14 16 18 2010 12 14 16 18 2010 12 14 16 18 20
Internuclear distance (a.u.)

Figure 5.8: The relevant SOCs in the Q = 0% symmetry. Panel a) shows the adi-
abatic spin-orbit couplings between 'Y — 3II states for all asymptotic limits we
consider in our calculations. Black (A; 2) and red (As 4) solid lines are the SOCs be-
tween states belonging to the same asymptotic limit, i.e. P+S and S+D, respectively.
Green (A 3) and blue (A; 4) solid lines are the SOCs between states belonging to
different asymptotic limits, i.e. one of them belonging to the P+S and the other to
S+D limit. In the later case the SOCs are tending to 0 asymptotically. A; ; notation
corresponds to the SOC notation of Fig. 5.5. Grey vertical line indicates the posi-
tion of the X; avoided crossing. Panel b) shows the inverted black and blue curves
before the crossing point according to the phase convention. Panel c) shows the
diabatized curves used in the calculations. The black curve isthe A} ,, the red curve
is the A; 4, the blue curve is the A} , and the green curve is the A; 3 SOCs of Fig.
7.2 and Hamiltonian matrix 7.1.
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Chapter 6

Competing excitation
guenching and charge
exchange in ultracold Li-Ba™
collisions

The present chapter is based on the first paper that | co-authored during this the-
sis [55]. Our study was motivated by the experiment reported in [55,138], where
ultracold collisions between a single 3®Ba* ion and a cloud of SLi atoms were
investigated in a hybrid atom-ion setup. The combination Li-Ba™ is particularly
interesting because of its large mass imbalance with one light component, which
is favorable for approaching the quantum regime of atom-ion collisions. As was
mentioned in Chapter 2 the ground state collision of Li+Ba™ is related to the en-
ergetically lowest asymptotic limit of LiBa™. Radiative charge exchange, which is a
typical process in ion-atom collisions, is thus suppressed. This makes the system
an experimentally promising candidate for obtaining a stable ion-atom mixture
for various applications.

6.1 Experiment and relevant observables

In the experiment, the Ba™t ion was prepared in one of the two metastable fine
structure states, 52D3/2 or 52D5/2, and immersed in an ultracold gas of ground
state SLi atoms. The relevant energy levels of Bat used for state preparation and
detection are shown in Fig. 6.1. The detailed laser excitation sequence is not dis-
cussed here, since the present chapter focuses on the theoretical interpretation
of the observed inelastic processes. The complete experimental sequence and de-
tection protocol are described in detail in [55,138]. The radiative lifetimes of these
metastable states are much longer than the interaction time, so that changes in
the internal state of the ion can be attributed to collision induced processes.
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Figure 6.1: Relevant energy levels of **Ba™ involved in the laser cooling, prepa-
ration and detection of the metastable 5 2D3/2 and 5 2D5/2 states used in the ex-
periment. The state preparation and the full experimental protocol is described
in Ref. [55].

In Fig. 6.2 the scheme of relevant energy levels of Li-Ba™t pair is presented
together with the experimentally observed inelastic processes.

k-
b4 sttt
' +’¢*,’a_?_t;¢*’+ !

Radial Spin-orbit Rotational

Ba*(*D,
Li(2s)+Ba*(5d) a*(Dgr) l 1

Ba+(:Dy),)

FSQ FSQ|
Li++Ba(15)
NRCE NRCE  NRCE

Li(25)+ Ba*(6s)

(a) (b) (c)

Figure 6.2: Schematic representation of the relevant energy levels of the Li-Ba™
system and the observed inelastic processes, including non-radiative charge ex-
change (NRCE), non-radiative quenching (NRQ), and fine-structure quenching
(FSQ). The panels illustrate the hierarchy of couplings governing the dynamics: (a)
radial (non-adiabatic) coupling, (b) radial and spin-orbit couplings, and (c) radial,
spin-orbit, and rotational couplings.

Several competing inelastic processes were identified. Non-radiative charge
exchange (NRCE) corresponds to

Li(2s2S1/2) + Ba"(5d*D3/25/2) — Lit +Ba(6s*'9), (6.1)
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while non-radiative quenching (NRQ) transfers the ion from the metastable 5d 2D
state to the ground 6525 /,

Li(2s2S1/2) + Bat(5d*Dy/95/2) — Li(252S1/2) +Bat(65°5)/2). (6.2)

For ions initially prepared in the 5 2D5/2 state, fine structure quenching (FSQ) can
also occur,

Li(252S1/2) + Ba®(5d*Ds9) — Li(25%S1,9) + Bat(5d*Dy/0),  (6.3)

as a result the ion’s initial fine structure state is changed to 52 D5 .

The experimentally determined branching ratios, together with the rate coef-
ficients normalized to the Langevin rate, prove the reference observables for the
theoretical comparison. The experimental observations for the initial state 5 2D3/2
show that the inelastic processes are dominated by NRQ, while NRCE represents a
weak contribution. For the initial state 5 2D5/2, both FSQ and NRCE were observed,
and not NRQ. These experimental probabilities, together with the theoretical re-
sults obtained in the present work, are summarized in Table 6.4. The aforemen-
tioned asymptotic limits, namely Li(2s 25y 5) + Ba™ (5d 2 D32 5/2), LiT + Ba(6s% 1.5)
and Li(2s25/2) + Ba* (6525 2) are referred to further in the text as S+D, lon+S
and S+S respectively. Another shorthand notation is defined for the incoming
channels Li(2s2S/2) + Ba™ (5d?Ds5) and Li(2s25)/2) + Ba™ (5d%Dj/2) as D32
and D5 5.

6.2 Electronic structure of the LiBa' ion

An accurate treatment of inelastic processes relies on the precise characteriza-
tion of the PECs of the LiBa™ molecular system, including those associated with
excited electronic configurations, as well as the couplings between them. The elec-
tronic structure methods used to obtain the LiBa™ potential energy curves and
spin-orbit couplings were introduced in Sections 3.3 and 5.2. In the present sec-
tion, only the features relevant for the multichannel quantum scattering (MCQS)
treatment are discussed: the Hund's case (a) PECs, the avoided crossings, the
R-dependent SOCs, and the resulting interaction matrix used in the scattering cal-
culations.

The theoretical investigation of the Li-Ba™ collision dynamics was initially
started in the framework of Xiaodong Xing's thesis [48]. In the present work, this
system is revisited in detail with two main objectives: first, to validate the devel-
opments | have optimized a general MCQS Fortran code for describing collisions
between an alkali-metal atom and an alkaline-earth ion used throughout this
thesis, and second, to provide a deeper analysis of the dynamical mechanisms
underlying the experimentally observed inelastic processes.

6.2.1 Hund's case (a) PECs

The Hund's case (a) PECs obtained from quantum-chemistry calculations (Section
3.3) are shown in Fig. 6.3, and their spectroscopic constants are displayed in Ta-
ble 6.1. The calculated PECs include the molecular symmetries 3%+, 1311 and
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L3 A. These curves provide the electronic-structure basis for the subsequent scat-
tering calculations. Here, we focus on the features that are directly relevant to the
collision dynamics, namely the dissociation limits involved in the experiment, the
crossings and avoided crossings between PECs that enter the MCQS model.
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Figure 6.3: Potential energy curves of the LiBa™ molecule in Hund's case (a), calcu-
lated in the body-fixed (BF) frame up to the Li(2s)+Ba™(6p) dissociation limit. The
red shaded region highlights the X avoided crossing occurring between the 21X+
and 3'X* PECs, which gives rise to NRCE. The blue circle marks the X3 crossing
between the 12X+ and 1211 states, responsible for NRQ. (Note that this figure
is extracted from [55] so that the notations for atomic states is different -but
consistent- with those used in this thesis.)

The three lowest dissociation limits relevant to the present study namely
Li(2s2S5)+Bat (6s29), Lit(1S)+Ba(6s%1S) and Li(2s 25)+Ba* (5d 2 D) are well sepa-
rated from the higher ones. A notable feature of the PECs is the avoided crossing
(hereafter denoted X;) between the 317 state correlated with the Li(2s)+Bat(5d)
entrance channel and the 213+ state around R = 11 a.u.. This avoided crossing
reflects a strong localized non-adiabatic coupling that we do not extract from our
electronic structure calculations. It plays an important role in the present study,
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State R.(a.u.) D.(cm™!)  Cgs(a.u)

1yt 6.60 12189 —14820.26
6.70 [139] 11627 [139]
6.61 [140] 11846 [140]
6.75 [39] 11860 [39]
6.71 [141] 11674 [141]

132+ 7.28 5619 —14821.26
7.56 [139] 4784 [139]
7.41 [140] 5401 [140]
7.46[39]  5178[39]

2ly+ 7.02 1580 —21744.76
7.57 [139] 1206 [139]
7.05 [140] 2246 [140]

3yt 11.20 1524 —2327.73
10.90 [139] 1833 [139]
11.41 [140] 1569 [140]

23yt 7.98 3905 —2327.73
7.48[139] 5961 [139]
8.11 [140] 3952 [140]

11 7.60 3915 —3180.61
7.75[140] 4034 [140]

1311 6.28 9589 —3180.72
6.42 [139] 8935 [139]
6.29 [140] 9390 [140]

1A 7.29 6473 —5686.68
7.18 [139] 5729 [139]
7.35 [140] 6250 [140]

13A 7.20 6477 —5686.68
7.42 [140] 6235 [140]

Table 6.1: Equilibrium distances R, and potential well depths D, of the
LiBa™ potential energy curves. The last column lists the van der Waals co-
efficients Cs employed for the long-range extrapolation of the PECs.

as being responsible for the occurrence of NRCE. The NACT is modeled by lineariz-
ing the two adiabatic PECs around the position Rx; of avoided crossing, where the
adiabatic PECs are split with an energy 2Wx; = 0.00359 a.u. (or 781.7 cm™1!). We
suppose a Gaussian-type variation of the coupling with R

(R— RXI)T 7

Gx, =2Wxiexp {— 52 (6.4)

where the width of the function is chosen with a value § = 0.75 a.u.. These fea-
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tures define the minimal electronic-structure landscape required for dynamical
calculations: the entrance channel, the charge exchanged asymptote, and the non-
adiabatic connection between them through the avoided crossing X;.

Another remarkable feature is the crossing between the 13X+ and 1 311 states
near 6 a.u., hereafter labeled X3. This crossing contributes to the complexity of
the spectrum of magnetic Feshbach resonances (MFRs) experimentally recorded
in the ground-state manifold [39] and plays an important role in the occurrence of
NRQ process. The position and energy of crossings X; and X3 are listed in Table
6.2.

Position (a.u.) Energy (cm™1)

X 11.06 3450
10.88 [139] 4171 [139]
11.30 [140] 3465 [140]

X3 6.15 —4205
6.02 [139] —2326 [139]
6.14 [140] —3973 [140]

Table 6.2: Positions and energies of the X; and X3 crossings with respect
to the lowest dissociation limit Li™(19)+ Ba(6s%1S), compared with other
theoretical determinations. The agreement between our result and [140] is
excellent, while a larger discrepancy with Ref. [139] is observed most prob-
ably due to the different used method and basis.

6.2.2 Spin-orbit couplings

We have determined R-dependent SOCs based on the first step of quasi-
diabatization described in Sections 5.2. The calculated SOCs for the three relevant
asymptotic limits are shown in Fig. 6.4 for the Q = 0, 07, 1, 2, 3 symmetries.

At large internuclear separations, the SOCs between states correlated with
the dissociation limit Li(2s 2S)+Ba™(5d2D) match energies defined by the fine-
structure splitting AEp = 800.955 cm~! of Ba*(5d 2D). In contrast, SOCs between
states correlated with different dissociation limits (hereafter referred to as
indirect SOCs) vanish asymptotically.

