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Abstract

The creation of a quantum degenerate ensemble of heteronuclear molecules with dominant dipole-
dipole interactions, is considered to be instrumental for studying and understanding strongly corre-
lated many-body systems. The latter might reveal new quantum states of matter and substantially
advance quantum metrology, computation and ultracold chemistry.
A handful of experiments have been successful in creating ultracold bialkali molecular ensembles
with large phase-space densities, assembled from different fermionic or bosonic alkali constituents.
Every new species promises to improve the knowledge about molecular many-body systems inter-
acting through anisotropic long-range dipole-dipole interactions. Nevertheless, only recently two
groups succeeded in observing a degenerate gas of fermionic molecules, while a Bose-Einstein con-
densate is yet to be demonstrated. A substantial obstacle is the unexpected two-body loss rate
close to the universal limit, observed in every experiment. New theoretical concepts attempted to
explain them by introducing so-called sticky collisions and subsequent photo-excitation. Providing
experimental data on ultracold molecule and also atom-molecule collisions is crucial for the under-
standing of the yet unknown and complicated molecular collision processes.
This thesis reports on the progress achieved in the development of a new bialkali molecular plat-
form. New Feshbach resonances in 2?Na+39K collisions are revealed, which enable the production
of weakly bound molecules. Spectroscopic measurements of 23Na3?K are performed and possible
pathways to the rovibronic ground state discussed. Finally, for the first time, an ultracold ensemble
of 22Na3K ground-state molecules is created.
To study the possible photoexcitation of metastable complexes, a chopped optical dipole trap has
been realized. A large parameter space of different modulation frequencies, laser intensities and
wavelengths as well as dark to bright time ratios has been probed. As the key findings of this
thesis, surprisingly, the expected decrease of molecular losses has not been observed. Instead, all
measurements show a null result. Together with similar results from a group in Hong Kong work-
ing with 22Na8"Rb this suggests that the current theory describing ultracold molecular collisions
is incomplete.
Subsequent studies of collisions between 3K atoms prepared in different hyperfine states, with
2NaK molecules in a single hyperfine state, show intriguing scattering properties. In particular,
the non spin-stretched state |F' = 1, mp = —1) exhibits a strong suppression of the two-body losses
far below the universal limit.
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1 Introduction

Since the development of quantum mechanics in the early 20th century, this theory has pushed the
boundaries of our understanding of the world around us and led to the development of many tech-
nologies that improve the standard of living in our modern world. For example, advancements in
quantum optics, the study of the interactions between light and matter within quantum mechanics,
led to, among other things, the development of the laser [I], which can be found in almost every
aspect of day to day live, from supermarket checkouts to surgery. The invention of the atomic clock
[2] is a necessity for global satellite navigation (e.g., GPS, Galileo), or nowadays, the construction

of quantum computers, which promises to revolutionize modern computer science [3].

The implementation and improvement of these developments requires a deep understanding of
the underlying physics and many years of fundamental research. Systems with ultracold atoms,
operating at temperatures in the sub uK regime, have proven to be a versatile platform for these
studies. They allow to decompose complex problems into theoretically and practically accessible
experiments, with precise control over all relevant physical parameters. These systems have en-
abled the study of degenerate quantum states of matter, such as Bose-Einstein condensates (BEC)
in 1995 [4, B, 6] or the Fermi gas in 1999 [7]. Spurred by these successes, this branch of physics
has received much attention and subsequent experiments have been able, for example, to study the
Bardeen-Cooper-Schrieffer(BCS)-BEC transition [8, 9, [10], simulate crystal-like structures in opti-
cal lattices [I1], observe the transition from superfluid to Mott insulator [12], or generate entangled
states of matter [13], [14].

The possibilities for new exciting experiments with ultracold atoms are far from exhausted.
However, they are fundamentally limited by the fact that most neutral atomic systems interact
only through short-range Van der Waals dominated contact interactions that scale with =%, where
r denotes the interatomic distance. This is true for the most commonly used atomic species, the
alkali atoms. These are often used because of their relatively simple energy structure, the resulting
efficient cooling methods and experimentally straightforward manipulation of internal states.

Due to the limitation of these atomic systems to short range contact interactions, there is a growing
interest in expanding the field of research to increase the explorable quantum states of matter and
to reveal new exotic quantum phenomena through the introduction of long-ranged dipole-dipole

interactions (DDI), for example with ultracold heteronuclear molecules [15].



1 Introduction

1.1 Dipole-Dipole interactions

The potential of particles interacting via DDI with all dipoles aligned in the same direction can be

described by
Cgq 1 —3cos?(6)
Viyalr) = — - ) L1
dd( ) A r3 ( )
where Cyq is the magnetic or electric coupling constant and 6 is the angle between the direction
of polarization and the relative position of the particles [I5]. As can be seen from equation
the DDI is not only long-ranged in a three dimensional system (r%) but also anisotropic, as it can

exhibit attractive or repulsive forces dependent on the angle 6.

There are different possible candidates to introduce DDIs, most commonly magnetic atoms [15],
Rydberg atoms [16] or polar molecules [I5]. These systems have advantages and disadvantages in
comparison to each other.

Magnetic atoms posses a permanent magnetic dipole moment that originates from the magnetic
moment of electrons in non-closed shell structures. The resulting dipole moment is weak compared
to many polar molecules [I7] but these systems exhibit a good stability and long lifetime. Several
atomic species have already been cooled to quantum degeneracy [18, [19] 20, 21] and enabled, for
example, fascinating studies of roton modes [22], quantum droplets [23], 24], or two-dimensional
supersolidity [25].

Rydberg atoms are created through laser excitation of atoms to states near the ionisation thresh-
old. The result is a highly excited atom with a large principle quantum number n that can be
as high as n ~ 100 [I6]. The highly excited electron has a large separation from the nucleus and
therefore produces a large electric dipole moment that is proportional to n? [26] and exceeds that
of magnetic atoms or polar molecules. On the other side these states are metastable and have
comparatively low lifetimes on the order of 100 us [27]. Nevertheless, Rydberg atoms have drawn
substantial attention since the observation of the effect of Rydberg blockade [28], which allowed to
entangle two atoms with each other [29] B0] and gave rise to the observation of Rydberg molecules
[31].

Polar molecules combine, in some ways, the best of these two worlds, as they can posses a large
electric dipole moment [17] and can have comparable lifetimes to atoms. In addition, the DDI is also
tunable in strength through the application of external electric fields [32]. If an appropriate molecule
is chosen, the electric dipole moment can be large enough to make DDI the dominant interaction
in such quantum gases, even if the molecules are placed inside an optical lattice, with spacings that
are typically on the order of 532nm [I5, 33]. An appropriate molecule is a heteronuclear molecule
with a dipole moment around 1 Debye, that is cooled down and prepared in the lowest electronic
and a low rovibrational state, most preferably the absolute ground state [15].

In the following section, I will discuss the challenges in creating ultracold polar molecules and their

properties.
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1.2 Ultracold polar molecules

Obtaining ensembles of polar molecules with high phase-space densities (PSDs) requires efficient
cooling or slowing methods, such as laser or evaporative cooling techniques, like the Zeeman slower,
a magneto-optical trap (MOT), sub-Doppler polarization gradient cooling, or microwave evapora-
tion in a magnetic trap and forced dipole trap evaporation [34].

The cooling techniques used for atoms are not easily applicable to molecules. Molecules, in contrast
to atoms, exhibit rotational and vibrational degrees of freedom. This can be both an advantage
and a disadvantage, an advantage as it opens up even more new research fields, such as quantum
chemistry [35] 36] and a disadvantage as to date there are no direct cooling methods efficient enough
to create quantum degenerate samples of polar molecules. Laser cooling relies on closed cycling
transitions, otherwise the scattering rate is not high enough and the final quantum state is not
defined. Evaporative cooling methods cool the ensembles by removing the constituents with high-
est energy and rely on subsequent rethermalisation due to elastic scattering processes. With some
exceptions [37, B8], the complex internal structure of molecules does not support (closed) cooling
transitions and makes rethermalization by purely elastic collisions difficult to achieve. Faced with
these obstacles, physicists developed new cooling schemes to directly cool or slow molecules, such
as cryogenic buffer gas cooling [39], Stark [40] and Zeeman deceleration [41], 42], centrifugal cool-
ing [43], a molecular MOT [44] or molecular Zeeman slowing [45]. Even though direct cooling of
molecules has made significant progress in the past and promise to do so in the future, current en-
sembles still lack the extremely low temperatures and high phase-space densities reached in atomic

ensembles [46].

In a different approach, physicists prepare an ultracold atomic mixture, for example with the
well known alkali atoms, and then associate these atoms to molecules. This concept was first in-
troduced at JILA in 2009 with the production of an ultracold “°K® Rb molecular cloud, with high
phase-space density [47, [48]. First they prepare ultracold atomic mixtures with high phase-space
densities, and then create weakly bound molecules utilizing Feshbach resonances, so-called Fesh-
bach molecules [49]. In a following step these weakly bound molecules are coherently transferred
to the rovibronic ground state utilizing Stimulated Raman Adiabatic Passage (STIRAP).

With the exception of radioactive Francium, there are five different long-living or stable alkali
atoms (and their isotopes) to choose from. Fig. shows all possible combinations of alkali atoms
and their isotopes. Dashed lines represent fermionic, solid lines bosonic molecules, whereas faint
lines represent the currently not investigated combinations. To date, a few groups have been able
to produce ultracold bialkali molecules in their rovibronic ground state, fermionic “°K8"Rb [48],
BNalK [50, 51, 52], SLi>*Na (prepared in the rovibronic triplet ground state) [50] and bosonic
8TRb!33Cs [53, [54], 2*Na®"Rb [55] and 23Na'33Cs (single molecules in optical tweezers) [56].

The work within this dissertation has lead to the preparation of a new molecular species at tem-

peratures of around 300 nK, bosonic 2*Na?K molecules[57].



1 Introduction

Cesium (Cs)

Rubidium (Rb) Lithium (Li)

23Na39K
Potassium (K) Sodium (Na)

Figure 1.1: Possible combinations of alkali atoms and their isotopes to create heteronuclear bialkali
molecules, excluding radioactive elements/isotopes. Solid (dashed) black lines represent
bosonic (fermionic) molecules, faint lines denote not yet demonstrated combinations.
The striped regions show the fermionic isotopes, the non-striped ones the bosonic ones.
Image adopted from [5§].

To study long-range DDIs in these systems, an electric dipole moment must first be induced,
since the ground-state wave function of these molecules is isotropic and therefore has no perma-
nent dipole moment in the laboratory frame. This must be done by either external DC electric or
microwave (MW) fields that mix the ground state with higher rotational states [32]. This in turn
gives rise to tunable induced dipole moments with defined orientations along the electric field axis.
Outside of a degenerate molecular gas, dipole-dipole interactions have already been observed, such
as dipolar spin-exchange interactions in a 3D optical lattice [59] or resonant dipolar collisions [60].
In 2020 the JILA group at the University of Colorado Boulder evaporatively cooled KRb molecules
to a Fermi degenerate sample, exploiting the anisotropic nature of DDIs in a one-dimensional lat-
tice [61]. This was done shortly after they have been able to create a three-dimensional molecular
Fermi gas starting from two highly degenerate atomic ensembles [62]. Recently, a group in Munich
was also able to create quantum degenerate ensembles of fermionic polar ground-state molecules
[63]. These impressive achievements lay the groundwork for the exploration of new quantum states
of matter [I5] [63].
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Nevertheless, the production of degenerate ultracold molecular ensembles remains a challenge. A
molecular BEC is not yet within reach and although the first preparation of a quantum gas of
fermionic KRb molecules goes back to 2009, it took until 2019 to create a Fermi gas [48, [62]. This
raises the following question: What were the difficulties responsible for this considerable delay?

This will be discussed in the following section.

1.3 Ultracold molecular collisions

After the first ultracold molecular cloud in the ground state was created, a rapid two-body decay
of the molecules at a rate close to the universal scattering limit (every collision leads to a loss) was
observed, even though the molecules were prepared in the rovibronic ground state [48, 64} [65]. This
was later attributed to the fact that KRb molecules undergo exothermic exchange reactions during
a collision, 2 KRb — Ko + Rbg [64] [66, 67]. Indeed, all bialkali molecule combinations containing
a lithium atom and KRb can pass through this reaction channel [66].

Following experiments therefore concentrated their efforts on chemically stable bialkali molecules.
Interestingly and surprisingly, these molecules also exhibit two-body loss rates close to the universal
limit [53, B3, B0, 67, 68]. Also the direct comparison of reactive and non-reactive collisions of
ZNa8"Rb, by preparing the molecules in their first vibrational level which in turn allowed reactions
to take place, showed very similar loss rates [69].

For this reason, direct evaporative cooling of the molecules into the quantum degenerate region
is not possible. In addition, if one polarizes the molecular ensemble in a three-dimensional trap
through the use of an external electric field even higher loss rates are observed due to the long-range
anisotropic nature of the DDIs [70] [71], [72].

It became clear that a deeper understanding of the physics of ultracold molecule-molecule or atom-
molecule mixtures is required to allow for the creation of quantum degenerate ensembles of polar
molecules.

Collisional studies led, for example, to the observation of atom-molecule Feshbach resonances
[73, [74] or the exploration of controlled chemical reactions [35] [75] [76, [77]. In addition, a pos-
sible explanation for the surprising two-body losses was introduced by the concept of long-lived
metastable four-body complexes that form in the short-range potential during so-called sticky col-
lisions [78]. These complexes might be subsequently excited by light from the optical dipole trap
(ODT) [79]. This hypothesis was recently both supported [80) 81] and refuted [82] [83] by exper-
imental findings, possibly depending on the molecular mass or the chemical reactivity and is still
part of a lively debate. Collisional shielding concepts have been suggested, that utilize electri-
cal, MW or optical fields [84] [85] 86], to avoid chemical reactions or the formation of complexes
from the start by preventing the molecules from reaching the short-range potential. Electrical and
MW shielding concepts have already been successfully implemented [87, [88], [63] and enabled the

production of a degenerate Fermi gas [63].
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1.4 This thesis

The aim of the POLAR experiment at the Leibniz University Hanover is to create and investigate
bosonic ultracold polar 2?Na?K molecules and therefore to add a new molecular species to the
vibrant field of ultracold polar molecules. In particular, the molecular scattering properties are of
crucial importance, as they could deliver much needed insight into the ongoing debate about the
unexplained molecular losses. The investigation of these properties is the main focus of this thesis.
Detailed descriptions of the capabilities and techniques utilized in this experiment can be found in
the PhD theses of Dr. M. W. Gempel [33], Dr. T. A. Schulze [17], Dr. T. Hartmann [89] and Dr.
K. K. Voges [58].

Within my thesis, I now describe the story from the start of my studies in 2017, where the
experiment had just produced dual-species BECs of 2*Na and 3K in a three dimensional crossed
ODT (cODT) utilizing previously unknown interspecies Feshbach resonances [90], to the end of my
work, where collisional studies with ultracold ?3Na3?K molecules have been performed. This thesis

is structured as follows.

Chapter [3| focuses on Feshbach resonance spectroscopy and Feshbach molecule production.
After the successful production of dual-species BECs, the main objective of the experiment was on
the exploration of yet unknown Feshbach resonances, since the interspecies scattering properties
in different spin-channels have not yet been known at that time, this is detailed in the paper [A1]
(Hartmann et al.), see section These studies are a prerequisite for the future generation
of Feshbach molecules and refined the molecular potentials of the 2Na3’K molecule. A detailed
description of this paper can be found in the PhD thesis of Dr. T. Hartmann [89].

This paper is followed by measurements on homonuclear potassium Feshbach resonances in sec-
tion 3.2l As the POLAR experiment generates ultracold atomic quantum gases, it can be used
not only as a platform for molecular experiments, but also for experiments with ultracold 23Na
and 3K atoms. In a theory collaboration with Prof. Dr. E. Tiemann three previously unknown
potassium d-wave Feshbach resonances have been measured. This improved the understanding of
the potassium interatomic potentials and showed that corrections beyond the Born-Oppenheimer
approximation are necessary for a detailed description of these ([A2]; Tiemann, Gersema et
al.).

Afterwards, in section an appropriate 2Na+37K Feshbach resonance is chosen to create weakly
bound dimers by the use of resonant radiofrequency (RF) pulses ([A3]; Voges, Gersema et al.).

Chapter [4] details the pathway from Feshbach molecules to the rovibronic molecular ground state,
in particular the implementation of the STIRAP, and culminates in the first preparation of a quan-
tum gas of rovibronic ground-state polar 2*Na3?K molecules.

To create molecules by a STIRAP, detailed knowledge of the molecular energy structure, transition
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strengths and singlet /triplet admixtures is required to identify the best possible pathways to the
rovibronic ground state. This was accomplished by spectroscopic measurements ([A4]; Voges,
Gersema et al.), see section [4.1]

In section this spectroscopic data allowed for an efficient STIRAP transfer of the Feshbach
molecules to the rovibronic ground state of 2Na%?K ([A5]; Voges, Gersema et al.). A single-
pass efficiency of 70 % was achieved, resulting in roughly 4000 molecules at 300 nK with a PSD
of up to 0.14. A detailed description of the papers [A3],[A4] and [A5] can be found in the PhD
thesis of Dr. K. K. Voges [5§].

Finally, in Chapter [5], molecule-molecule and atom-molecule collisions are investigated.

Soon after the 2?Na?K molecules have been created, the concept of light excitation of metastable
complexes by the trapping light was discussed and ways to test this hypothesis were sought out.
Section[5.1] gives a detailed summary of this topic and the performed measurements in collaboration
with the group of Prof. Dr. D. Wang from the Department of Physics at the Chinese University
of Hong Kong ([A6]; Gersema, Voges, Lin, He et al.).

In addition, first collisional experiments in atom-molecule mixtures have been performed and re-
vealed intriguing scattering properties ([A7]; Voges, Gersema et al.), this is discussed in more
detail in section 5.2
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3 Feshbach resonances and molecules

Within this chapter, I summarize our experiments on Feshbach resonances and Feshbach molecule
creation. This includes the measurement and analysis of 2Na??K resonances [A1] and the prepa-
ration of 2Na’?K Feshbach molecules [A3]. This is supplemented by a detailed investigation of

homonuclear 3°K d-wave Feshbach resonances [A2].

3.1 Feshbach resonances in ?Na-+%"K mixtures and refined

molecular potentials for the NaK molecule [A1]

As mentioned in the introduction, there are three steps involved in the successful preparation of
ultracold ground-state molecules. These are the creation of an ultracold atomic mixture, the associ-
ation of weakly bound molecules from it, and the subsequent two-photon STIRAP to the rovibronic
ground state [48]. In this section, a detailed analysis of Feshbach resonances in a mixture of ul-
tracold 2>Na+3K atoms is presented. This lays the foundation for a future generation of weakly
bound molecules close to a Feshbach resonance. In the following, I will give a short introduction
to the physics of Feshbach resonances.

At a Feshbach resonance, a molecular state, typically with a high vibrational quantum number,
crosses the energy of the scattering channel of two unbound atoms at a given magnetic field strength
Bres [89, 01]. This requires a differential magnetic moment between these two states, resulting in
a magnetic field dependent energy shift. The potential energy curve (PEC) of the scattering atoms
is also called the open channel, as the scattering energy Fjgcat is larger than the continuum energy,
which is the potential energy at infinite separation R of the two atoms. The PEC of the bound
molecular state is called the closed channel, as it can support a bound molecular state at the kinetic
energy of the scattering channel. In Fig. a schematic of a Feshbach resonance is shown.

For a Feshbach resonance, there needs to be a coupling between the molecular and the diatomic
state. This can originate from Coulomb, dipole-dipole or spin-orbit interactions [89]. Close to
the resonance the states mix, dependent on the coupling strength and energy difference AE(B)
between the scattering channel and the bound molecular state.

Feshbach resonances are often labelled with the partial wave of the incoming scattering channel,
such as s-, p- or d-waves. Higher partial wave resonances are generally weak and narrow compared
to s-wave resonances in bosonic quantum gases at ultracold temperatures due to the centrifugal
barrier. In section [A2]), potassium d-wave resonances are studied. Note that, homonuclear

p-wave collisions and all higher partial waves with odd angular momentum [, can not occur in a
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spin-polarized bosonic gas, as the total wavefunction, comprised of spin and spatial wavefunction,

needs to be symmetric.

EA |

closed channel

bound state
l AE CB) _ E scat

open channel

Na <—R—>‘

L.
>

R

Figure 3.1: Schematic of a Feshbach resonance. R is the interatomic distance and E the energy
of the system. During a collision in the open channel a bound molecular state might
be close to the energy of the scattering channel. If these couple, the atomic and the
molecular states mix, dependent on the coupling strength and the energy difference
AE(B).

In general, a Feshbach resonance can also occur from a differential electric moment. However,
an electric dipole moment is usually not present for atomic or weakly bound molecular states and

is therefore not considered in the following.

Knowing the exact location of the interatomic Feshbach resonances in *Na??K is valuable for
the refinement of the molecular potentials [A1], but also for two other reasons.
First, close to a resonance, the molecular and the atomic states mix. This enables the creation
of weakly bound molecules (Feshbach molecules), for example with a magnetic field sweep across
the resonance at Bgres or with resonant RF or MW pulses, magnetic field modulations or optical
Raman transitions, see section [3.3[A3] [58]. This is a prerequisite for a successful creation of a
high phase-space density molecular gas, following the pioneering three-step pathway from JILA in
2009 with KRb [48].

Second, due to the coupling of the scattering channel to the molecular state, the scattering length
is altered, dependent on the applied external magnetic field. The s-wave scattering length is given
by

A
- 1
B_BReS)7 (3 )

where ay,g is the background scattering length associated with the PEC of the open channel, B the

CL(B) = abg(l

12
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applied external magnetic field, Breg the resonance position and A the width of the resonance, which
is the distance from the resonance to the zero crossing of the scattering length [91]. The background
scattering length apg as well as the width A can be positive or negative. A positive/negative
scattering length denotes repulsive/attractive interactions between the atoms. Note that, the width
of the resonance is not to be confused with the coupling strength, as the width is also dependent on
the background scattering length and the differential magnetic moment. If the differential magnetic
moment is very small, even a weak coupling might lead to a large width.

As can be seen from this formula, the scattering length is heavily modified close to the resonance.
This is depicted in Fig. (3.2).

a g
abg
0 ST joom il ——

Figure 3.2: Schematic of the s-wave scattering length at a Feshbach resonance. At the resonance
the scattering length diverges and switches its sign, at large detunings it approaches
again its background scattering value ayg. At the distance A from the resonance the
scattering length becomes zero.

At the position of the resonance the scattering length diverges and switches its sign. This be-
haviour allows to change the scattering length between the atoms by choosing a magnetic field.
Therefore this is a convenient knob to fine-tune the rethermalization rate of an ultracold gas, for
example for efficient evaporation schemes in an optical dipole trap [90]. For the production of a
stable BEC it is important to work at a positive scattering length, as a negative scattering length
can lead to its collapse [92].

Another important feature is the zero crossing. At this magnetic field, the interaction between the
two atoms vanishes, effectively halting atomic losses through, for example, three-body collisions,
with the three-body loss rate coefficient Lz oc a* [17].

In the following paper, extensive studies of previously unknown Feshbach resonances between

13
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ultracold 23Na and 3°K atoms, prepared in different hyperfine states with adiabatic RF sweeps
over avoided crossings utilizing the Zeeman structure of 2Na and 3°K, are presented. These are
detected via atomic loss measurements. The resulting new resonance positions are used to refine

the singlet and triplet ground-state potentials of NaK.
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3.1 Feshbach resonances in > Na+*"K mixtures and refined molecular potentials for the NaK molecule [A1]
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We present a detailed study of interspecies Feshbach resonances of the bosonic *Na + *K mixture for
magnetic fields up to 750G in various collision channels. A total of 14 Feshbach resonances are reported,
as well as four zero crossings of the scattering length and three inelastic two-body loss features. We use the
observed magnetic-field locations of the resonant features together with the known data on 2Na + *°K to refine
the singlet and triplet ground-state potentials of NaK and achieve a consistent description of Feshbach resonances
for both the Bose-Bose mixture of 2*Na + *’K and the Bose-Fermi mixture of 2Na + “°K. We also discuss the
influence of the interplay between inelastic two-body and three-body processes on the observation of a Feshbach

resonance.

DOI: 10.1103/PhysRevA.99.032711

I. INTRODUCTION

Mixtures of ultracold atoms have recently attracted great
interest as they enable the study of exciting quantum many-
body effects [1]. Furthermore, molecules in their rovibra-
tional ground state are promising candidates for the study
of dipolar many-body physics [2—4]. Ensembles of Na + K
feature several predicted interspecies Feshbach resonances
[5] and their heteronuclear molecules possess a large electric
dipole moment of 2.72 D [6], the freedom to prepare both
bosonic and fermionic NaK molecules, and chemical stability
in molecular two-body collisions [7].

Up to now, Feshbach resonances for the mixture of
bosonic >*Na and fermionic “°K have been reported [8,9]
and fermionic ground-state *Na*’K molecules have been
prepared by association of Feshbach molecules [10] and,
subsequently, by following two different stimulated Raman
adiabatic passage (STIRAP) paths [7,11]. Thanks to these
results and to previously obtained spectroscopic data [12,13],
the interatomic molecular potentials of the singlet and triplet
ground states have been refined [9], leading to predictions for
Feshbach resonances in the bosonic mixtures by isotope mass
rescaling. However, the very different hyperfine coupling be-
tween 2*Na and *°K compared to that of >*Na and *K leads to
different singlet-triplet mixing within the Feshbach manifold.
The accuracy of the predictions strongly depends on residual
correlations in the determination of the singlet and triplet
potentials from measured *Na + “°K Feshbach resonances.
A direct measurement of the Feshbach resonance positions in
the bosonic mixture is necessary to further refine the potentials
for NaK and, in particular, to minimize correlations between
the singlet and triplet molecular potentials.

Experimental investigations of the Feshbach resonance
spectrum of the bosonic pair 2Na 4+ ¥K have started re-
cently. The identification of Feshbach resonances in the
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Ilf =1, mp=—1)y, +|f =1,ms = —1) channel has been
the basis for the preparation of a dual-species Bose-Einstein
condensate of ?Na and 3K atoms in the vicinity of a Fesh-
bach resonance at about 247 G [14]. Here, f denotes the total
angular momentum of the respective atom, and m, denotes
the projection onto the quantization axis. By comparing the
measured resonance positions with predictions by Viel and
Simoni [5] significant deviations become apparent, whereas
predictions making use of the recent evaluation in [9], in-
cluding measured d-wave resonances of >*Na + *°K, reduce
these deviations. Since the Feshbach resonances observed in
the |1, —1)n, + |1, —1)x mixture are only a small subset of
the many possible resonances, the observed deviations have
motivated a thorough search for the remaining structures in
order to further improve the potential-energy curves (PECs).

In this paper we present a detailed study of Feshbach
resonances in a variety of hyperfine combinations in the
ground-state manifold of »Na + *K for a magnetic-field
range from O to 750 G. Our approach follows the iterative
procedure of prediction, measurement and model refinement
that is typical for molecular spectroscopy. The paper is
structured accordingly:

In Sec. II we first give a brief summary of Feshbach
resonance predictions for the bosonic Na + K mixture,
which have been derived from molecular potentials obtained
by conventional spectroscopy of the NaK molecule and
measurements of Feshbach resonances in the Bose-Fermi
mixture of *Na + “°K by isotope mass rescaling. In the
second part of the section the experimental sequence for the
measurements is described.

In Sec. III we present our measurements of loss features
arising from elastic and inelastic scattering resonances.

In Sec. IV we describe and discuss the updated molecular
potentials and how they improve the current knowledge of the
scattering properties of both the Bose-Bose and Bose-Fermi
mixtures.

In Sec. V a brief discussion of an inelastic loss feature
observed in the |1, 1)y, + |1, —1)kx channel and its influence

©2019 American Physical Society
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on the possible observation of a close-lying Feshbach
resonance is given.

II. THEORETICAL AND EXPERIMENTAL OVERVIEW

A. Theoretical predictions from known molecular potentials
and a brief discussion of atom-loss spectroscopy

Molecular potentials for the X'X+ state and the a’X+
state, correlating to the atomic ground-state asymptote, have
been derived from extensive classical spectroscopy [12,13]
and refined by measurements of Feshbach resonances of the
atom pair *Na + “°K [8,9]. These can be used to predict
Feshbach resonances for the pair *Na + ¥K if the Born-
Oppenheimer approximation is assumed to remain valid and
by incorporating the proper hyperfine and Zeeman inter-
actions of K. Details about the potential representations
and the interpretation of the coupled-channel calculations are
given in Sec. I'V.

From the potentials we predict 32 resonances in the
magnetic-field region from 0 to 750 G with coupled-channel
calculations for atom pairs with magnetic quantum numbers
fra=1,mp, ={—1,0,+1}and fx = 1,my = {—1,0, +1}.
Additionally, resonances for f =2, mg, = —2 are pre-
dicted. The calculations are done for an ensemble temperature
of 1 uK, and therefore, only s-wave resonances are consid-
ered. Comparing theoretical and experimental results in [14],
the accuracy of our predictions is expected to be on the order
of a few Gauss, significantly simplifying the search in the
experiment.

We locate Feshbach resonance positions by atom-loss
spectroscopy, making use of the strongly enhanced scattering
length and associated large on-resonance three-body loss in
the atomic ensemble [15]. The detected losses are referred
to as an elastic loss signal throughout this paper. Atom loss
is also observed in the case of inelastic two-body collisions,
where the energy released by the spin exchange is sufficiently
high to lead to a two-body loss process in the trapped sample.
In both cases we identify the local maximum of the atom loss
with a resonance position. Typically, three-body processes
require higher particle densities than two-body processes to
obtain comparable loss rates. Thus, in our case inelastic loss
processes are expected to elapse on a shorter timescale than
the three-body loss and will therefore lead to strong losses
already for short hold times.

Care has to be taken when investigating a zero crossing
of the scattering length as a function of magnetic field. The
minimum of the detected losses is, in general, not identical
to the zero of the scattering length [16], and a measurement
similar to that in Sec. II B can give misleading results. We
instead localize this magnetic-field position by exploiting
the two-body losses that appear during optical evaporation,
similar to the work in [14]. In this procedure the magnetic-
field strength is set to the target value before the start of
the optical evaporation. Because the optical trapping potential
depth ratio is Ug & 2.51Uy,, predominantly, >*Na is ejected
from our crossed optical dipole trap (cODT), while ¥K is
sympathetically cooled. On a zero crossing two-body colli-
sions are suppressed and therefore also losses resulting from
the evaporation process [17].

B. Experimental procedure

The experimental setup is described in detail in [18,19].
The experimental sequence is based on the experiences of
[14]. Since precise knowledge of the generated magnetic-field
strength is necessary, calibration was performed repetitively
in the course of the measurement campaign. The calibra-
tion method is the same as already described in [14]. We
use microwave spectroscopy on a sample of Na with a
temperature of ~800nK confined in the cODT. For a de-
fined electric current we measure the microwave frequency
ofthe |[f = 1,m; = —1) — |f =2, my = 0) transition using
the atom loss in the |f =1, my = —1) state as a signal and
calculate the corresponding magnetic field using the Breit-
Rabi formula. The transition frequency is determined with an
uncertainty of about 10 kHz, leading to uncertainty on the
value for the magnetic-field strength on the order of 30 mG.
This is typically small compared to the statistical uncertainty
originating from the resonance loss measurements. In the fol-
lowing we give a brief summary of the experiment sequence
and explain the applied modifications in comparison to [14].

First, an optically plugged magnetic quadrupole trap is
loaded from a dual-species magneto-optical trap (MOT). The
atoms are then transferred to a cODT where we prepare an
ultracold mixture of »*Na and *K, bothin |f = 1, m; = —1),
by optical evaporation. The temperature is ~1 uK for both
species, as measured by time-of-flight (TOF) expansions.

After the evaporation in the cODT has been completed, we
transfer 2*Na and **K to the spin-state combination of interest,
making use of rapid-adiabatic-passage [20] sequences. Their
efficiency is close to unity, and neither heating the sample nor
atom loss due to the transfers is observed in our experiment.

For the atom-loss spectroscopy, we vary the atom numbers
of the two species, preparing one species as the majority
component and the other one as the minority component.
The peak densities in the cODT are between 1.5x10'?
and 7.4x10"“cm™ for *Na and between 3.9x10" and
1.6x 10" cm=3 for *K. Detected loss within the minority
component provides the primary signal. We use different
tuning knobs in the experimental sequence to adjust the
atom numbers. The first one is given by the loading times
of the dual-species MOT. The second tuning knob is the
depth of the forced microwave evaporation we perform in
our optically plugged magnetic quadrupole trap. Due to the
smaller repulsion of *°K by the blue-detuned plug laser light,
a deeper evaporation and thereby colder atomic sample lead
to an increased *K density close to the magnetic trap center
compared to 2*Na. This increases losses in the °K cloud.
Hence, the deeper the evaporation is performed, the more the
atom ratio inside the cODT is shifted towards a prevalence
of *Na.

