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Summary

This thesis reports on my experimental and theoretical work involving ultracold
6 Li40 K

molecules. It focuses on the investigation of their molecular spectra and

on coherently transferring them to their ground state via Stimulated Rapid Adiabatic Passage (STIRAP). These bosonic molecules have a large permanent electric
dipole moment of 3.6 D, which renders them a prominent platform for quantum
information processing, quantum simulations of novel dipolar many-body physics,
ultracold chemistry, and precision measurements of fundamental constants.
The goal of this work is to identify a two-photon pathway to coherently transfer
weakly-bound 6 Li40 K Feshbach molecules to their ro-vibrational ground state and
create a dipolar quantum gas. We identify two excited states with strong couplings to the singlet Feshbach and to the ground state. The first pathway is via
the long-ranged Ω=1up potential, which connects to the B1 Π in the short-range. It
is characterized by analyzing the results of a high-resolution spectroscopic survey
near the 2S+4P dissociation threshold. A fully empirical representation for the
B1 Π potential covering the entire internuclear range is produced by connecting
available short- and long-range data. The second pathway is via the deeply bound
vibrational levels of the A1 Σ+ potential, which is selected due to its large transition
dipole moments and Franck-Condon overlap factors to the Feshbach and ground
states with moderate laser powers. This pathway involves only singlet-to-singlet
optical transitions and it eliminates the demanding search of a suitable intermediate state with sufficient singlet-triplet mixing and the exploration of its hyperfine
structure. In addition, off-resonant excitation to undesired hyperfine levels of
the excited state is avoided by employing fully stretched hyperfine states and σ −
polarized laser light. We demonstrate this pathway by locating the ro-vibronic
ground state energy and utilize it to perform the dark resonance spectroscopy and
ground state transfer experiments. The STIRAP results reveal a low round trip
efficiency that is difficult to distinguish from the background counting. The slow
phase noise of the Raman lasers and the violation of adiabaticity are estimated to
not significantly decohere STIRAP. The fast phase noise of the Raman lasers is
characterized and attributed as the main cause of high loss during the STIRAP
transfer. Amongst the several improvements proposed and implemented to reduce
the fast phase noise, the most prominent is the extension of the Raman lasers external cavity to 20 cm. The fast phase noise is measured again and is suppressed
by 42% and 76% for the pump and Stokes lasers, respectively compared to the
initial setup. A 90% STIRAP transfer efficiency is expected in the near future.
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1. Introduction
During the past four decades the field of atomic and molecular optical physics has transformed enormously, due to the accomplishments in the control of matter and light. Ultracold
quantum gases are routinely produced utilizing laser cooling (Aspect et al., 1988; Chu et al.,
1985; Phillips and Metcalf, 1982; Wineland et al., 1978) and evaporative cooling techniques
(Davis et al., 1995b; Masuhara et al., 1988; Petrich et al., 1995). Reaching the nanokelvin
regime enables the exploration of exotic quantum states like the first Bose-Einstein Condensate (BEC) with neutral atoms (Anderson et al., 1995; Davis et al., 1995a), Fermi degeneracy
in a dilute ultracold atomic gas (DeMarco and Jin, 1999), and the superfluid Mott-insulator
transition with ultracold bosons in a three-dimensional lattice (Greiner et al., 2002).
A key experimental technique that has further advanced our understanding of collective
quantum phenomena are magnetically tunable Feshbach Resonances (FRs) (Courteille et al.,
1998; Inouye et al., 1998; Stwalley, 1976). Tiesinga et al. (1993) pointed out that FRs can
be utilized to change the sign and strength of short-ranged interactions between ultracold
atoms by tuning a single parameter, the s-wave scattering length. Prominent breakthroughs
owning to the development of FRs include the investigation of the BCS-BEC crossover in
two-component Fermi gases (Bartenstein et al., 2004; Regal and Jin, 2007; Zwierlein et al.,
2004), controlling the collapse of a BEC (Roberts et al., 2001), observing bright matter-wave
solitons (Strecker et al., 2002), and long fermionic lifetimes near a FR (Dieckmann et al.,
2002), where the three-body loss rate is suppressed as the scattering length increases due
to the Pauli exclusion principle (Petrov et al., 2004). FRs are recently observed between a
single ion and ultracold atoms (Weckesser et al., 2021), where the 1/r4 long-range character
of the ion-atom interactions, renders this hybrid system a unique platform for studies in cold
chemistry (Ravi et al., 2012; Tomza et al., 2019). In addition, by sweeping the magnetic field
across a FR, weakly-bound molecules can be associated from atomic BECs (Chin et al., 2003;
Donley et al., 2002; Dürr et al., 2004; Herbig et al., 2003), and homonuclear molecular BECs
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can be produced from degenerate fermionic atoms (Greiner et al., 2003; Jochim et al., 2003;
Regal et al., 2003; Zwierlein et al., 2003).

