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Abstract

Studying ultracold chemical reactions with quantum state resolution reveals
details of the reaction processes, especially with single quantum state preparation of
the reactants and state-selective detection of reaction products. In this thesis, we
investigate two main processes: KRb + KRb — Ky 4+ Rby reactions, and Rb and

KRb atom-molecule collisions.

In the KRb bimolecular reaction, we demonstrate the preservation of quantum
coherence in bimolecular reactions for the first time, which is surprising in a reaction
considered to be largely chaotic. Additionally, we proposed a coherent control
scheme to manipulate product yields across different product channels. These results
represent a critical step toward probing quantum coherence and entanglement in the

chemical reaction.

In atom-molecule collisions between Rb and KRb, we discovered an exceptionally
long-lived intermediate complex, KRby, which can be photo-excited by trapping
light. The observed complex lifetime was orders of magnitude longer than theoretical
predictions, underscoring the limitations of the current theory. We further explored

the dependence of complex lifetimes on the initial quantum states and external
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electric and magnetic fields, providing additional experimental benchmarks to guide

future theoretical work.

Separately, we found that inelastic collisions between hyperfine-excited Rb
atoms and KRb molecules can lead to rotation excitation of KRb post-collision. By
probing the product state distribution, the result suggests that mechanical angular
momentum is coupled to the spins. Such couplings are too weak in the current
theory models to explain the result. Moreover, our result contradicts state-of-the-art
coupled-channel calculations. These suggest that some subtle effects, such as
molecular vibration and conical intersections, play a critical role in the reaction

dynamics.

The final piece of the thesis describes the observation of resonant interaction
between a Rydberg atom and an ensemble of polar molecules. Such hybrid quantum
systems have been proposed for a wide range of applications. Our work provides an
experimental demonstration of resonant dipolar interactions between Rydberg atoms
and ultracold polar molecules, paving the way for the realization of hybrid systems

for quantum computation and simulation.
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Chapter 1

Introduction

1.1 Quantum nature of chemical reactions

Quantum effects play a fundamental and profound role in chemical reactions. These
effects are particularly evident at low temperatures or near energetic thresholds.
In addition, the wave-like nature of matter gives rise to coherence and interference
phenomena that have no classical analogs. Together, these quantum behaviors
influence chemical reaction rates, product yields and distributions, and the dynamics

of intermediates in ways that classical theories cannot capture.

A primary manifestation of quantum mechanics in chemical processes is the
phenomenon of tunneling. Quantum tunneling allows particles with insufficient
energy to pass through potential energy barriers, as a consequence of their wave-like

nature. This enables classically forbidden chemical reactions to occur, significantly



enhancing reaction rates and altering product distributions, especially for reactions
at low temperatures. Among all chemical species, hydrogen, due to its low mass and
correspondingly delocalized wavefunction, exhibits a high probability for tunneling
and has been widely studied. Hydrogen tunneling plays a crucial role in acid-base
reactions [1], atom transfer processes involving organic species [2, 3], and enzymatic
oxidation-reduction reactions [4, 5]. Although tunneling of heavier chemical species

is less common, it can still influence certain organic chemical reactions [6, 7].

Another key quantum effect in chemical reactions is the presence of quantized
energy levels. Because both reactants and products occupy discrete quantum states,
a reaction channel only becomes accessible when the total collision energy exceeds
the threshold of the product state. At low temperatures, this leads to the emergence
of the Wigner threshold laws [8], where the reaction cross-sections exhibit sharp
on and off behavior as new partial waves become accessible. Additionally, shape
and Feshbach resonances can arise from the quantized energy levels when the
metastable states lie close to the dissociation limit. These resonances, observed
across many experimental platforms, ranging from molecular beams [9, 10] to
laser-cooled atoms and molecules [11], can create dramatic enhancements in elastic,
inelastic, and reactive cross-sections that vastly alter the collision and chemical

dynamics [12, 13, 14, 15, 16].

When the quantum states of both reactants and products are well resolved,
reaction dynamics can be described in terms of state-to-state reaction rates rather

than a single bulk rate [17, 18]. Controlling the initial quantum state of the



reactants in a specific eigenstate, or a coherent superposition, allows for steering
the reaction towards particular product channels. Experimentally, it requires
quantum-state-resolved detection of reaction products, a capability that has been
demonstrated in beam experiments such as Ar*t + Ny [19] and O + Hy [20] reactions.
The KRb + KRb reaction studied in our work also falls into this category, where

reactant and product states can be precisely prepared and probed.

Coherence and interference effects, distinctive to quantum mechanics, also
manifest in chemical reactions and can significantly influence the dynamics. When
multiple reaction pathways contribute to a product channel, the interference between
these pathways can enhance or suppress reaction rates. This interference can bias
the formation of products towards specific quantum states. Early demonstration
of such coherence effects was observed in photochemical processes, including
photo-association [21], photo-ionization [22], and photo-dissociation [23, 24]. In
these processes, one could leverage quantum coherence to optimize product yield

and control reaction pathways.

In the context of reactive scattering settings, coherent control of product
state distribution has been proposed using interferences between reaction
pathways [25, 26]. For light molecules such as HD, HF, and D,, interference effects

have been experimentally confirmed in molecular beam experiments [27, 28, 29].

Spins, an intrinsically quantum mechanical property, also play a significant role
in determining the outcomes of chemical reactions. Along with electronic states,

spin states determine the electronic potential energy surfaces on which chemical



dynamics happen. Spins can provide or restrict access to certain reaction pathways,
and drastically affect the efficiency of chemical processes [30, 31, 32]. For instance,

a change in total spin multiplicity, such as from singlet to triplet, may be forbidden
unless mediated by spin—orbit coupling, requiring the reaction to transition between

potential energy surfaces [33, 34].

While the role of electronic spin in reaction dynamics is extensively explored,
nuclear spins can also influence reaction outcomes, but have not been studied as
much. In reactions producing homonuclear molecules, symmetry-based nuclear spin
selection rules restrict which spin configurations are allowed in the products. These
rules can lead to strong state-to-state propensities or even complete suppression of
certain reaction channels [35, 36]. Furthermore, when electronic and nuclear spins
are strongly coupled, as in radical pair systems, singlet to triplet conversion can be
induced by hyperfine interactions [37, 38]. Such spin dynamics give rise to magnetic
field sensitivity in reaction yields and rates, enabling external control over chemical

reactivity.

Additionally, quantum effects play a crucial role through non-adiabatic
processes, where transitions between different potential energy surfaces occur during
a reaction. A prominent example is the breakdown of the Born—-Oppenheimer
approximation, which assumes that nuclear and electronic motions can be
separated [39]. This approximation fails when two potential energy surfaces of the
same spin multiplicity become degenerate or nearly degenerate, allowing nuclear

motion to induce transitions between them. Such regions of degeneracy, known



as conical intersections, serve as gateways for non-adiabatic transitions and are
central to determining the branching ratios and quantum yields of photochemical

reactions [40, 41, 42].

In this thesis, we investigate the manifestation of quantum effects in the ultracold
bimolecular reaction KRb + KRb — Ky + Rby, utilizing state-sensitive detection to
quantify the reaction products. This approach enables direct observation of quantum
tunneling effects on reaction rates and product yields in specific quantum channels.
Signatures of quantum coherence and interference are imprinted in the product state
distributions, revealing the surprising preservation of coherence even in a reaction
considered chaotic and ergodic, characterized by a mostly statistical outcome [43].
Additionally, we investigate the role of spin in short-range atom-molecule interactions
through KRb + Rb collisions. Our findings suggest that electronic spin couples to
mechanical degrees of freedom, substantially modifying the collision dynamics and
outcomes. This coupling is further enhanced by the presence of two intersecting
potential energy surfaces, forming a conical intersection that facilitates the effects of

the spin-rotation interaction.

1.2 Going ultracold

Experimental observation of quantum effects in chemical reactions often requires
access to low-temperature regimes. Studying chemical reactions in crossed or merged

molecular beam experiments enables one to avoid thermal averaging, which can mask



the underlying quantum phenomena at higher temperatures. When reactant beams
are cooled to temperatures of just a few Kelvins, or even down to milliKelvin via
buffer-gas cooling [44, 45, 46], Stark and Zeeman deceleration [47, 48], the resulting
collision energies are confined within a narrow window. In this regime, only a few
rotational, vibrational, and partial-wave channels remain energetically accessible,
enabling high-resolution studies of quantum-state-specific dynamics. The relevant

energy scales are shown in Fig. 1.1.
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Figure 1.1: A molecular thermometer that displays the energy scales of relevant

degrees of freedom in molecules, expressed in units of Kelvin (K).

Moreover, these platforms typically offer precise control over external electric
and magnetic fields, as well as the ability to prepare and select specific quantum

states of the reactants. This level of control is essential for implementing coherent



control strategies and for probing the fundamental role of quantum interference,

tunneling, and resonance effects in chemical reactions.

An alternative approach to accessing low temperatures is through laser cooling
of atoms and molecules, which routinely achieves sub-milliKelvin temperatures.
When combined with evaporative cooling, this technique can further lower the
temperature to the sub-microKelvin regime for certain atomic and molecular
species, enabling the creation of Bose-Einstein condensates and Fermi-degenerate
gases [49, 50, 51]. In this ultracold regime, the quantum states of the reactants,
including rotational, vibrational, partial-wave, and even hyperfine levels, are well

defined and highly controllable.

Moreover, thermal motion is drastically suppressed at such low temperatures,
allowing quantum mechanical effects to govern reaction dynamics fully. These unique
conditions make ultracold atoms and molecules an ideal platform for experimentally
testing quantum chemistry predictions and exploring fundamental quantum effects

with unprecedented precision.

1.3 Choosing KRb molecules

With the goal of understanding quantum effects in chemical reactions, we choose
potassium-rubidium (KRb) molecules as our species of interest. The choice was a
historic continuation of previous attempts to create a dense Fermionic dipolar gas,

which surprisingly turned out to be a good platform to study ultracold chemical



reactions, as KRb offers several compelling advantages. First, the techniques for laser
cooling, magnetic and optical trapping, and evaporative cooling of alkali atoms have
been well established for three decades. Building on this solid foundation, coherent
molecule association methods developed over the past two decades [52, 53, 54, 55, 56]
now enable the routine production of ultracold ensembles of bialkali molecules,

including KRb, at temperatures below 1u K.

While many bialkali species share similar chemical properties, only a subset
supports the energetically allowed double exchange reaction AB + AB — As + Bo.
Notably, this reaction is exothermic for just a few combinations, and KRb stands
out among them. Most other reactive bialkali species involve lithium, which is

comparatively more challenging to cool and manipulate.

Another practical advantage of KRb lies in the modest energy release (approxi-
mately 10 cm™!) associated with its exothermic reaction KRb + KRb — K, + Rbs.
This energy allows only a limited number of rotational states to be populated in the
products, therefore restricting the number of accessible exit channels. This makes it
experimentally feasible to resolve and quantify the complete distribution of product

states.

Another advantage of choosing KRb is the availability of the fermionic isotope
0K, Among all alkali atoms, only °K and SLi are stable fermions (while *°K is
technically radioactive [57], its half-life exceeds a billion years, making it effectively
stable for experimental purposes). By pairing fermionic *°K with bosonic 8'Rb, one

obtains a fermionic “°K®"Rb molecule that is relatively unique among all bialkali



species.

Fermionic bialkali molecules offer key advantages for studying chemical
reactions, particularly in the ultracold regime. When prepared in a single quantum
state, two-body collisional loss is strongly suppressed due to exchange symmetry
constraints, which forbid s-wave scattering between identical fermions. As a result,
only p-wave collisions (and higher partial waves, which are negligible) contribute,
and these are suppressed at ultracold temperatures by the centrifugal barrier [52].
Consequently, reactive collisions can proceed only via quantum tunneling through the
barrier, greatly reducing loss rates. The suppression of collisional losses significantly
enhances the stability and lifetime of the KRb molecular ensemble, allowing for the
control of the initial quantum state and the accumulation of statistically significant

measurements of the reaction products over a more extended period.

By choosing KRb molecules as our experimental platform, we also gain access to
atom—molecule collision and reaction studies at no additional cost, by utilizing the
residual K or Rb atoms after molecular association. This is shown in Fig. 1.2. Among
these two atomic species, collisions between K and KRb are reactive, resulting in
molecular loss [58], while Rb + KRb collisions are not expected to support chemical
reactions. Investigating both systems offers valuable insight into the reaction
dynamics. On the theoretical side, advances in quantum dynamics calculations have
enabled the quantitative prediction of the outcomes of K + KRb reactions [58].

In contrast, Rb + KRb collisions exhibit unexplained two-body losses [59], the

underlying mechanisms of which remain poorly understood. Understanding these



losses is a key objective of this thesis. Furthermore, incorporating both atoms and
molecules within the same experimental apparatus opens the door to exploring
hybrid quantum systems, such as dipolar interactions between KRb molecules and
Rydberg atoms. This can be achieved by optically exciting either the K or Rb atom
to a Rydberg state, enabling the study of long-range, tunable interactions between

polar molecules and highly excited atoms.

KRb + KRb + Rb2 * Product state distribution
¢ Coherent control of reaction
' ' — ' ' * Entanglement of products
+
KRb + K K2 Rb * Product state distribution
' . — ‘ . * Role of nuclear spin
* Intermediate complex dynamics

* Loss mechanism
' . . ‘ * Intermediate complex dynamics
* Collision resonances

Figure 1.2: Three distinct collisions or reactions that can be studied within our KRb-
based experimental platform, each offering insight into different quantum chemical

dynamics.
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1.4 This thesis

The content of this thesis is organized as follows: Chapter 2 provides an overview of
the experimental apparatus and procedures used to produce and control ultracold
KRb molecules. Chapter 3 describes the detection methods employed to probe
reaction outcomes, including absorption imaging and ionization-based techniques.
In Chapter 4, we present studies of ultracold atom-molecule collision complexes
and characterize inelastic collisional losses, as well as their dependence on external
fields. Chapter 5 focuses on the observation of quantum interference between
chemical reaction pathways, revealed through state-selective ionization detection
of the products. We also propose a coherent control scheme that leverages such
interference effects. In Chapter 6, we investigate long-range dipolar interactions
between KRb molecules and Rydberg Rb atoms, demonstrating resonant energy
exchange between the two species. Chapter 7 revisits atom—molecule collisions, now
with Rb atoms prepared in an excited hyperfine state. We report on the observation
of hyperfine-to-rotational energy transfer and compare our results with theoretical
predictions, shedding light on the role of short-range interaction physics. Finally,
Chapter 8 outlines possible future research directions and highlights some open

questions of interest to the broader communities of ultracold chemistry and physics.
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Chapter 2

Production and control of an

ultracold KRb gas

2.1 Overview of the experimental apparatus

With the goal of creating a sample of ultracold KRb molecules and Rb atoms,

an experimental apparatus integrating techniques from both atomic physics and
physical chemistry was constructed. The initial system build began nearly ten years
ago and was primarily carried out by the previous generation of graduate students
and postdoctoral researchers in the KRb experiment. While most of the construction
details can be found in Dr. Yu Liu’s thesis [60], I will highlight the key components
of the apparatus and the major modifications made in my graduate career in this

thesis.

12



The experimental setup spans three optical tables within a single laboratory
room: the machine table, the laser table, and the Rydberg table. The laser table
houses all lasers used for laser cooling, trapping, and imaging of Rb and K atoms,
as well as lasers responsible for coherent molecular association. The machine table
houses the mechanical components of the main experimental apparatus, comprising
four interconnected vacuum chambers and magnetic coils surrounding some of them.
Two pulsed 532 nm lasers and a continuously tunable dye laser, along with optical
delivery paths, microwave waveguides, and antennas, are also mounted onto the
machine table. Finally, a complete Rb Rydberg excitation laser system is built on
the Rydberg table. This system, developed more recently (2021-2023), enables both
Rydberg excitation and state-selective ionization detection of Rb atoms. Further

details on the Rydberg setup will be discussed in Chapter 6 of this thesis.

2.2 MOT chamber: Creation of cold Rb and K

atom clouds

The first step in creating an ultracold KRb gas is to simultaneously accumulate a
large number of cold Rb and K atoms at low temperatures. This is achieved using
a spatially overlapping dual-species magneto-optical trap (MOT) inside the MOT
chamber. The MOT chamber is actually a relatively large glass cell, with K and Rb
sources located at one end in four protruding arms. Connections to the evaporation

chamber can be found at the other end.

13



Inside the protruding arms of the MOT cell, two sets of Rb dispensers, each
consisting of three dispensers, were installed. In the early stages of the experiment,
these dispensers were briefly fired at relatively high currents (4.0-4.5 A) for 10-15
minutes [60]. These initial firings deposited sufficient Rb atoms onto the glass cell
walls to sustain efficient MOT loading for an extended period. From 2021 to 2024,
however, we observed a gradual decline in the number of post-evaporation Rb atoms,
suggesting a depletion of residual Rb inside the chamber. In response, we fired one
set of the Rb dispensers for two hours at 2.45 A. Interestingly, this initially led to
a threefold increase in the Rb MOT fluorescence signal, but the post-evaporation
Rb atom number in the QUIC trap dropped to nearly zero. We speculated that
the drop was caused by increased background collisions with unwanted gas species
produced during the dispenser firing. After approximately one week of continuous
pumping in the MOT cell, the post-evaporation Rb numbers recovered and slightly
exceeded their previous values. Throughout this process, the ion pump reading for
the MOT cell remained below the detection limit (1 x 107!° Torr) and showed no

measurable change.

The K atom sources are contained in two sealed glass ampoules housed inside
copper tubes attached to the protruding arms. One ampoule contains 50 mg of
40K enriched to 3.15%, and the other contains 25 mg enriched to 7%. To release K
atoms, one of the ampoules was cracked inside the copper tubes and heated with
heat tapes. Over time, the K atoms migrated throughout the glass cell, meaning

that we could no longer independently control the K and Rb vapor pressures without
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additional Rb dispenser firings or opening up the other ampoule.

Prior to 2024, the MOT cell was heated to approximately 40°C, and the active
K ampoule was maintained above 50°C to sustain a sufficiently high alkali vapor
pressure. However, we later found that such heating was unnecessary. As part of
preparations for a major electrical shutdown, we removed all power supplies related
to MOT cell heating without negatively affecting the number of atoms or molecules.
This change eliminated the risk of overheating from potential linear power supply
failures, where output voltages could rail to 50 V and cause severe damage to the

glass cell.

Another key component of the MOT setup is the generation of MOT laser
beams. For Rb, we use two distributed Bragg reflector (DBR) lasers at 780 nm: one
for the cooling transition and one for the repump transition. The repump laser is
locked to the |F' = 1) to |F’ = 1,2) crossover peak of the Rb Dy line with saturated
absorption spectroscopy and then frequency-shifted up by approximately 78.45 MHz
with an Acoustic-optical modulator (AOM) to match the required repump frequency

for Rb atoms.

The cooling laser is referenced to the repump laser via an optical phase-locked
loop (PLL) setup. The two laser beams are combined onto a fiber-coupled fast
photodetector, capable of detecting beat signals up to tens of GHz. The beat note
is amplified and sent to a phase-frequency detector board (ADF 4159), where it is
compared with a frequency-controlled RF reference. The resulting phase-frequency

difference is encoded into an error signal, which is fed back to the cooling laser. By
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adjusting the reference RF frequency (using an FPGA-controlled DDS channel),
we can dynamically tune the frequency difference between the cooling and repump

lasers by a few hundred megahertz continuously in the experimental sequence.

To generate the MOT beams, the cooling and repump lasers are combined
using a non-polarizing beamsplitter and seeded into a tapered amplifier (TA),
producing amplified light at both frequencies. Notably, we also employ a fiber-based
electro-optic modulator (EOM) to modulate the cooling laser and generate a
sideband as a second repump frequency, which typically results in a 10% increase in
the Rb atom number after RF evaporation. So far, we do not fully understand why

this scheme outperforms the case with a single repump frequency.

In addition to the MOT beam path, small portions of the cooling and repump
lasers are split off for Rb absorption imaging and optical pumping. For imaging, the
cooling laser is tuned to the |F' = 2) to |F’ = 3) cycling transition. Both cooling
and repump lasers are also used for optical pumping to purify the atomic hyperfine

states before further experimental steps.

For K, we employ three DBR lasers operating at 767 nm. Due to the low
natural abundance of “°K (0.012%), it is challenging to directly lock a laser to the
40K transitions. Instead, we dedicate a master laser referenced to the crossover
between the |F = 1,2) ground states and the unresolved excited states of K. The
cooling and repump lasers for °K are then phase-locked to the master laser using

techniques similar to those described for the Rb system.
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To generate the K MOT beams, we combine the cooling and repump light and
seed them into a TA. Because the same fiber ports are used for both K MOT beams
and gray molasses beams, an AOM is employed to combine the first-order diffracted
MOT light with the zeroth-order transmitted gray molasses light. An independent
mechanical shutter controls the gray molasses path, allowing us to switch the K
MOT and gray molasses beams on and off independently, which is critical for

achieving sub-Doppler cooling of K atoms.

Similar to the Rb system, a portion of the cooling and repump light is split off
for K optical pumping and absorption imaging. However, a key difference for K is
that we must use the cooling laser for imaging at low magnetic fields and the repump
laser for imaging at high magnetic fields. This distinction (compared to the Rb
system) arises because one of the required imaging frequencies lies above the master
laser frequency, while the other lies below, and it is not possible to continuously

ramp the phase lock frequency across zero.

Each experiment typically begins with the MOT loading stage. To enhance
loading, we first illuminate the MOT glass cell with a UV LED for 1.5 seconds, which
desorbs deposited alkali atoms from the cell walls and increases the vapor pressure.
This step increases the MOT loading rate at the expense of temporarily raising the
background pressure. To mitigate the negative effects, we hold the atoms in the

MOT for an additional 5 seconds, allowing the background pressure to decrease.

Following MOT loading, we apply a MOT compression stage (CMOT) by

red-detuning the repump laser by 7.5 MHz. This reduces radiation pressure,
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allowing the MOT to shrink in size and minimizing heating during transfer into
the quadrupole trap for evaporative cooling. Since the K MOT is much smaller,

compression is not necessary for K.

After the Rb CMOT, we perform molasses cooling for both Rb and K atoms.
While the general procedures are described in Yu Liu’s thesis [60], the gray molasses
setup for K needs particular attention. Prior to 2024, the gray molasses system
used a DBR laser as the seed light, with two double-pass AOM setups generating
the cooling and repump frequencies. These frequencies were recombined before
being seeded into a TA, similar to the MOT beam generation setup. However, the
frequency stability of the DBR degraded over time, leading to frequent unlocking

events, and the TA power output also dropped significantly.

In 2024, we replaced the entire gray molasses laser system with a fiber laser
setup following the locking scheme described in William Tobias’s thesis on the JILA
KRb experiment [61]. Our updated optical layout is shown in Fig. 2.1. The new
fiber laser, manufactured by UltraQware (now Qtek), is frequency-doubled from
1540 nm and provides up to 2 W of output power at 767 nm. A resonant EOM
(QUBIG) operating at 1286 MHz, corresponding to the hyperfine splitting between
the | = 9/2) and |F = 7/2) states of °K, is used to create the cooling and repump

sidebands.
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Figure 2.1: Optical layout for the new gray molasses system. Solid arrows represent
the main branch, which delivers most of the power to the machine table. It’s combined
with the K MOT beams on an AOM similar to the old gray molasses setup (with the

DBR + TA). Dashed arrows represent the locking and monitoring beam paths.

Since stronger cooling is required relative to the repump, we set the carrier
frequency to the cooling transition. The carrier is shifted down using a double-pass
AOM setup to reach the 42S; )5 |F = 1,2) to 4°Py s |F' = 2) crossover transition of

39K for laser locking.

Before transporting the K and Rb atoms to the next chamber for evaporative
cooling, we perform optical pumping to prepare the atomic populations in their
respective stretched trapping states, which are more deeply trapped. Proper optical

pumping is crucial for maximizing transfer efficiency and optimizing subsequent
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evaporation performance. It is important to note that the polarizations of the optical

pumping beams are critical for achieving high pumping fidelity.

2.3 Evaporative cooling and transport of cold K

and Rb atoms

We use a magnetic transport scheme to move the cold K and Rb atoms from the
MOT cell to the next chamber, the evaporation chamber (also referred to as the
QUIC chamber). In most ultracold atom experiments, it is critical to separate
the atom loading region from the scientific study region, as effective MOT loading
typically requires background pressures of 107°-10~® Torr, which are too high to
maintain a vacuum lifetime longer than 10 seconds for efficient evaporative cooling.
In our setup, a differential pumping system separates the MOT cell from the rest of

the apparatus, achieving a pressure difference of nearly two orders of magnitude.

Magnetic transport is implemented by physically moving the MOT coils along a
I-meter-long track. During this process, we first ramp up the current in the MOT
coils to 340 A to create a tightly confined magnetic trap, and then accelerate the
coils, mounted on a cart, along the track. The cart temporarily slows down near the
midpoint, where a large stationary magnet is located. It accelerates again toward
the end of the track and decelerates gradually to a complete stop at the evaporation

chamber location. The entire transport sequence takes approximately 1 second.
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It is known that the single-pass transport efficiency is about 25%, with most
atom loss occurring early in the acceleration phase inside the MOT cell [60], prior
to entering the differential pumping section. This is expected, given the higher
background pressure in the MOT region. We note that a track-based magnetic
transport scheme may not offer the best performance in terms of efficiency and
speed. Future improvements could involve replacing the cart transport system
with a stationary array of quadrupole coils, allowing for faster and more efficient

transport [62].

After the K and Rb atoms arrive in the evaporation chamber, they are
transferred into a fixed, more tightly confined quadrupole trap for evaporative
cooling. Tighter trapping is preferred at this stage to enhance collision rates between

atoms, improving the efficiency of evaporation.

In our scheme, we perform evaporation exclusively on Rb atoms (which are
more abundant), while K atoms are sympathetically cooled and act as a heat load
in the system. We employ an RF-induced evaporation technique [63] to selectively
remove hot Rb atoms from the cloud. The RF signal is generated by a dedicated
DDS channel, amplified using a high-power amplifier (LZY-22+, Mini-Circuits), and
coupled to the atoms through the loffe coil. The RF drive induces transitions from
the initial |2, 2) low-field-seeking state through a cascade of mp-changing transitions
until atoms reach anti-trapped states (|2, —1) and |2, —2)) and are subsequently

expelled from the trap.

To preferentially remove higher energy atoms first, we begin evaporation with
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an RF frequency of 30 MHz (corresponding to atoms with large kinetic energies that
can access higher magnetic field regions) and gradually ramp down to 15 MHz. At
this stage, as the cloud becomes colder and denser, losses due to Majorana spin flips
at the trap center become significant [64]. To mitigate this, we turn on the Ioffe coil
to create a finite magnetic field minimum [65]. Evaporation is then continued by

exponentially ramping the RF frequency down to near 2 MHz.

The full evaporation sequence typically lasts 10 to 20 seconds, with the
time constants and RF amplitudes for each ramp segment treated as free-tuning
parameters. In 2023, we explored the use of a machine-learning-based optimization
algorithm (M-LOOP) [66], designed to optimize experimental performance by
efficiently navigating high-dimensional parameter spaces. The M-LOOP results were
consistent with our manual optimizations, suggesting that the evaporation process is

already near optimal given current hardware constraints.

It is worth noting that the RF evaporation scheme can leave a fraction of atoms
in the |2, 1) state during the process and at the end of the evaporation, as confirmed
by a Stern-Gerlach experiment in the evaporation chamber. Both the temporary
presence during evaporation and the residual atoms post-evaporation can lead to

inelastic collision losses.

Ideally, a microwave evaporation scheme targeting the |2,2) — |1,1) transition
would be preferable, as atoms transferred to the |1,1) state are immediately
anti-trapped and expelled. In 2021, we briefly explored the use of microwave

evaporation. However, its performance was limited by the available microwave power
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inside the evaporation chamber. We suspect that poor microwave coupling efficiency
to the atomic cloud is the primary limiting factor. In the future, performance
could potentially be improved by employing a more powerful microwave amplifier

(exceeding 20 W) and replacing the microwave waveguide.

RF evaporation Microwave evaporation

K present | 5.0 x 10 Rb + 1.4 x 10° K | 1.4 x 10° Rb + 1.0 x 10° K

Rb only 1.1 x 10" Rb 6.4 x 106 Rb

Table 2.1: Performance comparison between microwave evaporation and RF evap-
oration. In these measurements, RF evaporation was performed using optimized
parameters, while microwave evaporation used the maximum available amplitude at
all stages to maximize performance. The post-evaporation temperatures of both Rb

and K atoms are slightly lower for RF evaporation.

A minor but important point is that the RF evaporation process generates
significant RF noise in the 2-30 MHz range throughout the lab during evaporation.
This noise can even be detected on grounded surfaces, such as the laser table.
The resulting interference can cause RF rectification, affecting the performance of
temperature servos. Simultaneously, RF pickup on electric cables impacts EOM

modulation if not properly shielded.

The most noticeable consequences are: (1) temperature servo setpoint drifts due
to RF rectification, leading to laser frequency drifts if fast feedback mechanisms are

not employed, and (2) loss of error signals for saturated absorption vapor cell locks
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and cavity Pound-Drever-Hall (PDH) locks when the RF evaporation frequency

approaches the modulation frequency.

To mitigate the second problem, we identify the resonant frequencies of the
affected EOMs and modify the RF evaporation sequence to skip neighboring

frequencies during the evaporation ramp.

After the RF evaporation, we transfer the K and Rb atoms to the science
chamber using a transport optical dipole trap (TODT). The TODT is formed by a
1064 nm laser beam whose focus can be translated between the evaporation chamber
and the science chamber. This is achieved by mounting a lens on an air-bearing

stage, which can be programmed to move smoothly with little friction or hysteresis.