A subtle point arises from the avoided crossing X3, where the two states in-
volved '+ undergo an abrupt exchange of electronic character in this region.
Since these two adiabatic states are diabatized around Rx,, the effect of the re-
lated NACTs on the related SOCs must also be considered for consistency. The
consequence on SOCs is clearly visible in Fig. 6.4 panel a), with a clear character
exchange between A, 4 and As 4. As both terms A, 4 and A3 4 involve the same
adiabatic state 1°II, they follow the same behavior as the electronic wave func-
tions of the two states !X *. We used here a simple "diabatic” model in which the
left- and right-hand branches of the couplings were smoothly connected along
the black dashed curves. This procedure ensures that each coupling maintains a
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Figure 6.4: Molecular spin-orbit couplings (SOCs) labeled according to the notation
A, introduced in Table 6.3, for pair of states correlated with the three lowest
dissociation limits of LiBat. a) Q = 0"; b) Q2 =07; ) Q2 = 1, d) Q = 2,3. In panel a),
the dashed black curves represent the diabatized SOCs (Section 5.3) generated by
the presence of the X; avoided crossing.

consistent physical character throughout the range of internuclear distances ex-
plored in the scattering calculation. This step, together with the diabatization of
the adiabatic PECs is important because in this way the different asymptotic char-

74



acter of the scattering state evolves into its short range in a consistent way.

6.2.3 The interaction matrix in BF frame

Using Hund's case (a) PECs, R-dependent SOCs, and Gaussian coupling associated
with the avoided crossing Xy, the interaction energy matrix can be constructed in
the BF frame. The resulting matrix is a real symmetric 16 x 16 block-diagonal ma-
trix, shown schematically in Table 6.3. It is organized according to the 2 quantum
number and includes the electronic states that tend to the three relevant disso-
ciation limits of LiBa*. The PECs appear on the diagonal elements, while the off-
diagonal elements contain spin-orbit couplings and the non-adiabatic Gaussian
coupling Gx, . Colored entries denote direct SOCs between states correlated with
the same dissociation limit, whereas blank entries correspond to indirect SOCs
connecting different limits. Empty entries represent zero matrix elements.

Q=0" 0=0" Q=1 Q=2 | o=3 |

§+S | lon+s S+D $+8 S+D S+S $+D S+D S+D
1'gt | 2% [ 3% | 1°n [ 1% [ 2% | 1°0 | 1% | 2°%* | 1'n [ 1°n1 | 1°A 1°n 1'% | 1°a

1 ' |lva'sh o 0 Ara
2'st 0 |v'sHl Gas Ay
3’| © Gaz |V(3'sh| Ass
V(1°m)
+Aga
1°* v(1°sh| 0 Asz
2% 0 |v@3Eh| Aer
V(1°m)
+Arz
1% v(sh| 0o Asto | Asan 0
2% 0 v@3sh| Asto | Aen 0
1'n Aios Ags |V M| Aonn | Aoz
1°n Asrg At Ao | V() | Az
V(1°0)

+Ar212

1% 0 0 Azio | Az

v(1°m)
+Asas
1'A Atz V(1'8) | Awss
1°A As.13 Assaa | V(1°A)

Azas | Azss

Table 6.3: Schematic representation of interaction energy matrix
Wee—ad(R) for LiBa™ in the BF frame constructed from the Hund'’s case (a)
PECs, the R-dependent SOCs, and the Gaussian coupling Gx; associated
with the X; avoided crossing. Empty cells denote zero matrix elements.

6.2.4 Long-range extrapolation of PECs and SOCs

Ab initio PECs and SOCs are calculated up to 45.0 a.u., whereas the atom-ion in-
teraction extends over much larger internuclear distances due to its long-range
charge-induced dipole character. Therefore, both the PECs and the SOCs must be
extrapolated toward the asymptotic region before they are used in the scattering
calculations.

The PECs are extrapolated using the usual multipolar expansion of atom-ion
interaction D, — Cy/R* — Cs/RS, where D, is the dissociation energy of the con-
sidered PEC (Table 6.1). The coefficient Cy = 82.2 a.u. corresponds to half of the
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static dipole polarizability of the Li atom, evaluated with the same electronic struc-
ture calculation as for PECs for consistency [142]. The values of the van der Waals
coefficient Cs were then evaluated at R = 45 a.u. using the above expression. The
values obtained for Cg are listed in Table 6.1.

We checked that the R-dependent SOCs have nearly reached their asymp-
totic value at R = 45 a.u.. Therefore, beyond this distance, the direct SOCs were
set equal to the corresponding atomic fine-structure values, whereas the indirect
SOCs were set to zero.

6.3 Results

Before introducing the full multichannel quantum-scattering model, it is useful to
recall why such a treatment is required for the Li-Ba™ collision. Previously in our
group, simplified descriptions provided valuable qualitative insight into the role
of the most important crossings. A simple Landau-Zener model was first used to
estimate the efficiency of the avoided crossing X; associated with NRCE. This ap-
proach was then extended to a four-channel Landau-Zener model based on the
2 = 0% Hund's case (¢) PECs. In addition, a reduced quantum-scattering calcu-
lation was performed within the same subspace of 2 = 0% symmetry. Although
these models, based on the same Hund's case (a) PECs as in the present calcu-
lations, capture part of the underlying mechanism, they do not reproduce the
experimentally observed hierarchy of inelastic processes.

This limitation indicates that the collision dynamics cannot be described solely
within a single molecular symmetry or by a purely local treatment of the avoided
crossings. In particular, the competition between NRCE, NRQ, and FSQ requires
the simultaneous inclusion of the relevant R-dependent spin-orbit and rotational
couplings. Therefore, in the following, we use the complete MCQS model, based
on the 16 x 16 interaction matrix introduced above. The complete 16 x 16 potential
energy matrix is given in Table 6.3. The total angular momentum of the collision
complex is defined as

J =jii+Jga+ +€=5+¢, (6.5)

where j|; and jg, denote the total electronic angular momentum of Li and Ba™,
and £ the rotational angular momentum of the colliding partners. The associated
guantum numbers are J, j, and /.

The Hamiltonian H, that describes the system includes electronic interactions
through potential energy curves and spin-orbit couplings, and is written as

o nd? h20(0+ 1) < so—qd
H/(R) = o Tl NI I+ W3 9(R), (6.6)

where 1 = 10481.62 a.u. is the reduced mass of LiBa* and I denotes the iden-
tity matrix. The matrix W2°~9¢ (the bar indicating that the matrix of Section 5.2
is restricted to the submatrix involving states correlated to S + D, S + S, and
lon+S asymptotes) contains Hund's case (a) PECs on the diagonal (including the
locally-linearized PECs 2131 and 3 1¥1), the Gaussian coupling functions, and the
molecular spin-orbit couplings.

76



Coupled equations are solved using the log-derivative method described in
Subsection 3.6.4, employing a constant propagation step size of 0.005 a.u. up to
Rmax = 10* a.u., chosen sufficiently large to ensure that the interaction potential
becomes negligible compared to collision energy

6.3.1 Hund's case (¢) PECs

The transformation connecting Hund's case (¢) and Hund's case (e) molecular rep-
resentations is described in Chapter 4. The relevant quantum numbers associated
with the S+, lon+S, and S+ D dissociation limits are summarized in Appendix ??.
The Hund's case (e) PECs are obtained by diagonalizing the potential energy ma-
trix expressed in the SF frame for a given value of the total angular momentum J
and parity p. The Hund's case (e) PECs for J = 0, 1, 2, 3 are shown in Figure 6.5
for both parities.

Due to the available angular momenta (see Appendix ??), the number of cou-
pled channels (listed in Table B.5) quickly saturates with up to 12 or 13 channels
for J > 3 depending on the particular combination (J,p). For example, the (J =
0,p = +) case involves only the 2 = 0T subspace together with ¢ = 2 (Figure 6.5
panel a)). The variation of the maximum number of channels originates from the
contribution of the single Q = 07 state correlated with the lon+S dissociation limit.
This channel is present for (J even,p = +) and (J odd, p = —) symmetries, while
itis absent for (J odd,p = +) and (J even,p = —).

At short internuclear distances, the Hund's case (e) PECs closely resemble
those obtained in Hund's case (¢) shown in Fig. 5.3 panel a). However, the in-
clusion of rotational (Coriolis) couplings leads to a more complex structure. In
particular, the avoided crossing X; remains clearly visible, although its detailed
pattern now depends on the value of J.

A notable modification is observed for the crossing X3 located near
R =~ 6.2 a.u.,, which becomes an avoided crossing in this representation (Fig-
ure 6.5 panels j) and k)). This behavior arises from the combined action of
rotational coupling and indirect spin-orbit interaction and is associated with the
matrix element Ag 1, in Table 6.3. As a consequence, the present model strongly
suggests that the NRQ process might play a significant role in the dynamics. We
recall that this crossing was previously considered in [39]. A related mechanism
involving indirect spin-orbit coupling has also been proposed to account for
anomalous hyperfine relaxation in cold Rb-Yb™ collisions [143].

6.3.2 Cross sections and rate coefficients

The cross sections and rate coefficients are calculated according to the method-
ology exposed in Section 3.6.5. Calculations were performed for the two possible
incoming channels Li(225; ;2)+Ba™ (52D3,5) and Li(225 /5)+Ba™ (52Dj 5), and ex-
tracted for each inelastic process (FSQ, NRCE,NRQ). Both parities can be treated
separately as they characterize two independent Hilbert spaces of the system. Be-
fore comparing to experiment, it is worth investigating parity-dependent cross sec-
tions to decipher their dependency on total angular momentum quantum number
J and thus identify the role of possible resonances.
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Figure 6.5: Hund's case (e) potential energy curves associated with the three dis-
sociation limits S + S, lon+S, and S + D, shown for both values of parity +/— and
for total angular momentum values J = 0, 1,2, 3. The red shaded area highlights
the avoided crossing X; . Panels j) and k) magnify the PECs in the vicinity of the
X3 avoided crossing highlighted by blue circles in panels g) and h).
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The infinite sum over J, see Eq.3.118, was truncated. The maximal value, Jiyax,
was determined as follows: first we determined the partial wave ¢ for which the
potential barrier exceeds the collisional energy. In the case of the S + D-limit
Jmaw = ¢ + 3. As an example, at T = 3 x 107° K, where the measurements were
performed, ¢ = 2thus Jyue = 5. The largest partial wave to be considered for
the limit S + D is ¢,,, = 8. A characteristic distance Rmax Can be associated with
each partial wave, defined as the separation at which the kinetic energy begins to
dominate the effective potential. For the previously discussed case with {max = 8,
this distance is Rmax ~ 6000 a.u., as illustrated in Fig.6.6.
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Figure 6.6: Long-range effective potential energy curves of LiBa™ (in atomic units),
represented by —Cy/R* + (¢ + 1)/(2uR?), as the function of the internuclear
distance R, are shown for different values of partial wave ¢, in colored solid lines.
The horizontal dashed black lines indicate the collisional energies expressed as
temperature T = Eco /kB.

Fixing ¢ = 8, we can see that Rnax iNncreases as the temperature decreases. For
example, at T = 1075 K the R4, is ~ 10000 a.u., while at T = 10~ K it falls be-
low ~ 5000 a.u.. This example highlights that, at low energies, even though fewer
partial waves need to be considered, the large value of Rnax increases the com-
putational cost. Although Rmax decreases for higher temperatures, the number
of partial waves increases considerably, which also increases the computational
cost.

Inelastic partial cross sections for parity

The results of the quantum scattering calculation in the parity-dependent case
are shown in Fig. 6.7, together with the predictions of the Langevin model vary-

ing as Ec_o|1/2 with energy, presented in Section 3.5. In addition, we determined a

so-called "scaled Langevin cross section” 61, by adjusting the coefficient £ of the

function fEc_oll/2 to match the cross section in the classical regime involving many
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partial waves (E; 2 kg x1 mK). This confirms that the computed cross sections re-
flect the expected Langevin behavior controlled by long-range interactions varying
as R, This is better viewed on the same results drawn on a linear scale in energy,
see Fig. 6.8.

