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Abstract

My doctoral thesis covers three areas: three-body recombination in ultra-
cold gases, optical spectroscopy of molecules, and the characterization of a
hollow-core fiber for the transmission of ultraviolet light.

Three-body recombination (TBR) is a chemical process in which three atoms
collide, causing two of them to form a molecule while the third atom ab-
sorbs part of the binding energy. I studied this process in an ultracold cloud
of rubidium atoms in a well-defined internal quantum state at temperatures
around one microkelvin. This led to the following questions: Are there pref-
erences in how this process occurs? In which quantum states do the resulting
molecules reside, and how many are produced in each state? Is it possible to
control this process, and if so, how can it be experimentally implemented?
To answer these questions, I developed spectroscopic techniques and inves-
tigated the molecular states in a state-resolved manner. The key results of
my work are as follows: we discovered that for three-body recombination of
rubidium, the spin states of the atoms tend to be preserved. Furthermore, we
identified two methods to control the reaction pathway and thus the molec-
ular product distribution. We utilized magnetic fields to precisely control the
spin composition of the atomic scattering state or molecular states.

For the state-resolved detection of molecules, our lab employs resonance-
enhanced multiphoton ionization (REMPI). In this technique, a molecule is
first excited into an intermediate state with a first photon and then ionized
by a second photon. The ion can be detected with near 100% efficiency. The
choice of intermediate state is crucial, as it directly affects ionization and
therefore detection efficiency. To identify the optimal intermediate state, I
conducted detailed optical molecular spectroscopy of excited states near the
5s + 4d asymptote. This allowed us to resolve the vibrational and rotational
structure, as well as the fine structure, of the electronic states (2)!Z.} and
(2)°I1g in an energy range from 493 to 503 THz x h. Based on these experi-
mental results, new potential energy curves will be calculated in collabora-
tion with Professor Tiemann from Hannover.

Additionally, in collaboration with the Max Planck Institute for the Physics of
Light in Erlangen, I worked on a hollow-core fiber to efficiently and robustly
transmit laser light in the 300 - 320 nm range. This wavelength range is par-
ticularly relevant for the spectroscopy of highly excited Rydberg molecules,
opening new possibilities for precise investigations. We achieved a transmis-
sion efficiency of over 70% in single-mode operation with a fiber length of



approximately 10 m. The optical fiber showed no aging effects within the in-
vestigated time frame, which is an advantage compared to conventional fiber
types that can be prone to degradation.



Zusammenfassung

Meine Doktorarbeit umfasst drei Themenbereiche: die Dreikorperrekombi-
nation in einem ultrakalten Gas, die optische Spektrokopie von Molekiilen
und die Charakterisierung einer Hohlkernfaser zur Ubertragung von ultra-
violettem Licht.

Die Dreikorperrekombination (TBR) ist ein chemischer Prozess, bei dem drei
Atome miteinander kollidieren, wodurch zwei Atome ein Molekiil bilden,
wihrend das dritte Atom einen Teil der Bindungsenergie aufnimmt. Diesen
Prozess habe ich in einer ultrakalten Wolke aus Rubidiumatomen untersucht,
die sich in einem wohldefinierten internen Quantenzustand bei Tempera-
turen von etwa einem Mikrokelvin befinden. Dabei stellten sich die fol-
genden Fragen: Gibt es Prdferenzen, nach denen dieser Prozess ablduft? In
welchen Quantenzustianden befinden sich die entstandenen Molekiile, und
wie viele werden in den jeweiligen Zustdnden erzeugt? Ist es moglich, diesen
Prozess gezielt zu steuern, und falls ja, wie ldsst sich dies im Experiment um-
setzen? Um diese Fragen zu beantworten, habe ich spektroskopische Mess-
methoden weiterentwickelt und die Molekiilzustdnde zustandsaufgeldst un-
tersucht. Die Kernresultate meiner Arbeit sind wie folgt: wir haben her-
ausgefunden, dass bei der Dreikdrperrekombination von Rubidium Spin-
Zustiande der Atome die Tendenz haben, erhalten zu bleiben. Dariiber hin-
aus konnten wir zwei Methoden finden, mit denen der Reaktionsweg und
somit die molekulare Produktverteilung gesteuert werden konnten. Dabei
nutzten wir, dass man mit Hilfe eines Magnetfeldes gezielt die Spinzusam-
mensetzung des atomaren Streuzustandes oder von molekularen Zustanden
kontrollieren kann.

Fiir den zustandsaufgeldsten Nachweis der Molekiile verwenden wir in un-
serem Labor die resonanzverstarkte Mehrphotonenionisation (REMPI). Hier-
bei wird ein Molekiil zundchst mit einem Photon in einen angeregten Zwis-
chenzustand tiberfithrt und anschlieffend mit einem weiteren Photon ion-
isiert. Das Ion kann dann mit einer Effizienz von nahe 100% nachgewiesen
werden. Die Wahl des Zwischenzustands spielt eine entscheidende Rolle,
da sie die Ionisationseffizienz und damit direkt die Nachweiseffizienz beein-
flusst. Um den optimalen Zwischenzustand zu identifizieren, habe ich eine
detaillierte optische Molekiilspektroskopie an angeregten Zustidnden nahe
der 5s + 4d Asymptote durchgefiihrt. Dabei konnte die Vibrations- und Ro-
tationsstruktur sowie die Feinstruktur der elektronischen Zustinde (2)'%
und (2)3Hg in einem Energiebereich von 493 bis 503 THz x h aufgeschliisselt
werden. Basierend auf den experimentellen Ergebnissen werden in Zukunft



neue Potentialenergiekurven in Zusammenarbeit mit Professor Tiemann aus
Hannover berechnet.

Des Weiteren habe ich in Zusammenarbeit mit dem Max Planck Institut fiir
die Physik des Lichts in Erlangen an einer Hohlkernfaser gearbeitet, um
Laserlicht im Bereich von 300 - 320 nm effizient und robust zu iibertragen.
Dieser Bereich ist unter anderem relevant fiir z.B. die Spektroskopie hochan-
geregter Rydberg-Molekiile und eroffnet neue Moglichkeiten fiir prazise Un-
tersuchungen. Wir erreichten eine Ubertragungseffizienz von iiber 70% im
Single-Mode Betrieb bei einer Faserlinge von ~10m. Die optische Faser
zeigte in dem von uns untersuchten Rahmen keine Alterungseffekte, was
bei herkdmmlichen Fasertypen fiir Probleme sorgen kann.
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Chapter 1

Introduction

The emergence of quantum mechanics revolutionized our understanding of
the physical world, providing the fundamental framework to describe the be-
havior of atoms and molecules and the mechanisms of chemical reactions [15,
59, 113, 129]. With respect to chemistry, in particular, it allowed researchers to
investigate molecular orbitals, analyze electron distributions and understand
the dynamics of chemical interactions.

To investigate the quantum mechanical aspect of chemical reactions in more
detail, early experimental studies often employed molecular beams [62, 83,
142]. In typical molecular beam experiments, two beams of atoms or molecules
from thermal sources are crossed, leading to collisions and reactions of the
particles where the two beams intersect. The resulting products are then
analyzed using detectors such as quadrupole mass filters or hot metal fil-
aments. Especially in the early phase of the molecular beam experiments,
measurements have been conducted at thermal energies of 300 Kelvin or
higher. However, high thermal velocities limit interaction times, and the
broad velocity distribution of the particles prevents precise control over the
angular momentum of the collisions. New inventions and technological ad-
vancements opened up the path to investigations of chemical reactions in di-
lute gases at ultracold temperatures. Such gases are typically created through
laser cooling [100] followed by evaporative cooling [77]. At temperatures
in the nanokelvin range and particle densities between 10'? and 10'°> cm—3,
quantum-degenerate states of matter emerge when the atomic de Broglie
wavelength becomes comparable to or exceeds the average interparticle dis-
tance, causing quantum statistics to govern the system’s behavior.

Ultracold temperatures ensure that collisions between atoms predominantly
occur in low partial waves (often only s-waves are considered). There are
chemical reactions that involve two colliding particles and others are based
on three colliding particles. One fundamental two-body reaction is the pho-
toassociation. Photoassociation is a process in which two colliding atoms
are bound together by the absorption of a photon. It was the first successful
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approach to create a gas of molecules in the electronic ground state at tem-
peratures in the microkelvin range. There were also developments where sci-
entists employed magnetic fields to ramp over a Feshbach resonance which
leads to the formation of Feshbach molecules [24]. At a Feshbach resonance, a
molecular bound state becomes energetically degenerate with the scattering
state of two atoms. Although a Feshbach resonance is fundamentally a two-
body phenomenon, it also affects other chemical reactions. A well-known
example of such a reaction is three-body recombination (TBR). In this chem-
ical process, three atoms collide, resulting in two atoms forming a molecule,
while the third atom absorbs part of the binding energy and remains un-
bound. Ultracold quantum gases offer an ideal environment to study this
reaction in detail. Numerous studies — both experimental and theoretical
— have focused on three-body recombination in ultracold gases (see e.g.[71,
122, 149, 151, 153]). In the BaRbI experiment in Ulm, we investigate the
process of three-body recombination [51, 157, 158]. In our laboratory, we
use a hybrid setup that allows us to work with ultracold neutral atoms and
molecules as well as charged particles. We can trap a large number of atoms
(~ 10°) with adjustable particle density and temperature in an optical dipole
trap and prepare them in a well-defined internal quantum state. Our group
employs the resonance-enhanced multiphoton ionization (REMPI) technique
to achieve state-resolved detection of the reaction products from three-body
recombination. Since the internal quantum states of the atoms in the entrance
channel of the reaction can be precisely prepared, and the quantum states of
the resulting molecules can be fully resolved, these projects fall within the
tield of state-to-state chemistry.

Within my doctoral thesis, I conducted new experiments to investigate three-
body recombination in greater detail. My work focused on addressing the
following key questions: Are there specific tendencies or propensities gov-
erning the three-body recombination process? Specifically, what are the pos-
sible reaction channels on the exit of the reaction, and is the reaction flux
(into the molecular states) evenly distributed, or are there parameters that
influence the probability of molecule formation? In how far can the reaction
pathway be controlled, and if so, how can this be implemented experimen-
tally?

An essential initial step in my work was optimizing the molecular detection
scheme using REMPI. With REMPI, we aim to state-selectively drive tran-
sitions between molecular states resonantly to ionize molecules and subse-
quently count them. I searched for optimized REMPI-based detection schemes
for our experiments and for that, I performed high-resolution molecular spec-
troscopy of the two electronic states (2)!%) and (2)°I1, near the 5s + 4d
asymptote (see Chapter 4). The high-resolution spectroscopic experiments
yielded two main results: The REMPI efficiency was improved by nearly two
orders of magnitude compared to previously employed schemes in our lab-
oratory by using an intermediate molecular level of either (2)'%," or (2)°I1,.
Additionally, we achieved to get a deeper understanding of the molecular
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structure of the investigated excited states, enabling a detailed study of in-
teractions such as spin-orbit coupling in the (2)°I1, system.

This optimized REMPI pathway allows us to detect more molecular states
which are formed by three-body recombination. In subsequent experiments,
we analyzed the molecular product distributions using the improved REMPI
scheme and discovered that three-body recombination tends to preserve the
initial spin state of the atoms involved in the reaction. The results and inter-
pretation are discussed in Chapter 5. Further, we used this spin conservation
propensity rule for a demonstration of different control methods for a chem-
ical reaction.

We demonstrate two distinct methods to steer the reaction flux of three-
body recombination into different pathways. In the experiments described
in Chapter 6, we demonstrated that modifying the spin composition of a
reaction channel at the exit of the reaction allows for control over the reac-
tion flux into that channel. For this purpose, we used two molecular states
exhibiting an avoided energy level crossing. By applying an external mag-
netic field, the spin composition of the molecular states could be manipu-
lated. This allows us to selectively steer the reaction flux from one reaction
channel to another. In Chapter 7, we present a method where we employ
a magnetically-tunable Feshbach resonance to admix a specific spin state on
the entrance of the reaction. Experimentally, we observed that this allows for
a control of the reaction flux into the admixed spin channel. We were able to
observe molecular product states that would be very rarely produced with-
out the controlled spin mixing in the input channel of the reaction, and which
could not be experimentally detected otherwise.

Our team in the laboratory has also carried out spectroscopy of highly ex-
cited Rydberg molecules [31, 32, 58], although this is not a main topic for
my thesis. We typically employ photoassociation spectroscopy of Rydberg
molecules with a single photon at around 300 nm. This wavelength lies in the
UV range and cannot be efficiently transmitted through conventional solid-
core optical fibers, as they degrade over time and lose their ability to guide
light effectively. For our laboratory, robust and efficient light transmission
was crucial for the spectroscopy. As part of my doctoral work — conducted
in collaboration with the Max Planck Institute for the Science of Light in Er-
langen — I worked on characterizing and testing an optical hollow-core fiber
for the single-mode transmission of light at a wavelength of 300 - 320 nm.
The fiber samples were produced in Erlangen, and the characterization was
carried out in Ulm. Our results demonstrated that hollow-core fibers exhibit
excellent properties for UV light transmission, including a high-quality beam
profile and high transmission efficiency.

In the following, I will present a short outline of my thesis.
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Chapter 2 provides an overview of the experimental setup used for the in-
vestigation of three-body recombination and high-resolution molecular spec-
troscopy.

Chapter 3 introduces some theoretical aspects for the description of diatomic
molecules. It also contains information about molecular interactions and
symmetries.

In Chapter 4, I present high-resolution spectroscopy of the molecular states
(2!} and (2)’I1; near the 5s + 4d asymptote for both isotopes ®Rb and
S7Rb.

Chapters 5 to 7 focus on the study of three-body recombination. Chapter 5
presents experimental data showing that a spin conservation propensity rule
applies in rubidium. The different methods for controlling the reaction path
in three-body recombination are discussed in Chapters 6 and 7.

Chapter 8 addresses the characterization of a hollow-core fiber for the trans-
mission of ultraviolet light.

In Chapter 9, I provide a summary of my research and give an outlook on
future topics in my field of study.



Chapter 2

Experimental apparatus

The focus of this thesis is the experimental investigation on the production
and detection of ultracold atoms and molecules. The hybrid apparatus used
in the experiments consists of several vacuum chambers designed to main-
tain ultra-high vacuum conditions which is essential for trapping atoms and
ions and their manipulation. The setup has been discussed extensively in
previous publications [52, 126, 127]. Here, I will provide a brief overview of
the key components in Section 2.1 and I discuss modifications relevant to this
work in subsequent Sections 2.2 - 2.3.

A critical improvement made to the system involves the calibration of the ab-
sorption imaging technique, see Section 2.2. Absorption imaging is a crucial
tool that allows for precise measurement of atomic properties as tempera-
ture, density and spatial distribution. For experiments involving chemical
reactions controlled by an external magnetic field, precise calibration of the
magnetic field is a key aspect. We exploited the Zeeman shift of energy lev-
els to characterize the magnetic field coils and additionally determined the
background B-field which is covered in Section 2.3. For high-resolution spec-
troscopy of molecules in different quantum states, stable and tunable laser
sources are essential. The operation principles and specifications of these
lasers are given in Section 2.4. Signal detection in ultracold chemistry ex-
periments relies heavily on elastic collisions between atoms and ions. An
important factor is to achieve optimal spatial overlap between charged parti-
cles and neutral particles. Previous work has already dealt with this [80], so
it is only briefly mentioned in the description of the vacuum setup. These im-
provements and calibrations ensure the reliability and accuracy of the exper-
imental results, paving the way for detailed investigations into state-to-state
chemistry and controlled chemical reactions.

2.1 Description of the vacuum chamber

The Barium Rubidium Ion Experiment (BaRbIE) in Ulm is one of the few
hybrid apparatuses that combines an ion trap for charged particles with an
optical trap for neutral atoms. In Ulm, we work with the neutral isotopes
85Rb or 8’Rb and with charged atoms or molecules such as Rb™", Rb;r ,BaRb™
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and Ba™. The apparatus can essentially be divided into three different sec-
tions, see Fig. 2.1. Two chambers (MOT, BEC) are used to prepare atomic
clouds of rubidium with adjustable temperatures and densities. The third
chamber (science chamber) contains the linear Paul trap in the center where
chemical reactions take place and are detected. The whole experiment is fully
automated and controlled via home-built Labview software.

Science
chamber

) y;

| == P

Oy W
——
7S

MOT magnetic BEC
chamber transport chamber

4500 ms 1450 ms 4200 ms 900 ms 400 ms 10-500ms 300 ms '
REMPI

MOT loading magnet. ~ rf evaporation loading into  moving absorption
transport 1D lattice atoms to imaging
+ transport  Paul trap

FIGURE 2.1: Drawing of the three-chamber vacuum system of

the Ulm experiment. In the science chamber, three-body re-

combinations happens including the detection of molecules. A

rough outline of a typical experimental sequence is also shown

below the drawing which shows that most of the sequence is

used to prepare the atomic sample and only a short amount of
time is used for three-body recombination studies.

MOT and BEC chamber

As a first step, Rb atoms are loaded into a magneto-optical trap in the MOT
chamber. Currently, this process takes 4.5 seconds to trap about 5 x 10° atoms
at a temperature of ~ 120 pK using a power of 400 mW distributed over 6
laser beams. Before the atoms are transported into the BEC chamber by mag-
netic transport, they are cooled to a few uK by polarization gradient cooling
[30] and subsequently spin-polarized to a desired spin state (e.g. for ¥Rb,
f=1ms= —1stateor f =2,my =2 for 85Rb) and magnetically trapped in
the MOT chamber for a few milliseconds.

Through a sequential circuit of 13 different coils, a spatially moving magnetic
potential is generated, which the atoms follow because of their magnetic mo-
ment and are thus brought into the BEC chamber within 1.45 seconds. In this
chamber, the atoms are first trapped by a combination of magnetic trap and
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optical dipole trap. Through radio frequency evaporation combined with si-
multaneous reduction of the laser intensity, temperatures of a few hundred
nK are finally reached in this chamber. The science chamber is positioned
above the BEC chamber. The final transport step consists of an optical trans-
port along 305 mm using a moving 1D optical lattice in vertical direction.
The vertical lattice beam propagating from top to bottom (further named up-
per lattice) can be spatially displaced via piezo actuators to ensure maximum
precision when loading atoms from the optical dipole trap into the 1D optical
lattice.

Science chamber

After the optical lattice transport, the atom cloud is loaded into a crossed op-
tical dipole trap generated by the upper lattice beam and an additional laser
beam (horizonal dipole trap) with a wavelength of 1064 nm. The additional
horizontal beam in this chamber can also be shifted by piezo actuators, al-
lowing the atomic cloud to be precisely positioned in 3 dimensions. The
horizontal dipole trap beam can be shifted in vertical (z) and horizontal (x)
direction. The vertical upper lattice beam can be shifted in both horizontal
(x,y) directions, see Fig. 2.2. In a typical experiment, the atom cloud is po-

Top view Side view
P
horizontal ODT NS O’e vertical lattice mirror with
9 > .
beam Jz}c’ /?9 beam A (x, y) piezo
Sy Oo,{'? actuator

horizontal

Paul trap ODT laser
é\%\) O z
»o No U =5
mirror with mirror with y
(x, z) piezo x (x, z) piezo
actuator \ / actuator
y

FIGURE 2.2: Schematic of the laser beams for optically trap-
ping the atoms. The horizontal optical dipole trap beam can be
shifted vertically (z) and horizontally (x) direction, see left top
view. The upper lattice beam can be shifted in both horizontal
directions (x,y), see right side view. In total, we have full three-
dimensional position control of the atomic cloud.

sitioned at the center of the Paul trap (see Fig. 2.3) where the detection of
chemical reactions takes place. A general description of the Paul trap is not
given here but there is a nice review by Leibfried et. al [87]. In our case, the
positioning of the ions is an important step in making detection as efficient
as possible. We can position the ion with sub micrometer precision inside
our linear Paul trap by applying static voltages to the endcaps. Signals are
mainly detected via particle losses in the atomic cloud, for which we use ab-
sorption imaging of the atom cloud. During this work, improvements were
achieved in absorption imaging methods in the science chamber to precisely
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measure the absolute number of particles. A detailed description of the meth-
ods can be found in Section 2.2. Furthermore, precise knowledge of the ap-
plied magnetic fields is crucial for spectroscopic measurements as it enables
accurate control of chemical reactions during three-body-recombination. The
Feshbach coils which are part of the science chamber are calibrated and ad-
justments are made to compensate for any background magnetic fields, see
Section 2.3.

radiofrequency
blades

Compensation
electrodes

Endcap 1
(vertical)

Endcap 2

Compensation
— . ’ - ' electrodes
(horizontal)

—— == radiofrequency
blades

FIGURE 2.3: Schematic of the linear Paul trap. The radiofre-

quency blades generate an oscillating electric field for (time-

averaged) radial confinement. The endcaps 1 and 2 are used for

axial confinement and also for positioning the ion with respect

to the atomic cloud. The compensation electrodes are used for

compensation of any residual electric fields which would lead
to excess micromotion of the ion.

2.2 Absorption imaging

Our main motivation in calibrating the atom numbers is to measure rate co-
efficients for three-body recombination as precisely as possible. Existing lit-
erature contains experimental results on these coefficients obtained through
various methodologies [19, 118, 154]. Through the calibration of our imaging
system, we aim to quantitatively determine rate coefficients for three-body
recombination for a thermal Rb cloud confined in a crossed optical dipole
trap. The following section describes how to calibrate the number of particles
in an absorption image in absolute terms. It mainly involves a compensation
of the background magnetic field in the science chamber and a measurement
of the probe laser intensity as accurately as possible. There are several meth-
ods in the literature for calibrating the measured particle number for imaging
in an absolute way [67, 116, 148]. One possibility is to calibrate the parti-
cle number by varying the intensity of the probe beam [116] which is also
used in our setup. This method is based on the Lambert-Beer law, which de-
scribes how the intensity of light exponentially decreases as it passes through
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a medium. We give a short summary of the theory of resonant absorption
imaging and provide detailed information about the calibration method and
important parameters. The starting point is a modified Lambert-Beer law
which also takes saturation effects into account

dl (x,y,z) 1
I (x.y.2) 701 +1(x,y,z

] /IQI (x,y,2) (2.1)

where 7 is the atomic density and I (x,y,z) the intensity at position (x,y)
of the imaging light [116] in propagation direction z. For an ideal two-level
3)2

system, the cross section is given by ¢y = 7 and the saturation intensity

0= %% [137] with Planck’s constant h, c the speed of light, A the wave-
length and I' the natural linewidth of the transition used for imaging. In a real
system, however, effects such as imperfect polarization of the imaging light
and not perfectly prepared quantum states of the system as well as an imper-
fectly aligned magnetic field vector must be taken into account. Therefore,
a dimensionless correction factor « is introduced, which leads to a rescaling
of the cross section of the optical transition and the associated saturation in-
tensity. Because only two-dimensional information is available with a single
camera, Eq. (2.1) is integrated over z, so we obtain an optical column density
od. (x,y) of the atomic cloud

2
ode(x,y) = (7% [— (1 +4 (%) ) In (%) + Irlgal“] . (2.2)

Here, a term for a laser detuning ¢ is already included, but typically resonant
light is used for imaging as long as the optical density of the cloud is not
too high and weak probe beam intensities are used (for our setup OD < 2,
1/19 < 0.05). I, is the reference intensity and I, is the intensity after the light
has been absorbed by the atoms. For small intensities compared to the satu-
ration intensity, the linear term in (2.2) is neglected and leads to the simple
Lambert-Beer law. Equation (2.2) is evaluated for each pixel of the camera
sensor, which then provides a full image of the atom cloud and its optical
column density od, for each individual pixel. The calibration of the absolute
particle number is based on the idea that the laser intensity is varied and the
density or particle number of the atomic cloud must not change as a result.
The logarithmic term alone would converge to 0 for high intensities because
the difference between reference intensity I, and intensity after absorption I,
becomes small and therefore I,/1, — 1. The linear term becomes increas-
ingly dominant in the limit of high intensities and compensates the decrease
of the logarithmic component. Experimentally, the better the absolute inten-
sity of the laser beam at the location of the atoms is known, the better the
subsequent calibration method works.
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2.2.1 Camera system and optical path

This section briefly describes the optical path with all relevant components
and then discusses the specifications of the camera. Our imaging path (see
Fig. 2.4) is used for two purposes: on the one hand it is possible to image
atomic clouds via absorption imaging, on the other hand fluorescence imag-
ing for Ba™ is also used. The HALO (high-aperture laser objective) used in
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FIGURE 2.4: Imaging setup of the science chamber. A slightly

focused laser beam runs directly from a fiber through the view-

ports into the chamber onto the atoms and propagates through

the HALO, another viewport and via the dichroid mirror onto
the CCD sensor of the camera. Schematic from [68].

the setup is specially anti-reflection coated for the fluorescence light of Ba™
at around 493 nm and absorbs about a half of the light for absorption imag-
ing at 780 nm. In order to be able to estimate the intensity of the light at
the position of the atoms, the transmission of each individual optical com-
ponent in the beam path is measured. The transmission of the HALO can
only be measured indirectly, as it is installed inside the vacuum. Experi-
mentally, the transmission of one viewport is Ty = 98.4%. The transmis-
sion through the whole chamber (2 viewports and the HALO) is T., = 59%
and the transmission through the dichroic mirror is Ty, = 84.6%. With this
information, it is possible to draw conclusions about the intensity of the
light at the location of the atoms from the intensity measured by the cam-
era. Tege = T1v + Thalo + Tge = 50%. This means that the camera perceives
a factor of two less light intensity than it should be the location of the atoms.
This of course has to be included in the calibration routine for absorption
imaging.

Stingray F145-B camera

The installed camera model is a Stingray F145-B from Allied vision. The size
of a single pixel is 6.45 pm x 6.45 pm and the quantum efficiency is 15% [138]
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at 780nm. The quantum efficiency indicates how many electrons are gen-
erated in the CCD sensor by an incident photon. The camera itself further
converts the electrons into counts which are readout by a Labview software
automatically. This conversion parameter is not known. Instead, the con-
version factor G from photons to counts is experimentally determined by
an independent measurement. For this, laser pulses of different lengths and
powers are sent through the imaging system and measured before the sci-
ence chamber and also detected afterwards by the camera. The power meter
used here is a Thorlabs PM160 with an optical sensor, which can also mea-
sure powers of down to 10nW with an uncertainty of 3% according to the
manufacturer. The number of photons N, in the pulse is then calculated
using the power meter and the pulse length which can be precisely set by
our experimental control software (the shortest pulse width is 2 ps) and the
photon energy E,;,. We then compare this photon number with the counts

N, measured by the CCD sensor of the camera. If the transmission of the

imaging optics is taken into account, a value of G = % = 2.15£0.08 is

obtained. It is important to note that for powers below 1i1W or pulse dura-
tions below 5 s, the system is subject to fluctuations and the pulse shape is
not stable. The pulses themselves are generated by an acousto-optical mod-
ulator and for very low RF power the diffraction efficiency varies (probably
due to thermal effects). The PM160 optical power meter is not able to mea-
sure these short-term differences, but with a photodetector this was possible
and the pulse height is consistently to low at very low power levels or short
pulse duration. This leads to an overestimation of the gain factor in the area
of low total counts of the camera. It is possible to correct this effect slightly,
but it has not been possible to eliminate it completely. We have decided to
define an operating point for our system under which these fluctuations do
not occur. It is an area in which the gain factor is almost constant and the
signal-to-noise ratio of the images is also significantly better in this area.

Final image processing

To generate the final image of the atom cloud, three distinct images are taken
sequentially. The first image depicts the atoms, providing the most important
data. The second image serves as a reference which only captures laser light
without any atoms. The third image is used for corrections of the background
without any laser illumination. The images are taken at intervals of about
100 ms and directly processed by a Labview software which calculates the
particle number automatically. In order to obtain directly particle numbers
as a result, Eq. (2.2), which only describes the optical density od, (x,y) for a
pixel at the position (x,y), must be further adapted and modified. The camera
itself only produces counts per pixel C (x, y) as a quantity. For the linear term,
a conversion must be made from counts per pixel to absolute intensity per



12 Chapter 2. Experimental apparatus

2.5
+
+
+
241 + .
©)
g it
J23F f_’t 1
£ ES ¥
4] + *+
O + + .
00 + .ﬁ_ Operation area
" ¥ +-;- * ¥ + * *
T T _:-_i'-_
21 I I I I
0 0.5 1 1.5 2 25

total counts camera %108

FIGURE 2.5: Measurement of the inverse gain G of the Stingray
camera. The CCD sensor of the camera is illuminated by an pre-
cisely adjusted laser pulse. The camera itself provides counts
per pixel, which are summed over the entire sensor to give the
total counts. From a precise power and pulse length measure-
ment, the photon number N, of the pulse is calculated. The
ratio between photon number and total count rate gives the in-
verse gain factor G.

pixel for which the previously determined gain G of the camera is required

ap? M2 5\ 2 Cs E.G C, —C,

Additional parameters are the pixel size p, the magnification factor M, the
photon energy E,;, and the camera gain G and the transmission of the system
T. This formula gives the atoms per pixel, see Fig. 2.6 for a cloud of ’Rb
atoms. To quantify the atom number within the cloud, two approaches are
commonly used: summation over all pixels across the entire image to directly
obtain the particle number or first sum up columns or rows and fit a Gaussian
profile to it. From the fitting parameters, the particle number is calculated.
Important for the second approach is that this method provides additional
insights (spatial distribution, position) of the atom cloud which can further
be used to derive thermodynamic properties such as the temperature.

2.2.2 Calibration and discussion

As described above, the calibration of the particle number can be achieved
by varying the probe laser intensity. The methodology follows the work in
[116] quite closely and also provides information on how the calibration fac-
tor in the system can be optimized as far as possible and which factors play a
role. In the following, the level scheme for 87Rb is used, but the explanations
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FIGURE 2.6: Image of a Rubidium atom cloud after 15 ms time

of flight. These images can be used to determine typical pa-

rameters such as the number of particles and density of an

atomic cloud. In this image, the color is a measure of how

many atoms accumulate on a camera pixel. For this example,

the cloud consists of about 1.6 x 10° particles and has a density
of 1 x 1083ecm 3.

are analogous to the isotope 8Rb, only the frequencies of the imaging light
change and different hyperfine states are used in a first order approximation.
In the main experiment, typically we work with the hyperfine state (F = 1,
mrp = —1), see Fig. 2.7. For absorption imaging, it is convenient to use the
light which is previously used for the magneto-optical trap. This laser is res-
onant to the F = 2 to F’ = 3 transition. Therefore, it is necessary to repump
our atoms from the F = 1 state into the F = 2 state before the actual absorp-
tion imaging happens. The corresponding laser is called imaging repumper
and it is linearly polarized, parallel to the magnetic field vector in the science
chamber.

The atoms can decay from the excited state F" = 2 to the ground state F = 2,
which gives us a distribution of the atoms at different m levels. For a given
circular polarization of our imaging light, o-transitions are optimally driven
as soon as the magnetic field vector B and the propagation axis k are paral-
lel. This can now be used to determine the background magnetic fields of
the system in more detail. If the alignment deviates from a parallel setting,
one gets a smaller effective cross section and the saturation intensity of the
transition increases and the atoms absorb less light at a fixed laser power.
Or in other words, the calibration factor « increases. The result is a cloud
of atoms that only appears more dilute due to the absorption imaging. It
is important to understand that one has to assume that we can drive transi-
tions fast enough to reach a steady-state of the system very fast within a few
scattered photons. In order to optimize the calibration, the background mag-
netic field has to be compensated as precisely as possible, as this can change
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FIGURE 2.7: Energy level structure of Rb for absorption imag-

ing. To optically pump the atoms into the right hyperfine state F

= 2 for absorption imaging, an imaging repumper laser is used

which is resonant to the transition F =1 to F = 2. For the absorp-

tion imaging itself the master laser is used which is frequency-
stabilized to the F = 2 to F" = 3 transition.

the probability of a o-transition. The determination of the background field
might also belong to the chapter on magnetic field coils, but it is essential for
the calibration of the absorption imaging. Therefore, the determination of
the background field is discussed in more detail here. We use three different
coils (in Helmholtz configuration) in three perpendicular spatial directions
(see Fig. 2.4). For the directions that are approximately perpendicular to the
beam axis, the magnetic field is varied and the measured optical density or
the measured particle number is maximized. The idea here is to align the
beam axis as parallel as possible to the vector of the applied magnetic field,
because this increases the probability of the transition which is effectively
a compensation of the background field in the corresponding axes. For the
coil which is parallel to the light propagation axis, one notices a different
behavior. As soon as the background field in the propagation axis is nearly
compensated, a drop in particle number fraction is observed (see Fig. 2.8,
right). In the ideal case, the light propagation vector k and the magnetic
field vector B are parallel and therefore o* transitions are optically driven.
As the magnetic field along the beam axis is reduced, it can no longer be
assumed that the magnetic field vector and the k-vector are parallel. This
can lead to admixtures of other transitions (such as ¢~), which decreases
the cross-section, causing the atoms to scatter less light. As a result, the ob-
served particle count decreases. From the measurements, we can determine
the background magnetic field. The background magnetic field has the di-
rection B = (axial, imaging, vertical) = (0.08,0.51,0.51) G. With the compen-
sated background field and an additional B-field ~ 1 G along the laser beam
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FIGURE 2.8: Determination of the background magnetic field in
the science chamber. All three figures show scans of the com-
pensation coils in different axis. Where the vertical and axial
axis (which are perpendicular to the imaging axis) show a maxi-
mum at certain applied fields, the imaging axis features a sharp
dip. For the two axes in the left and the middle, the position
of the maximum particle number corresponds to a compensa-
tion of the background field in the respective axes. The right
figure shows what happens if the background magnetic field
is almost fully compensated by the coils: the particle number
fraction drops. An explanation for this is given in the text.

direction, we measure the particle number as a function of the laser intensity.
As a reminder, our initial assumption is that the number of particles may not
change with imaging laser intensity. When analyzing the images, we now
vary the correction factor « (see Eq. (2.3)) until the experimental data fits to
our assumption. We consider the value for a as optimal where the particle
number varies least with intensity, see Fig. 2.9 (cf. [116]). In the experiment,
we vary the intensity from 0.03 x I9 to about 3 x I? and keep the photon
number per imaging pulse constant at a low level as this reduces momentum
transfer to the atoms [67]. Our experimental lower limit in pulse length is
2 ps limited by the clock frequency of the control system. For shorter pulses,
additional devices can be installed which is typically for absorption imaging
not necessary. The final result for the calibration is « = 1.06 + 0.03. This im-
plies that the particle numbers obtained from the camera image, without any
post-correction, is approximately 6% lower than the actual value and needs
to be adjusted upwards. The physics of this correction lies in the fact that
neither the light polarization nor the orientation of the magnetic field can be
set perfectly. Both effects directly influence the cross section of the transition.
Additionally, during the repumper process prior to the absorption imaging,
the magnetic quantum numbers mr of the atoms could be mixed due to spon-
taneous decay. This further reduces the effective cross section for the entire
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FIGURE 2.9: Determination of the correction factor a. Left:
Measurement of the particle number with varying probe laser
intensity (from 0.02 to 1.81s). The camera pictures are evaluated
using different correction factors. Ideally, the particle number
should not scale with the laser intensity. Right: Detailed analy-
sis to determine a. For each setting of «, the standard deviation
of the particle number for the intensity scan is calculated. We
define the minimum in the standard deviation as the optimal
correction factor for our system.

2.3 Coil system of the science chamber

The main coil system in the science chamber consists of a pair of copper coils
(in the further course they are named Feshbach coils) which were previously
described in [127]. Each coil has two layers of 15 winding each. The inner
diameter is 130 mm and the outer 147 mm. The distance of the two coils is
126 mm with respect to the center of the Paul trap. We operate the coils in
a Helmholtz configuration to generate a homogeneous magnetic field in the
center where the Paul trap is located. The Feshbach coils are operated with
a Delta 60-100 power supply from Delta Electronika. These can deliver up to
6 kW of power and have switching times (rise and fall) of around 2 ms. An-
other customization option for this system is to switch between a Helmholtz
configuration and an Anti-Helmholtz configuration. Possible applications,
first test measurements and the setup are presented in the Appendix A.1.
The Biot-Savart law is used to approximately estimate what B-field is pro-
duced for a specific electric current. The Biot-Savart law is first applied for
one loop and then simply added for all other loops. The results are shown in
Fig. 2.11. As expected from an Helmholtz configuration, the calculated mag-
netic field is approximately homogeneous around the geometrical center of
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FIGURE 2.10: Schematic of the Feshbach coils which is used for

the simulation. The geometric parameters are given in the text.

the setup within a range of 40 mm. This is an order of magnitude bigger than
typical atomic cloud sizes in our science chamber. From the calculation, the
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FIGURE 2.11: Simulation of the magnetic field for the Feshbach
coils using the Biot-Savart law. Left: Calculated absolute mag-
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center, the field strength exhibits a maximum and a minor de-
pendence on the position. Right: Calculation for the absolute
magnetic field of the x-direction (y = z = 0). In the center region,
the magnetic field is approximately constant which shows the
homogeneous properties of a Helmholtz configuration.
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2.3.1 Calibration via photoassociation spectroscopy

We want to determine experimentally what B-field our coils generate at the
location of the atomic cloud for a certain applied current. Here we do this
using photoassociation (PA) spectroscopy. The spectroscopic technique is ex-
plained in further detail in Chapter 4.1. We use the molecular excited state
A of 8Rb; in the vibrational level v = 66. At nearly zero magnetic field,
we observe a photoassociation signal at 281.444950(10) THz. By increasing
the magnetic field, we observe that the photoassociation signal shifts in fre-
quency due to the Zeeman effect. It is well known in the literature how the
hyperfine levels of rubidium ground state F = 1,mr = —1 shift in a mag-
netic field [137]. As a very good approximation, the shift turns out to be
2 x 0.7MHz/G and is further used for our calibration. The experimentally
determined value for the Feshbach coils is then

Bep _ 20940042 (2.5)

A

There is a slight discrepancy between the experimental results and the pre-
vious calculation. This could be due to the fact that the experimental setup
does not exactly match the dimensions used in the calculations and technical
drawings. For example, if the distance between the pair of coils is 125 mm
instead of the intended 130 mm, this difference alone could explain the ob-

served discrepancy. The magnetic fields that can currently be achieved are
200G.
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FIGURE 2.12: Photoassociation spectroscopy for various exter-
nally applied magnetic fields. Each color represents a different
applied magnetic field. The spectra exhibit a minimum in the
remaining atom number if two unbound atoms are associated
by a photoassociation laser. Due to the Zeeman effect of the
rubidium atomic ground state F = 1,mr = —1, the resonance
positions shifts with higher magnetic field to lower excitation
frequency v.
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2.4 Laser systems for the spectroscopy of ultracold
molecules

Molecular spectroscopy demands laser sources that are not only highly sta-
ble but also offer broad frequency tunability. A nice review about cold and
ultracold molecules and spectroscopic techniques can be found in [20]. The
main interest in this work is the precise study of three-body recombination in
a state-to-state fashion. Techniques as photoassociation (PA) and resonance
enhanced multiphoton ionization (REMPI) are routinely used to examine ul-
tracold molecules which is explained in more detail later in Chapter 4.2. In
the following section we will focus on the technical requirements that our
laser systems have to fulfill in order to successfully carry out molecular spec-
troscopy. For instance, the excited molecular levels of 8 Rb corresponding to
the 5s + 4d asymptote span a spectral region from 518 nm to 710nm. Laser
systems that can offer such wide tunability are based on OPO (optical para-
metric oscillator) technology or a dye laser. Another important parameter is
the linewidth of the laser system. We expect the molecules to be ultracold, so
velocity induced Doppler broadening of the natural linewidth is neglected
here. Theoretically, the natural linewidth of a molecular state is difficult to
predict and calculate and can vary significantly depending on factors such as
interactions between molecular levels. Our experimental observations have
shown that the smallest linewidth observed in our studies, using low laser
intensities of less than I = 20% , is approximately 12 - 15 MHz. At higher
power levels, the linewidth can broaden to several hundred MHz. There
is a variation of the linewidth for fixed powers between different molecu-
lar levels, see Fig. 4.20 and Fig. 4.19 which have been recorded at 100 mW.
Ideally, the linewidth of the laser systems should be smaller than the natu-
ral linewidth of the molecules. In this thesis, three distinct laser systems are
used for the molecular spectroscopy, each described in detail in the following
sections.