The TODT power is controlled via an AOM with active feedback for intensity
stabilization. Typically, we load the K and Rb atoms from the QUIC trap into the
TODT at the maximum available laser power, approximately 4 W. The transport
process takes less than 1 second, and we achieve a transfer efficiency of about 50%
for both species. Since the TODT power is very high, careful consideration must
be given to thermal effects on the AOM to maintain constant total RF power
throughout operation. Prior to 2021, the entire TODT beam path was in free space,
making it sensitive to air currents and thermal fluctuations. During this period,
the TODT transport efficiency was 50-60%, and we suspected that environmental

sensitivity was a major limiting factor.

To address this, we implemented a high-power-handling photonic crystal
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fiber (PCF) to reduce the free-space path length. In the new beam path, the
AOM used for intensity control was placed before the PCF, such that thermal
fluctuations now primarily lead to intensity instability (which can be actively
suppressed by the intensity servo) rather than beam pointing noise. Additionally,
the free-space path length after the fiber was reduced by approximately a factor
of two, decreasing sensitivity to air currents. However, despite these upgrades, no
significant improvement in TODT transport efficiency was observed, suggesting that

the dominant atom loss originates from other sources.

After transferring the K and Rb atoms to the science chamber, we load them
into the horizontal optical dipole trap (HODT), which nearly co-propagates with the
TODT. We then perform quantum state preparation for molecule association, which

requires Rb atoms to be in the |1,1) state and K atoms in the |9/2, —9/2) state.

To achieve this, Rb atoms are transferred via a microwave adiabatic rapid
passage (ARP) pulse, while K atoms undergo a cascade of mg-changing transitions
at a magnetic field of B = 25.8 G. After the state preparation, any residual Rb
atoms remaining in the |2,2) state are removed by applying a resonant blast pulse
using a Rb imaging beam, targeting the |F = 2,mp = 2) — |[F' = 3,mp = 3)
transition. Following state preparation, we ramp up the magnetic field using the
Feshbach coils to B = 550 G, which is slightly above the Feshbach resonance used
for molecule association. At this magnetic field, the Rb—K collision cross section is
enhanced, allowing for more efficient evaporative cooling compared to evaporation at

lower magnetic fields.

25



Finally, before molecule association, we perform ODT evaporation by gradually
ramping down the intensity of the HODT in the presence of a vertical ODT (VODT),
which provides confinement along the loosely trapped HODT axial direction. This
configuration allows the cloud to remain mostly trapped while selectively removing

atoms with the highest energies.

At the end of the ODT evaporation stage, we obtain a mixture of K and Rb
atoms co-trapped in the combined trap of the HODT and VODT (commonly referred
to as the crossed-ODT, or XODT) at a temperature near 7' = 500 nK. As of the
completion of this thesis (2025), we typically achieve atom numbers of approximately

1.0 x 10° for both K and Rb at this stage.

This number is lower than what was achieved prior to 2021, where about
1.5 x 10% atoms per species were obtained. The reduction is attributed to a major
HVAC shutdown event in the summer of 2021, which impacted many parts of the
experimental setup. Despite thorough checks of the system, we have not been able

to fully recover the previous K and Rb atom numbers.

2.4 Coherent association of KRb molecules

In this step, we create ground state KRb molecules through a two-step process:
first, magneto-association into weakly bound Feshbach molecules, followed by
a two-photon stimulated Raman adiabatic passage (STIRAP) transfer into the

rovibronic ground state. This molecule creation scheme is highly efficient, fully
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coherent, and prepares nearly all KRb molecules into the same quantum state.

Magneto-association is performed by ramping the magnetic field from B = 550
G to B = 544.0 G across the Feshbach resonance of “°K and 8"Rb located at
By = 546.7 G, with a typical ramp rate of 10 G/ms. The ramp rate is a tunable
parameter that can be optimized to maximize the number of Feshbach molecules.
During this process, the magnetic field sweeps adiabatically, converting atom pairs
from the open channel configuration (Rb in |1,1) and K in |9/2, —9/2)) into a weakly

bound molecular state in the closed channel (Rb in |1,0) and K in |7/2,—7/2)).

Typically, we achieve a Feshbach conversion efficiency of approximately 15-20%.
The number of Feshbach molecules and their lifetimes can be measured by performing
decay measurements, where we wait for a few milliseconds after the magnetic field
ramp and monitor the drop in the Rb absorption signal, which represents the number

of Feshbach molecules.
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Figure 2.2: Measurement of Feshbach molecule number and lifetime. The expo-
nential decay time constant extracted from the left panel corresponds to the lifetime
of Feshbach molecules. In the right panel, the difference in Rb atom number (Ngp)
between ¢ = 0 ms and ¢t = 10 ms reflects the number of Feshbach molecules. From

this measurement, approximately 2 x 10* Feshbach molecules are formed.

Due to the short lifetime of Feshbach molecules, it is crucial to transfer them
to the rovibronic ground state as quickly as possible. However, residual K and Rb
atoms also contribute to Feshbach molecule loss due to collisions, and removing
them from the system requires additional time. To balance the competing demands
of rapid transfer and atom removal, we implemented a fast removal scheme for the
residual Rb atoms. Specifically, we apply a fast microwave ARP pulse for 0.75 ms
to transfer the remaining Rb population from the |1,1) state to the |2,2) state, as

opposed to a typical ARP duration of 4-10 ms in other parts of the experimental
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sequence. Immediately afterward, a resonant blast of light targeting the |2,2) to
|3,3) transition is used to expel the |2,2) atoms from the trap. Because the 0.75
ms pulse duration is too short to fully satisfy the adiabatic condition for ARP, the

overall removal efficiency is limited to approximately 50%.

STIRAP Scheme

Figure 2.3: Schematic of the STIRAP process [60]. The molecules start in the
loosely bound Feshbach state |i). A STIRAP pulse sequence adiabatically transfers
the molecular population to the rovibronic ground state |g), without populating the

intermediate excited state |e), provided that the adiabatic condition is satisfied.

Immediately after removing the residual Rb atoms, we apply the STIRAP pulse
to transfer the weakly bound KRb molecules to the rovibronic ground state. The
STIRAP process couples the weakly bound state in the [a®%", v = —2) potential to
the rovibronic ground state | XX, v = 0) via an intermediate state [23%7, o' = 23).
Specifically, we select this intermediate state because it offers good vibrational
wavefunction overlap with both the initial and final states, and because its electronic

structure exhibits a mixture of singlet and triplet character, ensuring large Rabi
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rates that facilitate efficient population transfer [52].
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Figure 2.4: Spectroscopy scans of the STIRAP lasers to identify their respective
resonance conditions. Left panel: Resonance scan of the 970 nm laser. Feshbach
molecules are optically pumped to a wide range of final states when the 970 nm laser
is resonant, resulting in a dip with a width on the order of 20 MHz near resonance.
Middle panel: Dark resonance scan to determine the resonant condition for the STI-
RAP down leg (690 nm) laser. Right panel: Ground state molecule number as a
function of two-photon detuning. In this measurement, we scanned the 970 nm laser
frequency (due to its more stable lock compared to the 690 nm laser). The two-
photon resonance condition is notably more stringent than the one-photon resonance

condition for the 970 nm laser.

Prior to 2024, we utilized external cavity diode lasers (ECDLs) to generate both
the 690 nm and 970 nm beams. At that time, we achieved approximately 8.5 mW
(690 nm) and 27 mW (970 nm) of optical power on the machine table, measured after
the fibers. However, the laser diodes gradually degraded over time, and by 2022,

the 690 nm output power dropped below 6.5 mW. Additionally, the 690 nm ECDL
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exhibited multiple stable operating regions near the locking setpoint as we tuned its
current and piezo voltage. Although the cavity transmission modes and error signals
appeared normal in nearly all modes, the molecule production performance varied
dramatically between these regions, complicating system diagnostics and stability.
Some of these modes were also unstable and would lead to unlocking events within a

few minutes to an hour.

Based on these challenges, and after consulting with the JILA KRb experiment
(which had transitioned to using a fiber-based 690 nm laser from Precilasers), we
decided to replace the 690 nm ECDL with a fiber laser. We selected a 500 mW
model that is sufficient for our experimental needs. In this system, the 690 nm
output is generated by a sum-frequency generation (SFG) of a 1064 nm laser and a
1957 nm laser. Special care must be taken with the 1957 nm seed laser, as it can
enter an unstable mode at certain current setpoints, destabilizing the lock. A typical
solution is to reduce the operating current in steps of 0.1 A while monitoring the

mode stability of the output.

We operate the fiber-based 690 nm laser at a total emission power of 100 mW,
delivering 54.1 mW of optical power to the machine table. Following this upgrade,
our STIRAP efficiency improved from 85% to 93%. It became significantly less
sensitive to the PID parameters of the lock, likely due to the intrinsically low phase

noise of the fiber laser.

After STIRAP, the final step in the molecule production sequence is the removal

of residual K and Rb atoms. In this step, we apply a longer microwave ARP pulse
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to transfer the remaining Rb atoms from the |1,1) state to the |2,2) state, and

then use resonant imaging light for both Rb and K to blast the atoms out of the
trap. This STIRAP atom removal process takes 5 ms, which is significantly longer
than the earlier removal step after the Feshbach field ramp (0.75 ms), allowing the

removal efficiency to approach nearly 100%.

In many experiments, it is desirable to retain some Rb or K atoms along with
the KRb molecules in the XODT. For instance, to prepare a Rb + KRb mixture, we
lower the microwave ARP amplitude that reduces the transfer efficiency from |1,1)
to |2,2), so that a fraction of Rb atoms remain in the |1, 1) state and are unaffected
by the subsequent resonant removal beam. Similarly, a K + KRb mixture can be

prepared by reducing the intensity of the removal beam targeting K atoms.

2.5 Microwave control of KRb molecules

After KRb molecules are created in the electronic and rovibronic ground state, they
can be transferred into a wide range of hyperfine (nuclear spin) states and a few
excited rotational states. This is primarily accomplished through a sequence of

microwave pulses applied at different magnetic fields.

Specifically, we can populate various nuclear spin states in the ground rotational
manifold (/N = 0) via two-photon microwave transitions, access a series of hyperfine
states in the N = 1 manifold through one-photon transitions, and reach selected

states in the N = 2 manifold via two-photon processes as well. In principle, the Rb
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microwave system can be used to excite KRb molecules to the N = 3 manifold.
However, the state preparation fidelity in these cases is too low to be practically

useful.

Because we work with microwave transitions under a range of magnetic and
electric fields, it is often necessary to calculate suitable intermediate states and
the corresponding microwave frequencies. To facilitate this, we use the MATLAB
package Diatomix [67], developed by Arfor Houwman, a visiting student in our group
in 2023. Diatomix offers a user-friendly graphical interface for calculating the energy
levels of all hyperfine states of KRb molecules in their electronic and vibrational
ground states, as well as the transition dipole moments connecting different hyperfine
states, under arbitrary static electromagnetic fields and ODT intensities. This tool
enables efficient identification of viable microwave transitions before experimental

scans.
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Figure 2.5: The N = 1 loop antenna mounted at the bottom of the science chamber.
The photo was taken from underneath the chamber and facing upwards. A small
copper piece was soldered to the loop to tune the antenna resonance for improved

impedance matching.

Our microwave system is designed to excite KRb molecules up to the third
rotational level N = 2. Two independent microwave circuits are employed for the
N =1 and N = 2 excitations. In the following section, we briefly introduce the two

circuits.

The N = 1 microwave circuit is based on a DDS synthesizer (Valon Technology
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5009) with two independent channels, each connected to an RF switch. The Valon
DDS frequency is controlled via USB by the experiment control computer. Fast
microwave switching is achieved by applying TTL signals to the RF switches. The
outputs from the RF switches are then amplified by a 30 W amplifier (Mini-Circuits
ZHIL-30W-252-S+) and delivered to a loop antenna mounted at the bottom of the

science chamber, as shown in Fig. 2.5.

It should be noted that controlling the Valon DDS synthesizer via USB
introduces an unstable communication lag between 100-500 ms, making mid-
sequence frequency changes impractical. Consequently, the frequency must be preset

at the beginning of each experimental run.

At present, the N = 1 microwave system exhibits a mysteriously low coupling
efficiency, manifested as the relatively slow Rabi rates on the order of 2-4 kHz,

particularly when driving 7 transitions.

The N = 2 microwave circuit has a similar configuration: a Valon DDS
synthesizer whose output is connected to an RF switch, and then amplified by a
microwave amplifier (Mini-Circuits ZVE-3W-83+). The amplified signal is delivered
to a loop antenna mounted on top of the science chamber, pointing downward at an

angle, as shown in Fig. 2.6.

Interestingly, although the amplifier saturates at only 3 W output power, the
observed Rabi rates for N = 2 transitions are significantly higher (50-100 kHz for

o) compared to those of the N = 1 system (10-20 kHz for ;). One possible
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explanation is that the plate electrodes inside the vacuum chamber attenuate lower
microwave frequencies more strongly, leading to reduced coupling efficiency for the

N =1 transitions.

Figure 2.6: The N = 2 microwave antenna mounted above the science chamber.
The antenna is positioned at an angle to avoid obstructing the optical access for the

ODT and ionization beams from above.

As mentioned earlier, frequency tuning and impedance matching of the
microwave antennas are achieved by soldering a small copper piece near the antenna
to alter its resonance pattern, as shown in Fig. 2.7. As the position of the copper
piece is adjusted, the resonance dips, which are visible as sharp drops in the network
analyzer reflection signal measurement, shift in frequency. The goal is to tune the

configuration such that a substantial resonance dip appears at the desired operating
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frequency.

Figure 2.7: Testing the N = 2 microwave antenna using a network analyzer.

2.6 Laser frequency monitor and feedback with a

wavelength meter

As briefly mentioned in previous sections, we employ a wavelength meter to monitor
the frequencies of multiple lasers, using the measurements in a closed-loop feedback

system for frequency stabilization. In this section, we elaborate further on the design
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of this system.

Our wavelength meter, the Bristol 871A, features a fiber-coupled input and
offers millisecond-level response time and sub-MHz-level precision of frequency
reading for detecting visible to near-infrared lasers. Wavelength meters on the
market typically fall into two categories. The first type, based on Fizeau etalons,
offers superior precision, resolution, and fast measurement times, but can only detect
one laser tone at a time. The second type, utilizing a Michelson interferometer,
enables the simultaneous spectral display of multiple laser tones. However, it
performs less favorably in terms of speed and resolution. Our objective is to build a
system that combines the advantages of both: simultaneous monitoring of multiple

lasers with high resolution and speed.

To accomplish this, we adopted a design developed previously in the Doyle
group at Harvard. The key idea is to use a galvanometer-mounted mirror to route
multiple laser beams into a single fiber input sequentially. When the switching rate
is fast enough, the system effectively mimics real-time monitoring of multiple laser

frequencies.

The galvanometer (Thorlabs) converts an externally applied analog voltage
into a proportional rotation of the mirror mounted on it. In our implementation,
we define eight discrete angular positions, each corresponding to a different laser
beam path being coupled into a common fiber. By periodically varying the applied
voltage, the mirror rotates through these positions in sequence, allowing the system

to cycle through eight laser inputs.
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To support broadband wavelength compatibility (from 400 nm to 1100 nm), we
utilize a photonic crystal fiber from NKT Photonics, which efficiently couples all

relevant laser wavelengths into the wavelength meter.

For the mirror control, we use a counter-to-DAC circuit controlled by an
external clock signal. The clock is a TTL square wave that drives a 3-bit binary
counter, cycling through values from ’000” to 111" and back. These digital outputs
are fed into a parallel DAC chip, converting the binary count into an analog
voltage. This voltage drives the galvanometer to the corresponding angular position.
Simultaneously, the clock signal is also sent to the wavelength meter to trigger its
internal photodetector exposure, ensuring synchronization between mirror switching

and wavelength measurements.

39



Chapter 3

Detection techniques

3.1 Overview of the detection techniques

Detecting different chemical species, particularly with quantum-state sensitivity, is
a critical component of our experiment. A central objective for us is to accurately
probe the quantum state distributions after chemical reactions or inelastic collisions.
This capability enables a direct comparison between experimental observations and
theoretical models, providing insight into the fundamental dynamics that govern

these processes.

Our experimental apparatus essentially has two “senses”: absorption imaging
and ionization detection. Before delving into detailed descriptions of these detection
techniques, we first outline the advantages and limitations of each method,

highlighting the complementary roles they play in our studies.
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Absorption imaging, a widely used technique in the AMO physics commu-
nity [68], is employed to detect reactant atoms and molecules in the experiment. It
offers two major advantages: inherent quantum-state selectivity and the ability to
measure spatial distributions with high precision. On the other hand, absorption
imaging has notable limitations: it is effective only for trapped atoms and molecules
at very low temperatures, making it unsuitable for detecting most fast-moving
reaction or collision products. Furthermore, it performs poorly when probing small
ensembles consisting of only tens of atoms or molecules, as the weak absorption
signal results in a low signal-to-noise ratio. Finally, absorption imaging requires
the species to possess a cycling transition to scatter a sufficient number of photons,

limiting its applicability to only a selected range of species.

Tonization detection, more prevalent in physical chemistry experiments [69,
70, 71], is employed in our work in the form of photo-ionization (both one-photon
and two-photon) and field ionization. One-photon ionization typically uses a single
UV photon capable of ionizing any species whose ionization threshold lies below
the photon energy, but it lacks quantum-state selectivity. In contrast, resonant
two-photon ionization (commonly referred to as REMPI, although “multi” in our
case refers specifically to “two”) offers high quantum-state sensitivity. In REMPI, the
first photon resonantly excites the atom or molecule via a bound-to-bound transition,
and a second photon ionizes it. While REMPI requires detailed spectroscopic
knowledge of the intermediate states, which can be challenging when exploring new

systems, it enables precise probing of quantum-state-specific outcomes of chemical
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reactions and inelastic collisions. Finally, we can also detect Rydberg atoms through
electric field ionization, a technique that will be discussed in more detail in Chapter

6 as part of our Rydberg studies.

3.2 Absorption imaging of atoms and molecules

In essence, absorption imaging utilizes a cycling transition to scatter photons, casting
a shadow of the atoms onto a camera. The requirement of a cycling transition limits
its applicability to specific quantum states of K and Rb atoms in our experiment.
For Rb, we use the |2,2) — |3,3) transition for imaging. For K, we use either the
19/2,9/2) — |11/2,11/2) or the |9/2,—9/2) — |11/2, —11/2) transitions, depending
on the initial quantum state of the K atoms. Additionally, we can image KRb

molecules by coherently dissociating them into K and Rb atoms via a reversed

STIRAP sequence followed by a Feshbach field ramp.

We have independent imaging systems for both the evaporation and science
chambers. Each absorption imaging setup is a standard 4-f optical system [72],
comprising a pair of lenses with equal focal lengths and a CCD camera (PCO
Pixelfly) positioned at the image plane. A typical imaging sequence involves
capturing three consecutive image frames: a shadow frame, a light frame, and a
background frame. The shadow frame is captured with an imaging beam resonant
to the atomic cycling transition, which passes through the atom cloud and casts a

shadow on the camera. The light frame is taken with the imaging beam on but
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without atoms present in the chamber, while the background frame is captured

without any imaging beam.

From these images, we can extract detailed information about the density
distribution, temperature, and total number of atoms using the following procedure.

We first define the optical depth (OD) at each pixel:

(3.1)

[s adow ) _Iac roun )
OD(x,y)z—log( hadow (7, Y) = Ivackground (2 y))’

[light (iL‘, y) - [background<x7 y)

where Ighadow, Jiights a1d Ipackgrouna are the recorded intensities at pixel (z,y) for

the respective frames.
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Figure 3.1: Absorption imaging results of Rb and K atoms after ODT evaporation.
The atoms are released from the XODT and imaged after time-of-flight (TOF) of 5
ms (K) and 7 ms (Rb). The images are constructed from the three camera frames
according to Eq. 3.1. For better visualization, we use milli-optical depth (mOD),
where 1 mOD corresponds to 1/1000 of an OD of 1. The z and y axes are given in
units of camera pixels (6.45 pum per pixel). We extract the peak optical depth (pkOD)
and cloud widths o, and o, after TOF expansion and calculate the atom number N
and temperature T' for each species. A small fraction of atoms appear outside the
central cloud region, spreading primarily along the horizontal direction. This effect
is attributed to a slight mismatch between the HODT and VODT foci, resulting in

some atoms being trapped only in the HODT without confinement from the VODT.

The OD value at each pixel represents the integrated atom number along
the imaging axis at that location. A two-dimensional matrix of OD values is

constructed to form an “OD image”. We fit the OD image to a 2-dimensional
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Gaussian distribution, from which we extract three parameters: the peak optical

depth (peakOD), and the cloud sizes o, and o, for further processing.

For a thermal cloud of atoms at temperature 7" in a three-dimensional harmonic
trap, the Gaussian width (standard deviation o, ,) of the cloud after a time-of-flight

(TOF) expansion is given by [73]:

»  kpT1+w}, TOF?

Ty 2
m w3y

: (3.2)

where w,, are the trapping frequencies along the x and y directions, m is the

mass of the species, and kg is the Boltzmann constant.

In typical experiments, the imaging beam is tuned on-resonance with the cycling
transition to maximize the signal-to-noise ratio. Under this condition, the total atom

number N can be extracted from the OD image using:

2
N = == peakOD 0,0, (3.3)

00

where oy is the resonant scattering cross-section. The cross-section is related to

the saturation intensity s, of the cycling transition by [74]:

_ hwl
B 2[sat’

00
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with I' being the natural linewidth of the transition and w being the optical

frequency.

From Eq. 3.2 and Eq. 3.3, one can see that the total atom number N is simply
the product of the three extracted cloud parameters (peakOD, o,, and o,), whereas
the temperature 7" has a nontrivial dependence on the trapping frequencies w,,
as well. While it is possible to calculate T' using a single time-of-flight (TOF)
measurement and the known trapping frequencies w,, obtained through parametric
heating experiments, this approach is only valid if the foci of the HODT and VODT

are perfectly aligned.

An alternative approach, which we refer to as the TOF expansion method,
determines the temperature by varying the TOF and extracting the slope of aiy
versus TOF?, which according to Eq. 3.2 should yield %. This method depends
solely on the atomic velocity distribution during free expansion and is independent

of the initial cloud size and shape, making it inherently more accurate.

In practice, we often intentionally misalign the HODT and VODT slightly to
improve ODT evaporation efficiency and achieve better molecule conditions. As a
result, the TOF expansion method becomes the only valid and accurate technique
for measuring the cloud temperature. Nevertheless, for quick daily diagnostics, we
still use the single-shot method and use o, to obtain rough estimates of the cloud

temperature, even though it tends to overestimate the true temperature, especially

at short TOFs.
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Figure 3.2: KRb temperature measurement by varying the time-of-flight (TOF).
We measure the Rb atoms following molecular dissociation at TOF values between
0.26 ms and 9 ms, and extract the Gaussian widths along the more tightly confined
y-direction. The cloud temperature and initial size at TOF = 0 ms are obtained from
the slope and y-intercept of a linear fit to 05 versus TOF2. From this measurement,
we determine a KRb temperature of 290 + 20 nK and an initial Gaussian width
oy = 6.0£0.3 pm. It is worth noting that we do not use the z-direction TOF expansion
to extract the temperature, as o, at t = 0 is already large and the expansion during
TOF is negligible, leading to large uncertainties in the temperature estimation along

that axis.
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3.3 Ionization detection

The capability to detect ions within an AMO experiment setting is one of the
features that makes our apparatus unique. In our setup, neutral reaction products
are first photoionized by a laser pulse, then accelerated by velocity map imaging
(VMI) ion optics, and subsequently detected by a microchannel plate (MCP)
detector after traveling through a one-meter-long time-of-flight (TOF) tube [60].
The MCP records both the TOF and the spatial hit locations of the ions, enabling

the determination of both the species’ mass and translational velocities.

In the following subsections, we discuss the different ionization techniques
employed in our experiment in detail and explain how we extract useful information

about chemical reactions and collision dynamics from the collected ion data.

3.3.1 Direct UV ionization with pulsed dye laser

Single-photon UV ionization is the most conceptually simple method used in our
experiment. Considering the ionization thresholds of all relevant species (K, Rb,
KRb, Kj, Rby, KoRb, KRbs, and KsRbsy), the UV laser system must be able to
operate at wavelengths below 300 nm. In addition, wavelength tunability of the laser
is desired to efficiently ionize different product species (or selectively ionize certain

species only).

Additionally, we must choose to use a pulsed laser rather than a continuous-wave
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(CW) laser, as TOF spectrometry requires a well-defined time zero. This constraint
leads to our use of a frequency-doubled pulsed dye laser. Our tunable dye laser
(LIOP-TEC/LiopStar-HQ) is pumped by a pulsed, frequency-doubled Nd : YVO,

laser (EdgeWave BX80) operating at 532 nm, as illustrated in Fig. 3.3.

The pump laser features an adjustable repetition rate of up to 10 kHz and
a maximum pulse energy of 3 mJ, which remains relatively independent of the
repetition rate. The 532 nm pump beam is delivered to the dye laser through free
space and is split with a 30:70 power ratio between the two stages of the dye laser:

the oscillator and the amplifier.

The oscillator stage functions in a way similar to a seed laser in fiber laser
systems. Cylindrical lenses focus the pump beams into a thin line, creating a
high-intensity region that turns the illuminated area of laser dye into a gain medium.
The laser dye is circulated at a high flow rate (5-10 L/min) through a dye cell
with a thin cross-section, allowing for a fast refresh rate of the laser dye to prevent
excessive photo-bleaching. This design enables stable operation at high repetition
rates of up to 10 kHz; however, in practice, the pulse energy decreases significantly

for repetition rates above 5 kHz.

In the context of this thesis, we primarily used two types of laser dye, LDS 698
and LDS 798, to ionize the intermediate complexes KRbj for Rb + KRb collisions.
Between these, LDS 698 was used for most studies because it provides the highest
pulse energy at the desired wavelength, while LDS 798 was used for more specific

tasks, such as confirming the ionization threshold of KRb} complexes. Typically,
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with a 3 mJ pump pulse energy at 532 nm, we obtain 50-60 uJ of pulse energy
from the oscillator at 709 nm (the optimal wavelength for ionization of KRbj
complexes) and 1.0-1.2 mJ of pulse energy from the amplifier. The efficiency of the
frequency-doubling stage depends strongly on the beam size after amplification, due
to the quadratic dependence of second-harmonic generation (SHG) efficiency on the
beam intensity. After frequency doubling, we typically obtain 30-50 pJ of UV pulse

energy at 354 nm.

Apart from our choices of laser dyes, a wide variety of laser dyes can be used to
generate different UV wavelengths for ionizing different reaction products, following
the laser dye recipes shown in Tab. 3.1. In general, Rhodamine dyes are preferred
for generating shorter UV wavelengths (280-310 nm) due to their higher conversion

efficiencies.
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Figure 3.3: Schematics of the dye laser (Picture from LIOP-TEC/LiopStar man-
ual [75]). The dye laser consists of an oscillator, an amplifier, and a frequency-
doubling stage. The grating at one end of the oscillator stage acts as a frequency-
selection unit, similar to its usage in an ECDL. By adjusting the grating angle, the
feedback spans a wide range of wavelengths from 532 nm up to 810 nm (tested ex-
perimentally), although the user manual specifies operation only up to 750 nm. The
output from the oscillator is slightly magnified and collimated using a telescope con-
sisting of two lenses and subsequently sent to the amplifier cell. The amplified light is
frequency-doubled via SHG using a BBO (beta barium borate) crystal. To separate
the frequency-doubled UV light from the residual fundamental light, a separation
unit consisting of four dispersive prisms is placed after the SHG setup. The resulting
UV beam (usually elliptical with one axis diverging) is then shaped and collimated

with external lenses and delivered to the experiment through free space.
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While changing the laser dye enables coarse tuning of the laser wavelength
by tens of nanometers, fine adjustments on the order of a few nanometers can
be achieved by varying the dye concentration and selecting a different solvent.
Historically, we have also used DMSO (dimethyl sulfoxide) as a solvent to push the
emission toward longer wavelengths. However, extra caution must be taken when
handling DMSO due to its associated difficulties and potential hazards, a reason

why we stopped using it in recent years.

Typically, we prepare the laser dye solution by dissolving a measured amount
(approximately 1 gram) of laser dye, weighed using an analytical balance, into 1
gallon of 200-proof ethanol. The mixture is then stirred overnight using a magnetic
stir bar to ensure complete dissolution. Before introducing fresh dye solution into
the dye pumps, the old laser dye solution is first drained from the system through a
valve. Because this draining process leaves behind residual dye, a cleaning procedure
is performed by adding one gallon (any amount above half a gallon) of 190-proof
methanol (which is significantly cheaper than ethanol) and circulating it through the
pump to dilute any remaining dye, after which we drain the waste solution through
the valve. This rinse-dilute-drain cycle is typically repeated three to six times,
depending on the amount of methanol used in each step. After this procedure, the
final solution becomes visibly transparent, indicating effective removal of residual

dye from the system.
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Table 3.1: Laser-dye recipes for 532 nm pumping (from Sirah [76])

Name

Fluorescein 548
Pyromethene 580
Rhodamine 590
Pyromethene 597
Kiton Red 620
Rhodamine 610
Mix. Rh 610/Rh 640
Rhodamine 640
DCM

DCM

LDS 698

LDS 722

LDS 751

LDS 751

LDS 798

LDS 821

LDS 821

LDS 867

Peak Range
(am)  (um)

550  H41-571
557 H47-581
566 559576
582 566611
591  H85-600
596 588614
615 598636
624  614-662
627  602-660
651 626685
692 667720
718  691-751
744 712782
764 733-802
785 758826
815  791-839
839  814-862
863  832-900

93

Eff.