Partial cross sections for inelastic and elastic collisions (EC) are presented in
Appendix D and Appendix E, respectively. These results are useful to understand
the underlying structures visible in the total cross sections.

The calculated cross sections reveal the same hierarchy between the in-
elastic processes for both parities. Comparing scaled quantities &, the
FSQ process is dominant for the entrance channel Li(22S),5)+Ba*t(52Ds)5),
with 61, (FSQ) ~ 46 (NRCE) ~ 300057 (NRQ) for parity "+, and 7. (FSQ) ~
81, (NRCE) =~ 20005, (NRQ) for parity "—". The FSQ process does not obviously oc-
cur from the entrance channel Li(225, /2)+Ba™ (52 D5 »), and NRQ now dominates
NRCE, with 57, (NRQ) ~ 105, (NRCE) for parity "+", and & (NRQ) ~ 225 (NRCE)
for parity "—". This hierarchy is consistent with the Hund'’s case (¢) PECs shown in
Fig. 5.3:

* NRQ is induced by the crossing X3 that involves a PEC correlated to
Li(22S1/2) + Ba™(52D5)5), which implies that this process is negligible if
the collision starts from the other entrance channel.

* When the collision starts from Li(22S; ;,)+Ba™ (52Dj35), our results demon-
strate that the X3 crossing at short distances is predicted to be more ef-
ficient than the X; crossing at intermediate distance, as NRQ dominates
NRCE in this case.

* The outgoing channel of FSQ (Li(22S; ;2)+Ba™ (52Ds)»)) is the closest in en-
ergy to the entrance channel (Li(225; ;) + Ba*(52Ds5)) and thus easier to
reach than the NRCE outgoing channel.
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Total cross sections

The total state-to-state cross sections o (8 + «, k) (EQ. 3.119) and rate coefficients
K(B + «,kq) (Eq. 3.120) for each inelastic process are presented in Fig. 6.9 for
both entrance channels S + D5/, and S + D35, Where resonant structures are
still visible after the summation over J.

To compare our theoretical results with the experimental observations, we
also calculated the thermalized rate coefficients K (T.q; f) (EQ. 3.121) assuming a
Maxwell-Boltzmann distribution of collision energies. The resonant structures are
significantly smoothed out (Fig. 6.9 panels c) and d)), thus they would likely remain
unobserved in experiments.

The experimental rate coefficients were determined from the measurement
of survival probabilities and branching ratios. The atomic density n was obtained
from independent measurements, such as atom number, trapping frequencies,
cloud size, and temperature. This calibration gives n3,» = 1.3(2) x 10*'cm™? and
ns/2 = 1.6(4) x 10" em ™2 for the ion initially prepared in the 52D3 /5 and 52 D5 5
state, respectively. The measured rate coefficient for the S + D3, incoming chan-
nelwas Ry = 610(100) s~ !, while for the S+ D5, channel R, = 770(180) s~ *. The
experimental Langevin rate coefficients are obtained as

Ry
)

KeP
L n

(6.7)
resulting in KZXP’B’/Q = 4.69 x 10~ ecm®s~! for S + D35 and KEXP’S/Q = 4.81 x
107? em®s~! for S + Ds 5. The survival probability of the ion in the 52D; , state
in the atomic cloud was experimentally found to be Pfu/r2 = 0.30(4)stat(6)sys, while
inthe 5 2D5/2 state Pssu/r2 = 0.17(5)stat(3)sys- The statistical and systematic errors
are denoted by "stat" and "sys", respectively. A total of 510 and 116 events, includ-
ing elastic and inelastic ones, see Table 6.4, were recorded for the ions initially
prepared in the 52D; /5 and 52Dj  States, respectively.

To obtain the reaction rate coefficient for each inelastic process, the survival
probabilities and the measured branching ratios of the different processes were
considered. For the incoming channel S + D35, 90.6% of the observed inelastic
events is NRQ, while 9.4% is NRCE, see Table 6.4. Therefore, the corresponding
rate coefficients are

EXRQ = 0.906 x P37 x Ky®3/?

= 7.22x107 % cm?®s7! (6.8)
KXRCE = 0,004 x P x K%

= 749 x 10 " em3s. (6.9)

Similarly, for the incoming channel S + D5 ,, the branching ratios are 66% for FSQ
and 34% for NRCE, see Table 6.4, yielding

KFSQ

exp

= 0.66 x P37 x KOP5/2
= 9.52x 107 cm?s7!, (6.10)
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NRCE
Kexp

= 0.34x P? x KPPo/2
= 4.90x 107 cm3s7L. (6.11)

The experimental and theoretical results are collected in Table 6.4. The table lists
the event statistics, the experimental branching ratios, the deduced experimental
rate coefficients normalized to the Langevin rate, and the corresponding MCQS
predictions. Theoretical values are reported for the experimental temperature
Ter = 30 uK.

Table 6.4: Experimental and theoretical reaction rate coefficients for the
observed processes in the collision between Ba™ ion, initially prepared in
the 52D 5 or 52Dy state, and Li atom in its 225, , ground state. The
total number of counts of the elastic (EC), inelastic (FSQ, NRQ) and reactive
(NRCE) processes, their relative abundance (%) with respect to the total
number of counts, excluding EC, are also listed. K?72> /K", for each pro-

exr
cess are given, normalizing the experimental rate é)oefficients (KZrpe) by
the experimental Langevin rate coefficients (K;""). The theoretical ones
are obtained similarly: the non-thermalized rate coefficients (K/cqs) ob-
tained from the MCQS calculations are normalized with the theoretical
Langevin rate coefficients (th). The ratio between the scaled Langevin
rate coefficients, which is adjusted to the high energy tail of MCQS rate
coefficients, and Langevin rate, is also presented in order to give a range
of acceptable theoretical values in the last column of the table. The non-
thermalized rates are calculated at collisional energy T' =30 pK, that is

stated in Ref. [39].

Event  Process Counts Ratio(%) KPoe /K™ K]MCQS/KEh;KJMCQS—L/KEh

52D3/9: K7 = 4.69 x 1077 cm®/s; Ki" = 4.81 x 107 cm? /s

EC 177 - - -
Hot NRQ 302  90.6(16) 0.154(45)stat(27)sys 0.21;0.18
Loss NRCE 31  9.4(16)  0.016(5)stat(3)sys 0.021;0.012
Total 510

52Ds )90 K77 = 4.81 x 1077 em®/s; Ki* = 4.81 x 107 cm?/s

EC 41 - - -
Cold+Hot FSQ 4248  66(6) 0.198(26)stat(40)sys 1.06;0.725
Loss NRCE 25 34(6)  0.102(14) sta¢(20)sys 0.052;0.16
Total 116
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Figure 6.9: Total elastic (blue solid lines) and inelastic (colored solid lines) cross
sections and rate coefficients for the entrance channels S + D5/, panels a) and
Q). S + D3/, panels b) and d). Black solid lines and colored dashed lines show the
Langevin and scaled Langevin cross sections and rate coefficients. The thermal-
ized rate coefficients are displayed in thick long-dashed lines. Experimental rate
coefficients at T.g = 30 uK, given in Eqs.6.8-6.11, are shown as filled circles, with
size reflecting the combined statistical and systematical uncertainties.
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In conclusion, we can say that the agreement between theory and experiment
is very good, confirming the importance of the coupling between internal angu-
lar momenta and the relative rotation of the colliding partners, as already sug-
gested in [69]. However, a notable discrepancy is observed for the FSQ process
in the Li(2 251/2)+Ba+(52D5-)/2) channel, where the calculated rate exceeds the ex-
perimental value by approximately a factor of four. This deviation may originate
from residual inaccuracies in the spin-orbit couplings obtained within the quasi-
diabatic representation or the absence of hyperfine levels in the model, since the
collisional partners are polarized in the experiment.

One limitation of the present model is that Li atoms are not explicitly treated
as being polarized in the |f = 1/2,my = —1/2) hyperfine state. A more complete
treatment would require an enlarged Hilbert space including additional SF frame
angular momentum projections and hyperfine degrees of freedom. Such an
extension could be important for describing collisions involving spin-polarized
partners or different hyperfine preparations. Nevertheless, previous results
on Rb-Sr* collisions suggest that strong Coriolis mixing involving higher partial
waves can reduce the sensitivity to the relative spin orientation [69].

86



Chapter 7

Quantum study of electronic
excitation exchange between
ultracold metastable Sr™ ion

and Rb atoms

In this chapter, | present the results that | obtained on a second ion-atom system,
namely RbSr™. The chapter is based on the paper that | co-authored and recently
submitted [132]. It might contain several repetitions of arguments presented in
the previous Chapter, as it follows a similar progression, but | decided to keep
them for internal consistency.

The combination Rb-Sr™ is interesting because the colliding partners have
comparable masses, which might enable efficient energy transfer in elastic col-
lisions and is therefore favorable for sympathetic cooling of the ion. When the ion
SrT is excited in a metastable state due to the presence of cooling and trapping
lasers in the experiment, inelastic processes compete with elastic energy transfer
and limit the efficiency of sympathetic cooling. In 2020, our group contributed to
a joint experimental and theoretical study [69] in which the 88Sr* (4d 2D5/2.3/2)
ion collides with ground state 8Rb(5s 25} ») atoms. Two inelastic processes were
identified as the dominant loss mechanisms in the experiment. Theoretical inves-
tigations [69] demonstrated the complexity of PECs that need to be considered for
the proper description of the collision, and established a strong mixing of internal
angular momenta with the rotational one. The semiclassical Landau-Zener model
was applied on these PECs, and did not reproduce the experimental observations,
which suggested the need for quantum scattering calculations. In this chapter |
will present a full quantum scattering description of this collision in the ultracold
domain.
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7.1 Electronic structure of RbSr™ molecular ion

7.1.1  Hund's case (a) PECs

The adiabatic Hund's case (a) PECs of RbSrT, obtained using the quantum chem-
istry approach described in Section 3.3, are presented in Fig. 7.1. The calculated
PECs are displayed up to the eighth dissociation limit Rb(5s 25)+Sr*(4d % D) includ-
ing all possible molecular symmetries. A real crossing X3 occurs around R =
7 a.u. the PECs (13X% and 12II), which is responsible for the complexity of the
spectrum of magnetic Feshbach resonances in the ground-state entrance channel
Rb(5s 25)+Srt (55 29) [71]. Two avoided crossings X; and X, are also highlighted
between PECs of states 513+ and 61X+, and of states 43X+ and 53%+. As in
the previous chapter, the couplings around these avoided crossings are treated
by local linearization of adiabatic PECs at the avoided crossing, and modeled by a
gaussian function Gx, (R) in the interaction Hamiltonian matrix

R—Rx, \?
Gx,(R) = Uy, eXpi( PXi ) ) (7.1)
The resulting parameters for the crossings are:
* X1t Rx, =149a.u., Ux, =2.51x 10~* a.u., dx, = 0.15 a.u.
* X9 Rx, =13.7a.u,, Ux, =5.74 x 10~* a.u., §x, = 0.30 a.u..

These avoided crossings induce two main inelastic processes, fine-structure
qguenching (FSQ) and electronic excitation exchange (EEE):

FSQ:Rb(55°51/2) + Srt(4d*Dy;s) — Rb(5525) )2) + SrT(4d*Dss5),  (7.2)

EEE:Rb(55%S) /2) 4+ Srt(4d® D32 5/9) = RO(5p 2Py j2.3/2) + ST (55%51/2). (7.3)

The entrance channels will be called S + D, or S + D33 5/2, and the outgoing
channel of EEE as P + S, or P33/ + S. Based on the energy-level scheme
of Fig. 2.3 panel b), non-radiative quenching (NRQ) and non-radiative charge ex-
change (NRCE) are also energetically allowed. However, the PECs in Fig. 7.1 do not
show any obvious manifestation of NACTs for these processes.