2.4.1 Hiibner Photonics C-WAVE

The C-WAVE system is a commercial system built and designed by the com-
pany Hiibner Photonics. A general overview is given in [136]. The sys-
tem provides large frequency tunability in the visible region (from 450 nm
to 650nm with a gap at 532+ 10nm) and in the infrared (from 900 nm to
1300 nm, with a gap around 1064+ 20 nm ). The system mainly consists of
three optical cavities (see Fig. 2.13) which are described in the following sec-
tions in more detail. The supplied C-WAVE CONTROL software makes op-
eration fully automatic. Within a precision of 100 GHz the laser output can be
generated automatically. More precise settings can then be made manually
and the frequency can be stabilized to an external reference, (see Section 2.17)
to achieve the accuracy necessary for molecular spectroscopy. The manufac-
turer states that the linewidth of the entire system should be below 500 kHz
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FIGURE 2.13: Schematic beam path and overview of the C-

WAVE system. In a first step, a 532nm pumps a nonlinear

crystal to generate photons in the near infrared spectral range

(OPO). To reach the visible spectrum (450 - 650 nm), the pho-

tons are frequency-doubled in a SHG cavity. The whole system

is frequency-stabilized to a reference cavity which can possibly
be stabilized to a wavelength meter (not shown).

OPO cavity

The operation principle is based on OPO technology. A nonlinear optical
crystal is pumped with a strong (up to 5 W) fiber laser at 532 nm. The crystal
itself converts the incoming photon w, into two photons (down conversion),
called signal ws and idler w;. This process adheres to energy conservation
and quasi-phase-matching. This essentially means a visible photon is down-
converted into two photons in the infrared. To achieve sufficient conversion
efficiency, the nonlinear crystal is operated inside a resonator cavity. The res-
onator is operated at either a particular idler wavelength (1080 - 1300 nm) or
a particular signal wavelength (900 - 1040nm). The coarse frequency tun-
ing in the order of hundreds of Gigahertz is done using the temperature of
the nonlinear crystal and choosing a suitable poling period and a very thin
turnable etalon. An additional thick air-spaced etalon then also enables fine
frequency tuning over a few GHz, but is mainly used for automatized power
optimization of the system. For precise tunability, the OPO cavity length is
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tuned using a piezo actuator connected to one of the cavity mirrors, see OPO
cavity in Fig. 2.13. This complex setup allows us to achieve stable and broad
tunability necessary for molecular spectroscopy.

Reference cavity

Additionally, the system includes a reference cavity that enables stabiliza-
tion of the OPO resonator’s frequency. A small fraction of light is outcou-
pled from the OPO and modulated by an electro-optical modulator (EOM),
operating at around 10 MHz. This modulated light is then coupled into the
reference cavity. Unfortunately, the manufacturer does not specify specifica-
tions as free spectral range (FSR) or linewidth. Some portion of the light is
reflected back from the reference cavity and directed onto a photodetector.
The signal from the photodetector is demodulated, resulting in an error sig-
nal with which the system can be stabilized to a specific set point. To control
frequencies more precisely on an absolute scale, we use a wavelength meter
WS7 from the company High Finesse. The technique of laser frequency sta-
bilization by using a wavelength meter is explained in Section 2.17 and can
be used for other laser systems as well. We achieve long-term (> 8 hours)
stability in the order of a few MHz.

SHG cavity

To produce frequencies in the visible range, a further nonlinear crystal (SHG
crystal) is necessary. The process for wavelength conversion takes place in
another separate cavity. It has a similar design as the OPO cavity. Dependent
on the wavelength (whether we operate the OPO cavity resonantly for sig-
nal or idler wavelength), the system automatically chooses a suitable poling
period and performs a temperature tuning to automatically optimize the con-
version efficiency and thereby the output power in the visible regime. The
stabilization of the cavity is done by another piezo actuator which enables
to achieve power stability better than 2 % over several hours. To the major-
ity of measurements presented in this work, the SHG output is used for the
molecular spectroscopy.

Maintenance of the C-WAVE system

The C-WAVE system needs generally an average amount of maintenance. It
is advisable to periodically check the output power of the seed laser (NKT
fiber laser) for the pump amplifier, ideally every few weeks. This output
should be around 11 mW and has remained stable for several years. Addi-
tionally, the ALS pump laser should also be checked on a daily basis if oper-
ated. It is operated in a constant power mode, so it is important to monitor
the pump diode current regularly. According to the manufacturer ALS (now
TOPTICA), fluctuations of £10% are normal and have been observed in our
setup as well.
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The base-plate of the C-WAVE is water-cooled. Although it is a closed sys-
tem, the cooling water tends to become contaminated over time, so it is rec-
ommended to replace it with fresh distilled water every 6 months. Mainte-
nance of the optical system itself typically involves aligning the pump laser
into the OPO cavity. This should be checked every 1-2 months and handled
with great care. Any additional alignment work as well as cleaning the op-
tical components has so far been conducted in consultation with and under
the guidance of a service engineer of Hiibner.

2.4.2 Sirah Matisse 2 DX

A dye laser Matisse 2DX from the company Sirah was used additionally to
the C-WAVE system. Most of the measured data for the spectroscopy in
Chapter 4 was recorded using the dye laser due to a repair of the C-WAVE
system. The dye laser may be preferred for measurements requiring very
high power. However, its tunability depends on the dye employed. In the
studies of this thesis, the dye laser was operated with Rhodamine 6G (which
has spectral emission maximum at approx. 590nm) dissolved in ethylene
glycol and pumped by a 20 W laser from Spectra Physics at 532 nm. To res-
onantly enhance the emission of narrow frequencies, the dye beam is placed
in a bow-tie configured optical cavity. Similar to the C-Wave system, various
optical components (a thick etalon with 20 GHz free spectral range (FSR),
a thin etalon with a 250 GHz FSR, and a birefringent filter with a 130nm
FSR) and electronic components (piezo actuator) are used to adjust the opti-
cal length of the cavity and thereby tune the resonant frequency of the sys-
tem.

The system can then be stabilized to an external high-finesse cavity (linewidth
of the cavity according to manufacturer ~ 100 kHz). Analogous to the C-
WAVE system, the length of this cavity is adjusted and stabilized using a
wavelength meter lock. For additional details and operational guidance, the
company Sirah provides a comprehensive manual to help users to under-
stand and operate the laser system.

The laser output can then be frequency-doubled using a SHG cavity (Matisse
Wavetrain) to produce UV light at around 300nm. This has been used in
previous work to investigate neutral long-range Rydberg molecules in our
group [32] but will not be covered within this thesis.

Maintenance of the Sirah Matisse

The Matisse system requires more maintenance than the C-WAVE system.
Over time, the dye used in the Matisse system ages and becomes less effi-
cient and needs to be replaced. According to my experience, the dye has to
be replaced every two to three months if operated full-time (8-10 hours per
day). In practice, the issue is not the degrading output power but rather the
increasing difficulty in stabilizing the frequency of the fundamental bow-tie
cavity. Optical alignment of the laser is rarely needed - less than once a year
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FIGURE 2.14: Simplified schematic of the Matisse bow-tie
cavity. Several optical components (birefrigent filter, thick
etalon, thin etalon, fast piezo mirror are used for optical path
length adjustment. A fraction of the output power is coupled
into a reference cavity for external frequency stabilization (not
shown here). A more detailed illustration can be found online:
https:/ /www.sirah.com/lasers/cw/matisse-2 /matisse-2-d /.

under our laboratory conditions - and should only be performed if, for ex-
ample, the system needs to optimized for a different wavelength (a change of
~ 10nm with the same dye needs adjustment). Water-cooling of the Spectra
physics pump laser has to be checked on a daily basis and also the water-
cooling of pump for the dye jet.

2.4.3 Sirah Credo

The Credo system is another dye laser from Sirah, differing from the Matisse
system by being operated with a pulsed pump laser at 532 nm. This system
generates average powers up to 28 W with repetition rates up to 100 kHz and
pulse lengths of 10ns. The laser’s linewidth is approximately 1.8 GHz, de-
termined by the resonator design of the system and the tuning range is 588
- 632 nm for Rhodamine B. The pulsed operation allows for the measure-
ment of larger frequency ranges nearly 100 times faster but with reduced
resolution. In this work, the Credo laser was primarily used to measure the
molecular states related to the 5s + 4d asymptotic level for both rubidium iso-
topes. Since we typically work with ultracold molecules and low rotational
angular momenta (J =0, 1, 2 ..), it is difficult to resolve rotational structures
of the molecules but vibrational levels can be identified quite fast. Here, we
give more information about the setup and the frequency adjustment. Mea-
surement data and its interpretation are presented in Chapter 4 and further
analyzed in the Appendix B.

The system consists of a resonator unit which is pumped with a relatively
low amount of 532 nm light. The pump beam hits the dye flowing through
a glass cell (Brewster Dye cell). Typically, Rhodamine B solved in Ethanol
is used for emission at around 600 nm. The resonance frequency of the res-
onator is adjusted by using a grating and a motorized rotating mirror similar
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to a Littrow configuration. The resonator output is then used to seed an (op-
tional) amplifier unit which is pumped by a high amount of laser light (in
our case up to 90 W). In our setup, we use the fundamental light and no ad-
ditional frequency conversion unit.

Beam splitter

Cyl. lense

Brewster
Dye cell

Cyl. lense
Telescope
Beam Grating

expanderm
N

Output
coupler

Brewster
Dye cell

Resonator unit

FIGURE 2.15: Overview of the Credo system. It consists of two

main units: the resonator unit and the amplifier unit. The res-

onator unit is used to adjust the frequency by a tuning mirror

and the resonator output seeds the amplifier unit to amplify the
laser output power.

The frequency can be set in a Sirah software by controlling the motor and
its position. Sirah also provides additional tools that allow direct integration
with a high-precision wavemeter, enabling the stabilization of the laser fre-
quency at a defined setpoint (see Sec. 2.4.4). However, this process proved to
be extremely slow in practice, achieving active frequency stabilization only
within more than 2 seconds. Given that the extreme high pump power leads
to a fast degradation of the dye (typical working hours are only 4 hours at
maximum pump power), we could not keep the laser turned on for extended
periods. An active frequency-stabilization which is very slow would require
almost a permanently running pumplaser which would result in a daily ex-
change of the dye. Instead, we opted for a simpler, non-actively stabilized
method to tune the frequency. We calibrated the system to determine the
number of motor steps required per 2 GHz frequency steps. In the experi-
ments then, we adjusted the motor position with turned off pump laser, then
briefly generate laser pulses for about 0.5 seconds and hit the atoms with
the laser output. In parallel, we measured the frequency of the emitted laser
pulse with a wavelength meter. This method allowed for reproducible scan-
ning and significantly extended the dye’s lifetime by a factor of more than
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20 and is recommended until a faster automated frequency stabilization is
available.

Maintenance of the Credo system

The Credo system require the most maintenance among our setups, primar-
ily due to the high laser power which is used to pump the dye. According
to the manufacturer, the typical lifespan of the dye is around 400 - 500 Wh,
meaning the laser can operate at full power (100 W) for about 4 to 5 hours
before the output power and stability drops significantly. Changing the dye
is considerably more time consuming than with the Matisse system, as the
Credo is a closed system with the dye circulating through glass cells. There,
a cleaning step with pure ethanol is required before new dye can be refilled.
While removing the glass cells is not particularly difficult, it ideally requires
at least two people to do it.

The manufacturer claims that the glass cells can be removed and reinstalled
without requiring laser realignment but this has not been our experience.
After replacing the dye, the laser needs to be re-optimized with both output
power and beam profile being affected by the alignment. The alignment pro-
cess itself is not complex, as the resonator path generally does not need to be
readjusted. Only the in-coupling and the beam path (beam shaping optics)
which passes the amplifier cell needs more care.

During a three-week period of operation (not full-time), we had to replace
the dye twice. This matches the recommended operation of approximately
400 Wh. Another critical aspect is the cooling cycle of the pump laser. We
use a Termotek chiller which is a water-water cooling system. Due to the
poor quality of our cooling water of the facility, it is necessary to clean or
replace the filter in the external water circuit every four weeks. If the filter
becomes too dirty and restrict the water flow, the pump laser cannot reach its
operating temperature of 25°C.

2.4.4 Frequency stabilization by using a wavelength meter

For the molecular spectroscopy presented in this thesis, a wavelength me-
ter lock was employed for active frequency stabilization of our used laser
sources. In the following section, the operating principle of a wavelength
meter lock is presented, along with an explanation why this method is suit-
able and sufficient for the measurements presented in this work.

The most crucial aspect of this method is the reliable determination of the
actual laser frequencies. In our laboratory, we use a High finesse wavelength
meter WS7-60. The manufacturer specifies a relative frequency uncertainty
of 2MHz and an absolute frequency uncertainty of 60 MHz. The frequency
uncertainty varies depending on the exact frequency range used. Typically,
our wavelength meters (WS7-60 VIS/Standard) cover a spectral range of 400
- 1100nm and can determine the frequency within 2 ms using enough laser
power (200 - 1000 pW). The basic idea of a wavelength meter lock is quite
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simple. A target frequency is defined as a set point and compared with the
measured frequency. Depending on the deviation from set point and actual
laser frequency, a computer software (e.g. LabView) generates a feedback
signal. This feedback signal is converted into an analog voltage and then
fed back to the laser. In our case (C-WAVE, Matisse), the feedback is used
to change the length of the reference cavity of the respective system (see Fig.
2.14 and 2.13). The corresponding systems follow the change in length auto-
matically and the frequency shifts. The simple scheme is given in Fig. 2.17.
The really big advantage of this method is the flexibility. As long as we use
laser frequencies which can be measured by the wavelength meter and we
have a feedback option, it is possible to use this method. This covers a range
of more than 700 nm for our WS7-60 which is very difficult to achieve with
a self-built cavity due to the lack of high-quality broadband coatings. How-
ever, the method itself also has some important parameters which are dis-
cussed in the following paragraphs.

Digital-analog conversion is one crucial aspect which can directly affect
the performance of the wavelength meter lock. In general, the wavelength
meter lock calculates a feedback by a computer software. The user can adjust
the calculated feedback by changing the controller settings, in case of a steady
linear regulator there are P, I and D controller. In our setup, the feedback
for adjusting the cavity length of the respective reference cavity is an analog
voltage from 0 to 100 V. The link between the computer and the reference
cavity is a digital-analog converter and a high-voltage amplifier. We can use
two different digital-analog converter systems in the BaRbIE laboratory.

e NI USB 6001 with 14-bit resolution and £10V output range. The max-
imal update rate is 5kS/s and the slew rate is 3V per ps. There are a
lot of packages in different programming languages to correctly access
and program the NI USB 6001 device, we use Labview or Python.

¢ Home-built analog-box included in the Bus system of the BaRbIE exper-
iment with an output range of £10V and 16-bit resolution. The maxi-
mal update rate is given by the clock frequency of the BaRbIE system
which is experimentally limited to 2ps and additionally the update rate
of the integrated circuit which corresponds to 100 kS/s. The slew rate is
similar to the NI USB 6001 with about 2V per ps. The integrated circuit
is the following: DAC7744 from the company Texas Instruments. The
programming is done via LabView software.

The high-voltage amplifier is produced in the electronic workshop of Ulm
University, currently P341 Version 2. Typically, by using the maximum range
of the DAC, we set a gain around 10. The intrinsic noise level of the amplifier
is smaller compared to the amplified noise level of the input from the DAC.
Typically values are in the range of 20 mV.
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Knowing the experimental resolution of WS7-60is very important to judge
the performance of the wavelength meter lock. The typical relative resolution
specified by the company High Finesse is around 2 MHz in the wavelength
range of 400 nm to 1100 nm. Experimentally, however, we found the relative
resolution to be better by almost one order of magnitude. For confirming
this, we used a narrow linewidth laser (< 10kHz) which is externally fre-
quency stabilized to a high-finesse (F ~ 150000) cavity [156]. The cavity’s
linewidth was independently measured in a cavity ring-down measurement
to be smaller than 10kHz. We monitor the frequency of the stabilized laser
on the wavelength meter with an exposure time of 50 ms. The exposure time
used for the wavelength meter heavily affects the recorded frequency of the
laser, shorter exposure time gives worse results with more fluctuation in the
frequency. For an exposure time of 50 ms the standard deviation for 100 sam-
ples was 250 kHz. By extending the exposure time to 500 ms, the recorded
standard deviation decreased to about 30 kHz. This behavior is probably
connected to a CCD sensor inside the wavelength meter which performs bet-
ter with respect to the signal-to-noise ratio for longer exposure times. This
demonstrates one of the disadvantages of the wavelength meter lock: in or-
der to measure the frequency very precisely, long exposure times are neces-
sary but for the actual wavelength meter lock, a high bandwidth (and low
exposure times) is desired. This means basically, that the wavelength meter
lock should be adjusted for the specific task and wavelength of the laser.
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FIGURE 2.16: Recorded frequency of the 1762 nm laser system.
This laser is locked to an external high-finesse cavity and used
as a reference to test the wavelength meter specifications. The
standard deviation of the recorded sample is 250 kHz, 100 sam-
ples are recorded in total and every 50 ms one sample is taken.
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Experimental timings play an important role for the performance of the
wavelength meter lock. Here, I give just a few ideas about the individual
timings which matter for the experiment.

¢ Software bandwidth (computational time) can also limit the bandwidth
of the whole wavelength meter lock. Typical bandwidths of our Lab-
View programs are about 15-20 Hz. Higher bandwidths (more than
500 Hz) can be achieved by replacing the Labview software with Python
based scripts or further optimizing the home-built LabView software.

* Whenever a fiber-switcher comes in operation, this drastically reduces
performance of the wavelength meter lock. A fiber-switch operates
up to 8 input fibers and combines them into one fiber which is di-
rectly connected to the wavelength meter. The fiber-switch mechani-
cally switches the laser light which extends the time between frequency
measurements depending on the number of channels used. For exam-
ple, by using 8 channels with 2 ms exposure time each, each frequency
is measured every 18 ms once. But if one channel needs more exposure
time, this extends the overall time between frequency measurements of
individual channels.

record frequency +
calculate feedback

Wavelength meter

(optional) WS7-60

fiber-switch — Sl
000 O l*_g
@ O OO ‘ Y

DAC
laser j .
output 14 or 16-bit

] ) analog voltage
analog input (e.g. reference cavity) 10to +10 V
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source vgrlable.galn
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FIGURE 2.17: Schematic of the wavelength meter locking setup.
The frequency of the emitted light of the C-WAVE is measured
by the wavelength meter. The PC frequently reads the current
frequency with 100 Hz repetition rate and calculates a feedback
using an target and current frequency value. The feedback is
first send to a DAQ device (NI USB 6001 or BaRbIE DAQ) and
converted into a voltage in the range 0 - 10 V. To drive the piezo
actuator of the reference cavity, the voltage has to be amplified
further to change the length of the reference cavity.
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Time (s)

FIGURE 2.18: Stability measurement of C-WAVE locked by the

wavelength meter stabilization. It shows the deviation between

actual (measured) frequency v, and a set point vs in MHz.

The standard deviation over 5 seconds is approximately 1 MHz

and the peak-to-peak value is about 5 MHz. This stabilization
is sufficient enough for us to probe ultracold molecules.
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Chapter 3

Ultracold diatomic molecules

In the following chapter, I will provide a brief discussion of some aspects
of ultracold diatomic molecules, focusing on rubidium as used in our experi-
ments. Instead of presenting a general overview, I will tailor the discussion to
the particular conditions relevant to our experimental setup. First, an expla-
nation of the Born-Oppenheimer approximation is given and how potential
energy curves can be derived from it. This will be supplemented by an intro-
duction to Hund’s coupling cases, which provide a simplified framework for
describing the coupling of various angular momenta within a molecule and
allow for classification of the molecular states according to symmetries and
couplings of angular momenta.

Further, in Section 3.1.4, I will introduce the concept of coupled-channel anal-
ysis and discuss the couplings that are particularly relevant to our specific
case (here: spin-orbit coupling and rotational coupling). This will be essential
for the later discussion and understanding of the spectroscopic recordings in
Chapter 4.

3.1 Theory of diatomic molecules

This section covers some theoretical concepts for the description of diatomic
molecules. This is an abbreviated presentation and the interested reader can
refer to a more complete and detailed description in textbooks [5, 17, 33, 63,
85]. In simple systems such as the hydrogen atom, the Schrodinger equation
can be solved analytically and it provides a description of the eigenstates of
the system. In the case of complex molecules as rubidium, however, this is
no longer possible and approximations have to be made. In the following, I
introduce the basic concept of the Born-Oppenheimer approximation.

3.1.1 Born-Oppenheimer approximation

The Born-Oppenheimer approximation treats the nuclei and electrons of the
molecule separately. This is based on the different time scales that are rele-
vant for electrons and nuclei. Due to their different masses, the state of the
(heavy) nuclei can be described as rigid and that of the (light) electrons are
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considered as dynamic. This assumption allows the electronic wave function
of the molecules to be calculated for any fixed internuclear distance R. The set
of solutions for the eigenenergies for different R obtained by this approach
are molecular potential energy curves (PEC) for diatomic molecules. For the
mathemical description of the Born-Oppenheimer approximation, the inter-
ested reader may refer to a textbook of their choice (e.g. [5, 17, 63]). In the
following thesis, we mainly deal with potential energy curves as a function
of the internuclear separation. Fig. 3.1 shows potential energy curves for the
rubidium dimer as a function of the internuclear separation calculated by an
ab initio approach [95]. The two energetically lowest potential energy curves
X1%, and a°%, belong to the case when two rubidium atoms approach each
other in their atomic ground state 5s1,, and are therefore assigned to the 5s
+ 5s asymptote. Analogously, excited states can be summarized with respect
to their asymptotic atomic states for large internuclear distances. The nota-
tion used for the individual molecular states and interactions is explained in
more detail below using Hund’s cases.

3.1.2 Hund'’s coupling cases

The situation described above in the Born-Oppenheimer approximation is
complicated by the fact that there are several angular momenta in molecules.
The angular momenta lead to couplings that can be classified according to
their strength. In the 1920s Friedrich Hund proposed various cases of cou-
pling, which are called Hund’s cases [69, 70]. Molecular term symbols are
used to describe the molecules and their couplings. These also give infor-
mation about the symmetry of the wavefunction. Similar to the atomic case,
selection rules for spectroscopic transitions between molecular states are de-
rived from that. If we neglect the nuclear spin, there are three sources of
angular momentum in a molecule: the sum of the spin of the electrons §,
the sum of the orbital angular momenta L of the electrons and the purely
mechanical rotation of the molecule R. Hund has considered a total of five
different coupling cases which are then labelled Hund'’s case a) to e). For the
purpose of understanding the spectra and their analysis later on, I will only
refer to three of Hund’s cases here: case a), b) and c). Table 3.1 summarizes
the angular momenta and their projections. The projections of the electronic
angular momenta appear as quantum numbers because the molecular axis is
a quantization axis for the electronic system.

In Hund'’s coupling case (a), the orbital angular momenta L is strongly cou-
pled to the molecular axis because of Coulomb interaction and the spin S is
coupled to the internuclear axis of the molecule. The projections onto the
internuclear axis define the quantum numbers A and X.. The sum of the pro-
jections gives the total electronic angular momentum () = |X + A| along the
molecular axis. The resultant angular momentum then combines with the
rotational angular momentum R to give a total angular momentum J (exclu-
sive of nuclear spin). In this case, A, 2, (), ] are good quantum numbers. The
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FIGURE 3.1: Potential energy curves (PEC) of the rubidium
dimer Rb, according to Lozeille [95]. The solid lines corre-
spond to molecular singlet states and the dashed lines are
triplet states. Different color schemes refer to states with dif-
ferent A-projections on the intermolecular axis (X, I'l, A-states).

nomenclature used in Fig. 3.1 in the basis of Hund’s coupling case a) is given
by

25+1 A (+/-)
AQ,(g/u) (3.1)
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where g¢/u denotes the parity of the state under inversion of the electronic
spatial coordinates, typically refered to as "gerade" (symmetric, g) or "unger-
ade" (antisymmetric, u). This applies only if both nuclei have the same nu-
clear charge Z. The +/- superscript indicates the reflection symmetry of the
electronic wavefunction with respect to any plane containing both nuclei
which applies only for X states. For states with A > 0, the +/- notation is
omitted. This is because for such states, there is always one component that
is symmetric with respect to reflection through this plane and another that
is antisymmetric. It is also important to clarify the convention for labelling
states: states with A = 0 are denoted as X states, A = 1 as II states, and
A = 2 as A states, and so forth. Here, A refers to the projection of the orbital
angular momentum onto the internuclear axis.

Hund'’s coupling case b) differs from case a), since the spin is decoupled
from the intermolecular axis. The nuclear rotation R couples with L and
produces N. N couples then to S to form J. Good quantum numbers are A,
N, S and J and A is not only the projection of L which does not appear as a
quantum number , but also from N. Later I will describe the molecules which
are formed by three-body recombination by Hund’s case b) and motivate the
selection rules and derive what optical transitions to the excited states are
allowed.

In Hund’s coupling case ¢) the total electronic orbital momentum and the
total electronic spin are strongly coupled. The consequence is that A and ¥
are no good quantum numbers. The projection (), however, is still a good
quantum number. The typically used notation in Hund’s case (c) is

Q;/u (3.2)
with the corresponding g/u gerade / ungerade and 4/ — reflection symme-
try (for (2 = 0 states).

In the following spectroscopic analysis, I will mainly use Hund’s case a) for
the description of the excited states. Here, one essential aspect is that the ro-
tational structure for molecules described in Hund’s case a) (and e.g. ¢)) is
expressed by the rotational energy ladder Eg = B, J(J + 1) with the rotational
constant B,. The analysis of the rotational states can therefore be carried out
in the same way, only different rotational constants are used for the different
electronic states.
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TABLE 3.1: Relevant angular momenta for Hund’s coupling

cases. The projection is always referred to the molecular inter-

nuclear axis. The projection for R is zero since the internuclear
axis and the nuclear rotation vector are perpendicular.

Type of angular Operator Quantum Projection
momentum number
Nuclear rotation R R - case e) only -
Electronic orbital L L A
Total angular momentum | o N A
without spin
Electronic spin S S by
Total angqlar mpmentum J=R+L+S ] 0
with spin
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3.1.3 Molecular symmetries

For a deeper understanding of molecular spectra, knowledge of the basic
symmetry operations in the molecules can be helpful. There are several types
of symmetries which will be described in the following paragraphs. Later in
Chapter 4.2, symmetries are used to specify selection rules for photoassoci-
ation (PA) of atoms and molecular bound-to-bound transitions using laser
light.

The total parity describes the inversion of the coordinates of nuclei and
electrons. The molecular states have either a positive parity (+) or a negative
parity (-) which is different from the +/- reflection symmetry of the electronic
state and also of the u/g symmetry. The corresponding operator does not
change the vibrational part of the wavefunction since it is only a function of
the internuclear distance. However, the behavior on the rotational part of the
wavefunction, i.e. the rotation of the nuclei complicates the situation because
it depends on the total angular momentum J.

The rotationless parity Since the total parity changes with J, for a more con-
venient treatment, the rotationless parity e / f is introduced. The alternation
of the total parity is factored out.

Gerade / ungerade (g/u) parity for equal Z describes inversion of the elec-
tron coordinates with respect to the center of the molecular frame by the op-
erator 7. The positive eigenvalue refers to gerade states and the negative sign
refers to ungerade states. In the molecular term symbol, g/u is used as a
subscript.

Symmetric / antisymmetric (s/a) parity is a symmetry in homonuclear sys-
tems which describes the exchange of the two nuclei by the operator Py,.
For bosons, the wavefunction is symmetric with respect to the P, operator
and the eigenvalue is +1 whereas for fermions the eigenvalue would be -1
and the corresponding wavefunction asymmetric with respect to the opera-
tor Py,. This is a consequence of the Pauli exclusion principle and the distinc-
tion gives rise to classifications such as ortho and para dihydrogen, which,
however, will not be discussed in detail here.

3.1.4 Coupled-channel analysis and couplings

Our investigation of the excited molecular states near the 5s + 4d asymptote
(see Fig. 3.1) takes place in a close collaboration between our experimental
group and theory group. While the spectra shown in this thesis (see Chapter
4.4) have been recorded in Ulm and preliminarily assigned in their quan-
tum numbers, the theoretical analysis to obtain refined potentials is carried
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out by Prof. Eberhard Tiemann at the University of Hannover. A coupled-
channel model is fitted to our new measurement data and improved Born-
Oppenheimer potentials and coupling functions are constructed specifically
for the states (2)'Z, and (2)%I1,. We are mainly interested in two coupling
mechanisms and their strength: The spin-orbit coupling and the rotational
coupling. Fig. 3.2 shows colored tables that are generally the same for g and u
symmetry and show which couplings are taken into account between which
states. These states are given in the Hund’s case (a) basis. In the following,
I would like to briefly discuss the idea and procedure of a coupled-channel
analysis from a practical perspective. The starting point of this analysis is
a set of undisturbed Hund’s case (a) Born-Oppenheimer potentials given as
functions of internuclear separation, which are then coupled accordingly us-
ing an interaction Hamiltonian described by coupling functions. From the
newly generated potentials, bound states and their binding energies can be
calculated and compared with the experimental observations. In an iterative
procedure, coupling parameters and coupling functions are now further ad-
justed until theory and experiment are in agreement within the experimental
uncertainty. The final potentials and coupling functions obtained can then
be used to calculate wave functions of the states represented by the channel
functions for the molecular states defining the Hamiltonian matrix. From
these wave functions, Franck-Condon factors and transition dipole matrix
elements can be calculated which provides important information for future
work. The two main contributions to couplings considered are summarized
in the following paragraphs.

The spin-orbit coupling describes the coupling between the total spin S of
the electrons and their orbital momentum L. The spin-orbit operator in the
molecular coordinate system has the following form

Hy,, = AL-S§
P NP (3.3)
= ALS.+ A (LTS —L™S§")

2

in which L* =1, +i- ﬁy, St =8, +i- §y are raising or lowering operators.
Please note that A depends on the internuclear distance of the system. Spin-
orbit coupling does not only mediate interactions between states of different
A and X (which is described by the second term in Eq. (3.3)) but also leads
to splitting of the term energies (first term in Eq. (3.3)). In Fig. 3.2, couplings
based on spin-orbit interactions are highlighted with green color in the upper
right triangle (off-diagonal elements corresponding to the second term in Eq.
(3.3)) and orange color (diagonal elements corresponding to the first term in
Eq. (3.3)). Please note that the color itself just indicates the type of interaction
and not anything about coupling strengths. In fact, these can be different for
the different matrix elements. The amplitude A for the right and left part of
the interaction is not necessarily of the same magnitude.
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FIGURE 3.2: Overview of the various coupling mechanisms
taken into account for the coupled-channel analysis. Only con-
tributions by spin-orbit (green, orange shown in the upper tri-
angles) and non-diagonal rotation energy (red shown in the
lower triangles) are indicated. The upper grid corresponds to e
states and the lower grid corresponds to f states. Differences ap-
pear only in the upper left corner between the different grids.
Colours are only intended to represent the type of interaction
and tell nothing about the strength of the interaction. This con-
tent can be found in a similar way in many textbooks, e.g. [85].

The rotational coupling can be expressed by the rotational Hamiltonian of
a diatomic molecule in the molecular frame with rotational angular momen-
tum R perpendicular to the molecular axis

Ho=B(R)*=B(J—L-8)’
(j ) (92—§§ +B (tz—tﬁ) (3.4)
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In this simplified expression, we call B the rotational constant. This contains
the nuclear separation R and the reduced mass of the molecule. To derive the
terms in the second and third line of Eq. (3.4), again lowering and raising op-
erators (e.g. L* =1, +i- ﬁy for L) are needed and additionally commutator
relations (e.g. [Ly, Ly] = iiL.) are used. The calculation is quite lengthy but
can be found in textbooks such as [9, 85]. The first three terms in Eq. (3.4)
correspond to unperturbed rotational energy levels. Two terms of them are
independent of specific rotational states as they only contain contributions
from orbital momentum and spin. The last line in Eq. (3.4) describes pertur-
bations between different levels. The third term is effectively like spin-orbit
coupling which leads to perturbations between two electronic with the same
() but is typically lower in magnitude than the spin-orbit coupling. The sec-
ond term is the so called spin-rotation coupling which connects states with
the same A but with different ¥ and () = £1. The first term describes rota-
tional coupling between states with different A and () = +1 which leads to A
doubling of rotational states. All the different contributions of the rotational
coupling are included in Fig. 3.2 and are highlighted with the same red color.
Here again, color only indicates the type of interaction and nothing about the
coupling strength. Rotational couplings are highlighted in the lower left side
of the grid. Any possible couplings different from the ones mentioned, are
not considered in the coupled-channel analysis so far.
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Chapter 4

Spectroscopy of molecular states
near 5s + 4d asymptote

The following chapter focuses on the spectroscopy of molecular states near
the 5s + 4d asymptote. Primarily, we concentrate on molecular states belong-
ing to (2)!% and the (2)°I1; system. In Section 4.1, we present previous stud-
ies [4, 50, 66, 112, 165] that have already investigated these states using spec-
troscopic methods. Subsequently, in Section 4.2, we introduce the spectro-
scopic techniques employed in our experiments. Section 4.3 covers our initial
investigations conducted with the pulsed laser system Credo (for a descrip-
tion of the laser system, see 2.4.3) and we compare our results with pulsed
recordings from the Stwalley group [4]. Following that, we provide high-
resolution spectroscopic recordings of the vibrational and rotational states
belonging to (2)'Z; and (2)3Hg using the Matisse system (for details of the
laser system, see 2.4.2).

We further explain the observed rotational structures and show how this can
be used for precise identification of the molecular states. In Section 4.5, we
summarize the experiments and discuss how future projects can build on this
work.

4.1 Previous work by other groups

In this section, I briefly present previous investigations of molecular states
near the 5s + 4d asymptote. Table 4.1 gives an overview of the previous stud-
ies.

Initial investigations date back to the 1990s. In Amiot’s work [1], many spec-
tral lines, including those corresponding to the 5s + 4d asymptote, were
measured using Fourier-transform spectroscopy. This study provided po-
tential energy curves, molecular constants and dissociation energies which
later served as the foundation for further research in the 2000s.

In 2006, a study [66] from the Stwalley group was published, primarily fo-
cused on the electronic state X'¥4, which corresponds to the 5s + 5s asymp-
tote. The detection was performed using a REMPI scheme with a pulsed laser
(see Section 4.2.2 for a description of the method) via the (2)'Z; state as an
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intermediate state, similar to the measurements we conducted and present
in Section 4.4.2.

In 2013, Guan et al. [50] reported new experimental data for the (2)3H0g+
states using the Facilitated Infrared-Infrared Double Resonance (PFIIDR) tech-
nique. This work is of particular value to us because they were able to iden-
tify vibrational states starting from v = 0, which will be important for our
analysis later in Section 4.4.3.

In 2015, another study by M. Ascoli [4] from the Stwalley group was pub-
lished. Similar to Huang’s work [66], REMPI was used with a pulsed laser
system to detect molecules, employing the (2)!%;" or (2)°I1, states as interme-
diate steps. Many resonant transitions were spectroscopically analyzed, and
the states were assigned accordingly by comparison with ab initio calcula-
tions and analyzing the ladder structure of the recordings. The spectroscopic
data from this study forms the basis for comparisons with our pulsed data in
Section 4.3. Unlike our high-resolution spectroscopy presented in 4.4, how-
ever, this method did not allow for the unambiguous identification of the
molecular states through their rotational structure.

A study by Yang et al. [165] focused on the (2)3H1g state. They compared
their experimental observations with those of the (2)31—[0g+ state and found

an average difference of 83.1 + 0.3 cm~! between the Q = 0; and Q) = 1,
states. If the vibrational assingnment is undoubtedly known for both com-
ponents, this splitting corresponds to the spin-orbit splitting of the (2)°I1,
states. We will later compare this result with our analysis in Section 4.4.3, as
our measurements also allow for the determination of the spin-orbit interac-
tion in the (2)3Hg state.

A more recent publication on molecular states of the ungerade symmetry
group the 5s + 4d asymptote comes from A. Pashov [112]. In Pashov’s work,
transitions between X'%, and (2)'I1, were observed using polarization la-
belling spectroscopy. By comparing their results with earlier predictions [1],
they concluded that the (2)!T1, state is strongly perturbed by the nearby
states (2)!'%,5, (2)%I1,, and (3)3%Z,. Through these experiments, they were
able to indirectly generate a potential energy curve for (2)'X.} and fit it to
their experimental observations of (2)'11,,.

4.2 Spectroscopic methods

For the investigation of the molecular states below the 5s + 4d asymptote,
we prepare ultracold atomic clouds of the isotope ®Rb or 8 Rb at magnetic
fields of 4G typically at temperatures around 800 - 900nK. The atoms are
spin polarized in the hyperfine ground state (f =1, m = -1 for 8Rb, f=2,m f
= -2 for ®Rb) and trapped in a far-detuned crossed optical dipole trap with a
depth of about 15pK, see Section 2 for a general description of the apparatus.
The process of three-body recombination takes place in our ultracold atomic
cloud: this process leads to the formation of molecules in various quantum
states corresponding to the coupled molecular state Xlzg — a®%. below the
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TABLE 4.1: Overview of the previous studies connected to

molecular states near to the 5s + 4d asymptote. Here, I give

a chronological order of the previous studies and briefly men-

tion the molecular states under investigation. This list might

not be complete and just presents the work we used for our
own analysis.