(%)
27
28
28
28
26
26
26
25
27
27
20
19
15
15
12
10
10

10

Solvent

Ethanol + H,0O
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
DMSO
Ethanol
Ethanol
Ethanol
DMSO
Ethanol
Ethanol
DMSO

Ethanol

Conc.
(gL™)
0.40
0.20
0.09
0.16
0.20
0.20
0.17 / 0.04
0.25
0.30
0.30
0.25
0.25
0.15
0.15
0.14
0.13
0.13

0.15



3.3.2 REMPI for product quantum state detection

Since single-photon UV ionization lacks intrinsic quantum state selectivity, we
use REMPI to extract product state distributions. The REMPI process typically
involves two laser pulses: a resonant excitation pulse that transfers ground-state
population to an electronically excited state, followed by a strong 532 nm pulse
that ionizes the particle. Because the first step requires the resonance condition
to be met, only products in a specific initial quantum state can be excited and

subsequently ionized, enabling state-selective detection.

Most electronic transitions of the involved species in our experiment are
approximately 10 MHz in width, limited by spontaneous decay, necessitating the
use of narrow-linewidth lasers. Furthermore, wide frequency tunability is required
to address different initial quantum states. All these requirements make external
cavity diode lasers (ECDLs) an efficient and cost-effective choice. In our experiment,
we utilize three ECDLs for REMPI of Rb (420 nm), Ky (648 nm), Rby (674 nm),
and KRb (667 nm), with the 670 nm ECDL covering both Rby and KRb within its

tunable range.

The physical setup of the 670 nm laser is shown in Fig. 3.4. We use an
AR-coated laser diode (EYP-RWE-0670-00703-1000-SOT02-0000) in an ECDL
configuration to seed a tapered amplifier (EYP-TPA-0670-00500-2004-CMT02-0000).
At a drive current of 130 mA, the seed laser produces approximately 24 mW of

output power, which is sufficient for amplification. The amplified light is collimated
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in one direction using an aspheric lens immediately after the TA chip. In the
orthogonal direction, we use an external cylindrical lens for collimation. After
collimation, the beam is focused into an AOM in the horizontal direction using

a second cylindrical lens, enabling fast optical switching (~50 ns) with external
modulation signals. The first-order diffraction of the AOM is then fiber-coupled and
combined with the 532 nm pulsed laser using a dichroic mirror before being finally

delivered to the experiment.

Frequency tuning of the 670 nm laser can be achieved at multiple levels. Coarse
tuning by several nanometers (corresponding to a few terahertz in frequency) can be
achieved by carefully adjusting the horizontal knob of the grating to change its angle.
Temperature control of the diode mount and the entire laser housing within a few
degrees Celsius of the room temperature enables frequency tunability on the order of
tens of gigahertz. Finally, fine-tuning of the laser frequency by a few gigahertz can
be achieved by adjusting the voltage applied to the piezo actuator attached to the
horizontal tuning knob of the grating. We note that our use of an AR-coated diode
significantly improves laser mode stability, as it reduces the likelihood of mode hops

and enables more continuous and stable operation.

REMPI detection of Rb atoms is performed with a two-photon ionization
scheme, where the atoms are first excited from the 55/, state to the 6P, state,
and subsequently ionized with a 532 nm pulsed laser. We use a 420 nm ECDL
laser (Toptica DL pro) with a maximum output power near 50 mW (at 80-90 mA

of operating current). Because the transition dipole moment connecting 551/, and
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635 is large, we use about 2 mW of 420 nm laser power for the first leg of Rb

REMPI. We note that this laser is also used for Rb Rydberg excitation (see Chapter

Figure 3.4: Physical setup for the 670 nm laser used for Rb, and KRb REMPI

detection, mounted on a separate breadboard that is not attached to the machine

table.

For K5, we use a 648 nm laser to resonantly excite product molecules to an

electronically excited state, similar to the REMPI setup used for Rby and KRb.
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Instead of using an AR-coated diode in an ECDL configuration, this laser was built
using a non-AR-coated diode (Ushio HL65014DG), as high-power AR-coated diodes

at this wavelength are difficult to find.

Non-AR-coated diodes are notoriously known for their multimode behavior
and frequent mode hops, and our 648 nm laser is no exception. To maintain stable
single-mode operation, we limit the diode current to below 230 mA and the output
power to 50 mW, which is significantly lower than its maximum rating of 150 mW.
Even under these constraints, it remains highly challenging to achieve continuous
frequency tuning and single-mode operation, as the mode-hop-free tuning range is
below 1 GHz. Recently, this laser diode was discontinued, prompting us to explore
an alternative setup for Ko REMPI. This involves two plans: an injection-lock
setup using a more stable AR-coated diode as the seed laser for a high-power

non-AR-coated diode, and a TA-based amplification setup.

Regardless of the species involved, it is essential to emphasize that REMPI is
inherently a sequential excitation process: the atom or molecule is first excited to an
intermediate (electronically excited) state, and then ionized by a high-intensity laser
pulse (532 nm in our case). A REMPI process can be effectively modeled using the
framework we described in [77], which is essentially a two-level system with loss in

the excited state:
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where c.c. stands for complex conjugate, €2, is the Rabi rate of the bound-
to-bound transition, A is the laser detuning (ideally zero), I' is the spontaneous
decay rate of the excited state |e), and I, is the ionization rate of the 532 nm

bound-to-continuum transition.

A typical REMPI pulse sequence used in our experiment is shown in Fig. 3.5.
The relative timing between the two pulses is critical and is typically scanned in 10
ns steps using a digital delay generator. The optimal timing of the 532 nm pulse
is tens of nanoseconds after the bound-to-bound transition pulse, depending on the
Rabi rate. This is because of the finite time required to transfer the population from

the ground state to the excited state.
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Figure 3.5: Scope traces for the Rbo, REMPI using a 674 nm CW laser and a 532
nm pulsed laser. The yellow and blue traces correspond to the intensities of the
674 nm and 532 nm laser beams. The traces were recorded using a high-bandwidth
photodetector (Thorlabs PDA8A2, with a rise time of 7 ns), which captured the

relative intensity evolution of each beam over time.

As described by Eq. 3.7, the excited state population reaches its first maximum
shortly after excitation begins, which sets the optimal timing for the bound-to-
continuum (532 nm) pulse for efficient ionization. The CW laser light is no longer
needed after the 532 nm pulse has been generated. Keeping it on for longer durations
can lead to off-resonant excitation and scattering of both reactants and products.
To prevent this, we typically switch off the CW beam within tens of nanoseconds

after the 532 nm pulse.
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For Rb atoms, the excited state (6P;/2) decay rate I' is 27 x 1.1 MHz [78], and
a typical Rabi rate is also 27 x 1.1 MHz with 2 mW of 420 nm laser power and a
1/€? beam radius of 1 mm. For KRb, Rby and Kj, the excited state decay rates are
about 27 x 15 MHz. Using 10 mW of laser power for the bound-to-bound transition,

we can achieve typical Rabi rates of 2w x 11 MHz.

Finally, frequency stabilization of the REMPI lasers is achieved via wavemeter-
based locking. Each laser’s frequency is continuously monitored using a wavelength
meter, and deviations from the target setpoint are calculated in real-time. A
software-based PID servo then generates a corresponding feedback voltage, which
is applied to the laser’s piezo actuator to close the feedback loop and maintain

frequency stability within 5 MHz from the setpoint.

3.4 Coincidence detection: Pairing up the prod-

ucts

We now have the tools to probe the quantum states of reaction products through
REMPI. However, in many cases, multiple product molecules or atoms are generated
in a single reaction event. Detecting all products originating from the same event can
reveal correlations, providing deeper insight into the underlying reaction dynamics.
To achieve this, it is necessary to correlate ion signals from different product species

and identify those originating from the same reaction event. This correlation is
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enabled in our experiment using a post-selection technique, known as coincidence

detection.

Coincidence detection is solely used for the KRb + KRb — K5 + Rb, reaction,
where the moderate energy release (~300 GHz) produces product transverse
momenta that are large enough to be resolved by velocity map imaging (VMI) [71],

yet small enough to remain within the detectable range.

The procedure for coincidence detection can be described as follows: For each
REMPI pulse, we identify the corresponding K, and Rbs ion signals, as shown in
Fig. 3.6. We then iterate through each Ky—Rby pair and select only those that
satisfy momentum conservation criteria in all three spatial directions, as described
n [79]. Quantitatively, the momentum conservation criteria can be expressed as

three inequalities corresponding to the transverse (X, Y') and time-of-flight (Z)

directions:
|(XK2 - X07K2) + Msz/MKz (Xsz - X07Rb2)‘ <noxy 1+ Msz/MKz’ (38)
|(YK2 - YO,Kz) + MRb2/MK2 (Ysz - Yb,sz)| <noyvy 1+ Msz/MKz’ (39)

(nét/TOFy k, — 1) |
(not/TOFyrp, — 1)

(ndt/TOFyx, — 1)
< 2 2, .
< nTUT\/l + Qs ToR 1)) (3.10)

(TOFk, — TOFyx,) + (TOFRy,, — TOFy rb,)

Here, ox, oy, and or represent the 1o spatial and temporal resolutions of the
detection system, which depend on the applied acceleration voltage. The quantities

XKy, XRrby, Yk,, and Ypy, are the ion hit positions determined by the transverse
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velocities, magnetic field, and acceleration voltage. Xy x,, Xo rb,, Y0,K,, and Yo g,
are the averaged hit positions for each species along the X and Y directions.
Similarly, TOFk, and T'OFpg,, are the measured time-of-flights, while TOFj , and

TOFp gy, represent the average TOFs for each species.
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Figure 3.6: Coincidence detection setup [43]. Upper panel: REMPI of Ky and
Rbsy. The electric field generated by the plate electrodes accelerates ions to the
MCP detector. When the velocity map imaging (VMI) condition is satisfied [71], the
ion hit positions depend linearly on their transverse momenta. Bottom left panel:
Momentum correlation of Ky and Rby products. Ky and Rbs created from the same
reaction event must have equal and opposite transverse momenta. Bottom right panel:
Time-of-flight correlation of Ky and Rby products. Ks and Rbs from the same reaction
must also have equal and opposite momenta along the time-of-flight axis. After a short
free-flight period in the absence of an electric field, the two ions experience different

acceleration voltages, leading to anti-correlated TOF's at the detector.
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The parameter 0t represents the free-flight time of neutral reaction products
after the chemical reaction before ionization. Given the 10 kHz repetition rate of
the ionization pulses, ot follows a uniform distribution between 0 and 45 us. The
parameter 7 is a geometrical factor determined by the electrode configuration, which

is 136 in our system [60].

We can vary the acceleration voltage (repeller voltage) to tune the sensitivity
and detection range of our VMI system. Typically, we choose a repeller voltage Viep
(that sets the acceleration voltage) between 100 V and 2 kV. When V,¢, = 100 V, we
found ox = 0.23 mm, oy = 0.23 mm, and o7 = 11 ns. At Vi, = 2000 V, ox = 0.08
mm, oy = 0.08 mm, and o7 = 4 ns. The parameters n and ny set the strictness
of the filter conditions and are determined empirically to balance loss of signal and
background suppression. In practice, we typically choose n = 3 and nr = 3 to
effectively suppress uncorrelated ion counts while maintaining a high coincidence

signal.

In addition to the momentum filters, we also implemented a scheme to cancel
the effect of accidental coincidence events [43, 79]. These events occur when Ky and
Rbs ion signals originate from different reaction events but pass all momentum filters

completely by chance.

In this scheme, we vary the ionization pulse number difference between —50 and
+50, and pair Ky and Rbs ions from different ionization pulses using the momentum
filtering criteria. Ideally, Ky and Rby ions from different ionization pulses should

never satisfy the coincidence conditions, resulting in zero coincident product pairs.
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However, this is not the case in actual experiments. In reality, we plot the number of
filtered Ko—Rby pairs as a function of pulse number difference, as shown in Fig. 3.7.
The average ion count at nonzero pulse number differences yields N, indicated by
the red dashed line in Fig. 3.7, representing the number of accidental coincidences.
The true signal, Ny, is defined as the number of Ky;—Rby pairs from the same
ionization pulse satisfying the momentum filters. Therefore, the background-free

coincidence signal is then calculated as Ngig = Ny — Nyes.

State Pair=(10,9)

N, =490 = 22.1
42 400+ Total Cycles = 2777 -
3 Reoin = Mo~ Mres
= =1731+8
©200f (cts/1000 cycles)

-50 0 50
Pulse number difference

Figure 3.7: An example of the pulse number shift scheme used to cancel accidental

coincidence background [79]. Here, we probe the rotational state pair (Nk, = 10,

Nrp, = 9) at a magnetic field of B = 5 G, where the initial KRb quantum state is

|9f) = 0.595] —4,1/2) +0.719] — 3, —1/2) 4+ 0.359| — 2, —3/2) as characterized in [36].

The data shown were collected over a total of 2777 experimental cycles.
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Chapter 4

Probing the long-lived
intermediate complex:

observations and implications

4.1 Introduction

Collisional complexes, formed as transient intermediates during molecular collisions,
are typically short-lived and decay within picoseconds under typical thermal
conditions. However, in the ultracold regime, particularly for bialkali molecules,
these complexes can persist for up to milliseconds, many orders of magnitude
longer than expected. Such long-lived complexes, arising from so-called sticky

collisions, have become a significant obstacle in the pursuit of dense, stable,
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and quantum degenerate molecular gases. Even in bialkali systems that are
chemically nonreactive, these complexes can lead to two-body losses in the molecular
sample [80, 81, 55, 82]. Despite extensive theoretical and experimental efforts over
the past decade, the behavior of these complexes remains only partially understood.
In some systems, measured lifetimes far exceed the predictions of statistical models
such as Rice-Ramsperger—Kassel-Marcus (RRKM) theory [83], while in others, the
predictions and measurements appear to be in reasonable agreement. A unified
understanding of complex lifetimes remains lacking, and such an understanding

is crucial for uncovering the short-range quantum dynamics that govern these
processes. These short-range dynamics are likely to contain rich and hidden
structure. Beyond their fundamental significance, a deep understanding of the
formation and decay of ultracold complexes is essential for controlling collisional loss
in molecular experiments. In this chapter, we provide an overview of recent progress
in the field, aimed at addressing these questions, including new insights from our

studies using the ultracold KRb system.

4.2 Intermediate complex and RRKM theory

The sticky collision mystery first emerged when multiple experiments unexpectedly
observed two-body loss in ultracold samples of chemically nonreactive bialkali
molecules, even when both molecules were prepared in their absolute internal

ground states. In most cases, these losses appeared to be nearly universal, meaning
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that almost every collision resulted in the loss of both colliding particles. This
observation seemed contradictory to the expectation that, at ultracold temperatures,
conservation of energy and momentum should forbid any chemical reaction or
internal excitation that would lead to inelastic loss. A leading hypothesis was
that the molecules form long-lived intermediate complexes upon collision, which
remain near each other for durations orders of magnitude longer than typical
molecular vibrational timescales (~ps). This idea was directly verified in our
experiment through the detection of such complexes [84], and through variable
photoexcitation-induced loss in the RbCs experiment [85]. Notably, in our study, we
found that photo-excitation from the optical trapping light was responsible for the
complex loss. However, other experiments subsequently reported substantial loss in
the absence of any trapping light [86, 87|, suggesting either the complex lifetimes

were much longer than expected, or there exist other loss mechanisms.

Meanwhile, understanding the sticking time, or complex lifetime, poses a major
theoretical challenge. Despite involving only four atoms, a full quantum scattering
calculation for such systems remains out of reach due to their computational
complexity [88, 89]. As a result, simpler statistical models such as RRKM
theory have been employed. While RRKM has shown reasonable agreement with
experimental results in some systems [85, 84|, it fails to capture the observed
behavior in others [86, 87|, often underestimating the complex lifetime by several

orders of magnitude.

The RRKM theory was originally developed to describe unimolecular reaction
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rates in thermal chemistry [83]. The theory models the complex as a statistical
ensemble that fully redistributes its internal energy among all available degrees of
freedom. The lifetime is then estimated as the inverse of the rate at which the
complex exits through any energetically allowed decay channel. In the context of
ultracold sticky collisions, this rate depends on the density of available quantum
states within the complex (density of states, DoS) and the number of open exit

channels:

_ 27hppos
N exit
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4.3 Intermediate complex in ultracold bialkali

collisions

Molecule Statistics

2N a3K boson
2N at%K fermion
2Na®Rb  boson
KERb fermion
8Rb'3Cs  boson
boson
boson
boson

Nuclear spin
|- 3/2, -1/2)
3/2, —4)
13/2, —4)
mixed

mixed

3/2, 3/2)

|~ 4,1/2)
3/2,7/2)
3/2,7/2)
3/2, 5/2)
)

11/2, 7/2

Texp

> (0.35 ms
> 2.6 ms
> 1.4 ms
> 2.3 ms
> 133 us
> 1.2 ms
360(30) ns
0.53(6) ms
0.8(3) ms
2.1(1.3) ms

> 3.3 ms

TRRKM

6 us

18 us (4.9 ms)
18 us (4.9 ms)
18 s (b4 ps)
18 s (b4 ps)
19 ps

170(60) ns
0.253 ms
0.253 ms
0.253 ms

0.253 ms

Table 4.1: An overview of intermediate complex lifetimes for bialkali sticky collisions,

adapted from the 2023 review paper [90]. The RRKM lifetimes in parentheses take

into account reflections from the long-range potential, which will be discussed in more

detail in later sections.
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Since bialkali complexes typically have many internal rovibronic states but very few
energetically allowed dissociation pathways at ultracold temperatures, the theory

predicts relatively long lifetimes, as compared to the molecular vibration cycles.

Because of the importance of understanding intermediate complexes, which
appear to exist across nearly all ultracold bialkali molecular platforms, numerous
experimental investigations have been conducted. These experiments primarily
focus on two key aspects of bialkali molecular collisions: the two-body loss rate and
the lifetime (and loss mechanism) of the intermediate complex, both of which are
critical in determining the overall stability and loss rate of the molecular gas. Here,
we focus on the measurement of intermediate complex lifetimes, as summarized in
Tab. 4.1 by a review paper in 2023 [90]. These measurements fall into two broad
categories: direct detection via ionization of the complexes, as demonstrated in the
KRb system, and indirect detection through trap modulation, where the overall loss
rate is measured as a function of the modulation frequency. Direct measurements,
currently only available in our experiment, offer higher accuracy due to their lower
intrinsic background noise and rely on fewer assumptions of the photoexcitation
model, but require a more complex ionization and detection apparatus—one that
must typically be integrated into the experimental design from the outset. For other
molecular species, the indirect method (also known as the chopping technique) has
been the dominant approach for probing complex lifetimes, due to the lack of an ion

detection setup.

In 2019, the former KRb team performed a direct measurement of the
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intermediate KoRby complex lifetime [84]. It was found that these complexes could
be photo-excited and subsequently lost from the system upon exposure to 1064 nm
ODT light. This observation inspired a method to measure the complex lifetime: by
turning off the ODT light, one allows the complexes to accumulate in the absence of
photo-excitation, during which they evolve solely under their intrinsic formation and
dissociation dynamics. The time evolution of the complex population in the dark is

governed by an exponential decay model, described by Eq. 4.2.

72



0.4

[ 1.064 nmight 04
— v

Int. (a.u.)

02} 'H' ODT

0.2

Int. (a.u.)

-50 —40 -30 -20 -10 0 10
Time (ps)

-

1.0

——— N

08 — K?Hbz' fit

% K,Rb,* counts

06 -

04+

lon counts per cycle
lon counts per cycle

02r

1 L L L
0 5 10 15 20
Time (us)

_@ ____________________________________________

0 L 1 L 1 L 1 1
-1.0 -0.5 0 0.5 1.0 15 2.0 25

UV delay (us)

Figure 4.1: Direct measurement of the KoRby complex lifetime [84]. (a) Experimen-
tal timing sequence. The optical dipole trap (ODT) light is switched off to allow the
accumulation of complexes in the dark. A fast-switching "kill” ODT defines a precise
t = 0 for starting the accumulation window. (b) Growth of the KsRby complex pop-
ulation as a function of ODT dark time. The complex lifetime is extracted by fitting
the data (purple circles) to an exponential growth model (black curve), with the time

constant corresponding to the lifetime.

— F(IODT)TLC(t) (42)

Here, n.(t) denotes the complex density, v is the complex formation rate
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(assumed to be constant during the probing window), and 7 is the complex lifetime.
['(I) represents the photoexcitation rate, which is set to zero in the absence of ODT
light. The solution to Eq. 4.2 yields a simple exponential form, which agrees well

with the experimental data shown in Fig. 4.1. From this fit, the complex lifetime is

extracted to be 360(30) ns.

On the other hand, several other experiments involving NaK, NaRb, and RbCs
have employed the indirect method to measure complex lifetimes [86, 87, 85]. Here,
we highlight the RbCs experiment at Durham as a representative example. In
their scheme, molecules are held in a 1064 nm optical trap modulated at various
frequencies, both with and without the presence of a weak 1550 nm kill light.
This kill light is sufficiently strong to deplete complexes, yet weak enough to avoid
significantly altering the overall trapping frequencies. After a fixed modulation
period (200 ms in this case), the remaining molecule numbers in both cases are
compared. The difference between them arises from the so-called loss reduction
effect. Specifically, the suppression of loss is determined by the ratio between the
complex lifetime and the dark time of the trap modulation: the dark time must be
long enough to allow a substantial fraction of the complexes to dissociate back into
RbCs molecules before being lost by photoexcitation. One can extract the complex

lifetime by fitting the observed modulation frequency-dependent loss suppression.

However, this method becomes ineffective when the complex lifetime significantly
exceeds the trap dark time, which cannot be extended arbitrarily due to the onset of

parametric heating in the molecular gas. In those cases (such as NaK and NaRb),
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little to no reduction in the loss rate was observed with trap modulation. As a
result, the method cannot provide a reliable measurement of the complex lifetime.
Nevertheless, the absence of observable loss reduction still allows one to place

a combined lower bound on the complex lifetime and the photo-excitation rate.
Assuming the theoretically calculated photo-excitation rate is accurate, one can

derive a lower bound for the complex lifetime in these cases.

4.4 Possible explanations

As shown in Tab. 4.1, the RRKM prediction for complex lifetimes shows qualitative
agreement with experimental data in the cases of KRb and RbCs. However, in

other systems such as NaK and NaRb, the RRKM-predicted lifetimes are orders of
magnitude shorter than experimental observations. The reason for this discrepancy
is unclear, but several possible explanations have been proposed that may shed light

on this mystery.

First, the applicability of statistical models, such as RRKM, at ultracold
temperatures is fundamentally uncertain. The density of states of the tetra-atomic
complex typically ranges from 0.005 to 5 uK~! for most bialkali species [90]. At
ultracold temperatures (T' ~ pK), the thermal collision energy spans only a narrow
range, covering just a few resonances or, in some cases, missing them entirely. This
seriously undermines the original assumption stated in the 2013 paper [91] that

many narrow and isolated resonances would contribute to the dynamics within the
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accessible collision energy window. Moreover, the presence of strong resonances
in certain bialkali systems, especially for lighter species, would further violate the

chaotic dynamics assumption, leading to significant deviations from its predictions.

Within the RRKM framework, there are two key parameters: the density of
states of the intermediate complex, ppos, and the number of energetically allowed
exit channels, Ng. Current theoretical estimates of ppog typically account for the
rotational and vibrational degrees of freedom of the tetra-atomic complex, under the
constraint of motional angular momentum conservation: fixed J and its projection
my. Therefore, when the angular momentum conservation is broken, one expects a

significant increase in the effective density of states [92].

It has been predicted that three effects may significantly enhance the density of
states in the presence of external electric fields. First, mixing of rotational states
in the incoming channels due to long-range dipolar interactions can increase the
density of states [93]. Second, non-conservation of J and m; within the complex
arising from anisotropic interactions can lift angular momentum constraints and
further increase ppos [92, 94]. Third, if the nuclear spin degrees of freedom become
activated, they introduce an additional phase space, potentially enlarging the density

of states available to the reaction.

Among the three effects discussed, both long-range state mixing and angular
momentum non-conservation in the short range [93] predict an increase in the
complex lifetime at sufficiently high electric fields. The long-range effect occurs

when the reactants effectively couple to multiple angular momentum states, typically

76



when the dipole—dipole interaction becomes comparable to the centrifugal barrier at
a characteristic radius of the complex. This defines a critical electric field, estimated
to be in the range of 10>-10% V/cm for most bialkali species. Above this threshold,
the density of states is expected to increase by roughly one order of magnitude

(depending on the particular species) and then saturate at higher fields.

In contrast, the field-induced non-conservation of angular momentum, as
predicted in [92, 94|, exhibits a similar trend in the density of states versus electric
field but with a lower critical threshold. In this case, the critical field is determined
by comparing the Stark shift to the level spacing of the complex, leading to a typical
value in the range of 10-10? V/cm. As a consequence, if m; is no longer conserved,
the density of states may increase by two to three orders of magnitude. If J and m

conservation are broken, the enhancement can reach four to five orders of magnitude.

Although nuclear spin conservation has been demonstrated in the KRb + KRb
reaction [36], its general applicability to other bialkali collisions is not guaranteed,
particularly in systems where the complex lifetimes are significantly longer than that
of the KsRby complex. In such cases, the nuclear spin degree of freedom may become
activated, allowing the projections of the individual nuclear spins to exchange freely
within the complex. This can increase the density of states by one to two orders of
magnitude. However, it also opens up a larger set of exit channels, since distinct
nuclear spin states must be considered as separate final states. As a result, one
would expect different complex lifetimes depending on the specific hyperfine state of

the reacting molecules.
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In addition, recent theoretical work [95] has proposed an alternative mechanism
that may account for the unexpectedly long complex lifetimes observed in
experiments. Specifically, when the number of available dissociation channels is close
to one, the decay dynamics of the complexes can deviate significantly from those
expected in systems with many channels. This leads to a non-exponential buildup
of the ion signal over time. Fundamentally, this effect arises from the presence of
multiple intermediate complex states, each of which has its distinct dissociation
pathways to the asymptotic product channels with different strengths. As a result,

different complex states have different lifetimes.

The coupling strengths between complex states and asymptotic channels follow
a random distribution (assumed to be a normal distribution in their work). In
scenarios with many exit channels, the average coupling, which can be well described
by RRKM theory, effectively characterizes the total dissociation rate. However,
when only a few, or just one, dissociation channel is available, complex states with
particularly weak coupling to the exit channel can dominate the observed ion signal.
Due to the nature of our direct detection method, we are more likely to observe
complexes with longer lifetimes. Consequently, the measured lifetimes can be
orders of magnitude longer than the RRKM lifetime, which is based on the average
dissociation rate. This mechanism can lead to a two-to-four-order-of-magnitude
enhancement in the effective lifetime in regimes where the number of dissociation

channels is close to unity.

Finally, there are threshold effects governed by quantum reflection from
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long-range interaction potentials. These effects are particularly significant for higher
partial wave channels (p-wave and above), where the complex may become trapped
at short range, making tens to hundreds of dissociation attempts before escaping.
In contrast, for s-wave dissociation, quantum reflection is much less effective and
contributes only modestly to the complex lifetime, typically enhancing it by less

than an order of magnitude.

With all the possible explanations presented, it remains challenging to
completely resolve the mystery of the bialkali collision complexes. Currently, likely

explanations of observations are listed as follows:

Losses in nonreactive systems: In the presence of laser light, photo-excitation
loss is likely the dominant mechanism. However, to account for the experimental
results observed in the lighter bialkali species in the absence of laser light, one must
either assume that the sticking times are orders of magnitude longer than current
theoretical predictions or that there exist some fast loss processes that occur even

during short-lived complexes [90)].

Discrepancy between RRKM and data: From a theoretical perspective, one
of the most important open questions concerns the role of nuclear spin degrees
of freedom in collisions. One reasonable speculation is that nuclear spins play an
active role in complexes when they are long-lived. In addition, they may couple
to mechanical angular momenta and contribute to a larger available phase space.
In addition, the few-exit-channel effect plays a significant role in enhancing the

observed complex lifetimes, especially for ultracold collisions of nonreactive systems.
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Electric field and threshold effects: Some experimental results might be
explained by a combination of threshold effects and the influence of external electric
fields. For example, for pure samples of fermionic 2Na*’K, the p-wave barrier
may account for the unusually long sticking times [86]. For experiments involving
bosonic 2Na?*K and 2Na®"Rb, sufficiently strong electric fields could break angular
momentum conservation [92]. These effects may also be present in the Rb + KRb

collisions, leading to increases in observed complex lifetimes.

4.5 Intermediate complexes in atom-molecule

collisions

While the experimental results and theoretical investigations continue to pose
significant challenges in understanding bialkali molecule collisions, it seems more
logical to first study a simpler system: atom—molecule (alkali-bialkali) collisions,
which involve one fewer atom. These systems share many similarities with
molecule-molecule collisions, but allow for a more rigorous and tractable theoretical
treatment. This, in turn, might help to reveal the underlying mechanisms behind

sticky collisions.

In the past decade, full quantum calculations have been performed for systems
such as K + KRb (or Ky + Rb) [58, 96, 97], revealing chaotic behavior in the

scattering observables. However, these calculations rely on certain simplifying
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assumptions to remain computationally feasible, most notably the neglect of coupling
between orbital and spin angular momentum (both electronic and nuclear), as well
as the effects of conical intersections. While subtle, these effects may play a crucial

role in governing reaction and collision dynamics, as will be discussed further in

Chapter 7.

On the experimental side, our setup allows us to study two types of
atom-molecule collisions: K + KRb and Rb + KRb. The K + KRb reaction is
exothermic and leads to the formation of Ky and Rb atoms. In contrast, the Rb +
KRb system is endothermic and does not yield Rby and K products at ultracold
temperatures. For the rest of this chapter, we focus primarily on Rb + KRb
collisions as we have not yet systematically explored the K + KRb reaction, largely
due to its large exothermicity and the abundance of product channels, which remains

a promising direction for future studies.

For the Rb + KRb collisions, when the Rb atoms are prepared in their hyperfine
ground state F' = 1, mpr = 1, and the KRb molecules are in their rovibronic ground
state, neither chemical reactions nor inelastic scattering are energetically allowed.