7.1.2 Spin-orbit couplings

The R-dependent SOCs have been determined following the two steps of quasi-
diabatization described in Sections 5.2 and 5.3. They are presented in Fig. 7.2. At
long distances, direct SOCs (panels a-e) approach the atomic values related to the
atomic SO splitting of Srt(4d2D) or Rb(5p2P), while indirect SOCs vanish. Due
to the necessity of a second step for quasi-diabatization (Section 5.3), SOCs for
Q=07%,0",1areidentified by primes and drawn with thick lines when they involve
Hund's case (a) states of !XT or 3%+ symmetry. Other SOCs remain unaffected
by the diabatization procedure.
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Figure 7.1: a) Hund's case (a) PECs of RbSr™ up to the eighth dissociation limit. The
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Figure 7.2: Direct (panels a-e) and indirect (panels f-j) molecular SOCs A,,, and A;,q
as a function of the internuclear distance between Hund's case (a) states corre-
lated to the dissociation limits S + D and P + S. Q = 0*: panels a), f). Q@ = 0™:
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7.1.3 Interaction matrix in the BF frame

Using the Hund's case (a) PECs and the SOCs diabatized via the two steps de-
scribed in Chapter 5, the interaction energy matrix is constructed in the BF frame.
The first step of quasi-diabatisation of the SOCs (Section 5.2) results in the matrix
WSO o 24(R) matrix, and the second step of quasi-diabatisation step of the SOCs

(Sectlon 5.3) leads to the matrix WZ‘EQ@(R) presented in Table 7.1. The matrix is
a 20 x 20 symmetric block-diagonal matrix organized accordingtothe Q = A+ X
quantum number. Each € block is further divided according to the two consid-
ered asymptotic limits, P + S and S 4+ D. The notation of the matrix elements in
the interaction matrix is consistent with that used in Fig. 7.2, and the labels A.1-
A.g refer to the matrices given in Section 3.4. Diagonalization of this matrix yields
the Hund's case (¢) PECs previously presented in Fig. 5.3 panel b) and recalled in
Fig. 7.3 for convenience. The X; and X, avoided crossings are still recognizable,
but a series of avoided crossings emerges due to the strong spin-orbit coupling be-
tween the electronic states. Therefore, simple models such as the Landau-Zener
approach cannot accurately predict possible outcomes, as discussed in Ref. [69].
Consequently, a full quantum mechanical treatment is needed in order to explain
the experimentally observed events.
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Figure 7.3: Hund's case (c¢) PECs of RbSr™ in the BF frame up to the eighth disso-
ciation limit, namely Rb(5s 29)+Sr*(4d 2D), panel a), after the diagonalisation of
matrix qu *°(R) or W% (R). Panel b) is a zoom for the highest two dissociation
limits, S + D and P+ S relevant for the experimentally observed processes.
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an | A | Ae | As VED
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(A.5)
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(A6) | Aws | Ao | A

Table 7.1: Schematic representation of the 20 x 20 interaction energy ma-
trix W°~992(R) in the BF frame. The PECs denoted by V' appear on the
diagonal, V' being the linearized PECs. Spin-orbit couplings terms are de-
noted as A, 4, with a prime (A’, ;) when they are corrected by the second
step of quasi-diabatization. Cells with colored background correspond to
states and couplings correlated to the same asymptotic limit, whereas cells
with white background correspond to indirect SOCs. Blank elements de-
note zero matrix elements. The G; and G3 terms denote the Gaussian
couplings associated with the X; and Xz avoided crossings, respectively.
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7.1.4 Long-range extrapolation of PECs and SOCs
PECs

The PECs and SOCs were calculated up to a distance of 45.0 a.u., which is insuffi-
cient to accurately describe the long-range behavior of the atom-ion interaction.
Therefore, the PECs are extrapolated up to 10* a.u. using the multipolar expansion
valid at large distances

V(R) = Do+ — — == - 2% (7.4)

where C3, Cy4, and Cg are the coefficients associated with the charge-quadrupole,
charge-induced dipole, and van der Waals interactions, respectively. Energies Dg
of the corresponding dissociation limits are determined from the sum of atomic
energy levels displayed in Table 7.2, calculated within the framework of the CIPSI
code as the Hund's case (a) PECs to ensure consistency with the calculated PECs.
By construction, the first four rows of the table below are exact, because the pa-
rameters of the ECPs and CPPs were optimized to reproduce the corresponding
experimental values. The energies of neutral Sr atom result from FCl calculations,
and thus cannot be exact. However, the calculated energy levels agree with the
corresponding NIST energies within a few 100 cm~1.

Level Energy (a.u.)
Rb(5s) —0.153507732592
Rb(5p) —0.095471900952
Srt(5s) —0.405204475915
Srt(4d) —0.338269312485

Sr(5s218) | —0.615276171121
Sr(5s5p3P) | —0.548793716582
Sr(5s4d3D) | —0.529764040902
Sr(5s4d D) | —0.520635929285
Sr(5s5p 1P) | —0.517653559858

Table 7.2: Atomic energy levels calculated with the CIPSI code, in the case
of the first four values the calculations were optimized to reproduce the
corresponding experimental values.

In general, the coefficients C3, Cy, and Cg are obtained by fitting Hund's case
(a) PECs on 25 points in internuclear distance between 40 a.u. and 45 a.u.. When
Rb in its ground state is involved, the coefficient Cy = a&o)/2 related to the static
dipole polarizability a&o) is fixed to the value previously calculated in the group
[142], namely, C4(S + S) = Cy4(S + D) = 159.05 a.u.. These parameters are
collected in Table 7.3.

The reliability of the long-range behavior of the calculated Hund's case (a)
PECs and the consistency of the fitting are demonstrated by an analysis of the
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C5 and C, coefficients. Regarding the ratio of the fitted C5 coefficients for the
¥+ and II symmetries in the P + S asymptote, we obtain —2.13. This value is in
reasonably good agreement with the analytical result given in the next paragraph.

Relation between the quadrupole moment of Rb(5p) and the C5 coef-
ficient

Considering the multipolar expansion of the electrostatic interaction VAB(R) be-
tween an atom A and an ion B, R being the internuclear distance, the matrix ele-
ment in the separated, uncoupled atomic basis [nalama nplpmpg) can be written
as [144]

<nAlAm14 nBlejB| VAB(R) |’I”LAZATTLA nBleB> =

+pr< ClAvm/A Clem,B

+oo
_ Z Z pr,pB,m lama,pa,m " lp,mp,pp,—m %
1+patps
pa,p=0 m=—p< R \/(21‘4 + 1)(2l3 + 1)

% (nalal|Qpallnala)(npls||Qpy|Ins Us), (7.5)

where the quantum numbers [4 and I are the angular momenta of atom A and
ion B, ma, mp are the corresponding magnetic quantum numbers, and all the
remaining quantum numbers are given in the compact form n 4,5. The Clebsch-
Gordan coefficients are denoted by C, Q denotes the multipole tensor operator,
and ( || ) represents the reduced matrix elements. The f,, ,,.m factoris

(=1)P2(pa + pB)!
V(pa+m)(pa —m)(ps +m)(ps —m)!’

pr,me =

and p. = min(pa,pp) is the smaller of p4 and pp. Here, p4 and pp are the ranks
of the multipole tensor operators. In our specific case, the Rb atom is in a P state
and the ion in an S state, thus 4 = 1 and [z = 0. The quadrupole moment of
the atom is associated with a tensor of rank 2, therefore p4 = 2, while the charge
of the ion is associated with a tensor of rank 0, thus pg = 0. For the P state m4
can be 0 or +1, while for the S state mp = 0. Substituting these values into the

equation 7.5, we obtain C3¥ = —/& for ma = 0 and C§' = \/% for my = +1.

The ratio between these two values is C3 /C = —2, which is in good agreement
with the fitted value of —2.13.

The dipole polarizability of Rb(5p) and the C; coefficient

The quality of the calculated PECs is further strengthened by the fitted C, coef-
ficients, which are in good agreement with previously reported theoretical val-

ues [145]
The anisotropic coefficient C4(P + S; A) for Rb(5p) can be written as

2) 3A2 — L(L + 1)

Cu(P+S:A) =05 x [al? +al T | (7.6)
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where a&o)(5p) is the static dipole polarizability (isotropic), and af)(E)p) is the ten-

sor dipole polarizability (anisotropic). The static dipole polarizabilities calculated
in [145], afio)(5p2P1/2)/2 = 407 a.u. and ag°>(5p2p3/2)/2 = 437.5 a.u., lead to
the statistically averaged value of 427 a.u. for a&o)(5p)/2, where the statistical
weights are 2 and 4 for a&o)(5p2P1/2) and a&o)(5p2P3/2) respectively. This value
is in good agreement with the value obtained with our CIPSI code, after applying
the same summation over atomic transitions with dipole moments as in [145], re-
sulting ag))(E)p)/Q = 430 a.u.. The agreement for the tensor dipole polarizabilities
is also satisfactory, the data reported in [145] being aff)(5p2P3/2) = —167 a.u.,
while the one calculated by CIPSI is a,(f)(5p) = —162 a.u.. Based on Eq. 7.6 we
obtain C4(P + S; %) = 592.5 a.u. and C4(P + S;II) = 348.5 a.u., which are in good
agreement with the C, coeffiecients obtained from the fit,see Table 7.3.

Asymptote State (Cj5(a.u.) Cy(a.u) Cg(a.u.)
(S+D) 6's 0.00 159.05  10138.70
53% 0.00 159.05  10138.70

471 0.00 159.05 9336.57

4311 0.00 159.05 9336.57

21A 0.00 159.05  13121.60

23A 0.00 159.05 13121.60

(P+S) 5I¥T 2543  477.59  194309.02
43%+t 2543 47759  194309.02
3111 11.94 345.59  —17451.10
3311 11.94 345.59  —17451.10

(S+8) 2iuf 0.00 159.05  11879.36
139+ 0.00 159.05  11879.36

Table 7.3: Long-range coefficients Cs3, Cy4, Cs Hund's case (a) PECs deter-
mined in the present work.