We ramp the magnetic-field strength in a few milliseconds
to the target value. The loss measurement is repeated multiple
times for every magnetic-field value. For every resonance un-
der investigation we experimentally determine the appropriate
holding time, ensuring that the minority cloud is not depleted
completely at the minimum but the loss feature is clearly
visible. The holding time varies between 10 and 1000 ms and
its magnitude can be an indication of whether inelastic two-
body or inelastic three-body processes dominate the losses.
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The number of remaining atoms is recorded by absorption
imaging of the majority component in the cODT and of the
minority component after a short TOF. Where possible, we
ramp down the magnetic field to zero in 5 to 40 ms (depending
on the initial magnetic-field value) and image both species at
zero magnetic field.

For some spin-state combinations we find that low-
field Feshbach resonances and/or high-background-scattering
lengths lead to sizable losses, rendering imaging both species
at zero magnetic field unfavorable. To circumvent these ad-
ditional losses, we perform high-field imaging on the **K D,
line. For magnetic-field strengths beyond 200 G the Paschen-
Back regime is reached for **K, where the electron angular
momentum (j, m;) and the nuclear spin (i, m;) decouple from
each other in both electronic states and instead align directly
relative to the external magnetic field. With this, f is no
longer a good quantum number. Together with the selection
rule Am; =0, it is always possible to find a transition with
Amj = %1, which then serves as a closed imaging transition.
We choose a magnetic field for which no other resonance has
to be crossed and for which the scattering rate of the state
combination under investigation is low. We then image *K as
the majority component in the cODT and follow the scheme
above for the >*Na detection.

To improve the signal-to-noise ratio of the atomic cloud
pictures, especially for low atom numbers, the absorption
images of >*Na and *°K are postprocessed. The background
of every picture is reconstructed using an algorithm based
on principal-component analysis [21], and this background
is subtracted from the picture. The pictures taken at equal
magnetic-field values are then averaged, and the resulting im-
age is fitted with a two-dimensional Gaussian. From the fit, the
atom number is derived. The errors on the atom number result
from the standard deviations of the fit. They vary between
the different resonance measurements because they incorpo-
rate shot-to-shot atom-number fluctuations which can orig-
inate from the different required spin preparation steps and
the number of resonances which need to be crossed to reach
the magnetic-field value under investigation. For lucidity they
are shown only for two exemplary measurements in Fig. 1.
The errors are propagated to the profile fit of the loss feature
and therefore contribute to the uncertainties of the resonance
positions (see Table I).

III. LOSS RESONANCES AND ZERO CROSSINGS

We have located 21 features, including the ones already
presented in [14]. Fourteen features are assigned to predicted
Feshbach resonances, resulting in three-body loss; three result
from inelastic loss channels, and four are assigned to zero
crossings of the two-body scattering length. Figure 1 shows
the measured features. To determine the resonance positions
we do a weighted fit to our data with a phenomenological
Gaussian function. For every measurement the atom number
is normalized on the baseline of the fit. In Fig. 1, the normal-
ized atom numbers of the different measurements for every
channel are set equal to 1. This leads to an artificial increase
in the atom number above 1 in case of a measured zero
crossing. The resulting positions of all measured features are
summarized in Table L. In cases of loss features being clearly

visible for both species, the position of the resonance is the
weighted average of the center positions from the two fits. The
error estimate of the experimentally determined resonance
positions, given in Table I, includes the uncertainty in the
profile fit (which includes the errors from the atom number
determination as explained above) as well as the uncertainty
in the calibration of the magnetic-field strength.

As summarized in Table I, some calculated resonances
remain undetected. The main reasons are as follows:

(i) Some of the state combinations experience a very high
background scattering rate over the complete investigated
magnetic-field range. For these spin mixtures, the resonances
are hidden since the atomic samples experience large losses
already during the state preparation and/or the ramp to the
target magnetic field.

(i) While pure 2*Na does not show significant loss fea-
tures in the investigated range of the magnetic-field strength,
3K exhibits several Feshbach resonances in different spin
channels. We remeasured the 3°K resonances relevant for
our investigations and found all resonance positions to be
within the experimental uncertainties of previous publications
[22,23]. Some of them are critical for our heteronuclear
measurements since they are located near or even overlap the
resonance positions predicted for 2?Na + ¥K. These cases
are mentioned in Table 1. Additionally, the K Feshbach
resonances are indicated in Fig. 1 as vertical blue dashed lines.

IV. THEORY AND CALCULATIONS

The theoretical modeling of two-body collisions of two
alkali atoms in their electronic ground state is well established
and described in many publications (see, for example, [24]).

The Hamiltonian contains the conventional kinetic and po-
tential energies for the relative motion of the two particles
and needs, for the coupling of the molecular states X' X+
and a*% 7, the hyperfine and Zeeman terms. For finer details
of the partial waves with / > 1, one also needs the spin-spin
interaction. The molecular PECs are represented in a power
expansion of an appropriate function & (R) of the internuclear
separation R,

— _—’ 1)

to describe the anharmonic form of the potential function for
R — oo or R — 0. R, is an internuclear separation close to
the minimum of the respective PEC, and b is a parameter to
optimize the potential slopes left and right of R, with few
terms in the power expansion. The full PECs are extended by
long-range terms and short-range repulsive ones (see [24] and
the Supplemental Material of this paper [25]).

We calculate the two-body collision rate at the kinetic
energy that corresponds to the temperature of the prepared
ensemble. Thermal averaging is not performed, which would
need significant computing time, but more importantly, for
a complete description we would have to consider the two
cases of two- and three-body effects in the modeling. Here,
we take the calculated maximum in the two-body collision
rate constant to be equal to the observed Feshbach resonance
and the calculated minimum to be equal to the observed loss
minimum in optical evaporation.
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FIG. 1. Collection of resonant features in different spin mixtures of 2>Na + *K. M is the total magnetic quantum number of the pair
|fsmyp)n, + | mp)g, and f is for increasing magnetic-field strength B only an approximate quantum number. Open circles and solid squares
correspond to resonances observed by loss of 2*Na and of *K, respectively. Insets show zooms of the detected narrow-resonance features.
For two measurements, in |1, 1)y, + |1, 1)k and |1, 1)y, + |1, —1)¢, marked with an asterisk, error bars are given, representing the variation
in the errors for different loss measurements (for details, see text). For each recording, the holding time and the initial atom numbers are
independently optimized. The data are normalized according to the respective phenomenological Gaussian fit (red solid line) of the feature
with a baseline set to 1. Zero crossings therefore appear artificially as an enhancement of the atom number. Vertical gray dotted lines indicate
the calculated positions of ?Na + K Feshbach resonances as listed in Table I. Vertical dashed blue lines mark the positions of *K resonances,
taken from [22,23]. The trace for the |1, —1)y, + |1, —1)g mixture corresponds to data from Ref. [14].

032711-4 19



FESHBACH RESONANCES IN 2NA + K ...

PHYSICAL REVIEW A 99, 032711 (2019)

TABLE I. Measured magnetic-field positions B, and uncertainties (4) together with calculated positions By,, applying the improved
potentials. M is the total magnetic quantum number of the pair |f, ms)y, + |f, ms); f is, in most cases, only an approximate quantum
number. Subscripts res and ZC stand for resonance and zero crossing, respectively. KK res. indicates an intraspecies **K Feshbach resonance
in the respective scattering channel. In some cases, maxima of the elastic (el.) and inelastic (in.) scattering rate are listed. A.1 marks the

inelastic loss feature discussed in Sec. V.

M Na/,m/ K_/',mf chp, zC (G) Bth, zC (G) Bexp, res (G) Bth, res (G)
2 1,1 1,1 380.88 (3.83) 381.43 411.33 (1.28) 410.1
507.0 508.73 (0.83) 508.81
1 1,1 1,0 6.72 (2.09) 6.6
328.5 329.12 (0.77) 328.96
442.5 close to KK res. 467
571.5 579.94 (0.88) 580.49
1,0 1,1 7.5 (in.) 9.0 (el.)
336.0 close to KK res. 419.0
508.5 (in.) 512.0 (el.)
0 1,1 1, -1 26.34 (3.31) A.1 15.4 (el.) 28.2 (in.)
393.0 393.61 (0.76) 393.59
515.85 (1.68) 516.4 536.07 (0.94) 536.67
1,0 1,0 4.25 5.47 (1.01) 5.6
31.86 (1.69) 29.8
407 close to KK res. 475.5 (in.) 476.0 (el.)
581.5 (in.) 585.5 (el.)
1, —1 1,1 516.0 (el.) 522.5 (in.)
-1 1, -1 1,0 13.0
245.76 (1.45) 244.75
588.5 (el.) 593.0 (in.)
1,0 1, -1 107.5
541.09 (1.50) 540.5
1,1 2,2 88.5 (in.)
134.0 (in.) 138.0 (el.)
471
2, =2 1,1 272.5 (in., weak)
314.5 (in.)
465.5 (in.) 473.5 (el.)
-2 1, -1 1, -1 32.5(0.8)* 33.13
117.2 (0.2)* 117.08 247.1 (0.2)* 247.57
646.6 (1.5)* 651.5 (el./in.)
686.2 (1.5)* 686.7 (in.)
1,0 2,2 228.48 (1.49) 229.5
570.29 (2.55) 574.3 619.0
2, -2 1,0 358.5 (in.)
528.0 (in.) 533.0 (el.)

#Measurement previously presented in [14].

The most recent fit of Feshbach resonances was reported
for *Na + “°K in [9], and the present evaluation starts from
that result. Calculating the resonances for the observed cases
with those derived PECs, we find significant deviations be-
tween observation and theory, thus requiring new fits. They
include all former observations and, additionally, the mea-
sured Feshbach resonances and zero crossings presented in
this paper, in total 82 independent data points from Feshbach
spectroscopy. This allows us to further reduce correlations in
the determination of the triplet and singlet potentials. The
improved molecular potentials lead to a higher consistency
between the measured and theoretically predicted resonance
features for the bosonic »*Na 4 *°K mixture as well as the
Bose-Fermi mixture of **Na 4 %°K. The sum of squared

residuals of calculated and experimentally determined reso-
nance positions, weighted by the experimental uncertainties,
improved from 337.0 to 255.31. We give a full listing of
the data points and the evaluation with the different potential
approaches in the Supplemental Material. Furthermore, we
find that no inclusion of Born-Oppenheimer correction is
needed to achieve this improvement. The parameters of the
refined PECs can be found in the Supplemental Material.
Table I lists the calculated resonance positions which are
derived using the updated potential-energy curves. In several
channels, the calculations show maxima for the elastic and
inelastic scattering rates appear close to each other. Such a
constellation can lead to a shifted minimum in the atom-
loss measurement. For one resonance a remarkable shift was
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FIG. 2. Remaining atom fraction of **Na (open circles) and
Gaussian fit (red curve) as well as elastic (green dotted line) and
inelastic (black dashed line) collision rate constants for the |1, 1)y, +
|1, —1)g channel. The rate constants are calculated for a kinetic en-
ergy of 1 uK. The peak densities in the cODT for this measurement
were 2.2x 10" cm™ for 2Na and 4.4x 10" cm~ for K.

observed in our experiment and will be discussed in the
following section. Note that closely located maxima of elastic
and inelastic scattering rates can also lead to asymmetric
broadening of loss signals. This could be an additional reason
why for several measurements of Feshbach resonances shifts
and asymmetric broadening of the loss signals were reported
[26-31].

V. INELASTIC LOSS FEATURE IN |1, 1)xa + [1, —1)x

Our theoretical model predicts a Feshbach resonance at
15G for the |1, 1)n, + |1, — 1)k channel. However, our mea-
surements show a broad loss signal at 26.34 G (see Fig. 1 and
Table I). The large deviation can be explained by looking at
both elastic and inelastic loss contributions. Figure 2 shows
the atom-loss measurement together with the elastic loss rate,
which has a maximum at 15.4 G and an enhancement of the
inelastic loss rate at 28.2 G. The inelastic part is due to the
coupling to the |1, 0)y, + |1, O)x channel and gains strength
through a Feshbach resonance at 29.8 G for the latter channel.
The inelastic two-body losses occur on a shorter timescale
and dominate the three-body losses invoked by the elastic part

of the scattering rate. This is confirmed by a relatively short
hold time of 100 ms for the measurement presented in Fig. 2,
in comparison to up to an order of magnitude larger hold
times for the measurements of three-body losses at a Feshbach
resonance. The elastic peak might be hidden in the shoulder
of the recorded profile. To pinpoint the Feshbach resonance
position with higher accuracy, a binding energy measurement
should be performed [32], which is left for future investiga-
tion. Similar findings on the interplay of inelastic two-body
and three-body processes have been reported in [9].

VI. CONCLUSION AND OUTLOOK

In this paper we presented a detailed study of Feshbach
resonances in many possible hyperfine combinations of the
ground-state manifold of **Na 4 *’K in a magnetic-field
range from 0 to 750 G. We compared these measurements to
theoretical predictions based on the currently available data
for NaK molecular potentials and used our data to refine those
potentials. The improved potentials lead to a higher consis-
tency between the experimental data and theoretical predicted
resonance features for both the bosonic 2*Na 4 *’K mixture
and the Bose-Fermi mixture of 2*Na + “°K. With the incor-
poration of the experimental data of the bosonic Feshbach
resonances and the finding that the Born-Oppenheimer ap-
proximation remains valid for the investigated partial waves,
reliable predictions based on the new potentials will also be
possible for the other, still unexplored bosonic mixture of
23Na + 41K.

Moreover, the observation of the inelastic loss feature
deviating significantly from the corresponding elastic peak in-
dicates that careful theoretical investigation is recommended
in case unexpected deviations appear in an analysis of a
performed Feshbach resonance atom-loss measurement.

The measurements and refined molecular potentials will
greatly aid the future investigation of interspin phenomena
such as droplet formation [33] as well as in producing sta-
ble 2*Na*’K molecules in their absolute ground state via a
STIRAP process [34].
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I. MOLECULAR POTENTIAL CURVES

The parametrization of the molecular potentials is de-
scribed for example in [1]. The potentials are represented
in three parts: the repulsive short-range part Usgr(R),
the intermediate range Urr (R) and the asymptotic long
range part Upr(R), which are given by the following ex-
pressions:

B
Usr(R)=A+ —  for

R R < R;, (1)

U(R) =Y arf(R)* for R <R<R, (2)
k=0

R - Rm

ith _ B-Re
with &§(R) = po R - ®)

and
Ce Cs C

ULr(R) = —R%— R%_ R%_...iECX for R < R,, (4)

where the exchange energy is given by
Eex = félex}%’y exp (_6}%) (5)

It is negative for the singlet and positive for the triplet
potential.

The parameters of the refined NaK singlet and triplet
molecular potential curves are listed in Tab. I. A com-
puter code in FORTRAN for calculating the potential
functions can be found in the supplement of [2].

II. EVALUATION OF FESHBACH
SPECTROSCOPY

We present a detailed evaluation of 82 independent
data points obtained in Feshbach spectroscopy and taken
from different publications. The quality of four different
PEC-representations is compared in terms of the sum of
weighted squared deviations in Tab. II. Note that the ref-
erence [3] only takes a subset of the given scattering fea-
tures into account. Therefore, a sum of weighted squared
deviations is only calculated for the last three columns of
Tab. II.
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TABLE I. Potential parameters of the X'S T and a®*$7 states of NaK given with respect to the Na(3s)+K(4s) asymptote.

24

X'sF \ a’st
For R < R; = 2.617TA \ For R < R; = 4.60A
A -0.7205185 x10* ecm™!|A -0.13272988 x10* cm™?
B 0.696124608 x10° cm™* A?|B 0.212875317 x10° cm™* A?
q 4.92948 |q 1.844150
For R; < R< R, For R; < R < R,
b -0.4|b -0.27
R, 3.49901422 A| R, 5.4478206 A
ao -5273.62315 cm ™! | ag -207.81119 cm™?
a1 -0.239542348630413837 x10' cm ™! |ay -0.474837907736683607 cm ™ *
az  0.145382657416013644 x10° cm™'|as  0.178992974113576133 x10* cm™*
as  0.114848641509625941 x10° cm™!|as -0.159602468357546013 x10* cm™*
as  -0.393070200439200050 x10® cm™!|ay  -0.948541718924311908 x10% cm ™!
as  -0.169145814548076414 x10° cm™!|as -0.135179373273532747 x10* cm™?
as  -0.374171063602873910 x10° cm™!|ag -0.183565449370861752 x10° cm™?
ar  0.106844724280541472 x10° cm™!|ar  0.124501710356527314 x10% cm™*
as  0.549571543607791886 x10% cm™!|as  -0.163160543217713166 x10° cm ™!
ag  -0.216398544375193026 x107 cm™!|ag -0.199688039882199257 %107 cm™?
a0 -0.101610099703415297 x10% cm™!|aio 0.617100814516823366 x 107 cm ™!
a1 0.221444819359695017 x10% cm™!|ai1  0.588039077124197735 x10° cm™?
a1z 0.109959157819038272 x10° cm ™! a1z -0.391885588318469822 x10% cm ™!
a1z -0.154974082312119037 x10° cm™!|ais  0.881312470507461876 %108 cm™*
a1s  -0.782460601529465795 x10° cm™!|ais -0.839469806952623278 x 108 cm™?
a5 0.764737042077244759 x10° cm ™! a5 0.307023775214641131 x10% cm ™t
a1 0.381868029858328533 x10'° cm ™!
a7 -0.270560975156805658 %100 cm ™1
a1s -0.130777134652790947 x 10! cm™!
are  0.693123967590401554 x10%° cm™!
az0  0.317969910129808044 x10'! cm™*
a1 -0.127583274381506557 x 10! cm™!
azs -0.547443981078124619 x 10! cm™!
a3 0.164038438389521656 x 10! cm™?
az4  0.653485806778233261 x 10! cm™!
ass -0.139350456346844196 x10'! cm™?
aze -0.514892853898448334 x10'! cm™?!
azr  0.700668473929830647 %10 cm ™1
azs  0.240948997045685349 x 10! cm™!
az9 -0.157575108054349303 x10%° cm ™!
aszo -0.507254397888037300 x10'° cm ™!
For R > R, = 11.30A For R > R, = 11.34
Cs 0.1184012x10% cm~* A°|C; 0.1184012x108 cm~! A®
Cs 0.3261886x10° cm—* A®|Cs 0.3261886x10° cm~! A®
Cho 0.6317249% 10 em~! A'°| o 0.6317249% 10 cm—! A"
Aca 0.41447134%x10* em™* A7 | A, 0.41447134x10* cm™* A"
v 5.25669 |y 5.25669
B 2.11445 A~ (B 2.11445 A~




TABLE II. Listed are 82 scattering features measured with Feshbach spectroscopy by different groups (see column ”ref”). The
“note” column contains information about the scattering feature. ZC refers to a zero crossing of the scattering length, in to a
loss feature which results from an inelastic two-body collision process, ov indicates the presence of two overlapping structures
and an empty entry refers to a Feshbach resonance. M is the total magnetic quantum number of the the entrance channel
listed in column |f,my). | and l;mas give the partial waves considered in the calculation of the feature position. Begp gives the
experimentally determined position of the scattering feature and oeyp the error. The difference A of experimentally determined
and calculated positions of the features for four different representations for the PECs are compared in the last four columns of
the table. Subscripts indicate the publications the PECs are taken from. The question mark in the A[g](G) column indicates
that the correct assignment is unknown for that specific data point.

2o0Pe yote M WL e Bup(G) 0un(@) et |Ag(G) Ay (G) A (G) A (G)
23 39 2.0 (1,1) (1,1) 411.334 1.276 [6] -31.18 -1.334 1.206 1.245
23 39 2.0 (1,1) (1,1) 508.730 0.831 [6] -27.27  -2.486 -0.330 -0.079
23 39 zC 20 (1,1) (1,1) 380.88 3.83 [6] -24.14 -2.439 -0.614 -0.545
23 39 1.0 (1,1) (1,0) 6.716 2.089 [6] -28.98 -0.889 1.082 0.103
23 39 1.0 (1,1) (1,0) 329.115 0.772 [6] -27.10 -2.043 -0.019 0.157
23 39 1.0 (1,1) (1,0) 579.940 0.880 [6] -26.58 -2.841 -0.778 -0.550
23 39 0.0 (1,0) (1,0) 5473 1.011  [6] - 0741 0.396  -0.124
23 39 0.0 (1,0) (1,0) 31.860 1.685 [6] -1.74 -0.850 4.468 2.030
23 39 i 0.0 (1,1) (1,-1) 26.340 3.311 [6] - -3.500 -0.820 -1.860
23 39 0.0 (1,1) (1,—1) 393.608 0.759 [6] -28.90 -2.372 -0.182 0.019
23 39 0.0 (1,1) (1,-1) 536.066 0.940 [6] -29.99 -3.007 -0.702 -0.608
23 39 2ZC 0.0 (1,1) (1-1) 515854 1.684  [6] | -23.95 -2.490 -0.669 -0.558
23 39 -1.0 (1-1) (1,0 245.764  1.446 6] - 1.046  0.550 1.015
23 39 1.0 (1,0)  (1-1) 541.087  1.496  [6] - 2657 0751 0.564
23 39 -2.0 (1,0) (2,—2) 228.481 1.492 [6] -1297  -2.831 -0.285 -1.026
23 39 2ZC -20 (1,0) (2-2) 570.286  2.546  [6] | -20.15 -5.947 -4.033 -4.021
23 39 -2.0 (1,-1) (1,-1) 32.475 0.830 [7] 30.47 1.043 -1.643 -0.663
23 39 20 (1-1) (141 247108 0230 [7] | 571 -0.329 -0.969 -0.460

23 39 ZC -20 (1-1)  (1-1)
23 39 ov -20 (1-1) (1,-1)

[
117.189  0.150 [7] 41.48  3.405 0.024 0.109
646.600  1.500 [7] - - -3.800 -4.585

8] 0.54 0.008 -0.066 -0.024

H R R R EEEREEEREEEEEEREEREREREFOOOOOOOOOOOOOOCOOO OO0 OOCOOCOOOOO
H R R R R EREREEREEEREREEREREREEREREREFOOOOOOOOOOOOOOOOCOOOO0OO0O0O0OO0OO0OO0OOCOOCOOCOOOOO

23 40 35 (1,1) (9/2,9/2) 78.320  0.150

23 40 35 (L,1) (9/2,-9/2) 89.700  0.250 [8,9]| 1.02  0.692 0.596 -0.084
23 40 25 (1,1) (9/2-7/2) 81.620 0.160 [8] | 0.20 -0.108 -0.160 -0.032
23 40 25 (L,1) (9/2,-7/2) 89.780  0.460 [8] | -0.04 -0.594 -0.672 -0.609
23 40 25 (1,1) (9/2-7/2) 108.600 3.000 [8] | -0.31 -0.606 -0.719 -1.694
23 40 .15 (1,1) (9/2,5/2) 96.540  0.090 [8] | 0.15 -0.091 -0.141  0.002
23 40 .15 (L,1) (9/2,:5/2) 106.920 0270 [8] | 0.38 -0.155 -0.234 -0.152
23 40 .15 (1,1) (9/2-5/2) 138.560 1.000 [8,9]| 1.74 1518 1.384 0.042
23 40 0.5 (L,1) (9/2,-3/2) 116.910 0.150 [8] | -0.28 -0.350 -0.388 -0.226
23 40 0.5 (1,1) (9/2,-3/2) 130.640  0.030 [8,9]| 0.28 -0.127 -0.199 -0.100
23 40 0.5 (1,1) (9/2,-3/2) 175.000 5.000 [8] | -2.44 -2.520 -2.674 -4.531
23 40 45 (1,1) (9/2,-9/2) 6.350  0.030 [8] | -0.15 -0.034 -0.042 -0.030
23 40 25 (1,1) (9/2,-9/2) 6.410  0.030 [8] | -0.16 0.003 -0.008 -0.002
23 40 35 (L,1) (9/2,-9/2) 6.470  0.030 [8] | -0.16 0.006 -0.004 -0.002
23 40 35 (1,1) (9/2-9/2) 6.680  0.030 [8] | -0.17 0.013 0.005 0.010
23 40 25 (1,1) (9/2,-9/2) 19.100  0.100 [8] | -0.22 -0.056 -0.060 -0.052
23 40 45 (1,1) (9/2,-9/2) 19.200  0.100 [8] | -0.19 0.016 0.012  0.008
23 40 35 (1,1) (9/2,-9/2) 19.300  0.100 [8] | -0.17 0.048 0.044 0.036
23 40 35 (L,1) (9/2-7/2) 7320 0.140 [8] | -0.30 -0.119 -0.133 -0.134
23 40 215 (1,1) (9/2-7/2) 7540  0.040 [8] | -0.36 -0.148 -0.160 -0.156
23 40 25 (L,1) (9/2-7/2) 7540  0.040 [8] | -0.36 -0.164 -0.176 -0.168
23 40 35 (1,1) (9/2-7/2) 7540  0.040 [8] | -0.34 -0.138 -0.150 -0.144
23 40 25 (L,1) (9/2,-7/2) 23.190  0.040 [8] | -0.30 -0.048 -0.048 -0.048
23 40 35 (L,1) (9/2-7/2) 23.200  0.040 [8] | -0.31 -0.012 -0.012 -0.024
23 40 in -25 (1,1) (9/2,-5/2) 9.230  0.340 [8] | -0.11 0.108 0.092 0.096
23 40 .15 (L,1) (9/2,5/2) 9.600  0.040 [8] | -0.29 0.032 0.016 0.028
23 40 25 (1,1) (9/2,-5/2) 9.600  0.040 [8] | -0.28 0.004 -0.012 -0.004
23 40 0.5 (1,1) (9/2,5/2) 9.600  0.040 [8] | -0.29 -0.004 -0.016 -0.012
23 40 .15 (1,1) (9/25/2) 29.200  0.090 [8] | -0.41 -0.080 -0.072 -0.064

25



So0Pe yote M T e Bup(G) 0un(G) et |A3(G) Ay (G) A (G) A (G)
23 40 -25 (1,1) (9/2-5/2) 1 1 29.520  0.090 8] -0.41  0.041 0.046 0.024
23 40 -0.5 (1,1) (9/2-5/2) 1 1 29.450  0.090 [8] -0.43 -0.002 0.004 -0.008
23 40 -0.5 (1,1) (9/2,-3/2) 1 1 12.510  0.050 8] -0.53 -0.171 -0.183 -0.159
23 40 0.5 (1,1) (9/2,-3/2) 1 1 12.680  0.050 [8] -0.52  -0.096 -0.113 -0.108
23 40 -0.5 (1,1) (9/2-3/2) 1 1 39.390  0.040 8] -0.48 0.059 0.080 0.100
23 40 0.5 (1,1) (9/2-3/2) 1 1 39.850  0.040 [8] -0.52  0.192 0.215 0.188
23 40 0.5 (1,1) (9/2,-1/2) 0 0  146.700  0.200 [5] - -0.251 -0.245 -0.065
23 40 0.5 (1,1) (9/2-1/2) 0 0 165.340 0.300 [5] - -0.340 -0.383 -0.269
23 40 0.5 (1,1) (9/2,-1/2) 0 0  233.000 1.800 [5] - -4.994  -5.126 -7.722
23 40 1.5 (1,1) (9/2,1/2) 0 0 190.500  0.200 [5] - -0.620 -0.513 -0.319
23 40 1.5 (1,1) (9/2,1/2) 0 0 218.400 0.200 [5] - -0.667 -0.622 -0.505
23 40 1.5 (1,1) (9/2,1/2) 0 0 308.100 3.220 [5] - -19.413 -19.588 -23.114
23 40 25 (1,1) (9/2,3/2) 0 0  256.600 0.200 [5] - -0.965 -0.619 -0.423
23 40 25 (1,1) (9/2,3/2) 0 0  299.900 0.400 [5] - -1.900 -1.630 -1.522
23 40 0.5 (1,1) (9/2-1/2) 1 1 18.810  0.100 [5] - -0.024 -0.031 0.012
23 40 1.5 (1,1) (9/2,-1/2) 1 1 19.150  0.100 [5] - 0.112  0.107 0.116
23 40 0.5 (1,1) (9/2-1/2) 1 1 58.320  0.100 5] - -0.103 -0.036 -0.012
23 40 1.5 (1,1) (9/2-1/2) 1 1 59.100  0.100 [5] - 0.184 0.249  0.200
23 40 1.5 (1,1) (9/2,1/2) 1 1 35.170  0.100 [5] - -0.156  -0.116  -0.025
23 40 25 (1,1) (9/2,1/2) 1 1 35.830  0.100 [5] - 0.047 0.084 0.112
23 40 1.5 (1,1) (9/2,1/2) 1 1 100.360  0.100 [5] - -0.104 0.111  0.112
23 40 25 (1,1) (9/2,1/2) 1 1 101.310 0.100 [5] - 0.171  0.381  0.285
23 40 -3.5 (1,1) (9/2,-9/2) 0 2 204.520  0.200 [5] - -3.75 0.084 0.116
23 40 -3.5 (1,1) (9/2,-9/2) 0 2 279.800  0.200 [5] - -5.99  -0.202 0.024
23 40 in -2.5 (1 1) (9/2,-7/2) 0 2  202.680 0.200 [5] - -3.51  0.105 0.112
23 40 i -2.5 (1,1) (9/2,-7/2) 0 2  276.300 0.200 [5] - -5.50  -0.040 0.113
23 40 in -1.5 (1 1) (9/2,-5/2) 0 2  201.660 0.200 [5] - -3.29  0.117  0.096
23 40 s -1.5 (1,1) (9/2,-5/2) 0 2  274.600 0.200 [5] - -5.14  0.026  0.115
23 40 i -05 (1,1) (9/2,-3/2) 0 2  201.440 0.200 [5] - -3.06 0.124 0.076
23 40 4 -05 (1,1) (9/2,-3/2) 0 2  274.800 0.200 [5] - -4.67  0.223  0.251
23 40 i 0.5 (1,1) (9/2,-1/2) 0 2  202.100 0.200 [5] - -2.77  0.168  0.096
23 40 4 0.5 (1,1) (9/2,-1/2) 0 2  276.200 1.300 [5] - -4.67  -0.048 -0.079
23 40 m 1.5 (1,1) (9/2,1/2) 0 2  278.800  0.400 [5] - -5.02  -0.711 -0.795
23 40 i 2.5 (1,1) (9/2,3/2) 0 2  283.700 0.900 [5] - -3.98  0.003 -0.160

sum of weighted squared deviations: - 5240.5 337.0 255.31




3.2 Beyond Born-Oppenheimer approximation in ultracold atomic collisions [A2]

3.2 Beyond Born-Oppenheimer approximation in ultracold

atomic collisions [A2]

The Born-Oppenheimer approximation (BOA) takes into account the fact that the mass of an
electron is about three orders of magnitude less than the mass of a proton, and thus much less
than the mass of the nucleus that the electron surrounds. The atomic nucleus is inert compared
to the electron. If the electron position changes, the position of the nucleus will only slowly adjust
to the new equilibrium position. Therefore one can make the approximation of treating the total
wavefunction Wiy as a product of decoupled wavefunctions that describe the motion of the electron
and the nucleus separately, Wiot = Welectron * Ynucleus- 1his reduces the complexity of the system,
which in turn reduces the computational effort. In molecular spectroscopy, for example, this allows
to use the same interatomic potentials for different isotopes by a simple rescaling of the nuclear
motion according to the reduced molecular mass [A2]. Deviations from this approach are in the
order of the electron-to-proton mass ratio and therefore correspond to energy shifts in the order of
AE/E =~ 10~* [A2]. However, for a precise description of the molecular potentials, beyond BOA
effects might be necessary. As Feshbach resonances carry information of the molecular short-range
potential to the atomic threshold, a detailed study of the position of Feshbach resonances across

all potential isotopes of a chosen element might reveal these effects.

In the following paper, it is shown that for an optimal description of the positions of Feshbach
resonances across different potassium isotopes, beyond BOA effects must be taken into account,
which therefore refine the molecular potentials. For this, all previously known potassium Feshbach
resonance positions were gathered. In addition three new d-wave resonances for 39K-3K in the
|F' =2, mp = —2) hyperfine state, with F' the total angular momentum and mpg its projection on
the magnetic field axes, have been measured. This is done through the identification of atomic loss
features. With this 3?K-3K is the only isotope combination where a large number of s-wave as well
as d-wave resonances are known. As this fixes the asymptotic branch of the molecular potentials,

this isotope combination is used as a reference for the model.
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We report on deviations beyond the Born-Oppenheimer approximation in potassium interatomic potentials.
Identifying three previously unknown d-wave Feshbach resonances, we significantly improve the understanding
of the 3K interatomic potentials. Combining these observations with the most recent data on known inter- and
intraisotope Feshbach resonances, we show that Born-Oppenheimer corrections can be determined from atomic
collisional properties alone and that significant differences between the homo- and heteronuclear cases appear.
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I. INTRODUCTION

In quantum chemistry and molecular physics, the assump-
tion that the electronic and nuclear motions can be separately
treated is well justified by the three orders of magnitude
separating the proton and the electron masses. The nuclei are
considered as fixed objects at relative distance R when solving
the eigenvalue problem of the electron motion, resulting in a
R-dependent electronic energy, which is taken as the potential
for the nuclear motion. This approximation leads to large
simplifications when solving the Schrodinger equation for
molecules and is named Born-Oppenheimer approximation
(BOA) [1]. The BOA is extremely powerful in matching
theoretical predictions and spectroscopic results, particularly
concerning the understanding of diatomic molecules. One
major aspect within the BOA is that the same interatomic po-
tential (BO potential) is used for different isotopes by simply
rescaling the nuclear motion according to the reduced molecu-
lar mass. Deviations from this assumption lead to perturbative
corrections to the BOA on the order of the electron-to-proton
mass ratio. The isotopic dependence of corrections has been
discussed in many papers; see, for example, Refs. [2-4].
These deviations from the BO-potential approach correspond
to shifts in energy levels on the order of AE/E &~ 10~* or less
and they have been observed in spectroscopy experiments like
Refs. [5-7] and in the dissociation energy of different isotope
combinations of hydrogen diatomic molecules [8].