As a result, all collisions in this configuration are expected to be elastic.

However, despite the absence of energetically allowed reactive or inelastic
channels, we observe near-universal loss between Rb and KRb, similar to what was
seen in non-reactive bialkali molecule collisions, as shown in Fig. 4.2. This fast
loss of kpq = 6.8(7) x 107 em3s™ is close to the universal rate of 7.0 x 107

cm?3s™! [98], suggesting the formation of a long-lived intermediate complex during
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the collision process, which may be susceptible to photo-excitation loss, much like
the tetra-atomic complexes observed in molecule-molecule collisions.
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Figure 4.2: Two-body loss in a KRb-Rb mixture [99]. (a) Decay of normalized
molecule number for a pure molecular sample (black circles) and a representative
atom-molecule mixture (red triangles). (b) Dependence of the loss rate on the atomic
density. All data shown are taken with B = 542 G in a continuously operated ODT

of intensity Ij,; = 11.3 kW /cm?.

To investigate further, we probed the intermediate complex formed by Rb and

KRb using UV ionization with the experimental scheme illustrated in Fig. 4.3.
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Figure 4.3: Detection scheme of the KRb} complex using UV light [99]. 7 denotes
the complex formation rate, while 7. and n,. represent the lifetime and density of the
complexes, respectively. T'(I) is the photo-excitation rate, which depends on the UV
intensity /. The complexes can either dissociate back into free atoms and molecules
or be photo-excited to an electronically excited state, which subsequently dissociates

into products with high kinetic energy that escape detection.

In this experiment [99], we prepare approximately 10* KRb molecules in their
rovibronic ground state, along with Rb atoms in their hyperfine ground state
F = 1,mp = 1. The Rb atoms originate from unused atoms left over from the
Feshbach association process used to create KRb molecules. At a temperature
near 500 nK, the atoms and molecules undergo collisions, forming intermediate

KRbj complexes. To detect these complexes, we use a single-photon UV ionization
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scheme, since little is known about their internal energy structure. The ionization
thresholds for all relevant species in our experiment are shown in Tab. 4.2, based on
measurements from [100]. We adapt these values for the Rb + KRb collision, which
involves an energy offset compared to the KRb + KRb reaction. The ionization
threshold of KRbj is estimated to be around 402 nm. However, due to the low
quantum efficiency of laser pulse generation at 402 nm (as illustrated in Fig. 3.1),
we chose a shorter wavelength that can still ionize KRb} while leaving other species
unaffected. Specifically, we selected a wavelength near 355 nm and performed

spectroscopy in this range, as shown in Fig. 4.4.

Species PI threshold (nm) PI cross section (Mb) Detector efficiency

K 285.6 0.01 0.394
Rb 296.8 0.049 0.355
K, 305.1 0.50 £ 0.25 0.360
Rby 317 0.58 +0.26 0.310
KRb 310.0-320.3 — 0.331
KsRb 374.9 — 0.313
KRby 377.6 — 0.295
KsRby 347.65 — 0.282

Table 4.2: Photoionization (PI) thresholds, PI cross sections, and MCP detector

efficiencies for various species [60, 101, 102, 103, 104]
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Figure 4.4: UV ionization spectroscopy. The x-axis shows the fundamental wave-
length of the dye laser, which is subsequently amplified and frequency-doubled to
generate UV light. We scan the presence of all relevant species as a function of the
UV laser wavelength to identify a range with high ionization efficiency for KRb} com-

plexes, while minimizing ionization of other species.

After performing UV ionization spectroscopy in the relevant wavelength range,
we selected 709.7 nm as the fundamental wavelength of the dye laser. This choice
produces a sufficiently strong KRbj signal while avoiding ionization of KRb and Rb
atoms. To induce and probe complex formation, we modulated the ODT using a
scheme similar to that described in [84], with a repetition rate of 1.5 kHz and a

25% duty cycle, while maintaining the time-averaged intensity equal to that of the
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constant ODT configuration.
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Figure 4.5: Lifetime of the KRb} collision complex [99]. (a) Time evolution of the
KRbj complex population, measured via ion signal, after the 1064 nm optical dipole
trap (ODT) is turned off. The time-averaged total intensity is held constant across all
datasets. The legend shows the residual ODT intensities during its dark phase. (b)
Characteristic growth rate of the complex population (the inverse of complex decay
rate), extracted from exponential fits to the data in (a), plotted as a function of the

corresponding ODT intensity. The solid line represents a linear fit to the data.

At significantly reduced ODT intensity, KRb} complexes begin to accumulate.

We probed them using UV light at various delay times after ramping down the
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ODT, as shown in Fig. 4.5(a). From these time traces, we extracted characteristic
timescales by fitting the growth curves with an exponential functional form. The
inverse of these timescales, representing the total decay rate of the complexes, is

plotted as a function of the remaining ODT intensity in Fig. 4.5(b).

The data show a linear dependence of the decay rate on the ODT intensity at
low intensities, indicating that photo-induced loss is dominated by single-photon
excitation processes in this regime. Extrapolating this linear fit to zero intensity
yields the decay rate in the absence of ODT light. The inverse of this rate gives the

KRb} complex lifetime in the dark, which is determined to be 0.36(3) ms.

To validate that the observed complexes truly originate from Rb + KRb
collisions, we measured the number of complexes as a function of Rb atom density
N, as shown in Fig. 4.6(a). At low densities, the ion signal increases linearly with n,,
which is consistent with two-body Rb-KRb collisions being the dominant formation
mechanism, rather than higher-order processes such as three-body interactions. At
higher Rb densities, the signal deviates from linearity and eventually saturates. This
sublinear behavior is attributed to the increasing loss of KRb molecules at high

atomic densities, which limits the accumulation of complexes over time.

In previous studies of KRb + KRb collisions [84], we found that both single-
photon and two-photon excitation processes contribute to the loss of complexes.
Here, we use a similar approach to probe the KRbj ion signal as a function of

total ODT intensity. Assuming both excitation mechanisms exist, the ion signal is

87



modeled by the following functional form:

A
1+ Bilioy + BoIZ,’

Nion = (4.3)

where A is a constant, and B; and B, represent the rates of single-photon and

two-photon excitation, respectively.

By fitting the data with this model (black curve in Fig. 4.6(b)), we extract
By = 0.26(5) (W/ecm?)™! and B, = 0.0008(3) (W/cm?)~2. These results indicate
that at low ODT intensities, single-photon excitation dominates the loss process. In
contrast, at higher intensities (such as those used in constant traps), two-photon

excitation becomes the dominant loss mechanism.

We therefore conclude that we observed an exceptionally long lifetime for the
intermediate complex in Rb+KRb collisions. Previous theoretical calculations for
KRb} complex lifetimes yield values of 270 ns [105] and ~1 ns [92], which differ from

our measured lifetime of 0.36(3) ms by factors of ~ 10* and ~ 10°, respectively.
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Figure 4.6: Dependence of KRbj collision complexes versus initial atom density
and ODT intensity [99]. (a) Steady-state KRbj ion counts measured for different
initial atom number densities n,. The inset shows the timing diagram used for the
measurement. (b) Steady-state KRbj ion counts measured at different total ODT
intensities, normalized by the number of experimental cycles. The solid line is a fit

to the data using Eq. (2).

Among the possible explanations discussed for the discrepancy with RRKM
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predictions, a few candidates appear especially relevant in the context of Rb + KRb
collisions. One possibility is that the RRKM model itself breaks down entirely for
atom—molecule collisions, where the density of states is significantly lower than in
molecule-molecule collisions. While this argument might hold, it remains difficult to
test directly, as no alternative theoretical framework currently exists—full quantum
dynamics calculations that include essential effects such as spin-rotation coupling

and conical intersections are not yet available.

Within the RRKM framework, one might argue that angular momentum
conservation breaks down due to external fields, as proposed in [92]. In this scenario,
the enhancement in the density of states would explain the extended complex
lifetime. However, a quantitative prediction of the critical electric field strength at
which this effect becomes significant for Rb-KRb collisions has yet to be performed.
Nevertheless, this inspired us to probe the field dependence of complex lifetimes to

validate this theory.

Another possibility is the activation of hyperfine degrees of freedom within
the complex. In KRb + KRb collisions, nuclear spin conservation has been
experimentally confirmed throughout the reaction process [36]. However, the Rb +
KRb system differs fundamentally due to the presence of an unpaired electron in Rb,
which may result in stronger couplings to nuclear spin states. Indeed, we find that
the hyperfine degree of freedom is active in Rb (F' = 2,mp = 2) + KRb (N = 0)

collisions, a case that will be explored in detail in Chapter 7.

To directly test whether hyperfine mixing plays a role in the extended
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KRbj lifetime, we compared measurements for two different KRb nuclear spin
configurations. Specifically, we prepared KRb in its lowest hyperfine state,

Im¥ = —4, mR* = 3/2), while keeping Rb in |F = 1,mp = 1). In this configuration,
inelastic collisions involving nuclear spin flips are energetically forbidden, and

the entrance channel serves as the only dissociation pathway. At 17 V/cm and

30 G—the same electric and magnetic fields used in earlier measurements—the
extracted KRbj lifetime agrees, within experimental uncertainty, with that of the
Im¥ = —4, m* = 1/2) + |F = 1,mp = 1) configuration. This suggests that the
complex lifetime is not sensitive to the KRb nuclear spin state. Additional examples

and comparisons will be presented in the following section.

Finally, the few-exit-channel theory proposed in Ref. [95] is consistent with
our observations, offering a potential explanation for the discrepancy of two to
four orders of magnitude between the measured lifetimes and RRKM predictions.

However, direct experimental validation of this theory remains challenging.

4.6 Complex lifetime vs initial state and external

fields

To extend our understanding of the unexpectedly long KRb3 complex lifetime, we
begin to systematically vary the experimental parameters available in the Rb +

KRb system, while awaiting complementary evidence from other platforms and more
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advanced theoretical models that can explain the observations. In this section, we
focus on measurements of the KRb} complex lifetime under different initial quantum

states of Rb and KRb, as well as under varying external electric and magnetic fields.

We begin by exploring the complex lifetime as a function of the Rb hyperfine
state. In our previous work [99], Rb atoms were prepared in their lowest-energy
state, |F' = 1,mp = 1). Here, we transfer the atoms to other F' = 1 states or the
F = 2 manifold. Within F' = 1, the |[FF = 1,mp = 0) and |F' = 1,mp = —1) states lie
higher in energy than |F' = 1,mpr = 1) by 0.7 MHz/G and 1.4 MHz/G, respectively.
Meanwhile, all F' = 2 states are approximately 6.8 GHz above the |F' = 1, mp = 1)

state at low magnetic fields.

Following the intuition provided by RRKM theory, increasing the energy of the
initial state leads to a larger number of energetically allowed exit channels. One
would therefore expect a decrease in the complex lifetime when Rb atoms are placed

in these higher-energy hyperfine states.

In this measurement, we further reduced the ODT modulation frequency from
1.5 kHz to 833 Hz, allowing us to probe the complex formation and dissociation
dynamics in the dark for durations up to 0.9 ms, as shown in Fig. 4.7(a). This
extended probing time improves the accuracy of our lifetime measurements. Further
reduction of the modulation frequency would cause severe parametric heating,

preventing us from extending the dark time.

To transfer atoms from the |F' = 1, mp = 1) state to |[F' = 1,mp = 0), we use
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a microwave ARP sequence: first, a m-transition to |F = 2, mp = 1), followed by a
o~ transition to |F' = 1,mp = 0). Similarly, preparation of the |F = 1,mp = —1)
state is performed via the intermediate state |F' = 2, mpr = 0), using two sequential
o~ transitions. In both cases, we remove the residual |FF = 1, mr = 1) atoms by
applying a microwave pulse resonant with the |[F' = 1,mp = 1) — |F = 2,mp = 2)
transition. This removal method relies on the fact that atoms in the F' = 2 manifold
do not form long-lived complexes with KRb on timescales of microseconds. This has
been confirmed experimentally by the absence of KRbj ion counts in UV ionization

measurements of |F' = 2) Rb + KRb collisions.
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Figure 4.7: Measurement of the KRb} complex lifetime for Rb atoms prepared in the
|[F=1,mp=1), |F=1,mp=0), and |F = 1,mp = —1) states, using a modulated
ODT at 833 Hz with a 25% duty cycle (unpublished data). (a) Modulation scheme
of the ODT. (b) Due to variations in the average KRb-Rb cloud sizes during the
modulation cycle, the complex formation rate v becomes time-dependent, contrary
to the constant-rate assumption used in previous work. (c)—(e) KRbj} ion signals as
a function of the delay time between the ODT ramp-down and the UV ionization
pulse for the three different Rb initial states. Two fitting models are shown: solid
curves account for a time-dependent formation rate ~, while dashed curves assume a

constant .

At a trap modulation frequency of 833 Hz, even though parametric heating
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of Rb and KRb is not severe, the modulation causes the atom—molecule clouds to
undergo contractions and expansions. In our previous study[99], this effect was
neglected when the modulation frequency was significantly higher than the trap
frequency. However, in our experiment, the trap frequencies are only ~200 Hz,

making this approximation less accurate.

To model the dynamics of the Rb and KRb clouds in the modulated ODT, we
perform a Monte Carlo simulation that tracks the motion of a large ensemble of
non-interacting particles. We begin by generating 3000 Rb atoms and 3000 KRb
molecules at temperatures of 800 nK and 400 nK, respectively. The Rb atoms are
hotter than KRb molecules because they originate from the hotter residual atoms
from the molecule creation process via magneto-association, which preferentially
converts the colder atoms into molecules. The initial positions and velocities
are sampled from a Maxwell-Boltzmann distribution inside a 3-dimensional
harmonic trap with trapping frequencies of 2w x (212,212,63) Hz for Rb and

27 x (250,250, 72) Hz for KRb.

We simulate the evolution of the particles over 50 cycles of ODT modulation
classically. Each cycle consists of 900 us of free expansion (ODT off) followed
by 300 ps of harmonic confinement (ODT on). Given the 25% duty cycle, the
trap intensity during the bright time is increased by a factor of 4, so the trapping

frequencies are taken to be twice the initial values in these intervals.

Our primary goal is to determine the average complex formation rate during

the ODT dark time, as the UV ionization beam probes the complex population
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at a delay time ¢ after the ODT is turned off, averaged over multiple modulation
cycles. For each delay time t, we extract the sizes of the Rb and KRb clouds in
all three dimensions (x, y, z) over the 50 modulation cycles. Because both Rb and
KRb clouds maintain Gaussian spatial profiles, we use the standard deviation of
the coordinate spread in each direction to quantify the cloud sizes. The results
show that the cloud sizes initially decrease after the ODT is turned off, and then
gradually increase due to free expansion. This effect is more pronounced along the
tightly trapped dimensions, where the ratio of ODT modulation frequency to trap

frequency is smaller.

The average complex formation rate can also be calculated by averaging over 50
ODT modulation cycles. Specifically, the complex formation rate at a given time ¢ is
proportional to the spatial overlap integral of the Rb and KRb density distributions,

expressed as:

v(t) = kcol/an(r,t) nkrp(r,t) dV (4.4)

Assuming Gaussian spatial profiles, the density distribution of each species

along dimension x; is given by:

() = g, e3P (—20”7—@) (4.5)

where z; € {z,y,2} and s € {Rb, KRb}. The standard deviation o, s(¢)
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characterizes the time-dependent cloud size in each spatial dimension. Performing

the full integral over space yields the complex formation rate:

10 I ! (4.6)

\/0sz (t) + UZ‘Q,KRb(t)

We compute 7(t) at each delay time t by averaging over 50 modulation cycles,
as shown in Fig. 4.7(b). As expected, the average complex formation rate y(t) is

anti-correlated with the sizes of the Rb and KRb clouds.

This time-dependent formation rate is used in the complex lifetime fitting model.
It significantly improves the agreement between theory and experiment compared to

exponential fits assuming a constant formation rate, as shown in Fig. 4.7(c)-(e).

Note that we choose to average over 50 modulation cycles here, which is
sufficient to capture the dynamics accurately. While averaging over more cycles is

possible, it does not significantly affect the final results.

To measure the KRb} complex lifetimes in the absence of light, we follow a
similar approach to that described in Ref. [99], in which the effective lifetimes are
measured at several residual ODT intensities and extrapolated to Iopr = 0. This
extrapolation is necessary because a small amount of leakage light on the order of a
few W/cm? is always present in the experiment. For this measurement, we select
five different ODT intensities for the |1,1) and |1,0) Rb hyperfine states. Due to

limited signal strength in the |1, —1) state, we probe it only at the lowest ODT
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intensity. The |1,1) and |1,0) data each yield linear trends with nearly identical
slopes, corresponding to the photoexcitation rate of the complex. This agreement
experimentally confirms that the complex photoexcitation rate is independent of
the Rb hyperfine state. By extrapolating to zero ODT intensity, we extract the
intrinsic complex lifetimes in the dark: 625(53) us for |1,1) and 357(21) us for |1,0).
Assuming the same photoexcitation rate applies, we infer a lifetime of 356(108) us

for the |1, —1) state.
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Figure 4.8: Total loss rate of the KRb} intermediate complex as a function of resid-
ual ODT intensity (unpublished data). The dark-phase ODT intensity is varied by
changing the modulation depth while maintaining a constant time-averaged intensity.
Rb atoms are prepared in three different hyperfine states: |1,1) (blue squares), |1, 0)
(green circles), and |1, —1) (brown triangles). The dashed lines are linear fits to the
data, constrained to have the same slope. All measurements are performed under an

electric field of £ =17 V/cm and a magnetic field of B = 30 G.
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Compared to the case where Rb is prepared in its lowest hyperfine state, the
complex lifetime is reduced by approximately a factor of two when Rb is initialized
in the |1,0) state. This observation is qualitatively consistent with RRKM theory,
which predicts that the complex lifetime is inversely proportional to the number
of energetically allowed exit channels. Naively, a Rb atom in the |1,0) state can
dissociate to both |1,0) and |1,1) final states, whereas a Rb atom in |1,1) has
only a single available dissociation channel. In theory, a more accurate analysis
involves calculating the dissociation rates from each complex state to all energetically
accessible atom—molecule exit channels, which the naive model assumes to be
identical. We developed a simple model based on angular momentum coupling,

which will be discussed later in this section.
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|Fa7mFa> |N7 mNamII(am?b> Te (,us)
10,0, —4,3/2) | 609(106)
0,0,-4,1/2) | 625(53)
11,1)
10,0,—3,-1/2) | 610(49)
10,0, —4,-3/2) | 702(80)
0,0,-4,1/2) | 357(21)
|1,0)
10,0, -4, —3/2) | 407(54)
0,0,-4,1/2) | 356(108)
‘17 _1>
10,0, -4, -3/2) | 398(43)
I1,1) 1,0,-4,3/2) | < 2.66
12,2) 0,0,—4,1/2) | < 1.54

Table 4.3: KRbj complex lifetime for different initial state combinations of Rb and
KRb at B = 30 G (unpublished data). Lifetimes are extrapolated from measurements

2 assuming equal photoexcitation

taken at a minimum ODT intensity of 2.7 W/cm
rates across all initial state combinations. For cases where the complex lifetime is

very short, direct measurement is not possible, and only upper bounds can be set.

Before introducing our model, we extend our dataset by varying the KRb
hyperfine state to enable a more comprehensive analysis. In this measurement,
KRb molecules are transferred from the initial |0,0, —4,1/2) state to several other
hyperfine states (]0,0,—3,—1/2), |0,0,—4,—3/2), |0,0,—4,3/2) and |1,0,—4,3/2)),

and the resulting complex lifetimes are recorded, as summarized in Tab. 4.3. These
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KRb hyperfine states differ in energy by up to 100 kHz at a magnetic field of 30 G,

which is above the typical collision energy of 20 kHz.

Interpreting the results is not straightforward. The observed consistency in
complex lifetimes across different KRb hyperfine states suggests that the KRb
nuclear spins may not influence the complex dynamics. Therefore, even though
higher-energy hyperfine states allow additional exit channels to be energetically
accessible, there may be no physical mechanism to effectively couple to those states.
However, this interpretation is unsatisfying, especially given that nuclear spins are
known to play a role in Rb + KRb collisions when Rb is prepared in the |2,2)
state [77], where the complex lifetime is estimated to be as short as 0.5 ns. It seems
unlikely that nuclear spins are inactive in the current case, where the lifetime is six

orders of magnitude longer.

An alternative explanation is that nuclear spins do participate in the short-range
dynamics. In that scenario, the effective number of exit channels cannot vary
significantly across different initial KRb hyperfine states. This is tied to how exit

channels should be counted, a point we now examine in more detail.

We propose two models to estimate the number of allowed exit channels, both
based on angular momentum algebra and the assumption that the dissociation rate
from a complex state to an exit channel is proportional to the square of their angular
momentum wavefunction overlapping, which is the square of the Clebsch-Gordan
coefficient. The first model assumes that the nuclear spins of KRb do not actively

participate in the complex dynamics, while the second explicitly includes them.

101



Although this assumption may not fully capture the complexity of the dissociation
process, it serves as a helpful starting point for modeling the role of angular

momentum coupling in complex decay.

To begin, we define the relevant angular momenta involved in the exit channels

as follows:

N : Molecular rotation (4.7)
L : Partial wave (orbital angular momentum) (4.8)
F, : Hyperfine angular momentum of the Rb atom (4.9)
I; : Nuclear spin of K in the KRb molecule (4.10)
I, : Nuclear spin of Rb in the KRb molecule (4.11)

Both models are based on decomposing the initial state into coupled complex
states |c), labeled by the total angular momentum J of the complex and its projection
my along the quantization axis. In addition to the total angular momentum and
its projection, it is necessary to specify the intermediate quantum numbers by
tracking the coupling process as two angular momenta are added each time. For
example, if J = J; + Js + J3, the quantum state should be properly labeled as
|J,my, J1, J2, J3, Ji2), where Jip = Ji + J3 is the intermediate angular momentum
formed by adding J; and J;. This state-counting approach was used in our previous
estimation of the K;Rb} complex lifetime using RRKM theory [84]. In that analysis,

where J = Nk, + Ngp, + L and Ny = Nk, + Nry,, each complex state labeled
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by |J,m, Nk,, Nrby, L, Niot) maps directly to a single exit channel. This labeling
is particularly convenient, as the complex states correspond directly to observable
product states labeled by (Nk,, Nrp,), and the degeneracy of each exit channel can
be determined by counting the allowed combinations of L and Ny for each product

pair.

The situation is, however, very different in the case of atom—molecule
collisions, primarily due to the non-negligible Zeeman shifts arising from the
atom’s unpaired electron. In this context, the atomic Zeeman state |F,mpg) must
be explicitly considered to determine whether an exit channel is energetically
accessible. As a result, the exit channels are labeled in the uncoupled basis as
|Foymp,) @ |N,my, mp,,mp, ). This labeling contrasts with the coupled basis used
in the KRb + KRb system, where product states map directly onto complex states.
Consequently, a basis transformation is required to relate the complex states to the

asymptotic exit channels in atom—molecule collisions.

The basis transformation is performed by decomposing each complex state
into all exit channel states. The dissociation rate of a given complex state is then
assumed to be proportional to the total probability of overlap with these exit
channels, quantified by the sum of | (complex|exit) |* over all exit states |exit). A

similar treatment has been used in our recent work [77].
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Model 1: Counting model without KRb nuclear spins engaged

We first present the model in which the KRb nuclear spins are not actively coupled.

In this case, conservation of total angular momentum imposes the constraint:

F,+N+L=F, +N +L (4.12)

Here, unprimed quantities refer to the reactants and primed ones to the
products. Given that the initial KRb rotational state is N = 0, rotational excitation
of the products is energetically forbidden (N’ = 0), and the collision proceeds via an

s-wave (L = 0), the total angular momentum conservation condition simplifies to:

F,=F +L (4.13)

An additional constraint originates from parity conservation, which can be

expressed as:

(DM = ()" (4.14)

Because N = L = 0 initially and N’ = 0 by energy conservation, angular
momentum and parity conservation require the final orbital angular momentum L’

to be even. Therefore, given the aforementioned constraints, we can list the available

exit channels.

104



For the initial state |1,1) (F, = 1,mg, = 1), only one dissociation channel is
allowed:

[F! =1, ml, = 1,L' = 0,m, = 0)

For the initial state |1,0) (F, = 1,mp, = 0), two dissociation channels are

allowed:

|F, =1,m =0,L'=0,m}, =0)
|F, =1,mp =1,L'=2,m} =—1)
For the initial state |1, —1) (F, = 1, mg, = —1), three dissociation channels are

allowed:

‘Fé = 1,m/Fa = —1,[/ = O,mIL = 0>
|F,=1,mp =0,L'=2m} =—-1)

|F! = 1,m}a =1,L'=2m} =-2)

We note that in this picture, we implicitly consider that different complex states

have different lifetimes, which is one of the key ideas in the 2023 paper [95] by Croft,

Bohn, and Quemener. However, when the nuclear spins of KRb are not involved,

there is only a single complex total angular momentum state.

After considering the spin wavefunction overlap (essentially Clebsch—Gordan

coefficients) between the complex state to the asymptotic states, the effective number

of dissociation channels are 1 :1.3:1.9 for F, = 1,mp, =1, F, =1, mp, =0 and
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F, =1,mp, = —1. This ratio does not precisely match the experimentally observed

lifetimes, but it remains within the correct ballpark.

Here, we note that the energy released in mp,-changing collisions is sufficient to

overcome the centrifugal barrier associated with L' = 2 [106].

Model 2: Counting model with KRb nuclear spins engaged

If we assume the nuclear spins in KRb are allowed to change freely while total

angular momentum is conserved, the conservation condition becomes:

Fo+ N+ L+ +L=F +N+L +I,+1, (4.15)

Similar to the previous case, we assume N = N’ =0 and L = 0. The nuclear
spins of K and Rb are Ix = 4 and Ig,, = 3/2, respectively. Due to the parity
constraint, L' must be even. Additionally, the finite energy released when Rb
changes its Zeeman state in a magnetic field of 30 G limits the accessible partial
waves. In particular, we restrict L’ to 0, 2, or 4, as higher partial waves introduce
centrifugal barriers that exceed the available energy, thereby suppressing product
formation. We then enumerate all energetically allowed exit channels, labeled by
|Foymp,) @ |N,my, mp,, mr, ), and compute the angular momentum wavefunction
overlaps between these exit channels and the complex states to estimate the relative
dissociation probabilities. Essentially, we calculate the KRbj complex population

buildup profile using Eq. 4.16, by summing over all complex states i, each of which
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follows an individual exponential buildup profile.

We first present the expected exponential buildup profiles for I/ = 1 Rb colliding
with KRb in the [0,0,—4,1/2) state, as shown in Fig. 4.9. Interestingly, although
the number of exit channels counted in |F, mp, Ik,, Irp,), for the |1,1), |1,0), and
|1, —1) initial states have a ratio of 1 : 19 : 33, the resulting complex lifetimes exhibit
a much less extreme ratio of approximately 13.5 : 8.2 : 2.2. This ratio does not
quantitatively match the experimentally observed lifetimes but remains within the
correct ballpark, suggesting that even when nuclear spins are active, their impact on

the complex lifetime may be less significant than one might naively expect.

ne(t) = Z pimi(1 —e7m) (4.16)
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Figure 4.9: Simulated complex population growth for Rb in the |1,1), |1,0), and
|1, —1) states. The KRb state is |0,0, —4,1/2). The dashed lines represent fits using

a single exponential buildup function.

We then vary the KRb hyperfine state while keeping Rb fixed in the |1, 1)
state. Using the same set of KRb states studied experimentally, the results are

shown in Fig. 4.10. Interestingly, similar to our approach in analyzing Rb hyperfine
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dependence, the number of exit channels, counted in the |F, mpg, Ik,, Iry,) basis,
has a ratio 1 : 1 : 1 : 2 for the |0,0,—4,1/2), |0,0,—4,3/2), |0,0,—4, —3/2), and
10,0, —3,—1/2) states, respectively. Our simulation predicts a lifetime ratio of

approximately 13.5: 14.2 : 4.8 : 15.1 across these four cases.

Although these predicted lifetimes fall within the same order of magnitude, they
differ from experimental observations, where all four configurations exhibit nearly
identical lifetimes. T'wo particularly interesting points emerge: 1. the stretched state
10,0, —4, —3/2) is predicted to have a shorter lifetime than measured experimentally
in the state counting model, and 2. in naive RRKM theory, the |0,0,—3,—1/2)
state, with twice as many exit channels, is expected to have a noticeably shorter
lifetime than the others, yet our model predicts a similar lifetime, which better

aligns with experimental results.

One common feature worth noting is that our detection method inherently
favors long-lived complex states, which tend to dominate the fits used to extract
complex lifetimes. However, it has not been experimentally confirmed that multiple
distinct complex lifetimes exist, nor is there a clear understanding of the coupling
between complex states and asymptotic product channels. In our model, these
couplings are approximated using the angular momentum wavefunction overlap
between complex states, defined by a specific set of quantum numbers, and the exit
channels. Despite these simplifications, our state-counting approach can capture
some essential aspects of the physics responsible for the remarkably long-lived

complexes observed in ultracold collisions. Further experimental tests are needed to
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validate and improve this framework.
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Figure 4.10: Simulated complex population growth for KRb in the [0,0,—4,1/2),
|0,0,—4,3/2), 10,0, —4,—3/2), and |0,0,—3,—1/2) states. The Rb state is fixed to

|1,1). The dashed lines represent fits using a single exponential buildup function.