Year | Reference molecular states investigated
1990 | [1] (1)'Ze(X),(1)'Zu(A)
(2)'%g, (1)'T1(B), (1)1, (2)'T1,(C)

2006 [66] 2)'z,
2013 [50] (2)°Iog
2015 [4] (2)°I, Q=0%,07,1

(2)'Zu
2017 [165] (2)°IL, QO =07,1
2022 | [112] (2)'11,

5512 + 551/, atomic asymptote [41, 103, 134]. The produced molecules are
subsequently analyzed and characterized using spectroscopic methods. Two
of these techniques, photoassociation spectroscopy and resonance-enhanced
multiphoton ionization (REMPI), are described and discussed in the follow-
ing paragraphs. Both methods can be employed with either a cw laser system
or with a pulsed laser system.

4.2.1 Photoassociation

Photoassociation is a process in which two colliding atoms - such as rubid-
ium - absorb one or multiple photons, leading to the formation of an excited
molecular state.

Rb + Rb + vy — Rbj (v,]) (4.1)

Since ultracold atoms can be produced by laser cooling in atom traps, it has
been a common method to produce ultracold ground-state molecules. Due
to the low kinetic energy, photoassociation spectra are often simple because
only a few partial waves contribute. A good review on the subject of ultra-
cold photoassociation spectroscopy can be found in [72]. Here I will focus on
how to observe photoassociation in our experiments. Either the cw laser or
the pulsed dye at wavelength around 595 - 605 nm is used as a probe laser to
combine the free ultracold atoms into molecules. Once formed, the molecules
have a finite lifetime and can decay radiatively by emitting a photon. It is
possible for the molecule to decay into two atoms with a higher kinetic en-
ergy (shown in Fig. 4.1), but it is also possible to decay to a lower kinetic
energy or to a bound state. Regardless of which process takes place in detail,
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typically the particles can no longer be detected by absorption imaging.

Rbj (v/,]') = Rb, (v,]") + hvy (4.2)
Rb5 (v/,]') = Rb +Rb + hvs

}
\ M—_ s
- Ave 3

Edecay

v free atoms collide

o —eo e,

Internuclear distance

FIGURE 4.1: An illustration of the photoassociation process

(PA). Two potential energy curves are shown as a function of

internuclear distance. Free atoms can form a molecule when

exposed to a laser. Molecules in the excited state can then radia-

tively decay which is indicated with the dashed arrow down-

wards. Typically this results in loss of atoms in the optical
dipole trap.

4.2.2 Resonance enhanced multi-photon ionization (REMPI)

Resonance enhanced multi-photon ionization (REMPI) is an experimental
technique to state-selectively ionize molecules (or atoms). In the following,
REMPI is used in the context of molecules, although the principle can also
be applied to atoms. Tunable laser sources are used to bring either atoms or
molecules to an excited energy level with one or more photons in a first step.
The excited molecule can be ionized by absorption of further photons.

Rb + Rb + hvy — Rbj (V/,]') (4.3)
Rb; (V/,]/) +hvy,— szJr +e

or
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molecular ion
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. . intermediate level

free atoms

molecule

Internuclear distance

FIGURE 4.2: Illustration of a two-step resonance-enhanced
multiphoton ionization (REMPI). In a first step, the probe laser
either photoassociates unbound atoms or excites molecules into
an intermediate state. Subsequently, the intermediate molecule
is ionized into ionic molecular state by an ionization laser. In
our experiment, two identical photons are used for the two dif-
ferent steps, so a one-color two-photon REMPI is used.

Rb, + hvy; — Rb; (v/,]') (4.4)
Rb; (v/,]') + hv,— Rby ™ + e~

Compared to photoassociation spectroscopy, this method has the advantage
that potentially additional information about the rotational structure of the
excited molecules can be obtained. The produced ions are then detected with
an efficiency of almost 100% using a linear Paul trap to store the produced
ions and subsequently count them. In Ulm, currently, we count the number
of ions indirectly via elastic collisions with neutral atoms. Fig. 4.2 shows a
simplified illustration of the REMPI process. In our experiments, two iden-
tical photons are used for REMPIL The intermediate level is an electronic
molecular state that belongs to the 5s + 4d asymptote: (2)'%; or (2)°I1,
whose vibrational and rotational structure will be discussed in Sections 4.4.2
and 4.4.3. It is not entirely clear how the final ionization step works in our
experiments. Energetically, it is possible that there is a direct ionization to
the (1)1/24 level with a single photon (e.g. see [76]). Another less likely al-
ternative would be to go via a low-lying Rydberg state, which then proceeds
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via a third step (another photon, auto-ionization) to an ionic state. It is im-
portant to demonstrate the difference in the data between PA spectroscopy
and REMPI spectroscopy. This is shown in Fig. 4.3. Here, a REMPI spec-
trum is obtained by using the (2)'Z,/,v = 33 as an intermediate state with
the Paul trap turned on (blue data) for the isotope 8Rb. The photoassocia-
tion transition is identified by a photoassociation measurement (orange) at
a frequency of vy = 499754.027 GHz while the Paul trap is turned off. It can

-¢-Paul trap on
~¢-Paul trap off
5 1 igééﬁ 1 ) iﬁ@aﬂ%{%g%éﬁ%&ggéé 8855 ag»ggé LogelsEyT
Re) . i ‘.\ //' -\\ //
g / el
208 S 3 |/ il
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506 | ¥ .
° ‘t i | T
GN" L = =
5 04T . T
£ N 5
o I Il
Z02 L |
i N
1} I
O L L L \: L =
974.2 9744 974.6 974.8 975 975.2

Laser frequency v (GHz) - 500 THz

FIGURE 4.3: REMPI vs. PA spectroscopy using the interme-
diate state (2)!ZF (v = 33) for ¥Rb. The blue data shows
a REMPI spectrum. Bound-to-bound transitions become vis-
ible and the signal at the PA frequency becomes stronger by
using the REMPI technique. The most weakly-bound state
(v = —1,R = 0) is not visible due to its small binding energy of
24 MHz. It strongly overlaps with the photoassociation signal
in the REMPI recordings. The pure PA signal (orange) shows a
small peak at the resonance frequency of the photoassociation.

clearly be seen that the transitions between bound molecule from the three-
body recombination can only be detected by the REMPI technique combined
with the linear Paul trap to store the produced ions. It can also be seen that
the signal strength in terms of atom number loss is significantly higher in
the REMPI process than in pure PA spectroscopy. For the 5s + 4d poten-
tial in particular, the PA signals are weak and sometimes even undetectable.
The two measurements were taken under different conditions: the exposure
time for photoassociation was 900 ms, while the exposure time for REMPI
spectroscopy was 300 ms, which makes the difference in signal strength even
clearer. The REMPI method is used to assign the excited electronic state be-
cause the information of several bound-bound transitions is required. The
experimental techniques are similar for both isotopes and there are no signif-
icant differences in the observation from a technical point of view. For clear
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identification of the bound-to-bound transitions, selection rules are necessary
which are described in the following.

4.2.3 Selection rules for dipole transitions

Instead of a general treatment, I will explain the selection rules on the basis of
the situation in the experiment. These rules apply for bound-to-bound transi-
tions which are part of the REMPI and also for photoassociation. From basic
symmetry arguments, we know that a photon couples g states to u states and
vice versa. In our case for Rubidium (both isotopes) the hyperfine structure
leads to the fact that a collision in the 55+5S ground-state has no clear g/u
symmetry, so transitions to u/g are both allowed starting from asymptotic
ground state levels. In addition, there is no well-defined singlet or triplet
character, so both types of transitions are allowed. After the strict symmetry
selection rules (which apply to all Hund’s cases), the angular momentum se-
lection rules must be defined. For Hund’s case a) (which is used to describe
the excited molecules in our study here), the following transition rules apply:
AN =0,£1,AS =0, AX =0, AQ) = 0,+1 and A] = 0, =1 with exclusion of
transitions between | = J' = 0. The weakly bound molecules produced via
three-body recombination (TBR) can be described within Hund’s case (b). In
this scenario, R is a good quantum number, while | is not, due to hyperfine
interactions leading to mixing. To assess the excited states that the molecules
can be optically excited to, we refer to Table 4.2. This table illustrates how to
assign the states from Hund’s case (b) to () (Hund’s case (a)) based on the |
quantum number and parity. The table should be read from left to right for
various values of R = 0,2, 4. It is crucial to keep in mind that the parity of the
molecule remains unchanged when transforming between different Hund’s
cases. In Hund’s case b) the parity is given by (—1)® and therefore always
positive for even R. For Hund'’s case a), the parity for () = 0~ states is given
by (—1)/*1 and thus alternate with J. For Q = 1, there is always a state with
positive and negative parity for | > 1. Table 4.2 shows for a given rotational
quantum number R what () quantum number composition is possible for
the triplet (S = 1) case. Crossed out elements are not possible due to different
parity (e.g. (2 = 07, ] =2 has negative parity).

Using the selection rules above, it is possible to identify the excited molec-
ular states that are produced by photoassociation or bound-to-bound transi-
tions. The expected transitions for photoassociation are relatively straightfor-
ward because we can assume that R = 0 applies in the case of two unbound
atoms. Consequently, the | quantum numbers for the system corresponding
to the 55 + 5S asymptote are limited to | = 0 (singlet) and | = 1 (triplet, see
Tab. 4.2). The selection rule A] = 0, 1 must then be applied to determine the
quantum number ]’ of the excited state. For the transitions between bound
molecules, considerably more transitions are expected because the molecu-
lar states of the Xlz(;f — a’%} manifold must be taken into account. The
binding energy for the respective states is given in Table 4.4 for both rubid-
ium isotopes with the R quantum number according to Hund’s case b) and
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TABLE 4.2: Assignment of molecular states Hund’s case a)
starting from Hund’s case b) basis. The parity depends on ]
for O = 0~ states and alternates (—1)/*!. We know that the
molecules produced by TBR have positive parity which already
limits the allowed ] states for (2 = 0~ and thus, only even R are
shown in the table. For example, the ] = 3 state consists of a
superposition of 3 = 0~ and () = 1, whereas the ] = 4 state
contains only the () = 1 component.

Hund'’s case b) Hund'’s case a)
for X-states, N = R QO=0" O=1
R | parity (—1)% | J =R, R+1 | parity (—1)/*! | both possible
forS=1
0 +1 1 +1 +1
2 1 +1 +1
2 +1 2 A +1
2 3 +1 +1
4 3 +1 +1
4 +1 4 A +1
4 5 +1 +1

TABLE 4.3: Electronic states connected to the 5s + 4d asymp-

tote that can be produced by photoassociation of an ultracold

rubidium gas starting from the asymptotic ground state 5s + 5s.

Q) and |’ are the corresponding quantum numbers for the ex-
cited molecules according to Hund’s case a).

Q |y
)z ot |1
(2)°IL, | 0T |1

0~ |02

1 |12

2 |2
(2)°Z; [0~ |02

1 |12
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the vibrational quantum number v. An important note: the description pre-
sented here is highly simplified, as it neglects the hyperfine interaction. In

most cases, this simplification is not generally feasible.

TABLE 4.4: Binding energies of weakly bound molecules of
the molecular complex X'2f — a*%} which correlates to the
5s + 5s asymptote at zero magnetic field and have the largest
multichannel component with the hyperfine quantum numbers
fa=fy=2F=4mp=-4for®Rband f, = f, = 1, F =2,
mp = —2 for 8Rb. Binding energies up to about 3 GHz are typ-
ically sufficient for our spectroscopy and analysis. Note that
the vibrational quantum number v is counted from the most
weakly bound state v = -1 downwards.

v |R| E,(GHz)

85Rb 87Rb
120144 -
1100221 | 0.024
2160621 -
2| 41136 | 0.291
2| 21478 | 0529
210 |1.682] 0636
3|6 |3825 | 1711
3|4 |4617 | 2301
3| 25130 | 2.717
3]0 | 5352 | 2.89
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4.3 Pulsed spectroscopy

In our initial study, we conducted a spectroscopic investigation of the 16400
- 16800 cm ™! region using the pulsed dye laser system Credo. The details of
the laser system and its frequency tuning methods are described in Chapter
2.4. Given the system’s linewidth of approximately 1.8 GHz, we did not ex-
pect to resolve the rotational structure of the excited molecular levels since
we can only address low rotational quantum numbers |’ in our experiment.
However, we were able to scan over 13 THz for each rubidium isotope in
a relatively short time, providing preliminary insights into the vibrational
structure of the excited molecular complex associated with the 5s + 4d asymp-
tote. We compare the recordings with previous recordings by M. Ascoli [4]
in Section 4.3.2 and discuss and compare selected structures more carefully
with additional high-resolution cw recordings.

4.3.1 Pulsed spectroscopic recordings

In the following section, we present and discuss the pulsed recordings for
both isotopes. The measurements for Rb are particularly interesting be-
cause most previous experimental data have been obtained with the isotope
8Rb [4, 66]. The experimental parameters were as follows: 5000 pulses (10 ns
pulse duration) over 500 ms (10 kHz repetition rate) with an average power
of 100 - 200 mW. The recorded spectra are shown in Figs. 4.4 and 4.5. The
experiments were conducted with turned-on linear Paul trap. The spectrum
reveals not only the molecular transitions, which are our primary interest,
but also excitations corresponding to atomic Rydberg states with high prin-
cipal quantum number 7n. The black dashed lines in the spectrum were cal-
culated using the Alkali-Rydberg calculator [131]. Additionally, based on the
analysis of the cw recordings in following Chapter 4.4, including the analysis
of the rotational structure, the positions for (2)'ZF (red) and (2)3Hg (green)
have been labeled. Signals which could not be assigned were labeled with
magenta arrows and we discuss some of these structures in the Appendix
B.1.1. The measurements for 8Rb were performed in a similar way than the
measurements for ¥Rb. One remarkable difference of the recorded spectra is
the signal-to-noise ratio. For the measurements in 85Rb, the noise level was
about 5 times larger than for the case of 8 Rb. This might be connected to the
larger scattering length and a larger three-body recombination loss rate.

The pulsed measurements significantly simplified the subsequent cw mea-
surements by allowing us to narrow down the regions where relevant molec-
ular transitions were expected.
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FIGURE 4.5: The spectrum for Rb was recorded in the range of 16450 - 16780 cm ! using the pulsed dye laser system.
The spectrum shows both molecular and atomic transitions, the latter of which correspond closely to Rydberg states.
The annotated lines indicate the principal quantum number n along with the orbital quantum number 1, such as 15S.
According to the selection rules, this is a two-photon dipole transition, allowing transitions to S or D states since the
atoms were initially prepared in the ground-state with I = 0 (S). Molecular excitations are labeled (2)’IT, Q = 1,0 in
green color and (2)!Z; are labeled in red color. Due to overlap of signals, the labels were shifted to the top or bottom
to ensure most readability. Unassigned line were marked in magenta and labeled with numbers. These signals will be
further discussed in Section B.1.1.
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4.3.2 Comparison with another spectroscopic study

In this section, we compare the observations and assignments for ®Rb from
M. Ascoli’s work (see Appendix of [4]) with the assignments we made in Ulm
using high-resolution spectroscopy (see Sections 4.4.2 and 4.4.3). For better
visibility, the full spectrum has been divided into four sections, shown in
Figures 4.6 to 4.9. These figures display the pulsed dataset from Ulm with the
measured Rydberg lines (labels at the top) and Ascoli’s assignments (labels
also at the top in black). The labels for the assignments we made in Ulm,
confirmed by rotationally resolved spectroscopy, are shown at the bottom
of the spectra. Ascoli’s dataset includes an assignment of the (2)!Z;} state,
along with the vibrational quantum number assignment. However, for the
(2)3Hg state, Ascoli provides no assignments to the QO = 01,07, 1 states,
instead grouping the data into A, B, and C series. In the following, I list
notable findings from the comparison of the two datasets:

¢ astriking observation is that in the Ulm dataset, no transitions could be
identified between 16450 and 16530 cm ! using high-resolution spec-
troscopy. However, in the pulsed dataset, there are weak coincidences
with Ascoli’s observations in this range, though they are comparable
to the background noise of the spectrum. We could not observe and
identify any molecular states there which could be a consequence of
the Franck-Condon principle. Our cw spectroscopy could be simply
not efficient enough for the excitation of molecules in this region.

* while there are many spectroscopic matches, there are also cases where
the Ulm assignments contradict Ascoli’s original assignments. For ex-
ample, the transitions at 16574 cm~! and 16702 ecm~!, which Ascoli
identified as belonging to the (2)°I1, state (B series), were clearly iden-
tified in Ulm as (2)'Z;}.

¢ from the comparison with the Ulm results, we can assign the A series
to the () = 1 state and the B series to the () = 07 state. The C series re-
mains unclear. If it corresponds to the () = 0~ state, these lines should
always appear near the B series, as the typical splitting is expected to
be approximately between 0.2 and 1.2 cm~!. Theoretically, it would be
possible that the recorded C series from Ascoli belongs to (2 = 2, but
we could not confirm this hypothesis since we did not find any () = 2
levels in our recordings so far.

Some of the conclusions drawn here are based on the explanations and as-
signments from subsequent sections. However, since our dataset shown
above and Ascoli’s observations come from REMPI spectroscopy with pulsed
laser systems, we have made the comparison here. The process of identify-
ing individual states using high-resolution cw spectroscopy is explained in
Section 4.4.
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FIGURE 4.6: Pulsed dataset comparison with Ascoli’s observations (1). Black dashed vertical lines are assignments

by Ascoli, see [4] Appendix. Green or red vertical lines are assignments based on cw spectroscopy. In this particular

energy range, we could barely identify molecular transitions in Ulm which could be connected to a small Franck-

Condon overlap. Ascoli, however, still observed many transitions of his A, B, C series which could be a consequence
of his different preparation sequence for creating molecules in the 5s + 5s asymptote.
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FIGURE 4.8: Pulsed dataset comparison with Ascoli’s observations (3). Black dashed vertical lines are assignments by
Ascoli, see Appendix of [4]. In our experiments in Ulm, we were not able to observe any of this recordings belonging
to the C series.
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4.4 Continuous-wave (cw) spectroscopy

The following section presents spectroscopic recordings for the isotopes %>Rb
and 8 Rb within the range of 16450 to 16800 cm L, Primarily, we used the
REMPI method in combination with our Paul trap for detection of the molec-
ular states. For a more detailed description of the method, see Section 4.2.2.
The dye laser Matisse was used for the spectroscopy, see Section 2.4.2. The
analysis of the measurement data is divided into two subsections, each in-
dependently examining the states from (2)'=F and (2)3Hg. For an overview
of the potential energy curves of the investigated molecular states, see Fig.
4.10. Detected signals which could not be assigned so far, are discussed in
the Appendix B.1.1.

2 x10*
55 1/2+4D3/2
19 -
S
L
=18
)
a
c
i
1.7 ¢
8 K A investigated
NS \ region
1.6 1 1 1 1 1

0 5 10 15 20 25 30
Internuclear distance (in Bohr radii a)

FIGURE 4.10: Potential energy curves of (2)'Z} and (2)°I1,
[95]. The region we investigated with the high-resolution spec-
troscopy is from 16450 to 16800 cm .

4.4.1 Identification by using the rotational structure

The following chapter describes the rotational structure of the excited states
(2)'Z.}, (2)°T1; and (2)°%,. Already from the ab initio potentials (see Fig.
3.1) it can be estimated that the rotational constant differs for each of the
electronic molecular states. In the following, I calculate the rotational con-
stant B, for each vibrational level v by solving the Schrédinger Equation us-
ing Lozeille’s ab initio potentials including a term for rotational energy. The
calculation shows that the values of the rotational constants for the different
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states differ significantly, see Fig. 4.11. The energies for the rotational struc-
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FIGURE 4.11: Rotational constants derived from ab initio po-

tentials [95]. The calculations cover the vibrational quantum

numbers we could spectroscopically adress with our laser sys-

tems. For each state of our interest, the rotational constant is

significantly different which allows a clear spectroscopic as-
signment of the rotational structure.

ture of the excited states can be calculated according to Hund'’s coupling case
a) using the rotational constant B,. The energy splitting between two rota-
tional states with J; and J, is then given by AE = B, (J1(J1 + 1) — (2 + 1)).
Examples of the expected molecular structures are shown in the diagrams be-
low for the different molecular states, see Fig. 4.12 and Fig. 4.14. In our work,
we typically compare the measured recordings with the predicted structures
and extract a rotational constant B, from the experimental observation.

Rotational structure of (2)'%,

By taking into account the selection rules, it is possible to determine which
rotational states can be accessed by photoassociation and which molecules
can be converted into electronically excited rotational states. For a given vi-
brational quantum number v of the excited state, the recordings begin with
the photoassociation line, whose position is used as the reference frequency
vg. For the case ®Rb (2)'Z; the photoassociation leads to the excited rota-
tional state ] = 1, see Fig. 4.13. If the spectroscopy laser is tuned to higher
frequencies, the most weakly-bound molecular state (v = —1, R = 2) of the
molecular complex X'2f — a2 can be excited to the state ' = 1 at a rela-
tive frequency of 0.144 GHz. The transition (v = —2,R = 0) to ]’ = 1 appears
at 0.221 GHz. More bound-to-bound transitions to ]’ = 1 appear until about
3 GHz when also transition to the higher rotational state ]’ = 3 become pos-
sible. As there is no PA to | = 3, this spectrum then starts with the transition
(v=-2,R=2) =] =3atv—1vy = 0144 GHz + 10B, = 3.044 GHz. The state
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(v = —2,R = 0) cannot be excited due to selection rules and therefore no
longer appears as soon as |’ > 1 is used as an intermediate state.

10B ~29GHz
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FIGURE 4.12: Estimated frequency spectrum for transitions to
the excited molecular state (2)'Z (3°Rb) by REMPI. The struc-
ture starts with the photoassociation to ]" = 1 of unbound atoms
at a laser frequency of vy and is followed by bound-to-bound
transitions. Higher rotational states can be excited at relative
frequencies of ~ 3 GHz. This means for identification, typically
measuring a frequency range of 5 GHz is sufficient.
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FIGURE 4.13: Illustration of the potential energy curves and
the allowed molecular transitions to the (2)'Z,} state (here for
8Rb). The binding energies of the states for different v and R
are given in Table 4.4 and are depicted in the lower right box
of the diagram. The excited molecules are characterized by |,
the positions for different J” are shown in the upper right box.
Solid vertical arrows indicate allowed bound-to-bound transi-
tions, while the dashed arrow represents the photoassociation.
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Rotational structure of (2)°I1,

Similar to the explanations for (2)'XF, the structure for the states of (2)°I1,
can also be estimated. (2)3Hg occurs in different states Q) = 07,07, 1,2 which
have approximately the same rotational constant B, for the same vibrational
quantum number v. The difference is which quantum numbers ]’ are pos-
sible for the different () states. This is already indicated in Table 4.3 for the
photoassociation and is shown graphically in Fig. 4.14 including bound-to-
bound transitions. It is possible to distinguish between different () states
once several transitions to different ]’ states are measured. For Q) = 07 or
Q) = 1 the lowest rotational level belongs to ]/ = 1 but QO = 1 addition-
ally exhibits a second PA signal for ]’ = 2. The energetic difference between
J'=1and J' = 2is4B,. The case () = 0~ has ]/ = 0 as the lowest rotational
level and shows a second PA line for ]’ = 2 at a energetic difference of about
6B, relative to |/ = 0. The electronic state () = 2 has |/ = 2 as the lowest
rotational level and no further PA transition.
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FIGURE 4.14: Visualisation of the expected spectroscopic struc-
tures for the (2)°I1, states calculated for ®Rb. Due to the spin-
orbit coupling, several () = 0%,07,1,2 states are expected, all
of which differ in their rotational structure. The splittings be-
tween different ]” shown here were calculated using a rotational
constant B, = 390 MHz. In the later analysis, this is a fit vari-
able given by the experimentally determined positions. Char-
acteristic splittings are shown for the respective () states (black
vertical arrows). Different rotational states ]’ of the excited
molecules are indicated by colors (red, blue, purple) whereas
the line style (solid, dashed, dashed dotted) indicates the rota-
tional state R of the molecule initially formed by TBR.
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4.4.2 Recordings and results of (2)'X"

Recordings and analysis

Our high-resolution cw recordings cover vibrational states from v = 25 to
40 for ®°Rb and v = 29 to 37 for Rb and including up to 3 rotational levels
J' for each vibrational quantum number. We show a comparison of = r
using the vibrational states v = 32,33,34 , see Fig. 4.5. The recordings are all
very similar and the assignment of the transitions allows a determination of
the rotational constant B, of about 283 + 10 MHz for 8’Rb. The relative ex-
perimental frequency uncertainty is about 10 MHz and is mainly due to the
performance of the frequency stabilisation and additional power broaden-
ing. A frequency range of at least 4 GHz was measured for each vibrational
state. To assign a rotational constant, it is necessary to detect at least two ro-
tational states with different values of J". Typically, we choose the two lowest
rotational states for determining the rotational constant. It is also possible
to measure even higher rotational states (e.g. J' = 5, 7), but the splitting of
the states becomes increasingly larger, making the measurements more time-
consuming. All signals in the recorded data set which could be assigned
through rotational analysis are summarized in Table 4.5. The vibrational
quantum numbers given in Table 4.5 are not experimentally assigned. In-
stead, the assignment is done by comparison with theoretical analysis.
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TABLE 4.5: Recorded transitions to (2)!ZF for Rb and #Rb.
Shown are the level energies in units of cm~! for different ro-
tational states J” with respect to the 5s+5s asymptote. We ex-
tract the rotational constant from the energy difference. Here,
the rotational constant is B, = 0.283 + 0.010 GHz for 8 Rb and
B, = 0.288 + 0.010 GHz for ®Rb. The assignment of the vi-
brational quantum numbers v are according to the coupled-
channel model and not experimentally confirmed.

14

J=1

J =3

J =5

29
30
32
33
34
35
36
37

16619.0350
16631.6718
16657.3959
16670.4599
16683.6551
16696.9729
16710.4229
16723.9776

87Rb
16619.1297
16631.7658
16657.4900
16670.5503
16683.7495
16697.0643
16710.5180
16724.0713

16619.3002
16657.6600
16670.7244
16683.9195
16697.2354
16710.6871

25
26
27
29
30
31
32
33
34
35
40

16573.4262
16585.8391
16598.1447
16623.3998
16636.2077
16649.2624
16662.3578
16675.5655
16689.0422
16702.5622
16771.8034

85Rb
16573.5223
16585.9352
16598.2408
16623.4959
16636.3038
16649.3585
16662.4539
16689.1386
16702.6589
16771.8994
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FIGURE 4.15: Spectroscopic recordings using REMPIL. The vi-
brational states v = 32,33,34 of (2)1Z;f for %’Rb were used as
intermediate state. The reference frequencies are as follows:
vp(v = 34) = 500.163397(10) THz, vp(v = 33) = 499.767815(10)
THz and vy(v = 32) = 499.376166(10) THz. The assigned tran-
sitions have the same relative frequency positions within our
measurement uncertainty and the experiments were executed
under similar conditions. The signal strength for v = 34 and
its photoassociation deviates slightly from the other two vi-
brational states which could already show the impact of the
Franck-Condon principle.
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Results and comparison with other studies

The spectroscopic measurements for the (2)!Z." state conducted in Ulm in-
clude more than 60 molecular transitions, which could be assigned through
rotational analysis. The relative spectroscopic accuracy of these measure-
ments is 10 MHz (~ 3.3 - 10~*cm™1), while the absolute accuracy is around
100MHz (=~ 3.3-1073cm™!). In recent years, several research groups have
worked on the electronic states near the 5s + 4d asymptote [4, 50, 66, 112],
see Section 4.1.

In the following, we compare our spectroscopic results with those from the
Stwalley group [4, 66], specifically the more recent work from M. Ascoli [4]. A
key difference between their measurements and ours lies in the laser sources
used and Ascoli’s preparation of the molecular samples. While we use a
cw laser for detection, their previous work employed pulsed lasers, which
exhibit typically a significantly bigger linewidth (they specify it as approx-
imately 0.1 - 0.2cm™~'). Additionally, they prepare various molecular states
associated to the 5s + 5s asymptotic level by photoassociation to a molecular
level of the 5s + 5p asymptote which subsequently decay back to molecu-
lar levels of the 5s + 5s asymptote. The resulting molecules are then ionized
using a REMPI scheme. Their studies also included an analysis of the vibra-
tional progression and assignment of vibrational quantum numbers by com-
parison with ab initio calculations from [111]. The data from Huang [66] and
Ascoli [4] show good agreement with each other within their measurement
uncertainties. In Fig. 4.16 on the right, we directly compare our recordings
with the results from Ascoli. In the spectroscopic regions where the data sets
overlap, both data sets and also the analysis of the vibrational spacing show
good agreement. The spacing of vibrational levels increases with higher vi-
brational quantum numbers and the progression is well described by a linear
function. Irregularities in the smooth trend could indicate possible interac-
tions to other electronic molecular states or issues with the measurement and
identification. For example, the energy difference between Av = 27 - 26 in our
recordings deviates from the linear trend, suggesting that this should be re-
visited for further interpretation in the future. Unfortunately, there is a gap
in our data set where no signal could be detected, while the Ascoli data set
reveals a significant irregularity. Ascoli’s and also Huang’s work suggest
that this irregularity could be caused by spin-orbit interaction to the elec-
tronic molecular state (2)*I1,, see Fig. 3.2. However, a deeper analysis, such
as calculating updated potential energy curves, was not carried out in these
studies.

Another indirect investigation was recently carried out and published in
a study by A. Pashov [112]. In Pashov’s work transitions between Xlzg

and (2)T1, are observed in a polarisation labelling spectroscopy experiment.
Through their experiments, they were able to indirectly generate a poten-
tial energy curve for (2)'X.} and fit it to their experimental observations of
(2)T1,. By comparison with predictions from previous work [1], they con-
cluded that the state (2)'11, is strongly perturbed by the surrounding states
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FIGURE 4.16: Results of the measured vibrational states of the
(2)'% state for Rb and ®Rb for J' = 1. On the upper left
side, the energy levels from Table 4.5 for Rb are presented
(green), and on the right side, the corresponding data for ®°Rb
are shown (blue) with respect to the 5s+5s asymptote. Examin-
ing the energy differences E (v;) — E (v; — 1) between adjacent
vibrational states (bottom plots) reveals that the vibrational
spacing increases with higher vibrational states. Any irregu-
larities in this representation could indicate possible couplings
to other electronic molecular states. For the case of 8°Rb, we
compare our data with data from [4] and discuss it further in
Section 4.4.2.

(2)1Z}, (2)%M1, and (3)3%Z). The rotational levels for the e symmetry of
(2)M1, interact with the (2)'%," by rotational coupling (see Fig. 3.2). For un-
known reasons, they could not observe any transitions to (2)!Z. although in
principle it should be allowed in their spectroscopy. Nevertheless, the theo-
retical analysis provides indirectly a refined potential energy curve of (2)!,F
(see [112] Supplementary material) which is used in Fig. 4.17 as a comparison
to the results of the experiments and preliminary analysis from Ulm. How-
ever, Pashov’s result for the PEC of (2)'Z;; was not unambiguous, as it was
still possible to describe their observations of (2)'I1,, sufficiently well with a
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different PEC of the (2)!X, state. But now, it might be possible to calculate
a refined potential energy curve based on our current measurements com-
bined with the previously published data sets. The measured energy range
from Ulm covers the range 16400 - 16800 cm~! which energetically has only
a small overlap with (2)'IT, so only minor pertubations are expected to a
first approximation. In Fig. 4.17, we compare two different analyses: Solid
lines represent the PEC by the analysis of A. Pashov whereas the dashed lines
show refined potentials obtained by taking the new Ulm data into account.
The calculations and theoretical analysis has been done by Prof. E. Tiemann
from the University of Hannover and is still ongoing. The addition of our
new data has already had a visible effect on the potential energy curves of
(2)1Z}. The potential well seems to shift towards larger internuclear dis-
tances. In the future, it is planned to further use the dataset from Pashov’s
work together with the new data from Ulm in a complete coupled channel
model of all ungerade states correlating to the asymptote 5s+4d.
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internucelar distance R (A)

FIGURE 4.17: Overview of the potential energy curves corre-
sponding to (2)'%;" and the states with relevant coupling to it
(current status). The solid lines represent the potential energy
curves according to A. Pashov’s analysis [112]. The dashed
lines are updated PEC including Ulm data. The green dashed
line is the (2)'Z; state which already changed significantly
from the previous result (magenta). Vertical arrows indicate the
regions which were experimentally investigated.
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4.4.3 Recordings and results for (2)°I1,

Recordings and analysis

The following section provides a presentation of the recorded spectra and
the analysis of the (2)°I; system. It contains several electronic molecular
states with () = 0,1. Here, electronic states with different () exhibit a dif-
ferent rotational structure as described in Section 4.4.1 and illustrated in Fig.
4.14. Currently, the Ulm data set contains transitions to the (2 = O;, Oéj and
1, states for the isotopes ®Rb and %Rb including several vibrational and
rotational levels. Figures 4.18, 4.19 and 4.20 show the recorded spectra, in-
cluding assignments of the signals for the vibrational quantum number (v =
9 for (2)31—Iog+, v =13 for (2)31—Iog7 and v =9 for (2)3H1g). In general, the spec-
tra reveal that the observed lines are approximately three times broader at
the same laser power compared to the (2)!Z; state. This broadening causes
partial overlap of the lines, making a clear separation challenging. This effect
is particularly pronounced for () = 1, where the rotational structure is less
spread out than for QO = 0 or (3 = 0~. The analysis for other vibrational
states was performed similarly, the whole recorded data set is summarized in
Tables 4.6 and 4.7 for the respective isotopes. The splitting between Q) = 0
and () = 0~ typically ranges between 10 and 30 GHz which makes a search
quite easy but it was not possible to find all corresponding pairs belonging
to the same vibrational quantum number (e.g. v = 7 or v = 11 for Rb) as
in these cases no measurable signal could be detected. Experimentally, we
attempted to measure complete vibrational ladders without gaps.
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FIGURE 4.18: Recorded spectrum for (2)3H0g+, v =13 for ¥Rb.

Each data point is a single measurement. We use the position of

the photoassociation line vy = 501.528916(10) GHz as reference

frequency. The frequency positions for the assigned transitions

are marked vertically in red. From the distance between (v = -2,

R=2,J=1andv=-2,R=2,] =3 arotational constant of B, =
0.383 GHz can be extracted.
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FIGURE 4.19: Recorded spectrum for (2)3H0g,, v =13 for Rb.
Each data point is a single measurement. We use the position of
the photoassociation line vy = 501.553175(10) GHz as reference
frequency. The frequency positions for the assigned transitions
are marked vertically in red. From the distance between (v =-1,
R=0,]’=0and v =-1,R=0,] =2 arotational constant of B, =
0.381 GHz can be extracted. Higher transitions (>=]" = 6) were
not recorded and ]’ = 4 is not shown here for visibility. Please
note that in this region, additional (not labeled) signals appear
because of an overlap with (2)*T1gg;, v = 13.
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FIGURE 4.20: Recorded spectrum for (2)3H1g, v = 12 for ¥Rb.
Each data point is a single measurement. We use the position
of the photoassociation line vy = 502.264816(10) GHz as a refer-
ence frequency. The positions for the assigned transitions are
marked vertically in red. From the distance between (v =-1, R
=0,]’=1and v =-1,R=0, ] =2) a rotational constant of B, =
0.381 GHz can be extracted. Higher transitions (>=]" = 4) were
not recorded
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TABLE 4.6: (2)°IL, measurements of ®Rb for Q = 0%,07,1.
Shown are the level energies in units of cm™! for different ro-
tational states J” with respect to the 5s+5s asymptote. We ex-

tract the rotational constant from the energy difference B, =
0.385 4+ 0.010 GHz.

1%

10
11
12
13

=1
16605.7615
16638.2297
16670.0250
16702.0712
16734.4175

Q=0"

] =3
16605.8909
16638.3597
16670.1547

16734.5466

J =5

16638.5950

16734.7792

J’=0
16606.2703
16638.6710
16670.9540

Q=0

=2
16606.3479
16638.7495
16671.0310

=4
16606.5295
16638.9305
16671.2133

—
NI &, IS

I =1
16531.7066
16564.4394
16661.8266
16726.1492
16758.1925

O=1

J =2
16531.7573
16564.4908
16661.8773
16726.1999
16758.2444

=3
16531.8337
16564.5648
16661.9541
16726.2789
16758.3216

J =4

16662.0587
16726.3833
16758.4244
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TABLE 4.7: (2)3Hg measurements of ¥Rb for QO = 0F,07, 1.
Shown are the level energies in units of cm~! for different ro-
tational states J” with respect to the 5s+5s asymptote. We ex-
tract the rotational constant from the energy difference B, =

0.383 + 0.010 GHz.
Q=0F

v =1 J'=3 J'=5

9  16602.1520  16602.2770 -

10 16634.0984 16634.2252  16634.4563

11 16665.7810  16665.9064 -

12 16697.5587  16697.6848 -

13 16729.20390 16729.3310 16729.55910
Q=0

v J =0 J'=2 ] =4

7 16538.58070 16538.65580 -

9 16602.83310 16602.9095 16603.09803

10 16634.81660 16634.89230 16635.07040

12 16698.21980 16698.29520 -

13 16730.01310 16730.08820 16730.26620
Q=1

v =1 J'=2 J =3

5 16529.81260 16529.86330 -

6 16561.96790 16562.01860 -

8 1662632230 16626.37230 16626.44870

11 16721.90550 16721.95690 16722.0319

12 16753.75090 16753.80230 16753.8780
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Results and comparison with other studies

Table 4.6 and 4.7 shows all measured transitions that can be assigned via the
analysis of the rotational structure. Both isotopes 8Rb and 8’Rb are included,
a total of over 20 vibrational transitions were measured and successfully as-
signed with an absolute spectroscopic accuracy of less than 100 MHz.
Previous studies on the analysis of the (2)°IL, system have been published
[4, 50, 165] (experiments), along with a theoretical study [114] performing ab
initio calculations. For a brief overview of previous experimental work, see
Section 4.1. The work of M. Ascoli which we discussed for the (2)!%} states
in Section 4.4.2 also includes recordings of the (2)°I1, system. And there as
well, the assignment of the vibrational quantum numbers was based on com-
parisons with their measured vibrational ladders and ab initio calculations.
A possible uncertainty with this approach is that the assignment of the ab-
solute vibrational quantum number is not unambiguous and additionally,
the electronic states ) = 07,07, 1 were not directly identified, unlike in our
study, where the rotational structure was resolved and therefore allowed a
clear identification of the electronic state. As already mentioned in Section
4.3.2, it seems that in the assignment of Ascoli et. al, signals of (2)!Z} were
assigned to the B series which would belong to the (2)°I1, system.