Effects of the corrections to the BOA are much weaker at
the collisional threshold of atom pairs as the long-range be-
havior of the interatomic potential is weakly affected by short-
range variations. Recent developments in molecule cooling
and molecule association from ultracold atoms have consid-
erably increased the experimental resolution, giving access
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to study effects beyond the BOA. Corrections to the triplet
and singlet scattering lengths are indeed predicted to be on
the order of a few tenths of the Bohr radius a¢ [7] and are
practically undetectable. However, Feshbach resonances are
an effective passkey as they carry important information of the
short-range potential to the atomic threshold [9]. A particular
interesting case is given by the collisional properties of ultra-
cold potassium atoms. Potassium features two stable bosonic
isotopes (*°’K and “'K) and a very long living fermionic
one (*°K). All these isotopes have been cooled to quantum
degeneracy both in single- and two-isotope experiments and
collisional data for five (PK-¥K, K-k, ' K-*IK, *K-*IK,
4K-HK) of the six possible combinations are available in
literature [10-14]. The comparison of Feshbach resonance
positions for different isotope combinations is a promising
way to reveal corrections to the BOA. First hints of such
corrections were obtained by Falke ef al. [7] studying the
two cases YK-¥K and “°K-*K available at that time. In this
paper, we present the experimental observation of previously
unmeasured d-wave Feshbach resonances of *K and show
how this allows us to improve the knowledge of ¥K,. We
combine this result with the published literature on potassium
Feshbach resonances and we determine corrections to the
BOA from collisional data alone.

The paper is structured as follows. In Sec. II, we explain
how to reveal effects from beyond BOA corrections in atomic
collisional properties. In Sec. III, we present the observation
of three new Feshbach resonances for K, which enhances
the knowledge on 39K, to use this dimer as reference for the
full isotope analysis. In Sec. IV, we quantify the corrections to
the BOA thanks to a multiparameter fit of the new and already
known Feshbach resonance positions.

II. THEORY ASPECTS

To treat the collision of an atom pair of alkali atoms at
low kinetic energy, we set up the Hamiltonian of the coupled
system of the two lowest molecular states X 1 2; and d° Elj s
because the product state of two ground-state atoms is gen-
erally a mixture of singlet and triplet states. The appropriate
Hamiltonian is presented in many papers, e.g., Refs. [7,9],
and will not be repeated here. It contains the hyperfine

Published by the American Physical Sa2$kty
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interaction, also responsible for the singlet-triplet mixing, the
atomic Zeeman interaction, and the effective spin-spin inter-
action of the two atoms in their doublet states. The nuclear
motion is governed by the molecular potentials of the two
interacting molecular states.

The potential functions within the Born-Oppenheimer ap-
proximation (BO potentials) are represented in analytic form
as described in detail in Ref. [7] in three R sections divided by
an inner R;, and outer radius Ry.

In the intermediate range around the minimum, it is de-
scribed by a finite power expansion

n
UrR) =) a:£R) ey
i=0
with a nonlinear variable function £ of internuclear separation
R:
R—R,
R+ bR,

In Eq. (1), the {a;} are fitting parameters and b and R,,
are chosen such that only few parameters a; are needed for
describing the steep slope at the short internuclear separation
side and the smaller slope at the large R side by the analytic
form of Eq. (1). R, is normally close to the value of the
equilibrium separation.

The potential is extrapolated for R < R;, with

Usg(R) = A + B/R" 3)

ER) = 2)

by adjusting the A and B parameters to get a continuous
transition at Rj,; the final fit uses N equal to 12 and 6 for
X! Z; and @’ XF states, respectively, as adequate exponents.

For large internuclear distances (R > Roy), we adopt the
standard long-range form of molecular potentials:

C C C
Uir(R) = Uso = ¢ = 5 = =i & Eoxen(R). (4)
where the exchange contribution is given by
Eexch(R) = Aeny exp(_IBR) (5)

and Uy is set to zero, which fixes the energy reference of the
total potential scheme.

The BO potentials are extended by correction functions
U,4a(R), which make the full potentials mass dependent. These
correction functions [3,4,15] contain matrix elements of the
nuclear momentum operators over the electronic wave func-
tions of the considered electronic state and other ones with
AQ =0, where Q2 is the projection of the total electronic
angular momentum onto the molecular axis. U,q(R) is the so-
called adiabatic correction to the BO-potential function, and it
contains the interaction of the considered electronic state with
all states according the selection rule A2 = 0 by the nuclear
vibrational motion. We do not include nonadiabatic correction
with the selection rule AQ2 = +1 because it will be negligibly
small for collisions with low partial waves as s, p, or d.

Watson [3] shows that in the lowest order the mass de-
pendence of these corrections for a molecule AB will be of
the form UA(R)% + UB(R)%, where Myp) is the atomic
mass of atom A(B) and m, is the electron mass. For true
heteronuclear molecules, the coefficients Us(R) and Ug(R)
will be different; for homonuclear cases in the electronic

system such as K, both coefficients will be equal and thus
the isotope dependence of the correction function will be
inversely proportional to the reduced mass u of the molecule.
Van Vleck [15] considered the mass dependence of the het-
eronuclear cases in the hydrogen-deuterium (HD) molecule
and found that the corrections should be extended by a term
(My — Mp)?/(M4 + M3)?*. Thus, in our case with the nuclei
like K -#'K, the representation of the correction functions
should read

Uns(R) = U R + U, (2= MY ()
= _— m, _— .

ad gen w asym e MA i MB

where u is the reduced mass for the molecular rovibrational

motion. Ugen (R) and Uyeym (R) are functions of the internuclear

separation R. The subscripts refer to the general and asymmet-

ric contributions.

III. d-WAVE FESHBACH RESONANCES IN ¥K

In our setup, ultracold samples of K atoms are prepared
by sympathetic cooling in a bath of evaporatively cooled Na
atoms as explained in Refs. [16,17]. Compared to the experi-
mental sequence used in our previous works, the mixture here
is heavily unbalanced toward 3°K and the Na atom number is
practically negligible. During evaporation in a crossed optical
dipole trap, the **K atoms are initially in the | f =1, m; = —1)
state and are transferred to the target | f = 2, my = —2) state
by rapid adiabatic passage. f is the total angular momentum
of the atom and m/ is its projection. The transfer is based
on a 1-ms radio frequency sweep performed at an external
magnetic field of about 199 G. At this magnetic field, losses
are small in both the initial and final states and during the
transfer. The sample contains up to 3 x 103 atoms at 650 nK
in a trap with an average frequency of 2 x 114(5) Hz.

To locate the d-wave resonances, we observe that the atom
number decreased due to inelastic two-body losses in the
proximity of the Feshbach resonance. We ramp the magnetic
field strength in 10 ms to the target value. After a fixed
holding time, chosen to not lead to complete depletion of the
atoms at resonance, the magnetic field is ramped back to the
magnetic field strength where high-field absorption imaging
of the remaining atoms is performed [17]. Figure 1 shows the
remaining atom fraction at different values of the magnetic
field strength in the vicinity of the predicted d-wave Feshbach
resonances. By fitting the loss data with phenomenological
Gaussian curves, we obtain the following three resonance
positions: 125.94(14), 188.72(5), and 227.71(60) G. The pre-
dicted width of the resonance at 188.72 G is far below our
magnetic field stability of about 30 mG and leads to experi-
mental points not following a Gaussian profile; see Fig. 1(b).

We also measure the remaining atom number at the reso-
nance positions for variable holding time. The data are shown
in Figs. 1(d)-1(f) for the 125.94, 188.72, and 227.71 G res-
onances, respectively. The inelastic loss rate coefficients are
obtained from a fit to the data according to the two-body loss
differential equation including the effects of antievaporation
heating [18,19] and background lifetime (about 17 s). The loss
rate coefficients are summarized in Fig. 1(g) and confirm the
expected large difference between fast [Fig. 1(e)] and slow
[Figs. 1(d) and 1(f)] losses despite the same d-wave character
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FIG. 1. 3°K d-wave Feshbach resonances in the hyperfine state
|f =2,m; = —2). [(a)—(c)] The remaining fraction of *K atoms
is measured for different values of the magnetic field. The holding
times for the three measurements are 1 s, 470 ms, and 4 s, re-
spectively. Gray lines are the phenomenological Gaussian fit curves.
Error bars are the standard deviation of different experimental runs.
[(d)-(f)] Remaining atom fraction as a function of time for the
d-wave Feshbach resonances in panels (a), (b), and (c), respectively.
The measurements are performed at the magnetic fields where losses
are maximal. The lines are fits according to the two-body loss rate
equation; see text. (g) Comparison between the measured (black
squares) and predicted (green stars) inelastic loss rates. For the
uncertainties on the loss rate, see text.

of the resonances. The values are in good agreement with
theoretical predictions using the results of Sec. IV within
the error bars, which include statistical uncertainties and the
uncertainties on the calibration of temperature, trap frequency,
and atom number. The values for the 125.94 G [Figs. 1(a) and
1(d)] and 227.71 G [Figs. 1(c) and 1(f)] resonances are larger
than predicted, probably because of other loss contributions
not included in the fit. The measured value for the 188.7 G
[Figs. 1(b) and 1(e)] resonance is instead smaller than ex-
pected as the narrow resonance width and the magnetic field
jitter do not allow to remain exactly at resonance.

The resonance measurements were only performed for one
sample temperature. We checked with the derived potential
system; see Sec. IV for the temperature dependence of the
resonance positions. Changing the kinetic energy from 1 to
0.5 uK results in a shift of the positions by less than 5 mG,
which is much smaller than the present experimental uncer-
tainty.

IV. ANALYSIS

We start our analysis from potential functions of the two
lowest electronic states X' X" and a® =" derived from spec-
troscopic observation which have been described in detail in
[7]. We refit the spectroscopic data with a smaller set of poten-
tial parameters to reduce the risk of obtaining unphysical tiny
oscillatory behavior of the potential function. In Ref. [7], state
X! E; was described by 31 parameters, but now 22 are suffi-

cient. For state a3 E,j’ , we use 14 parameters, compared to 22
in the previous work. The resulting potentials form the starting
point for a fit of 49 Feshbach resonances and a comparison of
the experimentally determined Feshbach resonance positions
with the ones resulting from the coupled channel calculation.
‘We identify the Feshbach resonance position by the maximum
scattering rate coefficient at the kinetic energy given by the
experimental conditions. We base our analysis on Feshbach
resonance data for the isotope combinations 3°K - K from
D’Errico et al. [11] and Refs. [14,20], *°K - *°K from Regal
et al. [21,23], K - 'K from Tanzi et al. [14], ' K - *'K from
Chen et al. [13] and Tanzi et al. [14], and “°K -*'K from
Wu et al. [12]. We summarize the data in Table I with their
quantum numbers and the reported experimental uncertainty.
As quantum numbers, we use the projection M of the total
angular momentum onto the field axis, the atom pair labels
for dressed states, and the interval [, — Imax Of the partial
waves. The labels of the atomic dressed states are given by
| f, ms). The column “type” indicates that for “el” the peak of
the elastic part of the rate coefficient is taken and for “in” the
sum of the inelastic contributions.

The evaluation uses atomic hyperfine and g factors from
Ref. [24]. We fit the data in Table I to the BO potentials,
adjusting the branches at small (R < R;,) and large (R > Roy)
internuclear separations. After a few trials, it became clear that
the three data points for the *°K -*'K isotope combination
show significant deviations (several times the experimental
uncertainty) compared to all other isotope combinations. In
the following, we thus exclude these resonances from the
analysis and report only their resulting deviations in the final
conclusion [25]. Refitting all remaining resonances, we obtain
a normalized standard deviation of o = 0.977. These results
are given in Table I in column “0-c(1)” (observed-calculated)
and in row 1 of Table II [labeled model (1)]. Analyzing
the obtained fit for the different isotope combinations [see
Table II, model (1)] reveals that the main part of the sum of
squared weighted deviations stems from the isotope combi-
nation ¥K-#'K, resulting in o = 1.235, whereas the other
isotope combinations show values below 0.72. A separate fit
to the data of the isotope combination 3°K - #'K only empha-
sizes the consistency of these observations with a resulting
normalized standard deviation of o = 0.753 [see Table II,
model (¥K*'K),]. We thus started an additional fit in an
attempt to optimize the result for the isotope combination
¥K-4K by applying the potentials from the separate fit
of K -#'K above as initial values. Note that nonlinear fits
regularly give slightly different results depending on initial
values since it is hard to find the global minimum of the
sum of squared weighted deviations. In this second fit, we
obtain almost the same overall fit quality with a normalized
standard deviation of o = 0.993 but now the main deviation
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TABLE 1. Feshbach resonances and their theoretical modeling. Column o-c gives the difference of observed field value [obs] and
experimental uncertainty [unc)] to calculated one (not listed). The number indicates the model of evaluation as in Table II: (1) pure
BO potentials, (2) adding BO correction BOy, for the general case, and (3) adding BO corrections BOg, and BO,gy, for the homo- and
heteronuclear cases.

Isotope M Atom pair Imin ~ Imax  Type Obs[G] Unc[G] o-c(1)[G] o0-c(2)[G] o0-c(3)[G] Ref.
39/39 2 [1,1) |1, 1) 0 0 el 403.4 0.7 0.958 0.876 0.849 [11]
2 [1, 1) |1, 1) 0 0 el 752.3 0.1 0.104 0.024 0.039
2 1, 1) 11, 1) 0 0 el 25.85 0.1 0.016 —0.033 —0.024
0 [1,0) |1,0) 0 A el 59.3 0.6 0.400 0.315 0.320
0 [1,0) |1,0) 0 0 el 66.0 0.9 0.491 0.421 0.430
-2 11, =1y |1,-1) 0 0 el 32.6 1.5 —1.006 —0.979 —0.982
-2 11, =1) |1,-1) 0 0 el 162.8 0.9 0.503 0.460 0.467
-2 11, =1) |1,-1) 0 0 el 562.2 1.5 1.383 1.301 1.274
-2 1, —=1) |1, =1) 0 2 in 395.1 1.0 —0.020 —0.122 —0.160 [20]
-1 [1,0) |1, —1) 0 0 el 113.76 0.1 0.062 —0.002 0.007 [14]
—4 12, =2) |2, =2) 0 2 in 125.94 0.14 —0.097 —0.125 —0.120 present
—4 2, =2) |2, =2) 0 2 in 188.72 0.05 0.033 —0.008 0.000
—4 2, =2) |2, =2) 0 2 in 227.71 0.60 —0.150 —0.170 —0.130
40/40 -8 19/2,-9/2) 19/2, =7/2) 0 0 el 202.10 0.07 0.003 —-0.014 0.005 [21]
-7 9/2,-9/2) 19/2, —=5/2) 0 0 el 224.21 0.05 —0.001 —0.018 0.003
—6 19/2,=7/2) 19/2, —=5/2) 0 0 el 174.0 2.0 —0.280 —0.155 —0.130
-7 19/2, =7/2) 19/2, =7/2) 1 1 el 198.81 0.05 —0.010 —0.044 —0.024 [22]
-8 19/2, =7/2) 19/2, =7/2) 1 1 el 198.34 0.05 0.030 —0.006 0.014
7 19/2,7/2) 19/2,7/2) 1 1 el 436.3 0.5 —0.484 —0.444 —0.440 [21]
39/41 —1 1, -0) |1, -1) 0 0 el 228.88 0.08 —0.091 —0.036 —0.035 [14]
-2 1, —1) |1, =1) 0 0 el 149.84 0.06 0.100 0.083 0.082
-3 11, —1) |2, =2) 0 0 el 649.6 0.6 0.564 0.535 0.343
3 1, 1) |2,2) 0 0 el 341.5 0.20 —-0.018 0.097 0.101
3 1, 1) |2,2) 0 0 el 353.8 0.20 —0.092 0.017 0.023
2 [1,1) |1, 1) 0 0 el 139.27 0.04 —0.072 —0.020 —0.016
2 1, 1) |1, 1) 0 0 el 146.24 0.07 —0.109 —0.057 —0.056
2 [1, 1) |1, 1) 0 0 el 338.12 0.07 —0.057 0.032 0.024
2 [1, 1) 11, 1) 0 0 el 500.2 0.3 0.276 0.242 0.051
2 [1,1) |1, 1) 0 0 el 518.4 0.1 0.072 0.049 —0.124
1 [1,1) |1,0) 0 0 el 88.2 0.1 —0.212 —0.157 —0.160
1 |1, 1) |1,0) 0 0 el 160.05 0.06 —0.020 0.034 0.037
1 |1, 1) |1, 0) 0 0 el 165.80 0.05 —0.069 —0.016 —0.015
1 [1,1) |1,0) 0 0 el 3444 0.1 —0.006 0.073 0.053
1 [1,1) |1,0) 0 0 el 522.6 0.2 0.246 0.217 0.028
1 [1,1) |1,0) 0 0 el 553.1 0.1 0.243 0.229 0.069
0 |1, 1)y |1, —=1) 0 0 el 189.88 0.05 —0.053 0.000 0.001
0 [1, 1) |1, —1) 0 0 el 348.4 0.1 0.040 0.110 0.076
0 [1, 1) |1, —=1) 0 0 el 384.91 0.07 —0.044 0.049 0.049
0 [1, 1) |1, —=1) 0 0 el 553.5 0.2 0.249 0.223 0.044
-1 [1,0) |1, —1) 0 0 el 228.88 0.08 —0.091 —0.036 —0.035
-2 [1,-1) |1, —=1) 0 0 el 149.84 0.06 0.100 0.083 0.082
-3 11, -1y 12, =2) 0 0 el 649.6 0.6 0.564 0.535 0.343
41/41 -2 11, =1) |1,-1) 0 0 el 51.1 0.2 —0.021 —0.100 —0.101 [14]
—1 |1, —1) |1, 0) 0 0 el 51.92 0.08 0.022 —-0.077 —0.081
2 [1,1) |1, 1) 0 0 el 409.2 0.2 —0.160 0.053 0.068 [23]
2 [1, 1) |1, 1) 0 0 el 660.6 0.2 —0.015 0.000 0.059
40/41 11/2 19/2,9/2) |1, 1) 0 2 el 472.6 0.3 —2.150 —1.922 —1.906 [12]
11/2 19/2,9/2) |1, 1) 1 1 el 4329 0.3 —2.651 —2.280 —2.252
11/2 19/2,9/2) |1, 1) 0 0 el 542.7 1.0 0.167 0.402 0.416

*This s-wave resonance is influenced by a d-wave resonance at 59.9 G.

lies in the “°K -%°K isotope combination with its individ-
ual value 0 = 1.566 as given in the third line of Table II,
model (*°K *'K),. Since the reduced masses of **K 'K and
40K - 40K are almost equal, the different behavior of these two

32

isotope combinations in the two different fits [model (1) and
model (K *“K),] give a strong hint that mass effects beyond
the simple mass scaling of the rovibrational motion should be
considered.
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TABLE II. Overview of obtained standard deviations at different
evaluation steps. The column “model” gives the same numbers as
in Table I. Columns labeled by isotope combinations show the
contribution of that combination: (1) BOA; (39/41),, fit restricted to
PK-HK; (39/41)y, as (1) using (39/41), as starting guess; (2), BOA
with BOy, corrections; (3), BOA with BOg, and BO,yy, corrections.

o
Model Total ¥K-*K %K-*K ¥PK-¥YK “K-*K
1) 0.977 1.235 0.476 0.718 0.428
(39/41), 0.753
(39/41), 0993  0.867 1.566 0.991 0.394
) 0.78  0.952 0.541 0.593 0.556
3) 0.651  0.737 0.428 0.584 0.607

In the next step, we thus include beyond BO corrections
proportional to the reduced mass for the general case [i.e.,
part Uy, from Eq. (6)]. Because we can only study the small
variations between the naturally existing isotope combina-
tions, it is advantageous to define one isotope combination
as a reference. This results in a parametrization of the full
potentials with BO corrections for molecule AB given by

U(R) = Upo(R) + Bogen(R)<1 — Mm)
MaB

2
M) , (7

BOusym (R
* BOuym )<MA + Mp

where the factor of the electron mass in Eq. (6) is incorporated
in the new functions BOge, and BOggym and pir is the reduced
mass of the reference combination. Here we apply *K - 3°K as
a reference. For this combination, we have a large number of
s-wave resonances and additionally also d-wave resonances.
Both together fix the asymptotic branch of the potentials. This
is different for the 3K - *'K isotope combination where only
s-wave resonances have been measured. In principle, BOg, is
a function of R, but the present data set is too small to derive
such function from a fit with acceptable significance. Thus,
we simplify the condition by assuming correction functions to
be proportional to the BO potential and Eq. (7) reads now

MAB

My — Mg\
-i—BOaSym m s (8)

UR) = UBO(R)|:1 + BOgen(l - “”f>

where now BOg., and BO,y,, are fit parameters for the
amplitude of the BO corrections. A crude justification of this
assumption is that the normal mass effect in atomic physics,
e.g., the Rydberg constant and its nuclear mass dependence,
show a similar form of the correction for the binding energy.
Furthermore, a molecular potential describes the variation of
the kinetic energy within the nuclear vibrational motion as
function of R and is therefore a measure of the coupling to
the electron motion.

Starting with BOge, for states X ¥ ¥ and @*=;F we perform
a fit of all resonances, adding the parameter for both electronic

TABLEIII. Born-Oppenheimer corrections, according to Eq. (8).
The number indicates the model of evaluation: (2) adding BO cor-
rection BO,,, for the general case and (3) adding BO corrections
BOgen and BOggym for the general and heteronuclear cases. Values in
brackets are not significantly determined and effectively zero.

Parameter X'zf At
BOgen (2) (—0.00003) —0.00046
BOgen (3) (—0.00006) —0.00046
BOyym (3) 0.0057 (—0.000001)

states, and obtain a normalized standard deviation of o =
0.786 (the individual deviations are shown in column “o0-c(2)”
in Table I). This value should be compared with the one
from a fit of the pure BO potentials o = 0.977. Including
beyond Born-Oppenheimer corrections apparently leads to a
significantly better fit.

Looking again at details of the fit for the different isotope
combinations in Table II model (2), we see that the com-
bination ¥K -#'K is described with o = 0.952 whereas the
other three show values below 0.6. Since we removed the
isotope combination “°K -#'K from the evaluation already
earlier for another reason (see also Ref. [26]), the former
one is the only heteronuclear case remaining for which the
standard deviation is significantly larger than the value seen
in a separate fit (comp. above 0.753). Keeping in mind that
the isotope combination with almost equal reduced mass,
namely *°K -“°K, is well represented by the introduced BO
correction, we complement our model by the heteronuclear
extension of the BO correction, which is already contained in
Eg. (8) by the parameter BO,gyr,. The new fit results now in a
standard deviation of 0 = 0.651 [see Table II model (3)] and
thus a further improvement compared to 0.786 from model
(2). Additionally, all individual standard deviations are almost
equal to the values obtained by separated fits. The deviations
of observation to calculation from the new fit are shown in col-
umn “o0-c(3)” of Table I. The sequential improvement of the fit
quality including beyond Born-Oppenheimer terms underlines
the significance of corrections beyond Born-Oppenheimer
for the precise description of molecular potentials and the
precision derivation of atomic scattering properties [27].

In Table III, we give the magnitude of the BO corrections
for the two electronic states X' £} and @’ ¥,1. The uncertainty
of the significantly determined parameters is about 20%. For
better insight into the BO correction, we calculate the highest
vibrational levels with the correction and compare them with
the level energy, setting the correction to zero. For the heaviest
isotope 'K - *'K and thus the largest difference to the refer-
ence isotope 39K - 39K, we obtain for the level v = 27, N = 0
of the state a*X; a difference of 220 kHz and for the state
X 'E; (v =287, N =0) it is effectively zero, because here
the influence by BO correction appears only for heteronuclear
isotope combinations.

V. DISCUSSION

From the different models, we calculated the scattering
lengths for the pure singlet and triplet states. The results are
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TABLE IV. Scattering lengths in units of g, of all natural isotope
combinations of K derived from the different potential models.

sotope  (DX'S;  X's; DHdE BdE)
39/39  138.801  138.75920) —33.376  —33.413(25)
39/40 —2.669  —2707(15)  —2031  —2026(10)
39/41 113.094  113.036(20)  176.600  176.688(25)
40/40 104416 10441020)  169.204  169.288(25)
40/41  —54.447  —5447925) 97139  97.186(20)
41/41 85400  85.409(18)  60.266  60.317(18)

summarized in Table IV for the different isotope combina-
tions using model (1) (BO approximation) and (3) (including
all beyond BO corrections). Because we choose the isotope
combination ¥K -¥K as reference, one might expect no
difference for the resulting scattering lengths for this isotope
pair when using model (1) or (3) respectively. However, we do
observe corrections (see Table IV). Equal values for *°K - 3K
would result if the evaluation in case (3) would only vary the
BO-correction parameters and anything else would be kept
constant. This will not be the optimal fit strategy, because
in case (1), i.e., no BO corrections, existing significant BO
corrections are distributed over the deviations of the fit over
all isotopes and thus also the reference isotope is influenced.
One can see such different distribution from the standard
deviations of ¥K - ¥K given for models (1) and (3) in Table II,
the former one is larger than the latter one. Because of this
influence, we only give error estimates for the complete model
including BO corrections in Table IV and the differences
between models (1) and (3) do not show the true magnitude of
the BO correction. See also the calculation of the energy shift
by the BO correction as given at the end of Sec. IV.

A complete list of scattering lengths was reported in
Ref. [7]. The new values show a significant improvement
by roughly a factor 5 of the error limit. The values agree
in most cases within uncertainty limits despite the fact that
the former evaluation could only incorporate Feshbach res-
onances for K - 3K and “°K - *°K. The paper stated that a
weak indication of BO corrections could be obtained from
the resonances. We believe the present evaluation shows this
clearly. Additionally, we were able to study the difference
between the homonuclear and heteronuclear cases, resulting
in the values of BOge, and BOjgyp.

We obtained a significant contribution for the triplet state
a’ 2,5 by BOgen for both fit cases but for the singlet state
X 12; only for the heteronuclear isotope pairs. This is prob-
ably related to the fact that the closest singlet state, namely
A'YF, has u symmetry compared to g symmetry for the
singlet ground state. These two can only couple by the
symmetry breaking part of the Hamiltonian responsible for
the BO correction [28]. The situation for the triplet state is
different, where the energetically closest is b°IT, and has u
symmetry as the triplet ground state. We should note that
the magnitudes of both effects, BOge, and BO,gym cannot be
directly compared, because the former one is referenced to
¥K -*K and thus describes only the difference between the
isotope pairs whereas the latter indicates the total effect.

We evaluated the isotope dependence by using the precise
Feshbach spectroscopy and checked finally that the obtained

BO corrections have little influence in the deep rovibra-
tional levels measured by molecular spectroscopy, e.g., in
Refs. [7,29,30], which have an uncertainty in the order of few
thousands of cm~! or about 100 MHz compared to 1 MHz
or better for the Feshbach spectroscopy. For this purpose,
we went back to the full data set from the spectroscopy for
iterating the fit for obtaining the consistent description of the
complete data set from molecular and Feshbach spectroscopy.
The final parameter sets of the potentials are given in the
Appendix; see Tables V-VII.

VI. CONCLUSION AND OUTLOOK

We use an analysis of the complete set of all known
Feshbach resonances in different K isotope combinations to
derive potential energy curves for states X'¥." and a’%;
and find clear signatures of beyond BO corrections. We base
our work on the discussion of H, and HD molecules by van
Vleck [15] and find correction terms for the homonuclear and
heteronuclear cases when analyzing homo- and heteronuclear
isotope combinations of K respectively. Unfortunately, our
analysis of heteronuclear cases is restricted to the 3K -#'K
isotope combination, although, in principle, more isotope
combinations exist. However, available Feshbach resonance
data of the ““K-*4'K [12] isotope combination show very
large deviations which are beyond a realistic description [25].
We therefore excluded this isotope combination from the
analysis given in Sec. IV. To allow for an extended analysis
of heteronuclear beyond BO corrections, it would be very
much desirable to revisit observed Feshbach resonances in the
19/2,9/2) + |1, 1) channel of the “°K - *'K isotope combina-
tion and extend measurements to resonances within other col-
lision channels such as [9/2, —9/2) + |1, 1). In the same con-
text, the 3K - “°K isotope is of great interest. Here, it would be
particularly favorable to study collisions in the [9/2, —7/2) +
[1,1) and |9/2, —5/2) + |1, 1) channels. In these channels,
well-separated Feshbach resonances in a magnetic field region
below 200 G should be found, whereas sharp resonances in
the |9/2, —9/2) 4 |1, 1) channel will be overlapped by a very
broad resonance. Furthermore, the above-mentioned channels
will show sharp Feshbach resonances in the range of 800 to
850 G. We believe that such studies will settle the discussion
of the importance of BO corrections in cases of homo- and
heteronuclear pairs of homopolar molecules.

In the same spirit, it would be very interesting to analyze
Feshbach resonances in the different isotope combinations of
the homopolar molecule Li,. There exists a detailed analysis
[31] of spectroscopic data of the X', -A' £ transition in
the Li, considering homonuclear BO corrections [BOge, (R)
from Eq. (7)]. The study includes data from "Li-°Li iso-
topologue; however, the authors do not mention any need
to distinguish between homo- and heteronuclear corrections.
The data set for the "Li-°Li molecule is small compared to
that of both homonuclear molecules “Li - ’Li and °Li - °Li, and
thus it could be not sufficiently significant for the above men-
tioned distinction. For Li, there exist also measurements of
Feshbach resonances for the homonuclear cases (see the latest
report by Gerken et al. [32]), but nothing on "Li - °Li. Thus,
studies of Feshbach resonances of Li-Li would be worthwhile
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TABLE V. Parameters of the analytic representation of the
X 12; state potential with adiabatic Born-Oppenheimer correction
and reference isotopologue K - ¥K. The energy reference is the
dissociation asymptote. Parameters with * are set for continuous
extrapolation of the potential.

R <R,=287A

A* —0.2600158561 x 10* cm™!
B* 0.8053173040 x 10° cm~!' A2
N, 12

Rin < R < Roy = 12.000 A
b —0.39
R 3.9243617 A
ao —4450.9007703 cm™!
a 0.159877863995326747 cm™!
a 0.141337574101676037 x 105 cm™"
as 0.107669620493846905 x 105 cm™!
as —0.331314023322698995 x 10* cm !
as —0.163943210499613087 x 10° cm ™!
as —0.216334200177141829 x 10° cm™!
a; —0.384655804768731250 x 10° cm™!
ag —0.768229889574501722 x 10° cm™!
as 0.157896664088991121 x 105 cm™!
an 0.833691806464401074 x 105 cm™!
an —0.115890452663354226 x 107 cm™!
an —0.653607110081680864 x 107 cm™!
an 0.487172809603480622 x 107 cm™!
an 0.308101362964722812 x 108 cm™!
ars —0.863340173933527432 x 107 cm™!
ae —0.811804637748816609 x 10® cm™!
an 0.492251670364311151 x 107 cm™"
ars 0.121156746090629265 x 10° cm™!
ar 0.280059277888290165 x 107 cm™!
a —0.968951931944736689 x 108 com ™!
an —0.314874358611015789 x 107 cm™!
ax 0.324661526246530302 x 108 cm™"
BOg (—0.00006)
BO,yym 0.00566

to investigate both homonuclear and heteronuclear beyond BO
corrections.

We conclude that very interesting Feshbach spectroscopy
is ahead of us to work out and highlight the importance of BO
corrections in the understanding of cold collisions.

Recently, we became aware that in the doctoral thesis of
Antje Ludewig, University Amsterdam [33], a large number
of unpublished Feshbach resonances of “°K are reported
and that in Liu et al. [34] d-wave resonances for *'K are
reported. We checked these data with our model and found
complete consistency for the data from Antje Ludewig after
reassignment of some p-wave resonances. For the resonances
in Liu ef al., we find mainly consistency for the high-field
data but the low-field data deviate systematically due to their
strong temperature dependence, the analysis of which would
require the inclusion of the kinetic energy dependence of the
collision rates and the thermal distribution in the actual ex-
periment. The description by a single-channel approximation
for so-called “broad” resonances assumed by Liu et al. is not
justified because the resonances show strong inelastic con-

TABLE VI. Parameters of the long-range part of the potentials
for both states X' £} and @’ XF.

Rowt <R
Uy 0.0cm™!
Cs 0.1892338370 x 108 cm™! A®
Cs 0.5706799528 x 10° cm™~! A8
Cio 0.1853042723 x 10" cm~! A0
Acx 0.90092159 x 10* cm™' A~
y 5.19500
B 2.13539 A~

tributions. Details of these calculations are contained in the
Appendix.
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TABLE VII. Parameters of the analytic representation of the
@} state potential with adiabatic Born-Oppenheimer correction
and reference isotopologue *K,. The energy reference is the dis-
sociation asymptote. Parameters with * are set for continuous extrap-
olation of the potential.