In addition, we investigate the electric field dependence of the complex lifetime,
motivated by theoretical predictions [94, 93] suggesting that mixing of rotational
states within the complex and the breaking of angular momentum conservation can
both contribute to increased lifetimes with increasing electric field. Experimentally,
we test this by measuring the complex lifetimes of the Rb |1,1) + KRb [0,0, —4,1/2)
state pair in electric fields ranging from approximately 0 V/cm to 1.6 kV/cm, with
a magnetic field fixed at 2 G. As shown by the black line in Fig. 4.11(a), we observe
that the lifetime increases by roughly a factor of three from 0 to 500 V/cm, then

saturates at higher fields. These results indicate that complex lifetimes are influenced

110



by electric field strength, matching the trend predicted by theoretical expectations.
Between the two models, the mixing of rotation states in the complex agrees better
with our data, since it predicts a moderate increase (by an order of magnitude or
so) at the experimental electric field range. However, this does not rule out the
possibility of angular momentum conservation breaking, which happens at higher
electric fields (probably over 10 kV/cm) that could lead to a more dramatic change
in the complex lifetime. Even with the two models, the quantitative prediction of
this dependence remains an open challenge, as exact calculations of complex lifetimes

under different electric fields have yet to be performed for the Rb-KRb system.

Another noteworthy observation is that at a slightly higher magnetic field of
30 G, the complex lifetime exhibits no measurable dependence on electric field across
the range of 0 to 1.6 kV /cm, as shown by the gray line in Fig. 4.11(a). This behavior
is consistent with our previous findings [99], where the lifetimes measured at 17 V/cm
and 343 V/cm under a 30 G field were found to be nearly identical, and comparable
to those observed at high electric fields in the 2 G case. The interpretation of this
phenomenon remains unclear, but we list two possible directions to explore: 1. The
magnetic field may induce mixing among complex states, similar to the role of the
electric field, and 2. the coupling between complex states and available exit channels

may be magnetic-field dependent, thereby influencing the dissociation dynamics.
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Figure 4.11: Complex lifetime measured at different electric and magnetic fields
(unpublished data). (a) Complex lifetime as a function of electric field. Black cir-
cles correspond to measurements at 2 G with Rb in the |1, 1) state and KRb in the
| —4,1/2) state. Light gray squares show measurements at 30 G with the same initial
states. Note that for magnetic fields B < 10 G, m¥ and m%® are no longer good
quantum numbers, and the molecular state is an eigenstate represented as a superpo-
sition of |—4,1/2), | -3, —1/2), and |2, —3/2). However, we continue to label states
using their high-field quantum numbers for consistency, as they evolve diabatically
during magnetic field ramps. (b) Complex lifetime as a function of magnetic field,

measured at a fixed electric field of 17 V/cm.
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Between the two theoretical frameworks, the model based on rotational state
mixing within the complex predicts a relatively weak dependence of complex lifetime
on electric field. This effect typically manifests as a lifetime increase by a factor of
unity to one order of magnitude, with a characteristic field strength of approximately
1 kV/cm [107], both of which are broadly consistent with our observations. However,
this mechanism alone cannot account for the five orders of magnitude discrepancy

between experimental lifetimes and RRKM predictions.

In contrast, the theory that allows for the breaking of total angular momentum
conservation, both in magnitude and projection along the quantization axis, can lead
to a substantial enhancement in the density of states, potentially resolving the long
lifetime puzzle. However, we do not observe a sharp reduction in complex lifetime
down to electric fields as low as 1 V/cm. Interestingly, while the critical electric field
for angular momentum breaking in the Rb + KRb system has not yet been reported,
it has been estimated to be 14.8 kV /cm for the NaK + K system [94]. For KRb +
Rb, the threshold is likely to be in a similar range, with two competing effects: the
smaller dipole moment of KRb tends to increase the critical field, while the larger
reduced mass of the KRb + Rb system compared to NaK + K likely lowers it. These
considerations suggest that the electric field required to break angular momentum

conservation has likely not been reached in our experiments.

Finally, we explore the magnetic field dependence of complex lifetimes. So far,
no theoretical predictions have been made on this topic, and our interpretation is

based solely on our observations. Experimentally, we vary the magnetic field between
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1 G and 50 G and measure the complex lifetimes for three initial state combinations:
Rb |1,1) + KRb [0,0,—4,1/2), Rb |1,0) + KRb |0,0,—4,1/2), and Rb |1,1) +
KRb (0,0, —4,—3/2), as shown in Fig. 4.11(b). In all three cases, we observe a
gradual increase in the complex lifetime by a factor of 2 to 3 as the magnetic field
increases, resembling the trend observed in the electric field dependence from low to

high field.

While we do not currently have a definitive explanation for the magnetic
field dependence of the complex lifetime, we can still examine our results to gain
some insight. First, if total angular momentum is conserved during the collision,
both the Rb |1,1) + KRb |0,0,—4,1/2) and Rb |1,1) + KRb |0,0,—4, —3/2)
combinations must dissociate back through the original incoming channel due to
energy conservation, even if the nuclear spins of KRb are allowed to change. The
fact that these two combinations exhibit similar trends suggests that the observed
magnetic field dependence likely does not originate from changes in the dissociation
energy with magnetic field, but rather from the intrinsic dissociation rate of the

complex to the exit channels.

On the other hand, if we relax the assumption of total angular momentum
conservation, a different picture emerges. At lower magnetic fields, the energy
spacing between different KRb nuclear spin states decreases significantly, from tens
of kilohertz at 30 G to just a few kilohertz at 1 to 2 G, which falls below the
thermal energy of the collisions. As a result, more exit channels become energetically

accessible at lower fields, which could account for the reduction in complex lifetime.
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However, this explanation is not consistent with the observed data: the complex
lifetimes in the three cases shown in Fig. 4.11(b) differ only mildly, even though the
Rb |1,1) + KRb |0,0,—4,—3/2) and Rb [1,0) + KRb |0,0, —4,1/2) combinations
are expected to allow orders of magnitude more exit channels than the Rb [1,1) +

KRb |0,0,—4,1/2) case.

4.7 Feshbach resonances in Rb-KRb system

The puzzling features of the KRb} complex lifetimes motivate further investigation
into the inelastic collision loss rates between Rb and KRb under various conditions.
Several important questions arise: 1. Do Rb + KRb collisions follow a universal loss
rate? 2. Can we observe distinct magnetic Feshbach resonances, similar to those
reported in NaLi + Na and NaK + K systems [108, 109, 110], or do Rb + KRb
collisions occur in the overlapping resonance regime? 3. Is it possible to extract the

density of states of the intermediate complex from experimental measurements?

By studying magnetic Feshbach resonances in Rb + KRb collisions, we aim
to address these three questions to gain deeper insight into the collision dynamics,

which could be directly linked to the lifetime of the intermediate complex.

Experimentally, we probed magnetic Feshbach resonances between Rb and KRb
over a magnetic field range of 0 to 542 G, using a variety of initial quantum states.
In a typical sequence, we prepare an atom-molecule mixture similar to that used in

the complex lifetime measurements. The magnetic field is ramped from 542 G down
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to a target value x in 5 ms (though full stabilization typically requires up to 40 ms),
and the mixture is held at that field for 50 ms. The field is then ramped back up
over 70 ms for imaging. This ramp speed is limited by the voltage constraints of the

Feshbach coil power supply, which caps the coil charging rate.

Since two-body inelastic loss is the dominant decay mechanism in this
system, the Rb and KRb atom numbers are strongly correlated. To enhance the
signal-to-noise ratio, we reverse-STIRAP the KRb molecules back to Rb atoms and

image the total Rb number, representing the sum of both Rb and KRb.
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Figure 4.12: Magnetic field Feshbach resonance scans for various KRb + Rb state
combinations (unpublished data). The KRb molecules are initially prepared in the
10,0, —4, 1/2) state and subsequently transferred to the target state via two microwave
m-pulses through the N = 1 manifold. Both atoms and molecules are imaged together
using the reversed molecule association sequence, which converts KRb back into Rb
atoms in the |1, 1) state. Note that the state labels |N, my, mp,, my,, ) are not strictly
accurate below 20 G, where Zeeman interactions become weaker than the internuclear
couplings in the molecular Hamiltonian. In such cases, the labels represent the initial

molecular eigenstates before the magnetic field ramp.
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In total, we explored four KRb nuclear spin states within the ground rotational
manifold N = 0, as shown in Fig. 4.12. Unlike the KRb} complex lifetime
measurements, where all four configurations yield nearly identical lifetimes, the
Feshbach resonance scans revealed both similarities and notable differences across

these initial states.

The 10,0,—-4,3/2) + |1,1) and |0,0,—3,3/2) + |1,1) configurations exhibit
similar behavior: the two-body loss rates are significantly suppressed at high
magnetic fields (above 400 G) compared to those at lower fields. Additionally,
both cases demonstrated broad resonance features with widths on the order of
10-50 G, in contrast to the narrow Feshbach resonances typically observed in lighter
systems. Interestingly, similar broad and shallow features are also observed in the
|0,0,—4,—-3/2) + |1,1) and |0,0,—4,1/2) + |1, 1) configurations. However, for these
latter two state combinations, the overall two-body loss rates remain nearly constant

across a wide range of magnetic fields and are close to the universal loss rate [98].

Although it would be interesting to explore the regime in which the Rb + KRb
inelastic loss rate falls significantly below the universal limit (at magnetic fields
above 400 G), such measurements are experimentally challenging. At these high
fields, the Lorentz force acting on the charged ion products becomes substantial,

deflecting them away from the MCP detector and preventing detection.

In addition to molecules in the ground rotational state, we also investigated
magnetic Feshbach resonances involving the N = 1 state, |1,0,—4,3/2) + |1,1), as

shown in Fig. 4.13.
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Figure 4.13: Magnetic field Feshbach resonance scans for N = 1 KRb + Rb (unpub-
lished data). The KRb molecules are prepared in the |1,0,—4,3/2) state, the lowest

hyperfine state in the N = 1 manifold.

In this scenario, the spectrum appears mostly flat. However, a few resonances
with widths of approximately 10 G are observed at multiple magnetic field values,
similar to the behavior seen in the |0,0,—4,—3/2) + |1,1) and |0,0,—4,1/2) + |1, 1)

configurations.

Overall, the magnetic Feshbach resonance scans revealed two key features in Rb
+ KRbD collisions: 1. the two-body loss rates for most state combinations are near
the universal limit, with notable differences appearing only for a few configurations
at high magnetic fields; and 2. the resonance features are broad, suggesting that the
system lies in a strongly overlapping resonance regime [111, 112]. This observation
is consistent with the conditions required for theoretical predictions of electric field

dependence in complex lifetimes [93], which is still an active area of investigation.
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4.8 Conclusion and Outlook

In this chapter, we have explored the dynamics of long-lived intermediate complexes
formed during ultracold collisions between Rb atoms and KRb molecules. Our
measurements reveal that the lifetimes of the KRb} complex can reach hundreds
of microseconds, exceeding predictions from statistical models, such as RRKM
theory, by orders of magnitude. This discrepancy underscores the significance of
quantum effects in ultracold collisions and motivates the development of theoretical

frameworks that can accurately capture these observations.

By systematically varying the initial quantum states and external fields, we
have shown that the complex lifetime is sensitive to the hyperfine state of the Rb
atom and the applied electric and magnetic fields, while being relatively insensitive
to the KRb nuclear spin state. In addition, our measurements of magnetic Feshbach
resonances support the picture of a strongly overlapping resonance regime in the Rb
+ KRb collisions, where loss features are broad and exhibit near-universal inelastic
loss rates in most cases. Altogether, our results provide valuable experimental
benchmarks for ongoing theoretical efforts and underscore the need for a deeper

understanding of intermediate complex dynamics in ultracold chemistry.
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Chapter 5

Interference effects in chemical

reactions

5.1 Quantum states of reactants and products

A key objective of our KRb experiment is to study chemical reactions with quantum
state resolution. This involves characterizing the population of reaction products
across all accessible quantum states, probing the phase relationships between
them, and ultimately reconstructing the complete quantum state of both product
molecules: potentially providing evidence for quantum entanglement. Achieving this
goal requires first developing the ability to control and detect the quantum states of
both reactants and products, followed by establishing a method to measure phase

coherence between different states.
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While we can prepare the reactants in well-controlled quantum states, detecting
the quantum states of the reaction products is crucial to constructing a comprehensive
picture of the reaction dynamics. Such measurements are particularly valuable for
benchmarking theoretical models of chemical reaction processes. Moreover, gaining
quantum-state sensitivity for the reaction products would enable coherent control of
chemical reactions, where the quantum state of the reactants is tailored to steer the

outcome toward a desired product state [113, 114, 115, 116].

Before beginning a detailed discussion in this chapter, we briefly introduce
the relevant degrees of freedom of the reactants and products. Since the reactant
atoms and molecules are prepared in their electronic ground states at ultracold
temperatures, the relevant degrees of freedom include the vibrational and rotational
states of the molecules, the orbital angular momentum between reaction products,
and the electronic and nuclear spins. In this chapter, we focus on the chemical
reaction KRb + KRb — Ko(N = Nk,) + Rba(N = Ngp,), which naturally occurs

within the KRb cloud in our experiment.

In the KRb + KRb reaction, the exothermicity is 9.53 cm™! [60]. As a result,
the product molecules remain in their electronic singlet ground state, and both
electronic and vibrational excitation of the products are energetically forbidden.
On the other hand, the energy released is sufficient to populate excited rotational
states. Meanwhile, the Ky and Rby products can also carry relative orbital angular
momentum with respect to each other. Previous work has shown that nuclear spins

tend not to play an active role in the chemical reaction [117, 35, 36]. Currently, we
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lack a detection method with sufficient sensitivity to resolve the nuclear spin states
of the products. Therefore, the relevant degrees of freedom in this reaction are the

rotational states of Ko and Rby (Nk,, Ngrp, ), and their relative orbital rotation Lyyoq-

5.2 Nuclear spin conservation in the KRb + KRb

reaction

This experiment begins with KRb molecules prepared in a single hyperfine state via
STIRAP [36]. By ramping the magnetic field from 542 G to an arbitrary value below
20 G, we can create an entangled KRb state. At low magnetic fields, the interaction
between the two nuclei in KRb becomes comparable to the Zeeman interaction,

leading to an entanglement between the K and Rb nuclear spins.

Experimentally, the KRb molecules start in a product state (in the nuclear spins
basis of individual atoms) at 542 G: |¢;) = |N,my, my, M) = |0,0,—4,1/2),
where N is the rotational quantum number, my is its projection along the magnetic
field axis, and my, (mp,, ) is the nuclear spin projection of K (Rb). We then ramp
the magnetic field to a final value between 0 and 30 G within 10 ms. Throughout
this ramp, the KRb molecules remain in an energy eigenstate and evolve into a
superposition state: [¢) = «[0,0,—4,1/2) + $|0,0,—-3,—1/2) + ~(0,0, -2, —3/2),
where the coefficients «, 3, and v can be calculated using the molecular

Hamiltonian [36], as shown in Fig. 5.1.
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Figure 5.1: The state decomposition probabilities parameterized by «, 3,7 as a

function of external magnetic field [36].

At a magnetic field of 30 G, the KRb quantum state is predominantly
| —4,1/2). In this case, the Rby products are primarily found in odd rotational
states, as shown in Fig. 5.2, while the Ky products are mainly in even rotational
states. On the other hand, at 5 G, the KRb quantum state becomes |1);) =
0.595| —4,1/2) +0.719] — 3, —1/2) + 0.359] — 2, —3/2), which contains significant
contributions from all three components. In this case, both the Rby and Ky products

have a finite probability to populate both even and odd rotational states.
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Figure 5.2: The rotational state distribution of the Rby products [36]. (a) Rby
rotational state distribution at B = 30 G. (b) Rb, rotational state distribution at B

=5G

Although this might seem difficult to interpret at first, it is consistent with
the assumption that nuclear spins are not actively involved in the chemical
reaction. To illustrate this, our group developed a simplified model to predict
the nuclear spin state distribution of the reaction products [79]. In short, we
assume that the nuclear spins are conserved throughout the reaction process,

allowing us to treat the reaction simply as a basis transformation from the
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reactant KRb nuclear spin basis to that of the Ky and Rby products. Without
loss of generality, we assume the KRb molecules start in a superposition state:
[Yp) = a] —4,1/2) + 8| — 3,—1/2) + 7| — 2,—3/2), where the coefficients «, 3,
depend on the magnetic field as shown in Fig. 5.1. In a single KRb + KRb
reaction event, the four-atom-system wavefunction can be written as: ) ® |¢y) =
Q?—4,1/2)@|—4,1/2) + 82| -3, -1/2)®| -3, —1/2) +~?| -2, —-3/2) @ | — 2, —3/2) +
af(|—4,1/2)®]—3,-1/2)+|-3,-1/2) ®| —4,1/2)) +ay(|—4,1/2) ®| —2,-3/2) +
|=2,-3/2)®|=4,1/2)) + 87(| =3, -1/2) ©| =2, =3/2) +[ -2, -3/2) ® | = 3, -1/2))
In the above notation, we use the basis |my1, mgp1) @ |MmK2, Mrp2) to represent
the quantum state of the four atoms involved. For simplicity, we omit the explicit
values of the nuclear spins, Ix = 4 and Ig, = 3/2, to avoid redundancy. After
the reaction, the two K atoms and two Rb atoms combine to form Ky and Rbs
molecules. We then transform to the coupled nuclear spin basis of the product
molecules, written as |Ik,, mk,) ® |Irp,, MRrb,). LThe result of this transformation is

shown in the following equation [79]:

,l/}KQ,RbQ

=a?8, —8) ® (\/§|3, 1) — \/gu, 1>)
+ B2 (—\/%6, —6) + \/1%8, —6)> ®
({202
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+ By (%%'5’ 5 = t6.=5) = \ 275 + 21 —5>>
X <\/§|2a _2> + \/g|3a _2>>
- (%73'5’ 5+l —5) = 27,5 — 2k —5>>
® <—\/g|2,—2> + \/g|3,—2>> : (5.1)

Since the product molecules are homonuclear, the symmetry of their nuclear

spin states can be determined by evaluating Ixrp) + Ik(®rb) — Ik (Rbo): the result
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is symmetric if even and antisymmetric if odd. This symmetry constraint links
the nuclear spin and rotational degrees of freedom of the products, allowing us to
infer their nuclear spin parities by probing their rotational states. As a result, we
can map the nuclear spin states onto the rotational state parities and extract the
population distribution across the four parity combinations of the product molecules:

| Nk, = even, odd, Ngp, = even, odd) (abbreviated as |e, e)), |e,0), |o,e), and |o, 0):

Py = |aB]* +|av|* + |B7]?
Pleoy =1 = P

-P\e,e) = Ho,o) =0 (52)

The result from this model agrees well with experimental measurements when
we focus on a single product species, such as Rbs, as shown in Fig. 5.2. At a
magnetic field of 30 G, where a@ ~ 1 and (3,7 ~ 0, nearly all Rby products end up
in odd rotational states. In contrast, at a magnetic field of 5 G, a, 8, and v all
become finite, and we begin to observe a noticeable population of Rby products in

even rotational states.

Although the validity of the model could be further supported by detecting
the Rby and Ky products separately, the theoretical model also predicts an
anti-correlation between the rotational state parity of the two product species. This
anti-correlation, especially when combined with potential phase coherence between

them, suggests that the product molecules may be quantum mechanically entangled.
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Therefore, it becomes essential to perform coincidence detection (Chapter 3) to

probe both product species originating from the same reaction event. This approach
not only reveals correlations between the rotational and nuclear spin states but also
naturally allows us to determine the probability of dissociation into all possible exit

channels of the chemical reaction.

5.3 Product state distribution in KRb + KRb

reactions

One of the main objectives of our experiment is to carry out a state-to-state study
of the outcomes in the KRb + KRb — Ky + Rby reaction. Experimentally, this
means preparing all reactants in a single quantum state and measuring the final
population distribution of the products. Ideally, one would also probe the relative
phases between product states, but this remains highly challenging (see outlook).
Since the released energy can only excite the rotational states of the products, the
exit channels are labeled by the rotational quantum numbers of Ky and Rbs: (NVk,,
Ngy,). Measuring the population in each of these exit channels requires the use of
coincidence detection (Chapter 3). In 2020, our group conducted a detailed study
to measure the product state distributions across all 57 energetically allowed exit

channels [43] at a magnetic field of B = 30 G, with the results presented in Fig. 5.3.

Given the long lifetime of the KyRb} intermediate complex measured in [84],
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which agrees with predictions from RRKM theory, we expect the internal energy to
fully redistribute among the available degrees of freedom, primarily vibration and
rotation, within the tetra-atomic complex. As a result, the system is expected to
behave statistically, meaning that all energetically allowed exit channels should be
equally likely to be populated, with the probability of scattering into a particular
(Nk,, Ngrp,) channel proportional to its degeneracy. Experimentally, we find that
the populations in most channels follow this statistical model [43], although a few

outliers exhibit clear deviations from statistical behavior.

Poc (%)

Figure 5.3: We measured the scattering probabilities into various exit channels of
the KRb + KRb — Kj + Rby reaction [43]. These measurements were carried out
at a magnetic field of B = 30 G, with the reactant KRb molecules prepared in the
| —4,1/2) hyperfine state. We focused on detecting even rotational states of Ky and
odd rotational states of Rba, as no significant signal was observed (and predicted) in

other parity combinations.
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Formally, the reactants and products must satisfy angular momentum
conservation:

NK2 + NRb2 + Lprod = Jtot-

Here, L4 is the relative orbital angular momentum between the two product
molecules, and Jiy is the total angular momentum, which remains conserved
throughout the reaction. Since the KRb molecules collide via p-wave, we know that
Jiot = 1. The degeneracy of a given product channel is determined by counting
all combinations of (Nprod; Lproa), Where Npoq is the total angular momentum
from adding Nk, and Ngp,. For each rotational state pair (Nk,, Ngrp,), we apply
triangular inequalities to find the allowed values of Npq. Then, for each Npoq, we
find all possible L0q that satisfy the constraint N o4 + Lprod = Jiot. Additionally,

total parity must be conserved [106], requiring:

(1) (1) 02 (1)t = 1.

As an example, for (Nk,, Nrb,) = (2, 3), the possible values of N4 range from
1 to 5. Applying the angular momentum and parity constraints, we find 8 allowed
product channels: (Npod, Lproa) = (1,0), (1,2), (2,2), (3,2), (3,4), (4,4), (5,4), and
(5,6). This same approach can be used to compute the degeneracy of any exit

channel.
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5.4 Interference effects

The works and methodologies described in the previous two sections were pioneered
by the first generation of graduate student and postdoc, Yu Liu and Ming-Guang
Hu. Their efforts laid the foundation for our understanding of how reaction products
are distributed among different quantum states. Building on this knowledge, and
with the ultimate goal of probing entanglement between the products, our next step

is to investigate the phase relationships between different product quantum states.

Among the various degrees of freedom available, we begin by probing phase
coherence in the nuclear spin subspace. This choice is motivated by prior evidence
indicating that nuclear spins remain conserved throughout the reaction, making
them a promising candidate for exhibiting coherence. In addition, we can reasonably
propose a hypothesis where the chemical reaction itself redistributes the entanglement
between the reactant nuclei to the two product molecules, as shown in Fig. 5.4. This
hypothesis, although theoretically plausible, is non-trivial to prove experimentally.
To move closer to such a goal, we present the observation of quantum interference
effects that reveal quantum coherence in the nuclear spin degree of freedom, which
is an essential prerequisite for establishing entanglement between the product

molecules.
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Figure 5.4: A demonstration of entanglement distribution in the KRb + KRb re-

action process: When the nuclear spins of K and Rb atoms begin in an entangled

state, the chemical reactions could redistribute such entanglement between product

molecules.

5.4.1 Destructive interference for reactants in a superposi-

tion state

If we return to the mathematical description of the model that assumes nuclear

spins are conserved throughout the reaction, as described in Eq. 5.1, an interesting

feature emerges: the absence of the |e,e) and |o,0) channels is actually the result

of destructive interference. This interference arises from two terms with equal
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magnitude but opposite sign in the Clebsch-Gordan coefficients. The cancellation of
these terms is visualized in Fig. 5.5. The mathematical origin of this effect can be
found by carefully examining Eq. 5.1, where the terms corresponding to (even, even)

and (odd, odd) nuclear spin states cancel exactly due to their opposite signs.
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Figure 5.5: A demonstration of the destructive interference that cancels out the
le,e) and |o,0) product channels [79]. Blue and red spheres represent Rb and K
atoms, respectively, and the up/down arrows indicate different nuclear spin projec-
tions. This example illustrates the case of a superposition of two nuclear spin states,

where interference between terms leads to cancellation.

Experimentally, we test this by performing coincidence detection on the
reaction products at a magnetic field of B = 5 G, where the KRb molecules are
in a superposition state in the |mg, mgy,) basis. Instead of measuring all ~200
energetically allowed exit channels across the full range of (Nk,, Nrp,) pairs, we focus

on a smaller subset consisting of four exit channels: (Nk, = 9,10; Ngy,, = 9, 10),
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which is sufficient to probe the parity of the products. These states are selected for
two main reasons: 1. they have relatively large degeneracies, and 2. the products
in these channels store most of their energy in the rotational degrees of freedom,
resulting in low kinetic energies that are ideal for efficient ionization detection.

Additional details about these four states can be found in Tab. 5.1.

Description 110,9) |10, 10) 19,10) 19,9)

velocities (vk,, Urp,) (m/s) | (19.1,8.8) (16.6,7.6) (22.3,10.3) (24.3,11.2)
Detection efficiency C' 0.2757(9) 0.3447(6)  0.2055(6)  0.1741(8)

Degeneracy D 29 31 29 28

Calibration factor c 0.2709(8) 0.3621(6)  0.2019(6)  0.1651(8)

Table 5.1: Relevant information of the four product channels of choice [79]. The
calibration factors are proportional to the theoretically calculated overall detection
efficiencies, taking into account the degeneracy of each channel and the product

velocity.

The coincidence detection result is shown in Fig. 5.6, where we observe
prominent signals in the (10,9) and (9,10) channels. In contrast, the signal levels in
the (10,10) and (9,9) channels are comparable to the background. To extract the
actual distribution across the four parity channels (|e,e), |o,0), |e,0), and |o,€)),
we normalize the raw ion counts by accounting for the detection efficiencies of each

channel, as summarized in Tab. 5.1.
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The ionization efficiency used for normalization is deliberate and nontrivial.
Two major sources of detection bias are the velocity-dependent detection efficiency,
denoted by C, and the product state degeneracy, denoted by D. The expected
number of coincidence ion counts for a given product state |i,j) is proportional to
P,;C;;D;;, where Pj; is the distribution in each parity channel (a.k.a. branching
ratio) that we aim to extract and compare with theoretical predictions as shown in

Eq. 5.1

State Pair =(10,9) State Pair =(10,10) BKG1(10,10) at 50 G
No=490:22.1 N0:1 +4.6

20 -
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coin 0 res
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Figure 5.6: Coherent reaction data taken at 5 G, along with background measure-
ments at 50 G [79]. The number of K3-Rbs ion pairs passing both momentum and
time-of-flight filtering is plotted as a function of the pulse number difference. The
background ion signal measured at 50 G, where the KRb state is nearly pure |—4,1/2),
serves as a reference for coincidence counts arising from off-resonant ionization and

other background processes.

The dependence of the detection efficiency on product velocity arises from two

136



major effects: 1. faster products are more likely to exit the detection region covered
by the REMPI beams before the ionization pulses are applied, and 2. products with
higher velocity along the propagation direction of the REMPI beams experience
larger Doppler shifts in the bound-to-bound transition, which reduces the probability
of being promoted to the excited state. To account for these effects, we perform a
Monte Carlo simulation to calculate the normalization factors that incorporate both

contributions to the detection efficiency.

In the simulation, we sample 10° K,-Rby pairs in each state and compute the
total coincidence counts for each exit channel. The magnitudes of the product
velocities are calculated using energy conservation, the previously reported total
exothermicity of 9.77 ecm™" [60], and the rotational constants of “°K, and 8"Rby [43].
The total kinetic energies of the product pairs for the four relevant rotational state

combinations are:

e E(Nk, =9, Nrp, =9) =2.871 cm™!

e F(Ng, =10, Ngp, = 9) = 1.776 cm !
o E(Ni, =9, Nuy, = 10) = 2434 cm ™!
o E(Ni, = 10, Ngy, = 10) = 1.338 cm ™

The corresponding product pair velocities are listed in Table 5.1. For each Ky-Rbs
pair, the velocity direction of K, is sampled from a uniform spherical distribution,

and Rby is assigned a velocity in the opposite direction to conserve momentum.
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The creation time of each product pair is uniformly sampled between ¢ = 0 and

t = 45 us to represent the random timing of individual reaction events. All products
are initialized at the same starting location, which is set to the center of the
REMPI beams. We then track the position of each product molecule at ¢t = 45 us,

corresponding to the moment when the REMPI beams are turned on.

We model the resonant excitation in REMPI using a two-level system with
decay from the excited state [43] representing spontaneous emission. The dynamics
of the ground state |0) in the X' manifold and the intermediate state |1) in the

BI state are described by the following rate equations:

%Poo = —%(901010 - C-C~),

d )

El)n =—Ipy + 5(901,010 —c.c.),

d 1 , i

pridli —§Fp10 +iApio + 5901@11 — Po0)s (5.3)

where c.c. denotes the complex conjugate, and )y is the Rabi frequency of the
bound-to-bound transition. The detuning A arises from the Doppler shift for each
molecule, to the 648 nm (for Ky) or 674 nm (for Rby) transition. The decay rate T’

of the excited state |1) is taken as 27 x 14 MHz for both Ky and Rb, [43].

The Rabi frequency €2¢; is position-dependent, with a peak value of 27 x 15 MHz
and a Gaussian spatial profile characterized by a 1/e? beam waist of 750 ym, as
measured from the experiment. We assume the same Rabi frequency for all initial
rotational states, as they are all Q-branch transitions. In the experiment, we apply

a disk-shaped dark mask to shield the reactants from the REMPI beams. The inner
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dark region has a radius of 125 pum, and the beam is truncated at a 1 mm radius by
the outer dimension of the mask. These geometric constraints are also incorporated

into the simulation, where we ignore product molecules outside the beam.