In another study by Yang et al. [165] cw lasers were used and also transitions
to different rotational states for () = 1 were observed but the assignment of
vibrational quantum numbers is not clearly explained. As a main result of
their study, they reported an average energy splitting between Q) = 07 and
Q) = 1 of 83cm ™! which corresponds to the spin-orbit splitting. Figure 4.21
provides a brief explanation of the spin-orbit splitting in the (2)°I1, system.
Ab initio calculations [114] estimate the spin-orbit coupling to be about 30 -
40 cm ™!, strongly depending on the internuclear distance.

In principle, we can extract the spin-orbit splitting from our dataset as well
because we have recordings from all ()-states. One essential point is the iden-
tification of the absolute vibrational quantum numbers of our recorded tran-
sitions. For the state QO = 07, the work of [50] provided absolute vibrational
quantum numbers. So the only remaining question is the identification of the
vibrational quantum numbers of the () = 1 states. We analyzed our data fur-
ther and we use the fact that our dataset contains both isotopes of rubidium.
More specifically, we investigated the isotope shift between the two rubid-
ium isotopes. Due to the different masses of ®*Rb and 8’Rb, we expect the
transitions to molecular states with identical vibrational quantum number to
be slightly shifted relative to each other. The isotope shift itself depends on
the absolute vibrational quantum number and increases with the vibrational
quantum number for the (2)°I1, system. In our spectroscopic observation
range, an isotope shift between 2 and 5 cm~! is expected. In Fig. 4.22, we
compare the isotope shift of the O = 0% with that of the ) = 1, considering
two possible scenarios: one where the assignment of vibrational quantum
numbers corresponds to the spin-orbit splitting of ~ 83cm ™! (red) reported
by Yang et. al, and another where it corresponds to a spin-orbit coupling of
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FIGURE 4.21: Illustration of the spin-orbit splitting between

Q =01 and Q = 1 for ¥Rb. On the right, we show the vibra-

tional states v = 11,12 for Q) = 0" and Q = 1. The vibrational

spacing is approximately 31.8 cm~! in this case. The splitting

between states with the same vibrational quantum number v

but different () is about 55 cm ™! here and corresponds to the
spin-orbit splitting.

~ 55cm ™. To determine which spin-orbit splitting and vibrational quantum
number assignment of () = 1 is correct, we assume that the isotope shift for
Q = 0" and O = 1 should be approximately equal assuming that the R-
dependence of spin-orbit coupling is not significant in this studied range for
the same vibrational quantum number. In Fig. 4.22, the orange curve (repre-
senting Q) = 1 with 55cm ™! spin-orbit coupling) aligns much better with the
isotope shift of () = 07. This strongly suggests that the value for spin-orbit
splitting is around 55 + 10 cm~!. Our experimental frequency uncertainty is
small enough to clearly distinguish the two cases. Unfortunately, we have
not yet been able to observe any transitions to () = 2, which would be addi-
tionally helpful for the analysis of spin-orbit coupling and would make the
analysis statistically more reliable.
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FIGURE 4.22: Tsotope shift for Q = 0 (blue) where the vibra-
tional quantum number is known from [50] and isotope shifts
for () = 1, (orange, red) where we test two different scenarios
(which belong to two cases of spin-orbit interaction). The red
vibrational assignment (spin-orbit splitting of 55 cm ™) fits bet-
ter to the blue data than the red ( spin-orbit splitting of 83 cm ™!
according to [165]) which makes a vibrational quantum num-
ber assignment for () = 1, possible. The vibrational quantum
numbers for the () = 1, given in Tab. 4.7 and 4.6 were assigned
accordingly.
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4.5 Summary and outlook

In Ulm, precise measurements of the excited electronic molecular states (2)° I,
Q =07%,07,1and (2)'%; associated with the 5s + 4 d asymptote, were car-
ried out. More than 100 molecular states were successfully assigned in their
respective quantum numbers. While the experimental work has been com-
pleted, further analysis of the observations, particularly through coupled-
channel model calculations, is currently ongoing.

Our recordings for (2)'%," show good agreement with previously reported
studies [4] with improved spectroscopic precision by almost two orders of
magnitude. A preliminary potential energy curve for the electronic state
(2)1Zj is shown in Fig. 4.17, already indicating significant deviations from
previous calculations. Similarly, for the electronic states (2)3Hg, Q=0"%0,1,
we could experimentally extract a value for the spin-orbit splitting of about
55cm ™. Once the theoretical analysis is finalized, both results will be pub-
lished. Our spectroscopic measurements and analysis for the molecular tran-
sitions are key to gain a better understanding of the investigated excited
molecular states. New calculations for potential energy curves will allow for
more accurate predictions of molecular transitions in frequency position and
also in terms of transition probabilities. This knowledge is expected to be
useful in future three-body recombination experiments to optimize REMPI
detection pathways.
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Chapter 5

Spin-conservation propensity rule
for three-body recombination of
ultracold Rb atoms

The observations and analysis presented in the following chapter reveal an
important principle in ultracold three-body recombination (TBR): the spin
conservation propensity rule. This rule dictates that TBR preferentially pro-
duces molecules with the same spin character as the reacting atom pair. It
enables control over ultracold reactions by allowing manipulation of reactant
or product spin states. This principle motivates the experiments in Chapters
6 and 7 and serves as their theoretical foundation. In turn, the corresponding
experiments validate the spin conservation propensity rule and broaden its
scope and applicability.

In the following Chapter 5, we analyze mainly the observations about the
conservation of the hyperfine spin in the reaction and discuss the physical
origin. In Chapters 6 and 7, we apply this concept in two distinct approaches
to influence chemical reactions in three-body recombination:

Product Channel manipulation using an avoided energy level
crossing

In this approach, we aim to manipulate the outgoing product channels of the
reaction by utilizing an avoided energy level crossing in the 8Rb isotope.
This involves coupling of two specific molecular states that exhibit barely
any mixing at low magnetic fields. This results in the fact, that the molecular
state which initially has a different spin character than the incoming chan-
nel is rarely produced. By applying an external magnetic field, however, the
superposition of these states changes, allowing more of the incoming chan-
nel’s spin character to mix in. We observed that this adjustment leads to
a higher rate of molecule formation via three-body recombination for that
initially rarely product molecular state. This scheme therefore enables the
tuning of production rates of two specific molecular levels by using external
magnetic fields.
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Mixing of the incoming channel by using a magnetic feshbach
resonance

In this method, the incoming channels are mixed through a magnetic Fes-
hbach resonance, allowing the formation and detection of entire families of
product molecules. In contrast to the approach above, this technique pro-
duces a significantly broader population distribution of molecules by mixing
the incoming channel rather than focusing on just two specific product states.

The spin-conservation propensity rule provided critical insights for subse-
quent controlled chemistry experiments, laying the foundation for a further
series of experiments in which various control mechanisms can be combined.
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The content of this chapter is published in Ref. [57]. The experimental part of
this work was conducted in the BaRbIE lab under the supervision of postdoc-
toral researcher Shinsuke Haze. My contribution to this publication involved
supporting lab work and assisting in the execution of the experiments.

Shinsuke Haze, José P. D'Incao, Dominik Dorer, Paul S. Julienne, Eberhard
Tiemann, Markus Deifs and Johannes Hecker Denschlag

"Spin-conservation propensity rule for three-body recombination of
ultracold Rb atoms", Phys. Rev. Lett. 128, 133401 (2022).
DOI: 10.1103/PhysRevLett.128.133401
Reprinted with permission from American Physical Society
Copyright © 2022 by American Physical Society

5.1 Abstract

We explore the physical origin and the general validity of a propensity rule
for the conservation of the hyperfine spin state in three-body recombination.
This rule was recently discovered for the special case of 8 Rb with its nearly
equal singlet and triplet scattering lengths. Here, we test the propensity rule
for 8°Rb for which the scattering properties are very different from 8’Rb. The
Rb, molecular product distribution is mapped out in a state-to-state fashion
using REMPI detection schemes which fully cover all possible molecular spin
states. Interestingly, for the experimentally investigated range of binding
energies from zero to ~ 13 GHz x h we observe that the spin-conservation
propensity rule also holds for #Rb. From these observations and a theoretical
analysis we derive an understanding for the conservation of the hyperfine
spin state. We identify several criteria to judge whether the propensity rule
will also hold for other elements and collision channels.

5.2 Introduction

The particular mechanisms of chemical reactions often give rise to selection
and propensity rules. While selection rules express strict exclusion princi-
ples for product channels, propensity rules specify which product channels
are more likely to be populated than others [10, 40]. Since the early days of
quantum mechanics a central question in reaction dynamics is whether com-
posite spins are conserved. Wigner’s spin-conservation rule, e.g., states that
the total electronic spin has a propensity to be conserved [61, 82, 105]. The
recent progress in the quantum state-resolved preparation and detection of
ultracold atoms and molecules has now made it possible to experimentally
explore spin conservation rules that also involve nuclear spins. In a recent
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study of bimolecular reactions of ultracold KRb molecules the conservation
of the total nuclear spin was found [65, 94]. In a study on the final state distri-
bution of three-body recombination of ultracold 8 Rb atoms our group found
a propensity for the conservation of the hyperfine state of the atom pair form-
ing the molecule [157, 158]. More precisely, this spin propensity rule states
that the angular momentum quantum numbers F, f,, f, and mr = m fatMmpp
are conserved in the reaction. Here, f,, f; correspond to the total angular

momenta of the two atoms (a, b) forming the molecule, and F = f; + f,.

Formally, there is no selection rule that forbids spin exchange between all
three atoms in the recombination process, and a corresponding change in the
quantum numbers. In fact, recent calculations predict spin exchange to occur
in three-body recombination of 7Li[89] and ¥K [21, 160], although being sup-
pressed for 8Rb [89]. In order to explain the observed spin propensity rule
for Rb one can justifiably argue that ”Rb is special since here the singlet (as)
and triplet (a;) scattering lengths are nearly identical (a; ~ 90ag, a; ~ 99ay,
where 4y is the Bohr radius). This leads to a strong suppression of two-atom
spin exchange reactions [18, 75, 79].

In order to explore the validity of the spin propensity rule further, we inves-
tigate here, both experimentally and theoretically, three-body recombination
of ultracold °Rb atoms which have very different two-body scattering prop-
erties from ¥ Rb atoms. The singlet and triplet scattering lengths for °Rb
atoms are a; = 2720ap and a; = —386.94a¢ [139], respectively, and the three-
body recombination rate constant Lz for °Rb is about four orders of magni-
tude larger than for 87Rb. Nevertheless, as a central result of our work, we
find the spin propensity rule to also hold for #Rb, within the investigated
range of binding energies from zero to 13 GHz x h and the resolution of our
experiment. This result is corroborated by the fact that our measured prod-
uct distributions are well reproduced by numerical three-body calculations
based on a single-spin channel. The spin propensity rule that we find for
87Rb and #Rb will also hold for other elements if certain conditions are met,
which are formulated in the present work.
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5.3 Measurements and results

We carry out the measurements with an ultracold cloud of 2.5 x 10° %Rb
ground state atoms at a temperature of 860 nK and at near-zero magnetic
field B. The atoms have spin f = 2,m; = —2 and are trapped in a far-
detuned optical dipole trap. Three-body recombination produces weakly-
bound molecules in the mixed singlet XlZg and triplet a’%; states, see Fig.
5.1(a), which are coupled by hyperfine interaction [139]. We measure the
yields of molecular products, observing a range of rovibrational states with
vibrational and rotational quantum numbers v, L, respectively, fromv = —1
to —4 and from Lg = 0 to 6. A main result of our experiments is that we only
find population in molecular states which are in the same spin state F =
4, fs = 2, f, = 2 (in short Ff,f, = 422) as the reacting atom pair, although
the investigated range of binding energies covers many bound states with
different spin states. Because the two 85Rb atoms (a,b) are identical bosons,
the state F f, f, = 422 goes along with only having even angular momenta Ly
and a positive total parity.

We have extended our previous state-selective detection scheme [158] so that
it now covers all symmetries of the dimer product state space, including spin
triplet and singlet states with their respective u /g symmetry. We apply two-
step resonance-enhanced multiphoton ionization (REMPI), similar to [46, 66,
76,95, 96], but with a cw-laser. By two different REMPI pathways, (S) or (T),
we probe product molecules via singlet or triplet character [see Fig. 5.1(a)].
Both schemes use identical photons for the two REMPI steps at wavelengths
around 602.2 nm. The intermediate states are deeply-bound levels of (2)!Z.F
and (2)3Hg for REMPI (S) and (T), respectively. When ions are produced via
REMP], they are directly trapped and detected in an eV-deep Paul trap which
is centered on the atom cloud. Subsequently, elastic atom-ion collisions inflict
tell-tale atom loss while the ions remain trapped. From the atom loss which is
measured via absorption imaging of the atom cloud [51, 158] the ion number
can be inferred.

Figures 5.1(b) and (c) show REMPI spectra of Rb, product molecules follow-
ing three-body recombination, using path (S) and (T), respectively. Apart
from three signals stemming from the photoassociation of two atoms (indi-
cated by PA) [72], each resonance line of loss corresponds to a molecular
product state. The photoassociation lines serve as references for the |f =
2,mg = =2) +|f = 2,my = —2) asymptote corresponding to zero bind-
ing energy at about zero magnetic field. The vertical lines in Figs. 5.1(b)
and (c) are predicted frequency positions for product states for the spin state
Ff.fy = 422. These predictions are obtained from coupled-channel calcu-
lations for the X'=} — a3%}F complex [139]. Coincidences of predicted and
observed lines allow for an assignment. As a consistency check for the as-
signment of signals in Figs. 5.1(b) and (c) we make use of product states with
Lg > 0 since these give rise to two resonance lines corresponding to the tran-
sitions towards | = Lg £ 1. Indeed, the data in Figs. 5.1(b) and (c) confirm
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this consistency. Inspection clearly shows, that all experimentally observed
spectral lines in Figs. 5.1(b) and (c) can be explained as signals from product
molecules with the spin Ff,f, = 422. As an additional check for the line
assignment, we show in the Supplementary material that our experimental
spectra do not match up with molecular spin states other than Ff,f, = 422.
This clearly indicates that the same spin propensity rule previously observed
for 8Rb also holds for °Rb.

For each product signal in the singlet REMPI path (S) we obtain a corre-
sponding signal in the triplet REMPI path (T). This is because the spin state
Ffafy, = 422, mr = —4 has sizeable singlet (= 15%) and triplet (=~ 85%) ad-
mixtures. The spectra of Figs. 5.1(b) and (c) generally look different since the
rotational constants differ for (2)'%,} (B = 289(1) MHz) and for (2)°I1g, 0
(By = 389(2) MHz), see, e.g., [50]. The linewidths in Fig. 5.1(c) are typically
on the order of 100 MHz (FWHM) which is larger than the typical linewidths
in Fig. 5.1(b) of about 30 MHz. This is a consequence of the larger hyperfine
splitting of the (2)°I1, state, which is not resolved in our measurements. In
Fig.5.1(c) at v — vp = 15.90 GHz there is a photoassociation signal which be-
longs to the 0, component of (2)°I1,. We show the corresponding REMPI
spectrum in the Supplementary material. It exhibits the same molecular
states as in Figs. 5.1(b) and (c).

We now carry out a more quantitative analysis where we compare the ex-
perimental signal strengths of the various REMPI paths and also compare
them to theoretical calculations. For this, we measure the ion production rate
for each assigned resonance line in Fig. 5.1 and Fig. 5.4 in the Supplemen-
tary material. For a given REMPI path, the ion rate signal is expected to be
proportional to the product molecule population rate, if we assume equal
REMPT ionization efficiencies for the states. Our data show that this assump-
tion is indeed fulfilled for most data points within the uncertainty limits of
the recordings. Figure 5.2 shows the extracted ion production rates <y; of each
molecular product state for the three REMPI paths (via (2)'%, (2)°T1g 0F,

and (2)%11, 0;). If a state is observed via two or three different | "levels for a
given path, we plot the average of the rates and mark the standard deviation
from the mean with an error bar. In order to ease the comparison between
the three data sets we have globally scaled the ion signals for the (2)°I1, Og

and (2)'Z," paths by a factor of 7.3 and 3.2, respectively, so that the signal
bars for all REMPI paths in Fig. 5.2 are the same height for the state (v = -2,
Lr = 4), see black arrow. These scaling factors compensate the differences
in the ionization efficiencies of the different REMPI paths, which are due to
the different singlet and triplet components of the product molecule as well
as differences in the electric dipole transition moments, which are generally
not very well known yet. After the scaling the signals of the three paths for a
given bound state are consistent over the set of detected product states.

In addition to the experimental data, we plot in Fig. 5.2 calculated channel
rate constants L3(v, Lr) for a temperature of 0.8 K. The calculations use a
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FIGURE 5.2: Comparison of calculations and experiments.

Measured (scaled) ion production rates -y; for the product states

(v, Lr) with binding energies E; are given for the three REMPI

paths together with calculations for the three-body recombi-

nation channel rate constants L3(v, Lg) (see the legend for the

color coding). The ion signals for the (2)°TTg 0, and (2)'%f
paths have been scaled (see text).

single-spin model (see Supplementary material 5.4) which is similar to the
one used in Ref. [158] in order to solve the three-body Schrodinger equation
in an adiabatic hyperspherical representation [29, 149]. For this, we use pair-
wise additive long range van der Waals potentials with a scattering length of
—443a [25] for 8°Rb and with a truncated number Z of Lz = 0 bound states
(Z = 9 for Fig.5.2). The calculated total recombination rate constant at 0.8 uK
(including thermal averaging) is L3 = 3.07 x 10~% ¢m®/s and is consistent
with the values found in Ref. [120].

All data sets in Fig. 5.2 display the trend that the population of a molecular
state due to three-body recombination typically decreases with increasing
binding energy E; of the product state, which is consistent with the work for
87Rb [158]. The overall agreement between theory and experiment in Fig. 5.2
is good, as the experimentally observed relative strengths of the signals for
low Ly are in general well reproduced by the calculated recombination rates.
This suggests that our single-spin model fully captures the characteristics of
the three-body chemical reaction in the given parameter regime, which can
be viewed as additional evidence for the spin propensity rule.

Based on our theoretical analysis, we conclude that the spin propensity rule
in our experiment is a consequence of the following scenario. a) The reaction
takes place at interparticle distances where the interactions of particles 2 and
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b (forming the molecule) with particle c are nearly spin-independent. b) In
the investigated range all possible product molecules have quantum states
with good quantum numbers F, f;, f;,. ¢) In the reaction region, the spin com-
position of the reacting pair a,b is essentially given by Ff,f, = 422. As a
consequence of conditions a), b) and c) the molecule formation is driven by
mechanical forces from atom c while the spin state of the reacting pair is not
affected.

To show that this scenario holds for our experiments, we first analyze the
typical interparticle distances where the reaction occurs. Our numerical cal-
culations (see Supplementary material 5.4) show that the formation of 8Rb,
molecules mainly takes place near a hyperradius R ~ 1.5ryqy, extending
from R ~ 1.1ryqw to 2ryqw. Here, rogw = (2uCes/ hz)l/ 4 — 824, denotes the
van der Waals length for Rb, and u and Cg¢ are the reduced mass and the van
der Waals coefficient of the two-particle system, respectively. The hyperra-
dius R describes the characteristic size of the three-body system and is given
by R? = (%, —7,)%/d?> + d*(¥. — (¥, +7) /2)?, where 7 is the location of par-
ticle i and d2 = 2/+/3 [29]. The fact that the reactions occur at these large R
can be understood within the framework of the adiabatic hyperspherical rep-
resentation, where an effective repulsive barrier for the three-body entrance
channel forms at a hyperradius of about R = 1.7rqw [150].

We now consider the formation of a molecule state with a size < 7y &~
0.6ryqw. Only for such a state can spin components other than Ff,f, = 422
be substantial (for more details see Supplementary material). Here, ry =
(Ce/ Eng)'/ is the hyperfine radius and Ey; = 3.04 GHz x h is the atomic hy-
perfine splitting. Given the hyperradius R > 1.1r,qw and the interparticle
distance r,, = |7, — 7| < rpg, the distances of particle ¢ to the others must
be 7cq, tep > 0.6ryqw- Since the interaction between two Rb atoms is essen-
tially spin-independent for distances 2 0.25r,qw, this validates point a) of the
scenario described above. Concerning point b), our coupled-channel calcula-
tions show that the weakly-bound molecular states up to a binding energy of
about 50 GHz x h have almost pure spin states F f, f,. This can be explained
by the fact that the ®Rb triplet and singlet scattering lengths are large in
magnitude. For ®Rb, where these scattering lengths are of opposite sign,
this leads to a near energetical degeneracy of the triplet vibrational levels vt
with the singlet vibrational levels v = vy — 1 [73, 74]. Since, in addition, the
singlet and triplet vibrational wavefunctions are very similar at long range,
the interaction between the two atoms is effectively spin-independent. As a
consequence the atomic hyperfine interaction of each atom is essentially un-
perturbed, which leads to the atomic hyperfine structure with the quantum

numbers f,, f; for the molecule. Subsequent coupling of far ﬁ, in the molecule
forms a total F.

To show point c), we first note that due to the magnitude of R the three-body
system can be effectively decomposed (with respect to spin) into a two-body
collision of two f = 2,m; = —2 atoms (2 and b) and a third atom (c) which is
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spin-wise only a spectator, see also Supplementary material. During the two-
body collision of atoms a and b, spin admixtures to the original 422 state can
occur at close distance. However, these admixtures are only on the % level for
8Rb even for short atomic distances rij ~ 0.25ryqw, and therefore negligible.
That this admixture is small can be derived from the fact, that the two-body
scattering wavefunction is very similar to the one of the corresponding last
molecular bound state at short distance. The scattering state therefore shares
the relatively pure Ff, f; spin state character of the weakly-bound molecular
states, as discussed before.

(@)  Singlet oo o 43 433 app 7P (D)
0 :g¢V:-45(0000018) ! “a \% :-4
o i e N
e -7(0. 14)>-¢ 6(0.85 *-6
sol (\ ) * 0
= se S0s6) a3 T ||
= - s N ‘ 1 '
x // ‘0 8 :
= 100 -9¢ #9(0.31) -8(0.68) *’
) ! ‘\‘ :
| | | 4 F 1 —
= -9(0.77) $-9 :
150 L=109-100022) JE -
' 1
! -10(0.81) #-10 :
200~11¢-11(0.18) | , |
0 0.5 1 0 1 2 3
Triplet fraction p

FIGURE 5.3: (a) Binding energy and spin character of weakly-
bound 8°Rb, molecules for various vibrational quantum num-
bers v = —1to —11 at B = 0 (red circles). Here, L = 0, F = 4,
and mp = —4. Zero energy corresponds to two separated atoms
in state f, f, = 22. The spin character is given as the norm of the
spin triplet component. Shown are the three spin families with
F = 4 which correlate with the states Ff,f, = 422,423,433 at
the E;, = 0 threshold. Red dashed arrows are guides to the eye
and indicate the change of each family’s spin character with in-
creasing binding energy. The norm of the 422 spin component
is presented in parentheses for the 423 and 422 families. For
the 433 family the 422 norm is about 1% for the shown bound
states. Blue and green circles are the bound state levels of the
pure singlet and triplet potentials, respectively, the dissociation
limit of which is at E = +3.542 GHz x h above E;, = 0. (b) Ratio
p for various binding energies (see text).

Our coupled-channel calculations using the potentials of [139] show that for
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molecular bound states with a binding energy larger than 50 GHz x h the
spin decomposition changes, because the splitting of adjacent singlet and
triplet vibrational levels becomes larger than the hyperfine splitting. This is
shown in Fig. 5.3(a). In our experiment we only observe product states down
to the v = —4 level in the 422 family, for which the norm of the 422 entrance
channel remains between 0.99 and unity. All other unobserved spin families
have a norm of the 422 channel much less than unity. In Fig. 5.3(b) we plot
the ratio p of the triplet and singlet level splitting and the hyperfine splitting,
p = |Er(v) — Es(v — 1)|/Eys. For p > 1 hyperfine mixing is increasingly
suppressed and the propensity rule is expected to break down.

Similar arguments can be used to also explain the spin propensity rule for
87Rb as observed in [157, 158]. Here, the singlet and triplet scattering lengths
are almost equal, leading to a near degeneracy of the singlet and triplet vi-
brational states for vr = vg. Furthermore, the atomic hyperfine splitting in
87RbD is larger by a factor of ~ 2.4 than in ®Rb. As a consequence the spin
propensity rule holds for even larger binding energies of up to 100 GHz x h
(see Fig S5 in the Supplementary material).

In the future, it will be interesting to investigate the breakdown of the spin
propensity rule for 8Rb by studying product molecules with binding ener-
gies larger than ~ 50 GHz x h. For these measurements the ability to state-
selectively detect singlet and triplet product molecules as demonstrated here,
will be essential. The spin propensity rule will also break down when F is not
a good quantum number anymore, e.g., by applying strong magnetic fields.
8Rb features a broad Feshbach resonance at 153.3 [13] where spin-mixing
in the incoming channel naturally becomes important [21, 130, 160]. Besides
for Rb the spin-conservation propensity rule may hold for other elements.
Cs, e.g., might be a good candidate when working in a regime where dipolar
relaxation processes are negligible.
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5.4 Supplemental Material

Ultracold atoms - setup

The ultracold 8°Rb atoms are initially prepared in the spin state f = 2,m F=
—2 of the electronic ground state. This state is stable in two-body colli-
sions due to energetic closure of other atomic exit channels and due to small
dipolar relaxation rates. Indeed, our coupled-channel calculations have ver-
ified that the two-body spin-relaxation rate constants for Rb remain below
10714 cm3 /s when the magnetic field is not near a Feshbach resonance. The
scattering length for the collision of two f = 2,my = —2atomsisa = —460ao.

In our set-up the atoms are trapped in a far-detuned optical dipole trap with
trapping frequencies wy . = 27t x (156, 148, 18) Hz. The optical dipole trap
operates at a wavelength of about 1064 nm.

REMPI

For REMPI we use a laser wavelength around 602.2 nm. The laser light is
either provided by a cw dye laser (Matisse, Sirah Lasertechnik GmbH) or an
optical parametric oscillator (C-Wave, Hiibbner GmbH). Each laser is stabi-
lized to a cavity and has a short-term linewidth of less than 1 MHz. Longer
term drifts are compensated by a lock to a wavelength meter and we have
a shot-to-shot frequency stability on the order of 5 MHz. The laser beam
has a power of 100 mW and a beam waist (1/¢? radius) of 1 mm at the lo-
cation of the molecules. It has a mixture of o- and 7r-polarization and can
be essentially considered as unpolarized. REMPI produces Rb; molecules
with binding energies larger than 479 cm~! in the XZZ; state. We have no
indication of a resonance structure for the ionization transition, in agreement
with [46, 115] where the ionization range is referred to as a diffuse band.
Coincidences of predicted and observed lines in REMPI spectra allow for an
assignment of the observed lines. The precision of coincidences was typically
around 10 MHz, as mainly determined by slight drifts of the wavemeter. We
note that besides the triplet and singlet paths discussed in detail in this pub-
lication we also have tested a REMPI path via the A!Z} state (associated
with the 5s + 5p asymptote) similar to the one described in [158], however,
the overall detection efficiencies are much lower in that case. Furthermore,
the spectra of Figs. 1(b) and (c) and Fig. 5.4 are very clean in a sense that
essentially no unidentified resonance signals are visible which represents a
significant improvement as compared to [158].

The (2)°T1, O, intermediate state

Figure 5.4 shows the REMPI spectrum using the intermediate state (2)°I1,,

Og. For Og the total parity is given by (—=1)/"*1. Therefore, since the ini-
tial product molecules have positive total parity, only transitions towards
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intermediate states with even quantum number |’ are possible. Concerning
photoassociation we now observe two lines, one for | = 0 and the other
one for ]’ = 2. The vertical lines are calculations for the expected REMPI
signals, where we use the same rotational constant of By, = 389(2) MHz for
the intermediate state as for (2)3Hg, 0;. The calculated resonance positions
agree well with the measurements. As a consistency check for the assign-
ment of signals in Fig. 5.4 we use that product states can give rise to up to
three resonance lines corresponding to the transitions towards | = Lr and
J' = |Lg £ 2|. The data in Fig. 5.4 confirm this consistency.

Ion number calibration

For each molecular resonance line in the spectra of Fig. 5.1 and Fig. 5.4 we
have measured the ion production rate in our experiment. For this, we tune
the ionization laser onto a given resonance and turn it on for a short enough
pulse time so that only a few ions (< 20) are produced. We are then in a
regime where the ion number grows linearly with time (see inset of Fig. 5.5
for a typical measurement). Afterwards we count the number of ions by
inserting them into a fresh atom cloud with 2.5 x 10° atoms. After an inter-
action time of 500 ms, during which the ions inflict atom loss due to (mostly)
elastic atom-ion collisions [51], we measure the remaining number of atoms
with absorption imaging. Using the calibration curve in Fig. 5.5 we can con-
vert the measured atom fraction into an ion number. Dividing the ion num-
ber by the pulse time we obtain the ion production rate. The calibration curve
was obtained as follows. Initially, the ion trap and the optical dipole trap are
spatially separated from each other so that the atoms cannot collide with the
ions. A known number of laser-cooled *®Ba™ ions in a range between 1 to
about 40 is prepared in the Paul trap. The cold ions form an ion crystal in the
trap and are counted with single-particle resolution after fluorescence imag-
ing. In parallel, we prepare a ®*Rb atom cloud in the crossed optical dipole
trap. Next, the centers of the ion and atom traps are overlaid, immersing the
Ba™ ions into the atom cloud. Subsequently, the Ba™ ions can undergo reac-
tions with the Rb atoms, such as, e.g., charge exchange [104]. After a long
interaction time of 2s we are predominantly left with Rb ions, as confirmed
by mass spectrometry. Although these ions can have high kinetic energy they
are still confined in the eV-deep Paul trap, i.e., the initial number of trapped
ions is conserved. Afterwards, the ion trap and the optical dipole trap are
separated again from each other, the old atom cloud is discarded and a new
atom cloud (with 2.5x10° atoms) is prepared. The ions are immersed into the
new atom cloud for 500 ms and atom-ion collisions inflict again atom loss.
Figure 5.5 shows the remaining atom fraction N/Nj as a function of initial
ion number Nj;. The dashed line is a fit with the empirically-found function
N/Ny = (% +1)P. Here, « and B are fit coefficients.
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FIGURE 5.4: REMPI spectrum via the triplet path (T) with intermediate state (2)°T1g, 05, v/ = 10. The remaining atom
fraction N/ Nj is plotted as a function of the REMPI laser frequency v. vy = 497847.828 GHz is the resonance frequency
for photoassociation (PA) towards (2)°I1,, 0 (J' = 0). A second photoassociation line for a transition towards (2)°11,,
0y (J' = 2)is located at around v — vy = 2.4 GHz. The vertical lines are predicted possible line positions of molecular
states. If observed they are purple (0;) or black (0y), if unobserved they are gray. The lines involving 0y are marked
with the vibrational quantum number v. The rotational quantum number Lg and the intermediate level J” are given by

the linestyle and the plot symbols, respectively (see legends).
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FIGURE 5.5: Atom loss due to elastic collisions with N; ions
(predominantly Rb*). Shown is the remaining atom fraction
N/ Nj of the atom cloud after 500 ms of atom-ion collisions with
Nj ions previously prepared in the Paul trap. The dashed line is
the fit function N/ Ny = (%)/3 with the fit parameters « = 1.4
and B = —10.1. The inset is a typical measurement of the ion
number as a function of the REMPI laser pulse duration. For the
given example, the REMPI laser frequency is set to resonantly
excite the molecular state (v, Lg) = (—1,2) towards the (2)°I1,,
U v/ =10, ]’ = 2 intermediate state. The dashed line is a linear
fit to the data.
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FIGURE 5.6: Total three-body recombination rate L3 (black solid
line) and corresponding partial rates for the six most weakly-
bound molecular states currently observed, (v,Lgr) = (-1,2), (-
1,0), (-2,6), (-2,4), (-2,2) and (-2,0), as well as (-3,0) and (-4,0), cal-
culated with a two-body interaction model supporting 5 s-wave
bound states. These results indicate that recombination is likely
to occur at R ~ 1.5r,4w, while it is increasingly suppressed for
R < 1.5ryqw likely due to the presence of a repulsive barrier
on the income collision channel (see text) and for R > 1.5r,qw
due to the decrease of the hyperradial inelastic couplings with
R [27].
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Three-body model for ®Rb atoms

Our three-body calculations for 8°Rb atoms were performed using the adi-
abatic hyperspherical representation [29, 149] where the hyperradius R de-
termines the overall size of the system, while all other degrees of freedom
are represented by a set of hyperangles (). Within this framework, the three-
body adiabatic potentials U, and channel functions ®, are determined from
the solutions of the hyperangular adiabatic equation:

2R 72+ Y 0(ryj) | @u(R; Q) = Us(R)Pu(R; ), (5.1)

i<j

[AZ(Q) +15/4

which contains the hyperangular part of the kinetic energy, expressed through
the grand-angular momentum operator A2 and the three-body reduced mass
u = m/+/3. To calculate the three-body recombination rate we solve the hy-
perradial Schrodinger equation [149],

n d?
[_ZW + Ux(R) | Fa(R)
+ Y W (R)Ey(R) = EFx(R), (5.2)

where & is an index that labels all necessary quantum numbers to character-
ize each channel, and E is the total energy. From Eq. (5.2) we determine the
S-matrix and the recombination rate L3 [149]. In this present study, the inter-
action between 3°Rb atoms is modeled by a potential similar to that used in
Ref. [158], and given by a modified Lenard-Jones potential,

6
o) = =52 (1-% ) = (5 + SHAOE) o 69

where Cq = 4710.431Ej,a8, Cg = 576722.7E;a$, and Cy9 = 75916271Ea}’,
are the van der Waals dispersion coefficients from Ref. [139]. Here, f)(r) =
tanh(2r/A) is a cut-off function that suppresses the divergence of the Cg and
Cyp interaction terms for vanishing interatomic distance r. We can adjust the
value of A to have different numbers of diatomic bound states supported
by the interaction, while still reproducing the value of the background scat-
tering length a,, = —443a¢ [25]. Our calculations were performed using
A = 20.72577414766491ay, producing 9 s-wave (Lg = 0) bound states, and a
total of 101 bound states including higher partial-wave states, L > 0. Our
numerical calculations for three-body recombination through the solutions
of Eq. (7.1) have included up to 200 hyperspherical channels leading to a to-
tal rate converged within a few percent. The calculated total recombination
rate constant at 0.8 uK (including thermal averaging) is Ly = 3.07 x 107%
cm®/s and is consistent with the values found in Ref. [120].
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FIGURE 5.7 Hyperangular  probability  density,
|®4(R; 0, 9)|*sin(20) [150], at R = 1.593r,qw for the ini-
tial collision channel (a) and the molecular product state
(v,Lr) = (—4,0) (b). A point on the 6-¢ hyperangular plane
specifies the geometry of the three-atom system. The regions
within the circles marked by dashed lines, correspond to
geometries for which two of the atoms are found at distances
rij < ryaw and rij < ryg, respectively, while the third atom is
further away.
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FIGURE 5.8: (a) Binding energy and spin character of weakly-
bound ¥ Rb, molecules for various vibrational quantum num-
bers v = —1to —12 at B = 0 (red circles). Here, Lgx =0, F = 2,
and mp = —2. Zero energy corresponds to two separated atoms
in state f,f, = 11. The spin character is given as the norm of the
spin triplet component. Shown are the three spin families with
F = 2 which correlate with the states Ff,f, = 222,212,211 at
the E, = 0 threshold. Red dashed arrows are guides to the eye
and indicate the change of each family’s spin character with
increasing binding energy. The norm of the 211 spin compo-
nent is presented in parentheses. Blue and green circles are the
bound state levels of the pure singlet and triplet potentials, re-
spectively. The dissociation limit of these two potentials is at
E = +8.543 GHz x h above E, = 0. (b) shows the ratio p for
various binding energies.
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FIGURE 5.9: (a) REMPI spectrum of Fig. 5.1(b) for small REMPI
laser detunings v — v between about zero and 8 GHz (path (S)
via intermediate state (2)'%,], v/ = 22). Vertical lines repre-
sent calculated resonance positions for product molecules of
spin families with f,f, = 22 (black), f.f, = 23 (red) and
fafy = 33 (purple). Each of the bound states with different
F (from O to 6) is separately plotted in the vertical direction.
Negative numbers above the calculated bound state positions
indicate vibrational quantum numbers. (b) Further zoom into
the spectrum for REMPI laser detunings v — vp between 1.3 and
1.8 GHz. Here, the black vertical lines correspond to the pre-
dicted resonance positions for product molecules characterized
by F,f, =2,f, = 2with F = 0,2,4.
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In order to gain more insight on how three-body recombination occurs within
the hyperspherical representation we introduced an artificial hyper-radial
hard-wall at R = Ry, and performed recombination calculations for vari-
ous values of Ry,,. The hard-wall prevents any flux into the range R < Ry,
and therefore reactions in this range are not possible. By analyzing how the
total and partial reaction rates change as a function of Ry,, one can infer
at what hyperradii R reactions dominantly occur. Figure 5.6 shows the to-
tal rate L3 (black solid line) and the partial rates for some of the currently
observed molecular states, (v,Lgr) = (-1,2), (-1,0), (-2,6), (-2,4), (-2,2) and (-
2,0). This particular calculation was performed with a two-body interaction
model (Eq. 5.3) supporting 5 s-wave bound states in order to reduce some
numerical instabilities associated with the hard-wall interaction. The figure
clearly indicates that recombination is most likely to occur at R ~ 1.5ryqw.
For Ry, < 1.5r,qw the partial rates are affected by interference effects related
to the different collision pathways three atoms can follow to form a molecule
[29]. Interference effects can be seen as the fast oscillations on the partial
rates in Fig. 5.6. For R > 1.5r,qw partial rates are increasingly suppressed
due to the decrease of the inelastic couplings with R [27]. The peaking of
the reaction rates at around R ~ 1.5r,4qw in Fig. 5.6 can be explained as a
consequence of a repulsive barrier in the hyperspherical effective potential
of the entrance channel at R ~ 1.7r,qw. Such a barrier was first identified in
Ref. [150] where it occurred at R ~ 2r,qw for a = +oo.