SOCs

The long-range extrapolation of SOCs A, , follows the approach proposed of [146]
using the function

B

A(R) = o+ ﬁ’

(7.7)
where « is the asymptotic value of the coupling (Table 7.4) and Sy, a fitting param-
eter. According to [146], the exponent is k = 6 for the direct SOCs and k = 3 for
indirect SOCs. Thus, SOCs are fitted on 9 points in R between 43 a.u. and 45 a.u.,
and resulting fitted parameters are collected in Table 7.4.
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Direct SOCs Indirect SOCs

Q Aij o Be (a.u) Aij o B3 (a.u)

Q=0" 1o Ap% —12430.53 T4 0.0 0.04
Azo —Ap3 4809.16 53 0.0 0.02
Ay, —Apy/3 213957 Ay 0.0 0.0083
Ass  —Api 878.59

Q=0" A  Ar; —12462.81 ts 0.0 —0.12
As6 —Ap3 4809.16 6.7 0.0 0.11

ts  Apy/3  —215152 || Ags 0.0 0.0083

Agg —Api 878.59

=1 6,10 Api 8803.81 615 0.0 —0.028

o1 Aps —8812.54 014 0.0 —0.084

A1 Api —4812.24 || Ag15 0.0 0.0
Alprs  ApL —1513.28 || Afp1x 0.0 —0.012
Alyyy  ApL ~1521.35 || Aiga 0.0  —0.048
A1215 0.0 0.0 Ap1s 0.0 —0.028
Awsia —Aps 882.45 ‘112 0.0 0.080
A1z 15 —AD% 1254.05 A1113 0.0 —0.048
A14,15 AD% —1254.80 A1115 0.0 0.028
A5 —Ap 1787.54

Q=2  Awic Api —4809.16 || A7 0.0  —0.0083
Awrar Api —878.59 Ais1s 0.0 0.021
A1718 AD% —1254.82 Ag19 0.0 0.021
Airie Aps —1254.80
Aig19 —Ap 1787.57

Q=3 Ay Ap —1787.54

Table 7.4: Parameters used for the long-range extrapolation of the direct
and indirect SOCs.The factors Ap = %AED = 112.136 cm~! and Ap =
%AEP = 158.39 cm~! are related to the atomic fine-structure splittings of
Srt(4d) AEp = 280.34 cm~! and of Rb(5p) AEp = 237.595 cm~L.
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7.2 Results

The input of our quantum scattering calculations are the PECs of the system in
Hund's case (e) expressed in the SF frame, obtained by the procedure of Chapter
4. They are shown in Fig. 7.4 for parity "+" and "—", and for the lowest values of J
between 0 and 3. For J = 0, 1, 2 the number of channels are 4, 11 and 15, respec-
tively, reaching a maximum value of 16 for J > 3, smaller than the dimension of
the interaction matrix (20 x 20). Indeed, the symmetry Q = 0" is allowed for even
values of J for parity "+", and for odd values of J for "—" parity. The trace of the
avoided crossings X; and X5 in Hund's case (a) avoided crossings remains visible,
with an increased complexity of consecutive avoided crossings resulting from the
couplings between the internal angular momenta and the rotational one.

7.2.1 Cross section and rate coefficients

In Subsection 3.6.3, the general coupled-channel formalism was introduced. In
the following, this approach is applied to the Rb-Sr* system using the interaction
Hamiltonian H,
_ h2 d2 hQE(e + 1) xrso—qd2

H/,R) = o1 AR I+ W I+w, (R), (7.8)
where 1 = 79664.38 a.u. is the reduced mass of RbSr™ and I the identity ma-
trix. The matrix W5°~%%? contains the Hund's case (a) PECs together with the four
linearized PECs and the two Gaussian coupling functions describing the avoided
crossings X, and Xs. The bar above W indicates that only the subspace related
to the limits P + .S and S + D are considered. All other notations are similar as in
case of Eq. 6.6.

As an illustration, we give the long-range behavior of the PECs governed by
the charge-induced dipole interaction and the centrifugal term up to 10* a.u. ( Fig.
7.5). A similar figure 6.6 has been shown in Chapter 6 where detailed explana-
tions can be found. Comparing Figs. 6.6 and 7.5, it can be seen that for the same
temperature-range a significantly larger number of partial waves (30) is required
to describe the collision Rb+Srt than for the collision Li+Ba™ (12). This difference
comes from the substantially larger reduced mass of RbSr, by a factor of 7.6.
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Figure 7.4: Hund's case (e) PECs related to the P+ .S and S + D dissociation limits
for parities "+" and "—", and for total angular momentum J =0, 1, 2, 3.
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Inelastic partial cross sections for parity

Calculations are performed for each parity value "+" and "—" for the incoming
channels Rb(5 257 /2)+Sr" (42 D5 2) and Rb(5 25, /2)+Sr (42 D5 5), referred to as S +
D5/, and S + Ds5 in the following.

Like in the preceding Chapter 6, partial cross sections for inelastic and elastic
collisions (EC) are presented in Appendix F and Appendix G, respectively. These
results are useful to understand the underlying structures visible in the total cross
sections.

Two inelastic processes take place in Rb-Sr™ when the ion is prepared in its
metastable state. Starting first from the ion in the 42D5/2 state, fine-structure
quenching (FSQ) was also present in Li-Ba™,

Rb(525; /2) + Srt(4°Ds5/5) — Rb(52S; j2) 4+ Srt (42 Dy 5), (7.9)
the second process being electronic excitation exchange (EEE)
Rb(52S/2) + Sr*(4°Ds5/5) — Rb(52 Py /2.3/2) + SrT (4251 2), (7.10)

with two possible outgoing channels with Rb left in its 52P; ;, or 52P; 5 state. If
the ion is prepared in 42D 5 , only EEE can occur,

Rb(5%5)/2) + Srt(42Dy)5) — Rb(52 Py 3/9) + SrT (425 /2). (7.11)

The resulting cross sections for FSQ and EEE inelastic processes are shown in Fig.
7.6. The classical Langevin cross section o, = 27+/C4/Ec (EQ. 3.40) is shown
together with the scaled Langevin cross sections 61, = A2mw+/Cy4/Eco), Where A is
the scaling factor. The scaling factor is obtained by fitting this expression to the
cross section between 10 mK and 100 mK. The scaling factors for each case are
listed in Table 7.5.

For the S+ Ds /, incoming channel, the FSQ process is the dominating inelastic
process for both parities, similarly as in the case of the Li-Ba™ collision (Fig. 6.7).
The cross sections represent a significant fraction of the Langevin cross section
which suggests that the system is very reactive.
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In. channel Process "A"

p=+1
Ds/2 FSQ 0.60
EEE 0.32
D32 EEE 0.55
p=-—1
D52 FSQ 0.59
EEE 0.28
D3/2 EEE 0.58

Table 7.5: Scaling factor "A" for the scaled Langevin cross section associ-
ated with the FSQ and EEE processes, evaluated for the two possible in-
coming channels for both parities in Fig.7.6.
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Total cross sections

The parity-averaged elastic and inelastic cross sections and the rate coefficients
of FSQ and EEE processes in the incoming channels S + D5/, and S + D3/, are
shown in Fig. 7.7. Thermalized rate coefficients are also calculated assuming a
Maxwell-Boltzmann energy distribution in the atomic cloud.

Elastic collisions are found to dominate the dynamics over the entire energy
range explored here. This is expected in the classical regime valid here, far from
the quantum regime occurring well below 1 pK. The inelastic cross sections exhibit

the characteristic dependencein Ec_oll/2 of the classical Langevin cross section over
the entire energy range of our study, which is consistent with large number of
involved partial waves previously noted. Weak structures superimposed to this
variation at low energies, induced by the individual contribution of partial cross
sections for given values of J.

In the experiment, the cloud of Rb atom was cooled down to 3 pK, and the
ion to 40 pK [69]. Due to the micromotion in the trap the ion gains extra energy,
which was estimated in the experiment as 0.5 mK. We deduced experimental rate
coefficients G(Ig‘;gg;gg“el for each process from the measured and calculated prob-
abilities

g{in.channcl _ g)in.channcl X g(L’ (7‘12)

process process

where the compact notation 5/2 (3/2) of " in. channel" is used for the incoming
channels S + Dy /5 (D3/2), and K = 2.43 x 1072 cm?/s is the Langevin rate coeffi-
cient defined in Eqg. 3.41. In the experiment [69], these probabilities are meant to
express the frequency of inelastic collisions with respect to the so-called "Langevin
collisions” representing the upper limit for the inelastic rate. Therefore, a fraction
of Langevin collisions are actually elastic. These probabilities are collected in Table
7.6.

Both Figure 7.7 and Table 7.6 illustrate that our MCQS calculations are in good
agreement with experiment for EEE in both entrance channels, with the right hier-
archy between the two channels: indeed we can expect that EEE is more probable
from the entrance channel S + D3/, which is closer in energy to the outgoing
channels S + Py /3 3/5 than the S + Ds/,. This agreement strongly supports the
quality of our representation of molecular interactions described in the previous
chapters.

In contrast, MCQS calculations predict that the FSQ dominates inelastic
collisions over EEE, and overestimate the experimental FSQ rate by a factor of
~ 7 — 8. We found a similar pattern in the previous Chapter on Li-Ba*. Here
too, the explanation arises from the fact that the colliding partners in the exper-
iment [69] were polarized: the ®"Rb(5s 2S;/5) atoms in the hyperfine Zeeman
level |fry, = 2, my = —2) implying an electronic spin projection my, = —1/2, and
the 8Sr*(4d 2Dj;,5) ion in m; = +5/2 (*3Sr* having no nuclear spin). Such
polarization effects are not yet included in our model and will be the topic of
further studies. Despite this default, we found above that our calculations are
in satisfactory agreement for EEE with the experiment involving spin-polarized
88Sr(4d ? D5 ) and unpolarized ®3Sr(4d 2Dy ,) ion. This observation implies that
the EEE process depends less on the initial Zeeman sublevel than FSQ. This might
be consistent with Hund's case (e) PECs (Fig. 7.4) showing that the entrance flux

103



has to travel through multiple crossings where the memory of initial Zeeman sub-
levels would be lost. In contrast, FSQ dynamics relies on a very specific avoided
crossing that we expect to strongly depend on initial Zeeman sublevels.

-7

10 é T T IIIIIII T IIIIIIII T T IIIIIII T Illllg 10 é T T IIIIIII T IIIIIIII T T IIIIIII T Illllg
—_ F Rb(5s °S,/5)+5r"(4d *Dgp) — FSQ F Rb(5s’S,,)+5r'(4d Dyy) — EEE ]
o L EEE | L i
g 10° 3 7 10° R 3
N2 g e g ]
g 10° | 1 w0 h .
o p— E 3 E 3
g e ] r ]
r FSQ r 1
£ 1070 2 E 1070 2 3
A E 7 E ]
S r i r 1
O wtE 2 5§ 10'F b =
: 1 1 IIIIIII 1 IIIIIIII 1 1 IIIIIII 1 IIIIIIT -_I 1 IIIIIII 1 IIIIIIII 1 1L 1 IIIIE
/(;-)\ [ T T IIIIIII T IIIIIIII T T IIIIIII T Illllll [ T T IIIIIII T IIIIIIII T T IIIIIII T IIIIII-I
~ .
mE 107 E EC 4 107 F E
N
= | ] : \/\E{AA—\\
g 10°F 4 10°F E
o p— r 7 r ]
é - FSQ i - 1
E NS A=) E n ]
0 e S , pammasng
S 107 B/ TR e 3 100 F E
9 - 1 - ;
cmc L o L - L d) ]
10'10 1 1 IIIIIII 1 1 IIIIIII 4I 1 IIIIIII 1 111 2 10'10 1 1 IIIIIII 1 1 IIIIIII 4I 1 IIIIIII 1 111l 2
10° 10° 10" 10° 10 10° 10° 10" 10° 10
Energy /kg (K) Energy /kg (K)

Figure 7.7: Computed total elastic (EC) and inelastic cross sections (panel a) and b))
and rate coefficients (panel c) and d)) for the incoming channel S + D5, (panels
a) and c)), and S + D3/, (panels b) and d)), respectively . The classical Langevin
cross section is displayed with black solid line, as well as the scaled Langevin ones
with dashed colored lines. The scaling factors are listed in Table 7.5. The panel c)
and d) also show the thermalized rate coefficients, assuming Maxwell-Boltzmann
distribution for the collisional energy, with thick long-dashed gray lines. The green
dot and yellow square with error bars represent the rate coefficients deduced
from experimental probabilities for the FSQ and EEE processes, respectively.
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Probability Experiment This work

Poronze™ KB /KL
3 0.45 +0.018 0.64
Polppirso 0.34+0.017 0.96
@32 P¥2 . 0.53+0.043 0.50
Prloo/Peles 0.39+0.050 2.05
Prlso 0.10 £ 0.01 0.66
P2 0.24 + 0.02 0.32

Table 7.6: Experimental and calculated inelastic probabilities for FSQ and
EEE processes in the two incoming channels S + D5/, and S + D3, at the
experimental temperature of 0.5 mK. The probabilities & are labelled with
the angular momentum of Srt (3/2 or 5/2), and by the process EEE and
FSQ. The first four lines (in boldface) were reported in Ref. [69], while the
two last lines are deduced from the previous one for the present work.
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Summary and outlook

In this thesis, | investigated the quantum dynamics of ultracold collisions between
alkali-metal atoms and alkaline-earth ions in hybrid-trap experiments. Such sys-
tems combine several advantages of neutral-atom and trapped-ion platforms and
provide a promising environment for studying controlled atom-ion interactions,
cold chemistry, and quantum many-body phenomena. However, before these
systems can be fully exploited for such applications, the quantum dynamics lead-
ing to trap losses must be understood. Inelastic collisions represent one of the
possible loss mechanisms, especially when the ion is prepared in a metastable
electronic excited state.