We calculate the excited state populations pi1x, and pi1rp, 20 ns after the
648 nm or 674 nm beam turns on, corresponding to the firing time of the 532 nm
laser pulse. In the simulation, we assume that the ionization rate from the 532 nm
pulse is constant in all cases, so the final Ky (Rby) ion signal is proportional to
the population term in the density matrix: p11x, (p11.Rb,). We then sum up the
product of excited state populations, pi1 x,p11Rb, Over all ionization events, which
represents the simulated coincidence counts for each state pair. The overall detection

efficiencies for all four relevant state pairs are reported in Tab. 5.1.
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Figure 5.7: Conversion of the raw coincidence counts to measured branching ra-
tios [79]. Theoretical predictions are presented for two scenarios: one in which nuclear

spin coherence is preserved throughout the chemical reaction, and another in which

coherence is completely lost.

With the normalization factors, we convert the raw coincidence counts into
branching ratios for the four rotational parity channels, as shown in Fig. 5.7. If
the nuclear spin wavefunction remains pure and coherent throughout the reaction,
meaning the basis transformation described in Eq. 5.1 holds, the resulting population

distribution is given by the gray bars. In contrast, if the nuclear spin coherence is
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lost and the wavefunction fully dephases, the expected distribution corresponds to

the black solid bars, which are calculated by summing the probabilities (rather than
amplitudes) for each parity channel. The measured results match those of the fully
coherent case, indicating that nuclear spin coherence is preserved during the reaction
process. Quantitatively, we found the coherence parameter I' is no lower than 0.9014
(with 95% confidence), where I' is defined as the branching ratio for the reaction to

proceed coherently.

5.4.2 Beyond energy eigenstates

In the previous section, we restricted our analysis to the reaction outcomes following
a magnetic field ramp to 5 G, where the nuclear spin state of the reactants
becomes |¢f) = of —4,1/2) + 8] — 3,-1/2) + | — 2,—-3/2). Although this
state is a superposition in the uncoupled nuclear spin basis, it remains an energy
eigenstate. One can attempt to interpret the observed destructive interference from
a symmetry-based perspective: since both KRb molecules are prepared in the same
quantum state, the two K atoms and the two Rb atoms are symmetric under particle
exchange, and this symmetry must be preserved during the reaction. As a result,
the two product molecules must also share the same overall symmetry to maintain
the symmetry of the full wavefunction. Therefore, only the |e, 0) and |o, e) channels
satisfy the symmetry constraints. This symmetry-based argument is consistent with
our experimental observations. However, it cannot produce quantitative predictions

on its own, such as the branching ratios between the channels. Our theoretical
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model, based on nuclear spin basis transformation, is necessary to provide the

numerical values that match the measured outcomes.

To further test the validity of the theory, we extend our investigation to
cases where the reactant quantum states are no longer energy eigenstates. This
is achieved by using a two-photon microwave transfer scheme to prepare the
molecules in an equal superposition of two hyperfine states within the ground
rotational manifold. Due to limitations in our microwave control and the initial
STIRAP state of |mx = —4, mg, = 1/2), we select a few target ground states to
form superpositions with: |mx = —3,mgp, = —1/2), |mx = —3, mgp = 3/2), and

|mK = —4,mRb = —3/2).

The general scheme for our microwave-based state preparation is illustrated
in Fig. 5.8. It involves selecting an appropriate intermediate state in the N = 1
manifold that couples efficiently to both hyperfine states. The microwave sequence
consists of three steps: first, a m-pulse transfers the initial state to the intermediate
rotational excited state; second, a 7/2-pulse creates an equal superposition between
the intermediate state and the target state; and finally, a 7w-pulse transfers the

intermediate component back to the initial state.
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Figure 5.8: The microwave state preparation scheme to prepare reactant molecules

in an equal superposition of two hyperfine states in the ground rotational manifold.

The experimental procedure typically proceeds as follows. We begin by using
the Diatomix package [67] to identify suitable intermediate states in the N =1
manifold that exhibit strong electric dipolar couplings to both hyperfine states. At
the same time, we exclude intermediate states with nearby strong transitions, as

those could degrade the fidelity of the microwave transfer sequence.

Once a candidate intermediate state is chosen, we perform spectroscopy to
precisely determine the transition frequency for the first leg of the microwave
transfer, resolving it to the kilohertz level. We then fix the microwave frequency at
this value and measure Rabi oscillations by varying the pulse duration, which allows
us to determine the 7-pulse time. The same procedure is repeated for the second leg

of the transfer.

To verify coherence between the two hyperfine states, we perform a Ramsey
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measurement by inserting a variable wait time ¢ between two preparation sequences
(m—m/2-m). If coherence is preserved, we expect to observe oscillations in the initial

state population as a function of ¢.

Case 1: |mK = —4,mRb = 1/2> + |mK = —3,mRb = —1/2>

We first explore the reaction outcomes by preparing the reactants in a superposition
state of \/Li (Imx = —4,mgp = 1/2) + |mx = =3, mgp, = —1/2)). We find that the
results closely resemble the predictions for a fully coherent reaction, with minimal
population observed in the |e, e) and |o,0) channels. This suggests that coherence is

largely preserved throughout the chemical process.
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Figure 5.9: Branching ratios of the four parity channels with reactants prepared in
\%ﬂmK = —4,mgp, = 1/2) + |mx = —3, mgp, = —1/2)) (unpublished data). Theoret-
ical predictions are presented for two scenarios: one in which nuclear spin coherence
is preserved throughout the chemical reaction, and another in which coherence is

completely lost. This measurement is taken at a magnetic field of 30 G.

Separately, we verified the coherence between the two hyperfine states used in
the initial state preparation via the Ramsey sequence described earlier, as shown
in Fig. 5.10. We observed clear oscillations for wait times shorter than 150 ms,
consistent with expectations for a Ramsey measurement. At longer wait times, the

oscillations become washed out. We attribute this to shot-to-shot magnetic field
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fluctuations in our system, which introduce a random distribution of oscillation
frequencies. Over longer timescales, these variations lead to dephasing across

experimental shots, resulting in the averaged signal losing contrast.

Importantly, we do not interpret this decay in contrast as evidence of
decoherence between the two hyperfine states. If the superposition had decohered,
the molecules would become distinguishable, and we would expect faster losses due
to s-wave collisions. Instead, the overall slow decay of the molecule number (~
300 ms) is consistent with p-wave-dominated loss, similar to what is observed for
molecules in the STIRAP state. There are two possibilities for the contrast decay:
the shot-to-shot variation of the DC magnetic field, and the existence of a mysterious
magnetic field gradient in our system as large as 7.7 mG/cm per Gauss of magnetic

field generated by the Feshbach coils.
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Figure 5.10: Ramsey measurement probing the coherence between the hyperfine
states |mx = —4, mgp, = 1/2) and |mx = —3, mg, = —1/2) (unpublished data). The
y-axis shows the population of molecules remaining in the initial hyperfine state as a

function of the wait time between the two halves of the Ramsey pulses.

Case 2: |mK = —4,mRb = 1/2> + |mK = —3,mRb = 3/2>

Similarly, we probe the reaction outcomes by preparing the reactants in a
superposition state of % (|mx = —4,mgp = 1/2) + |mk = =3, mgp, = 3/2)), as
shown in Fig. 5.11. In this case, the results deviate from the predictions of a
fully coherent reaction, with significant population observed in the |e,e) and |o, 0)
channels. This suggests that coherence may not be preserved throughout the
chemical process. Furthermore, the population in the |e, e) channel is unexpectedly

high, exceeding the maximum possible value predicted even under full decoherence.
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Figure 5.11: Branching ratios of the four parity channels with reactants prepared
in \%ﬂmK = —4,mpp, = 1/2) + |mx = —3,mrp = 3/2)) (unpublished data). This

measurement is taken at a magnetic field of 50 G.

Similar to the previous case, we verified the presence of Ramsey oscillations for

this superposition state. For simplicity, we do not discuss the details here.
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Case 3: |mg = —4,mpp = 1/2) 4+ |mg = —4, mgp, = —3/2)
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Figure 5.12: Branching ratios of the four parity channels with reactants prepared
in \%ﬂmK = —4,mgpp = 1/2) + |mg = —4, mgp, = —3/2)) (unpublished data). This

measurement is taken at a magnetic field of 30 G.

Lastly, we probe the reaction outcomes by preparing the reactants in a superposition
state of \/Lﬁ (Imx = —4, mgy, = 1/2) + |mx = —4, mg, = —3/2)), as shown in

Fig. 5.12. In this case, the results deviate significantly from the predictions of a
fully coherent reaction, with significant population observed in the |e,e) channel.
Similar to case 2, the population in the |e,e) channel is also unexpectedly high,

which cannot be explained by full decoherence.
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Summary of all cases and speculation

Based on the evidence presented for all four cases (the eigenstate and the three
superposition states), we find that the reaction outcomes align with predictions for a
coherent process in some instances, but not in others. Interestingly, in the two cases
where coherence appears to be preserved, the two hyperfine states involved share the
same total magnetic quantum number myy.. This suggests a possible explanation:
the system may maintain coherence within a single my.. manifold, while coherence

between different my,i. manifolds may be lost.

However, this hypothesis alone cannot explain the unexpectedly high population
observed in the |e, e) channel, which exceeds even the fully incoherent prediction.
This discrepancy raises questions about the general validity of the nuclear spin
conservation assumption, particularly for reactants prepared in superposition states.
It also opens the possibility that the reaction process itself may imprint an additional
phase onto different quantum pathways, leading to constructive interference in
certain channels (such as |e, e)) and enhancing their population beyond the expected

limit.
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5.4.3 Magnetic field dependence of |mg = —4,mgp, = 1/2) +
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Figure 5.13: Branching ratios of the four parity channels with reactants prepared
in the superposition state —= (|mK = —4,mgp, = 1/2) + |mx = —4, mgp, = —3/2)) at
magnetic fields of 30, 100, and 300 G (unpublished data). To capture the reaction
products at higher magnetic fields, we increase the acceleration voltages on the re-
peller electrode, thus enhancing the electric field in the system. We note that this
increased field should not affect the hyperfine states of the rotational ground state,

as they are relatively insensitive to electric fields below the kV/cm level.

Here, we explore whether the magnetic field has an effect on the product branching
ratios. Initially, we hypothesized that the excess population observed in the |e, €)

channel might result from nuclear spin-changing reactions, particularly in cases
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where the initial KRb quantum state is not an energy eigenstate. To test this,
we increased the magnetic field, reasoning that at higher fields, the larger Zeeman
splitting of the nuclear spin states could suppress any potential spin-changing
dynamics. Under this hypothesis, nuclear spin conservation would be more robust

at higher magnetic fields.

We performed measurements at magnetic fields of 30, 100, and 300 G. As shown
in Fig. 5.13, we observe little to no variation in the branching ratios across this range.
This suggests that nuclear spins may not actively participate in the reaction or that
the critical magnetic field required to suppress nuclear spin-changing dynamics lies

beyond our current experimental capabilities.

While we cannot draw a definitive conclusion from this study, we present these
results as a reference for future investigations exploring the role of nuclear spins in

ultracold chemical reactions.

5.4.4 Probing the role of phases and coherence: Reaction

interferometer

While the results of the three cases beyond energy eigenstates remain puzzling and
await a theoretical explanation, we can still test whether coherence is preserved
in these reactions by manually introducing a phase between the reactants and
observing whether the reaction outcomes depend on this phase. If coherence is

indeed maintained throughout the chemical reaction in more general settings, such
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a dependence would serve as a demonstration of coherent control of a bimolecular
reaction, which has not yet been experimentally realized. We illustrate this idea

schematically in Fig. 5.14.

@
4K87Rb (

40K87Rb

40 K2

Coincidence
detection

Rb,

Figure 5.14: The conceptual picture of a reaction interferometer [118]. Two reactant
KRb molecules are initialized in the same coherent superposition state \%(\O) +1)).
Before the reaction, one molecule acquires a controllable phase ¢ (from microwaves),
resulting in the state \%(|0> + €*?|1)). Here, one can arbitrarily choose state |0) and
|1) (two nuclear spin states in our case). The resulting interference patterns can be
measured in the branching ratios of the product states. These patterns provide a tool
to quantify coherence in the reactants and offer a pathway to coherently control the

formation of products across all reaction channels.

We follow the theoretical framework illustrated in Eq. 5.1, with an additional
phase ¢ applied to one of the reactant molecules (the method for introducing this
phase will be discussed later). For simplicity and without loss of generality, we define
|0) = | —4,1/2) and [1) = | — 3,—1/2) for this discussion. With this, the initial
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two-particle reactant state can be written as:

1 1 1 1

1. 1
i @ Vi = (1~ )+ =350 ® (=4, 5) + ¢4 =3, —5)). (54)

2

After transforming to the basis of the product molecules, the overall nuclear

spin wavefunction becomes [118]:

nuc 1 2 3
R, = S8 8 (211 + 2 1)

+%ei¢(—%|7,—7> \/_|8 7>)®(—%|0,0)
\/_|1 ,0) + ]2,0>—|—2—\/5|3,0>)
+ (511 + ST @ (510.0)
—ﬁ|1,0>—§|2,0>+%|3,0>)

+ %ew(—\/%]& —6) + 2\/1%8, —6)) ® (—\/gu, —1) + \/2\3, —1)). (5.5)

The total wavefunction of the system includes both the rotational and nuclear
spin components. Due to the symmetry constraints for the homonuclear molecules,
it can be written in the form:

¢f€;,Rb2 = |SS>|670> + |AA>|07 €> + |SA>|67 6> + |AS>|07 O> (56)
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Here, S and A denote the symmetric and antisymmetric combinations of nuclear
spin states, while e and o represent even and odd rotational states. By decomposing
the terms in Eq. 5.5 into their corresponding nuclear spin symmetry components, we

obtain:

1 /2 1 /3
= —=y /28, — 1,1) + =4/ 28, — 1
55 = 3288 e L+ 12 —m o)

. 3 .
— —— (1498, -7V ®|1,0) + ——(1 + €")|8, =7) ® |3, 0)

44/10
V14 . 7
+ 6Z¢|6a _6> ® |17 _1> - \/_

VI ibe _ _
073 10°¢ 6, —6) ® |3, —1)
2 . V2

— "8, —6) @ |1, —1) + —€|8, —6) @ |3, —1), 5.7
5¢§6 | ) ® | ) £ € \ ) ® | ) (5.7)

1 i i
|AA) = 4—\/5(1+e¢’)|7,—7>®\0,0> — (1+ €97, -7) ®12,0), (5.8)
SA) = 4—;5(1 _ )8, —T) ®10,0) —

1 .
AS) = ————(1 — )7, =7) @]1,0) +
|AS) 4\/1—0( e'?)| ) ®11,0)

1

42
1 7

m<1—6¢)|&—7>®|2,0>, (5.9)

ﬁa T, =T @ 3,0).  (5.10)
Due to the one-to-one correspondence between the four nuclear spin symmetry
channels and the rotational parity channels, |SS) < |e,0), |[SA) < |e,e),
|AS) < |o,0), and |AA) <> |o, e), the population in each channel is proportional to
the sum of the squared magnitudes of the probability amplitudes for all terms within
that channel. As the applied phase ¢ is varied from 0 to 27, the branching ratios
exhibit a sinusoidal dependence on ¢, as shown in Fig. 5.15. When ¢ = 0, the two
reactant molecules are identical, and the theory predicts complete suppression of the

le,e) and |o,0) channels—consistent with the symmetry-based argument discussed
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earlier. In contrast, if no coherence is preserved throughout the reaction, the
situation is equivalent to having a random phase ¢ uniformly distributed between 0
and 27. Therefore, this approach provides a direct method to test whether quantum
coherence is preserved throughout the reaction: by applying a phase ¢ and varying
it from 0 to 27, one expects to observe a modulation in the branching ratios if

coherence is maintained.
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Figure 5.15: Product state distributions as a function of applied phase ¢ through

microwave [118].

The above calculations demonstrate the possibility of coherently controlling
reaction products. Next, we propose an experimental scheme to realize the microwave
phase control of ¢. An overview of the experimental sequence is shown in Fig. 5.16a.
The KRb molecules, initially prepared in a single, well-defined quantum state,

are first split into two spatially separated parts. Each cloud is then sequentially
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addressed by microwaves and prepared in a superposition state with a controllable

relative phase.

To enable this addressability, the individual optical traps holding the two
molecular clouds are pulsed alternately, creating an AC Stark shift that shifts
the resonance frequency of each cloud. While one cloud is momentarily dark, a
microwave pulse with a tunable phase is applied to resonantly drive transitions,
selectively preparing that cloud into the target superposition state while leaving
the other largely unaffected. After both clouds are sequentially addressed, they are

merged to initiate the chemical reactions.
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Figure 5.16: Experimental timing sequence [118]. (a) After molecule formation, the
traps are adiabatically separated, which splits the molecular cloud into two spatially
distinct regions. A microwave sequence is then used to imprint a relative phase
¢ between the two clouds. Finally, the clouds are merged, and the product state
distribution is measured via coincidence detection. (b) Details of the microwave
addressing scheme. By alternating the dark time between the left (L, blue) and
right (R, red) traps, local AC Stark shifts are introduced, allowing for the selective
addressing of each cloud. An arbitrary waveform generator can be used to control

the relative phase ¢ between the two 7 microwave pulses.
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5.5 Conclusion and Outlook

In this section, we explored how the quantum state of the reactants influences the
outcomes of ultracold chemical reactions, focusing on the KRb + KRb — K5 + Rb,
reaction. This was achieved by preparing KRb molecules in well-defined quantum
states, including both energy eigenstates and coherent superposition states, allowing

us to systematically investigate how reaction outcomes depend on the initial state.

Our results show that when reactants are prepared in a pure energy eigenstate
(which can be a superposition in the Zeeman basis), the product distributions
align with theoretical predictions based on nuclear spin conservation, provided that
coherence is maintained throughout the reaction. However, when the reactants are
prepared in superposition states, the outcomes become more complex: in some cases,
the results are consistent with coherent evolution, while in others, coherence appears
to be lost. Notably, we observed excess population in certain product channels that
cannot be explained by our current theoretical model. This raises the possibility
that nuclear spins may not be strictly conserved in these cases, or that the reaction
pathway itself may imprint an additional phase, modifying the interference between

different channels.

To further investigate these effects, we proposed a phase-sensitive interferometric
scheme designed to test the presence of quantum coherence during the reaction
process in a more general setting. Theoretical calculations predict that, if coherence

is preserved, the branching ratios into different product channels should exhibit
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sinusoidal dependence on the applied phase. In addition to testing coherence in
ultracold reactions, this scheme opens up a promising pathway toward achieving

coherent control of bimolecular reactions.

While we have investigated the existence of coherence within the nuclear spin
degree of freedom during the reaction process for a specific initial state, a more
fundamental and general question arises: Are the product Ky and Rbs molecules
quantum mechanically entangled? Addressing this question requires us not only to
confirm the presence of nuclear spin coherence but also to establish coherence across
different rotational states. In other words, can the bimolecular reaction be described
as a coherent scattering process in which the products emerge in a pure quantum
state, which is a coherent superposition of all allowed product channels labeled by
their rotational and nuclear spin quantum numbers, rather than as a statistical

mixture?

To prove this, it is necessary to demonstrate that the relative phases between
different product channels are well-defined, rather than being completely random.
The key challenge in this investigation is that the observable phase difference between
any two channels (labeled as 1 and 2), ¢ioral, is composed of three contributions: a
spatial evolution phase ¢5 = (k1 — ko)7, a time evolution phase ¢, = (w; — wy)t, and
the intrinsic phase ¢y imparted by the reaction process—which is the quantity of
interest. Unfortunately, ¢s and ¢; are typically very large for most channel pairs,

and their fluctuations can easily overwhelm the signal from ¢y.

To overcome this, the energy and momentum differences between the two
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product channels must be made extremely small to minimize ¢, and ¢;. Achieving
this requires high precision in both spatial and temporal resolution during detection.
One possible strategy is to identify two nearly degenerate product channels, for
which k; — ko and w; — wy approach zero. Realizing such conditions would demand
extremely precise control over experimental parameters (potentially requiring
stabilization of energy level differences between states 1 and 2 down to a hertz level)

but could open the door to probing entanglement between reaction products.
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Chapter 6

Resonant interaction between

Rydberg Rb with KRb molecules

6.1 Rydberg excitation of Rb atoms

Dipolar interactions between cold and controlled species have been widely explored
in various systems, as they can be utilized for entanglement, which serves as the
basis for many quantum computing, quantum simulation, and sensing applications.
Among these systems, significant progress has been made in the tweezer-trapped
ultracold Rydberg atoms and polar molecules communities [119, 120, 121, 122].
While Rydberg atoms have large dipole moments and stronger interactions, polar
molecules have a more complex internal structure, characterized by long-lived

internal states and intrinsic, tunable interactions. Therefore, it would be beneficial to
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combine technologies from both worlds by having an interacting Rydberg atom-polar

molecule system, where one can utilize the dipolar interactions for applications.

Recently, a theory of using a hybrid system of Rydberg atoms and polar
molecules had been proposed [123, 124], and an experimental demonstration of the
inter-species blockade in the Rb*-RbCs system had been observed [125]. However,
resonant inter-species dipolar interaction at ultracold temperatures has yet to be
achieved. In this work, we study the resonant interactions between ultracold Rb
Rydberg atoms and KRb molecules through two approaches: (1) direct observation
of the products, and (2) broadening of the Rydberg excitation transition resulting
from the resonant interactions. We then developed a dipolar interaction model to

explain our observations.

6.1.1 Choosing the quantum state

Since we aim to study the resonant dipolar interaction between Rb and KRb,
finding a pair of Rydberg states whose energy difference is close to the KRb rotation
transition (at 2.227 GHz) is critical. Previous resonant energy transfer experiments
in molecular beams [126, 127, 128] mainly used molecules with large transition
frequencies, for example, ammonia, whose inversion transition frequency is ~24
GHz [129]. The large transition frequency in those experiments allowed them to use
a much lower Rydberg state in the range of n = 40 to 50. However, this is not the

case for KRb molecules, as the rotation transition is only 2.227 GHz, meaning that
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we must work with a pair of Rydberg states with much larger principal quantum

numbers to match the transition frequencies.

Additionally, we employed a two-photon Rydberg excitation scheme to excite
Rb atoms to the Rydberg state. This is a standard choice in the community
as one-photon excitation requires significant power in the UV regime, which is
experimentally very challenging, and multi-photon (more than 2) excitation is
unnecessarily complicated and requires multiple lasers to be locked to each other.
The two-photon excitation scheme we picked is a 420 nm that couples the ground
state 551/, to an intermediate excited state 6.3/, which is then coupled to a Rydberg
nS or nD state with a 1011 nm photon. Note that there exists another two-photon
excitation scheme to the Rydberg state, which is 780 nm (5512 to 5P3/2) + 480 nm
(5P5/2 to nS or nD). We picked the 420 nm + 1011 nm scheme since generating high
power (since the transition dipole is small) at 480 nm is technically challenging and

expensive, as it typically requires frequency doubling of a Ti: Sapphire laser.

In a two-photon Rydberg excitation scheme, the atoms could only occupy
an S or a D state at the end. We selected a D state as the target state because
the nD to (n+1)P state energy separation is smaller, given a principal quantum
number n. Nevertheless, we found that the closest state pairs are (98D, 99P), whose
principal quantum numbers are large compared to typical Rydberg experiments in
tweezer-based systems. We utilize the differential DC Stark shift of the two states
to control the energy separation between them, which enables tuning the Rydberg

atom and KRb molecule system into resonance.
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Figure 6.1: Energy spacing between the highest energy state in the 98 D5/, manifold
and 99P;/, states [130]. The y-axis stands for the pair state detuning between KRb
N=0— N=1 and Rb 98 D5/, — 99P3/, transitions. The magnetic field is at 10
G. Starting with the highest energy eigenstate in the 98 D5/ manifold, it couples to
four lower states in the 99 P35 manifold. The energy differences are then computed
under electric fields ranging from 0 to 100 mV /cm, as shown by the four black curves.
For each 99 P/, state, the resonant condition is satisfied at a particular electric field,
represented by the intersection between the red dashed line and the corresponding
black curve. Due to constraints of the residual electric field and geometries of our

electrodes, we cannot reduce the electricifggld below E = 38 mV /cm.



6.1.2 Laser system

Our Rydberg laser system comprises two lasers, operating at 420 nm and 1011 nm,
along with their respective control and locking electronics. The 420 nm laser (Toptica
DL pro) is an ECDL with a maximum power of approximately 50 mW at the time
of our initial purchase. The 1011 nm laser (Home-built based on an Innolume gain
module) is also an ECDL with both fiber and free-space outputs. Originally, we
chose this particular 1011 nm gain module and design, hoping to achieve high power
without multi-moding and mode hops, which turned out to be highly challenging.
Therefore, we operate at a current of approximately 160 mA (corresponding to less
than 20 mW from the fiber output and 2 mW from the free-space output) to avoid
multimoding. Since the transition dipole moments between the 6P/, state and the
Rydberg states are very small, we need sufficient power at this frequency. Ideally,
one would use a Yb-doped fiber amplifier to gain laser power on the Watt level.
However, we had to use a semiconductor optical amplifier (SOA, Innolume), which

only provides a power of 100 ~ 200 mW due to budget constraints.

As shown in Fig. 6.2, we split the 420 nm laser beam into three paths: a
frequency monitor with a wavelength meter, a locking path that goes to a transfer
cavity, and a path to the experiment. On the other hand, the 1011 nm laser has two
outputs: a fiber output and a free-space output. The free space output accounts
for approximately 10% of the total power and is used for frequency locking. It’s
sent through a fiber-based EOM modulated with two frequency tones f, and f,, for

sideband locking. Typically, we select f,, = 10 MHz to generate sidebands for PDH
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locking, while f; can vary between 30 MHz and 1.5 GHz (ultimately limited by the
cavity). This allows us to lock one of the sidebands to a reference cavity, and the
carrier frequency can be dynamically tuned as we sweep f,. Formally, we denote
the carrier frequency of the laser as f., then the two sidebands would be at f. + f
and f. — f,. Assuming the reference cavity resonance is at fy, we could have either
fe+ fs = foor fo— fs = fo when we lock the positive or negative sidebands to the

cavity. In both cases, f. (the laser frequency) can be tuned by changing f;.

Both 420 nm and 1011 nm beams are sent to their locking paths (shown in
Fig.6.3), and are locked to the transfer cavity through a standard PDH locking
technique. We modulate the 420 nm beam with a free-space EOM (phase
modulation) at 10 MHz, which is then sent to the Fabry-Perot cavity. The reflection
of the cavity is picked up by a photodetector and is mixed with the modulation
signal to generate the error signal used for frequency locking and stabilization. The
1011 nm beam, on the other hand, has been modulated by a fiber-based EOM, so

we could directly couple it to the cavity.

Since we reference both Rydberg lasers to the cavity, it is critical to keep the
cavity as a stable reference. Specifically, the cavity length must be maintained
stable against changes in environmental conditions, such as temperature, humidity,
and air pressure. An example of such cavities is an ultra-stable cavity (Stable
Laser Systems) that we used to lock our STIRAP lasers, which utilizes ULE glass
as the spacer and is placed inside a high vacuum (10~ Torr) with temperature

stabilization down to the mK level. ULE glass typically has a thermal expansion
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coefficient of as low as 107% /K [131]. When operating near their near-zero coefficient
of thermal expansion (CTE) temperatures (since their CTEs are generally nonlinear
as a function of temperature), one can achieve maximal cavity length stabilization
by placing the entire system in an enclosure with a temperature servo, which
reduces temperature fluctuations to below 5 mK. In addition to controlling the
physical cavity length, the cavity is also pumped to a high vacuum to prevent
changes in ambient air pressure from affecting the cavity resonances. With all the
aforementioned techniques, a stable cavity can achieve frequency stability on the
order of the kHz level. While a stable cavity would be ideal for our applications
(and many other Rydberg experiments), the cost of such a system is significant. In
addition, Rydberg excitation is a bulk gas system that has intrinsically significant
decoherence rates [132], so that a simpler system could be used to achieve a similar

performance.

Therefore, we select a simpler transfer cavity system, where one can use a stable
laser as a reference, and stabilize the cavity length to the reference laser. Here, we
choose the 968 nm laser (STIRAP first leg) as the reference since it is locked to an
ultra-stable cavity. The transfer cavity follows a confocal cavity design as shown in
Fig. 6.4. We use Invar (64% Fe, 36% Ni) as the cavity spacer material due to its
low thermal expansion property (CTE: 1.2 x 107%/K). Note that the CTE of Invar
is two orders of magnitude larger than that of the ULE glass, but it is significantly
easier to source, machine, and handle. We attach one plano-concave mirror to

one end of the spacer and a ring piezo on the other end with vacuum-compatible
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epoxy (Masterbond EP21TCHT-1). The ring piezo (Thorlabs PA44M3KW) is then
sandwiched between the cavity spacer and the second plano-concave mirror. The
two plano-concave mirrors are half-inch in diameter and have a radius of curvature
of r = 50 mm. The two curved surfaces are coated with a 99.92% reflection coating
at 0° angle of incidence (AOI) for wavelengths of 410-440 nm and 950-1030 nm, and
the two flat surfaces are coated with an anti-reflective coating (0.1% reflection) for
the same wavelengths. We place the transfer cavity under a vacuum of 10~8 Torr.

Note that we did not have to bake the vacuum chamber to achieve this pressure.
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Figure 6.4: Confocal transfer cavity schematics. The transfer cavity consists of a
hollow metallic cylinder made of Invar. Two plano-concave mirrors are glued to the
cavity spacer, with an additional ring piezo sandwiched between one of the mirrors
and the spacer. Before assembly, we sonicated the Invar spacer in Simple Green and
then in acetone to remove the residual grease attached to the spacer during machining.
In practice, one can choose any length for the spacer as long as the cavity satisfies
the stability condition: 0 < (1 — Ril)(l - R%) < 1, where R, and Ry are the radius of

curvature of the concave side of the mirrors.