R <Ry, =4.755A

A —0.7009379657 x 10° cm™!
B 0.80690073665 x 107 cm~! A®
N, 6

Rin <R < Roy = 12.000 A
b —0.40
R 5.7347289 A
ao —255.0214692 cm ™!
a —0.013405598929310479 cm™!
a 0.153940442323125171 x 10* cm™!
a3 —0.626944977828736569 x 10° cm ™!
as —0.147039918194012284 x 10* cm™!
as 0.238628331428504282 x 10 cm™"
as —0.121465057044283844 x 10* cm™!
a; —0.131024472517054273 x 10° cm™!
as 0.410390478256789502 x 10 cm™!
as 0.585609645570106004 x 105 cm™!
an —0.316660644987405278 x 10° cm™!
an 0.178579875710784399 x 106 cm™!
an 0.690085326716458891 x 106 cm™!
an —0.116538893384502688 x 107 cm ™!
' 0.541518493723396794 x 105 cm™"
BOg, —0.000465
BO,ym (—0.000001)
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TABLE VIII. Feshbach resonances taken from Ref. [33] and their theoretical modeling. Columns o-c give the difference of observed field
value (obs) and experimental uncertainty (unc) to the calculated one (not listed). The number indicates the model of evaluation as in Table II:
(3) both BO corrections BOg, and BO,y, for the homo- and heteronuclear cases.

Isotope M Atom pair Linin Lnax Type Obs [G] Unc [G] 0-c(3) [G]
40/40 -6 19/2,=7/2) 19/2, —5/2) 0 0 el 228.8 0.4 0.131
-5 19/2,=7/2) 9/2, =3/2) 0 0 el 168.5 0.4 —0.467
=5 19/2,=7/2) 19/2, =3/2) 0 0 el 260.3 0.6 —0.128
—4 19/2, —5/2) 19/2, —3/2) 0 0 el 22.1 0.3 0.140
—4 19/2,—=5/2) 19/2,—=3/2) 0 0 el 178.0 1.0 —0.017
—4 19/2,—5/2) 19/2, —3/2) 0 0 el 254.8 0.9 —0.188
-2 19/2,-3/2) 9/2, —1/2) 0 0 el 37.2 0.3 —0.199
-2 19/2,-3/2) 9/2, —1/2) 0 0 el 102.1 0.1 —0.065
-2 19/2, —=3/2) 19/2, —1/2) 0 0 el 138.2 0.1 0.034
-2 19/2, —3/2) 19/2, —1/2) 0 0 el 219.1 0.1 —0.367
-2 19/2,-3/2) 9/2, —1/2) 0 0 el 292.3 0.4 —0.180
6 19/2,7/2) 19/2,5/2) 0 0 el 312.0 1.8 —0.164
40/40 =7 19/2,-9/2) 19/2,=5/2) 1 1 in 215.0 5.0 —1.060
-8 19/2, =9/2) 19/2, —5/2) 1 1 in 215.0 5.0 —0.020
-6 19/2, —5/2) 19/2, —5/2) 1 1 in 232.8 0.2 —0.141
-5 19/2,-5/2) 19/2, =5/2) 1 1 in 233.5 0.2 —0.100
-5 19/2,-5/2) 9/2, =5/2) 1 1 in 245.3 0.4 0.019
=5 19/2,-5/2) 19/2, =3/2) 1 1 in 262.2 0.2 0.059
—4 19/2,—5/2) 19/2, —3/2) 1 1 in 262.6 0.2 0.140
-3 19/2, —3/2) 19/2, —3/2) 1 1 in 287.0 1.8 —0.580
-3 19/2,-3/2) 9/2, =3/2) 1 1 in 311.8 0.4 0.090
-2 19/2,-3/2) 9/2, —1/2) 1 1 in 338.0 1.8 —0.320
-1 19/2,—-1/2) 9/2, —1/2) 1 1 in 373.0 1.8 —0.654
5 19/2,5/2) 19/2,5/2) 1 1 in 68.0 1.8 0.195
5 19/2,5/2) 19/2,5/2) 1 1 in 102.0 1.8 —0.581
5 19/2,5/2) 19/2,5/2) 1 1 in 139.0 1.8 2517
5 19/2,5/2) 19/2,5/2) 1 1 in 324.0 1.8 0.238
7 19/2,5/2) 19/2,9/2) 1 1 in 44.0 1.8 —0.900
6 19/2,7/2) 19/2,7/2) 1 1 in 43.8 0.2 —0.011 reassigned
7 19/2,7/2) 19/2,7/2) 1 1 in 43.8 0.2 0.075 reassigned
8 9/2,7/2) 19/2,7/2) 1 1 el 44.7 0.2 0.100 reassigned
7 19/2,7/2) 19/2,7/2) 1 1 in 45.2 0.2 0.079 reassigned
7 19/2,7/2) 19/2,7/2) 1 1 in 46.4 0.2 —0.254
APPENDIX labels “el” or “in,” respectively. The overall agreement is

Tables V-VII show the potential parameters [defined
in Egs. (1), (3), and (4)] for the two states XIZ;,F and
a’¥}, as derived during the evaluation. These results are
improved potentials compared to the published ones [7],
not only because the Feshbach data have been largely ex-
tended but also the number of potential parameters is sig-
nificantly reduced, leading to a more stringent potential
form with less danger of showing tiny oscillatory unphysical
effects.

We analyzed the Feshbach resonances for “°K reported by
Ludewig [33] using the derived potential system and the full
beyond Born-Oppenheimer correction, model labeled by (3).
The s-wave resonances are described consistently but some of
the p-wave resonances needed a reassignment related to the
assumed total magnetic quantum number M. The results are
given in Table VIII. The s-wave resonances are dominated by
the elastic channel but the p-wave resonances show mainly
inelastic contributions as indicated in the column type by

very good and confirms our analysis of the previously known
resonances.

Furthermore, we analyzed the resonances given by Liu
et al. [34]. With our model we confirm the positions of the
three groups of d-wave Feshbach resonances; see Table IX.
Our theoretical approach includes the effective spin-spin inter-
action, and thus we checked the splitting within the multiplet
according the projection of rotational angular momentum m;
and found that the expected splitting in the case of |1, 1) +
|1, 0) at 544 G is too small to resolve the resonances m; = 0
and %1 in the study by Liu ef al. [34]. This case is marked as
“reassigned” in the table.

For the four reported groups of shape resonances, we see a
systematic deviation from our predictions; compare the upper
part of Table IX. The profile of these observed resonances is
significantly asymmetric and highly dominated by the thermal
distribution of the ensemble. Hence, a precise analysis of the
resonance positions would require detailed knowledge of the
experimental condition and the inclusion of their significant
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TABLE IX. Feshbach resonances taken from Ref. [34] and their theoretical modeling. Columns o-c give the difference of observed field
value (obs) and experimental uncertainty (unc) to calculated one (not listed). The number indicates the model of evaluation as in Table II:
(3) both BO corrections BOy., and BOygyy, for the homo- and heteronuclear cases. The upper panel summarizes the shape resonances (assuming
50 nK) and the lower one shows the Feshbach resonances (with 310 nK according to Ref. [34]).

Isotope M Atom pair Lnin Lnax Type Obs [G] Unc [G] 0-c(3) [G]

41/41 2 [1,1) |1, 1) 0 2 el 16.83 0.04 0.539
3 1, 1) |1, 1) 2 2 el 17.19 0.04 0.381
4 [1,1) |1, 1) 2 2 el 18.75 0.04 0.333
1 [1, 1) |1, 0) 0 2 in 25.31 0.04 0.685
2 [1, 1) |1, 0) 2 2 in 25.41 0.23 0.642
3 [1,1) |1,0) 2 2 in 25.74 0.04 0.542
0 [1,0) |1,0) 0 2 in 63.30 0.04 0.806
1 [1,0) |1,0) 2 2 in 63.69 0.08 0.731
2 [1,0) |1, 0) 2 2 in 65.16 0.06 0.694

-2 1, —=1) |1, —1) 0 2 in 104.47 0.04 0.445
-1 1, =1) |1, —1) 2 2 in 104.95 0.04 0.475

0 1, —=1) |1, —1) 2 2 in 106.27 0.04 0.401

41/41 2 11, 1) |1, 1) 0 2 el 530.48 0.04 0.122
3 1, 1) |1, 1) 2 2 el 530.40 0.04 0.114
4 1, 1) |1, 1) 2 2 el 530.18 0.04 0.131
1 [1, 1) |1, 0) 0 2 el 544.93 0.04 0.130
3 [1, 1) |1, 0) 2 2 in 544.79 0.04 0.140 reassigned
3 [1,1) |1,0) 2 2 in 544.34 0.11 -0.310 doubtful
1 [1,0) |1, 0) 0 2 in 565.23 0.04 0.053
2 [1,0) |1, 0) 2 2 in 565.05 0.04 0.058
3 [1,0) |1,0) 2 2 in 564.53 0.04 0.106

kinetic energy dependence, which is not discussed in Liu
et al. The authors applied an asymmetric line profile for
the fit, which leads us to the assumption that the reported
resonance positions are extrapolated to lower energies than

the average value of 310 nK. We find better agreement with
our predictions when the kinetic energy for our calculations is
lowered to 50 nK; see Table IX. A conclusive analysis would
require full access to the originally recorded spectra.
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3.3 Formation of ultracold weakly bound dimers of bosonic
2Na*K [A3]

As detailed in section the preparation of weakly bound molecules near a Feshbach resonance can
be accomplished through either a magnetic field sweep across the resonance or resonant RF/MW
pulses, magnetic field modulations or two-photon Raman pulses.

A magnetic field sweep has the advantage that it is robust, does not demand a high magnetic
field stability and promises high conversion efficiencies of up to 60 % for highly degenerate samples
[93]. Such a sweep has to start on the negative and has to end on the positive scattering length
side [58]. In addition the sweep over the resonance has to be fast, as on or close to the resonance
position large three-body losses occur. This turned out to be a problem for 22Na3?K, as the feasible
Feshbach resonances, with regard to easy accessibility of the hyperfine states and magnetic field
strength, have a large width A, demanding large and fast magnetic field sweeps on the order of
~ 100 G/ms. The POLAR experiment generates its homogeneous magnetic fields through coils in
Helmholtz configuration. Up to 250 A flow through the coils generating a magnetic field of roughly
750 G. The large inductance of these coils aggravates fast sweeps over large field ranges. Small offset
coils mounted on top of the main coils with lower inductance and therefore higher speed, did not
have enough range and gave rise to inductive currents in the main coils, demanding a damping time
before the following production of ground-state molecules. Since it turned out that the lifetime of
the Feshbach molecules is only on the order of a few hundred microseconds, see [A3], this approach

is ultimately not feasible.

Instead, as antennas were easily implementable and sources as well as amplifiers already available,
a resonant RF pulse was realized. This has the advantage of an already settled magnetic field and
therefore enables an immediate STIRAP after the Feshbach molecule production. For an efficient

and stable creation, this resonant RF pulse requires a stable and low-noise magnetic field.

3.3.1 Magnetic field stability

In the POLAR experiment the homogenous magnetic field is produced with a current flowing
through two coils in Helmholtz configuration. Therefore for a stable magnetic field the current
through the coils needs to be stabilized. A possibility for a stable, fast and low noise current
supply is the use of batteries. These can give an extremely small root-mean-square (rms) noise
well below 1mA at 100 A [94]. However, handling batteries at high currents and power levels is
quite challenging and poses a major fire hazard. In the POLAR experiment an rms noise of around
10mA (roughly 30mG) at 70 A was sufficient to create weakly bound molecules, see [A3]. This is
achievable with DC power supplies, in this case two SM30-200 from Delta Elektronika connected
in parallel, which are additionally stabilized with feedback from a current transducer IT 400-S
ULTRASTAB from LEM.

The rms noise of 10 mA was later further improved to around 3mA (10 mG) which in turn enhanced
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the molecular conversion efficiency to slightly above 10% with regard to the potassium atom number
(in contrast to 6% as noted in [A3]). The implementation of this improved low-noise current-control
circuit is shown in Fig.

Note that, the Helmholtz coils can also be used to apply quadrupole and Stern-Gerlach fields. A
detailed overview of this coil circuit and the implementation and control of high current switches

can be found in []9).

coils

s b, |
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i P,
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Figure 3.3: Schematic of the current control circuit. The experimental control voltage used to
set the desired current value I, is supplied to a proportional-integral-derivative (PID)
controller. An instrumental amplifier compares this experiment control voltage Viyp
to an offset voltage Vpog. This voltage originates from the current transducer that
converts the primary current I, into a secondary current I, with a conversion ratio of
I;/I, = 1/2000. This current is then converted into the offset voltage through a 502
resistance with an ultra-low temperature coefficient of 0.05 ppm/K. The error signal is
equal to Vo = Viy, — Vog. The resulting control voltage V. sets the output current of
the Delta power supplies. This current flows through the Helmholtz coils generating a
homogenous magnetic field.

The primary current I, of the Delta power supplies is set with the control voltage V., which
is generated from a proportional-integral-derivative (PID) controller. The error signal V. of this
PID controller originates from an instrumental amplifier AD620, which has a relatively low offset
drift and noise, with V. = Vgy, — Vog. The experiment analog control voltage Vgyp, is generated
from an ADwin Pro II board (Jaeger Messtechnik GmbH). This voltage can be set between +10V
with a 16 bit resolution and is electrically isolated from the rest of the current control circuit to
prevent ground loops. The offset voltage Vog originates from the IT 400-S. The current transducer
converts the current I, into a secondary current I with a ratio of Is/I;, = 1/2000. This current is

then converted into a voltage using VOS§832Z resistances from Vishay. These posses an extremely
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low temperature coefficient of around 0.05 ppm/K, which is necessary to prevent current drifts as
during operation the resistances heat up. This would change the resistance, thus the offset voltage
and consequently the applied primary current. Both the PID controller and the current transducer
are powered by the same power supply whose output voltage is additionally stabilized and filtered.
In addition, to avoid RF-induced noise, the entire current control loop in the laboratory is located
as far away as possible from the RF emitting antennas at the main chamber.

The residual rms noise is measured by an atomic hyperfine transfer utilizing RF pulses. For this, an
ultracold atomic cloud is prepared in a homogeneous magnetic field, a 100 ms long RF pulse applied
and its frequency scanned over the resonance position. As the transition has a negligible linewidth
and is probed at low RF intensities, the width of the resulting curve can be converted to a mag-
netic field noise using the Breit-Rabi-formula. This relatively simple setup provides a magnetic field
stability of 3mA (10 mG) at 70 A for the production of Feshbach molecules with resonant RF pulses.

With a stable magnetic field configuration, a Feshbach resonance in the |F'=1,mp = —1)y, +
|F' = 2,mp = —2) hyperfine state at roughly 196 G is used to populate a weakly bound molecular
state [A3]H This resonance has a few advantages. Initially both atomic clouds are prepared in the
|FF=1,mp = —1) hyperfine state. Therefore a single RF pulse is enough to access this Feshbach
resonance. In addition, this magnetic field is easily accessible without crossing many Feshbach reso-
nances and has feasible inter- and intraspecies scattering lengths in the initial hyperfine states [90].
Lastly, the |F' = 2, mp = —2) hyperfine state enables a sensitive high field potassium absorption
imaging, capable of resolving the few thousand Feshbach molecules with high signal-to-noise ratio.
It should be noted, that a sodium or potassium high field image also images the weakly bound
Feshbach molecules. This is possible, as the molecular state is heavily mixed with the atomic one
and only a few 100 kHz away. This is far smaller than the natural linewidth of the D5 line of sodium
and potassium, used for the absorption imaging, of roughly 27-10 MHz and 27 -6 MHz respectively.
The weakly bound molecules are destroyed after the first photon is absorbed and afterwards the
resulting atomic 3°K+23Na clouds are imaged. In the next section, a high-field imaging technique

for 22Na and K atoms is presented.

3.3.2 High-field imaging of Na and K

For an absorption imaging, the shadow cast by an atomic cloud by a resonant laser beam is detected
on a camera. Sensitive imaging schemes rely on closed cycling transitions where the atoms always
remain in the bright state. For example at zero magnetic field, in the case of 23Na and 3°K this
can be realized with a laser driving the transition from the |281/2, F = 2) state to the \QPS/Q, F=3)
state. However, off-resonant scattering on the |>Pj /2, F' = 2) state reduces the signal-to-noise ratio
and requires a subsequent repumping back to the |2S; 12, F = 2) state. This is especially relevant

for potassium due to a small hyperfine constant ap¢/h ~ 6 MHz, with h being the Planck constant,

!Note that, unless otherwise specified, atomic states are always written as their corresponding state in the low
magnetic field basis that would be achieved by an adiabatic downward ramp of the magnetic field.
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of the |42P3/2> manifold.

At low magnetic fields, the total angular momentum F' and its projection mp on the magnetic
field axis are good quantum numbers. This is called the Zeeman region. At high magnetic field
strengths the nuclear spin I and the total electronic angular momentum .J decouple and precess
individually around the magnetic field axis. This is the Paschen-Back region. Therefore the basis
|J,my, I,mr), with my and m; denoting the projection of J and I on the magnetic field axis, can
be used to describe the energy levels.

The Feshbach molecules are prepared at roughly 200 G. At this magnetic field strength the atoms
are neither in the Zeeman nor in the Paschen-Back region, although potassium is close to the latter
due to a smaller hyperfine constant, see Fig. Written in the high- or low-field basis each level
might therefore be in a mixture of these states. Please note, referring to the image as high-field is
therefore strictly speaking not correct, but makes sense in an experimental context and is therefore

commonly used in the field.

The sodium atoms initially populate the |F' =1, mp = —1) hyperfine state. Starting from this
state, no closed cycling transition can be found, at least with a single laser frequency. Therefore
a hyperfine state manipulation with an adiabatic RF sweep prior to the high-field image would be
beneficial. However, as will be described in detail in [A5], the sodium atoms should be removed
as quickly as possible directly after the Feshbach molecule and following ground-state molecule
formation, due to unfavourable scattering properties. This removal can be achieved with a high-
field imaging pulse. Therefore, a hyperfine state manipulation prior to the high-field image turned
out to be to slow and an imaging for the |F' = 1,mp = —1) hyperfine state at 200 G needs to be
implemented, as shown in Fig.

At 200G the initial |F'=1,mp = —1) hyperfine state is adiabatically transferred to
W) ~ 0.8|J = 1/2,my = 1/2,1 = 3/2,m; = —=3/2)40.6|J = 1/2,my; = —1/2,1 = 3/2,m; =
—1/2). This state can be coupled to the |J =3/2,m; = —3/2,1 =3/2,m; = —1/2) state in the
142P, /2> manifold, using o~ -polarized light. The excited state can decay back to the initial state
but also to |¥') ~ —0.6|J =1/2,m;=1/2,1 =3/2,m; = —-3/2)40.8|J = 1/2,m; = —1/2,1 =
3/2,mr = —1/2) and therefore requires an additional laser that couples this state back to the
excited state. This scheme can lead to the problem of sodium atoms falling into a coherent dark
state, though this was never observed. This is probably because the MW sources used for the
acousto-optic modulators to shift the lasers to the desired frequencies are noisy (around 1MHz),

which constantly destabilizes the dark state that is formed.
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Figure 3.4: Sodium high-field imaging scheme. The energy level splitting of the |32S; /2) (lower
levels) and the [3*Pj3/5) (higher levels) manifolds of the *Na atom in an external
magnetic field is shown. fy is the frequency of a photon bridging these manifolds. The
orange line shows the intial state of the atoms |¥). This is coupled with o~ polarized
light to the |J =3/2,m; = —3/2,1 = 3/2,m; = —1/2) state in the [4*P35) manifold
(orange arrow, red line). This excited state can decay into two states, the initial state
|¥) and the state |¥’) (purple line). An additional laser couples this state again with
the same excited state (purple arrow). Image adopted from [95].

For the potassium high-field image, one can take advantage of the fact, that the atomic hyperfine
state |F' = 2,mp = —2) is a stretched state. In this case, the nuclear as well as the total electronic
angular momentum are maximally stretched along the magnetic field axis and can therefore always
be written in both basis sets with a single contribution, in this case |J = 1/2,m; = —1/2,1 =
3/2,mr = —3/2). From this stretched state there exists a closed o~ -transition to another spin
stretched state in the |42P3/2) manifold, |J = 3/2,my; = —-3/2,1 =3/2,m; = —3/2), see Fig. |3.5
This transition is closed regardless of the applied magnetic field. With this absorption imaging
scheme and a single lens focusing the shadow cast of the atomic cloud on a PF-M-QFE-PIV pco.piz-
elfly camera, with a magnification of 2.66, the signal-to-noise ratio is good enough to reliably resolve

200-300 atoms or Feshbach molecules in a single shot.
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Figure 3.5: Potassium high-field imaging scheme. The energy level splitting of the [42S; /2) (lower

levels) and the [4*Py35) (higher levels) manifolds of the *K atom in an external mag-
netic field is shown. fy is the frequency of a photon bridging these manifolds. Initially
the potassium atoms are prepared in the |F' = 1, mp = —1) hyperfine state (purple line).
Through either a resonant RF pulse or a sweep across the atomic resonance, Feshbach
molecules or potassium atoms in the |F =2 mp = —2) (red line), are prepared (pur-
ple arrow). For the absorption imaging a closed cycling transition from this state to
|F'=2,mp = —2) is utilized (red arrow). Through stimulated or spontaneous decay
the atoms can only fall back to |F' = 2,mp = —2) (black arrow). Image adopted from
[95].

For the potassium high-field image only one resonant scattering cross section is needed to deter-

mine the scattering rate of the resonant laser with the atomic cloud. This makes the atom number

determination more reliable compared to all other imaging schemes implemented in the POLAR

experiment. Therefore, the atom numbers derived from the other absorption imaging schemes are

calibrated to the high-field potassium image. For a comparison of the low-field and high-field atom

number, one can simply switch between these two imaging techniques and compare the derived

atom numbers. For the calibration of the sodium atom number, one can take advantage of the

fact that the Feshbach molecule number must be the same for the sodium and potassium high-field

images. The sodium high-field image is too noisy to resolve the Feshbach molecules in a single

image. Therefore, to achieve a reliable calibration, we allowed the system to average for more than

1 hour and collected about 120 data points. In the end, this enabled a calibration of the sodium

atom number.
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In the following paper, the formation of weakly bound dimers of bosonic 23Na3?K at roughly
200 G, close to a Feshbach resonance in the [F =1,mp = —1)y, + |F = 2, mp = —2)y hyperfine
state, with a resonant RF pulse is shown. The transfer efficiency is investigated, with respect
to atom number ratios and pulse duration. Additionally the lifetime of the Feshbach molecules
embedded in the atomic sample is measured. This successful creation enables the production of

ground-state molecules with a subsequent STIRAP, as shown in section [£.2]
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We create weakly bound bosonic 2?Na**K molecules in a mixture of ultracold 2Na and *K. The creation is
done in the vicinity of a so far undetected Feshbach resonance at about 196 G which we identify in this work by
atom-loss spectroscopy. We investigate the involved molecular state by performing destructive radio-frequency

binding-energy measurements. For the constructive molecule creation we use radio-frequency pulses with which
we assemble up to 6000 molecules. We analyze the molecule creation efficiency as a function of the radio-
frequency pulse duration and the atom number ratio between 2*Na and *’K. We find an overall optimal efficiency
of 6 % referring to the **K atom number. The measured lifetime of the molecules in the bath of trapped atoms is

about 0.3 ms.

DOI: 10.1103/PhysRevA.101.042704

I. INTRODUCTION

Feshbach molecule creation from ultracold atomic gases
has led to exciting developments ranging from the observation
of the BCS-BEC crossover [1,2] to Efimov physics [3] and
state-to-state chemistry [4]. Furthermore, Feshbach molecules
constitute an important steppingstone for the creation of
deeply bound molecules by means of stimulated Raman adi-
abatic passage (STIRAP). For heteronuclear molecules, this
was first demonstrated for fermionic KRb molecules starting
from a heteronuclear K and Rb quantum gas mixture [5].
Heteronuclear ground-state molecules are of special interest
because of their large electric dipole moment. The anisotropic
and tunable dipole-dipole interaction can be used for the con-
trol of ultracold chemical reactions [6], quantum simulation
[7], and quantum computing [8].

In recent years different bialkali heteronuclear ground-
state molecules have been produced by association of weakly
bound dimers and subsequent STIRAP to the ground state.
So far, fermionic KRb [5,9], LiNa [10,11], NaK [12,13], and
bosonic RbCs [14,15] and NaRb [16,17] have been created
in different experiments. Up to now the bosonic molecule
2Na*’K has been missing, although it might enable an in-
teresting comparison to its fermionic counterpart, such as the
exploration of atom-molecule trimer potential energy surfaces
[18] or molecule-molecule collisions in rotational excited
states [19]. NaK ground-state molecules have an intrinsic
dipole moment of 2.72 D and are known to be chemically
stable against two-body exchange reactions [20].

In our experiment we aim for the creation of >*Na*’K
ground-state molecules. Therefore, a detailed investigation of
weakly bound dimers is mandatory for an efficient ground-
state molecule production. Recently, Feshbach resonances
and refined molecular potentials for the 2’Na + K mixture
have been reported and a quantum-degenerate Bose-Bose
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mixture has been produced [21,22]. Additionally, to transfer
the dimers to the ground state, possible STIRAP pathways
have been investigated theoretically [23] and experimentally
[24].

Weakly bound Feshbach molecules have mainly been cre-
ated using two different approaches. First of all, magnetic
field ramps have been used mostly in the vicinity of Feshbach
resonances with small widths. Second, direct state transfer
methods have been implemented mostly in the vicinity of
Feshbach resonances with a large width. In this case, the
bound molecular state is directly populated starting from a
nonresonant scattering channel using radio frequencies, mi-
crowave radiation, magnetic field modulation [25], or optical
Raman transitions [18,26].

Here we report the formation of weakly bound >*Na*K
dimers from an ultracold mixture of bosonic **Na and 3K
by means of rf association. In our experiment we make
use of an up-to-now undetected Feshbach resonance in the
If =1, mg=—1), +|f =2,mp==2) scattering chan-
nel at approximately 196 G. Here f is the hyperfine quantum
number and m its projection on the magnetic field axis. We
locate the Feshbach resonance by magnetic-field-dependent
atom-loss spectroscopy. We also measure the binding energy
of the involved molecular state and characterize the efficiency
of the molecule creation process.

In the following we describe our experimental procedure
in Sec. II. Characterization measurements of the Feshbach
resonance are summarized in Sec. III. Finally, we discuss the
formation of weakly bound dimers and the efficiency of the
creation process in Sec. I'V.

II. EXPERIMENTAL PROCEDURES

For the presented experiments the atomic mixture is pre-
pared following the procedure described in [21,22]. We start
with two precooled atomic beams, the one for 2Na produced
by a Zeeman slower and the one for 3°K produced by a two-
dimensional magneto-optical trap (MOT). Atoms from both
beams are captured in a three-dimensional MOT. Afterwards

©2020 American Physical Sodiéty
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both species are individually molasses cooled before they
are optically pumped to the f = 1 state and loaded into an
optically plugged magnetic quadrupole trap. In the trap 2Na
atoms are cooled by forced microwave evaporation. 3°K atoms
are sympathetically cooled in the bath of 2*Na atoms. The cold
atomic mixture is loaded from the magnetic trap to a 1064-nm
crossed-beam optical dipole trap (cODT). The cODT intensity
is increased while the quadrupole field is switched off and
a homogeneous magnetic field of about 150 G is applied,
yielding favorable inter- and intraspecies scattering lengths.
A final optical evaporation step is performed by lowering the
intensity in both beams of the cODT. For the experiments
both species are cooled to temperatures below 1 K. The
atom number ratio between the two species is adjusted by the
depth of the magnetic trap evaporation before the mixture is
loaded to the cODT. During the sympathetic cooling process
the phase-space density of 3K atoms increases and hence
three-body losses on *°K occur [27], reducing drastically the
atom number. We can vary the atom number ratio Ny, /N in
the [f = 1,mp = —1), +|f =1, my = —1) channel in the
final cODT between 0.3 and 18.

III. FESHBACH RESONANCE IN THE
[1, —=1)na + 12, —2)x STATE

The newly found Feshbach resonance in the |1, —1)y, +
|2, —2)k state possesses several advantages for the creation
of the weakly bound molecules. For *K this state is a
stretched one which allows for a state-selective imaging of
atoms or molecules by utilizing a single laser frequency (see
Sec. IV A). In addition, the molecular state can be directly
populated using a single rf transfer from a long-lived mixture
in the initial |1, —1)y, + |1, —1)g state. The transition itself
also is relatively insensitive to magnetic field noise [28].

For a successful creation of weakly bound dimers by rf
pulses precise knowledge of the involved molecular state is
essential. The Feshbach resonance and therefore the molecu-
lar state used here have never been observed before. We first
investigate the Feshbach resonance by means of atom-loss
spectroscopy (see Sec. III A). For the precise determination of
the resonance position we perform destructive binding-energy
measurements as a function of magnetic field (see Sec. III B).

A. Atom-loss spectroscopy

In the vicinity of Feshbach resonances the atoms
experience an increased scattering rate which enhances
two- and three-body losses. To determine the position of
the Feshbach resonance we use this effect and perform
atom-loss spectroscopy. The Feshbach resonance of interest
is predicted to be located at a magnetic field of about
196 G in the |f=1,m;=—-1)y +If=2,my=-2)
scattering channel [29]. We prepare the atomic mixture as
explained above and finally transfer the *K atoms to the
|f =2,mp = —2), state at 137 G using rapid adiabatic
passage (RAP) [21,30]. In this specific case we apply a rf
of 256 MHz and sweep the magnetic field by approximately
1 G within 100 ms. At about 137 G the inter- and intraspecies
scattering rates for the *Na + *K mixture for all involved
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FIG. 1. Feshbach resonance characterization. (a) Atom-loss
spectroscopy in the |f =1,m;=—1), +I|f=2,my=-2)
channel. The remaining atom fraction of *Na and *°K for different
magnetic field strengths with a holding time of 40 ms. The remaining
atom number is normalized to the initial atom number for each
species, respectively. Open gray triangles and the dashed gray line
refer the to remaining 2’Na atom fraction and solid black circles
and the solid black line refer to the **K atom number fraction.
The vertical lines and corresponding shaded area indicate the
resonance position and the standard deviation obtained from the
two Gaussian fits. (b) Binding energy of the weakly bound state as
obtained from rf spectroscopy. The continuous blue line is a fit to
the destructive measurements (blue circles) according to universal
binding energy [Eq. (1)]. The triangle is the binding energy extracted
from the constructive signal from Fig. 2. The vertical lines are the
resonance position with the standard deviation; dashed lines for the
atom-loss measurement in (a), and solid lines for the binding-energy
measurement. The inset shows a sample rf scan for a binding energy
of h x 103 kHz with a double-Gaussian fit (dashed blue line). The
arrows indicate the binding energy. Error bars in both figures are
smaller than the plot markers and are not shown.

state combinations are low enough to allow for sufficient long
holding time for the RAP [29].

To start atom-loss spectroscopy of the Feshbach resonance,
we perform a fast magnetic field ramp to different magnetic
field values in the vicinity of the resonance. We hold the mix-
ture at each magnetic field value for 40 ms so that the
enhanced scattering rate leads to atom losses. We record the
remaining atom number after the hold time resulting in a
loss feature as shown in Fig. 1(a). Using a phenomenological
Gaussian fit to the data of 2Na and *K, respectively, we
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determine the resonance position to be at 196.27(28) G.
The value is in good agreement with predictions obtained
from our most recent available NaK ground-state potentials
[29].

B. Molecular binding energy

At the position of a Feshbach resonance a molecular
state enters from the diatomic continuum into the scattering
threshold. As both states are highly coupled close to the
Feshbach resonance, the molecular state becomes spectro-
scopically accessible. To observe the bound state, we per-
form destructive binding-energy measurements starting from
a free diatomic state. We start with the atomic mixture
in the |f =1,my = —1), +|f =1, mp = —1) state (see
Sec. 1) and apply rf radiation to bridge the energy gap to
the resonant | f = 1, my = — 1), +|f =2, my = —2) state
and the energetically lower-lying bound molecular state. The
rf radiation in this experiment is switched on for 40 ms.
This ensures that atoms, which are transferred to the resonant
|f =2, mp = —2), state and which experience a high num-
ber of scattering events, are significantly depleted from the
trap. The particles transferred to the weakly bound molecular
state also experience strong losses (see inset in Fig. 1(b)). The
obtained data for different magnetic field strengths is shown
in Fig. 1(b). The inset shows an example of a single binding-
energy measurement at 199.62 G, where the atom-loss feature
(at about 210.1 MHz) serves as a magnetic field calibration
and the difference from the molecule-loss feature (at about
210.0 MHz) as binding energy E},/h. The smaller depth of the
loss signal for the molecular transition can be attributed to a
weaker coupling between atoms and molecules than between
atoms.