A particular motivation of this work is that metastable D-states of alkaline-
earth ions are naturally involved in laser cooling schemes and can also be delib-
erately prepared as entrance channels of the collision. These excited entrance
channels open additional energetically accessible reaction pathways compared
to ground-state collisions. Their theoretical description requires molecular poten-
tial energy curves, R-dependent spin-orbit couplings, non-adiabatic couplings,
quasidiabatic transformations, frame transformations, and coupled-channel
guantum scattering calculations. The dynamical calculations therefore not only
provide cross sections and rate coefficients, but also serve as a validation of the
underlying electronic-structure data and coupling models.

The first system investigated in detail was LiBa™. In this case, three inelastic
processes compete when Ba* is initially prepared in a metastable (5d 2D) state:
fine-structure quenching (FSQ), non-radiative charge exchange (NRCE) and non-
radiative quenching (NRQ). For this system, parity dependent cross sections were
calculated for both entrance channels. The partial wave contributions were then
analyzed in order to identify the origin of the main structures in the cross sections.
Finally, parity independent cross section, non-thermalized and thermalized rate
coefficients were obtained and compared with the available experimental data.

The LiBa™ calculations reproduce the main experimental trends and the ob-
served hierarchy between the dominantinelastic channels. In particular, the NRCE
and NRQ rates are found to be in good agreement with experiment for both inves-
tigated entrance channels. The analysis shows that NRCE is driven by a localized
non-adiabatic coupling between the relevant !X states at a prominent avoided
crossing between two potential energy curves, whereas NRQ results from a more
complex mechanism involving electronic state crossings, indirect spin-orbit cou-
plings at short internuclear distance, and rotational couplings. In contrast, the FSQ
rate is overestimated by the present model. This discrepancy is most likely related
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to the fact that the experiment involves spin-polarized collision partners, whereas
the present calculations do not explicitly include the corresponding hyperfine and
Zeeman structures.

The second system considered was RbSr™, where two inelastic processes were
experimentally observed : fine-structure quenching (FSQ) and electronic excita-
tion exchange (EEE). In contrast to many other atom-ion systems, no charge ex-
change process was observed in the experiment when the ion was prepared in
one of the excited 2D states. Compared with LiBa*, the RbSr* system involves a
more complex excited electronic manifold, since the asymptotic limit
Rb(5p2P)+Srt(5529) lies close to the Rb(5s2S)+Sr*(4d 2D) channels. As a con-
sequence, several electronic states are involved and avoided crossings appear be-
tween the 13X * states. To describe this structure, a two-step quasi-diabatization
procedure was applied to obtain a consistent set of diabatic PECs and spin-orbit
couplings.

The calculations show that EEE can be described in satisfactory agreement
with experiment, confirming the quality of the molecular data and the quasi-
diabatic treatment of the spin-orbit couplings. The analysis also shows that the
dynamics is strongly affected by the interplay between non-adiabatic, spin-orbit,
and rotational couplings. However, as in LiBa™, the calculated FSQ rate is larger
than the experimental value. This suggests that FSQ is particularly sensitive to the
initial spin preparation of the collision partners. Because one or both reactants
are prepared in specific spin states in the experiments, a spin-resolved treatment
including the relevant hyperfine and Zeeman degrees of freedom would likely be
required for a fully quantitative description of this process.

Taken together, the LiBat and RbSr* studies demonstrate that ultracold col-
lisions involving metastable alkaline-earth ions cannot be understood in terms of
a single inelastic process or by a single isolated coupling mechanism. Instead, the
observed inelastic dynamics results from the combined action of non-adiabatic
couplings, spin-orbit interactions, and molecular rotation. Simplified models,
such as Landau-Zener-type approaches, provide useful qualitative insight, but
a complete multichannel quantum scattering treatment is necessary to obtain
the experimental observations. The results of this thesis therefore contribute
to a more detailed understanding of loss mechanisms in hybrid atom-ion sys-
tems and provide a theoretical framework for interpreting future experiments
involving electronically excited collision partners.

The limitations identified above naturally define several possible directions
for future work. The most direct extension would be the inclusion of hyperfine
and Zeeman degrees of freedom in the molecular basis [147]. This would make
it possible to describe the experimentally prepared spin states explicitly, rather
than treating only the fine-structure channels. Such an extension would provide
a direct test of whether the overestimation of the FSQ rates in LiBa™ and RbSr+
is indeed related to the spin-polarized character of the entrance channels. More
generally, a spin-resolved model would allow for a closer comparison with state-
selective hybrid-trap experiments.

Another promising direction is the application of the present methodology to
other experimentally relevant atom-ion systems. In particular, LiCa™ represents
an interesting candidate. Similarly to LiBa™, the large mass imbalance between
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the light Li atom and the heavier Ca* ion is favorable for approaching the quan-
tum regime. In addition, experimental data are available for several collision en-
ergies (1 mK-1K), providing multiple reference points for comparison with the
theory [54]. Since Landau-Zener-type studies have already been performed for
this system [54], a complete multichannel quantum scattering treatment would
make it possible to assess the validity of simplified models and to identify the
quantum mechanisms responsible for the observed energy dependence of the
inelastic processes.

A further perspective concerns the formation and control of molecular ions.
The observation of Feshbach resonances in atom-ion systems, such as those
reported in LiBa* and RbSr* experiments [39, 71], indicates the presence of near-
threshold molecular states that could be exploited for creating weakly bound
molecular ions. Such molecular ions may be formed through magnetoassociation
across a Feshbach resonance [39, 71], radiative association [63,65,73,83] or laser-
assisted photoassociation [47,148] schemes. Their stability and internal structure
could also be probed through photodissociation, which provides complementary
information on molecular binding energies and transition pathways.

Finally, the control of inelastic atom-ion collisions by external fields repre-
sents a particularly appealing long-term direction. In analogy to optical-shielding
schemes proposed in other cold collision contexts [149-151], one could investigate
whether one- or two-photon couplings can be used to modify the collision dynam-
ics before the particles reach short internuclear distances. By coupling the en-
trance channel to a suitably chosen repulsive molecular potential, external laser
fields may suppress unwanted inelastic losses by preventing the collision complex
from accessing the short-range region or redirect the dynamics toward desired
final channels. Such a possibility would connect the microscopic molecular de-
scription developed in this thesis with the broader goal of controlling atom-ion
collisions in hybrid traps.
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Appendix A

Atomic spin-orbit coupling

matrices

In this appendix we present the spin-orbit coupling matrices which were used re-
lated to LiBa* and RbSr* molecular ions.

+ P+ S asymptotic limit:

5yt 3310
Ap
0 -z Iy+
HSO \/5 5 E
Q=0+ A A
i ,i 331‘[
V2 2
43yt 3311
Ap
0 - 39+
w Ar _Ap 2571
V2 2
43yt 31 330
Ap Ap
0 - = 3yt
9 5 4°%
SO A A
Hia= | -5 0 5 | 3w
Ap ar 0 3311
2 2
3311
A
HS320:2: ( TP ) 33H

(A1)

(A.2)

(A.3)

(A.4)



+ S+ D asymptotic limit:

61yt 4310
3
0 —AD\/Q
HE o+ = 5 A
—Apy/2 _4Db
2 2
53%t 4310
3
0 AD\@
Hiizo- = 3 A
WY E—
2 2

539 4MI 4311 23A

V3 V3
Ap Y2 A, Y2
0 D 5 D 5 0
ALY, _Ap _Ap
- A @ ,Al 0 Ap
P 2 V2
A,  Ap
0 _4p 4Dy
VZ V2 b
4311 2'A  23A
Ap  Ap  Ap
2 V2 V2
, A
Hy , = 7’; 0 —Ap
Ap
2Dy 0
NG D
23A

O3 = ( Ap ) 23A

612"

4311

530+

4311

53%+

4111
4311

23A

(A.5)

(A.6)

(A7)

(A.8)

(A.9)

When both valence electrons are on the same atom (which might happen
in our case when the initial alkaline-earth ion will be neutralized by charge ex-
change) the considered states are 3P or 2D. The definitions of the SO constants
are A, = AEsp/3 and A, = AEsp /5, where AEsp and AEsp are the corre-
sponding atomic spin-orbit energy splitting. The resulting atomic spin-orbit Hamil-

tonian matrix are:
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Appendix B

Hund'’s case (a) and Hund's
case (¢) basis functions

The states in Hund's case (a) basis functions are defined with | L, A, S, ¥), where
L and S are the orbital angular momentum and electronic spin of the molecule,
respectively, A and X are their projection on the molecular axis. The angular mo-
mentum and spincanvaryas | la—Ilp |[< L <ls+lgpand|ss—sp |< S < ss+sp.
Their projections canvary as —L < A < Land —S < ¥ < S. The Hund's case
(e) basis functions are defined with | j, ¢, J, M, p), where j is the electronic angular
momentum and itis defined j = ja+jp, J is the total angular momentum, itis de-
termined J = j 4 ¢. The electronic angular momentum for atom Ais js =1l +sa
and forion B, jg = Ig + sp. M is the projection of the total angular momentum
on the molecular axis. The parity is defined p = (—1)!4+2+¢ The I, and I estab-
lish a clearly defined dissociation limit of the systems treated in this work, namely,
associating alkali-metal (AM) and alkaline-earth (AE) species. The limits of interest
are AM(29)+AE(2S), AM(? P)+AET(29), AM(2S)+AET (D), and AM*+AE(1S), where
the states 2S5 and 1S are ground states, while 2P and 2D hold for the lowest level
in the symmetry. They are hereafter labeled with the shortened notations S + S,
P+ 5,5+ D, and Ion + S. For the limit Ion + S, the two electrons lie on the
same atom. As an illustration the basis functions (indicating the good quantum
numbers) for the three considered Hund's cases at a given dissociation limit are
collected in Tables B.1, B.2, B.3,B.4for J =0, 1, 2, 3.