While an ultra-stable cavity relies on its passive stability, our transfer cavity
is stabilized in a closed-loop configuration with feedback on the ring piezo, which

expands/contracts under an external voltage. This is achieved by setting up a PDH
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locking scheme for the 968 nm reference laser. Instead of feedback on the 968 nm
laser itself, we send the feedback voltage to the ring piezo. After the transfer cavity
is stabilized to the reference laser, we apply standard PDH locking of the 420 nm
and 1011 nm lasers to the cavity. In this way, we effectively transfer the 968 nm

laser lock to the 420 nm and 1011 nm lasers.

The transfer cavity has its characteristic spatial modes, which are the Gaussian
modes [133]. In most cases, one would want to couple to the TEMgy mode. This
requires the incoming laser beam to have the same spatial mode as the TEMyy mode.
Therefore, the choice of beam diameter and focusing lens is essential. To calculate
the TEMyy mode beam waist (1/e? beam radius) at the center of the cavity, we
follow its expansion at the mirrors, where the radius of curvature of the wavefront

equals the curvature of the mirror. Therefore, we have:

R= —(1+7) (6.1)

where zp is the Reyleigh range:

with wy and A being the beam waist and wavelength. Given design parameters R
(radius of curvature of the plano-concave mirror) and L (cavity length), one can then

calculate wy.

Before we move on to the Rydberg spectroscopy section, I will include some
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discussions on earlier iterations of the Rydberg locking system.

In the original design of the Rydberg excitation system (late 2019 - early 2020),
we planned to use a vapor cell + EIT system to lock the two lasers. First, the 420
nm laser is locked to a Rb transition with saturated absorption spectroscopy via
a Rb vapor cell. Then we could use EIT to lock the 1011 nm laser to a Rydberg
transition with 420 nm as the probe light and 1011 nm as the control light. However,
we were unable to observe the EIT transmission peak after extensive experimental
efforts. This can be attributed to an intricate mechanism causing EIT peaks to
disappear inside vapor cells when the probe frequency is significantly larger than the

control frequency. A quantitative analysis of this effect could be found in [134].

The very first transfer cavity (late 2020 - early 2021) that we built contained a
cavity spacer held together with springs pressing against three piezo chips (Thorlabs
Fabry-Perot cavity spacers). Although we could generate an error signal with the
PDH technique, the locking performance was very poor. After investigation, we
found that the mechanical resonance frequency of the system was too low, resulting
in a phase-shifted feedback signal that caused instability in the lock. Therefore, in
the following version of the transfer cavity, we intentionally designed the system to
be free from springs and maintained a small effective mass load on the piezo ring
(approximately equal to the mass of the cavity mirror) to increase the mechanical

resonance frequency.

The second generation of transfer cavity (mid-2021 to early 2023) had a similar

structure to the latest version. However, we did not realize the importance of
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placing the cavity under vacuum. We naively thought that the feedback mechanism
could cancel out changes in the air pressure (the refractive index). While we could
successfully excite Rb atoms to the Rydberg states and perform spectroscopy, we
found that the sideband modulation frequency f; of the Rydberg resonance had

a slow, random drift on the order of 10 MHz, making it very challenging for us to
perform long scans. It turned out that this long-term drift is caused by air dispersion.
To demonstrate the physics behind such an effect, we assume the refractive index
of air to have a linear dependence on the pressure n = 1 + aP, when the effective

cavity length is Ly for one frequency, the actual length of the cavity is:

Ly
L=—"- 6.3
T aP (6.3)

where the subscript denotes the frequency used for reference. The optical path

length for a different frequency is:

].‘f‘OéQP

L= Ly
01+061P

(6.4)

When the pressure changes to P+ d P, the change in the effective optical path length

of the second frequency is:
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We showed that this effective path length has a linear dependence on the change

in air pressure 6 P, which is non-negligible when exposed in the atmosphere.

To overcome this issue, we designed the third-generation transfer cavity

(2023-present) to be vacuum-compatible and placed it under high vacuum. To this
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end, we have not observed slow drifts of the Rydberg excitation frequency beyond
the wavemeter resolution of 1 MHz.

6.1.3 Rydberg laser beam path into the experiment

To science chamber
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Figure 6.5: Rydberg beam path on the science table before being delivered to the

science chamber.

Typically, we obtain 1-2 mW of 420 nm laser power and 25-50 mW of 1011 nm

laser power directly from the fibers on the science table. We use a setup shown in
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Fig. 6.5 to focus the Rydberg beams and deliver them to the experiment. Our design
Rydberg beam size is 60 ym (1/e* beam radius) for both wavelengths. If the beam
size is too small, any mechanical motion (either vibration or thermal) would cause

significant shifts in the beam pointing, resulting in drastic changes in the Rabi rate.
If the beam size is too large, the Rabi rate would be lower. Our choice of beam size
strikes a balance between maintaining reasonable mechanical stability and achieving

a sufficiently high Rabi rate.

To achieve this small beam size, we magnify the 420 nm and 1011 nm beams
before a final focusing lens with a focal length of f = 500 mm. This is because we
have to combine the Rydberg beams before merging them with the K/Rb imaging
beams. Since the imaging beam path is about 500 mm long, it means that the final

focusing lens of the Rydberg light would have a focal length longer than 500 mm.

6.1.4 Field ionization and detection of Rydberg Rb atoms

Detection of Rydberg atoms is achieved through electric field ionization. In this
process, we increase the voltage on the plate electrodes, creating an electric field
around the Rydberg atoms. When the applied electric field is large enough, it allows
quantum tunneling of the loosely bound Rydberg electron and ionizes the Rydberg
atom, by changing the potential energy curve the valence electron experiences. The
core potential effectively creates a local minimum that traps the outer electron.

When the external field is sufficiently large, the outer electron could tunnel out at a
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fast rate and therefore cause ionization of the atom.

The field ionization threshold depends on the principal quantum number n.
A quick order-of-magnitude estimate of the threshold electric field could be found
in [135]:

B 5.7 % 108V /em

c 4
neff

(6.6)

where n.g= n - 07 and ¢y, is the L-dependent quantum defect. It should be noted
that the above estimation ignores the on-time of the electric field, which plays a
critical role in the field ionization process [136, 137]. Experimentally, we attempted
to measure the ionization threshold for the 35D state by measuring the number of
Rb ions as a function of the electric field. We observed a continuously growing trend
in Rb ion counts as the electric field was increased until a threshold of 58 V/cm, at
which point the ion signal began to saturate. This threshold appeared lower than
what one would expect from Eq. 6.6. We believe the reason is that we used a very
long E field pulse of 30 us, which allows tunneling of the Rydberg electron from
potentially more pathways. This is consistent with a long time-of-flight (TOF) tail

we observed for the Rb ion signal at low electric fields.
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6.1.5 Rydberg spectroscopy - An example

98D Rydberg spectroscopy

Rb ion counts

260 280
296387.66 GHz + x (MHz)

Figure 6.6: The 98D state spectroscopy as we scanned the 1011 nm laser frequency.

The electric field is 54 mV /cm, and the magnetic field is 0 G in the system.

Here, we provide an example for a Rydberg excitation spectroscopy scan of the 98D
state, which involves both 98D3/5 and 98Ds5/, as the fine structure splitting at n =
98 is as small as tens of MHz, comparable to the Stark shift. The spectrum shown
in Fig.6.6 was taken at an electric field of 54 mV /cm and a magnetic field of zero.
Therefore, some "Zeeman states’ ("Zeeman state’ is not very appropriate here as
Stark shift is the dominant perturbation) are degenerate, so we did not observe all
10 states in the 98D manifold. We note that the electric field of 54 mV /cm is not
directly obtained from the experiment, but rather from comparing the peak locations

with theoretical predictions.
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6.1.6 Electric field calibration

In the previous section, we showed an example of a Rydberg spectroscopy
measurement. The splitting between the Zeeman states depends on the external
electric and magnetic fields. We could utilize the splitting in spectroscopic
measurements to compare with theory and extract the electric field inside the system

at different applied voltages.
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Figure 6.7: Extracting electric field from Rydberg spectroscopy measurements.
Black dots represent theoretical predictions, and colored dots denote experimentally
measured peaks. The magnetic field is set to zero for all calculations and experiments.
The relative spacing of the peaks can be used to extract the electric field, up to ~2

mV /cm precision.

Additionally, a conversion is required between the applied voltage on the

extractor plate and the electric field within the system. The geometry of the electric
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fields is shown in Fig. 6.8. Our goal is to measure the projection of the residual
electric field F,. in the x,y,z directions. In this coordinate system, the x-axis is
the direction of the magnetic field (vertical in real space), and the z-axis is the
time-of-flight axis (along the time-of-flight tube). Due to the concentric geometry
of the plate electrodes, the applied compensation electric field Eyppliea is along the
z-axis. The total electric field i, with an applied voltage on the repeller plate Vi

1s:

EtOt - \/Ergninimal + (Eres,z + O‘Vrep)2 (67)

Einimal and Eje » are the perpendicular and parallel components of the residual
electric field relative to the z-axis. « is a conversion factor between the applied
voltage and the electric field E,ppiied. As we scanned Viep, we performed Rydberg
spectroscopy scans for the 98D states similar to Fig. 6.6, which were compared with
theoretical calculations to extract the electric fields as shown in Fig. 6.7. These
extracted electric fields were then plotted against the V., and fitted using Eq. 6.7,

where we determined Finimal = 38.6 mV/cm and Eie ., = 88.5 mV/cm.
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Figure 6.8: Geometry and calibration of electric field [130]. All data points were

taken at a magnetic field of 0 G. The black curve is fitted using Eq. 6.7.

In addition to determining the field magnitude, we also aim to measure the
angle ¢ between the x-axis and the direction of the minimal electric field, Einimal-
This angle was extracted by comparing the Rydberg excitation spectrum at a finite
magnetic field of B = 10 G with theoretical predictions. Although the theoretical
model does not perfectly reproduce all spectral peaks, we found that 6§ = 55°
provides the best match to the experimental data. Notably, a mysterious peak
appears in the spectrum that is not captured by the theory. We speculated that such
a feature may arise from a two-body excitation process leading to the formation of a
Rydberg long-range molecule [138, 139]. Despite this, we used # = 55° in the Monte

Carlo simulations of Rydberg broadening presented in the following sections, as we
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found that the linewidth is largely insensitive to small variations in 6.
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Figure 6.9: Calibration of the angle # between the minimal electric field and the
magnetic field. The blue curve is the measured Rydberg excitation spectrum. The
black dashed vertical lines are theoretical predictions at a magnetic field of B = 10 G,
E = 38.6 mV/cm and ¢ = 55°, and the gray bars represent the range of predictions
with £5 degrees uncertainty of ¢. We aligned the leftmost (the highest in energy)
theory line and experimental transitions at x = 0 for a direct comparison. We note
that a MHz-level mismatch in frequencies (x-coordinates) may exist between theory

and experiment, primarily due to the accuracy of theoretical calculations.
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6.2 Resonant interaction between Rydberg Rb

atoms and KRDb molecules

After selecting the appropriate Rydberg states, constructing the Rydberg excitation
lasers and the locking system, and determining the ion detection system, we could
study the interactions between the Rydberg atoms and molecules. In particular,
we investigated the outcomes of resonant interactions between Rydberg Rb atoms
and KRb molecules. We began our experiment by creating a mixture of electronic,
rovibronic ground-state KRb molecules and Rb atoms in the electronic and hyperfine
ground-state, at a temperature of ~ 400 nK. The atom-molecule mixture was
spatially confined in the XODT and the initial quantum state of KRb molecules was
|myp, = —4,mp,, = 1/2), where m; represents the projection of nuclear spins onto
the quantization axis defined by the magnetic field. The Rb atoms were prepared
in the lowest energy hyperfine state |[F' = 1, mpr = 1). Following the creation of the
atom-molecule mixture, we ramped down the magnetic field to 10 G in 10 ms. We
waited an additional 40 ms to allow the magnetic field to stabilize, after which we

were ready for Rydberg excitation.

Our excitation-detection sequence is as follows: We fired 5000 excitation-
detection pulses over the course of 1 second to drive the Rb atoms to the Rydberg
state and probe the resonant interaction between KRb and the Rydberg atoms. In
each pulse, we first turned off the ODT light to keep the atom-molecule cloud in the

dark, followed by a Rydberg excitation laser pulse for 3 us driving the Rb atoms
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from the ground state to the 98 Ds/, state. Since the 98 Dy, state has a large
principal quantum number, the blockade radius is about 20 um, which is comparable
to our atom-molecule cloud sizes. Therefore, we excited at most a few Rydberg

atoms per laser pulse.
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Figure 6.10: Schematics of the experimental sequence to probe resonant interactions

between Rydberg Rb atoms and KRb molecules [130]. (a) The pair state detuning
A, now defined as A = AE,(98D5/, —99P3/5) — AE,,(N =1 - N = 0), can be tuned
external electric and magnetic fields. (b) Two-photon excitation scheme of Rb atoms
to the 98 Dj5 5 state through the 6 P5; intermediate state. (c) REMPI detection scheme
of KRb molecules. We use a 4.454 GHz microwave pulse to drive N = 1 molecules to
the N = 2 state before applying the ionization laser pulse. The REMPI laser pulse
consists of two parts: a 667 nm pulse transferring the KRb molecules from X137,
v =0, N = 2 to the electronic excited state B'II,»/ = 0, N’ = 1, and then a 532 nm
pulse ionizing the excited molecules. Implementing this scheme helped us reduce the
off-resonant ionization of N = 0 KRb in the ensemble, compared to directly ionizing
N = 1 molecules. (d) Experimental sequence for an excitation-detection cycle. We
switched off the ODT light and applied the Rydberg excitation pulse for 3 us. After
waiting for 7 us for the Rydberg atoms to interact with KRb, the Rydberg atoms

were field ionized and extracted along Wi]t%5the KRb ions.



6.2.1 Excitation of KRb molecules
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Figure 6.11: Electric field dependence of resonant interactions between KRb
molecules and Rydberg Rb atoms [130]. The blue circles and orange circles represent
the signal and background. The signal data were taken with the Rydberg excita-
tion light resonant to the two-photon transition 55, — 98Ds/,,. The background
data were measured with the excitation light 70 MHz detuned (by increasing the IR
frequency), such that no Rydberg excitation can be observed (zero Rb ion signal).
We observed a prominent feature at £ = 46 mV /cm at the Rydberg atom-molecule

resonarmnce.

The first step of our experiment is to directly prove and demonstrate the resonant

energy transfer process by directly probing excited KRb molecules in the rotational
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excited state N = 1 using REMPI [77]. Intuitively, our REMPIT light should target
the N = 1 molecules. However, we found that the off-resonant ionization of N = 0
molecules became significant, resulting in a large background noise floor. Therefore,
we first drive these N = 1 molecules to N = 2 with a 4.454 GHz microwave pulse
and then ionize them with a REMPI scheme that targets N = 2. This method
enabled us to increase the REMPI down-leg detuning by a factor of three, thereby

minimizing the off-resonant ionization of N = 0 KRb.

As shown in Fig. 6.11, we observed a narrow and prominent KRb ion signal
at E = 46 mV/cm. This peak, which is close to the calculated resonance based
on [140], corresponds to the transition to the highest energy state in the 99P;),
manifold. We did not observe any additional resonances at higher electric fields,
consistent with theoretical predictions. We note that we observe a small discrepancy
between the measured resonance E field and the prediction (near £ = 44 mV /cm).
Such a small discrepancy may originate from two sources: 1. uncertainties of our
electric field calibration, and 2. uncertainties of the 99P;/, — 98D5,5 transition
frequency that we obtained from the ARC package [140], which we suspect to have

an accuracy of a few MHz for the state pair we chose.

6.2.2 Broadening of the Rydberg excitation transition

While we can directly probe the excited KRb molecules resulting from the resonant

interactions, we can also study the other involved species: Rydberg atoms. In
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Figure 6.12: Broadening of Rydberg excitation linewidth [130]. (a) A dressed-state
picture of an interacting Rydberg Rb atom and a KRb molecule. The eigenstates |+)
and |—) are linear combinations of the bare states and are functions of the pair state
detuning A and the interaction strength V4. d represents the Rydberg drive detuning
here. (b) The experimental (blue) and theoretically calculated Rydberg excitation
spectra (orange) for all pair state detuning A in units of MHz. The theoretical spectra
are simulated using a Monte Carlo method based on a dipolar interaction model. (c)
The FWHM of the Rydberg excitation transition as a function of pair state detun-
ing. The experimental uncertainties represent shot noise in the ion signal, and the
theoretical uncertainties include both Monte Carlo sampling error and uncertainties

in the input parameters (mainly dimensions of the Rb-KRb cloud).
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fact, the detection of Rydberg atoms yields a significantly improved signal-to-noise
ratio in the data, enabling a more quantitative analysis of the interaction strength
and characteristics. Here, we measure the Rydberg excitation spectrum to extract
information for the resonant interaction. To study the resonant aspect of this
interaction, we measure the Rydberg excitation spectrum at varying electric fields,
which allows us to control the pair state detuning A. We observe a broadening of
the Rydberg excitation transition near the atom-molecule resonance (zero pair state
detuning) as shown in Fig.6.12(b). We can quantify the broadening by applying

a Savitzky-Golay smoothing filter and then extracting the corresponding FWHM,
which are shown in Fig.6.12(c) [141]. In general, we observe an additional broadening

of about 2 MHz at a peak KRb density 4.29 + 0.36 x 10" /cm?.

Intuitively, near the atom-molecule resonance (A < Vyy), the interspecies
interaction couples the pair states {|98D, N = 0),[99P, N = 1)} and forms two
dressed states |+) and |—) as illustrated in Fig. 6.12(a), both of which can be excited
to from the atomic ground state. The existence of the two excited states leads to a
double-peak excitation spectrum with the spacing set by V,;. However, due to the
random spatial distribution of the atoms and molecules in the ensemble, V,, varies,
leading to an inhomogeneous broadening of the Rydberg excitation as we observe

(Fig. 6.12(b)).

To better understand and quantify our findings, we model the Rydberg
atom-molecule interactions as a dipolar interaction and perform a Monte Carlo

simulation based on the dipolar Hamiltonian (special thanks to Jeshurun Luke, who
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implemented this simulation):

1 datom . dmol - 3(datom . f') (dmol . f‘)

47eg r3

(6.8)

where d.iom, dmo are the dipole operators of the Rydberg atom and molecule,
respectively, and r is the displacement vector from the atom to the molecule (¥
is the unit vector of r). Because our experiment is based on a bulk ensemble,
we perform a Monte-Carlo simulation to account for the randommness of the
atom-molecule distances and orientations. Specifically, we generated two clouds
of Rb atoms and KRb molecules following 3-dimensional Gaussian distributions
with sizes Rb : (0, = 7.3 £0.25,0, = 53.2,+4.3,0, = 7.3 £ 0.25) um and
KRb: (0, =6.0£0.34,0, = 36.3+1.7,0, = 6.0£0.34) pum. We choose a random Rb
atom to excite to the Rydberg state and then locate the 10 nearest KRb molecules
in the cloud. We consider the pairwise interaction between the Rydberg atom
and every molecule. As we include more molecules (farther ones) in the model,
their corresponding interaction strength Vy, decreases dramatically due to its 1/r3
dependence. Therefore, including the three nearest molecules can reproduce about
90% of the observed broadening, and incorporating additional neighbors leads to a
saturation of the simulated broadening, as shown in Fig. 6.13. This demonstrates
a collective effect, meaning that more than one KRb molecule interacts with the
Rydberg atom, causing the broadening to increase beyond the single-neighbor
picture. Physically, this indicates that the single quanta of dipolar excitation is

distributed among the Rydberg atom and all nearby molecules.
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Figure 6.13: Simulated Rydberg excitation linewidth as a function of the number
of nearest KRb molecules in the simulation [130]. Blue and orange: 1-¢ confidence

interval of the measured broadening and the simulated Rydberg spectrum’s FWHM.

Because the dipolar interaction strength V;; depends on the atom-molecule
distance, a reduction in the Rydberg spectral linewidth is expected at lower KRb
densities. Additionally, as the separation between Rb atoms and neighboring KRb
molecules increases, the aforementioned collective enhancement effect diminishes,
further contributing to the decrease in the Rydberg linewidth. To verify this
dependence, we controllably reduce the KRb density with a microwave shelving

scheme, as shown in Fig. 6.15. We start by exciting a desired portion of the KRb

191



molecules to N = 1 with a microwave pulse (2.227 GHz) that rotates the state in
the Bloch sphere with a 6 angle (f-rotation pulse). After this, we dissociate the
remaining N = 0 molecules into atoms with a reversed STIRAP pulse and magnetic
field ramp and remove all K atoms and part of the Rb atoms using the imaging light.
Finally, we use a microwave m-pulse to transfer the remaining N = 1 population
back to N = 0. As shown in Fig. 6.14, the excitation linewidths increase from 1.1

MHz to 3.2 MHz as we increased the KRb density from 0 to 3.38 x 10! /em?.
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Figure 6.14: Rydberg excitation linewidth as a function of peak KRb molecule

density [130]. We varied the KRb density between 0 and 3.38 x 10! /cm?.

We note that we inevitably lose some KRb molecules during this process, which
primarily occurs during the reversed STIRAP step, where a short 690 nm pulse is
applied near-resonant to the N = 1 molecules. This may lead to some off-resonant

excitations of the hide-out N = 1 molecules. We consider these as pure losses and
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ignore them entirely since the decayed molecules would most likely end up in some

rovibronic excited states, which cannot be imaged. They do not participate in any

resonant dipolar interactions.
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Figure 6.15: Microwave sequence controlling the KRb number density [130]. (a)

The microwave shelving sequence is used to partially remove KRb molecules. (b)

Measured remaining KRb molecule number versus the rotation angle . We fit the

result to a sinusoidal function due to the nature of Rabi oscillations.

During the process, the Rb density is also affected by the second removal pulse

and is generally lower than in previous experiments. However, this should not be an

issue: Because the resonant interaction that we care is between atoms and molecules,
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the Rydberg excitation linewidth should not depend on the Rb atom density in a
low atom density regime (~ 10'%/cm?) [142]. Here, we provide an experimental test
by measuring the Rydberg excitation linewidths at various Rb atom densities. We
remove a controllable portion of the Rb atoms in the ensemble with a microwave
ARP pulse, transferring some Rb atoms to the |F = 2, mp = 2) state, which are
subsequently expelled by a resonant laser pulse. We maintain a constant KRb
density and keep the atom-molecule system on resonance as we vary the Rb density.
In the end, we find that the Rydberg excitation linewidth has no dependence on the

Rb density, as shown in Fig. 6.16.
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Figure 6.16: Rydberg excitation linewidth as a function of Rb atom density [130].
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6.3 Conclusion and Outlook

In summary, we observed the resonant energy transfer process between Rb Rydberg
atoms and KRb molecules at ultracold temperatures. We perform direct ionization
detection of the rotational excited N = 1 KRb molecules and measure the broadening
of the Rydberg excitation transition of Rb atoms, both of which are strong proof
of the resonant interaction. To explain our observations quantitatively, we develop
a dipole-dipole interaction model with a Monte Carlo simulation, which shows good
agreement with the experimental data. Additionally, it is crucial to incorporate
multiple nearby KRb molecules into the simulation model to accurately reproduce the
observed broadening data, indicating that collective effects are significant. Our work
paves the way for utilizing these interactions for various quantum applications in a
hybrid system, such as computing and simulation. Specifically for our experiment, a
natural next step would be exploring the central spin model at higher KRb densities,
where the collective effect is stronger. For the broader community, demonstrating
coherent dynamics of this interaction in a more spatially confined setting, such as
inside optical-tweezer-based systems, would allow the demonstration of interspecies

gates.

While the dipolar interaction model explains our results very well, the highest
KRb density we used in our experiment is close to the threshold where a significant
portion of Rydberg Rb atoms have a KRb neighbor within their Rydberg electron

cloud, as shown in Fig. 6.17. We determined the Rydberg atom radius to be 1 ym
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(dashed line in the figure) as the wavefunction falls off dramatically beyond it. This
radius corresponds to a characteristic KRb density threshold of 1 x 10'?/cm?®. At the
maximum KRb density that we have in the experiment (4.29 +0.36 x 10'!/cm?),

there is a 39% probability of finding a single KRb molecule within the Rydberg orbit

and a 14% probability of finding two.
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Figure 6.17: Wavefunction of the 9805/, Rydberg electron and the distance distri-

bution of the nearest and the next nearest KRb molecules from a Rydberg atom [130].

When a KRb molecule is located inside the Rydberg electron orbit, the dipolar
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interaction model becomes inaccurate as the point dipole approximation starts to
deviate significantly. This is shown in Fig. 6.18, where the two potential energy

curves diverge for interparticle distances within 1 pm.
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Figure 6.18: Comparison between the charge-dipole and dipole-dipole interactions
between Rydberg Rb and KRb. In both cases, the relative orientation is fixed: the
intermolecular axis and the internuclear axes of both species are aligned along the

z-direction.

Approximately 40% of KRb molecules lie within the Rydberg orbit, and the
notable deviation between the charge-dipole and dipole-dipole interaction energy
curves at short range (Fig. 6.18) suggests that a charge-dipole interaction model may
be necessary. However, this discrepancy is mitigated by geometric considerations:

the volume of a spherical shell scales as 207, which vanishes as the distance r
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approaches zero. Consequently, although the interaction energy difference becomes
increasingly pronounced at short distances, the likelihood of finding a KRb molecule
in that regime is correspondingly suppressed, thereby reducing the observable impact
of the deviation. This effect is further enhanced by the interaction blockade effect
that happens at short range, which significantly limits Rydberg excitation. However,
since the dipolar Hamiltonian has a steeper slope compared to the charge-dipole

interaction, one would naively expect a difference between the two models.

When we use both models in our simulation, we illustrate them in Fig. 6.19,
where the FWHM of the predicted broadening deviates significantly at high KRb
densities. At our highest accessible KRb density, the results favor the dipole-dipole
interaction model. This seemingly puzzling finding can be attributed to two
additional effects that are neglected in the simulation: motion-induced decoherence

and short-range chemical reactions.

1. Motion-induced decoherence. At small atom-molecule distances, the
frozen-gas approximation fails, which is a fundamental assumption of our
simulation model. During the 3 us excitation pulse, the atom-molecule
wavepacket (de Broglie wavelength ~ 300 nm) evolves significantly under the

interaction potential, causing decoherence that reduces the Rydberg excitation.

2. Chemical reactions. Close-range Rydberg atom-molecule pairs can undergo
fast reactions that limit their lifetime. This type of loss mechanism has been

observed in Rb Rydberg-Rb systems, displaying lifetimes of ~ 10 us [143].
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Similar processes in our system would also occur, leading to a reduction of

Rydberg signals at short range.

With these two additional effects, Rydberg excitation at short atom-molecule
distances is strongly suppressed. Therefore, the Rydberg spectroscopy signal
predominantly comes from the long-range interacting pairs, which matches the

prediction from the dipole-dipole model.
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Figure 6.19: Comparison between the charge-dipole and dipole-dipole interaction
Hamiltonian. The purple and orange shaded regions represent the 1-o confidence
interval of the simulated Rydberg spectrum’s FWHM under the charge-dipole and
dipole-dipole Hamiltonian, respectively. We overlay the experimental data presented
in Fig. 6.14 as blue circles. We assume the atom-molecule resonance condition is met

and include the 10 nearest KRb molecules in both models.

Additionally, we note that state-selective Rydberg ionization, which is commonly
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used in molecular beam experiments [126, 127, 128], is not yet feasible in our setup,
as it would require precise control over high-voltage electric field ramps on the plate
electrodes. The large principal quantum numbers of the Rydberg atoms further
reduce the energy separation between adjacent states, making state discrimination
more challenging. Nevertheless, developing the capability to distinguish between the
98D and 99P states would provide valuable insights into the dynamics of the dipolar

interactions.

Lastly, we note that although we perform 5000 excitation-detection cycles over
the course of one second, the majority of the Rb ion signal originates within the first
few tens of cycles, during which the KRb density remains relatively constant. In this
regime, we observe a decrease in KRb density of less than 10% before the depletion

of Rb.
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Chapter 7

Hyperfine-to-rotation energy
transfer in KRb + Rb inelastic

collisions

7.1 Introduction

In this section, we shift focus to the inelastic collision process Rb(|F,, Mp,) =
12,2)) + KRb(N = 0) — Rb(|1,1)) + KRb(N =0, 1,2). In this Rb + KRb inelastic
collision, the exothermicity associated with the Rb hyperfine transition is 6.9 GHz.
This released energy is sufficient to excite the KRb molecule to its first or second
rotational excited state (N = 1,2). Although this process is energetically allowed,

we had not previously considered it, as we believed the dominant loss mechanism
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for the inelastic collision is the photoexcitation of KRby complexes (see Chapter
4). Interestingly, we stumbled upon evidence of this inelastic collision process by
accident while performing initial scans for the Rydberg experiment. Upon closer
examination, we found that the branching ratios into the KRb rotational states

N =0, 1, and 2 reveal deeper insights when compared to theoretical predictions.

7.2 Mysterious appearance of N =1 molecules

In our early attempts to excite Rb atoms to Rydberg states, we began with Rb
atoms in the |2,2) state by default. This choice was primarily motivated by the fact
that driving the o transition |5S1,s, F' = 2,mp = 2) — |6P;)5, F' = 3, m} = 3)
prepares the atom in a stretched state, which offers a simpler state decomposition in
the intermediate magnetic field regime, where the Zeeman and hyperfine interactions

are comparable.

As we attempted to probe excited KRb molecules in the N = 1 state due
to resonant dipolar interactions (Chapter 6), we encountered large background
readings. In particular, we observed a persistent background signal of KRb molecules
in N = 1, even in the absence of Rydberg excitation. This motivated us to perform

a systematic investigation into the origin of the N = 1 population.