1.1. Dipole-Dipole Interaction in Ultracold Quantum Gases
Ultracold dipolar quantum gases have moved into the focus of many experimental research
activities owning to their rich physics based on the long-range and anisotropic interaction
(Baranov et al., 2002; Baranov, 2008; Krems et al., 2009; Trefzger et al., 2011). The energy
due to the Dipole-Dipole Interaction (DDI) of two identical dipoles is (Lahaye et al., 2009):

Udd (r) =

Cdd (e1 · e2 )r2 − 3(e1 · r)(e2 · r)
4π
r5

,

(1.1)

where the two dipoles are distinguished by the indices 1 and 2 at a relative distance r = |r|.
Their dipole moments are along the unit vectors e1 and e2 , respectively. Cdd is the dipolar
coupling constant, which for particles possessing a permanent magnetic dipole moment µ
takes the value µ0 µ2 , where µ0 is the vacuum permeability. For electric dipoles with dipole
moment d, Cdd takes the value d2 /ϵ0 , where ϵ0 is the vacuum permittivity. If all dipoles point
to the same direction then Eqn. (1.1) reduces to:

Udd (r, θ) =

d2eff 1 − 3 cos2 (θ)
4πϵ0
r3

,

(1.2)

where deff is the induced dipole moment and θ is the angle between the direction in which
the dipoles are oriented and the relative position vector. It is possible to tune the strength
and change the sign of the DDI energy by adjusting θ. For θ = 0° the DDI is attractive, and
for θ = 90° it is repulsive. For the magic angle of θ = 54.7°, the dipoles do not interact.
Atoms with comparatively large magnetic dipole moments, such as

52 Cr, 168 Er,

and

164 Dy

(6µB , 7µB , and 10µB respectively, where µB is Bohr’s magneton) represent a realization of
dipolar systems. Dominant dipolar interactions are present in the anisotropic deformation
of an expanding

52 Cr

condensate (Stuhler et al., 2005), in demagnetization cooling driven

by inelastic dipolar collisions (Fattori et al., 2006), in studying the hydrodynamics of novel
quantum ferrofluids (Lahaye et al., 2007), in stabilizing a purely dipolar chromium gas against
collapse by tuning the scattering length to zero (Koch et al., 2008), and in observing the dwave symmetric explosion of a chromium condensate (Lahaye et al., 2008). The realization
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of an

168 Er

BEC and the observation of its characteristic d-wave collapse is reported by

Aikawa et al. (2012). The presence of dipolar interactions is revealed for

168 Er

atoms upon

confinement in an optical lattice, where the transition from a superfluid to a Mott-insulating
phase is induced by controlling the orientation of the atomic dipoles (Baier et al., 2016).
Degenerate gases of

164 Dy

(Lu et al., 2011) facilitate the exploration of new exotic states of

matter such as quantum droplets (Ferrier-Barbut et al., 2016), supersolids (Böttcher et al.,
2019; Sohmen et al., 2021), and superglasses (Hertkorn et al., 2021).
An alternative platform is highly excited Rydberg atoms or molecules. The electric dipole
interactions in these systems are typically much stronger than the magnetic dipole interactions
in neutral atoms (d2 /ϵo /(µo µ2 ) ∼ 104 ). Fast gate operations between neutral atoms can be
implemented by exploiting the large DDI energy between Rydberg atoms in constant electric
fields (Jaksch et al., 2000; Lukin et al., 2001). This is possible due to the dipole blockade
phenomenon, where the dipole interaction prevents the simultaneous Rydberg excitation of
two nearby atoms (Saffman et al., 2010). Crystals of superatoms can be formed, where within
a given blockade radius only a single Rydberg atom can be excited (Heidemann et al., 2008;
Vuletic, 2006). Quantum simulation and quantum information processing can be realized
with systems of neutral atoms in the Rydberg blockade regime confined in optical lattices or
optical tweezer arrays (Ebadi et al., 2021; Labuhn et al., 2016; Schauss et al., 2015; Scholl
et al., 2022). These many-body phases and applications are limited by the short lifetime
of Rydberg states, typically in the millisecond regime, which results in a trade-off between
dipolar interaction strength and loss.