We now analyze the geometric characteristics of the three-atom system near
the region where recombination is most likely to occur in order to iden-
tify which type of coupling is dominating the inelastic transitions. Figure
5.7 shows the hyperangular probability density at R = 1.593r,qw in terms
of the hyperspherical channel functions ®, and hyperangles 6 and ¢ as:
|®4(R; 0, 9)|?sin(20) (see Ref. [150]). Each point in the 6-¢ hyperangular
plane corresponds to a specific geometry of the three-atom system. In partic-
ular, the regions within the dashed half-circles represent geometries where
two of the atoms are found at a distance r,, < rygw and 7y < 1y, Te-
spectively, and the third atom remains at distances r¢q, 7o, > ¢ (€., 7o >
0.71rygw and r; > 1.2ryqw, respectively). In Fig. 5.7(a) we show the proba-
bility density for the initial collision channel, which indicates that the most
likely configuration is where all three atoms are located at distances typically
larger than r¢. In contrast, the probability density for the target molecular
states is pronounced inside the small circle. As an example, Fig. 5.7(b) shows
the probability density for (v,Lg) = (—4,0). In order to produce this state,
the two atoms forming the bound state obviously need to be closer than ry¢
and the third atom is at interparticle distances r.,; > r¢. For a spin flip to
happen during the reaction, the two atoms forming the molecule must be at
a distance r,;, < s and the wavefunctions of either the two-body scattering
state or the two-body target bound state must have a sizeable spin admixture.
In the range of binding energies discussed here for ®°Rb these admixtures are
on the %-level and therefore quite small. The admixtures are not shown in
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Fig. 5.7.

Characteristics of collisions at large distance

The interaction between two Rb atoms is effectively spin-independent for
interparticle distances r;; = [F; —7j| 2 0.25r,gw. This is because at these
distances the exchange splitting between the electronic singlet and triplet
ground state potentials is smaller than the atomic hyperfine splitting Eys =
3.04 GHz x h. As a consequence the atomic hyperfine states are only weakly
perturbed by the exchange interaction and therefore essentially remain eigen-
states in this realm. In other words the exchange interaction is not strong
enough to decouple the atomic hyperfine spins and flip them.

Next, we consider the low-energy collision of two f = 2,m; = —2 Rb atoms,
corresponding to the channel Ff,f, = 422. At vanishing magnetic field and
neglecting dipolar relaxation processes, F and mr are conserved throughout
the collision. At a close enough distance < 0.25r, 4w spin exchange interac-
tion, however, can admix the spin states Ff,f, = 423,433 (For an overview
of all spin channels of two colliding ground state 8Rb atoms see [78].). Inter-
estingly, this admixture is restricted to distances r;;, < rp¢ ~ 0.6ryqw due to
energetic closure of the f,f, = 23,33 scattering channels at larger distances.
For mp = —4, the channel Ff,f, = 422 is the lowest in energy. The hyper-
fine distance r,y = (Cg/ Ehf)l/ 6 is the distance at which the potential curve
of channel f,f, = 23 crosses the collision energy (which approximately cor-
responds to the asymptotic energy of the 422 channel). This crossing is also
relevant in another regard. It effectively limits the size of molecular bound
states of the spin channels f, f,, = 23,33 which are energetically located below
the Ff, f, = 422 entrance channel to be < ¢ = 0.67ryqw.

We now consider a three-body collision of three f = 2,m F= —2 atoms

and assume the hyperradius to be R > 1.1r,qy. Using the expression R? =
(7 — 74)2/d? + d2(7. — (7, +7,) /2)?, where 7; is the location of particle i and
d?> = 2/+/3 [29], we calculate that for R > 1.1r,qy at least one of the three
atoms, say ¢, has distances 4, 1 > 0.6ry,qw from both other atoms. This is
outside the distance range r¢;, 7oy < rme ~ 0.6r,qw for atom c to exhibit a spin
admixture. Therefore, atom ¢ should have a pure spin state f = 2,m; = -2,
even if it had possibly undergone spin exchange interaction in a previous
collision with one of the other two atoms. Reciprocally, we can conclude
that the two other colliding atoms a and b must be in the collision channel
Ff.fy = 422. Thus, at a hyperradius R > 1.1r,4y the three-body system can
be effectively decomposed (with respect to spin) into a two-body collision
of two f = 2,my = —2 atoms and a third atom which is spin-wise only a
spectator.
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Spin composition of ¥ Rb, molecules

Figure 5.8 shows the binding energy and the spin composition of weakly-
bound 8 Rb, molecules. For 8Rb, the ratio p is given by p = |Er(v) —
Eg(v)|/Eps. It becomes > 1 for binding energies E, 2 100 GHz x h. Around
p = 1 amajor change in the spin composition of the spin families occurs.

Tests of the spin propensity rule

In the spectra of Fig. 5.1 and Fig. 5.4 we showed that our observed lines match
with the calculated positions of molecular states with Ff,f, = 422. For the
sake of completeness we show here with a few examples, that our data do not
match with the calculated spectra of other spin families. Figure 5.9(a) shows
a section of the spectrum in Fig. 5.1(b) together with calculated positions for
product molecules with f, f, = 23 and 33. The positions are indicated by ver-
tical red and purple lines, respectively. Each of the bound states with differ-
ent F (from 0 to 6) is plotted separately in vertical direction. Clearly, there is
no convincing match between these and the experimental lines within the de-
tection limit. The observed lines only match calculated resonance frequency
positions for molecules with Ff,f, = 422. In Fig. 5.9(b) we zoom in fur-
ther into the spectrum shown in Fig. 5.9(a) and check for molecules with
Ffafy = 022 and Ff,f, = 222. Again, the observed signals only match in
a convincing way for Ff, f, = 422.
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Chapter 6

Controlling reaction pathways by
coupling of product channels

6.1 Introduction

Controlling chemical reactions at the quantum level has been a central goal in
quantum chemistry. In cold chemical reactions, reactants evolve into product
states through quantum dynamical processes, often exhibiting remarkable
complexity even in the simplest systems. During a typical collision, the col-
lision complexes experience quantum interference effects which can signifi-
cantly influence the reaction pathways and determine the resulting product
channels. Recent advancements in the manipulation and detection of ultra-
cold molecules have elevated the field to the realm of state-to-state chemistry,
enabling precise experimental investigations and unlocking new possibilities
for steering chemical reaction outcomes [6, 20, 56, 61, 93, 94, 108, 135]. In Fig-
ure 6.1, we schematically illustrate a chemical reaction. In this simplified
scheme, the chemical reaction starts with a single incoming entrance chan-
nel and can possibly end in many exit channels. Each exit channel is then
assigned a reaction flux, which indicates how often the chemical reaction
ends in that particular exit channel. Entrance and exit channels correspond
to eigenstates at large distances. To actively control the chemical reaction, one
must find ways to steer the reaction flux between the exit channels or to open
(close) exit channels. In 6.1(a), we consider the case of independent exit chan-
nels which means that there are no links between exit channels. One possible
idea now to redirect the reaction flux is to couple reaction exit channels. This
implies that the reaction flux can be diverted or split between the channels
which is illustrated in Fig. 6.1(b). In this example, the coupling can lead
to reaction flux to an exit channel which was not connected to the entrance
channel by any pathway without coupling, see Fig. 6.1(a). Exit channels can
be coupled due to a variety of different interactions: states can be coupled
optically using laser light or via a RF field and there are couplings such as
the spin-orbit interaction in molecules.

In this chapter, I present a novel approach for controlling the outcome of
chemical few-body reactions. In particular, we manipulate the distribution
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FIGURE 6.1: Schematic of a chemical reaction. In this simplified
picture, the chemical reaction begins with an entrance channel
and can end in many possible exit channels. Each of these re-
action pathways can be associated with a reaction flux, which
indicates with what probability the chemical reaction concludes
in a specific exit channel. We consider no coupling between exit
channel e.g. there are no links between the exit channels in (a).
However, if we consider couplings between the exit channels,
it would correspond to paths between exit channels.

of reaction flux between two distinct diatomic molecular product states dur-
ing the recombination of three ultracold atoms. We exploit the fact that the
two product states are coupled via an electronic exchange interaction. The
coupling can be tuned onto resonance so that the degree of coherent mixing
of the two states can be precisely tuned over a large range.

In the following part, I explain the experimental methods which have been
used. The applied control scheme is further explained in Sec. 6.3 and in Sec.
6.4 we present experimental data which demonstrates the control scheme
and compare it with numerical calculations.

6.2 Experimental methods

Preparation of atomic samples

The experiments are carried out with an ultracold gas of Rb atoms which
are spin-polarized in the hyperfine state f = 1,my = —1 of the electronic
ground state 551/, and trapped in a far-detuned optical dipole trap at 1065 nm.
Typically, we prepare around 3 x 10° atoms with a density of 7 — 9 x 1013cm =3
and a temperature of approximately 800nK by using common techniques
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such as laser cooling and evaporative cooling. The trap frequencies of our
optical dipole trap are (wy, wy, w;) = 27 x (156,148,30) Hz.

Three-body recombination

In the atomic cloud, three-body recombination spontaneously occurs, pref-
erentially producing weakly bound molecules within the coupled XlZ;r —

a’% molecular complex [56, 158]. This reaction is characterized by a broad
product population distribution, meaning that a wide range of molecular
states are populated [51, 56, 57, 158].

Detection of molecules by using REMPI

After the reaction, we state-selectively detect the produced molecular states
by using resonance-enhanced multiphoton ionization (REMPI). A continuous-
wave (cw) laser with a wavelength of 598 nm is used for the one-color two-
photon REMPI process. The typical power is around 110 mW with a beam
diameter of approximately 100 ym, the laser frequency uncertainty is esti-
mated to be about = 5MHz. In the first step, molecules are excited to the
intermediate molecular level (2)'Z}, v =36,]" = 3 or 5 via a first photon. Sub-
sequently, a second identical photon ionizes the molecule which is trapped
in a linear Paul trap. Once an ion is stored in our linear Paul trap, we can
detect it with nearly 100% efficiency. When ions are produced and detected
within the same atomic cloud, the signals exhibit larger particle number fluc-
tuations due to the highly dynamic and complex nature of simultaneous ion
production and detection. To mitigate this, we prepare a fresh atomic cloud
with a low average density (71 ~ 1 x 10'3 cm™3), spatially overlapping it with
the previously produced ions for 500 ms. Elastic collisions between ions and
neutral atoms cause characteristic atom losses, which are measured via ab-
sorption imaging. Using an independent calibration, these atom losses are
converted into ion numbers. This method reliably measures ion numbers up
to 5 and is explained in the following section.

Calibration of ion numbers

In an independent measurement, a well-defined number of laser-cooled '3¥Ba™*
ions are loaded into the Paul trap. The number of ions can be precisely
counted using fluorescence imaging. In the next step, the ions are immersed
into a rubidium cloud. Due to chemical reactions such as charge exchange,
Barium ions are converted almost exclusively to Rb* or Rb; ions but the
total number of ions remains constant. Next, a dilute detection cloud is
prepared and atoms and ions are overlapped in the center of the Paul trap.
Atomic losses due to elastic collisions are measured via absorption imaging
as a function of the collision time ¢, and for different number of initially pre-
pared ions, see Fig. 6.2(a). From this figure, it becomes clear that different
ion numbers can be distinctly differentiated as long as the number of ions
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is not significantly higher than 5. Using an empirical fitting curve, the rela-
tionship between ion count and remaining atom number after ¢, = 500 ms is
described by the function N, = (N;/a + b)¢, where a = 0.5055, b = 1.324,
and ¢ = —0.2093. This function is later used in the experiment to convert the
remaining particle numbers into the corresponding number of ions.
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FIGURE 6.2: (a) The remaining atom fraction in the detection
cloud after a collision time {, for different number of ions. It en-
ables a clear discrimination of the number of ions according to
the remaining atom fraction after £, = 500 ms. (b) The remaining
atom fraction after t. = 500 ms for different number of ions. Our
detection primarily uses the regime between 2 and 5 ions. For
numbers higher than 5, the sensitivity of ion counting becomes
lower which leads to larger uncertainties of the extracted ion
numbers.
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6.3 Control scheme for product channel mixing

Three-body recombination in our atomic cloud leads to the formation of
molecules. We show a bound state spectrum for the most weakly bound
molecular states in Fig. 6.3 up to a binding energy of 3 GHz x h. The figure
presents the binding energy of the molecular states as a function of the mag-
netic field, with the asymptotic energy of the atomic scattering state (f, =
1,mgp = =1+ f, = 1,mp, = —1) chosen as the reference. The black lines
correspond to molecular states that are dominantly populated by three-body
recombination in our system which correspond to the (F, f,, f,) = (2,1,1)
molecular spin state. The reason for this is that the spin of the atoms form-
ing the molecule tends to be conserved during the chemical reaction. We
examined this in detail in Chapter 5 and we could observe this effect experi-
mentally for rubidium [57]. The state depicted in gray, however, is practically
not produced. The spin character of the gray molecular state is quite differ-
ent from the spin of the entrance channel. Therefore, we expect a negligible
reaction flux into this exit channel. The two molecular states highlighted in
color (blue, orange) are special here because both molecular states are cou-
pled, a mixing of the molecular spin state occurs. The mixing originates from
the electronic exchange interaction and is enhanced by the nearly degener-
ate energy levels. In the experiment, we can tune this mixing by applying
an external magnetic field which brings the molecular energy levels closer
together. The relative reaction flux of both molecular product channels (or-
ange, blue) at B = 0G goes mainly to the blue molecular product state be-
cause of the strong overlap with the entrance channel of the reaction. This
changes by applying the external magnetic field which decreases the spin
overlap of the blue molecular product state with the entrance channel. Simi-
larly, the orange product state can also be discussed. At B = 0G, it exhibits
a mainly a (F, fa, fp) = (2,2,2) spin character, resulting in minimal over-
lap with the entrance channel. This can be modified via the magnetic field,
such that at B = 160G, the orange product state predominantly features a
(F, fa, fy) = (2,1,1) spin character. As a result, according to the spin conser-
vation propensity rule, this state should become strongly populated.

The scheme allows control of the reaction flux between two exit channels.
We experimentally demonstrate this control over the spin composition of the
two molecular product channels using our state-selectively molecular detec-
tion methods. The results are discussed in the following section.
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FIGURE 6.3: Molecular energy levels of molecules up to 3 GHz
x h binding energy. The black lines represent molecular states
predominantly populated after three-body recombination. The
colored lines indicate the two molecular energy levels that are
coupled and form an avoided crossing. For comparison, a gray
energy level is also shown, which belongs to a different molec-
ular spin-state and cannot be observed in our experiment.
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6.4 Results and comparison with numerical calcu-
lations

We conducted REMPI spectroscopy of the two molecular states as a func-
tion of the magnetic field. Figure 6.4(a) presents coupled-channel two-body
calculations (solid lines) with experimental data (symbols) showing the en-
ergy level positions of the two molecular product channels of the avoided
crossing as a function of the magnetic field. The corresponding binding en-
ergy is extracted from the recorded spectra relative to the asymptotic level
(fa=1,mp = =1+ fo =1,mz, = —1). In the following part, we will use the
following labels for the molecular states: We name the state which is more
deeply bound in the low magnetic field as lower state. The other - less deeply
bound state - is called upper state. In Figure 6.4(b), we show spectroscopic
recordings for B = 4, 80, 120, and 150 G. Each dip in a trace corresponds to
a signal from a distinct molecular level. The REMPI signals are normalized,
ranging from 0 to 1, as indicated by the vertical bar and additionally, the sig-
nals are vertically shifted for better visibility. The horizontal axis shows the
relative frequency v — vp where v is the frequency of the REMPI laser, 1y is the
photoassociation transition frequency towards the intermediate state (2)1%;,
v=36,]"=1at B =4G. For higher magnetic fields, we compensate for the Zee-
man shift (v, = 1.4MgZ X B) of the reference state (which also corresponds to
the Zeeman shift of the photoassociation line) to allow a better comparison
of the spectra. The experimentally determined energy level positions have
an uncertainty of approximately 5 MHz, primarily due to the uncertainty
of the laser frequency. In Fig. 6.4(b), the spectral range is selected to include
possible signals from molecules in the two coupled product states and an-
other state characterized by (F, fa, f, = 2,1,1,0v = —4,Lg = 4). We call this
state in the following reference state which has a binding energy of approxi-
mately 7.1 GHz x h. In Fig. 6.4(a), the lower branch is well characterized by
the state (F, f, fy = 2,1,1,v = —3,Lg = 6) in the low magnetic field limit.
As already explained in Sec. 6.3, in the low-field regime, and in accordance
with the spin-conservation propensity rule, we expect product molecules to
be primarily formed in this molecular state. The upper state should remain
essentially unpopulated. Our experiments at a magnetic field of B = 4G
(Fig. 6.4(b), lowest trace) clearly confirm this expectation. Additionally, we
observe significant population in the reference state, which is also consistent
with the spin conservation propensity rule because it exhibits a large over-
lap with the entrance channel. As the magnetic field is increased, and with
it the spin mixing between the two product channels, molecular detection
signals for the upper branch of the avoided crossing begin to appear, while
the signal strength for the lower branch decreases (see the trace for B = 80
G in Fig. 6.4(b)). The mixing increases gradually as the resonance of the
avoided crossing is approached (around B = 110 G). As the magnetic field
is increased further, beyond the coupling resonance of the avoided crossing,
the signal strength for the upper branch surpasses that of the lower branch.
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This aligns with our expectations, as in the high-field limit, the upper state
predominantly retains the spin characteristics of the initial scattering state.
For all REMPI spectra in Fig. 6.4(b) across various magnetic fields, the signal
strength of the reference state remains nearly constant. Notably, the reference
state was detected via a different rotational level | = 3 of the intermediate
state, compared to ]’ = 5 for the avoided crossing branches. We also inde-
pendently examined the reference state using the ]’ = 5 REMPI pathway and
consistently observed similar signal strengths across various magnetic fields,
see Fig. 6.5. We now proceed with a more quantitative analysis. Here, we
conducted an additional set of experiments measuring the ion production
rate for individual molecular states at the resonant REMPI laser frequencies
(center positions of the dips in Fig. 6.4(b)). For this, we used the methods pre-
viously in Sections 6.2 and 6.2 discussed. Our results for the molecular-state-
dependent ion production rates at different magnetic fields are presented in
Fig. 6.6(a). The ion production rates of the ions are directly proportional to
the number of molecules formed by TBR. The rates of the upper and lower
strongly depend on the magnetic field and can be tuned by approximately an
order of magnitude. In Fig. 6.6(b) we show numerical two-body calculations
from Jinglun Li in our group based on coupled-channel Schrodinger equa-
tions and full Born-Oppenheimer potentials. Here P,1; is the |211) spin-state
component of a given molecular state |'¥,,), defined by

P = [ 1(211[ ¥, (7)) d. 6.1)

where the molecular wavefunction ¥, (¥) is normalized. The spin compo-
nent P17 of the upper branch of the avoided crossing increases from nearly
zero at low magnetic fields to over 0.8 at B = 160 G, while it decreases from
approximately one to below 0.2 for the lower branch. The slopes of the cor-
responding ion production rates in Fig. 6.6(a) closely follow these trends
qualitatively. This suggests that the product flux into the two branches of the
avoided crossing is linked to the spin character of the individual branches.
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FIGURE 6.4: (a) Determination of the binding energy as a func-
tion of the magnetic field. The solid lines are calculated binding
energies from the coupled-channel calculation and show a good
agreement to the experiment. (b) REMPI spectra for four differ-
ent magnetic fields. We show the normalized particle number
as a function of the relative frequency v — vp + v, where 1y =
500.974420(30) THz is the position of the photoassociation tran-
sition towards the intermediate state (2)'%,7, v=36,]'=1atB=
4 G. For the spectra at higher magnetic field, we compensate the
Zeeman shiftv, = 1.4 Mgz X B of the reference state (which also
corresponds to the Zeeman shift of the photoassociation tran-
sition) allowing for a better comparison of the spectra. Three
different molecular states are visible. The upper state belongs
to (F, fa, fv) =2,2,2,v = —5,Lg = 6 with E;, ~ 1.38 GHz x h at
B = 4G and is barely visible (see black circle). The lower state
(F, fa, fv) =2,1,1,v=—-3,Lg = 6. with E, ~ 1.71GHz x h at B
=4 G is strongly populated.
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ors indicate B = 0, 50, 100, 150 G. There is no significant change
in the signal strength (particle loss) for different magnetic fields.

(a) lower state  upper state  reference state

500

400 1

50 100 150
Magnetic field (G)

P211

50 100 150
Magnetic field (G)

FIGURE 6.6: (a) Measured ion production rates for the three
product states referred as upper state, lower state and reference.
(b) Calculated molecular spin-component P17 on the (211) spin
state for the upper and lower molecular state using two-body
coupled channel Schrédinger equation with full molecular po-

tentials.
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6.4.1 Numerical three-body calculations

Furthermore, our theory collaborators José D’Incao and Jinglun Li conducted
preliminary numerical three-body calculations, incorporating pairwise two-
body interactions including spin effects and a limited number of bound states.
The theoretical recombination partial rate coefficients L3 in Fig. 6.7 are ob-
tained by numerically solving the three-body Schrodinger equation in a hy-
perspherical coordinate representation [140, 149]. To properly describe the
essential molecular spin mixing between the avoided crossing levels and its
role in three-body recombination, the model contains the exact atomic spin
structure as in our previous works [54, 90]. The interatomic interactions are
taken as the pairwise singlet and triplet Born-Oppenheimer (BO) potentials
from [139] with, however, the depth being restricted by adding a term of
CeA® /112, Here Cg is the van der Waal dispersion coefficient and r denotes the
internuclear distance. The short-range parameter A is tuned to limit the num-
ber of s-wave bound states to 6 for both BO potentials and reproduce the low-
energy scattering and bound-state properties of the original potentials [91].
The tuning procedure requires a slight shift of atomic hyperfine coupling as
well. The construction of the shallower singlet and triplet potentials and their
implementation in the three-body model in hyperspherical coordinate repre-
sentation have been detailed in Ref. [91] and Refs. [54, 90], respectively. To
briefly summarize, we use A = 25.89676ap and A = 25.952954, for singlet and
triplet potential respectively, while the atomic hyperfine coupling strength is
reduced by a factor of 0.9026 [91]. The rest atomic and interaction parameters
of the system shall take the realistic physical values. In our simulation, we
restrict the spin state of the third atom in its initial state (|f = 1,m; = —1))
when the other two forming a molecule. This has been proved to be a very
good approximation for Rb atoms in previous works [54, 56, 57, 90]. The cal-
culated state-specific three-body recombination rate coefficients (see Fig. 6.7)
for the two states of the avoided level crossing show qualitative agreement
with the experimental results in Fig. 6.6(a). However, there is a notable quan-
titative deviation when comparing the ratios of the product fluxes between
the two states. The relative variation of signal strength is more pronounced
in the experiment (e.g. a increase in rate by a factor of 30 for the upper state)
than predicted by the theory (here the upper state increases by a factor of 11).
Interestingly, also the position where the molecular production rates cross, is
shifted to higher magnetic fields in the experimental observation compared
to the three-body calculations. However, for the two-body calculations using
full potentials (see Fig. 6.6(b)), the position where the molecular states have
a similar P,1; component, fits better to the experimental results. It could be
possible that this is one consequence of using potentials which are restricted
in their depth.
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FIGURE 6.7: Calculated three-body recombination rate coeffi-

cients. The orange (blue) line corresponds to the upper (lower)

state. The ratio of the production rates at B = 0G is about 11
whereas we experimentally observed a ratio of about 30.
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Chapter 7

Controlling few-body reaction
pathways using a Feshbach
resonance

The content of this chapter is published on the preprint server arXiv [54] and
has been accepted for publication in Nature Physics.

The experimental part of this work was conducted in the BaRbIE lab un-
der the supervision of postdoctoral researcher Shinsuke Haze. My contri-
bution to this publication involved supporting lab work and assisting in the
execution of the experiments as well as contributions to the writing of the
manuscript.

Shinsuke Haze, Jinglun Li, Dominik Dorer, José P. D’Incao, Paul S. Julienne,
Eberhard Tiemann, Markus Deifs and Johannes Hecker Denschlag

"Controlling few-body reaction pathways using a Feshbach resonance”,
DOI: https://doi.org/10.48550/arXiv.2408.14922, , reprinted with
permission from the authors.

This reprinted version of the work was adjusted to match the style of this
doctoral thesis. Hence a consecutive numbering of figures and references for
the whole thesis was applied as well.

Abstract

Gaining control over chemical reactions on the quantum level is a central goal
of the modern field of cold and ultracold chemistry. Here, we demonstrate
a novel method to coherently steer reaction flux of a three-body recombina-
tion process across different product spin channels. For this, we employ a
magnetically-tunable Feshbach resonance to admix, in a controlled way, a
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specific spin state to the reacting collision complex. This allows for the con-
trol of the reaction flux into the admixed spin channel, which can be used
to significantly change the reaction products. Furthermore, we also inves-
tigate the influence of an Efimov resonance on the reaction dynamics. We
find that while the Efimov resonance can be used to globally enhance three-
body recombination, the relative flux between the reaction channels remains
unchanged. Our control scheme is general and can be extended to other reac-
tion processes. It also provides new opportunities in combination with other
control schemes, such as quantum interference of reaction paths.

7.1 Introduction

A chemical reaction in a low-density gas phase is typically well-described by
a fully coherent quantum mechanical evolution. Therefore, such a gas is a
promising testbed for quantum control of chemical processes. In fact, recent
platforms based on ensembles of ultracold atoms or molecules have paved
the way for extended quantum mechanical steering of reactions. Demon-
strated control schemes include the use of photoassociation [72, 88, 101], Fes-
hbach resonances [24, 35, 60, 110, 153, 164], microwave-engineered collisions
[2,12,22,92,163], electric-field-controlled reactions [99], relative positioning
of traps [23, 118, 124, 167], confinement-induced effects [38, 49, 84, 102, 125,
145], quantum interference [93, 135], or rely on propensity rules and conser-
vation laws [57, 65]. This progress has been further promoted by emerging
technologies that enable state-to-state measurements (e.g. [64, 94, 122, 157,
158]).

A prominent tool for controlling chemical reactions is a tunable Feshbach
resonance. A Feshbach resonance in atomic gases occurs when the energy of
the scattering state of two colliding atoms is tuned into degeneracy with that
of a molecular state, leading to the mixing of two such states [24]. As they
offer unique control over the interparticle interaction, tunable Feshbach reso-
nances have been essential for the development of the field of ultracold quan-
tum gases. An established application of Feshbach resonances for chemical
reactions is the controlled production of ultracold molecules. By magneti-
cally ramping over a Feshbach resonance, ultracold pairs of atoms can be
converted into an extremely weakly-bound molecule, the Feshbach molecule
[24, 35, 39, 60, 143, 161]. In three-body recombination where three free atoms
collide to form a diatomic molecule, Feshbach resonances have been used to
tune the total molecular production rate and specifically to suppress atom
loss [16, 71, 152, 160], and to demonstrate the Efimov effect [16, 29, 42]. Fes-
hbach resonances and resonant scattering have also been proposed for con-
trolling complex few-body reactions, see e.g. [61, 146].
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7.2 Measurements and discussion

Here, we demonstrate the use of a Feshbach resonance in a three-body recom-
bination process to steer reaction flux between families of molecular product
channels with different spin states. More specifically, by tuning the magnetic
tield towards a Feshbach resonance we can gradually increase the initially
negligible reaction rate into a specific spin channel, so that it becomes close
to the total rate into all channels. The process is coherent and represents a
novel tool for state-selective controlling of molecular production rates, using
the applied magnetic field as a precisely tunable control knob.

The experiments are carried out with a 860 nK-cold cloud of about 2.5 x 10°
$Rb atoms where each atom i is in the hyperfine state (f;, my) = (2,—2) of
the electronic ground state. The atoms are confined in a far-detuned crossed
optical dipole trap, for more details see Methods and [56]. In the atom cloud,
three-body recombination spontaneously occurs, predominantly producing
weakly-bound molecules in states of the coupled molecular complex X! Z; -

a’L). By tuning the magnetic field B in the vicinity of the s-wave Feshbach
resonance at B = 155G [13, 78] we can control the product distribution of
the molecules. For the details of the Feshbach resonance, see also Supple-
mental Materials. The molecules are state-selectively detected via resonance-
enhanced multiphoton ionization (REMPI), see Methods for details.

Our scheme for controlling the reaction flux into different spin channels is
illustrated in Fig. 7.1. In the three-body recombination process, the Rb atoms
(a,b,c) collide and (a,b) form a molecule, see Fig. 7.1(a). In the particular
reactions we study here, the third atom (c) is far enough away, so that it in-
teracts with the atoms (g, b) merely mechanically and no spin flip between (c)
and the pair (a, b) occurs [57]. Therefore, spin physics aspects of the reaction
can be understood to a large extent in a two-body picture, where atom (a)
collides with atom (b). At large internuclear distances the (a,b) scattering
state has the hyperfine spin quantum numbers (F, f,, fp, mr) = (4,2,2,—4),
where F denotes the total angular momentum of the molecule excluding ro-
tation, and mp = my, + my, represents its projection. We denote this spin
state by | 7). At short internuclear distances the scattering state couples to
an energetically near-by molecular bound level, giving rise to the Feshbach
resonance. This level has the spin state (F, f,, fp, mg) = (4,3,3, —4) which
we denote by | }) !. The coupling leads to an admixture of the | |) state to
the initial scattering state with spin | 1), and the strength of this admixture
can be magnetically controlled. Next, in the mechanical collision with atom
(c), the scattering state of (4, ) can transition into a molecular bound state.
Due to angular momentum conservation, the spin state of the newly formed
molecule must, however, have overlap either with the spin state | 1) or with

IThe level has the vibrational quantum number v = —3 (counting down from the f, =
fp = 3 atomic threshold, starting with v = —1 for the last vibrational bound state) and has
rotational angular momentum Lg = 0.
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Bound
states
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(b) —

FIGURE 7.1: Scheme for controlling the reaction flux into dif-
ferent spin channels using a two-body Feshbach resonance. (a)
Atoms (a, b, c) undergo three-body recombination, where (a, b)
form a molecule. During this process, atom (c) is outside the
ranges (cyan areas) for spin-exchange interaction with the other
atoms. (b) Schematic representation of the Born-Oppenheimer
potential energy curves for the atom pair (a,b). At close dis-
tance, the incoming scattering state (1) with spin | 1) experi-
ences admixing of the bound state (2) which has spin ||). Upon
collision with the third atom (c) (not shown here) the scattering
state can then relax into molecular bound states (3) or (4), with
their respective spin states ||) and |1).

| }). In fact, by tuning the | |) admixture of the (4, b) scattering state we can
control the reaction flux into molecular product channels with spin | {).

We now demonstrate this control scheme experimentally. Figure 7.2 presents
REMPI spectra in a selected frequency range, showing signals from three dif-
terent molecular product states. The spectra have been taken within a range
of magnetic fields B between 4.6 G and 159.3 G. (Note the nonuniform step
size of B.) v represents the REMPI laser frequency and vy is a frequency ref-
erence, see Methods. Each dip in a trace for a chosen B-field corresponds to
a state-specific product molecule signal. Colored diamonds mark the known
resonance positions predicted from coupled-channel calculations.

The molecular levels are labeled by their spin states (| 1) or |])), and by their
vibrational (v) and rotational (Lr) quantum numbers [78]. In Fig. 7.2 we ob-
serve one molecular state with spin | T) and two molecular states with spin
| }). The resonance positions change in a characteristic way with the B-field
due to the Zeeman effect. We use this as fingerprint information for identi-
tying the molecular levels. The strength of each signal roughly reflects the
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FIGURE 7.2: Observation of | 1) and | |) molecules. Shown are
REMPI spectra as a function of the REMPI laser frequency v for
various magnetic fields B. Here, 1y = 497603.591 GHz. Each
dip in a trace corresponds to a signal from a distinct molecular
level. The REMPI signals are normalized, ranging from 0 to 1,
as indicated by the vertical bar. The bar is valid for all data
traces. The diamonds mark the theoretical positions of possible
molecular signals and the colors indicate the spin state as well
as the vibrational and rotational level (v, Lr). The faint color
bands connecting the diamonds are guides to the eye. We note
that the binding energy of the | 1) level is smaller than that of
the two | |) levels. In the shown spectra, however, the signal
for | 1) is at higher frequency v since the intermediate rotational
level for the REMPI is different, see also Methods.

recombination rate towards each respective state. In the magnetic field range
up to about 120 G each REMPI spectrum exhibits only a single resonance dip
which can be unambiguously assigned to the state |1). At about 120G, two
additional molecular signals start to appear stemming from molecular states
in the spin state || ). The strengths of the signals of these states become sim-
ilar to the | 1) signals when approaching the Feshbach resonance at 155 G.
For magnetic fields above the Feshbach resonance, all signals decrease very

quickly within a few Gauss.
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FIGURE 7.3: Opening up a product spin channel. (a) Molecule
detection rates for three product states for which the quan-
tum numbers | T / |)(v,Lgr) are given in the legend. The
gray dashed line marks the experimental detection limit and
the light-green and purple shaded areas indicate the position
of the Efimov and Feshbach resonance, respectively. The error
bars in the plot indicate one standard deviation (1c). (b) Cal-
culated three-body recombination rate coefficients. The black
dashed line is the total rate coefficient L3 to. Solid colored lines
correspond to partial rates for the states under discussion. Gray
lines correspond to other molecular states. No calculations are
shown for 152G < B < 157G, see text. We expect theoretical
errors up to a few tens of percent for the partial rate for vibra-
tional levels down to v = —4, judging from when more vibra-
tional states are included in our effective potentials [56]. (c) The
normalized reaction rate coefficients L3/ L3+ do not exhibit a
maximum at the Efimov resonance.

From our REMPI spectra, molecule detection rates for each observed molec-
ular state are extracted. These rates are roughly proportional to the partial
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three-body recombination rates for the flux into individual product channels
(see [56] and Methods). The obtained rates for the states in Fig. 7.2 are shown
in Fig. 7.3(a) for the magnetic field region in the vicinity of the Efimov and
Feshbach resonances, located at 140 G and 155 G, respectively.

The data show that the rates for the || ) states indeed strongly increase from
below the detection limit (gray dashed line) to about a factor of 50 above the
detection limit as the magnetic field is increased from B < 115G towards
the Efimov resonance. The detection limit is mainly determined by the back-
ground noise of our REMPI scheme. By contrast, the rate for the | 1) state is
rather constant for all B-fields below the Efimov resonance. At the position
of the Efimov resonance at 140 G we observe a clear enhancement of the rates
for all molecular states. In fact, the signals for all three states attain similar
strength, which demonstrates the large relative tuning range of our scheme.
At this point the spin product channel | |) has been fully opened up for the
reaction flux.

The relatively constant production rate for the | 1) state below the Efimov
resonance might be unexpected at first in view of the known a* scaling of the
recombination rate in the limit of zero temperature [41, 153], where a4 is the
scattering length. It can, however, be explained to a large extent as an effect
of our finite temperature of 860 nK [28, 117], as further discussed below.

We carried out numerical model calculations for the partial rate coefficients
L3 for each molecular quantum state, using the adiabatic hyperspherical rep-
resentation [21, 149, 160] (see Methods). This determines the partial recombi-
nation rate, L3(f) - [ n3d®r /3, into a molecular state f, where 1 is the atomic
density distribution. The calculations take into account thermal averaging
of the partial rate constants. The results are shown in Fig. 7.3(b). The re-
gion from 152 to 157 G, i.e., the direct vicinity of the Feshbach resonance is
excluded since the numerical calculations quickly become computationally
highly demanding in this resonant regime.

Among all the possible molecular states produced by recombination (gray
dotted lines), we highlight in color the molecular states under discussion.
In addition, we present the total three-body recombination rate coefficient
(dashed black lines).

Our calculations show that due to thermal averaging, the calculated recom-
bination rate coefficient for the probed | 1) state increases only moderately
towards the Efimov resonance. For more details on how finite temperature
affects the recombination rate coefficient, see Supplemental Materials. The
increase of the theoretical curves is still faster than for the experimental data.
This may be mainly explained by imperfections of the experiment. During
the B-field ramp atoms are already lost due to three-body recombination and
the sample slightly heats up. As a consequence, the density of the atom cloud
sinks. In addition, the B-field ramp is not perfect, but tends to lag behind and
to overshoot, which can lead to averaging out of signals. Furthermore, there
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could be a small variation in the REMPI efficiency as a function of magnetic
field. These variations hamper a direct comparison between ion rates and L3
coefficients.

Nevertheless, the main characteristics of the experimental data are qualita-
tively well described. For example, the observed sharp drop of the recombi-
nation rate above the Feshbach resonance is also clearly reproduced by the
theory. The reason for this drop is the rapid decrease of the scattering length
towards its zero crossing near B = 166 G and the close-by minimum in L3 due
to Efimov physics [160, 168]. We note that above the Feshbach resonance the
Feshbach molecular state appears (see dark-green solid line in Fig. 7.3(b)),
and takes the main fraction of the total reaction flux.

Our calculations show that the effect of the Efimov resonance is to increase
the partial three-body recombination rate coefficients with the same overall
factor, not favoring particular product channels. This is evident from Fig.
7.3(b) where all partial rate coefficients exhibit a similar maximum at the lo-
cation of the Efimov resonance. It also becomes manifest when normalizing
the partial rate coefficients to the total rate coefficient (see Fig. 7.3(c)), as each
maximum at the Efimov resonance disappears. The global enhancement is
due to the fact that the Efimov resonance is a shape resonance which occurs
in a single three-body adiabatic channel. As such, approaching the resonance
increases the overall amplitude of the three-body scattering wavefunction at
short distances where the reaction takes place, therefore, enhancing all the
partial rates by the same factor [29]. Remarkably, near the Feshbach reso-
nance we also find, both experimentally and theoretically, molecular prod-
ucts in spin states other than | 1) and | |), as shown in Fig. 7.4. This points
towards physics beyond the | 1)-| |) Feshbach mixing. In the experiments,
these are molecular products with spins (F, f,, fy) = (4,3,2) and (5,3,2).
In this notation, we omit mp, as it is always mr = —4. Thus, we observe
product states where only one of the f; has flipped, and where even the total
angular momentum F can change. Following a similar analysis as used in
Refs. [56, 57], the observation of such states can be understood as follows in
terms of two-body physics. The spin state (4,3,2) can be produced via two-
body spin-exchange interaction at short distances, starting either from state
| 1) = (4,2,2) or from | ) = (4,3,3). Close to the Feshbach resonance the
scattering wavefunction amplitude is strongly enhanced at short range and
with it also the rate for spin-exchange. Producing the spin state (5,3,2) is
possible due to the presence of a finite B-field which breaks global rotational
symmetry and couples different F quantum numbers. A (5,3,2) state is typ-
ically energetically close to a corresponding (4, 3,2) state, such that coupling
between them is resonantly enhanced.