Close to the resonance position and on the positive scatter-
ing length side of the Feshbach resonance the binding energy
Ey(B) can be described by the universal formula

hz
Ey(B) = YiaBr (1
with
A
a(B):abg<l - B_BO), 2

where a is the interspecies scattering length, ay,, the back-
ground scattering length of the entrance channel, and A
and By the width and position of the Feshbach resonance,
respectively. u is the reduced mass of the molecular system.
The solid blue line in Fig. 1(b) is a fit according to Eq. (1).
Using a background scattering length of ap, = —38.1ay, ag
being the Bohr radius, as obtained from coupled-channel
calculation [31], we determine the resonance width to the
zero crossing to be A = 105.8(1.6) G and the position to be
By = 196.10(10) G, in good agreement with the results from
the loss measurement (see Sec. IIT A).

IV. WEAKLY BOUND DIMERS

With the knowledge of the exact resonance position and
molecular binding energy, the molecular state can be selec-

0.5 :
By /h

204 §
8 waiting time | atoms
3] :
< A 3ms
& 0-3 © Oms
g
Q
< 0.2
M M

0.1 molecules

0.0 —ia - ;

-200 -100 0 100

rf frequency (kHz) + 209.608 MHz

FIG. 2. Constructive molecular signal. *’K atom number as a
function of the applied rf radiation. The blue circles are the detected
atom number directly after the rf pulse. Fitting a phenomenological
double-Lorentzian function (solid blue line) the atomic transition
occurs at 209.608(3) MHz, corresponding to a magnetic field of
200.58(3) G. The extracted binding energy is & x 171(4) kHz, shown
as the black arrow. The value is displayed also in Fig. 1(b) as a blue
triangle. Open gray triangles are the measured background atoms
after an additional waiting time of 3 ms (see text) and the solid
gray line with the underlying shaded gray area is a Lorentzian fit
with the standard error as a darker shaded area. The atom num-
ber is normalized to the total number of *K atoms. Error bars
are the standard deviation and come from different experimental
runs.

tively populated by rf radiation. This process requires pre-
cisely determined experimental parameters, which are charac-
terized in this section. Also a direct imaging of the molecules
is mandatory.

A. Creation process

We start with an atomic mixture in the |f =1,m; =
—1)na + |f = 1, my = —1)k state at a temperature of 500 nK
and an atom number ratio of Nn,/Nx = 3. Applying a rf pulse
we associate molecules immediately followed by a state-
selective imaging of the atoms in the |f =2,m; = —2)x
state. For this purpose the laser frequency for the *°K imaging
is shifted to be on resonance with the |S, f =2,my =
—2)x <> |P3)2, f =3, my = —3)x transition for a given mag-
netic field, which is a closed transition from the Zeeman to
the Paschen-Back regime and allows high-field imaging of
K atoms at arbitrary magnetic field values. As long as the
molecular binding energy is smaller than the linewidth of the
atomic transition, this cycling transition can be used to also
image weakly bound dimers.

For molecule creation, we switch on the rf source 75
ms before the actual molecule creation takes place with a
frequency detuned by —120 kHz with respect to the molecular
transition. We then jump the rf frequency for 0.6 ms to the
frequency required for molecule creation followed by a hard
switch-off. We found this method to be more reliable and
stable than a simple switch on and off, accounting for less
disturbance of the rf to our magnetic field stabilization system.
We populate selectively the atomic and the molecular states as
shown in Fig. 2. Both peaks reveal an asymmetric shape on the
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positive frequency side originating from this pulse application
technique (see Fig. 2). The creation pulse is followed by
%K imaging as explained above. With this method molecule
creation efficiency can be as high as 6 % at a binding energy
of Ey, = h x 100 kHz. For smaller binding energies the atomic
and molecular peaks start to overlap. In this case it is not
possible to prepare pure samples of bound dimers and dis-
tinguish them from free atoms in a single experimental cycle.
In a separated experimental cycle we introduce a waiting time
of 3 ms between molecule creation and imaging to distinguish
the short-living molecules from atoms (see triangle symbols
in Fig. 2).

B. Characterization and optimization

For an efficient molecule association the duration of the rf
pulse as well as the atom number ratio between >Na and 3°K
is critical.

The dependence on the pulse duration is shown in Fig. 3(a).
The maximum appears when the molecule creation is over-
come by losses of the molecules due to collisions with
atoms. The dynamic is modeled by a set of three differen-
tial equations for the time-dependent populations Npol, NNa,
and Ng:

dNpol
dl:o = kmo18Na, K NNaNK
- ka(gNa,molNNa + gK,molNK) Niol
dN,
d;\]a = - kmolgNa,KNNaNK - kagNa,molNNaNmol
dNg
7 = - kmolgNa,KNNaNK - kagK,molNKNmola (3)

where Npol, NNa, and Ng are the particle numbers for
molecules, *Na atoms, and *’K atoms, respectively; g; ; is the
two-body overlap integral [32]; and ko is the molecular cre-
ation coefficient and k, the loss coefficient for atom-molecule
collisions. The loss coefficient k, is set equal for the case
of a colliding molecule either with a 2>Na atom or a K
atom. Collisions between molecules are excluded from the
model as they are expected to be negligibly small. The solid
line in Fig. 3(a) shows a fit using the rate model system
[Egs. (3)] with kpo and k, as free parameters. According to
the fit, kpoy = 1.18(16) x 107 cm® s™! and k, = 4.54(45) x
10~ cm? s!. The maximal creation efficiency is found at a
pulse duration of about 350 us. By accounting for the initial
atom numbers the loss rate obtained from the second line in
Eq. (3) is ka(gNamolVNa(0) + gk mo1Vk (0)), corresponding to a
calculated lifetime of 184(23) us.

We have also measured the molecule formation efficiency
as a function of the atom number ratio. We find the highest
efficiency at Nno/Nk = 3 (see Fig. 3(b)). We use the param-
eter from the fit in Fig. 3(a) and the specific atom number
ratios and total atom number for each experimental data point
to calculate the maximal associated molecule fraction. The
results are plotted as bars in Fig. 3(b) for a direct comparison
to the experimental data. Despite the model not accounting
for temperature effects such as antievaporation or temperature
disequilibrium, the predictions are in good agreement with the
observed dependence on the atom number ratio.

Molecule number

0.0 0.5 1.0 1.5
rf pulse duration (ms)

1.0 B #

0.8 : {}
0.6 ‘#’

0.4 ¢

0.2

Maximal molecule fraction

0 5 10 15 20
Atom number ratio Ny, /N

FIG. 3. Characterization of the association process. (a) The
molecule number is plotted as a function of the rf pulse duration.
The molecules are imaged directly after switching off the rf. The
best creation efficiency is reached at a pulse duration around 350 us.
The solid blue line is the fit modeled with the set of differential
equations [Egs. (3)]. The dashed lines with the enclosed shaded
area refer to the fit uncertainties. (b) Normalized molecule number
as function of the atom number ratio at a creation time of 500 us.
The bars represent the predictions from the fit results in (a) taking
the individual starting conditions for each point as well as the fit
uncertainties into account. The normalization is done according to
the maximal created molecule number. Error bars in both figures
are the standard deviation and come from different experimental
runs.

C. Molecule lifetime

We measure the lifetime for molecules immersed in the
bath of residual atoms. This measurement is done by introduc-
ing a hold time between the rf pulse and the imaging. Figure 4
shows a typical measurement. For this experiment the creation
pulse duration is set to 500 us. During the hold time the rf is
set back to the offset detuning to stop molecule creation during
the hold time. Using the model from Eq. (3), we determine a
lifetime of 299(17) us, which differs from the one obtained in
Sec. IV B. We suggest that the observed difference in lifetime
originates from the presence of the resonant rf radiation. For
the off-resonant case in Sec. IV C we do not see a difference
with or without applied rf. The model from Egs. (3) does
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FIG. 4. Lifetime measurement of the molecules in the cODT.
The molecule number is normalized to the value of zero waiting time.
For this measurement *Na and °K atoms are not removed. A fit
to the data (solid line) results in a lifetime of t = 299(17) us. Error
bars are the standard deviation and come from different experimental
runs.

not elucidate or account for the pulse shape and frequency
detuning of the rf.

A lifetime of several hundred microseconds is sufficient
for subsequent STIRAP transfer of the Feshbach molecules
to the molecular ground state, which takes typically 10-20 us
[33,34].

V. CONCLUSION AND OUTLOOK

In summary we have investigated a Feshbach resonance for
the bosonic *Na +*°K mixture in the |/ = 1, my = —1), +
|f =2, my = —2), channel around 196 G. We located the
Feshbach resonance using atom-loss spectroscopy as well
as destructive binding-energy measurements on the bound
molecular state. By applying rf pulses we have been able
to populate the bound molecular state and distinguish the
dimers from free atoms. We have further characterized and
optimized the Feshbach molecule creation efficiency with
respect to rf pulse duration and atom number ratio. We have
been able to create up to 6000 weakly bound molecules per
experimental cycle. The lifetime of the dimers in the presence
of background atoms is about 0.3 ms, which is sufficiently
long to perform a STIRAP transfer. These dimers serve as an
ideal starting point for efficient creation of so far unobserved
ultracold chemically stable bosonic 2*Na*’K molecules in
their absolute electronic and rovibrational ground state.
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4 From Feshbach molecules to ground-state

molecules

This chapter summarizes our successful experimental endeavour to prepare rovibronic ground state
polar molecules. Starting from Feshbach molecules a two-photon transfer scheme is worked out to
convert an ensemble of Feshbach molecules into rovibronic ground state molecules [A4]. Finally

we report on the successful creation of these molecules [A5].

4.1 A pathway to ultracold bosonic *Na*K ground state

molecules [A4]

In this section, a STIRAP is prepared by identifying a pathway to the ?*Na’’K ground state

through spectroscopic studies.

In attempting to populate the absolute ground state, two major problems must be addressed.
These also explain why a two-photon process, as depicted in Fig[4.T], is needed instead of a single
transition to the ground state.

For all bialkali molecules, the absolute ground state is a singlet state, the XX+ manifold. The
weakly bound Feshbach molecules exist mainly in a highly vibrationally excited state of the a3%+
manifold and are therefore triplet dominated. As there are no allowed dipole transitions between
singlet and triplet states, the intermediate level needs to act as a bridge with singlet and triplet
character. Triplet and singlet states couple through spin-orbit interactions. These are quite weak,
on the order of a few GHz. Therefore two intermediate states, a singlet and a triplet state, need
to be found with an unperturbed energy spacing of the same order.

The other problem arises from the large size of the Feshbach molecule, which can be on the order
of 10000 Bohr radii, in comparison to the ground-state molecules with just a few Bohr radii in
size [96]. Although there are no selection rules regarding the change of the vibrational quantum
number v, a direct coupling of these two states is very weak, due to a small wavefunction overlap
(fli), with | f) the wavefunction of the ground state and |i) of the Feshbach state. This is called the
Franck-Condon principle that can also be visualized. During an electronic transition, the nuclear
spacing R remains almost the same as the atomic nuclei are very inert compared to the electron. For
this reason, transitions are preferred where the wavefunctions of the initial and final states have a

significant amplitude at the same nuclear distance. Hence, the intermediate wavefunction |e) needs
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4 From Feshbach molecules to ground-state molecules

to have a sufficient overlap with the initial and final state. The Franck-Condon principle is therefore
also the reason, why in a first step weakly bound molecules are prepared. This drastically increases

the wavefunction overlap with the intermediate state |e), compared to two unbound atoms.

E A excited molecular state

pump laser
Stokes laser

1)
weakly bound
molecular state

16 £

ground-state

Figure 4.1: Schematic of a two-photon transfer, starting from the initial weakly bound molecular
state |i), with an intermediate excited molecular state |e), acting as a bridge to the
final ground state |f). The pump laser couples the initial state |i) with the state |e),
while the Stokes laser couples |e) with |f). A = %(EM — E};y) — wpump denotes the
one-photon detuning and ¢ = %(Ele) — Ejpy) — Wstokes — A the two-photon detuning,
with Wpump/stokes the carrier frequencies of the respective pump and Stokes laser and
Ejjy je,|g) the individual state energies.

19)

From a multichannel modelling of two-photon coherent transfer pathways in NaK [97] and to-
gether with spectroscopic data from hot beam experiments [98], two possible intermediate levels
were identified, the |BIT, v = 8) and |¢*X T, v = 30) manifolds.

In the following paper, hyperfine resolved spectroscopic measurements of the |BII,v = 8) and
|c3%+, v = 30) manifolds in an external magnetic field are presented, starting from an ultracold
atomic mixture of 23Na and 3°K, by identifying atomic loss features. Both atomic species are
prepared in the |F' = 1,mpr = —1) hyperfine state. Note that, as mentioned, the coupling of the
atomic state to the intermediate state |e) is very small. However, the high stability and the
possibility for long exposure times by the atomic cloud with the pump laser of up to 1.6 s improves
the signal-to-noise ratio and reduces the complexity of the experimental sequence, compared to the
production of Feshbach molecules.

In addition, the singlet/triplet mixing of the intermediate levels was deduced and the rovibrational
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4.1 A pathway to ultracold bosonic 2*Na??K ground state molecules [A4]

ground state was identified using spectroscopic studies of the Autler-Townes splitting. As the
splitting between the dressed states is equal to A2, with A the reduced Planck constant and €2 the
Rabi frequency, the coupling strength of the Stokes laser could be deduced, which is the coupling

of the intermediate level |e) to the ground state |f).
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Abstract

We spectroscopically investigate a pathway for the conversion of >’Na’’K Feshbach molecules into
rovibronic ground state molecules via stimulated Raman adiabatic passage. Using photoassociation
spectroscopy from the diatomic scattering threshold in the a’ " potential, we locate the resonantly
mixed electronically excited intermediate states |B'TI, v = 8) and |c*>", v = 30) which, due to their
singlet—triplet admixture, serve as an ideal bridge between predominantly a®>.* Feshbach molecules
and pure X' X" ground state molecules. We investigate their hyperfine structure and present a simple
model to determine the singlet—triplet coupling of these states. Using Autler—Townes spectroscopy,
we locate the rovibronic ground state of the **Na’’K molecule (X'¥*, v = 0, N = 0))and the
second rotationally excited state N = 2 to unambiguously identify the ground state. We also extract
the effective transition dipole moment from the excited to the ground state. Our investigations result
in a fully characterized scheme for the creation of ultracold bosonic *?Na*’K ground state molecules.

1. Introduction

Quantum gases of ultracold polar molecules offer unprecedented novel opportunities for the investigation of
dipolar collisions, quantum chemical processes and quantum many-body systems [1-5]. The new handle in
comparison to atomic systems is given by the electric dipole moment of heteronuclear diatomic ground state
molecules. The most successful approach to the creation of ultracold ensembles of polar ground state molecules
is based on the association of two chemically different ultracold atomic alkali species. This process starts with
magneto-association to weakly bound Feshbach molecules and continues with the coherent transfer of the
weakly bound molecules to the rovibrational ground state of polar molecules using a STImulated Raman
Adiabatic Passage (STIRAP) [6]. For the transfer from the initially magneto-associated molecular state |i) to the
final molecular ground state | f), the STIRAP transfer consists of an adiabatic change of the dressed state
composition by involving two coherent laser beams referred to as Pump and Stokes laser. The Pump laser
couples |7) to a third excited state |e), the Stokes laser | f) to |e), resulting in a typical A-level scheme; see figure 1.
During the time evolution the intermediate state |e) is not populated and therefore does not contribute to
incoherent molecule losses due to spontaneous decay. In the case of bi-alkali molecules, the coupling between
|i)/|f)and |e) is governed by the Franck—Condon overlap, the singlet—triplet fraction and the hyperfine
composition of the states. For bi-alkali heteronuclear molecules the ground state | f) always belongs to the X' 3"
potential while a weakly bound dimer state |7) exists mainly in the X" potential; see figure 1(a). To act as an
efficient coupling bridge, the choice of |e) is crucial. It needs to be chosen to couple well to the initial triplet as
well as to the final singlet state. This can be achieved through the careful choice of mixed states in the ’IT/' X" or
2 * /' potentials; see figure 1(a). Up to now, the production of trapped ground state molecules, either
fermionic, such as “°K¥’Rb [7], 2*Na*°K [8] and °Li>*Na [9], or bosonic, such as ¥ Rb'**Cs [10, 11]and 2*Na®"Rb
[12] has been reported. NaRb [12] and RbCs [10, 11] ground state molecules have been prepared by using
coupled states in the A'S. ™ and b°TI potentials. KRb [7] and fermionic *’Na*°K [8] ground state molecules have
been created using states in the X" and B'II potentials. Additionally, ground state molecules for fermionic
*’Na*’K have been created using excited states in energetically higher D'IT and d°I1 potentials [13]; not shown in
figure 1(a).

©2019 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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Figure 1. Molecular A-level scheme for the >?Na*’K. (a) The potential energy curves for the NaK molecules which are involved in the
spectroscopy (blue and green lines). The gray dashed and dashed dotted lines indicate energetically deeper electronic potentials which
can be used for alternative STIRAP pathways (see text). Curves from [14]. (b) A simplified sketch displays the energy levels. Red and
yellow full circles visualize free *’K and >’Na atoms respectively (1)), the excited molecule (e)) and the ground state molecule (| f)).
The black line refers to the atomic state of the **Na+4-*’K mixture (|i)). The dark blue lines in the upper partare the particular
vibrational states in the triplet and singlet state manifold (le)). The energy shift between these states is given by the perturbed energy
difference A (see section 3). The green lines represent the electronic ground state (| f)) with its rotational ground state N = 0 and the
excited state N = 2 which are separated by 6 x By. The solid arrows indicate the light from the spectroscopy referred to as Pump and
Stokes laser light.

In the case of *’Na°K, suitable transitions for the creation of ground state molecules have so far only been
investigated experimentally in hot beam experiments accessing rotational states with N > 6 [15]. Moreover, the
work [15] does not include hyperfine structure and offset magnetic fields. In addition, previous theory work [16]
describes a complete spectrum involving spin—orbit, Coriolis and spin—rotation interactions as well as Franck—
Condon factors identifying promising singlet—triplet mixed states. However, the hyperfine structure still
remains untreated although it is crucial for a successful STIRAP transfer [13]. In this paper, we present hyperfine
resolved spectroscopic investigations of the *’Na**K molecule at bias magnetic fields for strongly mixed states
known from [15, 16].

Using one-photon association spectroscopy, we first locate and characterize the strongly mixed
|B'IL, v = 8)and |c>SF, v = 30) states serving as a bridge between the X" and X' X" potentials. A large
Zeeman splitting at 150 G enables us to perform hyperfine resolved optical spectroscopy of the excited
molecular state manifold. We present a simple model to determine the singlet—triplet admixtures of the excited
states. Furthermore, we perform two-photon Autler—Townes spectroscopy [17] to locate the rovibronic ground
state, determine the rotational constants and extract effective dipole transition matrix elements from our
measurements. Thus, we present and fully characterize a pathway for the creation of rovibronic (v = 0, N = 0)
**Na”K ground state molecules for the first time.

In the following, we give an outline of the experimental setup and procedures; see section 2. In section 3.1 we
present the model fit for the coupled excited states, and in section 3.2 we detail the spectroscopic one-photon
measurements. This is followed by the two-photon ground state spectroscopy which includes the determination
of the rotational constant and the transition dipole element of the Stokes transition in section 4.

2. Experimental setup and procedures

The spectroscopic studies presented in this work are based on the preparation of an ultracold mixture of *Na+>°K.
A description of the experimental setup can be found in[16, 18, 19]. Details of the experimental procedure can be
foundin [20, 21]. In the following, we briefly summarize the main experimental steps. First, Naand *’K atoms are
loaded into a two-color magneto-optical trap, followed by simultaneous molasses cooling of both species. The
atoms are optically pumped to the F = 1 manifold and loaded into an optically plugged magnetic quadrupole trap,
where forced microwave evaporative cooling of **Nais performed. K atoms are sympathetically cooled by **Na.
After both atomic species are transferred into a 1064 nm crossed-beam optical dipole trap (cODT), a homogergé)us
magnetic field of 150 G is applied to ensure favorable scattering properties in the mixture [20]. The atoms are
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preparedinthe|f = 1, mf = —1)xa + |f = 1, my = — 1) states. Then, forced optical evaporation is
performed on both species by lowering the intensity of both beams of the cODT. The forced evaporation process is
stopped when the atomic sample has a temperature of about 1 K and a corresponding phase space density <0.1 for
both species. To decrease the differential gravitational sag and assure a significant overlap of the two clouds, the
cODT intensity is ramped up again. For the spectroscopy presented in this work, the magnetic field is either set to
130 G or left at 150 G yielding values at which the inter and intra species scattering properties allow for a long
lifetime of the sample by minimizing three-body losses. This allows for a sufficiently long interaction time during
photoassociation experiments, as required by the expected weak coupling between the atom pair at the scattering
threshold and the electronically excited state molecules. The laser light for the Pump and the Stokes transitions at
816 nm and 573 nm respectively is generated by diode laser systems. The 816 nm light is generated by a commercial
external-cavity diode laser (ECDL). The generation of the 573 nm light starts from a commercial ECDL operating at
1146 nm. The light is amplified by a tapered amplifier and subsequently frequency doubled in a self-built resonant
bow-tie doubling cavity. Both lasers are locked to a commercial ultra-low expansion (ULE) glass cavity by using the
Pound-Drever—Hall technique [22]. A sideband locking scheme involving widely tunable electro-optical
modulators ensure the tunability of both locked lasers within the free spectral range of the ULE cavity which is

1.499 GHz. The finesse of the ULE cavity is 24 900 and 37 400 for 816 nm and 1146 nm light, respectively. The laser
system setup is similar to the one described in [23].

Optical fibers spatially filter the light and ensure high quality beam properties. The polarization is set by a
half-wave plate for each wavelength. The foci of the two beams on the atoms are adjusted to 1/¢*-beam waists of
35 pm for the Pump laser and 40 pum for the Stokes laser. The maximum laser power is 25 mW for each laser.
With the Pump beam at full power, the Stokes beam is reduced to <10 mW to avoid a depletion of **Na atoms in
the trap center, originating from a strong repulsive dipole force. The beams are geometrically superimposed and
orientated perpendicularly to the applied magnetic field.

3. Excited state spectroscopy

3.1. Local model for the excited state manifold

In our experiment, we are specifically interested in a detailed understanding of the previously located [15]
strongly mixed |B!II, v = 8)and |c’YT, v = 30) states. Hyperfine splitting and spin—orbit coupling for these
two states can be modeled by a simple two-manifold coupled system, when neglecting contributions from other
vibrational and rotational levels, from nucleus—nucleus interaction and nucleus—rotation coupling. This allows
us to treat the two state manifolds separately in the following spectrally local model.

The excited state can be described by Hund’s case (a) and that allows to consider the total angular
momentum J = 1 as resulting from the coupling of the rotational angular momentum N and the spin S [24].
**Naand *’K nuclear spins are iy, = ix = 3/2leadingto3 x 4 x 4 = 48 different states in the singlet and
triplet channel.

In absence of coupling the Hamiltonians for the investigated states, in the basis of | B/ ¢, J, 1, ina> Miy,» ik> Mig)»
reads as [25]

H® = pogl'T - B (1
HE = A+ - (Aix + Axaing) + pog; ) - B, ©)

where Ag and Ay, are the hyperfine constants, 1, the Bohr magneton and B the applied magnetic field. The
energy A corresponds to the unperturbed energy difference between the two states and we neglect the hyperfine
term for the singlet state. The >’Na hyperfine coupling Ay, is almost two orders of magnitude larger than Ax and
it was already resolved in previous spectroscopic measurements on cold molecular beams [15]. The hyperfine
splitting of *’K is comparable or even smaller than the molecular state linewidth and remains mainly unresolved.
Atlow field this allows to consider F; = |J + ;Nal =(1 / 2, 3/ 2, 5/ 2) as a good quantum number, as visible in
figure 2, with three groups of states at low magnetic field. Additionally, one can consider the total angular
momentum F = ] + ina + 1K = F1 + ig, where the projection on the quantization axes #migis the only
preserved quantity even at large magnetic fields. The Zeeman term of equation (2) neglects nuclear contributions
and can be expanded as piom1; g7 B, where m1; is the projection of J on the magnetic field axis and grthe Landé
factor. In absence of coupling between singlet and triplet, one has g]B =gv=g/JJ+ 1)) =1/2and

g = & /2 ~ 1[25,26], whereg; and gsare the known electron orbital and spin g-factors equal to 1 and 2.0023,
respectively. Spin—orbit interaction couples singlet and triplet with strength £, with selection rules AJ = 0,
Am;,, = 0and Am;, = 0. The couplingalso already incorporates the vibrational wavefunction overlap of the
two states. Hence, the problem reduces to solving the following (48 + 48) x (48 + 48) matrix
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Figure 2. Transitions from the atomic asymptote to the [B'II, v = 8)and [>T+, v = 30) states. (a), (b) The gray diamonds
correspond to observed 7r-transitions and the blue circles to observed o+ /o~ -transitions. The lines are showing all possible transitions
from the atomic states to the singlet (b) and triplet (a) states, using the described coupled model corrected by the Zeeman shift of the
initial atomic states. All possible 7-transitions are plotted as dashed gray lines and o /o™ -transitions as dotted light blue/solid dark
blue lines. The zeros of the energy scale for the singlet and triplet transitions correspond to the hyperfine centers and are separated by
the perturbed energy difference A. (), (d) Spectroscopy data for all measured 7-transitions at B = 150 G. For clarity only the losses
originating from 7-transitions visible on *’K are shown. A multi-Gaussian fit (solid line) is used to extract the transition energies
which are used for the model fitin (a), (b). (d) The red marked loss feature is used for the two-photon spectroscopy in section 4.
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Note that the coupling £ shows its effect in two ways:

+ Asthe Zeeman term remains significantly smaller than both the unperturbed singlet—triplet energy difference
A and of the coupling strength &5, one finds for strong fields compared to the hyperfine splitting (not shown
in the later figure 3) the effective Landé factors g]B’e;f

c B
B,c 1 . B g] B g]
g’,eff:_g +8 FA—++— 4)
e | TS T e
—gpe l(1 - é), ©)
4 A

where A = |, |4&, + A is the energy difference of the hyperfine centers at B = 0 in the the coupled case.

+ Theacquired triplet character of the singlet state will lead to a large hyperfine splitting, while the triplet one is
decreased.

3.2. One-photon spectroscopy
From spectroscopic investigations [15] the transition energies from the atomic scattering threshold in the a° %™
potential to the dominantly |B'II, v = 8)and dominantly |c*¥F, v = 30) states are expected to be about
12242.927 cm ™ for the triplet state and about 12 242.017 cm ™' for the singlet state at a magnetic field of 150 G.
In the following we will refer to the states with a dominant triplet character as triplet and to the ones with
dominantly singlet character as singlet.

To locate the excited states, we measure the remaining atom number in both species after applying the Iélfmp
light for up to 1.6 s for variable detunings from the expected transition frequencies. The atoms associated to
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Figure 3. Two-photon spectroscopy. (a) The A-level scheme shows the involved energy structure for the dark-resonance spectroscopy
as well as induced Stark shifts and line splitting. (b) The two lowest lying accessible rotational states of the X' $" potential measured
with dark-resonance spectroscopy. (c) Autler—Townes spectroscopy for the determination of the coupling strength between the
absolute ground state and the singlet excited state. The asymmetry of the Autler—Townes structure originates from a detuning of the
laser frequency compared to the precise transition energy.

molecules in the excited state collide with the remaining atoms and/or decay to a lower lying molecular state.
Both of these effects manifest themselves as a decreased number of atoms in the initial state. The step size for the
laser detuning scan is set to a few MHz, which is sufficient to resolve the different structures with an expected
linewidth of about 27 x 6 MHz. The measurements are performed both for polarizations parallel to the
magnetic field (which implies 7-transitions from the atomic to the molecular state) and perpendicular to it
(leading to both 0" - and o~ -transitions). Figures 2(a), (b) shows the positions of the loss features for the triplet
and singlet states and 7r- and " / ~-transitions. In the case of the singlet state, we perform spectroscopic
measurements at two different magnetic field strengths to calibrate our model for the Zeeman splitting.

Figures 2(c), (d) show the corresponding atom losses from 7-transitions measured on PK.

In the magnetic field range at which our measurements are performed, the energy splitting remains in an
intermediate region between pure Zeeman and Paschen—Back regime (see figure 2), where Fand F; are no good
quantum numbers. Selection rules based on the mpallow to decrease the number of states to 18 observable ones,
6 form-and 12 (3/9) for o /o -transitions.

Figures 2(a), (b) contains the complete collection of the observed resonant features with a distance of
27.347 GHz (20.913 cm~!) between the manifold zeroes. The lines result from the fit of our model to the
experimental observations, where the coupling 5, the energy difference A and the hyperfine coupling
constants Ay, and Ay are used as free parameters. The overall curvature of the lines originates from the atomic
state Zeeman effect which is in the intermediate regime for both atoms. From the fit, we obtain gfeff = 0.630(8)
and g/ . = 0.870(8). The uncertainty comes from the fit and from the ambiguous assignment of few
resonances to a precise state, due to the simultaneous presence of 0" /o~ polarized light. The unperturbed
energy difference A is found to be equal to 13.1(8) GHz (=0.437(31) cm™ Y and &g tobe equal to 12.0(2) GHz
(=0.400(8) cm ™). The obtained values correspond to a 26(1)%,/74(1)% mixing of singlet and triplet states,
which is in agreement with previous predictions [27]. Remarkably the coupling strength £z is comparable to the
unperturbed energy difference A. This explains the large mixing. The obtained value for Ay, of 307(9)MHz
(20.0102(3)cm 1) is in good agreement with previous spectroscopic measurements [28]. Our model provides a
value for Ax = 6(9) MHz (£2(3) x 10~3cm™!), compatible with previous predictions and
measurements [28, 29].

The amplitudes of the loss features depend on the coupling between the atomic and molecular states and are
therefore highly dependent on their hyperfine quantum numbers and the wavefunction overlap. The strong
mixing of the wavefunctions in the excited states and the scattering wavefunction of the atoms lead to
interference effects altering the effective transition dipole strength. Our calculations do not account for the
interference and thus do not provide an accurate description of transition amplitudes [16].
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4. Two-photon ground state spectroscopy

Using the located excited state as a bridge, we demonstrate two-photon spectroscopy of the rovibrational ground
state | X'32, v = 0, N = 0); as sketched in figure 1. The energy difference between ground and excited state is
well known from spectroscopic data [15] and can be predicted within a precision of £0.08 cm™!. To exactly
determine the energy of the rovibrational ground state, we fixed the Pump laser frequency on the transition with
strongest losses from figure 2(d) within the singlet states which is marked with a red dashed curve. The state
originates from the combination of two basis states which are labeled by |B/¢, 1, —1, 3/2, —1/2, 3/2, —1/2)
and|B/c, 1, 0, 3/2, —1/2, 3/2, —3/2) where the quantum numbers are as described in section 3.1.

When the Stokes laser is on resonance, it is inducing a Stark shift on the excited state and a revival of the atom
number is expected as sketched in figure 3(a). Figure 3(b) shows this protection when the detuning dsyokes 1
scanned with a full width half maximum for the | X', v = 0, N = 0) of about 405(35) MHz for a laser power
of 5 mW. The observed peak of the transition energy is at 17 452.826(2) cm ™.

Furthermore, to unambiguously identify the ground state, we performed an atom-loss scan also in the range
of frequencies where the second rotationally excited state with N = 2 is expected; see figure 3(b). The observed
energy difference of Ay_o_.n—> = h x 17.3(3) GHz allows us to deduct the rotational constant to be
B,—o = h x 2.89(5) GHz by using the relation Ay_¢_,y—> = By X 2(2 + 1). This value agrees with the one
observed by using microwave spectroscopy [30]. The full width of half maximum for the protection is 133(27)
MH?z. This is smaller than for the N = 0 state, indicating a weaker coupling to the excited states, as expected
from theoretical considerations.

To directly determine the coupling strength between the ground and the excited state, we fixed the Stokes
laser frequency close to resonance and scanned the Pump laser frequency detuning dpymp. This scan reveals the
well-known Autler—Townes splitting [17], the magnitude of which is proportional to the dipole matrix element
of the transition. Figure 3(c) shows the measured remaining atom number with the typical double-loss feature.
The asymmetric shape of the splitting originates from a residual detuning to the exact transition frequency of the
Stokes laser which is determined to be dsores = 2 X —22 MHz. We derive the Rabi frequency
Qstokes = 27 X 23.5 MHz for an applied laser power of 5 mW, corresponding to a normalized Rabi frequency
of Swlsmkes =27 X 65.2kHz x /I/(mW cm~?) and an effective transition dipole moment 0f0.170 D. Both
values, Ogyokes and sokes are derived from a three-level master equation modeling the line shape shown in
figure 3(¢).