We prepared a mixture of KRb molecules in the rotational ground state and Rb
atoms either in the |1,1) or |2,2) hyperfine state, with the only difference being a

microwave transfer pulse used to drive the Rb atoms from |1,1) to |2,2). We then
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tuned the REMPT lasers to selectively ionize KRb molecules in NV = 1 and recorded
the statistics of the KRb ion signal over approximately 30 experimental cycles for
each case, as shown in Fig. 7.1. A clear distinction can be seen between the two
cases: a significant excess KRb ion signal. To verify that these signals originated
from N = 1 KRb molecules, we detuned the REMPI laser frequency away from
resonance. In this case, the two signal distributions converged, confirming that the
observed difference was indeed due to selective detection of N = 1 molecules. We
therefore conclude that N = 1 KRb molecules can be produced in the Rb + KRb

mixture, but only when Rb atoms are in the |2, 2) hyperfine state.
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Figure 7.1: Statistics of KRb ion signals in an Rb + KRb mixture, with REMPI
tuned to selectively detect the N = 1 state. The Rb atoms are prepared either in the
|1, 1) state (purple) or the |2,2) state (orange). Data is collected over approximately
30 experimental cycles for each case to generate a statistical distribution, which is

expected to follow Poissonian statistics.

Since energy is transferred to the KRb molecules without the involvement of
external sources such as photons, the only plausible source of energy is the Rb
atoms themselves. This leads us to hypothesize that Rb atoms undergo a hyperfine
relaxation process during collisions with the molecules, transitioning from the |2, 2)
to the |1,1) state, which releases approximately 6.9 GHz of energy at a magnetic
field of 30 G. This energy can be transferred to the internal degrees of freedom of the
KRb molecules, such as rotation. Given KRb’s rotational constant B = 1.114 GHz,

the released energy is sufficient to excite the molecule up to the N = 2 rotational
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state.

7.3 Measurement and calibration of branching

ratio

Now that we know rotational excited KRb can be produced from collisions between
Rb in the |2,2) state and KRb in the N = 0 state, a natural question arises:
what is the physical mechanism behind this process? To address this, we need

to quantitatively examine the outcomes of these inelastic collisions. Specifically,
measure the branching ratios of both KRb and Rb after the interaction has occurred.
For KRb, this involves determining the population distribution among the three
energetically allowed rotational states: N = 0, 1, and 2. For Rb, we measure the
hyperfine state |F’, m’.) of the outgoing atoms. In an ideal scenario, access to the
rotational projection and nuclear spin states of the KRb products would offer deeper
insight into the short-range interactions. However, it requires a detailed resolution

of the spectroscopic lasers and microwaves that is beyond our current capability.

To probe the outcomes, we perform state-selective ionization of both KRb
and Rb. For KRb, this first requires identifying a strong transition suitable for
ionization, followed by a careful scheme that avoids significant disturbance to the
remaining molecular cloud. In contrast, the Rb analysis is more straightforward, as

we can leverage the spectroscopic knowledge gained from the Rydberg experiments
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discussed in Chapter 6.

7.3.1 Choice of KRb transition and the dark line

Although we know the STIRAP transition at 689.3 nm very well from the
molecule-making process, we found that this transition is too weak for REMPI, as
it couples to an excited state with mixed singlet and triplet character. Instead, we
aim to identify a purely singlet excited state with a large transition dipole moment
from the ground state. Based on calculated energy levels for “K® Rb [144], and
considering the wavelength range accessible with our existing lasers, we identified a
promising candidate: the B'II, v/ = 119 state, with a predicted transition frequency

of 449928 GHz from the rovibronic ground state.

As this transition had not been previously observed experimentally, we
performed a spectroscopic scan to locate the resonance. Using a laser power of 10
mW, a pulse duration of 1 ms, and a 1/e* beam radius of 1 mm, we scanned the
frequency range from 449820 GHz to 449941 GHz. Within this range, we observed
several weak features and one prominent resonance near 449850 GHz, as shown in

Fig. 7.2.
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Figure 7.2: KRb REMPI spectroscopy scans. The upper panel shows several narrow
dips, corresponding to weak and isolated transitions. In contrast, the lower panel

exhibits a broad and well-defined dip, representing the strong transition of interest.

Once we identified the approximate transition frequency, we refined the search
using lower laser power and shorter pulse durations. We determined the transition
frequency to be 449846.4 GHz (666 nm), corresponding to a REMPI transition for
detecting molecules in the N = 0 rotational state. For spectroscopy of N = 1 and
N = 2 states, we first transfer the ground state molecules to the desired rotational

level using microwaves, followed by a similar depletion spectroscopy procedure.
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While we successfully identified suitable transitions for KRb ionization, we
also needed a method to protect the remaining molecular cloud from unwanted
scattering, given the large transition dipole moment. Inspired by the hollow bottle
beam geometry used in [145, 100], we initially attempted to use a dark mask to
block the ionization beam. However, this method proved insufficient for effective
protection. We then implemented a simple solution: casting the shadow of a copper
wire (American Wire Gauge 36, diameter 127 um) across the molecular cloud. This
produces a shadow approximately 250 pym in diameter, which shields the molecules

sufficiently from the ionization beam.

The ionization scheme is implemented as follows: we modulate the ODT at 5
kHz with a 50% duty cycle. During the dark period, a resonant laser pulse is first
applied to remove flying KRb product molecules from previous cycles. We then wait
45 ps to allow newly formed KRb products to reach the ionization region. After this
delay, the REMPI pulse is fired. The resulting ions are accelerated by an electric
field and detected by the MCP detector. Rb ionization is carried out using a similar
scheme, with two key differences: the 666 nm laser used for KRb is replaced with
a 420 nm laser for Rb, and the optimal REMPI timing is slightly adjusted. The
complete ionization sequence and corresponding spectroscopic data are shown in

Fig. 7.3.

We find that the Rb spectroscopy data are consistent with the assumption that
all Rb atoms start in the |1, 1) state. Based on the absence of a significant signal at

other expected transition frequencies, we estimate that less than 5% of Rb atoms

208



occupy the [1,0) or |1, —1) states. For KRb, we observe ion signals corresponding to

the N =0, 1, and 2 rotational states, in agreement with theoretical predictions.
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Figure 7.3: REMPI detection of collision products [77]. (a) Rb REMPI detection

scheme (b) Rb REMPI spectroscopy collision products. Data points (blue circles)

are compared with simulated transition line positions (vertical lines), corresponding

to different 5S;/, hyperfine states. Line heights are modeled using the polarization

components of the 420 nm laser, assuming an equal population among Zeeman levels,

and scaled to match the |1,1) data. (¢) KRb REMPI detection scheme. (d) KRb

REMPI spectra of collision products. Scanning the 666 nm laser over the 11 GHz

range revealed features corresponding to P (AN =

—1), Q (AN =0), and R (AN =

+1) transitions for N = 0, 1, and 2. Solid lines are Lorentzian fits. We note that no

ion signal was observed for N = 3.
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7.3.2 Normalization and calibration

In addition to observing the presence of KRb molecules in N = 0, 1, and 2, it is
also important to measure the branching ratios into these three channels. However,
this task is nontrivial due to several factors. First, KRb molecules in different
rotational states have different velocities due to energy conservation. This leads to
two key effects: 1. They experience different Doppler shifts, and 2. They leave the
ionization region at different speeds, resulting in experiencing different numbers of
ionization pulses. The second effect was not initially recognized but was later found
to be critical, as resonant light may fail to fully remove KRb products from previous

cycles.

Furthermore, because the excited state is a II state, it lacks a total J = 0 level.
As a result, the N = 0 molecules can only access an R-branch transition. In contrast,
it is more advantageous to use Q-branch transitions for ionizing N = 1 and N = 2
molecules. Consequently, the different transitions result in varying Rabi rates, which

must be carefully accounted for to calibrate the branching ratios accurately.

Therefore, we performed a REMPI delay scan to measure the population in each
rotational state, while simultaneously extracting the Rabi rates and excited state
lifetimes for comparison. We selected the Q2, Q1, and RO transitions and varied the
delay between the onset of the 666 nm pulse and the 532 nm pulse, while recording

the KRb ion signal, as shown in Fig. 7.4.

In principle, the ion signal as a function of delay time reflects the excited state
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population of KRb under continuous driving by the 666 nm laser, which would
ideally exhibit Rabi oscillations. However, because the Rabi frequency is comparable
to the excited state decay rate, and due to ensemble averaging effects, we do not

observe clear oscillations in the measured time dependence.
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Figure 7.4: Extracting KRb branching ratios with a pulse delay scan [77]. The

relative time delay between the 666 nm and 532 nm REMPI pulses is scanned, with the

666 nm laser resonant with the Q2 (top), Q1 (middle), and RO (bottom) transitions,

respectively. The 666 nm pulse duration is fixed at 200 ns. The inset shows a laser

pulse schedule, displaying the powers of the REMPI beams as a function of time.

Blue circles are data points. Solid lines are fits to a Monte Carlo simulation (discussed

later). From the lineshapes, we extract the Rabi rates of the three transitions and

determine the populations of molecules in the three rotational states after the collision.

To accurately model the time dependence of the REMPI signal for calibration
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of the branching ratios, we performed a Monte Carlo simulation that accounted
for KRb products flying out at all times and in all directions. The simulation
incorporated several important factors: 1. the Rabi rate of the 666 nm transition
was comparable to the excited state decay rate, so a single ionization event could
not fully deplete the ground state population, 2. the small kinetic energy release
from the collision allowed products to experience multiple ionization pulses within
the detection volume, and 3. the Gaussian intensity profile of the ionization beams
introduced spatial dependence in the 666 nm Rabi rates. In the simulation, both the
666 nm and 532 nm beams have Gaussian profiles with a 1/e? radius of 1 mm, and
a dark region with a 250 um shadow at the beam center to match the experimental
geometry of the dark line. KRb product molecules were initialized at the trap center
with velocities vg = 4.18 m/s, v; = 3.54 m/s, and vy = 0.74 m/s for N =0, 1, and 2,
respectively. The molecules were launched in a random direction at a time randomly

drawn to model asynchronous production.

The quantum dynamics for each molecule were computed by solving the optical

Bloch equations with decay in the excited state:

d 1

gtPes = _§<Qgep€9 —c.c),

d r+r ! Q

%pee - _( + ion)pee + 5( gepeg - C-C->7

d 1 , 7

%peg = _§<F + Fion)peg + ZApeg + §Qeg(pee - pgg)> (71)

where €, is the Rabi rate of the 666 nm transition, A is the detuning, I' is the
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excited state decay rate, and I'j,, is the ionization rate by the 532 nm laser. The ion
counts were calculated as the integral [ dt pee(t)Tion(t), where Tion(t) followed the

temporal profile of the 532 nm pulses measured with a photodetector.

The excited state decay rate I' = 27 x 15.6(3.2) MHz was independently
measured with absorption imaging and fixed in the simulation. The peak ionization
rate at the beam center was determined to be I'jo, = 27 x 5 MHz [43] by scaling the
532 nm intensity. Doppler shifts from the moving molecules and position-dependent

REMPI beam intensities were fully included in the simulation.

During fitting, we allowed the initial molecule number, the 666 nm Rabi rate,
and the 666 nm detuning to vary freely, while fixing the decay rate, the REMPI

beam geometries, and the temporal pulse profiles.

For the RO transition, we also accounted for a time-dependent light shift
induced by the 532 nm pulse (the cause of the flat ion counts versus delay time).
We modeled the excited-state hyperfine structure by extending the two-level model
to three independent excited states with identical Rabi and decay rates. Light shifts
were not observed for the Q1 and Q2 transitions. Neglecting hyperfine effects for Q1
and Q2 would result in an overestimation of at most 5% in the extracted excited

state populations.

The fitted Rabi rates for the Q2, Q1, and RO transitions were 27 x 10.2(2) MHz,
27 x 10.0(5) MHz, and 27 x 13.7(1.0) MHz, respectively, with error bars representing

a 68% confidence interval. The extracted RO Rabi rate agrees well with an
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independently measured value from absorption spectroscopy, 27 x 14(4) MHz.
Furthermore, the ratios among the three Rabi rates are consistent with the
Honl-London factors [146] for X! to BT transitions. Additionally, no polarization
dependence of the KRb ion counts was observed across all transitions, further
supporting that the projection of N along the quantization axis was scrambled in

the collision.

At the same time, we extracted the number of molecules in each rotational state
and determined the branching ratios for N = 2, 1, and 0 to be 0.53(9) : 0.33(8) :
0.13(3). The error bars were calculated by propagating the 68% confidence intervals
from the fitted molecule numbers and also assuming a 10% fluctuation in the initial

atom and molecule numbers.

We also studied collisions between Rb in the |2,2) state and KRb molecules
prepared in N = 1, and found that the product KRb rotational state populations
followed a branching ratio of 0.59(13) : 0.32(9) : 0.09(2) for N = 2, 1, and 0,
respectively. This result suggests that the scattering process is relatively insensitive

to the initial conditions and the details of the interaction potential energy surface.

One might wonder if a pure atom exchange, where the incoming Rb atom swaps
with the Rb in the KRb molecule, could explain the observations. In collisions
between KRb in the |0,0, —4,1/2) state and Rb in the |2, 2) state, the nuclear spins
of the two Rb atoms are indeed different, allowing the outgoing Rb atom to occupy

the |1,1) hyperfine state after exchange.
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To test whether this atom exchange alone could account for our results, we
studied collisions involving KRb in the |0,0, —4, 3/2) state and Rb in the |2, 2) state,
where both Rb atoms have the same nuclear spin projection M; gy, = 3/2. In this
case, we still observed KRb molecules excited to the N = 2 state after the collision,
indicating that coupling between atomic spin and mechanical rotation must be
present in the KRby system, as a pure chemical exchange process would only lead to

elastic scattering.

7.4 Statistical theory

To explain our observations, we first turn to a statistical theory, motivated by
the fact that the measured KRb branching ratios resemble a 5 : 3 : 1 pattern.
A complete explanation must address both the Rb spin outcome and the KRb

rotational distributions.

The observed Rb spin flip from |2,2) to |1,1) can be understood using
a statistical theory of collision complexes, combined with a time-dependent
perturbation treatment of the spin degrees of freedom [105]. In this framework, the
collision complex is modeled as an Rb atom repeatedly bouncing off a KRb molecule,
with the average time between collisions estimated from classical trajectories under
a Cg potential. Given a typical GHz-scale spin-dependent interaction strength [147]
and a measured complex lifetime of 0.54(10) ns (Chapter 4), the probability of a

single Rb spin flip is close to unity, while the likelihood of a second flip into the |1,0)
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state is negligible. This matches the experimental observations.

Turning to the KRb rotational outcomes, the relative populations of N = 0,
1, and 2, being proportional to their degeneracies of 2N + 1, suggest a statistical
picture before invoking full quantum scattering calculations. Assuming the collision
is ergodic and that all available complex and exit states are populated uniformly, we

can predict the expected KRb branching ratios.

A more systematic and rigorous treatment is shown as follows: In total, there
are six angular momenta involved in the system: molecular rotation N, collision
partial wave L, Rb atomic nuclear spin I, Rb electronic spin S, and the K and Rb
molecular nuclear spins, I, and iQ, respectively. Since our detection resolves only the
atomic spin and molecular rotation, the molecular nuclear spins and partial wave
contributions are reflected statistically in the degeneracies of the N = 0, 1, and 2

rotational channels.

Under weak external electric and magnetic fields (we observe similar branching
ratios at both 2 G and 30 G), the total angular momentum J is conserved. Here, J
is the vector sum of the mechanical angular momentum J, =N+ L and the spin

angular momentum F=S+ ia + il + ig.

Assuming all degrees of freedom are fully scrambled during the collision, the
statistical model predicts a branching ratio of 0.544 : 0.340 : 0.116 for N =2:1:0,

which agrees well with the experimentally measured values.

However, if spin-dependent interactions in the Hamiltonian were too weak, the
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mechanical angular momentum J, would be conserved. In that case, the model
assuming conservation of J. = 0 would predict equal populations (1 : 1 : 1) across
the N =0, 1, and 2 states, which clearly disagrees with the experiment. Therefore,
the observed branching ratios support a statistical hypothesis, provided that .J, can

change freely in the collision.

7.5 PES and coupled-channel calculations

This section is based on collaboration with the team led by Michat Tomza and

Timur Tschurbul.

To validate the statistical theory, it is crucial to investigate whether the
underlying assumption that J,. is not conserved actually holds. This requires a

quantitative analysis of various spin-dependent interactions in the short range:

A

Va= Y [ASC(R.0)S T+ 8- AR(R7,0) 1| +8 - e(R,7.0)- (N +1L)
m=1,2,a
(7.2)

where R is the atom-molecule separation, r is the internuclear distance within

KRb, and 0 is the orientation angle between them.

The intermolecular hyperfine interactions between the electronic spin S and the

nuclear spins I,,, consist of scalar Fermi contact terms AFC(R,7,6) and anisotropic
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hyperfine tensor couplings A (R,r,0). The spin-rotation interaction between
the total mechanical rotation (N + fJ) and the electronic spin is described by the
tensor €(R,r,6). All terms in Eq. 7.2 depend on € and couple spins to mechanical
rotation, providing a possible mechanism for the J. non-conservation and the

hyperfine-to-rotation energy transfer.

Among these terms, the Fermi contact interaction is typically the dominant
spin-dependent coupling at short range, with characteristic strengths on the order of
GHz [147]. However, the Fermi contact interaction conserves .J,., which cannot be

responsible for J,. breaking alone.

In contrast, the intermolecular spin-rotation interaction, tensor hyperfine
interaction, and the intramolecular nuclear electric quadrupole interaction within
KRb can couple states with different J,.. The short-range strength of the spin-rotation
coupling is typically around 10 MHz, but can be enhanced to the GHz level near
a conical intersection (CI), known to exist in our system (Fig. 7.5). The tensor
hyperfine interaction is typically ~10 MHz for Rb + KRb collisions. The nuclear

electric quadrupole interaction in KRb is weaker, typically less than 1 MHz.

219



400
T 0
£
2
3
= =400
c
@
=
.g -800
O
8
2
£ -1200

-1600
b
10
=3
a 10?
=]
(=]
= 1
§ 10'F
[
— 0 1 L 1 L L
% 10

6 8 10 12 14 16 18
Rb-KRb distance R (bohr)

Figure 7.5: Potential energy surfaces and spin-rotation coupling of the Rb+KRb
system [77] (a) One-dimensional cuts through the three-dimensional electronic in-
teraction potential V(R,r,0) for the ground (solid lines) and first excited (dashed
lines) electronic states. Three orientations € are shown: two linear configurations
(0 = 0° and 180°) and a bent configuration where a conical intersection (CI) occurs
(Ocr =~ 76.2°). Three intramolecular KRb distances are selected: the vibrationally
averaged bond length rg and the inner and outer classical turning points ry, and gy
of the ground rovibrational level. For linear geometries, the excited state potential
lies outside the plotted energy range. The green dotted line shows the ground state
interaction energy at 6, minimized over r. (b) Isotropic spin-rotation coupling.
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While the strengths of short-range interactions can be estimated and the CI
between electronic states has been identified, it remains computationally intractable
to fully model all these effects in a complete quantum scattering calculation. To
make progress, we adopt two key simplifying assumptions: first, the KRb molecule is
treated as a rigid rotor, which reduces the number of scattering channels and keeps
the computational complexity manageable. Second, the CI between the ground and

first excited electronic states of Rb-KRb is neglected for the exact same reason.

Under these approximations, a coupled-channel (CC) model is developed to
capture Rb + KRb collisions in an external magnetic field, based on ab initio
potential energy surfaces [147] and spin-dependent interactions [Eq. 7.2]. This
approach rigorously includes all rotational and spin degrees of freedom, along with

Zeeman effects.

Interestingly, within this CC model, J, is found to be nearly perfectly conserved
under the adopted approximations. To explore the influence of the CI, we included
the spin-rotation tensor in the model, artificially enhancing it near the CI. The
calculations show that, even with significant enhancement, the spin-rotation
interaction would need to be inflated by an additional factor of = 100 to break
J, conservation. This suggests that the effects of vibrational modes and the CI
extend beyond merely enhancing the spin-rotation interaction, indicating that a
more rigorous treatment, by explicitly incorporating vibrational degrees of freedom

and the CI into future calculations, would be necessary.
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Figure 7.6: Product KRb rotational state distributions from the CC calcula-
tions [77]. The distributions represent the state-to-state inelastic cross sections into
a given final KRb rotational state (N), summed over all hyperfine sublevels within
each N manifold and normalized. The results are averaged over 40 samples each of
two potential energy surfaces: PES2 (grey) and PES7 (red). Here, PES2 and PES7
differ in the number of radial expansion terms V) (R) included in their Legendre poly-
nomial expansion: PES2 includes only the V and V5 terms, while PES7 incorporates

additional higher-order anisotropic terms up to A < 7.

In this calculation, Fig. 7.6 displays the resulting product KRb rotational state
distribution, where the population peaks at the lowest rotational state, N = 0, which

completely disagrees with experimental observations. The corresponding Rb product
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state distribution is dominated by the |F, = 1, Mg, = 1) and |F, = 2, My, = 1)

hyperfine states.

Although it is possible to bring the CC calculations into agreement with the
observed product state distributions by fine-tuning the strength of the Rb-KRb
interaction, the resulting potential energy surface would only fit in a narrow
parameter space, contradictory with the N = 1 branching ratio observations, and

the experimentally observed total inelastic rate would still not be reproduced.

The lack of quantitative agreement between experiment and quantum scattering
calculations, which are based solely on the ground-state PES (neglecting CI) and
the rigid-rotor approximation, strongly suggests that vibrational degrees of freedom

and excited electronic surfaces play essential roles.

This conclusion is further supported by the interaction strength calculations,
which show that at short range, the rigid-rotor approximation breaks down due
to the energetic accessibility of the excited electronic state of Rb-KRb. Moreover,
the strong enhancement of spin-rotation coupling near the CI, where the electron
g-factor approaches zero, could lead to Majorana-type spin-flip transitions. Thus,
the CI could introduce strong mixing between different J, manifolds and explain the

statistical distribution of KRb rotational states observed in the experiment.
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7.6 Conclusion and Outlook

Our experiment revealed energy transfer from the atomic hyperfine degree of freedom
to molecular rotation during collisions between Rb (]2,2)) and KRb (|0,0, —4,1/2)).
After the collision, Rb atoms predominantly occupied a single hyperfine state (|1, 1)),

while KRb molecules were distributed among rotational levels up to N = 2.

Interestingly, the observed outcomes align with a statistical model that assumes
J, non-conservation. To investigate the underlying mechanisms, we performed
state-of-the-art quantum scattering calculations. However, under the rigid-rotor
approximation and using only the ground-state potential energy surface, J, remains
conserved, and the calculated branching ratios and inelastic scattering cross sections

fail to quantitatively reproduce the experimental results.

In contrast, electronic structure calculations revealed a strong enhancement
of the spin-rotation coupling near a conical intersection, which is energetically
accessible and may significantly influence the collision dynamics. Fully converged
quantum scattering calculations incorporating vibrational modes and conical
intersections remain beyond the reach of current computational capabilities.
Nevertheless, our findings provide additional insight into the exceptionally long
lifetime of ground-state Rb-KRb complexes observed in earlier experiments [99]. For
the spin-state combination explored here, we measured a complex lifetime of 0.54
ns (Chapter 4), compared to a calculated RRKM lifetime of 0.6 ps based on the

ground-state PES without spin-rotation coupling. Properly accounting for nuclear
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spins and spin-dependent interactions could dramatically increase the density
of states, potentially bringing theoretical predictions into better agreement with

experimental observations.
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Chapter 8

Future directions

In this final chapter, I briefly discuss three experimental projects that we have
partially conceived. I will outline the motivations, experimental ideas, and potential
challenges associated with each project. Due to time constraints, it was not possible
to fully realize these experiments within the duration of my Ph.D. Nevertheless,
they represent exciting opportunities (at least in my view) and may be of interest to

future generations of researchers.

8.1 K + KRDb reactions

Among the limited number of chemical reactions and inelastic collisions accessible
in our system, the K + KRb — K5 + Rb reaction remains largely unexplored

experimentally. Numerically exact quantum scattering calculations have predicted
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chaotic behavior [58] in the rovibronic product state distribution of the Ky molecules.
With an exothermicity of ~ 225 ecm™!, the total number of accessible K, product
states is ~ 140, which is not prohibitively large. In principle, using REMPI, it would
be possible to map out the full product state distribution, providing a valuable

benchmark for comparison with theory.

It is important to note that the theoretical calculations neglect all spin degrees
of freedom (both electronic and nuclear) and are performed on a single electronic
potential energy surface [58]. Our recent work on Rb + KRb collisions [77] has
revealed significant discrepancies between theory and experiment, highlighting the
critical roles played by vibrational motion, conical intersections, and spin degrees of
freedom at short range. It is therefore reasonable to expect that spins will also play
an essential role in the K 4+ KRb reaction, making an experimental test against the

spinless and conical-interaction-free theory particularly meaningful.

Experimentally, the goal sounds straightforward: prepare a sample of K atoms
and KRb molecules and probe the Ky product state distribution across all channels
using REMPI. However, this task is nontrivial. Literature values for the “°Kj,
transitions are incomplete, requiring experimental searches for transition frequencies
for each product channel. Additionally, the products are significantly faster (at least
four times faster than the Ky products from KRb + KRb reactions), posing further

challenges in detection and accumulating statistics.

Even if mapping all product channels proves infeasible, important information

can still be obtained by studying the rotational parity of the K, products. For
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instance, when reactants are prepared in well-defined hyperfine states, K in
19/2,-9/2) and KRb in |0,0,—4,1/2), the nuclear spins of the two K atoms are
identical and are in stretched states (|Ix = 4, mp, = —4)). If nuclear spins are
conserved during the reaction, as suggested in [36], the product Ky molecules should
populate a symmetric nuclear spin state |Ix, = 8, mr, = —8), thereby restricting
the product rovibronic states to be symmetric. This prediction can be tested by
selectively probing a subset of product channels of choice, rather than covering all

rovibronic states.

8.2 Alternative explanations for KRb + KRb

reactions in superposition states

We have observed puzzling outcomes in the KRb + KRb reaction when the reactants
are prepared in superposition states: in some cases, the results suggest that coherence

is preserved, while in others, coherence appears to be lost.

In discussions with our theory collaborator Goulven Quéméner, we identified
an alternative way to analyze the reaction, particularly when the two colliding KRb
molecules are prepared with slightly different phases (for example, in \%(|0) +11))
and \%(\O) + €|1))). The key idea is to decompose the two-body system into
spatially symmetric and antisymmetric channels. The antisymmetric spatial channel

corresponds to the standard p-wave collision pathway for two identical fermionic
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KRb molecules with a symmetric spin wavefunction. This case has been extensively
studied in [79], and corresponds to a zero imprinted phase in our recent theoretical

framework of [118].

When ¢ is nonzero, a symmetric spatial channel becomes possible. In this
case, two KRb molecules can collide via s-wave, provided their spin wavefunction is
antisymmetric. This corresponds to a 7 phase shift in the imposed superposition,
as discussed in [118]. The total reaction outcome is thus a statistical sum over

contributions from both the symmetric and antisymmetric spatial channels.

This framework provides a potential explanation for the unusually high
population observed in the |e, e) channel in Case 3 of the superposition initial state
experiments. If the majority of KRb molecules react through the symmetric channel

(s-wave) under those conditions, such an outcome becomes plausible.
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KRb + KRb collisions through different symmetry channels.

A natural question then arises: what could generate a phase difference ¢ between
KRb molecules? A recent study [148] has shown that collisions between KRb
molecules prepared in superpositions of rotational states can induce decoherence.
Although the superposition only involves different hyperfine states in our case, it is
plausible that a slight collision-induced phase shift could arise, creating a relative
phase ¢ between the molecules. Within this framework, we propose an alternative

picture to explain the KRb + KRb reaction result, as summarized in the flowchart
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in Fig. 8.1.

To validate this hypothesis, several missing pieces must be addressed. First, we
need to determine what fraction of reaction events proceed through each symmetry
channel. This may be achievable through Ramsey measurements. Although
oscillations are consistently observed in all Ramsey experiments, the relative decay
rates vary with the choice of initial state. These decay rates could potentially provide

insight into the proportion of molecules reacting via each channel.

In parallel, a theoretical investigation is necessary to explore the physical origin
of this phase shift. If a collision-induced phase does exist, one could perform a
Monte Carlo simulation incorporating this phase into an ensemble of KRb molecules
and track collisions in different symmetry channels to test whether it can reproduce

the experimental observations.

8.3 Near-threshold reactions

Chemical reactions occurring near energetic thresholds can exhibit behavior
fundamentally different from those with significant excess energy. The combination
of ultracold temperatures and precise control of external electric and magnetic fields
in our system allows us to fine-tune the exothermicity of a given reaction pathway
with unprecedented precision. This opens the door to systematically studying

threshold effects in chemical reactions.
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A particularly viable system for such investigations is the inelastic collision
between Rb (]2,2)) and KRb (N = 0), which was examined at low electric fields in
Chapter 7. In this collision, the dissociation channel Rb (|1,1)) + KRb (N = 2) lies
approximately 170 MHz below the initial state. This energy release can be controlled
using an external electric field, which modifies the rotational energy level spacings
of KRb via DC Stark shifts, while leaving the Rb energy levels largely unchanged.
At sufficiently large electric fields (on the order of ~ 5 kV /cm, still too small to
cause significant shifts for Rb), the energy gap between the KRb N = 0 and some
N = 2 states exceeds the Rb hyperfine splitting between |2,2) and |1, 1), effectively
shutting off the corresponding reaction pathway. By tuning the electric field near
this critical threshold, one can probe the product state distribution as a function of

energy release, providing new insights into near-threshold reaction dynamics.

Experimentally, this study would require improvements to the electric field
generation setup, as the current system begins to arc at an applied voltage of
approximately 3 kV. Additionally, at higher electric fields, the degeneracy between
different my states of KRb is lifted. This necessitates spectroscopic resolution of
individual my states, effectively increasing the number of product channels that

must be measured and calibrated.
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