In Table B.5 we present the number of states in different Hund's case repre-
sentations for the LiBa™ and RbSr* molecular ions.
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J=0

(a) BT A ) (o) (12]) (e) (ja,jB.J,0)
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S+D

o S > S 0" (3322 (3Ll

311, 3, 0t 0" (5522 (3533)

Table B.1: The good quantum numbers in Hund's case (a), (c¢) and (e) for
given total angular momentum J = 0.
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3A PA 1 1 (5.3.34) (5.3.33)

Table B.2: The good quantum numbers in Hund's case (a), (c¢) and (e) for
given total angular momentum J = 1.
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J=2

(a) 5T A ) () (12]) (e) (G, 7B, 4, )
p=+4+1 p=-1 p=+1 p=-1 p=+1 p=-1
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3N SA 1 1 (5:3:32)  (5,3.33)
3A 3A, 2 2 (3.5.34) (5.3.35)

Table B.3: The good quantum numbers in Hund's case (a), (¢) and (e) for
given total angular momentum J = 2.
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J=3
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3A3 3A3 3 3 (5!5!316) (5:5:3:5)

Table B.4: The good quantum numbers in Hund's case (a), (¢) and (e) for
given total angular momentum J = 3.
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Hund's case (a) Hund's case (¢) Hund's case (e)

28+1A  LiBa®™ RbSrt | © LiBa® RbSrt | J LiBa* RbSr+
p=+1 p=-1 p=+1 p=-1

I+ 3 2 0t 4 4 0 4 3 4 4
3yt 2 2 0~ 3 4 1 8 9 11 11
1 1 2 1 5 7 2 12 11 15 15
311 1 2 2 3 4 >3 12 13 16 16
1A 1 1 3 1 1
3A 1 1 3 1 1
number
of states: 9 10 16 20 36 36 46 46

Table B.5: Number of molecular states in the Hund's case (a) (Section 3.3)
corresponding to the restricted number of dissociation limits included in
the dynamical calculations for LiBa™ and RbSr* (Chapters 6 and 7). They
generate the number of states in Hund's case (c¢) (Sections 3.4, 5.2), and
Hund's case (e) (Section 4.3) representations. The total number of states
related to the Rb-Sr* collision is considerably larger because, in the experi-
ment [69], population of the excited Rb(5p) atom was observed, introducing
one additional unit of angular momentum in our calculations. For Li-Ba*
collision the Li atom was either ionized or remained in the Li(2s) ground
state [55]. The number of states for Hund's case (e) representation corre-
sponds to a quantum scattering calculations where the total angular mo-
mentum quantum number J is considered up to 3. The difference of 10
in the number of states between the two collisional systems holds for all
cases in which the largest J considered is greater than 3.
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Appendix C

Diabatized SOCs for () =0~
and () = 1 symmetries

Figures C.1 shows the steps of the diabatization method for the 2 = 0~ symmetry,
while figures C.2 and C.3 for the 2 = 1 symmetry related to the SOC between the
3%* state and 'IT and 11, respectively. These diabatizations of SOCs are necessary
due to the presence of the X> avoided crossing, see panel a) of Fig. 5.7.
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Figure C.1: The relevant spin-orbit couplings in the 2 = 0~ symmetry. Grey vertical
line indicates the position of the X, avoided crossing. In panel a): black is As ¢, red
is A7 g, green is Ag 7, and blue is A5 g adiabatic SOCs. Panel c): black is A’576, red is
A7 s, green is Ag ,, and blue is A ¢ diabatic SOCs. For more explanation see the
caption of Fig. 5.8.
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Figure C.2: The relevant SOCs in the 2 = 1 symmetry between 3% — I states.
Grey vertical line indicates the position of the X, avoided crossing. Panel a): black
is Ag 10, red is Aja 13, green is Ajg 12, and blue is Ag 13 adiabatic SOCs. Panel ).
black is Ag 1, red is A, 13, green is Ay, 1, and blue is Aj ;5 diabatic SOCs. For
more explanation see the caption of Fig. 5.8.
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Figure C.3: The relevant SOCs in the Q = 1 symmetry between 3% — 3II states.
Grey vertical line indicates the position of the X, avoided crossing. Panel a): black
is Ag 11, red is Ao 14, green is Aqq,12, and blue is Ag 14 adiabatic SOCs. Panel )
black is Ag 1y, red is A, 14, green is Ay, 15, and blue is Aj ,, diabatic SOCs. For
more explanation see the caption of Fig. 5.8.
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Appendix D

Inelastic partial cross sections
for Li-Ba™ collisions

We note that the partial cross sections for parity "—" decrease at low collision en-
ergy, in contrast to those for parity "+". This comes from the fact that the latter
only involve even partial waves ¢, and thus the s-wave at very low energy, allow-
ing for barrier-less processes. This is illustrated by a series of graphs in the next
pages (Figs. D.1, D.2, D.3, D.4, D.5) showing the partial inelastic cross sections for
each process, depending on parity and J. The non-vanishing contributions to the
inelastic cross section are those of J = 2, 3, which indeed involve ¢ = 0 (s-wave)
as jii = 0and jg,+ = 2.

For low collisional energies the MCQS cross sections locally exceed the
Langevin cross section due to the presence of quantum shape resonances asso-
ciated with specific values of J that are clearly visible in the partial cross sections
depending on J and on parity "+". In contrast, partial cross sections for "—"
parity are much smoother without marked resonances. The positions in energy
of these resonances are highly sensitive to molecular potentials and cannot be
reliably predicted; however, the model clearly indicates that they contribute to
the dynamics in the ultracold regime. As expected, when the collision energy
increases, all J values tend to contribute equally to the total cross section, thus
reproducing the semiclassical behavior of the Langevin cross section.

For example, in the entrance channel S + D5/, with parity "+", a pronounced
shape resonance is observed in the FSQ process around 10~ K, which is mainly
the result of J = 4 and J = 5 (Fig. D.1). As a consequence, the FSQ cross sec-
tion slightly exceeds the Langevin limit. The cross sections for NRCE and NRQ are
weaker, but they are also structured by shape resonances in the case of parity "+".
For NRCE, only even values of J contribute since the only molecular state corre-
lated to the limit Ton + S is 2%+, which appears for combinations with even .J
and parity "+", and odd J and parity "—" . The states J = 2 and J = 4 generate
the strongest resonances in this energy region. We observe similar patterns in
the entrance channel S + Dj /5 with parity "+", with prominent resonances in the
dominant NRQ process due to J = 1 and J = 3, and for the NRCE process due to
the J = 4 around E/kp ~ 1074 K.
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Figure D.1: Partial cross sections (Eq.3.117) up to J = 11 and for parity "+" and "—"
for the FSQ process (staring from the S + D5 /5 entrance channel) as a function of
temperature E,/kpg (colored solid lines). Green solid line: total parity-dependent
cross section for FSQ. Black solid line: Langevin cross section.
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Figure D.2: Same as Figure D.1 for NRCE, with the total cross section drawn in
orange solid line.
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Figure D.3: Same as Figure D.1 for NRQ, with the total cross section drawn in red
solid line.
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Figure D.4: Same as Figure D.3 for the entrance channel S + Ds 5.
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Appendix E

Elastic partial cross sections
for Li-Ba™ collisions

The elastic channel deserves particular attention. The calculations predict that
elastic collisions dominate the overall dynamics over most of the investigated tem-
perature range, cross sections exceeding the Langevin estimate for inelastic cross
sections, see Fig. 6.9 panel a) and b). This is expected as in the classical picture,
only collisions with an impact parameter smaller than b,,,, might induce an in-
elastic process, while all other collisions are elastic (see Section 3.5).

Figures E.1 and E.2 show at low energies that J = 2 and J = 3 with parity "+"
containing the s-wave (see above) are the only noticeable contributions, decreas-
ing in 1/E with increasing energy, as expected. Extending calculations at even
lower energy would show a saturation toward a constant cross section propor-
tional to the squared scattering length characterizing the set of used PECs.

At low collision energy (Eco/kp < 10 uK), the FSQ cross section exceeds the
elastic one, due to the contribution of the s-wave. This might be the manifestation
of a resonant feature at very low temperature, but the inelastic cross section is ex-
pected to vanish as the energy decreases, as predicted by scattering theory [152].

We note a prominent narrow feature in the D3/, entrance channel and parity
"+" associated to the J = 4 cross section, probably induced by a Feshbach reso-
nance in the entrance channel. This resonance was also visible in the NRCE cross
section (Fig. D.5).

For the D5/, entrance channel and parity "+", the low-temperature elastic
cross section below 5 uK is mainly governed by the J = 2and J = 3 contribu-
tions.
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Figure E.1: The parity dependent elastic collision (blue thick line) and the first
eleven J-dependent partial cross sections (thin colored lines) as a function of the
temperature for Ds /5 incoming channel.
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Figure E.2: The parity dependent elastic collision (blue thick line) and the first eight
J-dependent partial cross sections (thin colored lines) as a function of the temper-
ature for D3/, incoming channel.
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Appendix F

Inelastic partial cross sections
for Rb-Sr™ collisions

These cross sections are displayed in the series of Figs. F.1, F.2, F.3. As more partial
waves thanin LiBa™ participate to the processes, the cross-sections undergo small
oscillations that are induced by their cumulative effect without any real prominent
feature. In other words, the displayed energy regime already corresponds to the
classical collisional regime. Most of the partial cross sections have a smooth vari-
ation in energy consistent with the influence of the top of the centrifugal barrier.
Sharper structures are visible in the partial cross section for J = 7,8 inthe S+ D5 /5
and S + D3/, entrance channels and for parity "—", and for all processes, which
are consistent with the presence of Feshbach resonances.
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Figure F.1: Partial cross sections up to J = 18 and for parity "+"” and "—" for the FSQ
process starting from the entrance channel S + D5/, incoming channel as func-
tions of temperature E.,/kp (colored solid lines). Green solid line: total parity-
dependent cross section for FSQ. Black line: Langevin cross section. Vertical col-
ored lines indicate the centrifugal barrier heights corresponding to different ¢ val-
ues. The barriers for £ = 1, 2 lie below 1 pK and are not visible in the figure.
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Appendix G

Elastic partial cross sections
for Rb-Sr™ collisions

In addition to the inelastic partial cross sections, we also determined elastic partial
cross sections, which are shown in Fig. G.1and G.2 for the two incoming channels.
Elastic collisions play an important role in the sympathetic cooling when a cold
ion collides with ultracold atoms to reduce the kinetic energy of the ion. Since in
the present case the collision partners have almost equal masses, the efficiency
of sympathetic cooling could be high.

The overall behavior of the partial elastic cross sections is similar to that of
the inelastic ones, building up a monotonous cross section with temperature. A
structure consistent with a Feshbach resonance is visible in J = 4 and parity "—"
of the entrance channel S + Ds/,, while being of low magnitude. We note the
oscillating behavior of the J = 0 contribution in both entrance channels, for which
we have not found a satisfactory explanation.
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Figure G.1: Partial elastic cross sections up to J = 18 and for parity "+” and "—" in
the entrance channel S + D5/, as functions of temperature E¢,/kp (colored solid
lines). Solid blue line: parity-dependent cross section after summation on J.
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Osszefoglalas és kitekintés

Doktori munkam soran alkalifém atomok és alkaliféldfém ionok hibrid csapdak-
ban lejatsz6dé ultrahideg Utkozései soran fellépd rugalmatlan folyamatok kvan-
tummechanikai leirasaval foglalkoztam. Ezen rendszerek egyesitik a semleges
atomokkal és a csapdazott ionokkal végzett kisérletek szamos elényét, és igéretes
lehet8séget kindlnak tobbek kozott a kontrollalt atom-ion Utkozések, a hideg
kémia, a toltéstranszport és a szennyez6déseket tartalmazd rendszerek vizs-
galatara, valamint a kvantum-szimulatorok terlletén. Miel6tt azonban ezen
rendszerek teljes mértékben alkalmazhatok lennének a fentebb emlitett célokra,
elengedhetetlen a csapdaveszteséget okozé kvantummechanikai folyamatok
megértése. Ebben a rugalmatlan folyamatok fontos szerepet jatszanak, mivel
a csapdazott részecskék szamanak csokkenését eredményezik, ami az alkalma-
zasok szempontjabol kedvezétlen. A rugalmatlan folyamatok szerepe akkor
ndé meg kuléndsen, amikor a kisérletben jelen levé hiité és csapdazd |ézerek
hatasara az ion metastabil allapotba kerul, és a gerjesztett bemeneti csatorna
tobbletenergiaja miatt tébb, egymassal verseng6 reakcié nyilhat meg.