5. Conclusion and outlook

Within this work, we have characterized a two-photon scheme for the coupling of the diatomic scattering
threshold in the a’¥ " potential to the rovibrational ground state | X'Y*, v = 0, N = 0). Using
photoassociation spectroscopy, we have observed and characterized the excited state hyperfine manifolds of the
coupled |B'TI, v = 8)and |c*~F, v = 30) states in the bosonic *’Na* K molecules at 130 and 150 G, starting
from an ultracold atomic quantum gas mixture in the states | f = 1, my = —I)na + |f = 1, my = —1)x. By
applying a spectral local model fit to the measurements, we have extracted the admixture of these states to be

26 %/74 %. Due to the strong singlet—triplet mixing, this part of the spectrum serves as an ideal bridge from the
triplet atomic scattering threshold to the singlet rovibronic ground state molecules. Making use of this bridge,
we have identified the rovibrational ground state and the second rotationally excited state in two-photon
spectroscopy. From an Autler—Townes measurement we have extracted the Rabi-coupling between the excited
and the ground state. Our work results in a fully characterized scheme for the conversion of >’Na”’K Feshbach
molecules to rovibrational ground state polar molecules and will allow for the efficient creation of ultracold
ensembles of chemically stable bosonic *’Na*’K ground state molecules.
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4.2 Ultracold Gas of Bosonic 2Na*K Ground-State Molecules [A5]

4.2 Ultracold Gas of Bosonic *Na**K Ground-State Molecules
[A5]

The creation of Feshbach molecules |f), see section and the spectroscopic measurements of
excited intermediate molecular levels |e), see section that can act as a bridge between the
Feshbach state and the absolute rovibronic ground state |g) in a two-photon process, pave the way
for the production of ultracold 2>Na?K moleculesﬂ However, for an efficient two-photon transfer,
losses need to be minimized. These can, for example, originate from a spontaneous decay of the
intermediate level to an energetically lower lying molecular state. The large number of available
decay channels of these excited molecular levels lead to natural linewidths of about I' = 12 MHz
and thus to lifetimes of 7 = 1/T" &~ 80ns. Therefore, the population of the excited molecular
state needs to be minimized. This can, for example, be done with a two-photon 7 pulse, with a
large one-photon detuning A. However, due to pulse broadening issues and delicate time and laser
intensity constraints, a highly efficient and stable transfer is difficult to achieve. For this reason, a
STIRAP transfer can be beneficial, which will be described in the next section.

4.2.1 Stimulated Raman adiabatic passage (STIRAP)

In order to explain the STIRAP, lets assume a three-level system with two laser fields, as depicted
in Figll.1] with time-dependent laser intensities. We can describe the dynamic of this system with

the time-dependent Schrodinger equation,

d
ih£W(t) = H(t)¥(t), (4.1)
where H(t) is the Hamilton operator of the molecule and its interaction with the laser fields. Using

the rotating-wave approximation the Hamiltonian can be written as [99]

0 3Qpump (1) 0
H<t> =h %qump(t) A %QStokes(t) ) (42)
0 %QStokes(t) d

with the one-photon detuning A and the two-photon detuning 4§, as shown in Fig. Under the

condition of 6 = 0, the eigenstates of this system are

lat) =sinOsin @ |f) + cos ® |e) + cos Osin  |g)
|a) = cos O |f) —sin O |g) ; (4.3)
la”) =sin®cos® |f) — sin P |e) + cos O cos D |g)

'Note that, the labelling of these states changed between paper [A4] and [A5]. In [A4] they were labelled as initial
|7), excited |e) and final state |g), whereas from know on they are labelled as Feshbach |f), excited |e) and ground
state |g).
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4 From Feshbach molecules to ground-state molecules

with the mixing angles tan © = Qpump(t)/Qstokes(t) and tan 2@ = \/qump(t)2 + Qstokes(t)?/A.
The eigenstate |a”) is called the "dark" state, as it does not have any contribution from the excited
state |e). Dependent on the mixing angle © this state has more or less contributions from the
Feshbach state and the ground state. If the pump laser intensity is zero and only the Stokes laser
applied, this results in © = 0, thus the dark state is equal to the Feshbach state |f). On the other
hand in the limit of a vanishing Stokes laser intensity with an applied pump laser, the mixing angle
is © = /2 and the dark state is equal to the ground state.

Therefore, when the mixing angle is changed from © = 0 to © = 7/2 by changing the applied Stokes
and pump laser intensities, the Feshbach state can be transferred to the ground state without ever
occupying the excited state |e). These intensity ramps can not be arbitrarily fast, as the system
needs to be able to follow and therefore stay in the dark state. The adiabaticity criterion is given
by

v/ Dpump (£)2 + Dstokes ()2 > 6. (4.4)

In theory, with slow enough intensity ramps, this transfer can have an efficiency of 100 % and is
robust against small variations in the laser intensities, ramps speeds and pulse shapes. However,
for this to be true, the relative phase of the pump and Stokes laser can be arbitrary, but must
be constant during the transfer. Otherwise the system does not remain in the dark state and the
excited state is populated, resulting in the loss of a molecule. In the POLAR experiment this
relative phase stability is achieved by locking both lasers to an ultra-low expansion and high-finesse
cavity. This cavity also reduces the phase noise of both lasers and serves as frequency reference.
For a detailed description of the high finesse cavity and its properties, see [58].

The remaining phase noise, peak Rabi frequencies as well as the finite lifetime of the Feshbach

molecules of around 300 us, determine the optimal intensity ramp speed.

In the following paper the creation of up to 4200 ultracold bosonic 23Na?K ground-state
molecules with a PSD of around 0.14 is shown. The STIRAP is characterized in dependence on
the involved molecular levels, Rabi-couplings, pulse lengths and the one- and two-photon detuning.
First molecular collisional properties are measured, revealing a large two-body loss rate coefficient
close to the universal limit. In addition, collisional properties of atom-molecule mixtures, with the
atoms in the F' = 1, mp = —1 hyperfine state, are shown, with near universal two-body losses of
BNa+23Na%K and an intriguingly low two-body loss rate for 39K+23Na3’K.
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After the report of the successful creation of a new ultracold rovibronic molecule in [A5], im-
provements on the STIRAP pathway as well as the molecule number have been implemented. These

are discussed in the following sections.

4.2.2 Preparation of an ultracold atomic ?Na-+3’K mixture

In the papers [A3],[A4],[A5] the ultracold atomic mixture of 2*Na and 3K is created as described
in [90]. After a dual species MOT and Molasses stage and a subsequent evaporation in a magnetic
trap, the atoms are transferred to a cODT. Due to the magnetic trap the atoms are spin polarized
in the |F =1, mp = —1) hyperfine state. At about 150 G one can find favourable intra- and inter-
species scattering lengths for a final evaporation stage, see Fig. After this evaporation stage
the magnetic field is quickly ramped to 199.3 G, across a Feshbach resonance, where the weakly
bound molecules are created by a resonant RF pulse. This ramp across the resonance leads to an
increased overall loss rate due to three-body-losses and anti-evaporation. Nevertheless, this pro-
cess yields roughly 6-10% potassium and 1.8-10° sodium atoms at 300 nK with trap frequencies of
27-{309, 297, 51} Hz and 27-{247, 242, 41} Hz, respectively, along the mutually orthogonal z,y,z
directions determined by the experimental geometry.

To circumvent the problem of high three-body-losses and anti-evaporation, a new magnetic field
range for the cODT evaporation was chosen at around 175 G. At this position, the absolute values
of all three scattering lengths are very similar and also strong enough for an efficient evaporation.
Note that, due to the negative scattering length of **K and 2*Na+2?K no dual species BEC can
be created.

In a first step the roughly 10 uK "hot" atomic mixture is ramped to the new target magnetic field
of 175 G. Due to the, in comparison, much lower density and therefore much lower three-body loss
rates, crossing the Feshbach resonances is less critical. After this evaporation step the magnetic
field is ramped to 199.3 G, yielding 9-10* potassium and 2.7-10° sodium atoms at the same tem-
perature and trap frequencies described above, which enables the creation of up to 1-10* Feshbach

molecules.
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Figure 4.2: Intra- and interspecies scattering lengths of sodium ay,, potassium ax and sodium
with potassium anak, in yellow, orange and blue respectively, versus the applied ex-
ternal magnetic field strength. The sodium and potassium atoms are both in the
|F'=1,mp = —1) hyperfine state. The black dashed line shows the magnetic field
at which the evaporation in the dipole trap is performed. After the evaporation, the
magnetic field is ramped to 199.3 G (black solid lines), at which an RF pulse pop-
ulates the weakly bound molecular state close to the atomic |F'=1,mp = —1)y, +
|F' =2, mp = —2)y scattering channel. This is followed by a STIRAP transfer of the
population to the molecular ground state. Image adopted from [I7].

4.2.3 Identifying a new intermediate level for a STIRAP pathway

The initially chosen intermediate level |e) has the disadvantage of two additionally coupled excited
states |e1,2) that disturb the STIRAP, see [A5]. A new intermediate level with a similar coupling

strength for the pump laser transition would therefore be desirable.

In order to find a new intermediate level, some important properties must be considered. At a
magnetic field of 200 G, the nuclear spin of potassium ik is decoupled from the electronic momentum
for both the excited |e) and the molecular ground state |g). Therefore dipole transitions between
these states can not change the potassium nuclear spin projection. For the nuclear spin of sodium
iNa this is only true for the molecular ground state, see [A5]. The initial Feshbach state can be writ-
tenas o |m;Na = —3/2,myk = —1/2, Mg = —1)+as |mijNa = —3/2,mj xk = —3/2, Mg = 0), where
Mg is the total electron spin projection and /o represent the state admixtures, see supplemental

material of [A5]. This suggests, that intermediate states with either a nuclear spin projection of
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mik = —1/2 or m; x = —3/2 should be accessibleﬂ However, in contrast to our expectations,
but as experimentally demonstrated, only intermediate states with a nuclear spin projection of
m;k = —1 /2 have been accessible.

As a result, the number of available intermediate states is drastically reduced. Considering only =
transitions for the pump laser, only one excited state can be addressed. This is the old intermediate
level |e), see [A5] and the supplemental material. Therefore, a new intermediate level in the ¢3XF
can only be found with a switched pump laser polarization of . With this polarization the model
presented in [A4] predicts two potentially accessible intermediate levels. These two levels have
been spectroscopically investigated by identifying Feshbach molecule loss features. Note that, for
all the following measurements the pump and Stokes laser setup remains unchanged in comparison
with the setup explained in the supplemental material of [A5], though in order to populate the
same rovibrational ground state, also the polarization of the Stokes laser beam is switched to
polarized light. Thus, only the intermediate state is changed, the initial and ground state remain

the same.

These transitions, starting from the Feshbach molecule state at 200 G for a o* polarized pump
laser are shown in Fig. [£.3] Loss rate measurements revealed the one with the strongest coupling
strength, which was chosen as the new intermediate level |¢/) (top slightly larger grey dot), with
a maximum Rabi frequency of Qpump = 27-2.9(6) MHz. The blue dot marks the old intermediate
state |e).

At 200 G the new intermediate level is |¢') ~ 0.47 |m; Nna = —1/2,m;x = —1/2, M; = —1, Mp = —2)
+ 0.88 |miNa = —3/2,m;x = —1/2,M; = 0, Mp = —2) and can be accessed with a o -transition.
m; K/Na are the projections on the magnetic field axis of the nuclear spins ix /N, of 39K and ?3Na.
My is the projection of the angular momentum f, resulting from the coupling of the rotational
angular momentum N and the spin S and finally MF is the projection of the total angular mo-
mentum F , with F :F’l + ZK and F"l =J+ ZNa. For a detailed description of the involved quantum

numbers and couplings, see [A4].

2ix is decoupled from the electronic momentum, thus the intermediate levels only have a single m; x contribution
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Figure 4.3: Energy levels of the ¢3X7 states in an external magnetic field. The lines show all levels
calculated by the model introduced in [A4] and are colour coded with their correspond-
ing total angular momentum projection Mp. The grey dots mark the measured tran-
sitions starting from the atomic asymptote |F = 1,mp = —1)y, + |[F =2,mp = —2)
and were accessible with o™ polarized pump laser light. The top slightly larger grey
dot shows the newly chosen intermediate level |¢’), while the blue dot marks the old
intermediate level described in [A5].

To verify that no additional intermediate states disturb the STIRAP, the molecule number was
measured as a function of the one-photon detuning A of the STIRAP, as shown in Fig. The
STIRAP pulse shape and laser intensities were kept unchanged for all data points. At zero detuning

the maximum single trip efficiency is around 70 %, which is the same as described in [A5].
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Figure 4.4: Measured normalized number of molecules transferred to the ground state in dependence
on the one-photon detuning A of the STIRAP, with the new intermediate state |e’).
The pulse form and the laser powers were left unchanged during the measurement. The
solid line is a phenomenological Gaussian fit to the data. As can be seen, in contrast
to [A5], close to the newly chosen intermediate level no interfering intermediate levels
are observed and the optimal transfer is achieved at zero detuning. The single trip
efficiency at zero detuning is still around 70%.
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We report the creation of ultracold bosonic dipolar >*Na*’K molecules in their absolute rovibrational
ground state. Starting from weakly bound molecules immersed in an ultracold atomic mixture, we
coherently transfer the dimers to the rovibrational ground state using an adiabatic Raman passage.
We analyze the two-body decay in a pure molecular sample and in molecule-atom mixtures and find an
unexpectedly low two-body decay coefficient for collisions between molecules and *K atoms in a selected

hyperfine state. The preparation of bosonic 2*Na*’K molecules opens the way for future comparisons
between fermionic and bosonic ultracold ground-state molecules of the same chemical species.

DOI: 10.1103/PhysRevLett.125.083401

Heteronuclear polar ground-state molecules have
attracted considerable attention in recent years. They serve
as a new platform for controlled quantum chemistry [1,2],
novel many-body physics [3.4], and quantum simulations
[5,6]. Their permanent electric dipole moment gives rise to
anisotropic and tunable long-range interactions which can
be induced in the lab frame via electric fields or resonant
microwave radiation [7,8]. This gives exquisite control over
additional quantum degrees of freedom. In recent years there
has been continuous progress in the production of ultracold
bialkali molecules. Fermionic “°K®Rb [9], 2Na*K [10],
and °Li%**Na [11], as well as bosonic 8’Rb!*3Cs [12] and
2Na®’Rb [13] molecules have been prepared.

Up to now, not a single molecule has been available both
as a bosonic and a fermionic molecular quantum gas, which
makes findings among different species and quantum
statistics challenging to interpret and to compare. For
bialkali molecules only combinations with Li or K offer
the possibility to prepare the bosonic and fermionic
molecule, as Li and K are the only alkali metals which
possess long-lived fermionic and bosonic isotopes. Among
these molecules (LiK, LiNa, LiRb, LiCs, NaK, KRb, KCs)
all possible combinations with a Li atom as well as the KRb
molecule are known to undergo exothermic atom exchange
reactions in molecule-molecule collisions [14]. This leaves
only NaK and KCs [15] as chemically stable molecules for
a comparison of scattering properties of the same molecular
species but different quantum statistics.

Both chemically reactive and nonreactive spin-polarized
fermionic molecular ensembles have been reported to be
long-lived due to the centrifugal p-wave collisional barrier
limiting the two-body collisional rate to the tunneling rate
[1,10]. The lifetime of bosonic molecular ensembles, how-
ever, has been observed to be significantly shorter and limited

0031-9007/20/125(8)/083401(6)
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by the two-body universal scattering rate [13,16]. Two-body
collisions involving molecules can lead to the formation of
collisional complexes due to a large density of states. The
complexes can either decay to new chemical species for
chemically reactive molecules [17] or within the lifetime of
the complexes are removed from the trap by light excitation
[18-20] or collisions with a third scattering partner [16,21].

In this Letter, we report on the production of ultracold
bosonic 2Na*)K rovibrational ground-state molecules. The
preparation follows the pioneering experiments for the
creation of “°K3"Rb molecules [9] with Feshbach molecule
creation and subsequent stimulated Raman adiabatic pas-
sage (STIRAP) transfer [22] to a selected hyperfine state in
the rovibrational ground-state manifold. We model our
STIRAP transfer through an effective five-level master
equation model and work out an efficient pathway to create
spin-polarized ground-state molecular ensembles. We pre-
pare pure molecular ensembles as well as molecule-atom
mixtures and extract the resulting collisional loss rate
coefficients. We find the loss rate for the »’Na’’K + ¥K
mixture to be drastically suppressed, which opens interest-
ing perspectives for sympathetic cooling.

The experiments start from ultracold weakly bound
molecules. As previously described in Ref. [23], we
associate ’Na*)K Feshbach dimers by applying a radio
frequency pulse to an ultracold mixture of bosonic 2*Na and
%K held in a 1064 nm crossed-beam optical dipole trap
with temperatures below 350 nK. We create 6 x 10° dimers
in the least bound vibrational state |f) with a total angular
momentum projection M = —3 and a binding energy of
h x 100 kHz at a magnetic field of 199.3 G. In terms of
atomic quantum numbers the state |f) is mainly composed
of ay|min, ==3/2.m;x =—1/2,Mg=—1) + ay|m;n, =
=3/2,m;x = —3/2,M3=0). My is the total electron spin

© 2020 American Physical Society
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projection, m; N, and m; x are the nuclear spin projections,
and a;, denote the state admixtures. For detection, we use
a standard absorption technique of *°K atoms directly from
the weakly bound molecular state.

For the STIRAP transfer, we make use of external-cavity
diode laser systems as already described in Ref. [24]. Both
lasers are referenced simultaneously to a 10-cm-long high-
finesse ultra low expansion cavity using a sideband Pound-
Drever-Hall locking scheme [25]. The cavity’s finesses for
the pump and Stokes laser are 24 900 and 37 400, respec-
tively, and the free spectral range is 1.499 GHz. The
linewidths of both locked lasers are estimated to be below
5 kHz. Furthermore, the power of the pump laser is
amplified by a tapered amplifier. Both lasers, pump and
Stokes, are overlapped and focused to the position of the
molecules with 1/e?> Gaussian beam waists of 35 and
40 pum, respectively. The direction of propagation is
perpendicular to the direction of the magnetic field; thus,
7 (6/7) transitions can be addressed by choosing the
polarization parallel (perpendicular) to the magnetic field.

Possible transfer pathways to the ground state have been
previously investigated theoretically and experimentally
[24,26]. Figure 1(a) summarizes the relevant states
involved in the transfer scheme. Starting from the weakly
bound dimer state |f) with mainly triplet character, we
make use of the triplet-singlet mixed excited state |e) to
transfer the molecules into a selected hyperfine state in the
rovibrational ground state |g) with pure singlet character.
For the excited state |¢) we choose the strongly spin-orbit
coupled B'TI|v = 8)/c*E*|v = 30) state manifolds [see
Fig. 1(a)], which have a large state admixture of 26%/74%
[24]. The hyperfine structure of the [X'E*, v = 0, N = 0)
ground state consists of 16 states with a total angular
momentum projection My = m; N, + m;x, which group
into four branches with different m; v, at high magnetic
fields [see Fig. 1(b)] [27]. At 199.3 G, where the molecule
creation is performed, the ground states are deeply in the
Paschen-Back regime. In the excited states the *°K nuclear
momenta are also decoupled from the other nuclear and
electronic angular momenta [28]. Therefore, dipole transi-
tions only change the latter ones. This limits the number of
accessible ground states to three, which are highlighted in
Fig. 1(b). Accounting only for z transitions for the pump
transition to maximize the coupling strength, only a single
state is accessible in the ¢>* hyperfine manifold, namely the
leo)=|c"2" m; ng==3/2,m; x==1/2,M;==1,Mp==3).
The transition yields an energy of 12242.024(3) cm™!
[which corresponds to a wavelength of 816.8584(2) nm]
and is shown in Fig. 1(a). The Stokes transition, with
an energy of 17453.744(3) cm™! [572.94297(10) nm],
connects the excited state to the ground state. In our case,
we use a ¢~ transition to the |g) = | X', m;n, = —3/2,
mjx =—1/2,M; = 0,M; = -2) state. Nevertheless, our
experimental setup always supports 6~ and ¢ transitions at
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FIG. 1. (a) Potential energy curves of the 2Na*K molecule.
The energy is shown in cm™' as function of the internuclear
distance. The solid green curve corresponds to the electronic
X'Z*, the dotted light blue to the @*Z*, and the dashed lines to
the ¢><* and B'TI potentials. Wave functions are shown as black
lines with the corresponding shading. Amplitudes of the wave
functions are not to scale. The black arrows indicate the STIRAP
transitions and the one- (A) and two- () photon detunings. The
inset shows the magnetic field dependence of the pump transition
to the excited states from the model in Ref. [24]. (b) Magnetic
field dependence of the ground-state hyperfine energy structure.
The green lines are the states with Mg = —2 and the black dashed
line is the one with M = —3. As the states enter the Paschen-
Back regime the four branches for different m; y, become visible.
The magnetic field, where the molecule creation process is
performed, is marked with a cross on the axis.

the same time. Consequently, the ground state is coupled
to two additional states |e;,) through o™ transitions [see
inset Fig. 1(a)]. For the experiments and for the modeling we
thus have to consider an effective five-level system. The
details of the model are described in the Supplemental
Material [29].
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For STIRAP a high degree of phase coherence between
the two independent laser sources is imperative. To prove
the coherence and to determine the explicit frequencies for
the two-photon Raman transition, we perform electro-
magnetically induced transparency (EIT) experiments on
the selected states. For the measurement shown in Fig. 2(a),
Rabi frequencies of Q,, = 27 % 0.63(2) MHz and
Qgiokes = 27 x 4.1(2) MHz are used. The coherent inter-
action time is set to 50 us. The observed asymmetry of
the molecule revival arises from a one-photon detuning
A =27 x 400(20) kHz to the excited state |ey). EIT relies
only on coherent dark state effects and never populates the
ground state. A coupling between the ground state and the
perturbing excited states |e;,) does not alter the coupling
scheme as the two-photon condition is not fulfilled for
these states. Consequently, a three-level scheme is suffi-
cient for its description. Figure 2(a) shows the experimental
data and the theoretical prediction (solid black line) using
experimentally determined parameters for Rabi frequencies
and laser detunings. The errors on the parameters are
displayed as dashed lines and gray shaded area. We find
very good agreement of our data with the model and
consequently good conditions for the STIRAP.

For the creation of ground-state molecules, we perform
STIRAP starting from Feshbach molecules. As the
Feshbach molecule lifetime is very short, on the order of
0.3 ms [23], STIRAP is completed 25 us after Feshbach
molecules creation. The STIRAP process itself takes 11 us
so that no significant loss from a decay of the weakly bound
dimers is expected. Figure 2(b) shows a typical signal for
ground-state molecule creation. The figure includes the
STIRAP light pulse sequence (lower panel) and the pop-
ulations of the Feshbach molecules as well as the ground-
state molecules during the pulse sequence calculated by a
five-level master equation. Starting with Feshbach mole-
cules at t = 0, the molecules are transferred to the ground
state at t = 14 ps where the molecules become dark for the
imaging light. To image the molecules, we reverse the
STIRAP sequence and transfer ground-state molecules back
to the Feshbach state. Because of the additional coupling of
the ground state to the excited states |e; ), the STIRAP is
highly dependent on the one-photon detuning (see Fig. 3).
The states |e; ,) act as loss channels, into which the ground-
state molecules are pumped and consequently get lost. On
resonance with one of the |e; ) states, nearly no ground-
state molecules revive (see Fig. 3). Clearly, in the vicinity of
the |e;,) states, the STIRAP benefits from fast transfers,
which is restricted by the adiabaticity in the limit of small
pulse-overlap areas [22]. On the other hand, the pulse-
overlap area can be increased by raising the Rabi frequencies
of the pulses, which accordingly also increases the undesired
coupling to the states |e; ). We find the best results in our
system for a pulse duration of 12 us with a pump pulse
delay of —2 us and resonant Rabi frequencies of Qp .y, =
27 x3.0(1) MHz and Qges = 27 X 2.3(1) MHz at a
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FIG. 2. EIT and time evolution of STIRAP. (a) EIT measure-
ment together with a theory curve. The points are the remaining
Feshbach molecule fraction normalized to the initial Feshbach
molecule number. The solid black line is the theory curve from a
three-level master equation and the dashed lines with the enclosed
shaded gray area correspond to the uncertainty of the Rabi
frequencies. (b) Time evolution of the Feshbach and ground-state
population during a round-trip STIRAP. Data points in the upper
panel are the observed Feshbach molecule number normalized to
the initial molecule number. The solid green (dashed black) line is
a theory curve for the ground-state (Feshbach molecule-state)
population using the model described in the text and the pulses
from the lower panel. The pulse duration for both lasers is 10 ys.
The ramping-up of the pump pulse starts 1 us before the ramp-
down of the Stokes pulse begins. The lower panel shows the pulse
sequence of the pump and Stokes laser during the STIRAP. Rabi
frequencies are obtained from one-photon loss measurements
(not shown here). Error bars are the standard deviation coming
from different experimental runs.

one-photon detuning A = 2z x 8 MHz to the center posi-
tion of |ey). Under these conditions single-trip STIRAP
efficiency can get as high as 70%, which corresponds to a
ground-state molecule number of about 4200 in a single
hyperfine spin state (see inset of Fig. 3). Moreover, we do not
observe heating effects of the molecules due to the STIRAP
(see Supplemental Material [29]), leading to a phase-space
density of up to 0.14. To model the influence of the states
le ») on the STIRAP we apply a five-level master equation
model fit (solid curve in Fig. 3) and compare it to an ideal
three-level one (dashed curve in Fig. 3). The model is
described in detail in the Supplemental Material [29]. In the
comparison between the five- and three-level model the
influence of the states |e;,) gets clear. It indicates that
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FIG. 3. One- and two-photon detuning for STIRAP. The round-

trip efficiency for STIRAP is shown as a function of the one-
photon detuning A. The pulse sequence and laser intensities for
these measurements were kept constant corresponding to the
optimal values given in the text. The vertical solid blue (dashed
red) [dotted red] line is the position of the |eq()z)) state deduced
from measurements and the model developed in Ref. [24]. The
solid black curve is a fit using the five-level master equation
model and the individual couplings of the Stokes laser to the
leq ) states as free parameters. The dashed gray curve is a theory
curve from a three-level model using the same set of parameters.
The inset shows the STIRAP round-trip efficiency dependent on
the two-photon detuning & with a phenomenological Gaussian fit.
The error bars for both plots are the standard error coming from
different experimental cycles.

the STIRAP efficiency can be easily increased by choosing a
different excited state, experimental geometric condition,
such as laser polarization relative to the magnetic field axis,
and larger STIRAP pulse overlap areas, which is discussed
in the Supplemental Material [29].

After the transfer to the ground state the molecules are
still immersed in a gas of ’Na and **K atoms remaining
from the creation process of the weakly bound dimers. >*Na
atoms can be removed by applying a 500 ps resonant light
pulse. ¥K atoms can be removed by transferring them to
the |f = 2, m; = —2) state by a rapid adiabatic passage and
a subsequent resonant light pulse for 500 ps. By introduc-
ing a variable hold time between the atom removals and the
reversed STIRAP pulse, we perform loss measurements,
which we analyze assuming a two-body decay model to
extract the two-body decay rate coefficient. The model is
described in the Supplemental Material [29].

First, we investigate the mixture of molecules and
atoms. We observe fast losses from 2*Na*’K + 2*Na colli-
sions (see Fig. 4). The extracted loss rate coefficient is
1.25(14) x 1071% ¢cm? s~!, which is close to the theoretical
prediction of 1.3 x 107!% cm?s~! taken from Ref. [31]. We
assign the saturation of the losses to chemical reactions, in
which ?*Na, dimers are formed. Thus, >’Na atoms are
generally removed as fast as possible from the trap as the
ground-state molecule number suffers from the strong losses.

1.2 ?
@ — 23NaK
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0 50 100 150 200
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FIG. 4. Loss measurements of pure ground-state molecules and
with remaining atoms. The open triangles are measurements
without atom removal. The fast loss originates from the chemical
reaction with 2’Na atoms. The gray circles are measurements with
only *Na removed while still 3°K atoms remain in the trap. The
solid circles are measurements performed with a pure molecular
ensemble. The data are normalized to the molecule number
without holding time obtained from the individual fits. The
curves are fits using a coupled differential equation system for
modeling the losses. For the corresponding loss rate coefficients,
see text. All error bars are the standard deviation resulting from
different experimental runs.

In a next step, we measure losses in a pure molecular
ensemble (see Fig. 4). The two-body loss rate coefficient is
measured to be 4.49(1.18) x 107'% cm?s~!. This loss rate
coefficient is comparable to the universal limit [32] and is
possibly resulting from sticky collisions [21] and sub-
sequent removal of the tetramers from the trap. Comparable
observations have been made in experiments with other
bosonic ground-state molecules, such as 8’Rb'3*Cs and
23Na®’Rb [12,13]. However, the loss rate coefficient for the
fermionic counterpart 2Na*K is 6 x 107! ecm?s~! [10].
The difference can be assigned to the absence of the
centrifugal barrier in bosonic s-wave collisions.

Next, we investigate collisions between the molecules and
%K atoms. Surprisingly, even a high density of *’K atoms in
the nonstretched |f = 1,m; = —1), state colliding with
23Na*K in the nonstretched hyperfine ground state does not
increase the molecular loss (compare Fig. 4), although sticky
collisions with trimer formation are also expected in
mixtures of 2Na*K + 3K [33]. In these collisional trimer
complexes nuclear spin transitions can occur leading to
subsequent loss of molecules from the prepared hyperfine
state. We analyze the observed decay of the molecular cloud
using the model fit described in the Supplemental Material
[29]. We find the loss rate coefficient for the two-body
PNa*K + K collisions to be consistent with zero with an
upper limit of 1.5 x 107'* cm®s~!. The corresponding
universal limit is calculated by using the prediction from
Refs. [33,34] and parameters from Ref. [35] and results
in 1.3 x 107'° cm®s™!. Note that this corresponds to a
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suppression of the two-body decay in comparison to the
universal limit by more than 3 orders of magnitude. This is in
contrast to experiments reported for fermionic molecules in
collisions with bosonic atoms (*°K®’Rb + 8Rb [1]) and
fermionic atoms (>*Na*’K + “°K [36]), where such suppres-
sion of losses far below the universal limit has not been
observed for sticky molecule-atom collisions. The only
experiment describing such a suppression has been per-
formed in a mixture of the fermionic molecule °Li>*Na with
the bosonic atom 2*Na with both particles in their lowest
stretched hyperfine states [37]. Here, we now report colli-
sions in nonstretched states with loss rates far below the
universal limit, which might result from a low density of
resonant states [33]. Individual resonances might thus be
resolvable in this system and demand for further investiga-
tions of loss rates in other spin channels and magnetic fields.
Moreover, with the low loss rate between 2Na**K molecules
and ¥K atoms in the named hyperfine state it might be
possible to use °K atoms as a coolant for bosonic >*Na*’K
molecules to further increase the molecular phase-space
density [37].

In conclusion, we have reported the first creation of an
ultracold high phase-space density gas of bosonic >Na*’K
ground-state molecules. We have investigated the creation
process and find very good agreement with our five-level
model. The spin-polarized molecular ensemble yields up to
4200 molecules and is chemically stable. We extract the
two-body decay coefficient for the bosonic **Na*’K
molecules. For molecule-atom collisions, we find a
significant suppression of the two-body decay rate in
collisions between *Na*’K molecules and *K atoms in
nonstretched states. This unexpected result demands further
experiments including the analysis of collisions between
molecules and atoms in different hyperfine states and as a
function of magnetic field to identify possible scattering
resonances. These experiments can be extended to a
detailed comparison of collision properties between same
species molecules of different quantum statistics.
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Supplemental Material: An ultracold gas of bosonic ?*Na*’K ground-state molecules
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In this supplement, we provide additional details on the 5-level STIRAP model, alternative STI-
RAP pathways for the 2*Na®K molecules and the temperature measurements of the molecules.
Furthermore, we detail on the loss model used for the determination of the two-body decay loss
coefficients for molecule-molecule and molecule-atom collisions.

5-level STIRAP model

STImulated Raman Adiabatic Passage (STIRAP) for
the transfer of weakly bound Feshbach molecules to the
ground state, and vice versa, is typically performed in
a pure 3-level A-system [1]. In our case, the Feshbach
molecule state is named |f), the ground state |g) and
the excited states are named |e;). The laser beams for
the Pump and the Stokes transitions are copropagating
and perpendicular to the magnetic field. For both
beams, linear polarizations parallel (||) to the magnetic
field access w-transitions in the molecules and linear
polarizations perpendicular (L) to the magnetic field
access always both o - and o~ -transitions.

The molecular starting state | can
be described as a composed state of
(a1 |mi,Na = —3/27mi,K = —1/2,MS = —1> +

(6%)] |mi7Na = —3/2,7711'7}( = —3/2,M5’ = O>, where MS is
the total electron spin projection and ay/5 represent
state admixtures. With the goal of maximizing the Rabi
frequency Qpump), we choose excited states from the
triplet hyperfine manifold of the coupled triplet-singlet
states |c*$T,v = 30) and |BIL,v = 8) [2, 3]. Moreover,
we choose the polarization of the Pump beam to be |.
The only possible accessible excited state is the |eg) =
|mi,Na = —3/2,mi,K = —1/2,MJ = —1,MF = —3>
Using 1 polarization for the Stokes laser, we reach the
|g> = \mLNa = —3/2,mi,K = _1/27MJ = O,MZ = —2>
ground state with a o~ -transition. Other states in the
ground state cannot be reached, because the ground
state manifold has pure singlet character and is deeply in
the Paschen-Back regime. Thus, nuclear and electronic
spins are decoupled so that only the electronic spin
projection can be changed by an optical transition.

At the same time oT-transitions couple the
state |g) to the excited state |e;2) which have
both state contributions in the atomic base from
|m¢,Na = 73/2,7711"}{ = 71/2,M‘] =1,Mp = 71). Note
that the Pump beam does not couple the state |f) to
the states |e 2) due to AMp = 2.