In Fig. 7.4(a) and (b) REMPI spectra at magnetic fields of B = 4.6 G and
B = 155G, respectively, are compared. The spectrum at high magnetic field
exhibits many more resonance lines than the spectrum at low field. In a thor-
ough analysis of the spectra, similarly as in Ref. [158], we identified a total
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FIGURE 7.4: Spin families of molecular products. (a) and (b)
Detection signals of product molecules of various spin families
by REMPI spectroscopy at a magnetic field of B = 4.6 G and
B = 155G, respectively. Vertical lines correspond to calculated
resonance positions for molecular states assigned to spin fami-
lies (F, fa, fp) according to the legend on top of the figure. The
marked individual states have vibrational quantum numbers in
the range from v = —1 to —7 and rotational quantum numbers
Lr = 0,2,4 or 6. The REMPI path is via a 3Hg intermediate
state, see Methods. We have vz = 1y = 497831.928 GHz for (a)
and vp = vp — 228 MHz for (b). The 228 MHz shift compen-
sates for the Zeeman shift, allowing for a better comparison of
the two spectra. (c) Calculated, summed-up molecular product
fraction for each spin family (F, f,, f;) as indicated next to the
curves.

of four spin families for B = 155 G and only a single one for B = 4.6 G. The
individual spin states are marked with colored bars in Fig. 7.4(a) and (b).

Figure 7.4(c) shows our numerical calculations for the product fractions of the
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molecules in the different spin families (F, f5, f) as a function of the external
magnetic field B. Here, for each individual family we sum up the populations
for all corresponding molecular states having the same spin characteristics.
In agreement with our previous discussion, spin-exchange is strongly en-
hanced when approaching the Feshbach resonance. Furthermore, Fig. 7.4(c)
reveals a hierarchy in the propensity for the production of spin states. Chang-
ing the total angular momentum F is more strongly suppressed than chang-
ing an atomic f quantum number, see also [90].

In summary, we have demonstrated a powerful scheme to control the reac-
tion pathway in a three-body recombination process of ultracold atoms. Us-
ing a magnetically tunable Feshbach resonance we admixed a well-defined
spin state to the reaction complex of three atoms and by this steered the re-
action flux between the corresponding spin channels. We find that a large
fraction of the total reaction flux can be redirected in this way. Furthermore,
we show that in contrast to the Feshbach resonance an Efimov resonance
only enhances globally the reaction rate, while maintaining the relative flux
between reaction channels. We investigated our control scheme both ex-
perimentally and theoretically, using high-resolution state-to-state measure-
ments and state-of-the-art numerical three-body scattering calculations, re-
spectively.

The demonstrated reaction control holds large promise for general few-body
reactions, as it is simple and can easily be extended. Feshbach resonances
are ubiquitous in cold atomic and molecular gases. The scheme is fully co-
herent and can thus be used as a central building block in interferometric
control, where the Feshbach resonance functions as a beam splitter for the
incoming wave function. The split up parts can then potentially follow dif-
ferent pathways towards the same final product state where they interfere.
For example, the final product state could have tunable spin-mixed charac-
ter which can be set by further control methods such as state dressing with
optical or microwave fields. In this way, additional tuning of the interference
can be achieved.
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7.3 Methods

Preparation of ultracold atomic sample

The experimental sequence starts with capturing 3°Rb atoms in a magneto-
optical trap. After a magnetic transport over 40cm the atoms are subse-
quently loaded into an optical dipole trap where evaporative cooling is per-
formed. They are then transported to the center of the Paul trap via a moving
1D-optical lattice. At the final stage of the sample preparation, the atoms are
confined in a far-detuned crossed-dipole trap formed by 1064 nm lasers. The
trapping frequency is wyy. = 27 x (156,148,18) Hz. The resulting atom
cloud consists of a pure sample in (f;, mg) = (2,—2) hyperfine spin state
with the typical particle number of 2.5 x 10°. The temperature of atoms is
860 nK. This temperature was chosen as it provided the strongest recombi-
nation signals at a reasonably cold temperature.

REMPI detection

In order to state-selectively detect the product molecules, we apply two-step
resonance-enhanced multiphoton ionization (REMPI) with a cw-laser which
has a linewidth of ~ 1 MHz. The laser beam is roughly an equal mixture of
- and 7-polarized light. It has a power of 100 mW and a beam waist (1/¢?
radius) of 0.1mm at the location of the atom cloud. We use identical photons
for the two REMPI steps at a wavelength around 602 nm. For Figs. 7.2 and
7.3 the intermediate REMPI states are levels of (2)!%.) with ]/ = 3 for | 1)
states and ' = 1 for | |) states [57], where ]’ represents the total angular
momentum excluding nuclear spin. The | = 1 and J' = 3 levels are split
by 2.9 GHz. The photoassociation laser frequency towards the intermediate
level J' = 1is vy = 497603.591 GHz at B = 4.6 G. The binding energies of the
experimentally observed molecular states in Figs. 7.2 and 7.3 are 4.7 GHz x h
for | 1), and span a range between 6.4 to 7.3 GHz x h for | ). Here, the
binding energy is determined relative to the B-field dependent (4,2,2) thresh-
old. For Fig. 7.4, the intermediate REMPI states are deeply-bound levels of



Chapter 7. Controlling few-body reaction pathways

126 using a Feshbach resonance

(2)°11 0; with J' = 1,3,5 [57]. Here, vy = 497831.928 GHz is the photoasso-
ciation frequency towards ' = 1 at B = 4.6 G. The binding energies of the
molecular states observed in Figs. 7.4 (a) and (b) span a range between 0.6
and 12.6 GHz x h. Again, the binding energy is determined relative to the
(4,2,2) threshold. In general, the Zeeman effects of our intermediate states
are negligible compared to the ones of the ground state. We make an effort
to ensure that the REMPI efficiencies are similar for the states that we probe,
also at various magnetic fields, but a precise calibration of the REMPI effi-
ciency has not been done yet. We note that the first REMPI step is generally
not saturated.

When ions are produced via REMP], they are directly trapped and detected
in an eV-deep Paul trap which is centered on the atom cloud. Elastic atom-ion
collisions inflict tell-tale atom loss while the ions remain trapped. From the
atom loss which is measured via absorption imaging of the atom cloud the
ion number can be inferred, for details see [57]. From the ion numbers and
the interaction time we obtain an ion production rate (i.e. the molecular de-
tection rate) which is generally proportional to the state-selective molecular
production rate and the three-body recombination loss rate constant.

Model calculations

Our numerical simulations use the adiabatic hyperspherical representation
approach where the coordinates of three particles are given in terms of the
hyperradius R for the overall size of the system and a set of hyperangles
Q) for the internal motion [21, 140, 149, 160]. The three-body Schrodinger
equation is solved by adiabatically separating the hyperradial motion

n d?
[—E@ + Uy(R) | Fu(R)
+Y W, (R)E,(R) = EF,(R), (7.1)

from the internal motion

Hoq®y(R; Q) = Uy (R)Dy(R; Q), (7.2)

where the hyperradius R appears only as a parameter. The diagonalization
of the hyperangular adiabatic Hamiltonian H,q gives the three-body poten-
tials U, and the channel functions ®,, which are also used for computing the
nonadiabatic couplings W,,,/, for the hyperradial equation.
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In our model, the hyperangular adiabatic Hamiltonian reads

A2
4 _ AQ) +15/4

W=t L Va(RO)+ ), HIE), (73

i,j=a,b,c i=a,b,c

i7]

where A denotes the hyperangular momentum operator [140, 149] and u =
m/+/3 is the reduced mass of three identical atoms of mass m. The atomic
spin Hamiltonian ﬁjp for atom i contains the hyperfine and Zeeman interac-
tion, and to a very good approximation within the present work its eigen-
states are |f;, mg). For two Rb atoms (e.g., i and j) of the 55;,5 + 55;,»

asymptote, the pairwise interaction Vi]- can be expressed in terms of the elec-
tronic singlet and triplet Born-Oppenheimer potentials. We use the potentials

from Ref. [139] with an additional repulsive term C/ r12 to reduce the num-

1

ber of bound states in our simulation. Here, r;; is the ]interatomic distance.
Removing deeply bound states mitigates the computational hardship with-
out affecting too much the results, as generally more deeply bound states
play a less important role in the three-body recombination process [56]. The
truncation of the potentials shall be explained in more detail in a separate
publication [91]. In brief, two parameters C (Cs and C;) are adjusted in-
dividually for the truncated singlet and triplet potentials so that they con-
tain 6 and 5 s-wave bound states, respectively, and so that the known singlet
and triplet scattering lengths are reproduced. Additional fine-tuning of the
two C parameters together with the atomic hyperfine splitting aims at re-
producing the Feshbach resonance at about 155 G. As a result, the atomic
hyperfine splitting is reduced by about 5% compared to the literature value.
We use Cs = (0.3242030 74w )? - Co and C; = (0.3258900 gy )® - Cs, where
Tvdw = %(mh—gﬁ)l/ % is the van der Waals length and Cg is the van der Waals
coefficient.

Interactions between the particles and with the external magnetic field B cou-
ple various angular momenta. Therefore, the incoming spin channel

12, —2)|2, —2)|2, —2) can in principle be coupled to a range of spin chan-
nels |fa, my,)|fy, mg,)|fe,ms), where f; can be 2 or 3. We essentially only
have the restriction that Mot = my, + myg + my, is conserved, as long as
spin-spin interaction can be neglected. However, motivated by previous
work [57], where we found a spin conservation propensity rule in three-
body recombination of Rb atoms we restrict the spin of the third atom to
be |fc,ms) = [2,—2) in our calculations. One reason for this restriction
could be that the third atom (c) interacts mainly mechanically with the other
two, (a,b), while they are forming a molecule. This approximation leads
to a model of five coupled three-body channels with the quantum numbers
(F, fa, fr) =4,2,2),(4,3,2),(4,3,3),(5,3,2),and (6, 3, 3).
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7.4 Supplemental Materials

Feshbach resonance at 155 Gauss

The s-wave Feshbach resonance used in this work is located at 155.3 G.
It couples the incoming (F, fa, fp, mp) = (4,2,2,—4) state and the closed-
channel bound state (F, f,, fy, mr) = (4,3,3, —4). The scattering length across
the Feshbach resonance is well characterized by the relation a(B) = apg(1 —
55 ). Here, ay, = —443ap, AB = 10.9G, By = 1553 G is the background
scattering length, the width and the position of the resonance [13]. The scat-
tering length is shown in Fig. 7.5.
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FIGURE 7.5: Scattering length in the vicinity of the s-wave Fes-
hbach resonance. The scattering length in units of Bohr radius
is plotted as a function of magnetic field.

Temperature dependence of L;

The scaling of L3 o a* is better perceivable at lower temperatures. In Fig. 7.6,
we compare the L3 for the | 1)(—3,4) state at 80 nK with the 860 nK result
presented in the main manuscript. The Efimov resonance at about 140 G
perturbs the overall scaling. At 150 G the L3 value for 80 nK is again close to
the a* prediction.



7.4. Supplemental Materials 129

1022
——T1 =80 nK
z —o—T =860 nK
wa 10'24 - - -xa* 7
g 7
C?F

'5;

10-28 1 Il Il Il Il Il

80 90 100 110 120 130 140 150

B [G]

FIGURE 7.6: The three-body recombination rate constant L3 for
the | 1)(—3,4) state at 80 nK is compared to that at 860 nK. The
dashed line indicates the L3 « a* scaling.
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Chapter 8

Hollow-core fiber for single-mode,
low loss transmission of

broadband UV light

The content of this chapter is published in Ref. [36]. My contribution to this
work was the experimental investigation of the fiber samples and character-
izing them as well as contributions to the writing of the manuscript.

Dorer, D. and Frosz, M. H. and Haze, S. and Deifs, M. and Schoch, W. and
Hecker Denschlag, J.
"Hollow-Core Fiber for Single-Mode, Low Loss Transmission of Broadband
UV Light",
IEEE Journal of Selected Topics in Quantum Electronics 30 (6) 4300106 (2024).
DOI: 10.1109/JSTQE.2023.3299158
© 2024 IEEE. Reprinted, with permission from the authors, "Hollow-Core
Fiber for Single-Mode, Low Loss Transmission of Broadband UV Light,
IEEE Journal of Selected Topics in Quantum Electronics, 2024.

We report on an anti-resonant hollow-core fiber (AR-HCF) designed for sta-
ble transmission of laser light in a broad wavelength range of 250 nm to 450
nm. We tested for wavelengths of 300 nm and 320 nm. The characterized
tiber shows a low transmission power attenuation of 0.13 dB/m and an ex-
cellent single-mode profile. The fiber maintains stable transmission after an
exposure of tens of hours with up to 60 mW CW-laser light and shows no
indication of solarization effects. We further tested its performance under
bending and observed a small critical bending radius of about 6 cm. These
characteristics make the presented fiber a useful tool for many applications,
especially in quantum optics labs where it may be instrumental to improve
on stability and compactness.
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8.1 Introduction

Optical fibers are well-established tools for stable transmission of laser light.
For the visible to infrared wavelength range, silica-based optical fibers with a
solid-core are routinely used for low-loss delivery of single-transverse-mode
beams of high quality [141]. However, the applicability of solid-core fibers
is severely compromised in the ultraviolet spectral range as they suffer irre-
versible degradation after even short periods of exposure to UV light [162].
This behavior is caused by UV-induced damage in the silica material - of-
ten referred to as solarization [37, 81, 133]. On the other hand, for example,
in atomic, molecular and optical physics, there is a vastly growing number
of applications involving UV light, and particularly at a wavelength around
300 nm. As an example, Rydberg states of Cs, Rb, and K atoms (see, e.g. [32])
can be excited with such wavelengths in a single-photon excitation from the
ground state. As another example, Doppler cooling and state readout of the
trapped ions Be", Mg®, and Yb* works at the wavelengths 313 nm, 280 nm
and 369 nm, respectively. Such platforms have a large potential for applica-
tions regarding, e.g., quantum computing, quantum simulation and metrol-
ogy (see, e.g. [14, 86, 107, 128, 144, 155, 169]). Therefore, a good solution for
stable and efficient, single-mode transmission of UV laser light could be very
useful for such platforms and their applications.

One approach to overcome the solarization problem relies on hydrogen pas-
sivation [26, 97]. In another approach, hollow-core fibers are used to trans-
mit light having negligible overlap with the silica glass. The structures of
such hollow-core fibers can be tailored to achieve single-mode delivery of
UV light. An example of such a structure is the Kagomé type [48]. Re-
cently, single-ring structures formed by capillaries surrounding the hollow-
core have gained increasing interest because of both low-loss transmission
and high-quality single-mode transmission achieved by modal filtering when
the fiber structure is suitably designed [47, 147]. An approach which targets
a wavelength range around 300 nm and demonstrates low attenuation is re-
ported in [47] where a single-ring structure with six capillaries and a ratio
between core diameter D and capillary diameter d of d/D = 0.51 is used. We
employ a similar design, however, our wall thickness of the ring capillaries
t ~ 220 nm is about three times smaller, see Fig. 8.1(a). The wall thickness
of the ring capillaries, which we call in the following core-wall thickness, is
crucial because it determines the wavelength of the loss resonances accord-
ing to Ay = 2tv/n? —1/q [3], where n is the index of the glass and g is the
order of the resonance. Therefore, our fiber has a broad resonance-free zone
from 250 nm to 450 nm in the UV. It is also of further advantage that the
thin core-walls cause our fiber to operate in the second anti-resonance win-
dow (1 < 2tv/n? —1/A < 2), since this is known to lead to higher coupling
efficiency [43, 170]. Achieving such thin core-walls is still a significant fabri-
cation challenge. In this article we report the fabrication and characterization
of a hollow-core fiber (HCF) with a core-wall thickness of 220 nm for a tar-
geted optimal guidance wavelength range of 300 nm to 320 nm. We evaluate
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the output beam quality by measuring the beam propagation ratio and in-
vestigate how bending the fiber impacts its transmission. Using the cutback-
technique, we measured transmission loss of 0.13 dB/m at 320 nm and in
addition we do not find an indication of fiber degradation when exposing
the fiber to powers of up to 60 mW of UV light over tens of hours. The low
measured loss is state of the art for the given spectral range.

8.2 Fiber fabrication

The fiber was fabricated in a stack-and-draw process (for an overview, see
[123]). By adjustment of process parameters such as air-pressure applied in-
side the capillaries, furnace temperature and draw velocity, properties such
as core diameter and wall thickness could be precisely controlled. We care-
fully chose materials for the fiber production. In a previous study [119],
unwanted residues of ammonium chloride were found on surfaces of fibers
made from glass containing a high concentration of chlorine. These residues
drastically reduce the fiber coupling efficiency. For the cladding capillaries
we used Suprasil F310 with < 0.2 ppm chlorine and ~ 200 ppm hydroxyl
content to prevent crystal growth on the surface of the fiber ends. High con-
centration of hydroxyl groups in the glass is known to improve the long-term
transmission of light in the UV and VIS spectral range. The tube to which the
capillaries were directly fused was made of HSQ100 fused silica with less
than 20 ppm hydroxyl content. The outermost part of the fiber was Suprasil
F300 which features a low amount of hydroxyl groups (< 0.2 ppm) but a
high amount of chlorine (typically between 800 and 2000 ppm). Since all
glass structures except for the capillaries are far away from the relevant core
structure, the high amount of chlorine seems to not play any role and we
did not observe unwanted residues. A strong suppression of higher-order
modes (HOMs) to ensure single-mode transmission while simultaneously
having relatively low bend losses was our primary target in designing the
fiber. While optimal HOM-suppression requires a ratio between capillary di-

ameter d and core diameter D of d/D = 0.68 [147], the critical bend radius

2
scales as R, ~ % [45], therefore we aimed for a d/D value somewhat

smaller than 0.68. For the presented fiber, the core diameter D is about 18 pm
and the capillary diameter d is ~ 9 pm, resulting in a d/D-ratio of 0.5. The
core-wall thickness of the capillaries is around 220 nm. Therefore, the first
and second-order resonances can be expected at ~ 450 nm and ~ 250 nm
with a broad transmission band in-between suitable for many applications
in quantum labs.
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FIGURE 8.1: (a) Scanning electron microscopy image of the fiber
cross-section. The structure consists of a hollow-core diameter
D ~ 18 pm diameter and six hollow capillaries with a diameter
d ~ 9 pm each. The core wall thickness t is ~ 220 nm. (b) Setup
for fiber-coupling. The output beam from the laser source is ex-
panded by lenses L; and L, to a waist of 1.9 mm and then sub-
sequently focused down with lens L3 with a focal length of 125
mm. With two highly-reflective mirrors, the beam is coupled
into the fiber. The transmitted light is measured by a photode-
tector and converted into a laserpower signal. Alternatively, a
camera is used for beam shape analysis.

8.3 Experimental results

We used two different laser sources to carry out the experiments. The mea-
surement described in Sec. 8.3.2 was performed with a Diode Pumped Solid-
State laser (DPSS, model: 4136) from the company LASOS. It emits 10 mW
of CW power at a wavelength of 320 nm and the beam profile has a Gaus-
sian shape with M? = 1.04 4 0.03. For the measurements in Secs. 8.3.3 and
8.3.4, a frequency doubled dye laser system (Matisse 2DX, Sirah Lasertech-
nik GmbH) was used. We operated this setup at a wavelength of 302 nm and
an optical power between 30 and 60 mW for degradation characterization of
the fiber. The beam profile was elliptical with a ratio of 1:2. In both setups,
no further spatial cleaning or filtering of the beams was done prior to fiber-
coupling. To match the predicted mode diameter of the fiber, the waist of the
collimated beam was enlarged by a factor of 7 (DPSS laser) or 10 (dye laser)
to about 1.9 mm and then focused down to a beam diameter of 2wy = 12 pym
using a lens with a focal length of 125 mm where @ is the beam waist at
the fiber facet. It is known that the coupling efficiency is maximized at all
guided wavelengths when the beam diameter for fiber coupling is approxi-
mately 70% of the core diameter [43]. We used two flat mirrors to align the
beam and optimize the transmission through the fiber (see Fig. 8.1(b)).

8.3.1 Output beam quality

We confirmed single-mode guidance by monitoring intensity profiles of the
output beam with a CCD camera. In previous work [166], a HCF withd /D ~
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0.43 showed a somewhat asymmetric mode profile and higher transmission
loss at a wavelength of 355 nm. Figure 8.2 (a) shows the near-field beam
profile for the tested fiber. For this we used the DPSS system, but we were
able to achieve equal results with the dye laser. The beam has a highly sym-
metric profile. The ratio of the diameters between the two main axes (y/x)
is 0.98 which indicates a high quality circular shape. To further characterize
the quality of the output beam, we measured the beam propagation ratio M2,
For this, we focused the collimated beam of a diameter of 2 mm with a lens
of 300 mm focal length and measured the radius of the beam at various axial
distances near the focal point, see Fig. 8.2(b). Then, we used Gaussian beam
titting according to

2
w (z) = wy (MZ + M? (%w%) (z— zo)z) (8.1)

with w as the measured radius at a position z and the wavelength A = 320
nm. The beam waist wy and a position offset z( are free fitting parameters.
We extracted M? = 1.03 + 0.04. Note that for a single-mode TEM (Gaussian)
laser beam, M? = 1. Higher-order modes are suppressed by large propagation
losses, so that the mode is cleaned by the fiber after approximately 1 m. We
noticed that fixation of the fiber end plays an essential role for optimal fiber
coupling. In order to avoid mechanical stress on the fiber, we used a low ex-
pansion glue for fixation of the fiber on a V-groove holder. We could not find
differences regarding the output beam quality between the two used laser
sources within our measurement uncertainty. This additionally confirms the
mode cleaning behavior of our HCE.

8.3.2 Cutback-method

The propagation loss was measured using the multiple-cutback method with-
out changing the coupling into the fiber. After the front facet, we kept the
fiber straight for 30 cm in order to minimize stress in the fiber which is helpful
for controlled and reproducible in-coupling of the laser beam. The remaining
length of the fiber is wound on a coil with 20 cm radius. As we show later
in Sec.8.3.3, this bend radius leads to no additional bending losses. Once
the transmission was maximized by adjusting the fiber coupling optics, the
alignment was fixed. The results of the cutback-measurement are shown in
Fig. 8.3. We measured a transmission power loss of 0.13 dB/m with an in-
coupling loss of about 6% extracted from a linear fit. We note that a 94%
coupling efficiency was also reported in Ref. [170]. Our results for transmis-
sion loss for a wavelength around 320 nm are very similar to the findings
of [47] and are significantly better than the ones of [166] (~ 0.6 dB/m) and
of [53] (~ 3 dB/m). Osorio et al. [106] reported a fiber with loss as low as
~ 0.05 - 0.08 dB/m around 280 nm, but as their core-wall thickness was 0.6
pm (2.7 times thicker than in our case) that fiber was operating in the fifth
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FIGURE 8.2: (a) Image of the near-field intensity profile of the
output beam. It shows a nearly symmetric beam shape. (b) In
order to characterize the transverse mode properties of the out-
put beam we perform beam waist measurements on the beam
which has been focused to a waist of 30 pm. The plot shows the
beam waist as a function of axial distance to the position of the
focusing lens (blue dots). The red curve is a fit to the data and
is used to extract the beam propagation ratio M? = 1.03 & 0.04.

anti-resonance window, leading to a narrow transmission window (~ 270 -
290 nm) as well as to an expected reduced coupling efficiency. The d/D ra-
tio of their fiber was 0.41, smaller than the value 0.51 of our fiber and thus
further away from the optimum value of 0.68 for higher-order mode sup-
pression. Despite the lower d/D value, due to the larger core size (critical
bend radius scales with D? [45]), that fiber is also expected to have a higher
critical bend-radius of ~11 cm. Still, our measured loss at 320 nm is found
to be about an order of magnitude higher than predicted by finite element
modelling (FEM), which considers only confinement and bend loss, see Fig.
8.3(b). The additional loss observed in the measurement is most likely due
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FIGURE 8.3: (a) Cutback loss measurement at a wavelength of
320 nm. Shown is the measured transmission power as a func-
tion of the fiber length. The error bars of the data points result
from the uncertainty of the power measurement by a silicon
photo detector. From a linear fit (red line), a transmission loss
of 0.13 dB/m is obtained and an in-coupling loss of only 6 %.
(b) Calculation of the transmission loss for a straight fiber (blue)
and a fiber with a bend radius of 20 cm (red) which is typical
for our experiments. The experimentally observed loss (black
cross) is a factor of ~ 10 larger than the calculation.

to surface scattering and microbending. Microbending is an effect which oc-
curs due to small perturbations along the fiber whereas surface scattering
arises from a thermodynamically unavoidable surface roughness [106]. Both
effects increase significantly towards shorter wavelengths [44, 106] (surface
scattering scales & A2 and microbending scales « A~°). Within the fabrica-
tion process azimuthal asymmetries in the cladding capillaries occur along
the fibre and FEM simulations show a strong sensitivity of loss resonances to
the core-wall thickness.
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8.3.3 Performance under bending

For practical applications, an important requirement for the fabricated fibers
is to be bending insensitive at bend radii relevant for laboratory experiments.
Below a certain critical bend radius, single-ring fibers and similar fiber types
exhibit a strong drop in transmission due to bend-loss [45] and also the shape
of the outgoing mode changes. At the critical radius, the fundamental core
mode couples to the fundamental mode inside one of the cladding tubes,
thereby experiencing high loss. We give an upper estimate for the critical
bend radius using the simplified expression from [45]

Ry _D? 72 (d/D) 82)
D A2 ”51 1—-d/D

where the value u(; depends on the specific core mode. For the fundamental
mode ug; = 2.405. In the original expression, there is an angular depen-
dence which is neglected here. In practical lab situations it is not desirable to
have to control the twist of the fiber carefully. Furthermore we see that bend-
sensitivity can be reduced by choosing suitably small values of D and d/D.
However, d/D should also not be chosen much smaller than d/D = 0.68 in or-
der not to lose some suppression of higher-order modes [147]. For our design
parameters d/D = 0.5, the critical bend radius is calculated to be R, ~ 5.5 cm
at A = 300 nm. The bending properties were measured with the remaining 5
m long piece of the same sample used for the cutback-method. For this, the
initial part of the fiber is kept straight for 30 cm to not change the fiber cou-
pling efficiency by later adjustments of the bend radius. In the further course
of the fiber, this is followed by a single loop the radius of which is varied
and a further straight part of the fiber of about 1 m. In Fig. 8.4 we show the
transmission through the fiber for various bend radii. For bend radii above
7 cm, the transmitted power is not affected by the loop and it is similar to a
straight fiber. At a bend radius of about 6 cm, the transmission drops rather
abruptly by more than 8 dB. The transmission is minimal at the critical bend
radius, because light can then couple best from the core mode to the outer
capillary mode which leaks out. This mechanism is described in more detail
in [45]. Our calculations and experiments show that the mode profile in the
fiber can be strongly distorted for bending radii close to the critical value.
The distortion is quite sensitive to the details of the stress applied to the fiber.
After propagating through > 1.5 m of straight fiber the higher order modes
have been cleaned out and only the fundamental mode remains.

8.3.4 Lifetime investigation

When exposed to UV light solid-core fibers exhibit a degradation of their
transmission properties, a process which is known as solarization. Often this
degradation already occurs within a few hours of exposure. We tested for
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FIGURE 8.4: Power transmission measurement of a 5 m long
fiber as a function of the bend radius R; of a single winding.
The calculated critical bend radius R, is approximately 5.5 cm.
When decreasing the bend radius to the critical value, the trans-
mission drops abruptly by more than 8 dB at a bend radius of 6
cm. The error bars correspond to the noise of the detector setup
for the transmission measurement. © 2023 IEEE
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FIGURE 8.5: Longterm exposure of the fiber at 302 nm with the
dye laser system. We show relative transmissions over several
hours of exposure for two different power levels. We normal-
ized the transmission to the maximal observed transmission for
each power level. Blue (red) data points correspond to 30 (60)
mW of laser power prior to the fiber coupling, respectively. Due
to imperfections in the transverse mode, coupling was limited
to about 65%.

solarization using laser powers of up to 60 mW. Figure 8.5 shows the trans-
mission of UV laser light during the course of one day. No degradation of
the fiber transmission is observable. We also performed a 10 mW UV-light
exposure of the fiber over several weeks, the data of which are not shown
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here. Again, no degradation was observable.

8.4 Summary

We characterized the transmission of UV laser light through a single-ring
hollow-core optical fiber which is designed for low-loss, single-mode trans-
mission over a wavelength range of 250 nm to 450 nm. Using wavelengths of
302 nm and 320 nm we found single-mode transmission with a mode qual-
ity of M? = 1.03 and a loss of 0.13 dB/m using the cutback method. Our
designed fiber has a transmission attenuation similar to other fiber types re-
cently reported for UV guidance [47] but operates in a much broader spectral
range of 250 to 450 nm due to very thin core-walls of 220 nm. Furthermore, it
operates in the second anti-resonant window leading to high fiber coupling
efficiency. As the fiber has a critical bend radius of about 6 cm, it can be
conveniently used in compact laboratory environments that are typical for
atom or ion traps. The fiber shows no effects of degradation over tens of
hours of effective exposure time with a power up to 60 mW. In principle, it
should be possible to fabricate similar fibers but with additional polarization-
maintaining properties (see [121] for circular polarization for 1593 nm laser
light). Such fibers are of high interest for applications e.g. in quantum optics
labs where polarization stability is crucial.
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Conclusion and outlook

Conclusion

In my doctoral research, I focused intensively on the following topics and
conducted in-depth investigations:

¢ Three-body recombination in an ultracold gas of rubidium

¢ High-resolution molecular spectroscopy of states near the 5s + 4d asymp-
tote

¢ Characterization of a novel hollow-core fiber for transmitting ultravio-
let light.

For these studies, I utilized a hybrid apparatus capable of trapping and prepar-
ing both neutral and charged atoms in well-defined quantum states. The
main focus of my work was on investigating three-body recombination, with
a particular emphasis on exploring methods to control the chemical reaction.
To detect the resulting product molecules, we used resonant multiphoton
ionization (REMPI) in the laboratory.

As a first step, l identified REMPI pathways that increase the molecule detec-
tion efficiency. For this purpose, I conducted high-resolution molecular spec-
troscopy of the electronic states (2)'E} and (2)°I1, which correlate with the
5s + 4d asymptote in the frequency range of 493 to 503 THz xh. A key result
of this work was achieving an ionization efficiency for the molecules that is
nearly two orders of magnitude higher than previous methods in our labora-
tory. Furthermore, this research provided deeper insights into the molecular
structure of the investigated states. In particular, we determined in collabo-
ration with Prof. E. Tiemann from the University of Hannover the spin-orbit
coupling in the (2)°I1, system to be 55 &+ 10cm ™!, a value that significantly
deviates from previously published results.

With this improved molecule detection method, we analyzed the molecular
product distributions in greater detail and detected significantly more molec-
ular product states than before. Our findings revealed that the three-body re-
combination reaction in rubidium tends to follow specific reaction pathways:
the spin states of the two atoms which form a molecule exhibit a tendency
to remain conserved throughout the reaction, thereby determining the spin
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character of the reaction products at the exit of the reaction. Furthermore, we
utilized this spin conservation rule to demonstrate control of the reaction flux
across different reaction pathways. We explored two methods based on the
principle of using magnetic fields to control spin composition. These meth-
ods target either the entrance channel of the reaction (atomic scattering state)
or the molecular product states at the reaction’s exit.

We showed that controlling the spin composition of a reaction channel at
the reaction’s exit enables precise manipulation of the reaction flux into that
channel. To achieve this, we utilized two molecular states featuring an avoided
energy-level crossing. By applying an external magnetic field, we were able
to adjust the spin composition of the two molecular product states, thereby
selectively steering the reaction flux between the involved reaction channels.
This type of control only affects the two product states exhibiting the avoided
energy level crossing and, as observed in the experiment, does essentially not
affect the distribution of the remaining reaction products.

In another experiment, we found a different method for control of the chem-
ical reaction that utilizes a magnetically tunable Feshbach resonance to selec-
tively mix a specific spin state into the entrance channel of the reaction. The
experiment showed that this opens up reaction channels towards molecules
belonging to various spin families. We observed a significant effect on the
whole product distribution using the Feshbach control.

In the third project, although it was not the main focus of my thesis, I col-
laborated with the Max Planck Institute for the Science of Light in Erlangen
to develop and test a hollow-core single-mode fiber for its suitability in the
300-320nm wavelength range. In this range, the photon energy is already
high enough to irreversibly damage conventional solid-core fibers after pro-
longed exposure, causing them to lose their ability to guide light efficiently.
Motivated by this, we developed and characterized a fiber with a transmis-
sion efficiency exceeding 70% over a length of 10m. Remarkably, this fiber
showed no signs of degradation even after several days of continuous expo-
sure. This type of fiber holds significant potential for future applications.
In our group, we will use it particularly for the spectroscopy of Rydberg
molecules using highly energetic photons.

Outlook

In the following, I will give an outlook for possible future experiments in our
laboratory connected to my research.

Theoretically, the conservation of spin in the reaction which we experimen-
tally found could have limitations. In fact, by approaching molecular prod-
uct states with large enough binding energy, the expectation is that the spin
conservation rule does not apply anymore in rubidium. By advancing into
regions of deeper molecular binding energies, we could potentially observe
the breakdown of the spin conservation propensity and learn more about the
chemical reactions in general. For 8 Rb, we expect to observe deviations for
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binding energies larger than 120 GHz x h. Currently, we achieved to observe
molecules with binding energies up to 77 GHz x h. Further improvements in
the ionization efficiency could help to detect more deeply-bound molecular
product states and therefore closing the gap. Currently, a two-photon-one-
color scheme for molecule detection is used. This could be further optimized
by switching to a two-photon-two-color scheme. This would enable us to
optimize the optical transition to the intermediate states and the subsequent
ionization step independently of each other. This could ultimately lead to an
improved overall ionization efficiency.

The methods developed for controlling chemical reactions now open up the
possibility of combining various control schemes and finding ways to ma-
nipulate both the entrance and exit channels of the reaction. Both control
schemes that we developed and that are based on spin-mixing can be though
of as beam splitters for reaction flux. This can be thought of as analogous to
a beam splitter. Just as a beam splitter coherently divides an incoming beam
into two beams, we can apply similar principles to split the incoming reac-
tion channel into different outgoing reaction channels. By combining two
beam splitters, we could investigate coherence effects in the reaction path-
ways. Just like beam splitter cube in optics, where we could split in different
paths, recombine it and investigate interference between them. The analogy
in the chemical reaction would be the Feshbach resonance which functions
as one beam splitter for the incoming reaction channel. The split up parts
can potentially take different pathways to reach the same final product state,
where they interfere. For instance, the final product state might exhibit tun-
able spin-mixed characteristics, adjustable through additional control meth-
ods like state dressing with an optical field. Applying and demonstrating
this general concept would cause a great step towards full control of chemi-
cal reactions.

On the technological side, I highly recommend to install and operate an chan-
nel electron multiplier (CEM) for our three-body recombination experiments.
A channeltron is a compact electron multiplier that amplifies and detects
charged particles or photons by generating a cascade of secondary electrons.
It would allow us to directly detect produced ions in our experiments instead
of counting the ions via atom loss.
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Appendix A

Further projects in the laboratory

A.1 H-Bridge for Stern-Gerlach experiments

In this doctoral thesis, a measurement technique for the detection of hyper-
fine magnetic quantum number ¢ was employed and evaluated. There are
a variety of applications [98, 132, 159] which make use of the Stern-Gerlach
method but we will mentioned just one typical application here. In [132],
the Stern-Gerlach method was used for efficient quantum state preparation.
Here, optical pumping is used for preparing the quantum state f = 2,m; =
+2 of %Rb and it was optimized by using the Stern-Gerlach method. Finally,
they could optically pump 92% of their atoms in the desired quantum state.
In our typical measurements, we work with spin-polarized samples of 3 Rb
(f = 1,my = —1) or ®Rb (f = 2,m; = —2). For future experiments, how-
ever, one could change the setup from using a spin-polarized atomic cloud
and conduct research requiring atoms in different hyperfine magnetic sub-
states. Similar than the approach in [132], we could make use of the Stern-
Gerlach measurement to optimize the spin preparation of the experiments.

The Stern-Gerlach method takes advantage of the fact that particles experi-
ence a force in a magnetic field gradient, with this force being dependent on
the particle’s magnetic moment. To implement this experimental method in
our lab, we needed to generate a magnetic field gradient at the center of the
science chamber. Typically, our Feshbach coils are operated in a Helmholtz
configuration, producing an approximately homogeneous magnetic field. To
enable dynamic control over the magnetic field, we designed an H-bridge
circuit that allows switching between Helmholtz and Anti-Helmholtz config-
uration without altering the wiring or connections. The current flow through
the coils is controlled by two IGBT half-bridge modules (Vishay VS-GA100
TS60SFPbF) which are self-locking, meaning no current flows through the
coils when the control is off. Each module is operated by a half-bridge driver
(IRF IR21844). It is crucial that upon system restart, the bridge circuit does
not appear to be in a defined state and only a change of polarity leads to a
defined state and no current should be applied by the power supply units,
potentially damaging the bridge modules. This remains a known issue that
requires a future, secure solution. Additionally, the module should never
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be switched while current is flowing through the coils because it can easily
damage the bridge modules aswell due to high inductance voltages.

First measurements with Rb atoms

Initial test measurements in the laboratory successfully demonstrated that
spin-resolved detection of the atomic cloud can be achieved using a mag-
netic field gradient. First, the initially prepared 8Rb sample in the quantum
state f = 1,m; = —1 was transformed in a mixed spin state (the ny magnetic
quantum numbers were mixed). This was done by compensating the back-
ground magnetic field with the compensation coils, followed by reapplying
a quantization axis. We repeatedly crossed the system through zero-field
conditions to induce spin mixing. Then, the optical dipole trap was turned
off and the atoms could fall free due to gravity. The atomic cloud was then
imaged in a gradient field using time-of-flight absorption imaging. The re-
sult was three spatially separated clouds, as the mixtures of my = —1,0, +1
responded differently to the gradient - one accelerated, one remained unaf-
fected, and one decelerated.

e of flight direction

fim
<

FIGURE A.1: Stern-Gerlach experiment in the science chamber
with three different spin mixtures for Rb. The corresponding
mg-components are labeled on the right.

A.2 Long-range molecular Rydberg spectroscopy

One of the research areas recently investigated in our laboratory are neu-
tral or charged long-range Rydberg molecules [31, 32, 58]. A single photon
excitation scheme is used to photoassociate atoms to a molecular Rydberg
state or photo-excite molecules to a molecular Rydberg state. The detection
of the molecules is very similar to the scheme described in Chapter 4.2 and
they mainly differ in the used REMPI pathway. In the course of the Rydberg
projects, technical difficulties were identified. It turned out that the Rydberg
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experiments are heavily affected by the linear Paul trap. The strong inhomo-
geneous electric fields > 300 V/cm required for confining the charged parti-
cles in the trap affect the optical transitions to the Rydberg states. This leads
to a massive broadening of the transitions in the recorded spectra which is a
consequence of the Stark effect that Rydberg states exhibit due to their very
large electric dipole moment.