A munkam egyik fontos motivaciojat az adja, hogy az alkalifoldfém ionok Iéze-
res hltési sémaiban a metastabil D-allapot is szerepet jatszik, ugyanakkor ezek
az allapotok az Utkdzések kezdeti csatornaiként célzottan is preparalhatok. A ger-
jesztett kezdeti allapotok az alapallapoti Utkdzésekhez képest tovabbi, energetika-
ilag megengedett reakciécsatornakat nyitnak meg. E megnyilé reakciécsatornak
kvantitativ leirasa képezi doktori munkam f& céljat: a kisérletileg megfigyelt rugal-
matlan folyamatok hataskeresztmetszeteinek és reakciésebességeinek elméleti
meghatdarozasa, a folyamatokért felel8s nem-adiabatikus csatoldsok azonositasa,
valamint az elméleti eredmények 6sszehasonlitdsa a rendelkezésre allé kisér-
leti adatokkal. Szamitasaim sok-csatornas kvantummechanikai széraselméleti
megkozelitésen alapulnak, amelynek soran molekularis potencidlis energia gor-
béket, spin-palya és nem-adiabatikus csatolasokat vettem figyelembe, bazis
transzformaciét, valamint csatolt-csatornds szamitasokat végeztem. A dinamikai
szamitasok ezért nemcsak hataskeresztmetszeteket és reakcidsebességeket szol-
galtatnak, hanem egyuttal lehet8séget adnak a felhasznalt molekulaszerkezeti
adatok és csatolasi modellek ellendrzésére is.

Az elsd részletesen vizsgalt rendszerben alapéllapotban levé SLi-atom és
metastabil (5d2Dz;» vagy 5d%Ds;,) allapotban levé !3¥Ba*-ion ultrahideg
Utkozését vizsgaltam. A kisérletileg megvalosithatd két bemeneti csatorna
esetén, amikor a Ba™t ion kezdetben metastabil (5d2D) allapotban van harom
rugalmatlan folyamat verseng egymassal: a finomszerkezeti legerjeszt&dés (fine-
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structure quenching, FSQ), a nemradiativ toltéskicserél6dés (non-radiative charge
exchange, NRCE) és a nemradiativ legerjeszt8dés (non-radiative quenching, NRQ).
Mindkét bemeneti csatorndra paritasfiiggé hataskeresztmetszeteket hataroztam
meg. Ezt kovetden elemeztem az egyes parcialis hullamok jarulékait annak
érdekében, hogy azonositsam a hataskeresztmetszetekben megjelené fébb
struktlrak eredetét. Végll paritasfiggetlen hataskeresztmetszeteket, valamint
nem termalizalt és termalizalt reakcidsebességeket szamitottam, amelyeket
Osszehasonlitottam a rendelkezésre allo kisérleti eredményekkel. A rugalmatlan
folyamatok mellett a rugalmas Gtk6zésre vonatkozé hatdskeresztmetszeteket és
reakcidsebességeket is meghataroztam, amelyek ugyanazon dinamikai szamita-
sokbdl egyidejlleg adodnak.

A Li-Ba™ rendszerre végzett szamitasok jol reprodukaljdk a kisérletben megfi-
gyeltfébb tendenciakat, valamint a dominans rugalmatlan folyamatok egymashoz
viszonyitott erésségét. Kulondsen az NRCE és NRQ folyamatokra kapott reak-
ciésebességek mutatnak jo egyezést a kisérleti eredményekkel mindkét vizsgalt
bemeneti csatorna esetén. Az elemzés alapjan az NRCE folyamatot els6sorban
két !>t allapot kozotti lokalizalt nem-adiabatikus csatolas idézi els, amely a
hozzajuk tartozd potencidlis energia gorbék Ugynevezett "avoided crossing"-ja
kozelében valik jelent8ssé. Ezzel szemben a nem-radiativ legerjesztédés, NRQ,
egy Osszetettebb mechanizmus eredménye, ahol az egymast keresztezd poten-
cialis energia gorbéknek van fontos szerepe, amit a kis magtavolsagoknal fellép8
indirekt spin-palya csatoldsok és rotacids csatolasok egylttesen hataroznak
meg. A finomszerkezeti legerjesztédés, FSQ, reakciésebességét ugyanakkor a
jelenlegi modell felGlbecsuli. Ezen eltérés legvaldszinlibb oka, hogy a kisérletben
a Li-atomokat a metastabil 2D &llapot valamely Zeeman aléllapotaba gerjesztik,
amelyet a modellink nem vesz figyelembe.

A masodik vizsgalt rendszer az alapallapotban levé 87"Rb-atom és a metastabil
allapotban levé ®3Srt(4d?Dj)s 5/0)-ion ultrahideg Gtkozésének tanulmanyoza-
sara iranyult, ahol a kisérletben két rugalmatlan folyamatot figyeltek meg: a
finomszerkezeti legerjesztédést, FSQ, és az elektronikus gerjesztési kicserél6-
dést (electronic excitation exchange, EEE). Szamos mas atom-ion rendszerrel
ellentétben ebben az esetben nem figyeltek meg toltéskicserélédést . A LiBa™
molekulaionhoz képest a RbSrT jéval Osszetettebb gerjesztett elektronallapottal
rendelkezik a bemend Utkozési csatornak kozelében, Rb(5s25)+Srt(4d2D) , a
Rb(5p2P)+Srt(5s29) aszimptotikus limit kdzelsége miatt. Ennek kovetkeztében
tobb elektronallapot vesz részt a dinamikaban, valamint a megjelend két "avoided
crossing" két 131, illetve két 3X+ adiabatikus allapot k6zott még Osszetettebbé
teszi az uUtkozés leirdsat. A modellinkben a potencialis energia gorbék diaba-
tizaldsa az "avoided crossing"-ok jelenléte miatt szikségessé tette egy kétlépéses
kvazi-diabatizaciés eljaras alkalmazasat a molekularis spin-palya csatolasok
meghatarozasanal.

Az EEE folyamatra szamolt reakciésebességek kielégité egyezést mutatnak
a kisérleti eredményekkel. Ez alatamasztja a felhasznalt molekularis adatok
megbizhatosagat, valamint a spin-palya csatoldsok kvazi-diabatikus kezelésének
fontossagat. Vizsgalataink azt is megmutattak, hogy az Utkdzési dinamikat je-
lent8sen befolyasolja a nem-adiabatikus-, a spin-palya- és a rotaciés csatolasok
egyUttes hatdsa. Ugyanakkor, a LiBa™ rendszerhez hasonldan, a modelliink
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ebben az esetben is felllbecsiili a FSQ folyamat reakciésebességét a kisérleti-
leg mért értékhez képest. Ez arra utal, hogy a finomszerkezeti legerjeszt6dés
kildndsen érzékeny lehet az Utkdzd részecskék kezdeti spinallapotara. Mivel a
kisérletekben az egyik vagy mindkét titk6z6 részecskét meghatarozott spinallapot-
ban preparaljak, a folyamat teljes kvantitativ leirasaban figyelembe kell venni a
relevans hiperfinom- és Zeeman-alszinteket is.

A Li-Bat és Rb-Srt tkozési rendszerek Osszehasonlitdsa ravilagit arra,
hogy metastabil alkaliféldfém ionokkal valé ultrahideg Utkozések nem irhatdk
le egyetlen rugalmatlan folyamattal, egyetlen izolalt csatolasi mechanizmussal,
vagy egyszer(sitett modellekkel. A megfigyelt rugalmatlan dinamika ehelyett
a nem-adiabatikus csatolasok, a spin-pdlya kdlcsénhatas és a molekularis rota-
ci6 egylttes hatasdnak eredménye. Az egyszerUsitett modellek, példaul a
Landau-Zener-tipusu kozelitések, hasznos kvalitativ képet adhatnak az egyes
folyamatokrol, azonban a kisérleti megfigyelések kvantitativ leirasahoz teljes,
sok-csatornas kvantumszérasi leirasra van sziikség. A disszertacibban bemu-
tatott eredmények igy hozzajarulnak a hibrid atom-ion rendszerek veszteségi
mechanizmusainak részletesebb megértéséhez, és elméleti keretet biztositanak
a gerjesztett elektrondllapotl Utkdz6 részecskékkel végzett jovBbeli kisérletek
értelmezéséhez.

A fent azonositott korlatok tobb lehetséges iranyt is kijel6lnek a modellink
tovabbfejlesztésére. llyen tovabblépést jelent a hiperfinom- és Zeeman-alszintek
figyelembe vétele a molekularis bazisban [147]. Ez lehetdvé tenné a kisérletileg
preparalt spinallapotok explicit leirasat ahelyett, hogy kizarélag a finomszerkezeti
csatornakat vennénk figyelembe. Egy ilyen kiterjesztés kozvetlenll vizsgalhatéva
tenné, hogy a Li-Ba™t és Rb-Sr* rendszerekben tapasztalt FSQ reakciésebességek
felUlbecslése valéban a bemeneti csatornak spin-polarizalt jellegével fugg-e
dssze. Altaldnosabban, egy a hiperfinom- és Zeeman-alszinteket explicit moé-
don figyelembe vevd modell pontosabb ©sszehasonlitast tenne lehetévé az
allapotszelektiv hibrid csapdas kisérletekkel.

Egy masik igéretes kutatasi irany a jelenlegi modszertan alkalmazasa tovabbi,
kisérleti szempontbdl relevans atom-ion utkdzésekre. Kuléndsen érdekes jeldlt
a Li-Ca™ rendszer, mivel a Li-Ba™-hoz hasonléan a konny( Li-atom és a joval ne-
hezebb Ca™ ion koz6tti nagy tomegkulonbség kedvezé a kvantumos tartomany
megkozelitése szempontjabdl. Emellett tobb ttkdzési energian (1 mK-1K) is ren-
delkezésre allnak kisérleti adatok, amelyek tobb referenciapontot biztositanak az
elméleti eredményekkel valé 6sszehasonlitashoz [54]. Mivel erre a rendszerre mar
végeztek Landau-Zener-tipusu vizsgalatokat [54], egy teljes sok-csatornds kvan-
tumszérasi szamitas lehet8séget adna az egyszerUsitett modellek érvényességi
tartomanyanak felmérésére, valamint a rugalmatlan folyamatokat létrehoz6 kvan-
tummechanikai mechanizmusok azonositasara.

Tovabbi perspektivat jelent a molekulaionok létrehozasa és kontrollalasa. Az
atom-ion rendszerekben megfigyelt Feshbach-rezonanciak, példaul a Li-Ba™ és
Rb-Srt kisérletekben megfigyelt rezonanciak [39, 71], a disszociaciés kiszobhoz
kozeli molekularis kotott allapotok jelenlétére utalnak, amelyek felhasznalhatdk
gyengén kotott molekulaionok |étrehozasara. Ilyen molekulaionok el8allithatok
példaul egy Feshbach-rezonancian keresztil térténé magneses asszociacioval [39,
71], radiativ asszociacioval [63, 65, 73, 83], illetve |ézeres fotdasszociacidval [47,
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148]. Stabilitasuk és belsé szerkezetlk fotédisszociacié segitségével is vizsgalhato,
amely tovabbi informaciot szolgaltathat a molekularis kotési energiakrél és az
atmeneti Utvonalakrol.

Végul, hosszabb tavon kuldndsen igéretes lehet a rugalmatlan atom-ion
Utkozések kulsé terekkel torténd szabalyozasa. Mas hideg Gtkdzési rendszerekre
javasolt optikai arnyékolasi eljardsokhoz hasonléan [149-151] vizsgalhatoé lenne,
hogy egy- vagy kétfotonos csatolasok segitségével médosithaté-e az Utkozési di-
namika még azel6tt, hogy a részecskék elérnék a kis magtavolsagok tartomanyat.
A bemeneti csatornanak egy megfeleléen megvalasztott taszitd molekularis
potencialhoz torténd csatoldsaval a kils6 lézerterek a nem kivant rugalmatlan
veszteségeket csokkenthetik azaltal, hogy megakadalyozzak, hogy az utk6zé
partnerek kozel kertljenek egymashoz. Egy ilyen lehet8ség kdzvetlen kapcsolatot
teremtene a disszertacidban kidolgozott mikroszkopikus molekularis leiras és a
hibrid csapdak atom-ion ttkdzéseinek kontrollja kézott.
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