In summary, the experimental situation requires to
extend the typical 3-level A-system (for the state |f),
leo) and |g)) to a 5-level system (for the states |f), |eo),

lg) and |ej,2)). The model Hamilton operator H(t) for
the light-molecule interaction and the molecular energies
in the rotating-wave-approximation is

0 Qp(t)/2 0 0 0
Qp(t)/2  Ap  Qs(t)/2 0 0

Bl 0 Qs(t)/2 Ap—Ag Qs1(8)/2 Qsa(t)/2
0 0 Qs1(8)/2 Ap—Agy 0

0 0 Qsa(t)/2 0 Ap — Ags

The time dependent state vector is represented by
(cr(t), Ceo(t),cq(t), cey (1), cer ()T, where ¢; is the prob-
ability amplitude of the corresponding state |i). Qp(t)
is the Rabi frequency for the Pump transition and
Qs (tokes) (1), Ns,1(t) and Qg »(t) are the Rabi frequencies
for the Stokes transition to the excited states |eg),|e1)
and |e9), respectively. Note, that all Rabi frequencies are
time dependent and real. Ap and Ag are the detunings
of the Pump and Stokes laser frequency to the respective
molecular transition. The relative positions of the ex-
cited states |e1 2) to |eg) are Ag 1 = 2w x (—10) MHz and
Ag o = 21 x (—21) MHz, respectively, at 199.3 G and are
taken from our excited state model presented in [3]. To
additionally model losses of the molecules from the ex-
cited states, a sixth state |l) is introduced, which is not
directly coupled to any other state. This is important
for the numerical calculation, as it keeps the population
normalized during the evaluation. The dynamics of the
system can be modeled by solving the master equation
in Lindblad representation with the density matrix p(t)

pO) = =5 [H(B), p(O] + Y wDlAp(). (1)

k

The second term denotes the losses from the system,
where v, are the decay rates of the excited states which
we set for all three states to 79 =71 = 72 = 27 x 11 MHz
and D[A] are the corresponding Lindblad superopera-
tors with the jump operator Ay from the excited state
lek) to the loss state |I) [4].

For the fit of the experimental data in Fig. 3 we use this
model with the Rabi frequencies Qs and Qg as free
parameters as well as the STIRAP Rabi frequencies Qp
and Qg constrained to their experimentally determined
uncertainties. We assign the optimum of the fit within
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these constrains, confirming the consistency of our data.
Furthermore, this model was used to also calculate the
STIRAP time dynamics of Fig. 2(b).

The 5-level model can be reduced to a 3-level one by set-
ting the coupling to the excited state |e; o) to zero. We
use this to calculate the theoretical electromagnetically
induced transparency curve in Fig. 2(a) and the optimal
curve for the one-photon detuning (gray dashed line) in
Fig. 3.

Alternative STIRAP pathways

Alternative STIRAP pathways using states from the

c3%F potential may be possible with either another STI-
RAP beam alignment, for example parallel to the mag-
netic field direction, and/or with other polarizations.
In case of a perpendicular alignment, as it is described
above, alternative STIRAP pathways to the ground state
|g) are possible when switching the laser polarizations,
using now L polarization for the Pump and || polariza-
tion for the Stokes beam; see Fig.S1.
We identify two additional states |e, 1) and |e, 2) suiting
these pathways, both yielding state contributions from
the |mi$Na = —3/2,7’)%7}( = —1/2,MJ =0,Mp=— > in
the atomic base.  Their transitions are +189 and
—146 MHz detuned from the original one |eg) and do
not possess neighboring states close by which may be
populated through o~ -transitions to the state |f). The
additional STIRAP pathways are identified based on the
model of the excited states [3]. Simulations, utilizing the
model described above suggest round-trip efficiencies of
more than 80%. These states will be object of future
investigation.

Loss coefficients

Two-body loss coefficients for molecule-molecule and

molecule-atom collisions are extracted from the decay of
the 22Na3?K ground-state molecule ensemble.
In a pure molecular ensemble, losses can be assigned to
two-body losses with tetramer formation and subsequent
removal or loss of the tetramers, see [5]. We obtain an
analytic solution for the two-body loss of the ground-
state molecule number Ny,k (t) [6]

NNak,0

SRR (14 % € knak,2t)®/11 @
where Nnak,o is the initial ground-state molecule num-
ber, knak,2 the molecular two-body loss coefficient and
€ = (mnax@/(27kg))?/? with @ the average trap fre-
quency and kg the Boltzmann constant. Nnak,0 and
knak 2 were used as free parameters for the fit.

For the model of the loss from molecule-atom collisions
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FIG. S1. STIRAP pathways. This figure shows the current
(left) and the alternative (right) STIRAP pathway. Pathways
start from the Feshbach molecule state |f) (black solid line)
and end in the ground state |g) (green solid line). The excited
states |e;) are the ones described in the text. For the current
STIRAP the Pump beam drives m-transitions and the Stokes
beam o~ -transitions, displayed as solid arrows. On contrary,
the Stokes beam couples also with o -transition to the ex-
cited states |e12)(dashed arrow). The alternative STIRAP
pathways use o™ -transitions for the Pump and w-transitions
for the Stokes beam. The states |eq,1;2) are shown as orange
dashed-dotted lines.

we use the coupled differential equation system:

Nnak (t)?
TNak (£)3/2
Nnax (t)

—€ekNaK,2 — N kaNa o NNak (1)

(3)

7 is the density overlap between molecules and atoms, k,
the loss coefficient for the molecule-atom collision, N, o
the initial atom number and T,k the temperature of the
ground-state molecules.

Note, that in the model anti-evaporation effects may be
considered for molecules only, or for both, molecules and
atoms. The difference of these two cases is smaller than
our experimental uncertainties. The presented data only
consider effects on molecules.



Temperature measurement for molecular clouds

Temperature measurements for atomic clouds are typ-
ically done through time-of-flight (TOF) measurements
after releasing them from the trap and fitting a temper-
ature dependent expansion curve to the clouds width.
For ground-state molecules, this technique is limited by
the free expansion time, as the molecules might leave the
region of the STIRAP laser beams which is needed to
transfer the ground-state molecules back to the Feshbach
state for imaging. In our experiment, the STIRAP beam
foci have 1/e? radii of 35 and 40 um, respectively, allow-
ing for almost no free expansion time of the molecules
before leaving the STIRAP beam area.

To still measure the temperature of the ground-state
molecule ensemble we reverse the entire molecule creation
process, by means of STIRAP and Feshbach molecule
dissociation, before performing the TOF and imaging
on the dissociated atoms. Note, that for our Fesh-
bach molecules, imaging normally takes place from the
Feshbach molecule state itself, as the linewidth of the
imaging transition in 3°K is larger than the binding en-
ergy of the weakly bound dimers [7]. A temperature
measurement in TOF with Feshbach molecules is also
not possible, because the Feshbach molecule lifetime is
very short, about 1ms in a pure molecular ensemble,
and an appropriate signal would be lost very fast. A
complete dissociation within 600 us using a resonant ra-
dio frequency of 210.0 MHz to the |f = 1,m; = —1), +
|f =1,my = —1)y is performed immediately after the

backwards STIRAP. Temperature TOF measurements
are then performed on the long living atomic ensem-
ble. All atoms involved in the temperature measurement
come originally from deeply bound molecules.

The extracted temperature from the atoms show the
same temperature as the initial atoms measured before
the molecule creation happened. Consequently, all trans-
fers in between (Feshbach molecule creation, STIRAPsS,
atom state preparations and removals, Feshbach molecule
dissociation) do not heat the molecule ensemble.
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5 Molecule-molecule and atom-molecule

collisions

Within this chapter, I describe our recent studies of molecule-molecule [A6] and atom-molecule
[A7] collisions. The experiments have revealed astonishing collisional properties which are, at
the current point, far from understood and have initiated lively theoretical discussions and novel

experiments.

5.1 Probing photoinduced two-body losses [A6]

As briefly mentioned in the introduction (see section , the observation of rapid two-body losses
near the universal scattering rate, even for chemically stable molecules, was against the expecta-
tions. 23Na’’K ground-state molecules are no exception to this, as shown in [A5]. A possible
explanation was introduced by Mayle et al. by the concept of long-lived four body complexes that
form during a collision, so-called sticky collisions. [78]. In this model the long lifetime of these
metastable tetramers originates from the high density of ro-vibrationally excited tetramer states,
that are close to the energy of the scattering channel. As the two molecules approach each other,
they ergodically explore the energetically permissible tetramer states. Eventually they will split
back into two separate molecules, with their initial quantum numbers conserved. This is crucial as
the molecules can only be detected in the experiment after they were successfully transferred back
to the Feshbach molecule state. This is done by another STIRAP pulse, which is state-sensitive.
The lifetime of these complexes (or in other words the average time delay until the molecules

separate again) 7c can be calculated using the Rice-Ramsperger-Kassel-Marcus (RRKM) theory

2mhp
TC = N()’

(5.1)

where p is the density of resonant tetramer states and Ny the number of available exit channels
[79]. In ultracold chemically stable molecular collisions this number can be as low as Ny = 1.
Mayle et al. calculated that the lifetime of the complexes is on the order of many milliseconds and
long enough to make it likely for the complex to collide with another molecule, resulting in the loss
of all three molecules [7§].

In 2019 Christianen et al. estimated the density of states (DOS) to be much lower. Due to the
resulting lower lifetime of the complex, in the region of only a few microseconds, the collision of a

complex with another molecule became unlikely. Therefore, they proposed a different loss mech-
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5 Molecule-molecule and atom-molecule collisions

anism that is photoexcitation of the complex to an electronically excited tetramer state through
light from the optical dipole trap [79]. Even though the typically used ODT wavelengths, such
as 1064nm or 1550 nm, are far off-resonant to the next nearest excited dimer states, this is no
longer true for the tetramer states. Christianen et al. calculated a laser excitation lifetime 77,50y
of 0.3 us for a NagKs complex at an ODT trap depth of 10 uK. This is much lower than the esti-
mated complex lifetime for the bosonic 2>Na3?K molecule, ToNak = 6 ps. Shortly thereafter, the
idea of testing this hypothesis with ultracold molecules in a stroboscopic/chopped ODT emerged,
where the ODT light is periodically turned on (bright) and off (dark). If the loss is indeed dom-
inated by photoexcitations of the complexes, molecular decay should come to a halt in a dark
environment, leading to a longer lifetime dependent on the ratio between the dark time t4 and the
complex lifetime 7¢ as well as the ratio between dark and bright time. As a chopped trap might
lead to additional heating and consequently to an overall higher loss rate which would diminish
possible lifetime enhancements, the experiments were also performed in direct comparison between
two chopped traps, one with an additional "killing" beam, see [A6]. The implementation of the
chopped cODT can be found in the supplemental material of [A6].

To our surprise and in stark contrast to the theoretical expectations, no significant enhancement
was observed, even though at the same time Gregory et al. have been successful, with measured
complex lifetimes close to the theoretical expectations [80]. Soon after a direct observation of
KoRbs complexes has been achieved, also with good theoretical and experimental agreement [81].
However, simultaneously performed experiments on fermionic NaK or bosonic NaRb also showed
no evidence of photoexcitation. This makes systematic experimental errors unlikely as the source
of the observed discrepancy. To corroborate the experimental findings, we collaborated with the
NaRb group in Hong Kong led by Prof. Dr. D. Wang. Simultaneously the fermionic NaK group in
Munich also published their results [82]. After the publication of our findings in [A6], the Durham
group of Simon Cornish carried out further investigations of the loss rates of their RbCs molecules
in a chopped ODT, this time in non-stretched molecular hyperfine states. Interestingly they ob-
served a diminished suppression of losses, which could be attributed to higher complex lifetimes

due to a higher DOS or inelastic losses that happen during a collision [100].

These results emphasize, that the collisional processes between two molecules are to date not
well understood. A possible oversight in the simulation of complex formation might be due to is-
sues with the application of RRKM theory to ultracold collisions between 2*Na8’Rb and **Na3K.
The predicted DOS is less than ﬁ [79], where kp is the Boltzmann constant, resulting in a low
number of accessible resonant states. The RRKM theory can be applied in scattering processes
with a high DOS and treats them in a statistical manner, so that one does not need to consider
individual resonances, which might not be justified in our molecular system [78, [I01]. The predicted
lifetime is also only of value if the molecules can actually explore all possible states ergodically,
although for alkali molecules this is assumed to be true [I02]. Due to these concerns Croft et al.

had a more detailed view at the case of ultracold non-reactive molecules. They draw the conclusion
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5.1 Probing photoinduced two-body losses [A6]

that a statistical approach should be valid, due to for example overlapping resonances, and that
the RRKM theory just gives an upper bound for the complex decay rate, especially for only one
open channel. As this is the case for ultracold non-reactive molecules, this might lead to a higher
complex lifetime.

Another possible explanation for a longer lifetime might be the occurrence of nuclear spin changes,
that drastically increase the DOS. In experiments with KRb molecules it was verified, that the
nuclear spin is conserved even after inelastic processes [77]. Jachymski et al. [I03] propose that
this is only due to the relatively high number of open channels in such reactive collisions, as this
presumably prevents spin-changing processes. This could be completely different for 22Na8"Rb and
ZNaK, where the nuclear spin might not be conserved during complex formation, resulting in a
drastically increased DOS.

In 2021 Ktos et al. used a different technique to study molecular collisions, which does not utilize a
statistical approach. This was done through real-time simulations of the time-dependent classical
collision trajectories [I04]. These computations, done for 2Na®"Rb , also showed evidence for long-
lived collisional complexes that are subsequently excited through the 1064 nm ODT light with near
unity probability. Still these results can not explain the absence of a decrease of the molecular loss
rate in a modulated trap [104].

In summary, these results make it clear that promising work has already been done to better un-
derstand ultracold molecular collisions, but that further experiments are needed to confirm these

hypotheses and answer open questions.

In the following paper photoinduced two-body loss processes of ultracold bosonic 22Na®"Rb and
ZNaK are probed utilizing a chopped optical dipole trap. Measurements with different chopping
frequencies, duty cycles (the ratio between bright and dark times), killing beam intensities and
wavelengths have been performed and compared to theoretical expectation. Together with the
group of Prof. D. Wang from Hong Kong working with 22Na8"Rb the results show no evidence of

photoexcitations of tetramer complexes, that might form after a two-body collision.
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We probe photoinduced loss for chemically stable bosonic 2*Na®’Rb and 2*Na*’K molecules in chopped
optical dipole traps, where the molecules spend a significant time in the dark. We expect the effective two-
body decay to be significantly suppressed due to the small expected complex lifetimes of about 13 and 6 us
for 2Na¥’Rb and *Na*K, respectively. However, instead we do not observe any suppression of the two-
body loss in parameter ranges where large loss suppressions are expected. We believe these unexpected
results are most probably due to drastic underestimation of the complex lifetime by at least 1-2 orders of

magnitude.

DOI: 10.1103/PhysRevLett.127.163401

The field of ultracold heteronuclear molecules has gained
a lot of attention in recent years [1]. Nowadays, full
simultaneous control over the molecules’ external and rich
internal structure including electronic, vibrational, rota-
tional, and hyperfine degrees of freedom is within reach.
This is opening many new research opportunities, such as
quantum simulation of new many-body states with tunable
anisotropic long-range interactions [2—4], the possibility for
quantum-state controlled chemistry [5,6], quantum compu-
tation [7], and precision measurements [8,9].

Currently, the most advanced experimental molecular
system is given by ultracold gases of bialkali rovibrational
ground-state polar molecules. The first creation of an
ultracold ensemble of polar ground-state molecules with
high phase-space density has been achieved with the
fermionic *°K®’Rb molecules at JILA [5,10]. Ultracold
clouds of these molecules suffered from strong two-body
losses at the universal limit, which were later explained by
an exothermic chemical reaction taking place during the
collision between two molecules, 2KRb — K, + Rb,
[5,11-13]. Since then considerable effort has been devoted
to the production of chemically stable ground-state mol-
ecules. Molecules such as 8’Rb!33Cs [14,15], ¥Na’’Rb
[16], and fermionic »*Na*K [17,18], as well as bosonic
PNa*K [19] have been successfully prepared in the
laboratory. However, in all of these experiments, molecular
two-body losses close to the universal loss limit have been
observed [14,16,17,19].

The most accepted mechanism underlying these unex-
pected losses is the so-called sticky collision introduced by

0031-9007,/21/127(16)/163401(6)
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Mayle et al. in 2013 [20]. They predicted the formation of
long-lived four-atom complexes in the two-body collision
between chemically nonreactive ground-state molecules
due to enormously dense nonresolvable resonances
[20,21]. Eventually the complexes are expected to disso-
ciate back to molecules in their initial quantum states.
Unless the complexes get lost during their sticking time,
this process should not result in molecular losses. However,
different loss mechanisms have been discussed in the
literature. Mayle et al. calculated the complex lifetime to
be long enough for a collision of the complex with another
molecule during the sticking time to occur. This would
result in an effective loss of three molecules [20]. In 2019
Christianen et al. estimated a 2-3 orders of magnitudes
shorter complex lifetime, making the collisional loss of
complexes far less likely [22]. Instead they proposed
photoinduced complex excitation to excited tetramer states
by light of the optical dipole trap (ODT) as the dominant
loss mechanism [22]. The complex excitation has been
estimated to be much faster than the complex dissociation.
Consequently, the two-body loss rate of molecules in the
ODT is dominated by the complex formation rate.
Recently, the complex excitation hypothesis has been
supported by experiments with bosonic 8’Rb!*Cs mole-
cules confined in a modulated (chopped) ODT [23]. The
Rb,Cs, complex lifetime has been measured to be
7. rocs = 0.53(6) ms, which is just about twice the value
of 0.253 ms predicted by Christianen et al. [24].
Additionally, the complex lifetime estimate has also been
confirmed with the chopped ODT technique in the

© 2021 American Physical Society
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chemically reactive “°K®’Rb system by probing the K,Rb,
complex directly with a sensitive ion detection method
[25]. It is of great interest to expand the investigation of
chopped ODT measurements to different chemically non-
reactive molecular species. This allows one to validate that
the light excitation of complexes in the ODT is indeed the
dominant loss mechanism, to measure the complex life-
times, and therefore the density of resonant states, and to
compare these to the theoretical predictions.

In this Letter, we probe photoinduced collisional loss of
ultracold chemically stable bosonic >*Na®’Rb and 2*Na*K
ground-state molecules using chopped ODTs. Given the
short predicted complex lifetimes of 13 and 6 us for
23Na%’Rb and Na*K, respectively [24], it is easy to enter
a regime where the dark time 7; of the chopped traps is
more than 10 times longer than the expected complex
lifetime z.. Assuming that photoinduced two-body loss is
indeed the dominating decay mechanism, this should result
in a largely suppressed two-body decay in chopped traps.

Surprisingly, and in stark contrast to our expectations, we
do not find such a strong suppression. Our data are instead
consistent with near-universal loss even at the lowest
modulation frequencies f,,q and largest #; we can probe
and thus inconsistent with the short predicted complex
lifetimes. This suggests that the recent picture of dominant
loss through complex formation and photoinduced loss
and/or the predicted complex lifetime is still incomplete.

Assuming the dominant loss mechanism for ultracold
chemically nonreactive molecules to be sticky collisions
followed by photoinduced complex excitation, we can
model the loss dynamics of molecules in continuous-wave
(cw) and chopped ODTs [23],

2

iy, = —kon2, +—n.,
Te
. 1o, 1
n. = —|—§k2nm - T—I’lc - k,I(t)nc, (1)

where n,, is the molecule density, n,. is the complex density,
k, is the two-body loss rate coefficient measured in a
continuously operated ODT, and k; is the excitation rate of
the complexes per unit intensity /(¢) of the applied laser
field. We assume that k;/(¢) is much larger than 1/7, in the
cw ODT [22].

In a first step, we apply the model to calculate the decay
dynamics of molecules with the predicted z. of 6 us
(12.9 ps) for 2Na*K (*Na¥’Rb) and initial peak densities
of ng=2x10%cm>3 att =0, k, = 4.49 x 1071 cm?s~!,
and k; = 3.9 x 10? s7'/Wcem™ [22]. Figure 1(a) shows
the simulated loss curves for 22Na*’K molecules in the cw
ODT and ODTs modulated with a frequency f,,q = 5 kHz
and two different duty cycles # of 0.25 and 0.5. The
modulation results in 7, = (1 —#) X 1/f0q in which the
ODT intensity is zero and the photoinduced loss term k;
thus vanishes. As expected, the molecular loss slows down
significantly with decreasing 7.
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FIG. 1. (a) Simulated 2>Na*’K two-body decay dynamics in the
cw ODT (black solid curve) in comparison to ODTs modulated
with frequency f,,¢ =5 kHz and duty cycles n of 0.5 (purple
dashed curve) and 0.25 (green dash-dotted curve). The time-
averaged intensity of the modulated ODTs is the same as the
intensity of the cw ODT. Inset: sketch of the ODT modulation
sequence with and without an additional killing beam. (b) Com-
patison of Ny,oq/New Versus fnoq for 2Na*K (green dash-dotted
curve), 2Na®’Rb (black dashed curve), and 3’Rb'3*Cs (orange
solid curve). All three curves are calculated with 7 = 0.25 and at
a hold time when 20% of the initial density is left in the cw ODT.

Figure 1(b) presents the simulated ratio of the remaining
number of molecules in the chopped ODT (N o) to that in
the cw ODT (N,,,) after 60 ms hold time in the trap as a
function of f,,q with 7 fixed at 0.25. Here, larger and above
one N4/ Ny values signal an increasingly large suppres-
sion of loss in the chopped trap in comparison to the cw
trap. For comparison, curves for 2’Na*’K, Na®’Rb, and
87Rb!33Cs are included. In the range of selected modulation
parameters, due to their shorter estimated 7., the expected
loss suppressions for both 2*Na®’Rb and **Na*’K are much
larger than that for the ¥Rb!33Cs case [23]. Thus, the
suppression of loss should be much easier to be observed
for these two species.

To test the theoretical expectations, we measure the loss
of 2Na¥’Rb (in Hong Kong) and **Na*K (in Hannover)
molecules in chopped ODTs. Both ensembles of molecules
are prepared using Feshbach molecule association [26,27]
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and transfer of the Feshbach molecules to a specific
hyperfine state of the v = 0, J = 0 rovibrational level of
the X'=* ground state using stimulated Raman adiabatic
passage [16,19]. The *Na®’Rb molecules are in the lowest
hyperfine state of the rovibrational ground-state manifold
|/ =0, M; =0, m;n, =3/2, m;gy, =3/2) [16], with a
typical temperature of 500 nK and a peak density of
5 x 10" cm™3, where J is the total molecular electronic
spin and M, is its projection, and m, , is the respective
atomic nuclear spin projections. The >Na*)K experi-
ments are performed with molecules in |J = 0,M; =0,
mina = —3/2,m;x = —1/2) state, with a temperature of
about 300 nK and a peak density of 2 x 10'> cm™. Both
ensembles are trapped in crossed ODTs operating at about
1064 nm.

For both species, we implemented the chopped ODT
with two methods. (i) We used double-passed acousto-optic
modulator (AOM) configurations to vary f,,q and 7
arbitrarily, only limited by the rise and fall time of the
AOM’s resonance circuit. However, in this case, the light
extinction during f; is not complete. We measured a
leakage at the level of 100 ppb (10 ppb) for the
2Na¥’Rb (**Na*’K) experiment. This corresponds to an
intensity of <5 m W/cm? for the typical ODT intensity in
use. For both the 3’Rb'3Cs [23] and the *°K®Rb [25]
systems, such a low intensity causes nearly no loss of the
complexes. We also ruled out leakages from other lasers, as
well as radio and microwave sources. (ii) We used an
optical chopper wheel to totally block the light during z,.
However, the drawback is a somewhat restricted fy,oq
and 7.

As a first measurement, Fig. 2 shows a direct comparison
of the molecule number losses in the cw and chopped ODT
for 2Na®’Rb. In this experiment, the chopped ODT is
modulated by the optical chopper at # = 0.33. The chosen
Sfmoa Of 1 and 2 kHz ensures that ¢, is much longer than the
predicted 7.arp = 12.9 ps of Na,Rb, [24,28], which
should allow the complex dissociation to happen. The
initial sample conditions are nearly the same for the three
measurements. However, we do not observe any sign of
loss reduction. This is in contrast to the theoretical
predictions (inset of Fig. 2) calculated with the same initial
sample conditions, which show a clear suppression of the
two-body decay in the chopped trap. z.rp = 12.9 us,
ky=4.0x10""%cm’s™! [29], and k;=4x10?s™! /Wem™2
(similar to 8’Rb'33Cs [23] and *°K37Rb [25]) are used in the
calculation.

A caveat for this direct comparison is the unavoidable
heating and also possible one-body loss induced by the
modulation, which change the sample conditions in the
chopped ODT. These side effects, which have been ignored
in the simulation, can already modify the loss dynamics in
the chopped ODT and thus make the loss suppression
signal obscure. To avoid these complications, for the
following measurements, we mimic the loss in the cw trap
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FIG. 2. Loss of 2Na%’Rb in the cw ODT (black squares) and
chopped ODTs modulated at 1 kHz (red dots) and 2 kHz (blue
triangles) using the optical chopper with a fixed 5 of 33%. The
black solid, red dashed, and blue dash-dotted curves are corre-
sponding two-body loss fittings for the three ODT configurations.
Error bars represents one standard error. Inset: simulated
23Na%’Rb loss curves in the cw (solid black curve) and chopped
traps with # =33%, foq =1 kHz (red dashed curve), and
fmod = 2 kHz (blue dash-dotted curve).

by adding an additional cw “killing beam” of variable
intensities to the chopped trap without significantly per-
turbing the confinement [inset of Fig. 1(a)]. The killing
beam should excite the complex during the dark time and
induce increasingly larger loss for increasing intensities,
while the side effects (such as heating) caused by the
chopping are the same in the “mimicked cw” and the
chopped trap. We then compare the remaining number of
molecules in the mimicked cw (Npoqkn) and the
chopped (N,,q) trap after a fixed hold time. The ratio
N imod/ Nmodiin should be above one if there is suppression
of molecular loss in the chopped trap in comparison to the
mimicked cw trap.

First, we measure N,,oq/Nmoasiin at different killing
beam intensities with .4 at 1 kHz (5 kHz), n at 0.33 (0.5),
and the hold time at 80 ms (60 ms) for 2*Na®’Rb (**Na*’K).
These parameters are chosen such that N ,,q/Nmodskin 18
nearly maximized according to the simulation. We take at
least 30 shots, with and without the killing beam, and
calculate N, ,0q/Nmoasiqn With the averaged numbers for
each case. Figures 3(a) and 4(a) summarize the measure-
ments for >Na®’Rb and 2Na*K, respectively. For
BNab’Rb, Nypoq/Nmoa-sxin 18 observed to be consistent with
one independent of the chopping technique [chopper wheel
(red dots)/AOM (blue squares)]. The same is true for
2Na*)K, using the chopper wheel technique.

We also measure the dependence of Ni,oq/Nmodkil
on f.q. For both species, relatively high Kkilling
beam intensities are used to maximize the expected
Niod/Nmodasiin- These data are shown in Figs. 3(b) and
4(b) for Na¥’Rb and >*Na*’K, respectively. However, for
both cases, we observe no f,,q and thus 7, dependence.
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FIG. 3. Probing photoinduced loss of NaRb molecules compar-
ing loss in a chopped ODT to a mimicked cw ODT (see text).
(@) Nmoa/Nmodarkin after a hold time of 80 ms versus the killing
intensity. The trap is modulated at f,,, = 1 kHz and n = 0.33
with the two different methods. The killing beam wavelength is
1064.4 nm, the same as for the ODT light. The green solid and
purple dotted lines show the expected N,oq/Nmodikin aS a
function of cw killing intensity for different complex lifetimes
Tenarb Of 12.9 ps and 4.6 ms, respectively. (b) N od/Nmod-kill aS @
function of f,,,q and thus ¢, with a fixed killing intensity of
0.6 kW /cm?. The curves show the expected Nyoa/Nmod i for
the 7.narp in (a). The theoretical curves are calculated with
k; =4 x 10? s7' /W cm™ (similar to Rb'3*Cs [23] and “°K3"Rb
[25]). Error bars indicate 1o standard errors.

Instead, Np0a/Nmoarkin 1S constant over the whole fre-
quency range and again consistent with one. For the
2Na*K experiment, this even remains true when 7 is
varied from 0.5 (purple points) to 0.25 (green points)—
again contrary to our expectations.

We also performed experiments on the >Na®’Rb molecule
with another killing beam wavelength of 1248 nm and on the
2Na*K molecule with killing beam wavelengths of 950 and
816 nm. The results are similar to those in Figs. 3 and 4 with
no clear loss suppression observed. These measurements
excluded wavelength dependence of the complex excitation
and thus an unexpected weak complex excitation at 1064 nm
as the cause of the zero signal.

As can be seen from the simulated curves in Figs. 3 and
4, at the selected experimental parameters, a drastic
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FIG. 4. Probing photoinduced loss of NaK molecules compar-
ing loss in a chopped ODT to a mimicked cw ODT (see text).
(@) Nmod/Nmodikin at 20% remaining density versus the killing
beam intensity. The killing beam wavelength is 1064.5 nm, the
same as the ODT light. The trap is modulated via the chopper
wheel at a frequency of f,,¢ = 5 kHz and a duty cycle n = 0.5.
The purple solid (blue dotted) line shows the expected number
ratio for a complex lifetime of 6 us (1 ms) at the best estimated k;
(see text). (0) Nmod/Nmoarkin as a function of modulation
frequency for two different duty cycles n = 0.5 (purple) or
n = 0.25 (green points). The value of all data points is expected
to be above the horizontal dashed line and below the correspond-
ing theoretical gain, which should be resolvable for our experi-
ments. The killing beam intensity is > 0.2 kW/cm?. The purple
dashed and green dash-dotted curves show the expected ratio
Nimod/Nmod+kin for a 7.v.x = 6 ps with 7 of 0.5 and 0.25. The
blue dotted curve shows the expected ratio for a 7.,x of 1 ms
with n = 0.25. Note that measurements using the AOM technique
are not marked on purpose for clarity. Error bars show lo
standard errors.

increase in molecule number in a purely chopped trap in
comparison to any kind of mimicked cw trap is expected
and the signal should be too obvious to miss. The
experimental results are thus very surprising and cannot
be explained by our current knowledge. Assuming complex
excitation from the ODT is still the dominant loss mecha-
nism, we can provide a lower bound for the complex
lifetime: taking the largest measured N o4/ N modskin from
the 2’Na*)K data, we extract a 7.,k = 0.35 ms. For
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23N ab"Rb, this is 1.2 ms. If we, on the other hand, consider
all measurements to be equal, this would force 7.,k > 1
and 7.narp > 4 ms, as dotted curves in Figs. 4 and 3 show.
Either way, these complex lifetimes are much longer than
those from currently known quantum chemistry calcula-
tions [22,24,28].

Given the very reasonable agreements between the
measured and the calculated complex lifetimes in the
8Rb!33Cs [23] and “°K¥Rb [25], our findings here are
rather unexpected. Furthermore, in parallel to our work,
similar results have also been found in experiments with
fermionic >*Na*’K by the Munich group [30]. Together,
these results indicate that, contrary to what is believed,
our understanding of the two-body loss of bialkali
molecules is still not complete. To us, the most suspi-
cious point is the accuracy of the theoretical complex
lifetimes. Currently, the best-known complex lifetimes are
determined using the Rice-Ramsperger-Kassel-Marcus
(RRKM) theory with the near-threshold four-atom density
of states (DOS) obtained from advanced quantum chem-
istry calculations [22,24,28]. While the latest DOS cal-
culation method is well established and deviations by
orders of magnitude seems hard to imagine, the applica-
tion of the RRKM theory to ultracold conditions may not
be fully justified [31]. For »*Na%’Rb and *Na*’K, for
example, the estimated DOS is less than 1/uK [24]. At our
sample temperatures, on average less than 0.5 four-atom
states can be sampled during the two-body molecular
collision. This is a clear violation of the statistical
assumption of the RRKM theory. This peculiar situation,
which should be considered as yet another distinct feature
of ultracold molecules, calls for a thorough and immediate
investigation.
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Supplemental Materials
Probing photoinduced two-body loss of ultracold non-reactive bosonic 2*Na®*"Rb and 2’Na®*'K
molecules

Modulated Trap Setup

For both species, we implemented the chopped ODT with two methods.

(i) We used a double-passed AOM configuration to vary fmoq and 7 arbitrarily, only limited by the rise and fall time
of the AOM’s resonance circuit. The double pass configuration ensures high supression of leakage light, measured to
be at the level of 100 ppb (10 ppb) for the 23Na8"Rb (?*Na??K) experiment.

The Feshbach molecules are produced in a 1064 nm cw crossed-ODT (XODT), formed by two individual beams.
After the molecules are transferred to the ground state, the cw XODT is switched to the AOM-modulated trap by
switching the trapping beams alternately on/off with the AOM. After that the molecules are hold for a specific time
with or without a cw killing beam.

For the 2*Na®"Rb AOM-modulated data shown in Fig. 3, the trap frequencies are 27 x (106, 143, 189) Hz. For the
23Na??K experiment, the chopped ODTs have the same average intensities as in the cw case with trap frequencies of
27 x (226,226,33)Hz .