There are two possible approaches that could solve the problem of high elec-
tric fields during optical excitation. One approach would be to operate the
linear Paul trap in a digital way [7, 11, 34]. Since this approach would require
massive reconstruction of the setup, we decided to follow another approach
tirst. We generate very short cw laser pulses and synchronize them with the
drive frequency of the linear Paul trap. So whenever the applied voltage of
the linear Paul trap crosses the 0V level, a laser pulse is sent into the sci-
ence chamber. In the following, we present and discuss two methods for the
generation of nanosecond short cw laser pulses.

A.2.1 Short cw laser pulses

For switching the excitation laser very fast, two different techniques have
been tested.

A Pockels cell is an electro-optic device that is used to control the polar-
ization state of light passing through it. It exploits the Pockels effect, which
is the change in the refractive index of a material in response to an applied
electric field. This change in refractive index alters the polarization of the
light, which can be used to rapidly switch or modulate laser beams. The
technical challenge here is to apply high voltage pulses (typically 250-400 V)
within a few ns to the crystal. We had the electronics for this fast circuit devel-
oped by the company Alphanov and then used it in the laboratory. Fig.A.2(a)
shows the optical setup used for testing and characterizing the fast on-and
off-switching. The Pockels cell tested is named LM0202 by QiOptics and it
is made of KD*P (Deuterated potassium dihydrogen phosphate). Half-wave
plates are used to adjust the polarization of the light. In order to achieve the
highest possible extinction ratio, we used Glan-Taylor polarizers, which can
theoretically achieve an extinction ratio of up to 100000:1. The clear advan-
tage of this method is the generation of very short switching times of less
than 10ns. The experimentally determined full width at half maximum of
the generated pulse is about 9.6 ns, see Fig. A.2(b). However, it turned out to
be unsuitable for our experiments. The device’s repetition rate, particularly
that of the crystal was limited to approximately 10 kHz due to thermal heat-
ing and degradation. The optimal repetition rate would be around 4.2 MHz
which is the drive frequency of the linear Paul trap. An alternative would be
another crystal (Beta barium borate - BBO) which would require significantly
higher voltages for altering the polarization (in the kV range) to switch the
laser on and off and also active temperature-stabilization by a water-cooling
system.
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FIGURE A.2: Setup (a) and experimental results (b) for fast laser

pulse switching using a Pockels cell. For adjusting the polariza-

tion of the light, we use half-wave plates and Glan-Taylor po-

larizers. The achievable full width at half maximum value for

repetition rates below 10kHz is around 10.6 ns limited by the
electronics.

Acousto-optical modulators (AOMs) are a possible alternative to switch
the cw laser on and off. An AOM is a device that uses sound waves to mod-
ulate light. It is based on the acousto-optic effect, where an acoustic wave
propagating through a transparent medium creates a periodic variation in
the refractive index. This variation acts as a diffraction grating for light pass-
ing through the medium, allowing the intensity, frequency and even the di-
rection of the light to be controlled. A review about AOMs used for modu-
lation of light is given in [109]. For our application, it is crucial to focus the
laser beam as tightly as possible through the crystal medium. This ensures
that turning the acoustic waves on and off results in very fast switching be-
havior of the diffracted light. However, a drawback of this focusing is that the
diffraction efficiency decreases. The optical setup is simple, see Fig. A.3(a):
only two lenses for focusing and collimation of the laser beams are required.
The first diffraction order is used for testing the switching behavior and we
achieved a full width at half maximum value of 18 ns depending on the waist
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of the beam inside the AOM crystal. Repetition rates of more than 4 MHz are
also possible with this technique. The downside of the AOM switching is its
relatively low efficiency: we ultimately could achieve a diffraction efficiency
of only 50% in the first order because of the relatively small beam waist in-
side the crystal. The pulse itself is not perfectly clean as further oscillations
appear after switching it off.
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FIGURE A .3: Setup (a) and experimental results (b) for fast laser
pulse switching using an acousto-optical modulator (AOM).
In order to shorten switching times, we focus the laser beam
through the AOM. We could achieve 18ns of full-width half
maximum pulse length at a repetition rate of 4.214 MHz. The
pulse is not as clean as for the EOM pulse scheme as further
oscillations appear after switching off the RF power.
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A.2.2 Rydberg spectroscopy with cw laser pulses

To synchronize the laser pulses with the driving frequency of the linear Paul
trap, we employed an Agilent 33522A radiofrequency (RF) generator. This
generator offers two channels that can be synchronized in both time and
phase. Channel 1 was utilized to drive the RF amplifier connected to the Paul
trap, while Channel 2 was connected to a Mini-Circuits ZYSWA-2-50-DR RF
switch. The RF switch connects the input to the RF amplifier for the acousto-
optical modulator which then diffracts the light and generates a short pulse.
To test the new scheme, we used an excitation to the atomic Rydberg states
32P; /, and 32P;,, which are separated by only a few GHz, see Fig. A.5(a).
The orange curve shows the particle number as a function of the relative laser
frequency v — vy without using a pulsed scheme and synchronization. The
larger the particle number loss, the larger the number of Rydberg atoms and
ions that have been created. We clearly observe two loss features from the
32P; /; and 32P5/, Rydberg resonances corresponding to a excitation at zero
electric field. For lower relative laser frequencies the atomic loss signal de-
creases gradually. The behavior of the excitation signal strongly depends on
the distribution of the electric field within the Paul trap. To effectively excite
the atoms with a detuned laser (with respect to the resonance at zero elec-
tric field), a sufficiently strong electric field is required. Due to the resulting
Stark shift, resonant excitation becomes more likely. However, such intense
fields typically occur near the edges of the trap, where the field strength is
larger due to the geometry of the trap. Since fewer atoms are concentrated
in these regions, fewer particles are exposed to the high electric fields. This
leads to a gradual decrease in the excitation signal over time. At relative laser
frequencies of around 185 - 198 GHz, the orange curve exhibits interesting,
almost step-like features. Currently, we interpret these signals as avoided
crossings between the observed P-levels and the hydrogenic manifold. This
becomes more clear in Fig. A.4 where a typical Stark map is shown. With
aid of the calculated Stark map, it is possible to connect the avoided cross-
ing signals to an electric field present in the experiment. A precise analysis
of the spectra remains an unsolved problem, which has been discussed in
more detail in [58]. In this context here, we use the measurements solely to
assess whether the suppression of the electric fields is effective. The spec-
tra in Fig. A.5 clearly show a distinct difference between the synchronized
(blue) and unsynchronized (orange) conditions. In the following, we pro-
vide a rough estimate of the effectiveness of the electric field suppression. To
do this, we use the Alkali-Rydberg Calculator (ARC) [131], an open-source
Python-based program, to calculate a Stark map. The Stark map displays the
energy levels as a function of the electric field. Fig. A.4 shows a compar-
ison between the recorded spectra (right) and the calculated Stark map for
32P;/,. Avoided level crossings are clearly visible in the recorded spectrum
(orange) without pulse synchronization [58]. These structures are observable
to corresponding electrical fields of 250 V/cm. In the blue data set, how-
ever, these spectroscopic structures almost entirely vanish. The grey dashed
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line is a guide to the eye indicating that still electric fields up to 50 V/cm are
present in the synchronized scheme. The tests clearly demonstrate that syn-
chronization of the laser pulses with a classical (sinusoidal) Paul trap leads
to a suppression of the electric field. The limitation here is the pulse dura-
tion, which, at approximately 18 ns, corresponds to about 8% of the driving
frequency’s period.
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FIGURE A.4: A calculated Stark Map for the Rydberg state
32P;/, (left). Experimental recordings with and without laser
pulse synchronization (right). In the recorded spectra, a clear
effect of the synchronization is observable which could be con-
nected to a suppressed electrical field when exciting the atoms
by a sychronized laser pulse. A clear quantitative statement is
difficult but signals which appear for electrical fields > 50 V/cm
are strongly suppressed (see missing avoided crossing signals
below 195 GHz in frequency).
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FIGURE A.5: (a) Rydberg spectroscopy with (blue) and without
(orange) synchronization. The transition used is a single pho-
ton transition from atomic hyperfine level f = 1,m; = —1 to
the excited Rydberg state 32P;,, and 32P;,,. We use the Ma-
tisse dye laser system together with a SHG to generate laser
light at around 300 nm. vy = 1006 THz is an arbitrary frequency
reference. (b) Particle number as a function of the phase be-
tween Paul trap drive and laser pulse. The minima correspond
to laser pulses when the applied rf power to the Paul trap has a
maximum and the particle number maximum correspond to a
rf minimum. The phase setting for the measurement in (a) is ¢
=161 degree.
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Appendix B

Additional recorded data near the
5s + 4d asymptote

This chapter aligns with Chapter 4. Here, we focus on two aspects: first,
we compare pulsed and continuous-wave (cw) measurements for selected
signals, and second, we compare the recorded signals associated with atomic
Rydberg excitations with calculations performed using the ARC calculator
[131]. For a comprehensive overview of the entire range of recorded spectra,
please refer to Section 4.3. Additionally, we discuss signals which could not
be assigned by the methods used in Section 4.4.1. The laser systems used
have already been described in Chapter 2.4.

B.1 Comparison between pulsed and cw record-
ings

In the following section, the pulsed recordings are compared with more pre-
cise cw measurements. Fig. B.1 illustrates the comparison using several ro-
tational transitions to (2)3Hg QO =0"and QO = 0~ for v = 13. The data
obtained with the pulsed system is shown in blue, with a frequency scan
step size of 1 GHz. The cw recordings, displayed in green color, were taken
with a much finer step size of 10 MHz. In the cw data set, transitions to var-
ious rotational states |’ were observed and are marked with vertical lines:
green lines indicate transitions to O = 07, while orange lines mark transi-
tions to (3 = 0~. A direct comparison clearly shows that significantly fewer
structural details can be resolved in the pulsed data set, which is attributed
to the broader linewidth of the laser system. Interestingly, there are even re-
gions where no signals appear at all in the pulsed data. Only a more precise
cw scan revealed the complete rotational structure, allowing for a definitive
assignment of quantum numbers. This indicates that further investigation is
needed for a more precise interpretation of the pulsed dataset.
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FIGURE B.1: Comparison between cw (green) and pulsed laser (blue) spectroscopy. The step size for the pulsed mea-

surement is 1 GHz and 10 MHz for the cw measurements. It shows that the pulsed spectroscopy can not resolve rota-

tional structure and additionally that signal strengths also deviate a lot. For example in the region between 16729.4 and

16730cm ™!, the cw recordings reveal lots of signals corresponding to molecular transitions while the pulsed recordings
show very signals comparable to the noise level.
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B.1.1 Further investigation of unassigned lines

The pulsed spectrum contains lines that are neither found in Ascoli’s dataset
nor identified through high-resolution spectroscopy in Ulm. These lines have
been numbered as <unassigned> in Figures 4.5 and 4.4.

All lines except for line (6) for 8Rb could not be observed and confirmed
using cw spectroscopy. This particular signal is characterized by three sharp
features, visible in both REMPI and photoassociation spectroscopy, with split-
tings of 380 MHz and 560 MHz. We further investigated the influence of an
external magnetic field and observed shifts in the corresponding lines, see
Fig. B.2 (b) and (c). We included a frequency shift due to the Zeeman effect
with respect to Fr,r = 211,my, = —1, see Fig. B.2. The three red vertical
lines in Fig. B.2 (a) have been recorded in a photoassociation spectroscopy as
well. Compared to typical signal strength belonging to (2)'Z} or (2)°I1,, the
signals shown here appear to be significantly stronger which might indicate
that their origin is not related to the 5s + 4d asymptote.
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FIGURE B.2: High resolution recordings around 16585 cm ™~ for

87Rb. For a more detailed discussion, see text. The origin of the

signals is still an open question which has to be clarified in the
future.

For 8°Rb, it was also not possible to confirm the unassigned lines through
cw spectroscopy, as no signal was detected in these regions. However, ad-
ditional signals were found very close to predictions for Rydberg transitions
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in the cw recordings. Besides that, we could not detect further signals near
other predictions of Rydberg lines in cw spectroscopy, which suggests that
the observed lines may have a different origin. These signals also stand out
due to three sharp features, which show splittings of a few hundred MHz,
as seen in Fig. B.3 (a) to (c). The observed signal in Fig. B.3 (b) is close to a
(two-photon) Rydberg transition to the atomic 17D state whereas the signal
in Fig. B.3 (c) is close to 18D. Interestingly, the signal in Fig. B.3 (a) appears
very close to a (2)!% state with only a separation of 0.43 cm 1.
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FIGURE B.3: High resolution recordings of unassigned lines for

85Rb. For a more detailed discussion, see text. The origin of the

signals is still an open question which has to be clarified in the
future.

Another intriguing signal was found at 16782 cm~! for 85Rb. This signal is
characterized by three photoassociation lines and several additional transi-
tions observed in REMPI spectroscopy. Based on the positions of these ad-
ditional signals, it could be that the excitation involves molecules produced
via three-body recombination (TBR) which makes this observation very in-
teresting. However, a definitive identification of this signal has not yet been
achieved using possible rotational splittings of the excited state.
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FIGURE B.4: High resolution recordings around 16782 cm~! for

8Rb. For a more detailed discussion, see text. The origin of the

signals is still an open question which has to be clarified in the
future.

B.2 Recorded atomic Rydberg excitations

The following sections discusses the strong signals in the pulsed spectrum
(Figs. 4.5 and 4.4) that could not be attributed to any molecular transitions.
We found that the pulsed system can also excite atoms into a Rydberg state.
It became particularly apparent when signals with increasingly smaller in-
tervals were detected in the 8Rb data set, which could not be explained by
a vibrational progression of the molecules. This process is energetically only
possible if two identical photons from the pulsed laser are involved.

We used the Alkali-Rydberg-Calculator [131] to compute Rydberg transitions
for the atoms. We started from the ground state of the Rb atomsn = 5,1 =0
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TABLE B.1: Comparison of experimental observations and cal-

culations for selected atomic Rydberg transitions for Rb. For

excited S states, principle quantum numbers n = 15 to 29 have

been observed and for D states, n goes from 13 to 27. The ex-

perimental uncertainty is about 0.1 cm~! due to the linewidth
of the pulsed laser system.

Principal Experimental Calculation | Experimental Calculation

quantum obs. (cm™1) (em™1) obs. (cm™1) (em™1)

number n ' '

S(J=1/2) D (J=3/2)

13 - - 16441.68 16441.5738
14 - - 16502.91 16502.8306
15 16455.81 16455.8196 16551.21 16551.1434
16 16514.02 16514.0291 16589.97 16589.9161
17 16560.10 16560.1026 16621.54 16621.5038
18 16597.19 16597.1939 16647.61 16647.5774
19 16627.49 16627.4949 16669.38 16669.3491
20 16652.56 16652.5675 16687.74 16687.7155
21 16673.54 16673.5490 16703.37 16703.3513
22 16691.28 16691.2833 16716.79 16716.7721
23 16706.40 16706.4075 16728.39 16728.3772
24 16719.40 16719.4099 16738.49 16738.4800
25 16730.66 16730.6696 16747.34 16747.3289
26 16740.48 16740.4846 16755.13 16755.1232
27 16749.09 16749.0920 16762.03 16762.0240
28 16756.68 16756.6820 - -
29 16763.40 16763.4088 - -

(S) and calculated transitions to (n’,S") or (n/, D') where n (n’) represents the
principle quantum number of the ground state (excited state) and S (S’) or
D(D’) the angular momentum quantum number of the ground state (excited
state). In our calculations, hyperfine splitting was initially neglected but later
added to allow comparison with the experimental data. The factor that needs
to be added depends on the isotope: -0.28497 cm~! for ’Rb and -0.1181379
cm~! for 8°Rb.

According to the selection rule for dipole transitions Al = =1, it becomes
clear that, starting from an I = 0 (S) state, only transitions to I’ = 0 (5)
or ' = 2 (D') are possible with two photons involved. This was confirmed
by the spectroscopic observations, as no transitions to I’ = 1 (P’) could be
observed. Tables B.2 and B.1 show the comparison between experimental
observations and calculations using ARC. For both isotopes, there is a good
agreement between theory and experiment within the experimental uncer-
tainty.
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TABLE B.2: Comparison of experimental observations and cal-

culations for selected atomic Rydberg transitions for 8Rb. For

excited S states, principle quantum numbers n = 15 to 29 have

been observed and for D states, n goes from 13 to 27. The ex-

perimental uncertainty is about 0.1 cm~! due to the linewidth
of the pulsed laser system.

Principal Experimental Calculation | Experimental Calculation

quantum |- o (cm™1) (cm™1) obs. (cm™1) (cm™1)

number n ' '

S(J=1/2) D(J=3/2)

13 - - 16441.47 16441.5707
14 - - 16502.79 16502.8274
15 16455.71 16455.8165 - 16551.1402
16 16513.92 16514.0259 16589.86 16589.9130
17 16559.99 16560.0995 16621.36 16621.5006
18 16597.15 16597.1908 16647.55 16647.5742
19 16627.41 16627.4918 16669.27 16669.3459
20 16652.47 16652.5643 16687.74 16687.7123
21 16673.54 16673.5458 16703.25 16703.3481
22 16691.28 16691.2801 16716.69 16716.7689
23 16706.42 16706.4044 16728.26 16728.3740
24 16719.38 16719.4068 16738.43 16738.4767
25 16730.65 16730.6664 16747.24 16747.3257
26 16740.40 16740.4814 16755.12 16755.1200
27 16749.01 16749.0888 16761.97 16762.0208
28 16756.65 16756.6788 16768.08 16768.1596
29 16763.27 16763.4056 16773.56 16773.6446
30 16769.32 16769.3954 16778.46 16778.5655
31 16774.68 16774.7521 16782.97 16782.9970
32 16779.49 16779.5617 - .
33 16783.97 16783.8964 - -
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Appendix C

Energy-scaling of the product state
distribution for three-body
recombination of ultracold atoms

This appendix contains an original reprint of a publication to which I
contributed during my doctoral thesis. The content of this chapter is
published in Ref. [56]. The experimental part of this work was conducted in
the BaRbIE lab under the supervision of postdoctoral researcher Shinsuke
Haze. My contribution to this publication involved supporting lab work

and assisting in the execution of the experiments.
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Three-body recombination is a chemical reaction where the collision of three atoms leads to the formation
of a diatomic molecule. In the ultracold regime it is expected that the production rate of a molecule generally
decreases with its binding energy E;,, however, its precise dependence and the physics governing it have been left
unclear so far. Here we present a comprehensive experimental and theoretical study of the energy dependency
for three-body recombination of ultracold Rb. For this, we determine production rates for molecules in a state-to-
state resolved manner, with the binding energies E;, ranging from 0.02 to 77 GHz x h. We find that the formation
rate approximately scales as E, *, where « is in the vicinity of 1. The formation rate typically varies only within a
factor of two for different rotational angular momenta of the molecular product, apart from a possible centrifugal
barrier suppression for low binding energies. In addition to numerical three-body calculations we present a
perturbative model which reveals the physical origin of the energy scaling of the formation rate. Furthermore,
we show that the scaling law potentially holds universally for a broad range of interaction potentials.

DOI: 10.1103/PhysRevResearch.5.013161

I. INTRODUCTION

When a molecule is formed in a chemical reaction there are
often thousands of quantum states it can end up in, due to the
various electronic, vibrational, rotational, and spin degrees of
freedom. Generally, the product population is not uniformly
distributed over these possible product states, but rather fol-
lows characteristic propensity rules. Finding and identifying
propensity rules can provide deep insights on the basic princi-
ples which drive and govern specific reactions. Furthermore,
the propensity rules can be used to develop predictions and
approximations, especially when full detailed calculations are
highly complex, such as, e.g., for reactions involving more
than two atoms.

Propensity rules can be extracted experimentally from
state-to-state measurements where the reactants are prepared
in well defined quantum states and product states are detected
in a quantum state resolved way. In recent years, there has
been rapid progress in the methodology of state-to-state chem-
istry using atomic and molecular beams [1-4] or ultracold
samples [5,6]. Individual partial waves of product states have
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been resolved (see, e.g., [7-9]) and spin conservation propen-
sity rules have been observed with hyperfine and rotational
states [10-14].

Three-body recombination is one of the most fundamental
and ubiquitous chemical reactions. In a collision of three
atoms, two combine to form a molecule and the third atom
enables the dissipation of the released energy. The released
energy consists of the initial collision energy plus the molec-
ular binding energy Ej, and is converted into relative motion
between the molecule and the third atom. Experiments have
shown that three-body recombination at ultracold tempera-
tures generally produces the most weakly bound molecular
state (see, e.g. [11,15-17]). Semiclassical and fully quantum
mechanical treatments have been carried out. They generally
indicate that there is a propensity towards weakly bound
molecular product states [11,18-20]. However, precisely how
the molecular production rate decreases with the binding en-
ergy has not been clarified yet. Reference [21], e.g., suggested
the suppression to be exponential in triatomic reactions. A
recent calculation of three-body recombination of hydrogen
atoms at room temperature predicted a molecular produc-
tion rate o E, 15 for recombination towards deeply bound
molecules, which was enhanced by the Jahn-Teller effect [20].

Here we investigate the rate decrease both experimentally
as well as theoretically by studying three-body recombination
of 8"Rb atoms at ultralow collision energies. We find a E
power law for the molecular production rate where the expo-
nent « is close to 1. This result differs from a previous scaling
estimate of o = 1/2 which was based on studying bound
states in a limited range of binding energies [11]. We have
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FIG. 1. (a) Two-color REMPI scheme for state-selective detection of molecules. Probe and ionization lasers have a wavelength of 1065 nm
and 544 nm, respectively. (b) Rotational level structure of the relevant molecular states with negative parity. (c) Various segments of REMPI
detection signals of (v, Lg = 0, 2) product molecules as a function of the probe laser frequency v. Here vy = 281445.045 GHz, corresponding
to the transition from the 5s + Ss asymptote to v' = 66, J' = 1. The vibrational quantum numbers v are given on the top of the figure and
the rotational quantum numbers Lg are indicated by the color coding of the dashed vertical lines (Lg = 0 and 2 in blue and red, respectively).
These dashed lines are expected frequency positions for the given states obtained from coupled-channel calculations. For smaller signals
(v = —6, —7, —8) magnifications by a factor of 10 are also shown. The data for the most weakly bound state v = —1, Lg = 0 are not
presented, because the corresponding line is largely drowned by a neighboring photoassociation line [11].

now extended this range by roughly a factor of ten, on both
the experimental and theoretical side. Our experimental data
comprise 30 final quantum channels of detected molecules
with binding energies of up to E, = 77 GHz x h.

Our numerical calculations for the three-body recombi-
nation rates L3(E,) are in remarkable agreement with our
measurements, especially for those product channels where
molecules with low rotational angular momentum Ly are
formed. Besides the general £, trend of L3(E;) the calcu-
lations also reproduce prominent deviations from this trend
at particular binding energies Ej,. These deviations might be
interpreted as interference effects of various kinds.

Our perturbative model indicates that for each angular mo-
mentum Lg > 0 there is a critical binding energy E.(Lg) so
that for E, > E.(Lg) the trend of the partial recombination
rate will be described by L3(Ej, Lg) = cE, *, where ¢ is a
constant. We find that the factor ¢ is roughly independent
of Lg. For E, < E.(Lg) there is a suppression of L3(Ej, Lg)
which can be explained as the effect of an angular momentum
barrier in the exit channel. As a result, this suggests that only
molecular states with small Lg will significantly contribute to
molecular production at low binding energies Ej.

Finally, we show that the E,;“ scaling law can be also
derived theoretically in an analytic, perturbative approach. We
find that within this approach the E,"* scaling is quite indepen-
dent on the long-range behavior of the interaction potential
between two atoms. Specifically, potentials with a power-law
tail —C,,/r" for n = 3, 4 or 6, or the Morse potential, as well
as the contact potential have « values in the range [0.91, 1].

Within the framework of the perturbative calculations the
scaling of the rate constant L3(E}) is largely determined by
|¢a (VE,m/3)|?, where ¢, is the diatomic molecular wave
function in momentum representation and m is the atomic
mass. It turns out that this part of the momentum wave func-
tion is linked to the molecular wave function in real space

in the vicinity of the classical outer turning point of the
molecular potential (at energy —E}). This indicates that the
outer classical turning point marks a typical distance for the
recombination to occur.

II. EXPERIMENT

In our experiments we prepare an ultracold cloud of 5 x
10° 37Rb atoms in a far-detuned 1D optical lattice trap (A =
1064 nm, trap depth ~10 uK x kg) combined with an optical
dipole trap so that we obtain a trap frequency of 27 x 23Hz
in the transverse direction. The atoms are spin-polarized in
the hyperfine state f = 1, m; = —1 of the electronic ground
state and have a temperature of about 750 nK. Our measure-
ments are carried out at a low external magnetic field of about
4 G. We hold the atom cloud in the trap for a duration of
500 ms during which Rb, molecules are spontaneously pro-
duced via three-body recombination in the coupled X' E;' -
a32;" molecular complex, below the 58,2 + 551/, atomic
asymptote. The molecules are state-selectively ionized via
resonance-enhanced multiphoton ionization [REMPI] [see
Fig. 1(a) and Appendix A for details], and then trapped and
detected as ions in a Paul trap at a distance of 50 um (see
Appendix B for details). In brief, a first REMPI laser (the
probe laser) resonantly excites such a molecule to the interme-
diate level v’ = 66, J' of the state A' 2" using a wavelength
of about 1065 nm [22,23]. Here v’ is the vibrational quan-
tum number and J' is the total angular momentum quantum
number excluding nuclear spin. From the intermediate level
a second laser (the ionization laser) at a wavelength of about
544 nm resonantly excites the molecule to a state above the
Rb;r ionization threshold, so that the molecule can autoion-
ize. In one experimental run we can detect and count up to
~ 70 ions in the Paul trap. The ion number scales linearly
with the molecule number. The corresponding scaling factor
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n is the detection efficiency of a molecule. As discussed in
Appendixes A and C, n is roughly constant over the range
of bound states investigated in this work, and its value is
n A~ 4.8 x 1073. A REMPI spectrum of a particular product
state is obtained by scanning the probe laser frequency in steps
of typically 5 MHz. Our setup features an improvement of the
product state signals and the sensitivity by a factor of ~25
as compared to previous work [11], extending our detection
range of binding energies to about 80 GHz x h, which was in-
strumental for the present work (for details, see Appendix D).

In the following we specify molecular states by their vi-
brational quantum number v and their rotational quantum
number Lz only, which is sufficient due to the conserva-
tion of the hyperfine spin state in the reaction process [24].
Figure 1(c) shows product state spectra for molecules with
Lg =0 or 2, and with v ranging from —2 to —8. We note
that whenever v is negative, it is counted downwards from
the atomic f, = f, = 1, ms, = mys, = —1 asymptote, starting
with v = —1 for the most weakly bound vibrational level. The
most deeply bound state, (v = —8, Lg = 0), has a binding
energy of 77 GHz x h. Here all signals are obtained using
the same intermediate state J' = 1 for REMPI. The frequency
reference vy corresponds to the photoassociation transition
towards this intermediate state such that, at a resonance po-
sition, (v — vp) X h directly represents the binding energy of
the initially produced molecular state. Our data clearly show
that the production rate of molecules for a given rotational
level Lg generally drops with the binding energy E,. The drop
is significant over the investigated range of Ej. The relative
strength of Lgz = 0 and 2 signals, however, can vary for differ-
ent vibrational levels v. Large molecular signals such as, e.g.,
obtained for v = —2 correspond to 63(3) produced ions per
run whereas typical background signals are 0.69(0.15) ions
per run (see also Fig. 11 in Appendix D). In the measure-
ments of Fig. 1(c) the number of repetitions of the experiment
per data point was gradually increased from 5 to 40 for in-
creasing binding energy, in order to improve the visibility of
smaller signals. We assign the signals in our REMPI spec-
tra by comparing their frequency positions to those obtained
from close-coupled channel calculations (see, e.g., [10,11])
and by observing characteristic rotational ladders, since any
molecular state with Lz > O can be detected via two different
rotational states J' = |Lg £ 1| [see Appendix E, not shown in
Fig. 1(c)]. The deviations between calculated [dashed vertical
lines in Fig. 1(c)] and measured resonance frequency posi-
tions are typically smaller than ~30 MHz and arise mainly
from daily drifts of our wavelength meter.

III. QUANTITATIVE ANALYSIS

We now carry out a quantitative analysis of the observed
population distribution. Figure 2 shows measured (scaled) and
calculated partial rate constants L3(Ep) = Li(v, Lg) for the
production of (v, Lg) molecules at a temperature of 0.8 uK.
The experimental values for Ls3(v, Lg) were obtained by mul-
tiplying the measured ion numbers with a single calibration
factor for all detected (v, Lg) states. This factor was chosen
to optimize the agreement between experiment and theory
(Appendix C). As can be seen from Fig. 2, the theoretical
predictions reproduce remarkably well the relative strengths
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FIG. 2. Measured (scaled) and calculated rate constants
Ls(v, Lg) for product molecules (v, Lg) as a function of their
binding energy E,. The rotational quantum numbers Lg are indicated
by different plot symbols (black: calculations; colors: experiment).
For each sequence of states with the same Lg the vibrational quantum
number v is given below the data points. For better visibility the
data for each Ly are shifted in vertical direction by multiplying
them with 1072, The gray solid lines show the energy scaling
(Ep/GHz x h)™°% x 0.2 x 1072 cm®/s.

of the state dependent rates L3 (v, Lg) obtained from the exper-
iments. The calculations are based on solving the three-body
Schrodinger equation in an adiabatic hyperspherical repre-
sentation [18,25], using a single-spin model as described in
Appendix F (see also Ref. [11]). Within our model the 87Rb
atoms interact via pairwise additive long-range van der Waals
potentials with a scattering length of 100.36 ay [26]. The po-
tentials are truncated and support 15 Lg = 0 molecular bound
states, and a total of 240 bound states. We calculated the
theory data point for Lg = 8, v = —3 using a model potential
with 12 s-wave bound states because for 15 s-wave bound
states a numerical instability occurs specifically for this level.

Figure 2 reveals that the L3 (v, Lg) rate roughly follows the
overall scaling of E,"* for all rotational states. A fit analysis to
the experimental data yields a scaling factor « = 0.80(£0.14)
(see gray solid lines), while the fit to the theoretical data yields
a = 0.77(£0.10). We point out that all gray solid lines in
Fig. 2 correspond to exactly the same function, (E,/GHz x
)98 % 0.2 x 1072 ¢cm®/s. For better visibility these lines
along with the respective data points have been shifted in
vertical direction by multiplying them with 1072%, We no-
tice that the measured data for Lg = 2 are all located above
the gray line while the data for Lg = 4 or 10 are all below the
gray line. This indicates that there is a systematic dependence
of L3(Ep) on Lg, as already discussed in [11]. Nevertheless,
considering the overall range of L; and Lg in our data, this
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variation of L3(Ep) with Lg is still comparatively small, typi-
cally within a factor of 2. Therefore, to a first approximation,
the production rate does seem to be quite independent of the
molecular rotation Lg. This fact might be somewhat counter-
intuitive given that the atoms initially collide with vanishing
angular momenta, and therefore products with small angular
momenta would seem to be naturally preferable.

We note that there are considerable variations around the
general E,"* scaling trend. For example, the rate for the
state v = —3, Lg = 0 is significantly lower than the rate for
the more-deeply bound state v = —4, Lg = 0. Remarkably,
even such individual variations are largely reproduced by
our numerical calculations. In general, the theoretical and
experimental data curves are very similar, especially for the
low rotational states Lg = 0 and Lg = 2. This suggests that
our three-body model is quite accurate and that it should in
principle be capable to track down how the deviations from the
general scaling come about in individual cases. For example,
we point to the experimental and theoretical data points for
v = —2and Lg = 4, which are located below the E,"* scaling
trend. This suppression may be due to an angular momentum
barrier effect which we will discuss in Sec. V B.

IV. PERTURBATIVE APPROACH

In order to gain a deeper insight into the observed energy
scaling we discuss in the following a perturbative model for
the partial three-body recombination rates L;(v, Lg). Gen-
erally, the rates Ls(v, Lg) towards each specific molecular
product d = (v, Lg) are given by [27] (see also Appendix G)

12rm 6 5
Ly(v, Lg) = T(27Tﬁ) qal{¥r|Uo(ED)Yrin) |7, (1)

where m represents the mass of an atom. |v,) is the initial
state, consisting of three free atoms each propagating as a
plane wave with essentially vanishing momentum. [vf) is
the final state of a free atom and a free molecule. Atom and
molecule are asymptotically propagating as plane waves with
relative momentum ¢, which is fixed by the molecular binding
energy Ej, and the total energy E of the three-body system via

3 2
ﬁ — E, = E, where we use the center of mass system as a

reference. In Eq. (1), Up(E) represents a three-body transi-
tion operator which describes the transition process between
the states. It can be approximated by a perturbative expan-
sion (Appendix G) derived from the Alt-Grassberger-Sandhas
(AGS) equation [27-29]. To the leading order of the expan-
sion, we have a process where atoms a and b of the three free
atoms a, b, and c collide to exchange a momentum q,. During
this collision atom b is scattered into a molecular bound state
with atom c. This is shown schematically in the inset of Fig. 3.
The initial momenta of the atoms are 0. After the collision
atom a remains free and carries away the momentum qg
and a corresponding part of the released binding energy. The
formed molecular bound state ¢ has a total momentum —qg
and the relative momentum between its atomic constituents is
(—qq/2). Apart from constants, the result of the calculation is

1
¢d<§‘]d>

2

Ls(v, Lg)  qa Itn (ga)I*. 2)

it /!
X )T (a1 — A )

FIG. 3. Plot of |¢y(/E, m/3)|*> o« L3(Ey)/~/E, vs Ej, for various
two-body potentials. These are the potentials with the power-
law tail, ~—C,/r" for n =3,4 or 6, and the Morse potential
D,[e72r=e) — 2¢=a0=r)] (see legend). We use E = ii/mi?, with
7 = 1(nC,/h*)"/"=? for the power-law potentials and 7 = a for the
Morse potential, respectively. The values for A, and D, are chosen
such that the potentials have 14 or 15 s-wave bound states. The shown
points correspond to bound states with v > —13. In order to map
out the function |¢,(/Ej n/3)|* better we show data points for four
different values for A, (for each n) or for D, (see text). The dotted
line is a power-law fit to the upper envelope of the data points for
the —Cs/r® potential as well as the other potentials. The dashed line
represents the scaling for contact interactions. For n = 6 the energy
range considered in this figure corresponds to [0.01 ...100] GHz x h
for ¥Rb atoms. The inset describes the scattering process in the
perturbative approximation (see Appendix G). Horizontal lines rep-
resent atoms and the numbers above these lines denote single-atom
momenta. The relative momentum between two atoms is indicated
by a number that connects to the corresponding horizontal lines by
arrows.

Here ¢,(p = %qd) corresponds to the radial part of the molec-
ular wave function in momentum space. It is normalized
according to [ |¢4(p)I*p?dp = 1. The factor t(p' = q4) =
(P = qqlt*(0)|p = 0) is the matrix element of the s-wave
component ¢* of the two-body transition operator ¢ for the two-
body collision and we have set E = 0. Here p (p') represent
the relative momenta of the incoming (outgoing) two colliding
atoms, respectively. Within the perturbative approximation,
the E, scaling of Ls(v, Lg) can result only from two-body
quantities, i.e., Ep, ¢4 and #,. Since E ~ 0, one obtains g; ~
2JVEym/3.

In order to analyze the scaling of Ls(v, Lg) with the
molecular binding energy E;, we discuss ¢4 (/Epm/3) and
t(2+/Ep m/3) separately. We find that #,(p) oscillates but its
amplitude varies only gently with p until the deeply bound
states are reached [see Fig. 13(a) in Appendix G]. Therefore,
t(2+/E, m/3) cannot strongly contribute to an overall scaling
with Ej, for the three-body recombination rate. In contrast to
that, ¢4(+/Epm/3) which is obtained from two-body bound
state calculations, vanishes quickly with increasing Ej. This
is shown in Fig. 3 (yellow data points) for atoms interacting
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via the van der Waals potential. Besides the overall decrease
of |¢y(VE, m/3)|? for growing E}, there are also oscillations.
The sharp drops in these oscillations correspond to the nodes
of the various momentum wave functions ¢, for the bound
states with energy E,. While the oscillations lead to some
scatter of the data, the upper envelope of the data points in-
dicates an overall power-law scaling of the amplitude. A fit to
this envelope (dotted line in Fig. 3) gives |¢s(/Ep m/3)|2 [’
E, 445003 which yields Ly oc E, %09 This result agrees
quite well with our full calculations from Fig. 2. We note that
in the shown energy range there are only 13 bound states in the
van der Waals potential, resulting in 13 data points. In order to
map out in more detail the functional form of |¢,;(/Ep m/ 3)?
in Fig. 3 we have slightly varied A¢ over four different values
(while keeping the number of bound states in the potential
constant). The variation in A¢ leads to variations of Ej, and
therefore also of ¢, and the scattering length a. When we
present all these data points together, a quasicontinuous curve
is obtained. We note that the oscillating amplitude of #,(p),
which is nearly constant for a fixed scattering length a, can
depend on a.

V. ENERGY SCALING FOR GENERAL
LONG-RANGE POTENTIALS

Remarkably, we find that the scaling law is similar for
a range of different two-body interaction potentials, such
as the Morse potential and potentials of the form V(r) =
—C,/r"(1 — A% /r"). Here the parameter n is typically n = 3, 4
or 6, and A, is a short-range parameter which defines the
inner barrier. The case n = 6 corresponds to the Lennard-
Jones potential which was already discussed in the previous
section. The corresponding functions |¢,(+/Ep m/3)|2 are
shown in Fig. 3. Clearly, their envelopes roughly decrease
in a similar manner, ie., ~ E, 1:44£0.03  Ryrthermore, we
also consider contact interactions between the atoms. For

these we use ¢, (p) = % ;’Z’ffn)g and analytically obtain from

Eq. (2) the scaling to be exactly |¢q(vE,m/3)*> o« 1/E;}"
(see black dashed line in Fig. 3), corresponding to L3(E}) o
1/E}. Therefore, even the results for contact interaction are in
relatively good agreement with our other numerical and the
experimental results.