(ii) We used an optical chopper wheel to totally block the light during ¢4, for the case of a much higher k; coefficient
than theoretically anticipated. However, the drawback is a somewhat restricted fi0q and 7.

For 22Naf"Rb a XODT is formed with a single beam in a bow-tie configuration, allowing both arms to be modulated
by one chopper. To avoid interference between two arms, the second arm passed an AOM for a frequency shift.

For 22Na’’K the 1064nm laser light is separated into two different beams. One passes a chopper wheel and is
afterwords overlapped with the other beam at a beam splitter. After the beam splitter the 1064 nm light is split up
into the two ODT beams. In the normal cw XODT operation a mechanical shutter blocks the chopped XODT beam
path. After the creation of ground state molecules we switch between the cw and the chopped XODT by closing a
shutter in the cw beam path and opening the chopped beam path.

Data shown in Fig. 2 is measured in a chopper-modulated trap, with trap frequencies 27 x (84,127,130) Hz. For
chopper-modulated data shown in Fig. 3, trap frequencies are 2w x (87,132, 135) Hz.

Selection of Experimental Parameters

All the parameters chosen are expected to result in a significant gain, which can be distinguished from the fluctuation
of our system. Briefly speaking, the principle is that the dark time in the modulated trap should be longer than the
complex lifetime, and as long as possible in one cycle.

Here, we take the case of 22Na8"Rb as an example to illustrate the selection of experimental parameters, with
simulation parameters 7, Narb = 12.9 us, k2 = 4.0 x 1070 cm3s™!, & = 4 x 102 s_l/Vch_2 and initial peak density
as n(0) =5 x 10T em 3.

Fig. S1(a) shows a simulation of the molecule density of 22Na®"Rb in a modulated trap with different modulation
frequencies fioq = 0.5kHz, 2kHz, 10kHz and 100 kHz with a fixed duty cycle n = 0.5. Compared with the cw case,
a strong two-body loss suppression occurs for fmoq << 1/7c Namb, as a result of the dissociation of complexes. For
low fmod, like 0.5 kHz, the loss behavior is similar to 2 kHz, indicating that even lower f,0,4 will not help to enhance
the suppression effect. Thus, a modulation frequency fioq of a few kHz is good enough to observe the suppression of
losses. This is also true for the 22Na3K case.

Fig. S1(b) shows the relative gain Nyod/Nmod+kin for duty cycles n = 0.1, 0.3, 0.5 and 0.7, with a killing beam
intensity of 2.0kW/em? and fuoq = 1kHz. As we expected, for a fixed holding time, a lower duty cycle gives a higher
gain. The selection for the hold time is dependent on the duty cycle we choose for the experiment. For example,
with n = 0.5 (purple dotted curve), a hold time of 60 ms is long enough, as a further increment will not significantly
increase the relative gain.

Furthermore, the experimental limitations should be taken into account. With decreasing duty cycle, a higher trap
laser intensity should be used to keep the same trap depth experienced by the molecules. Limiting by the total output
power of our ODT laser, there is a lowest duty cycle we could reach. In addition, all the molecules experience free
fall during the dark time and will be heated or dropped out of the trap once the dark time is too long.
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FIG. S1. Selection of experimental parameters on the example of 2*Na®"Rb. (a) Remaining molecule density evolution in
a modulation trap with fmoa = 0.5kHz (red dashed), 2kHz (blue dash-dotted), 10kHz (purple dotted) and 100 kHz (green
dash-dot-dot). The black solid curve shows a cw trap. (b) Relative gain for different hold times, with duty cycles n = 0.1
(red dashed), 0.3 (blue dash-dotted), 0.5 (purple dotted) and 0.7 (green dash-dot-dot). The killing beam intensity is set to
2.0kW/cm?, while fmoa = 1kHz.

For both 23Na®"Rb and 2*Na’’K experiments, we choose the experimental parameters considering all factors men-
tioned above. It should allow us to have a large enough gain, which can be distinguished from the density fluctuation
of molecules in our system.
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5.2 Spin dependent atom-molecule collisions [A7]

5.2 Spin dependent atom-molecule collisions [A7]

Not only the scattering properties of molecule-molecule mixtures, but also of atom-molecule mix-
tures are of great interest, since they are still not well understood and could, for example, be used to
sympathetically cool molecules, to generate trimer states or to probe trimer complexes. Collisional
studies observed losses in atom-molecule mixtures governed by two-body processes [35] [105]. The
formation of trimer complexes was detected with complex lifetimes of “°K8"Rby in the milliseconds
range [I06]. This is ~ 10° longer than expected from RRKM theory and raises the question if
trimer complex formation plays a role in the observed two-body loss processes. Experiments with
6Li%*Na molecules in a mixture with 23Na showed that sympathetic cooling through elastic atomic
collisions is possible, even in an environment where exothermic reactions can occur [I07]. Magnetic
field dependent resonant behaviour of atom-molecule collisions was discovered in 2*NaCK+40K
which was attributed to trimer Feshbach resonances [73, [I08], however with resonance spacings
that do not match theoretical predictions [I0T], T09]. Shortly thereafter, this led to the first ev-
idence of triatomic Feshbach molecules [I10]. Recently, Feshbach resonances have been observed
in reactive collisions of 5Li?*Na+23Na that enabled tunable loss rates by more than a factor of a
hundred [74]. Up to now, no complete picture is available to explain these different experimental
observations.

In the POLAR experiment another startling atom-molecule property was observed. Immediately
after the STIRAP, the sodium atoms must be removed from the ODT as they can enter into re-
active collisions with the molecules and therefore rapid losses are observed [57]. Surprisingly, the
molecular lifetime did not depend on whether the potassium atoms still remained in the trap or
not [A5]. The observed losses were so low that only an upper limit for the two-body loss rate
coefficient could be derived. This is particularly striking since the potassium density is more than
an order of magnitude higher than the molecular density and as the potassium atoms are in a non-
stretched hyperfine state [57]. This intriguing behaviour called for a more thorough investigation
of 39K+23Na?K mixtures in different hyperfine states of 3°K, see [A7]. This was done together
with a newly derived analytical solution, that can describe loss dynamics with an arbitrary number

of involved particles, for example one-, two- or three-body loss processes.
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We prepare mixtures of ultracold 2°K atoms in various hyperfine spin states with **Na’°K
molecules in an optical dipole trap at a fixed magnetic field and study inelastic two-body atom-
molecule collisions. We observe atom-molecule losses that are hyperfine dependent with a two-body
loss rate far below the universal limit. We analyze the two-body loss dynamics based on the deriva-
tion of general and easy applicable analytic solutions for the differential equations describing the
loss of an arbitrary number « of particles in a single collisional event.

I. INTRODUCTION

Quantum gas experiments rely on the scattering prop-
erties of the neutral particles [1]. Their collisions are
crucial for example in rethermalization during evapora-
tive cooling [2] or Bose-Einstein condensation [3]. The
control of the collisions by means of Feshbach resonances
[4] can lead to the selective emergence or collapse of Bose-
Einstein condensates[5, 6], formation of liquid quantum
droplets [7, 8] or creation of ultracold dimer molecules [9].
However, short-range collisions are often accompanied by
losses. Especially resonant scattering conditions can en-
hance the losses from the ultracold ensemble. The loss
dynamics itself offer valuable clues to the origin of these
losses, for example the number of involved particles, the
loss mechanisms or the density of resonant states [10].

A prominent and timely example for few-body losses
are ultracold heteronuclear ground-state molecular gases.
In all so far created ground-state molecular many-particle
gases two-body associated losses have been detected
[11-17], where the particular loss rate coefficients are
close to the universal scattering limit [18, 19]. In the
case of chemically unstable molecules, such as the KRb
molecule, those losses originate mainly from two-body
exothermic exchange reactions [19-21]. In contrast to
that, chemically stable ground-state molecules, such as
NaK, NaRb and RbCs are not affected by exothermic
reactions [20], but still suffer from nearly universal loss
in collisions [12-15, 17]. This is suspected to be due
to sticky collisions [22, 23]. Due to the high density
of states in molecular collisions long-lived tetramer com-
plexes form and might get excited by light from the op-
tical dipole trap [24] such that both molecules get lost.
This has been detected in the relatively heavy KRb and
RbCs molecules [25, 26], but remains elusive in the light
weight molecular systems of NaK and NaRb. Indeed,
experiments with these molecules suggest complex life-

* These authors contributed equally to this work.
voges@iqo.uni-hannover.de
T silke.ospelkaus@iqo.uni-hannover.de

time several orders of magnitude larger than calculated
[27] or even additional unexplained loss mechanisms [28].
The same kind of investigation recently expands to en-
sembles of molecule-atom systems, in which also sticky
trimer complexes can form in collisions of a single dimer
molecule with a single atom. Near universal losses due to
light excitation have already been observed in KRb+Rb
collisions [29], likewise for an unexpected high complex
lifetime. Again, in contrast to the heavy systems, the
light weight systems LiNa+Na and NaK+K have ob-
served deviations from that behaviour, where losses can
be suppressed [17, 30] or even be tuned by means of ex-
ternal magnetic fields [31, 32]. The complex formation
and the loss mechanisms are not fully understood and
require further fundamental investigations towards few-
and many-body quantum physics and chemistry. The
data analysis of the loss dynamics involves the relatively
complicated use of sets of differential equations modeling
the loss of the particles and the associated temperature
evolution in the trap. Numerical solving and fitting rou-
tines make a fast analysis of the data inconvenient and
less intuitive.

In this paper, we report the observation of hyperfine
dependent atom-molecule loss in mixtures of 3°K atoms
prepared in various hyperfine spin states of the electronic
ground state and bosonic 23Na?K molecules in a single
but fixed hyperfine state of the rovibronic ground state.
We observe the atom-molecule two-body loss rate to be
dependent on the hyperfine spin state of the 3°K atoms
and far below the universal limit. We analyze the two-
body loss dynamics based on the derivation of analytic
solutions to the differential equation system for the time
evolution of particle number and temperature in a y-body
loss process.

In Sec. II we describe the general coupled differen-
tial equation system for loss dynamics resulting from a
~v-body loss process and the derivation of the analytic
solutions to this problem. Sec. III reports about our ex-
perimental work. First, we summarize the preparation
of atom-molecule mixtures of 3°K atoms in various hy-
perfine spin states and 22Na3°K molecules in our experi-
mental apparatus. We then discuss the hyperfine spin de-
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pendent loss measurements and their analysis using the
analytic solution from Sec. II for the two-body decay
(v = 2). Finally, we discuss our results in Sec. IV.

II. ANALYTICAL MODEL FOR THE ~+-BODY
LOSS PROBLEM

The loss dynamics in pure molecular ensembles and
atom-molecule mixtures presented in this paper follow
typical two-body losses. This is described by a set of
nonlinear differential equations where the loss rate coef-
ficient ko is used as a fit parameter. Nevertheless, such a
set of equations can be generally applied to the case of a
~v-body problem, where «y is the number of particles inter-
acting with each other during a single scattering event.
This is a universal problem in many fields of physics.

The typical approach to apply these systems to
experimental data is to laboriously fit numerically
deduced solutions of the differential equation system.
The application of analytic solutions thus will be much
more convenient and facilitate the analysis of experi-
mental data drastically. In the following we derive these
solutions for the loss problem in general with « involved
particles. This makes our solutions applicable for a
broad range of applications.

We consider a system of N (t) particles of temperature
T'(t) trapped in a harmonic potential U (x, y, z) with trap-
ping frequency w; for the direction 7. Following the Boltz-
mann statistics, the size of the ensemble is given by a
Gaussian profile with width o;(t) = \/kgT(t)/mw?) [33],
where m is the mass of the particle and kp is the Boltz-
mann constant. The density of the ensemble is given by

o—i%/(204(1)%)

V2roi(t) W

n(t,x,y,z) = N(t) H

1=x,Y,%

If we limit the derivation to one- and 7-body parti-
cle loss processes in the system, with loss rates k; and
k., the particle number N (t) and the temperature T'(t),
assuming re-thermalization, result from a system of cou-
pled equations

N(t) = —k,(n(t)")v — k1N (#), @)
T(t) = +zis ks (n))v

where the (n(t)7)y is the volume integral of the v-body
density n(t,z,y,2)?. The anti-evaporation is described
by the quantity I',(¢) and corresponds to the mean po-
tential energy

Dy (t) = SEsT(0) — (UG, 2tz v - ()

', (t) depends on time both through the temperature and
the density. Note that the one-body loss process does not
contribute to the anti-evaporation as it is not density-
dependent.
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By explicitly integrating the volume integrals over the
Gaussian density profiles, one reaches the following sys-
tem of equations

. k’yc(“rfl) N(t)Y
N(t) ~372 T@)(SEZ))(wfl) - klN(t) )

” . 1)
; k7D (g N(#) !
T(t) = - "/3/27 (L?’y ) 4T(t)((3)’y_5)/2 I

where C is (mw?/(27kp))®/? and w is the average trap
frequency of the trapping potential w = (wmwywz)l/ 3,
Note that we use the same conventions as used in [23].

The first step to an analytic solution for N(¢) and T'(¢)
consists in substituting N(¢) with M (t)e~*1* to hide the
one-body term

: k,cO—Y M ()" C(y—

M(t) = S T(t)(S/(23(vf1)e =Dkt 5
; k,cO™D 4 M7 ! C(y—

T<t) = 7,\/3/2 727 (T(t)((:s»)y—s)/z)e O 1)k1t~

By dividing the first line by the second one in Eq.5 we
have:

@) _ 2y M) .

T(t) y—=1T()’

which leads to

To

= (7)

2y
M) _(T@)\ 7
Ny ’
where Ny = N(0) = M(0) and T, = T'(0) are the initial
atom number and the initial temperature. By introduc-
ing M(¢t) and Ny in the first equation in Eq.5, we get

M@ _

No 0 y3/2

1By GO (M()/No)

kit
T()@E/»0-1°¢ » ®)

where M (t)/Ny can be substituted using Eq. 7:

3

(Ce) ™)
ey (NoC)7 1 A\ T ~(y =Dkt
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d

dt

This differential equation for T'(t) has the solution

T (14! (W))ﬁ, (10)

0 (0% (’7 — 1)]{31
where 7 contains the starting conditions and trapping
parameters
y—1
1 CNy
n= 773/2 (TS’/Q) . (11)



The two constants o and 8 depend only on « and can be
written as

_ Ay
=DM =3 (12)

2
=7y (13)

The solution for N (t) is then obtained by combining Eq. 7
and Eq. 10.

N(t) ekt (14)
Ny 1—e—(—Dk1t )\
o (ke ()
For v = 1, this solution collapses to the known expo-

nential decay. The solutions for v = 2,3,4,5 have the
following o and f3:

Note that the case v = 3 corresponds to the solution al-
ready presented by Kraemer [34] although the solution of
T(t) in the thesis manuscript has a typo on 7. The limit
for negligible one-body losses (k1 — 0) can be obtained

just by noticing that limg, o (%) = t, which
leads to:
B
— 1
T@t)/Ty =(1+ kwat)ﬂ; (15)

N(B)/No = (1+ky2t)

In the following, we use our newly derived analytic solu-
tions to analyze the hyperfine dependent atom-molecule
loss observed in our experiments.

III. HYPERFINE DEPENDENT
ATOM-MOLECULE LOSS

A. Preparation of atom-molecule mixtures

The ground-state molecule creation starts from mix-
tures of about 1.8 x 10° ultracold 22Na and 0.6 x 10° 3°K
atoms trapped in a 1064 nm crossed beam optical dipole
trap (cODT) with temperatures of 300 nK. The cODT
frequencies are measured by trap oscillations of the
respective particles. For 3°K atoms the trap frequencies
are WK (z,y,2) = 27X (375.8(8.6),375.8(8.6), 60.8(6.4)) Hz.
The trap frequencies for 23Na atoms are scaled by a
factor of about 0.62 due to different dynamical polar-
izability and mass. The atoms are initially prepared
in the states [f=1,my=—1), +[f=1,my=—-1),

for which the inter- and intra-species scattering prop-
erties are well known [35]. Feshbach molecules are
formed close to a Feshbach resonance at about 200G
in the atomic |f = 1,m; = 1)y, + [f =2,my = =2)
states [36]. The bound molecular state is popu-
lated by a short radio frequency pulse of 400 us.
Immediately after molecule formation the trans-
fer to the ground state takes place. This is done
within 12 us via a stimulated Raman adiabatic pas-
sage (STIRAP) to a single rovibrational hyperfine state
\mLNa = —3/2,7711'7[( = —1/2,MJ = O, Mi,NaK = —2> [17]
For detection of molecules the STIRAP is re-
versed and 3°K atoms from the Feshbach molecule

state are imaged via a cycling transition. Typi-
cally, about 4000 ground-state molecules are gen-
erated per experimental cycle. The determined

trap frequencies of the 2*Na®K molecules are
WNaK,(z,y,2) = 2™ X (195.6(8.3),195.6(8.3),33.1(1.3)) Hz.
The temperature of the 22Na3°K molecules is measured
by a time-of-flight measurement on the 3°K atoms after
STIRAP reversal and Feshbach molecule dissociation
[17].  The temperature of the remaining 3°K atoms
is still 300nK, from which we conclude that neither
molecule association nor dissociation lead to heating of
the molecules. After ground-state transfer the molecules
are still embedded in a bath of remaining atoms. 23Na
atoms are usually removed as fast as possible since the
molecules undergo a chemical reaction with 23Na atoms.
This is done by a 500 us resonant light pulse, which
pushes the atoms out of the cODT. To prevent optical
pumping and thus incomplete removal of the 23Na
atoms, two resonant frequencies are used connecting the
excited state |f =2,my = —2), to the corresponding
low field ground states |1,—1)y, and |2,—1)y,. The
notation is given in the basis of the Zeeman regime with
|f,my), where f is the hyperfine number and my its
projection. After the removal of the 22Na atoms, the
molecules are left in a gas of 3°K atoms in the [1,—1)
hyperfine state. Fortunately, this atomic state leads to
very little losses of the molecules [17], which is favorable
for all further state manipulations of the mixture; see
Fig. 1. For the preparation of a pure molecular cloud 3°K
atoms are removed from the trap by a rapid adiabatic
passage (RAP) to the |2, —2) state followed by a 500 us
resonant light pulse. For the study of atom-molecule
loss with 3K atoms in various spin states, the hyperfine
state of the 39K atoms is manipulated using RAPs and rf
pulses. In our experiment, we prepare six different 3°K
hyperfine states: |1,1), |1,0), |1, —1), |2, —2), |2,—1) and
|2,0), where the states are written in the basis | f,my).

B. Atom-molecule two-body loss coefficients

Atom-molecule collisions be-
tween 23Na’9K molecules in the
M Na = *3/2,Tm,K =-1/2,M; =0, M; nax = —2)
state [17] and 39K atoms in one of the six different
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hyperfine states mentioned above are studied in the
optical dipole trap at a fixed magnetic field of 200G
in the vicinity of the used Feshbach resonance. Apart
from losses due to two-body atom-molecule collisions,
the decay dynamics of an atom-molecule mixture is also
affected by the two-body losses due to molecule-molecule
collisions, and it is therefore important to first under-
stand in detail the two-body decay of a pure molecular
cloud.

Pure molecular collisions between 23Na3°K molecules
have already been studied in our previous work [17].
One-body background losses for example from vacuum
background gas collisions [35] or photo-excitation of bial-
kali molecules are negligible [37] and the dominating loss
is observed to result from two-body molecule-molecule
collisions. We thus analyse the decay of a pure molecular
cloud using the analytic solution from Eq. 15 with v = 2.
Accordingly, « is 8/11 and the constant 7 contains the
parameters of the particles and the trap, which are the
initial particle number and temperature as well as trap
frequencies; see Sec. III A. We fit this model to the decay
of a pure molecular cloud and extract the two-body loss
rate coefficient ko = 4.49(1.18) x 10719 cm3s~! at 200 G
close to the universal limit and consistent with the value
reported in [17] (see Fig. 1).

Knowing the background two-body loss resulting from
collisions of two ground-state molecules we can inves-
tigate ultracold collisions of molecules with 3K atoms
in various hyperfine states. We therefore prepare dif-
ferent atom-molecule mixtures of 3°K atoms in one of
the six different hyperfine states and 2*Na3K molecules;
see Sec. IIT A. We measure the decay of the molecular
cloud as a function of time for each of the six different
atom-molecule mixtures and analyze loss dynamics using
solutions from Sec.II, in particular Eq. 14.

To apply Eq. 14 to this problem, one needs to include
potassium losses into the analytical model. Given that
the density of the 39K gas is one to two orders of magni-
tude larger than the density of the molecular gas, we can
safely assume that the atomic density does not change
during the decay of the molecular cloud. Therefore
one can treat this like losses from vacuum background
collisions, although that does not account for possible
re-thermalization of the molecules with the potassium
cloud. This results in a molecular two-body decay with
an additional exponential one-body decay on top, origi-
nating from a two-body atom-molecule loss.

We thus analyze the loss dynamics of the molecular
cloud considering molecule-molecule collisions with the
obtained ks and modeling atom-molecule loss as a one-
body (molecule) loss part with k1 from Eq. 14 expressed
as

kl = kg,KnK 5 (16)

where nk is the initial 39K density and ks k the actual
two-body loss rate coefficient, including spatial density
overlap of the atomic and molecular cloud in the ODT,
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for the atom-molecule collision.

Note that, within the experimental and statistical uncer-
tainties, the obtained values of kq, found with the solu-
tions in Sec.II, are compatible with the ones calculated
for a system where the atoms and molecules thermalize
and therefore remain at a fixed temperature.

We extract the ko k loss rate coeflicients for the atom-
molecule collision for the six different hyperfine states of
the 39K atoms. The results are shown in Fig.1 in the
left panel. All state combinations show a loss rate coef-
ficient much smaller than the calculated universal limit
[38], with one state even showing a drastic suppression
of the loss rate coefficient of several orders of magnitude
[17]. For comparison, we include the calculated univer-
sal scattering limit as a solid black line in Fig.1, the
two-body loss rate coefficient for 2Na3*K+23Na (Fig. 1,
middle panel) as well as the molecule-molecule two-body
loss rate coefficient (right panel). The lower part of Fig. 1
shows the number of available energetically allowed loss
channels due to hyperfine changing collisions with and
without preserved My (left and right axes, respectively).
The loss rate coefficient for 23Na?°K+-23Na collisions ob-
tained by mean of our model is in agreement with the
universal limit and with the fact that for a chemical un-
stable reaction, all collisions lead to loss of the involved
atom and molecule. This is consistent with the large
losses observed during the sample preparation and the
aforementioned necessity to remove 23Na, as quickly as
possible from the trap. The numerical agreement also al-
lows us to verify that the applied model gives reasonable
output.

IV. DISCUSSION

Without including hyperfine interactions and possi-
ble coupling to trimer states, the endoergic nature of
the 23Na39K+3%K system [20] would result in stable and
long-lived mixtures, as there are no two-body losses from
chemical exchange reactions.

However, near-universal decay which has been at-
tributed to the coupling to a large density of trimer states
has been observed in various atom-molecule systems with
the exception of “°K8"Rb-+3"Rb mixtures when both
atoms and molecules have been prepared in their lowest
stretched states [19] and in *Li**Na+23Na with both par-
ticles in their highest stretched states [30]. In other state
combinations of both examples losses consistent with
the universal limit have been reported [16, 19]. Mean-
while, for 23Na*°K+4K collisions numerous magnetic
field tuneable Feshbach resonances in different hyperfine
states have been found and assigned to long-range states
[32]. In fact, in these experiments collisional resonances
have been identified as an enhancement of the loss rate
coefficient in the vicinity of a resonance starting from a
near-universal background loss [31].

In contrast, for the bosonic 23Na%9K+3%K case we do
report suppression of losses far below the universal limit
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FIG. 1. Loss in atom-molecule mixtures. The upper part
shows the two-body loss rate coefficients for the different
molecular systems. The left panel includes the loss rate co-
efficients for the *Na3°K+3°K mixture with different hy-
perfine states for 3°K atoms (open circles). The values for
BNa¥*K+2*Na (gray diamond, middle panel) and **Na**K
(gray triangle, right panel) are shown for comparison. Note,
that the value for the |1,—1) state is so small, that it is
not shown in the graph. All measurements were performed
at a temperature of 300nK. The horizontal lines represent
the respective universal limit, calculated also for 300 nK. The
solid gray bar diagram in the lower part shows the number
of available loss channels (left axes) due to hyperfine chang-
ing collisions for the **Na®*K+3°K mixture with the total
Mp = M;Nax + mysk preserved. The dashed bar diagram
indicates the number of all energetically possible decay chan-
nels (right axes), if one assumes that Mp is not preserved.

where neither the molecules nor the atoms are in their
stretched states at the same time, see Fig.1. Although
for the bosonic case 22Na3?K+3°K no magnetic field de-
pendent measurements have been done so far, still the
change of the loss rate coefficient for different spin chan-
nels suggests a hyperfine dependent Feshbach structure,
which is similarly tuneable as in fermionic 22Na?0K-+40K
collisions.

The effect of the changed loss rate coefficients and the
loss of the particles remains elusive. We rule out, that
the losses of molecules originate from hyperfine chang-
ing collisions between atoms and molecules with pre-
served total Mp of the atom-molecule system. For this
purpose we determine the Zeeman structure of the low-
est hyperfine states of the 23Na®?K+39K at the mag-
netic field of 200 G, including hyperfine structure of the
molecule in the Paschen-Back and for the atom in the
intermediate regime and compare the number of possible
Mp = M; nax + myk preserving inelastic loss channels
for atom-molecule mixture with the measured loss rate
coefficients. The results are shown in the lower panel in
Fig.1. The number of available hyperfine changing loss

channels does not correlate with the loss rate coefficients.
This indicates that the observed loss is not dominated by
hyperfine changing collisional processes.

In dipolar collisions, hyperfine changing processes can
also lead to a non-preserved total angular momentum
projection My [39, 40]. The dipolar angular momentum
of the 23Na??K molecule in absence of an externally ap-
plied electric field is zero. Moreover, the only dipole mo-
ments in our 2Na??K system are the nuclear ones, which
are only relevant at short range. Since we cannot exclude
the possibility that some resonant processes amplify the
influence of the nuclear dipoles, we give in Fig. 1 the num-
ber of all energetically possible decay channels even when
MF is not preserved. We find that this number does not
correlate with the loss rate coefficients, thus we can rule
out a role of hyperfine changing processes just based on
possible decay channels.

One other possibility of losses from a collisional system
are light-induced losses of long-lived trimer complexes
[24, 29], for example from the light of the optical trap. Es-
timations of rovibrational as well as the hyperfine spacing
for the 23Na3?K+3°K complex give evidence for resolv-
able photo-excitation resonances which might explain the
increased loss rate coefficient in certain hyperfine states
of 39K atoms [41].

V. CONCLUSION

In summary we investigated atom-molecule two-body
loss in a mixture of ultracold 2>Na3°K molecules and
39K atoms in six different hyperfine states prepared
in an optical dipole trap at a fixed magnetic field of
around 200 G. We observed atom-molecule loss that
is hyperfine dependent with a two-body loss rate far
below the universal limit. We analyzed the two-body
loss dynamics based on the derivation of general and
easily applicable analytic solutions for the differential
equations describing the loss of  particles in a single
collisional event, which are easily implementable in data
analysis. In contrast to the numerous atom-molecule
mixtures studied to date, in which losses predominantly
near or at the universal limit have been observed, the
light NaK+K system exhibits interesting properties
that require further investigation. Feshbach resonances
and hyperfine-dependent collisions have been observed
and are far from being understood. New theory
insight will be required to understand the physical
mechanisms underlying the observed phenomena. Such
insight will help to develop a complete understand-
ing of atom-molecule collisions and associated trimer
formation and should ultimately be applicable also to
molecule-molecule collisions.  Detailed understanding
of both molecule-molecule and atom-molecule collisions
is crucial for further advancement in the production
of molecular gases close to quantum degeneracy and
associated research opportunities in quantum chemistry,
quantum simulation, quantum information and precision
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measurements.
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6 Conclusion and outlook

Within this dissertation, a new molecular species with high phase-space density in the rovibronic
ground state was added to the few of already existing ultracold polar molecules. This was made
possible, by spectroscopic studies of the molecular manifolds |B'II, v = 8) and |¢3$+, v = 30), which
exhibit strong singlet/triplet mixing and sufficient Franck-Condon factors, the measurement of pre-
viously unknown 23Na?K Feshbach resonances and the subsequent generation of weakly bound
molecules. This new molecular platform enabled collisional studies that contributed to the ongoing
efforts to understand ultracold molecular ensembles. To this end, the photoexcitation of molecular
tetramer complexes was studied. The results show much longer complex lifetimes than predicted
by RRKM theory or hint to a different loss mechanism. They therefore partially call into question
what was previously considered to be a complete picture of complex formation and subsequent
excitation of these complexes by light from the optical dipole trap.

The POLAR laboratory can also be used for experiments with ultracold 3°K atoms. Three new
potassium d-wave Feshbach resonances have been measured. These refined the interatomic potas-
sium potentials and showed that corrections beyond the Born-Oppenheimer approximation are
necessary for an accurate description.

In addition atom-molecule mixtures have been investigated. The results revealed spin-dependent
scattering properties and, especially intriguing, a strong suppression of the two-body loss-rate co-
efficient in the non-stretched hyperfine state |F' = 1, mp = —1), roughly four orders of magnitude
below the universal limit. Such a strong suppression has not been observed to date.

These measurements leave many possibilities for future experiments in the POLAR laboratory.

To avoid the currently unknown loss mechanisms of 2Na3K in the ODT, one could use shielding
techniques, e.g. optical shielding [86]. This technique requires a blue-detuned laser relative to the
transition from the rovibronic ground state in the X' manifold, to a rotationally excited state
of the lowest electronically excited triplet manifold b*II. Spectroscopic measurements are currently
in preparation to determine the precise energy levels, transition strengths, and linewidths of this
state. Furthermore, these results can be utilized to perform spectroscopic measurements of trimer
ZNaK, states, below the energetically lowest lying b3IT manifold. With a successful implemen-
tation of shielding, evaporative cooling of the molecules should be possible. In particular it could
be especially interesting to try to sympathetically cool the molecules with potassium atoms in the
|FF =1, mp = —1) hyperfine state. If this low two-body loss rate is corresponding to a high elastic

and low inelastic collision rate, one could apply a magnetic field gradient, which does not affect
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6 Conclusion and outlook

the molecules, while lowering the potential by slowly increasing the gradient. With this almost no

molecules should be lost and therefore this cooling method could be highly efficient.

The investigation of spin-dependent losses in atom-molecule mixtures can be further extended
by magnetic field scans. This would allow the study of magnetic field-dependent loss rates and
potential Feshbach resonances. For the success of these measurements, it is important to study the
scattering properties of the molecules in the first few milliseconds after their formation, since the
dynamics of the two-body decay is fastest at the beginning and slows down afterwards, when only
a few molecules remain. This fast initial loss demands fast magnetic field ramps, which in turn
induce Eddy currents in the experimental chamber. Pre-emphasis magnetic field ramps allow to
circumvent this problem [I08]. It is therefore planned to implement this technique in the future.
To complete the picture, it is desirable to change not only the hyperfine state of the potassium
atoms, but also the nuclear spin of the molecules in the ground state. This can be done for example
with MW pulses, that couple to the first excited rotational state [I11].
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Figure 6.1: Preliminary 23Na?K microwave spectroscopy results of the first excited rota-
tional state starting from the rovibronic ground state with nuclear spin projections
|mrNa = —3/2,mrx = —1/2) in an external electric field. The upper legend shows the
levels with the same nuclear spin as in the rovibronic ground state, the lower one the
levels with changed nuclear spin. The levels are denoted in the limit of high electric
fields. Green dots mark the positions of found MW transitions. In future measurements
these transitions will allow for the manipulation of the nuclear spin state of the ground-
state molecules, by a consecutive MW pulse back to a different rovibronic ground state.

MW spectroscopy measurements inside an external electric field have already been performed.
Preliminary results can be found in Fig. The legend denotes the states with the same or
different nuclear spin compared to the initial state in the limit of a high external electric field.

N is the molecular rotation quantum number, my its projection along the electric field axis and
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mNa and myk the projections of the nuclear spins. The external electric field is applied through
indium tin oxide (ITO) electrodes on the main windows of the experimental chamber. A detailed
description can be found in [33].

Finally, the POLAR experiment has the capability to include a three-dimensional lattice and
a high resolution objective, with the ability of single site resolved imaging [33]. In a first step of
the lattice implementation, a one-dimensional standing wave could be introduced. Together with a
strong external electric field, with its axis aligned along the lattice beam paths, collisional shielding
could be achieved due to the anisotropic nature of the DDIs, similarly to KRb [61]. This might
allow forced evaporation inside the dipole trap. In Fig. the Stark shift of the rovibronic ground

state is measured, together with the induced dipole moment, shown in the inset.
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Figure 6.2: Stark shift of the rovibronic ground state in an external electric field generated using
the electrode configuration described in [33], with the induced dipole moment in the
inset. The black solid line represents a fit with a dipole moment of ;. = 2.80:“8:(1)%) Debye,
consistent with the value given in [I12]. This dipole moment is only reached in the limit
of infinitely strong electric fields. Image adopted from [95].
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