In the following we discuss how this similar scaling for
the different long-range potentials can be explained. We make
use of approximate analytical wave functions for the molec-
ular bound state. Let v (r) = u(r)/r be the radial part of the
molecular wave function with rotational angular momentum
Lg. Here r is the internuclear distance between the two atoms.
A typical example of the reduced radial wave function u(r) is
shown in Fig. 4(a). The Fourier transform of u(r)/r generates
the molecular wave function in momentum space

2 [o¢]
a(p) =4/ = / rjre(pr/Ryu(r)dr, 3)
T Jo

where ji, is the spherical Bessel function of the first kind
of order Lg. A numerical analysis shows that the domi-
nant contribution to ¢4(+/Epm/3) comes from the last lobe
of u(r), which is located around the classical outer turn-
ing point rg. In Fig. 4(b) we show the Fourier integral
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FIG. 4. (a) Typical example for a molecular wave function (red
solid line) located in the —Cs/r® van der Waals potential (black solid
line). The blue horizontal dotted line and the blue circle indicate
the molecular level position —FE,, and the corresponding classical
outer turning point, respectively. The vertical dashed line shows
the starting position of the last lobe of the molecular wave func-
tion. (b) The accumulated Fourier integral ¢3°(y/mE,/3;r); see
text. Eyqw = hz/mrvzdW is the van der Waals energy, and rygw =
1(mCs/*)'"* is the van der Waals length.

for the case Lg = 0 in an accumulated fashion ¢*“(p;r) =
o sin(pr/myu(r)dr/ [, sin(pr/R)u(r) dr, which verifies the
dominant contribution of the last lobe. The turning point of the
level [blue circle in Fig. 4(a)] is determined by V(ry) +Ep =
0, where V(r) =V (r)+ h2LR(LR + 1)/(mr2). The reduced
radial wave function u(r) = ry/(r) in this region is approxi-
mated by ii(r) = A V2Ai[s(r — ry)], where Ai(x) is the Airy
function, s = (mD/F*)'/3, D = AV (r)/dr| =, and A is a
normalization factor that ensures that it(r) best matches u(r)
in the region. It turns out that to a good approximation .4 =
sN, where N is a constant independent of E}, [30]. We Fourier
transform #i(r) and obtain

_ 2N
da(p) = >84(p), “
TSp

8a(p) = / QjLR(PF/Sh)Ai(f — Fo)dF. 5)
0 sh

where

Here 7 = sr, 7y = sry. At p = JEym/3, we get

3 6N
|$a (v Epym/3)* = S Em/3), (6)

wsmkE),

which approximates |¢q(/Epm/3)|%.
After this general discussion we now discuss the cases for

Lg =0and Ly > 0.

A. Case: L =0

For a Lz = 0 molecular state and V () = —C, /r" the clas-
sical outer turning point is given by ry = (C,/E,)'/". From
the derivative of the potential V (r) we obtain for the param-
eter s (which we defined earlier in connection with the Airy
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FIG. 5. (a) Plot of g,(+/E,m/3) as a function of E,, for the partial
waves Lg < 10 [see legend in (b)]. The gray area highlights the range
of the oscillation for Lz = 0. (b) Plot of 1/(sE,). For both (a) and
(b) we use the —Cy/r® potential.

function)
s = (mn/R?)' PES VR )

Thus, the factor 6Nh2/(71smEb) in Eq. (6) scales as
Eb_(4"+l)/3". The other factor in Eq. (6), g4(+/E»m/3), is plot-
ted in Fig. 5(a) for n = 6, (blue line). g,(+/Epm/3) oscillates
between 1 and —1 with a constant amplitude, as indicated by
the gray area. Therefore, g,(+/Erm/3) does not contribute to
an overall scaling of |pa (VE,m/3)|* with Ej. This is simi-
lar as for #,(gs) as mentioned in Sec. IV. The variation of
g84(J/Epm/3) merely leads to some scatter of L3. Therefore,
we ignore g4 (/Epm/3) in the following discussion on scaling
and obtain

|¢d(\/EbT/3)|2 O( Eb—(4n+l)/3n — E}:ﬂ' ®)

For n = 3,4 and 6, the exponent 8 = (4n + 1)/3n takes the
values of 1.44, 1.42, and 1.39, which agree very well with
our numerical results in the perturbative approach. For the
scaling of L3 we have L3 oc E,"*, where a = 8 —0.5. It is
remarkable that for any positive integer n the exponents are
constrained to a narrow range, i.e., € [1.33, 1.67] and @ €
[0.83, 1.17]. Considering that a real interaction potential can
typically be expanded in terms of the —C,, /r" functions, these
ranges should be valid quite generally. In fact, the range of
a € [0.83, 1.17] agrees with the exponent &« = 0.8 &= 0.14 ex-
tracted from our experimental measurements within the range
of uncertainty.

B. Case: Lg > 0

‘We now consider the case of rotational angular momentum
Lg > 0. Because for this case we do not obtain a simple
analytical expression for s as in Eq. (7), we present only
numerical results. Figure 5(b) shows a plot of 1/(sEj) for
various Ly (and using the —Cg/r® potential as a typical
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FIG. 6. Power-law scaling of |¢4(/Ep m/3)|* o< L3(E;)/~/E} for
various rotational angular momenta Lg. The data points are a full
calculation for the Lennard-Jones potential (—Cq/r%)(1 — AS/r®). As
in Fig. 3 and Sec. IV, we have slightly varied A¢ over seven different
values while keeping the number of bound states in the potential
constant. This helps to map out |¢;(+/Ep m/3)|? in detail. Therefore,
although there are only eight bound states in the shown energy
range, we obtain 55 data points. The solid lines are calculations for
the Lennard-Jones potential using Eq. (6). The dashed lines show the
E; ' energy scaling for |¢4]%, as determined by a fit to the upper
envelope of the data set. For better visibility the data for Lgx > 0
are shifted in vertical direction by multiplying them with 1072, We
define E, to be the energy at which the curve |¢4|* (for a given Lg)
has its first maximum (coming from low energy). The inset shows
E. as a function of Ly (diamonds). The data are well described by
Eq. (9) (solid line).

example). Clearly, all curves are quite similar, especially for
large Ej. The functions g4(+/Epm/3) are shown in Fig. 5(a),
as discussed before. They oscillate with a constant amplitude
and therefore do not contribute to the energy scaling for large
energies Ej. As a consequence, the energy scaling is quite in-
dependent on the rotational state Lg of the molecule. Figure 6
shows calculations for |¢s(/Ep m/3)|? for various rotational
angular momenta of the molecule. As a typical example we
use the Lennard-Jones potential. Similar as for Fig. 3 we
have slightly varied X¢ over four different values in order
to increase the number of data points and to better map out
|¢a(/Ep m/3)|%. The sudden drops in |¢y(/Ep m/3)|* reflect
nodes of the molecular wave function. For large enough bind-
ing energy Ej all curves for the different values of Lg follow
the same power law E,° L45 corresponding to an energy scaling
of the partial rate constants (for fixed Lg) of L3 (E;) o E, .

We note, however, that for Lg > 0 and small enough
binding energies, our calculations in Fig. 6 reveal a strong
suppression of |¢4)? and therefore of L3(Ep). This effect is
due to the function g4(+/Epm/3). As shown in Fig. 5(a), for
Lg > 0, g4(J/Epm/3) increases gradually with E, starting
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from 0. When it reaches its first maximum, it goes over
to the previously discussed oscillatory behavior in the gray
area, similar to the case of Lg =0. As a consequence,
|¢a(/Epm/3)|? is increasingly suppressed for Ej, — 0, as
observed in our numerical results. This suppression can be
understood as an effect of the angular momentum barrier.
In a simple picture, in order to create a molecule rotating
with angular momentum Ly at interparticle distance ry of the
outer turning point, a minimal momentum p. needs to be
supplied of the order p. ~ hLg/ro. The minimal momentum
p, translates into a minimal binding energy E, = 3p*/m ~
thR(LR + 1)/(mrg). At the same time we have E,. ~ Cﬁ/rg —
thR Lg+ 1)/ (mrg). Combining these two equations to elim-
inate ry one can estimate the critical energy E, to be

E./Evaw ~ c.[Lr(Lg + 1)*/?, )

where ¢, = 1.5 and Eygw = 4h3/(m3/2C(1/2) is the van der
Waals energy. Reading off E.(Lg) from our numerical results
in Fig. 6 as the first maximum of |¢y(v/Epni/3)|> we find
that the data points are well described by Eq. (9) when we
use ¢, = 2.12; see inset of Fig. 6. This validates our simple
interpretation of the angular momentum suppression.

VI. DISCUSSION

We now compare and discuss the results of our theoretical
and experimental approaches. The suppression effect for large
Lg and small Ep, which is so clearly visible in Fig. 6 is not so
obvious in Fig. 2 where we present our experimental data and
our full coupled channel calculations. A small suppression ef-
fect might only be recognizable for the state v = =2, L = 4
in Fig. 2. In practice, the observation of suppressed low-
energy high-Lg molecular signals can be hampered by various
issues. By accident it can occur that no weakly bound molec-
ular level with E, < E, exists for a given rotational angular
momentum Lg. In fact, quantum defect theory predicts for a
van der Waals potential that if the most weakly bound state for
a partial wave Lg is not close to threshold, then also the most
weakly bound state for the partial wave Lg + 4 will not [31].
Alternatively, the level can be overlooked experimentally, if
its signal is too weak. It will be overlooked theoretically if
the level has a vibrational quantum number beyond the limits
of the model potential. It should be, however, clear that the
suppression mechanism must exist. Indeed, in a recent exper-
iment on diatomic molecular reactions, a similar suppression
mechanism has been identified [14].

When comparing Fig. 6 with Fig. 2 it is evident that the
distinct drops of |¢q(v/Epm/3)|> in Fig. 6 do not clearly
appear in Fig. 2. There are several possible explanations for
this. First, the data sampling in Fig. 2 is seven times smaller
than for Fig. 6. Therefore, it is likely that a narrow drop is not
encountered in Fig. 2. Second, the calculations in Fig. 6 cor-
respond to the leading order of an expansion. Including higher
orders might wash out the sudden drops, as other pathways for
the molecular formation can be taken.

Concerning the full model and the experiment, we ex-
pect that the scaling exponent « of the E,;“ scaling law
is prone to changes for deeper binding energies than the
ones considered here. As recently discussed in [10], for 87Rb
and E;, > 150 GHz x h the spin conservation propensity rule

which allows for working with a single spin channel should
break down, affecting the scaling law. In addition, the short-
range three-body interaction, which is ignored so far in our
treatment, should play an increasingly important role when
forming more tightly bound molecular states. Recent work
on three-body recombination of hydrogen [20] has already
found evidence for this, as the Jahn-Teller effect substantially
enhances recombination rates into tightly bound molecular
states.

VII. SUMMARY AND OUTLOOK

To summarize, we have experimentally and theoretically
investigated how the three-body recombination of an ultracold
gas scales with the molecular binding energy Ej, detecting
bound levels from 0.02 to 77 GHz x i, thus spanning an energy
range of more than three orders of magnitude. This became
possible by applying improved experimental schemes for the
state-to-state detection of molecules and by carrying out large
scale numerical calculations. Besides these numerical calcu-
lations an analytical perturbative model was developed which
gives deep physical insights into the recombination process
and can explain the observed scaling law. In particular, the
perturbative model shows that to a large part the scaling
law can be extracted from two-body quantities such as the
molecular wave function. Our experimental and theoretical
approaches show that the three-body recombination exhibits
a propensity towards weakly bound product molecules. The
recombination rate follows a E,® scaling law where o is
in the vicinity of 1. Remarkably, we find that this scaling
law is quite universal as it should hold for a range of dif-
ferent potentials such as the Morse potential, potentials of
type —C,/r" with n = 3,4, 6, as well as the contact poten-
tial. In addition, apart from a centrifugal barrier suppression
at low enough binding energies, our results indicate that
the three-body recombination populates molecular quantum
states with different rotational angular momenta quite evenly,
within about a factor of two.

In the future it will be interesting to explore how the scaling
law evolves for deeper binding energies and what physical
mechanisms will lead to its breakdown. On the experimen-
tal side, the detection sensitivity must be enhanced and the
spectroscopic data will be expanded for reliable quantum state
identification. On the theory side, short-range three-body in-
teractions which are ignored so far in our treatment will be
taken into account.

Moreover, it will be insightful to explore how deviations of
individual reaction channels from the E,"* scaling law can be
explained on a microscopic level, e.g., as interference effects
of collision pathways. In fact, our perturbative calculations
already produce tell-tale oscillations, and it will be interesting
whether we can match up these oscillations with the ones from
the hyperspherical approach. This might give deeper insights
into the reaction process.

We expect that our results on the scaling of the reaction rate
with energy are not restricted to the recombination process
of neutral atoms alone, but they can also be applied to other
systems and processes. For example, these systems could in-
volve molecules or ions as collision partners and they might
also comprise a range of collisional relaxation processes. We
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expect these process rates to be governed by a E,“ scaling
law, where « should always be in the vicinity of unity.w
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APPENDIX A: THE (1,1) REMPI

Our (1,1) REMPI scheme consists of two excitation steps
which are described in the following. The overall ionization
efficiency 7 is given by the product of the efficiencies of the
first and the second (1,1) REMPI step. We achieve n =~ 4.8 x
1073 (see also Appendix C) for all (v, Lg) product molecules
that we probe in the experiment. This is about an order of
magnitude larger as compared to our previous work [11,12].

1. First REMPI step

The first REMPI step resonantly excites a molecule to-
wards the intermediate level v’ = 66, J' of the state A' Z,j’
using a wavelength of about 1065 nm [22,23]. For this excita-
tion we use a cw external-cavity diode laser with a short-term
linewidth of about 100 kHz. It has a waist (1 /ez—radius) of
~280 um and an intensity of ~12 W cm™2 at the position of
the atomic cloud. The laser is frequency-stabilized to a wave-
length meter achieving a shot-to-shot and long-term stability
of a few megahertz. The laser beam polarization has an angle
of about 45° with respect to the B field and can therefore drive
o and 7 transitions.

We estimate that the first REMPI step is saturated for
the molecular states considered in this work. This means a
molecule is resonantly excited to the intermediate level J’
with nearly unit probability when probed. In order to derive
this we consider the following quantities: The transition elec-
tric dipole moment, the limited time to optically excite the
product molecule, and a detuning due to the Doppler shift. In
Fig. 7 we show calculated squared reduced transition electric
dipole moments D? for transitions from (v, Lg) product states
towards the vibrational level v’ = 66 within A'S] (green
columns). For convenience, D? is normalized by a global
factor so that its value for (v = —2, Lg = 0) equals to 1. As a
general pattern, D? increases with binding energy in the range
between the threshold and the vibrational quantum number
v = —9. This is, however, partially compensated by the fol-
lowing kinetic effects. In the formation of the molecule by
three-body recombination the binding energy is converted into
kinetic energy of the products. Neglecting the energy of the
ultracold atoms, the velocity vgp, of the molecule is Ebl 7,
This velocity has two effects. First, it limits the time scale o
1 /E;/ 2 for the molecule to be located in the detection region,
as determined by the size of the REMPI laser beams. Second,
the velocity will on average lead to Doppler-broadening and to
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FIG. 7. Calculations for the squared reduced transition elec-
tric dipole moment D? and relative transition probability K; o
D*fp/E hl/ 2 for the transitions from the product states (v, Lg) towards
the intermediate states J', v’ = 66 of A'S}. Both, D* and K; are
normalized by a global factor, respectively, so that their values for
the state v = —2, Lg = 0 are 1 (see arrow). The plot is logarithmic.

a reduction of the on-resonance photoexcitation rate by a fac-
tor given by fp = (2urp2/(Ay)) " arctan(2vgy2/(Ay)), where
A is the transition wavelength and y ~ 27 x 15 MHz is the
linewidth of the excited state. Therefore, the optical excitation
probability K; of the molecules approximately scales as Kj o
szD/Ebm. In Fig. 7 we plot K;, which is also normalized
so that for (v = —2, Lg = 0) it equals to 1 (blue columns).
Again, down to v = —9 there is a tendency that the ionization
efficiency increases for increasing binding energy. In [11] we
have found that for the given parameters of the probe laser
beam the transitions from v = —2, Lg =0, 2 towards the
intermediate state are driven in a strongly saturated regime.
Since all transitions for the product molecules in Fig. 7 have
a K; close or larger than the ones for v = =2, Lg =0, 2, we
can expect saturation of the first step of the (1,1) REMPI for
all considered product levels.

2. Second REMPI step

For the second step of the REMPI we use the ionization
laser at 544 nm to resonantly drive a transition from the inter-
mediate state to a probably autoionizing molecular Rb, level
[see Fig. 1(a)]. The laser is a cw, frequency-doubled OPO
system from Hiibner Photonics. It has a short-term linewidth
on the order of 1 MHz. At the position of the atomic cloud the
beam waist is 240 um, and we typically work with an intensity
of 110 Wem™2. As the probe laser, it is frequency-stabilized
to a wavelength meter achieving a shot-to-shot and long-term
stability of a few megahertz. The laser polarization is at an
angle of about 45° with respect to the B field and can therefore
drive o and 7 transitions. When the excited Rb, molecule
autoionizes it produces a deeply bound Rbj molecular ion.
Figure 8 shows resonance lines when scanning the frequency
vy of the ionization laser and starting from the intermedi-
ate state A'Z}, v/ =66, J' = 1 which has been populated
via photoassociation. These lines are spectroscopically not
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FIG. 8. Resonance spectrum when scanning the frequency v; of
the ionization laser, starting from the intermediate level Al 2; LU =
66, J' = 1. Here produced ions are detected by induced loss in an
atom cloud (see Appendix B). The strongest line is marked by an
arrow and has the center frequency v,s = 551422.660 GHz.

yet assigned. For REMPI via J' = 1 we use the resonance
line centered at v; = v, = 551422.660 GHz (marked by an
arrow).

Regarding the intermediate states with J' > 1, we carry out
similar spectroscopy as for Fig. 8 and identify the strongest
resonance, respectively, which is then used for REMPI. Since
photoassociation cannot produce a molecule with J' > 1 in
our cold sample, we instead populate such a state by res-
onantly exciting suitable product molecules (v, Lg) after
three-body recombination with the probe laser. Table I lists
the optimal ionization laser frequencies for various rotational
levels J' of the intermediate state v’ = 66. From additional
spectroscopic measurements we extract a rotational constant
By—¢s = 443(2) MHz X h, in agreement with the value re-
ported in [23]. For completeness, we present in Table I also the
measured level energies £ for the various detected rotational
states J' within v' = 66 of A' T}

The second REMPI step is generally not saturated in our
experiment. This is shown in Fig. 9 for the case of initial

TABLE 1. REMPI paths. Column 2 lists the energies E; of the
intermediate levels J' in the state v' = 66 of A' E;r , with respect to
the (5s, f = 1) + (5s, f = 1) atomic asymptote. In the third column
we list the frequencies vy of the ionization laser which are used in
the (1,1) REMPI scheme for the second transition starting from the
intermediate levels J' = 1,3, 5,7, 9 in the state v/ = 66 of A' X

EJ’ Vres
J' GHz x h GHz
1 281 445.045 551 422.66
3 281 449.481 551 420.70
5 281 457.442 551419.30
7 281 468.987 551 423.10
9 281 484.065 551 421.60

120

100 -

80 - &%

8 s
E 60 & ]
=i e
: ¥

40 .

/,/
20 ¢ e ]
o"
o'. ‘ : ‘
0 50 100 150

Tonization beam intensity (W/cm?)

FIG. 9. Ion number as a function of the intensity of the ionization
laser beam in the (1,1) REMPI scheme. These data are obtained for
(v = —2, Lz = 2) molecules which are ionized via the intermediate
state J/ = 1. Here v; = 551422.66 GHz, see Table I. The dashed blue
line is a linear fit to the data.

(v = =2, Lg = 2) molecules and the intermediate level J' =
1, v = 66 of A! ZM* . The detected number of ions increases
linearly with laser intensity. We have, however, verified that
ionization of a given initial state via different intermedi-
ate rotational states J' = Lg & 1 provides similar ion signal
strengths. Furthermore, the reduction fp due to the Doppler
effect (as discussed for the REMPI step 1) should be negligi-
ble here, since the linewidth y is about 200 MHz according to
Fig. 8. We note that y corresponds to an approximate measure
of the autoionization width.

APPENDIX B: COUNTING REMPI IONS VIA ATOM LOSS

We detect and count ions in the Paul trap via atom loss
which the ions inflict on neutral atoms due to elastic atom-ion
collisions. The basic method has been developed in previous
work [6,11,32]. Here we use a modified scheme, which is
described in the following.

lon-inflicted atom loss: After the 500 ms phase of three-
body recombination, the REMPI lasers are switched off and
the optical lattice trap with the atom cloud is adiabatically
moved over a distance of 50 um to the center of the Paul
trap, in order to immerse the ions which have been produced
during the 500ms time into the atom cloud. At the same time
the optical lattice trap is adiabatically converted into a crossed
dipole trap, by turning off one of the 1D lattice beams. The
trap frequencies of the crossed optical dipole trap are w; y, ; =
2w x (23, 180, 178) Hz, where z represents the vertical di-
rection. In this trap the atom cloud is Gaussian-shaped with
widths of o, , . ~ (58.6, 7.5, 7.5) um, and it still consists of
about 4 x 10° atoms, corresponding to a peak atomic density
of about 719 = 0.9 x 10'* cm™3. In the Paul trap the ions have
typical kinetic energies on the order of mK x kg or larger
as a result of, e.g., excess micromotion. Therefore, in elastic
atom-ion collisions one atom after the next is kicked out of the
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FIG. 10. Remaining atom fraction as a function of the initially
prepared number of ions N; (Rb* and Rb3) after an interaction time
of 500 ms. The dashed line is a fit of the function (%‘ + 1) to the
data (see text).

comparatively shallow (9 uK x kg) optical dipole trap while
the ions remain confined in the 2.5 eV deep Paul trap.

Converting atom loss signals into ion numbers: In order
to extract ion numbers from atom loss signals we carry out
the following, independent calibration. We start using a con-
figuration where the ion trap and the optical dipole trap are
spatially separated from each other so that atoms and ions
cannot collide. We prepare a well-defined number of laser-
cooled *®Ba™ ions forming an ion crystal in the Paul trap.
Using fluorescence imaging the number of ions in the crystal
is counted. In parallel, we prepare a dense Rb atom cloud
in the optical dipole trap. Afterwards, the centers of the ion
trap and the optical dipole trap are quickly overlaid so that
the Ba® ions are immersed into the atom cloud, where they
undergo chemical reactions. This leads almost exclusively to
the formation of Rb™ and Rb;r ions [33]. The number of ions
remains constant because of the large depth of the Paul trap.
Subsequently the traps are again separated from each other
and a new atom cloud is prepared in the optical dipole trap,
while the ions remain confined in the Paul trap. The properties
of this new atom cloud are adjusted to match the cloud that
was used for atom loss measurements as described in the
previous paragraph. Once again the ions are immersed into
the atom cloud by overlapping the traps. After an atom-ion
interaction time of 500 ms the remaining number of atoms is
measured. In Fig. 10 we show data for different numbers ;
of prepared ions. The blue dashed line represents a fit using
the empirical function (% + 1), where the fit parameters are
¢y = 8.6 and ¢, = —1.6. This function serves as reference to
convert measured atom loss in the three-body recombination
experiment into ion numbers.

APPENDIX C: CONVERSION OF REMPI ION NUMBERS
TO MOLECULE NUMBERS AND L; RATE COEFFICIENTS

As discussed in Appendix A, the number of formed
molecules in a final channel is given by the measured ion
number Ny, after REMPI divided by a global ionization
efficiency factor 5. Similarly, the L3(v, Lg) rate coefficients

are given by the measured ion numbers multiplied with a
proportionality factor x. We note that each three-body re-
combination experiment has a run time of 500 ms, and after
this time the atomic density of the sample has dropped by
13% due to collisional and reactive loss. Taking this loss into
account we estimate the ion number Ny = Ny, x 1.22 for
the case that the density stayed constant. To determine the
proportionality factor x, we sum over all channels accord-
ing to k), Ni (v, Lg) =3, L3(v, Lg) = L3, where
Ls3(v, Lg) and Lj are the calculated partial and total recom-
bination rate constants, respectively. We obtained k = 1.92 x
10732 ¢cm® s~!. From an additional measurement of the initial
atom number and the temperature of the atom cloud and using
the molecular production rate

j— b (me ) (1)
© 327 \27kg) T3

we determined 7 to be 5~ 4.8 x 1073. Here M is the
number of produced molecules, m is the atomic mass, and
o= (w)ca)ya)z)l/3 is the geometric mean of the trapping
frequencies.

APPENDIX D: BOOSTING THE MOLECULE SIGNALS

Compared to our previous work [11,12] the product state
signals and the sensitivity were boosted by a factor of ~25 as
a result of two improvement steps.

The first improvement step is working with an optical
lattice trap instead of a plain crossed dipole trap. This in-
creases the atomic density n and therefore improves the signal
compared to the background since the three-body recom-
bination rate scales nonlinearly with n as Ny = f nd’r =
—Ls f n® d3r, whereas background signals scale less strongly
with n. In total, switching to the optical lattice configuration
in our set up increased the signal by a factor of 2.5. This
improvement is shown in Fig. 11 for the detection signals
of the v = -2, Lg = 0, 2 product molecules when using the
intermediate state J' = 1. We plot the ion number (i.e., the
molecular (1,2) REMPI signal) as a function of the probe laser
frequency v for different experimental settings. The black data
points are the signals for the settings in [11]. For the green data
points we have replaced the crossed dipole trap as used in [11]
by the optical lattice.

The second improvement step is an enhancement of the
REMPI efficiency. In [11,12] only the first REMPI step in a
(1,2) REMPI configuration was resonantly driven. In our new
(1,1) scheme [see Fig. 1(a) and Appendix A] both REMPI
steps are resonantly driven and the last excitation step is
resulting in a molecular state which is probably autoionizing.
Switching to the (1,1) REMPI increased the signals by a factor
of 10. For comparison, in Fig. 11, the blue and orange data
give the signals for (1,1) REMPI with and without lattice,
respectively.

In order to optimize REMPI we have also experimentally
tested several vibrational levels around v’ = 66 within A'£.*
as intermediate level, but obtained the best results for v’ =
66 in terms of efficiency and suppressing background signals.
The level v’ = 66 has essentially a simple rotational ladder
structure, as it has unresolved hyperfine splittings of less than
3 MHz x h [22,23].
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FIG. 11. Boost of the molecular detection signal. Shown are
measured ion numbers after REMPI of (v = —2, Lz = 0, 2) prod-
uct molecules as a function of the probe laser frequency v. vy =
281445.045 GHz is the resonance frequency for photoassociation
towards the J' = 1 intermediate state. The different colors indicate
different measurement configurations as detailed in the legend.

APPENDIX E: CONSISTENCY CHECKS FOR
LINE ASSIGNMENTS

In general, we observe each molecular level with Lg > 0 in
terms of two transition lines, Lg — J' = Lg £ 1. This greatly
helps to verify the consistency of the line assignment. As
an example, we provide in Fig. 12 the collection of REMPI
detection signals for v = —4 molecules with rotational states
Lg ranging from Lg = 0 to 10.

APPENDIX F: THREE-BODY MODEL FOR ¥Rb ATOMS

Our three-body calculations for 8’Rb atoms were per-
formed using the adiabatic hyperspherical representation
[18,25] where the hyperradius R determines the overall size of
the system, while all other degrees of freedom are represented
by a set of hyperangles 2. Within this framework, the three-
body adiabatic potentials U, and channel functions &, are
determined from the solutions of the hyperangular adiabatic
equation

AX(Q) +15/4
%nqumj) Bo(R: Q)

i<j
= Us(R)Do(R; ), (F1)

which contains the hyperangular part of the kinetic energy,
via the grand-angular momentum operator A2, and the three-
body reduced mass p = m/~/3. To calculate the three-body
recombination rate we solve the hyperradial Schrodinger
equation,

R d?
[_Eﬁ + U, (R)]Fa (R) + Z Waw (R)Fy (R) = EF,(R),

o

(F2)
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FIG. 12. Consistency of assignments of product molecular states
to REMPI detection signals. The vertical dashed lines mark the bind-
ing energies of the molecules with quantum numbers v = —4, Lg
as obtained from coupled channel calculations. The rotational quan-
tum number Lg is shown on top of the figure. For each level with
Lg > 0 we observe two resonance lines, corresponding to REMPI
via the intermediate levels J' = Lg &= 1. The resonance lines are
plotted as a function of the probe laser frequency and are arranged
such that the frequency position of each resonance peak is given by
v — vy — By—e X [J'(J'+ 1) —2], ideally corresponding to the
molecular binding energy. The rotational constant is B,_¢ =
443 MHz. v, is the photoassociation resonance frequency towards
J' = 1. In vertical direction the lines are arranged according to J'.
The match in frequency position of the two measured resonance lines
and the calculated binding energy for a level indicates consistency of
the assignment.

where « is an index that labels all necessary quantum num-
bers to characterize each channel, E is the total energy, and

nonadiabatic couplings are given by
d d
— Dy )— ).
dR dR

e d?
Wrxoz/ (R) = 5 <<¢a
(F3)

q>,,> + 2<c1>0,

21 dR?

Solving Eq. (F2) numerically [18] we determine the S-matrix
and the recombination rate L3 via

9672(2J + DA
Ly = Z - = _ =

)
7 ki

ISal> =Y La(f),  (F4)
f

where i and f = (v, Lg) represent the initial and final states
and L3(f) is the corresponding partial recombination rate for
a given final state.

In this present study, the interaction between 87Rb atoms is
modeled by the same potential used in Ref. [11], and is given
by the Lennard-Jones potential,

C A6
V(r) = _766<1 - —), (F5)

where Cg = 4710.431Eha8 is the van der Waals dispersion
coefficient from Ref. [26]. Here Ej denotes the Hartree en-
ergy. We adjust the value of A to have different numbers
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of diatomic bound states supported by the interaction, while
still reproducing the value of the scattering length for 8’Rb
atoms, a = 100.36ay [26]. Our calculations were performed
using A &~ 15.5943ay, producing 15 s-wave (Lg = 0) molec-
ular bound states, and a total of 240 bound states including
higher partial-wave states, Lg > 0.

Our numerical calculations for three-body recombination
through the solutions of Eq. (F2) have included up to 300 hy-
perspherical channels leading to a total rate converged within
a few percent. The calculated total recombination rate con-
stant at 0.8 uK (including thermal averaging) is L3 ~ 0.91 x
1072° cm®/s. We note that there is an unresolved discrepancy
between this calculated total three-body recombination rate
constant and the corresponding experimental value for Rb
in the spin state f = 1,m; = —1. The experimental value
is Ly = (4.3 £ 1.8) x 1072 cm®s~!, [34]. This discrepancy,
however, does not affect the analysis of the overall scaling
behavior of L3(v, Lg) with binding energy.

APPENDIX G: INTERPRETING THE 1/E;, SCALING LAW
VIA A PERTURBATIVE APPROACH

The Alt-Grassberger-Sandhas (AGS) equation is an effi-
cient approach for solving three-particle collision problems
[28], and for identical particles it reads [27,29]

Uo(E) = 1G5 (E)[1 + P, + P_]

+ [Py + P_1T(E)Go(E)Up(E). (G

Here the three-body transition operator U, describes the
transition process from the initial state of three free, nonin-
teracting atoms to product states of a molecule of the atom
pair (a, b) plus a free atom c. E denotes the total energy of
the three-body system, Go(E) = (E + ie — Hy)™! is the free
Green’s operator corresponding to the noninteracting three-
body Hamiltonian Hy, and € is a small quantity to shift the
energy away from the real axis. J(E) = qulq)t(EZb)(q|
represents the generalized two-body transition operator for the
interacting pair (a, b) [27,29]. Here t(Ey,) is the pure two-
body transition operator at two-body energy E, = E — %, q
is the three-dimensional relative momentum between atom ¢
and the center of mass of the pair (a, b), m is the mass of an
atom and ¢ is the absolute value of q. Py = P,.P,, and P_ =
P,.P, denote the cyclic and anticyclic permutation operators
for the atoms (a, b, ¢), respectively. The partial three-body
recombination rate L3(v, Lg) towards each specific molecular
product d is given by [27]

Ly(v, L) = u%anh)"qﬂ<wf|Uo<E>|wm>|2, (G2)
where [Y;,) and |¥y) represent the initial and prod-
uct states, respectively. Here ¢, denotes the absolute
value of the asymptotic momentum of the molecule
which is fixed by the molecule binding energy E, and
the total energy E via —m — E, = E. Tlteratively plug-
ging Eq. (Gl) into its rl(,ght side, one gets a series
expansion Uy(E) = Zn o USUE) with USP(E) = {[Py +
P_]ﬂ(E)GO(E)}" ! G, YE)1 + P, + P_]. We assume that
the three-body recombination process can be reasonably well
described by the leading order contribution for Uy [27].

Since Uy (E)lWin) = 31 + Pi + P_1(E — Ho)lYn) = 0 due
to energy conservation, U, (0)(E ) has no contribution to the
three-body recombination rate according to Eq. (G2). There-
fore, we approximate Uy(E) by U, (1)(E )

Up(E) ~ [Py + P_1T(E)[1 + P, + P_]. (G3)

Since the three-body recombination rate is usually quite en-
ergy independent in the ultracold regime [35], we take the zero
energy limit £ — 0 to simplify the derivation. In this limit,
the initial free atom state is |{;,) = |p = 0, q = 0), where p
describes the relative momentum between atoms a and b. We
note that, for identical particles, neither the result of L3 (v, Lg)
nor the derivation procedure associated to this quantity should
depend on the choice of pair (a, b). Plugging the expression
of Eq. (G3) into Eq. (G2) we obtain

Ls(v, Lg)
1271

2 amqal (Y sIIPs + P17 (E)

1
xS+ Py + P_11Yn) (G4)
127m 6 2
= —— Q) @l Wy 2P T DY)’ (GS)

where we have replaced P, + P_ by 2P, because the term
of P, will contribute equally as the term of P_ to Ls(v, Lg),
[29,36]. For similar reasons [1 + P, 4+ P_]/3 is replaced by
1. In the plane wave basis, P, is given by

P, = /dq’/dq”lp/,q/)(p”,q”l,

where p'=q"+1q and p’=-q —1q". To derive
Eq. (G6), we let the single atom momenta be {k = k;, k; =
k;, k! = k3 } and by definition we have {p” = (k, — k)/2,
q" =2k;3/3 — k;/3 — ky/3}. The permutation operator P,
changes the atom indices according to (a, b, ¢) — (c, a, b)
and therefore {k] =k, k) =k, k! =ks3} — {k| =k,
k), = ks, k.. =k}, which leads to {p" = (k; —k;)/2, q" =
2k3/3 —ki/3 —ka/3} — {p = (ks —k2)/2, ' = 2k, /3 —
k,/3 —k3/3}, or equivalently, {p”" =—q"/2—-¢q, q"} —
{p=d'/24+q", ¢'}. It is then straightforward that P, =
fdq [dq"lp' =q'/2+q".q)(p" =—q"/2—q.q"|. Us-
ing the previous expressions for P, and .7 (E), and |yy,) =
Ip =0, q=0), we find

(G6)

Wy Py T (E) ) = w/dq/dq . 4" 'l

3~2
/dQ|Q)l (E - T) (IWm
(v / dq / dq'ly q)
x {q"10)(p" 1t (0)lp = 0)

dq'(y¢1p’. q') (|t (0)|p = 0),
(G7)

I
——
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where we have used (q'|q) = §(q' — q), and in the last line we
have p’ = %q’ and p” = —q'. We now switch from the plane
wave basis to a partial wave basis by using

p) = 1p) )Y/ (ep)ll, m),

I,m

(G?®)

where p = |p|, e, = p/p and the normalization of |p) is given
by (p|p) = % The expression (p”|¢(0)|p = 0) in the last
line of Eq. (G7) can be expressed as

(=q't0)p = 0) = 7-(¢'I*(0)|p = 0),

where #* is the s-wave component of the two-body transition
operator ¢t. Here we have used that according to the Wigner
threshold law at low collision energies only s-wave collisions
can contribute. Furthermore, we assume that the interaction
between two atoms conserves angular momentum.

Next we consider the expression (Y ¢|p’ = %q’, q’). For
|¥¢) we make the ansatz [¥r) = |Pa)|qa, i, m). Here |¢g) =
|Lg, mp,) f dp p*¢4(p)|p) is the internal wave function of the
molecule with rotational angular momentum quantum num-
bers Lg, mr,. ¢p4(p) is normalized via [ |¢.(p)*p*dp = 1.
The state |g,, i,m) = |qd>|i , m) describes the relative motion
between molecule and atom. It corresponds to a partial wave
with rotational quantum numbers [, 7. Next, we calculate that

(G9)

1 ’ * 1 ’ *

<¢’d 54 > = ¢d<EQ> Yrm, (€q), (G10)
N S —q

(ga. I, mlq') = % Y7, (eq). (G11)

Plugging the results of Egs. (G9) to (G11) into Eq. (G7) and
carrying out the integration over q' we obtain

—1H” 1
P, 7 E ) =205 (300 ) (e OIp = 0

X 8y, 1myy —iis (G12)
where we have used f dQ.Y) (eq)Y)r, (eq) =
(=1)"8; 16, —n . We then define

th(qa) = {qalt*(0)|p = 0) (G13)
and use Eq. (G12) to rewrite Eq. (G4) as
12mrm 6
Ls(v, Lg) “T(Zﬂﬁ) qa(2Lg + 1)
1 1 2
X |==¢a| 594 |n(qa)| - (G14)
2 2

10" praw/h

10°  proaw/h 10

FIG. 13. (a) Two-body half-shell 7-matrix #, as a function of
the relative two-body momentum p. The vertical lines indicate the
momentum values 2./mkE,/3 corresponding to s-wave (black solid)
and d-wave (red dotted) molecules where #, needs to be evalu-
ated. (b) Momentum space wave functions of the four most shallow
s-wave molecules. The dots indicate the momentum values /mE}/3
where ¢, needs to be evaluated. These results are obtained from a
Lennard-Jones potential with 15 s-wave molecular states and a
scattering length a = 1.21 rygw. Here ryaw = %(mCG/hz)l/4 is the
characteristic length scale of the van der Waals interaction. Given
ryaw = 82.64 a, for 87Rb, this scattering length corresponds to a =
100.36 ay.

Here we have summed over the 2L + 1 equal contributions
corresponding to the available m,-channels for a given Lg
quantum number. #,(g;) has momentum p = 0 fixed on the
energy shell p?/m = Ey, = 0, and is commonly referred to as
half-shell #-matrix in nuclear physics [37,38].

In order to analyze the scaling of L3 (v, Lg) with the molec-

ular binding energy Ej, we use the relation % —E,=0and
ignore all coefficients independent on ¢, in Eq. (G14) to

obtain

Ls(v, Lg) o< (Ep)"|¢a(/mEp/3)* |tn(2y/mEy/3)|*.
(G15)

In Fig. 13(a) we show m(p). It oscillates but the amplitude
varies only slowly with the two-body momentum p. Of course,
this holds only until the bottom of the interaction potential
(corresponding to the most deeply bound states) is reached, as
the bottom leads to a momentum cutoff. Figure 13(b) shows
¢4(p), which is discussed in the main text.
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