1.2. Ultracold Heteronuclear Dipolar Molecules
Heteronuclear alkali dimers in their vibrational ground state have permanent Electric Dipole
Moments (EDMs) up to 5 Debye (Aymar and Dulieu, 2005). This renders them prominent
candidates for research in quantum computation, where the EDMs of the individual polar
molecules constitute the qubits, which can be oriented by applying an external electric field
(Andre et al., 2006; DeMille, 2002; Yelin et al., 2006). They can be utilized as the fundamental
elements of a quantum simulator to simulate a range of Mott insulating and superfluid phases
(Barnett et al., 2006; Büchler et al., 2007; Yao et al., 2018). Micheli et al. (2006) proposed
to utilize the internal rotational substructure of polar molecules to simulate any arbitrary
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Hamiltonian for interacting spins on a lattice, where the DDI is induced either by microwave
excitation of the rotational levels or by application of external static electric fields (Micheli
et al., 2007). Dipolar molecules may as well play a significant role in precision measurements
of fundamental constants (Hudson et al., 2006; Kozlov and Labzowsky, 1995; Quemener and
Julienne, 2012), in quantum state-resolved ultracold chemistry (Balakrishnan, 2016; Carr
et al., 2009; Yang et al., 2019) and as recently proposed in probing new physics beyond the
Standard Model (Cairncross and Ye, 2019; Mitra et al., 2022; Safronova et al., 2018).
Early experiments utilized a three-section heat-pipe oven filled with a buffer gas to produce heteronuclear alkali molecules (Bednarska et al., 1996). The latter upon formation are
distributed among different vibrational and rotational levels of the ground state due to their
high temperature (hundreds of Kelvin). Direct laser cooling techniques enable the creation
of dipolar molecules in the sub-mK regime (Anderegg et al., 2018; Augenbraun et al., 2021;
Wu et al., 2021), and render them promising candidates for applications in quantum computation (Sawant et al., 2020), and quantum simulation (Semeghini et al., 2021). Precision
tests of fundamental physics including the search of the electron EDM (Andreev et al., 2018;
Cairncross et al., 2017) and axion-like particles (Roussy et al., 2021) are possible with buffer
gas cooled polar molecules that possess strong internal electric fields. Other direct cooling
mechanisms, such as Zeeman or Stark deceleration of molecular beams (Lavert-Ofir et al.,
2011; Van De Meerakker et al., 2008; Wall et al., 2011) and opto-electrical Sisyphus cooling
(Prehn et al., 2016; Zeppenfeld et al., 2012), are many orders of magnitude lower in phase
space density from quantum degeneracy.
Indirect techniques start with combining pre-cooled atoms into diatomic molecules either
by Photo-Association (PA) or by magneto-association. In the former optical method, two
colliding atoms absorb a photon to form an excited molecule, followed by spontaneous decay
into one of the molecular ground states (Jones et al., 2006). PA is useful for associating from
a low phase-space density magneto-optical trap to long-ranged excited states (Dutta et al.,
2014; Kraft et al., 2006), to excited levels of the ground state potential (Haimberger et al.,
2009; Muenchow et al., 2011; Wang et al., 2004), or to the ro-vibrational ground state in a
single step (Deiglmayr et al., 2008). It exhibits however, low molecular formation rates due
to the limited overlap between the free atom wavefunction and the excited state. Two-color
laser fields (Jones et al., 1997), chirped pulses (Koch et al., 2006), shaped pulses (Carini et al.,
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(a )

(b)

(c)

Figure 1.1.: Proposed applications for ultracold dipolar molecules. (a) Quantum computer made of
ground state polar molecules trapped in a one-dimensional lattice. Schematics taken from DeMille
(2002). (b) Phase diagram for polar molecules interacting via a two-dimensional repulsive potential.
(c) Polar molecules trapped in an optical lattice. The electric dipoles are aligned by an external DC
electric field pointing in the z direction. Figures (b) and (c) are taken from Micheli et al. (2007).

2015), and Feshbach-Optimized PA (FOPA) (Gacesa et al., 2013) are utilized to improve the
PA efficiency. The incoherent nature of the spontaneous decay to the ground state hinders the
creation of a molecular sample in a well defined ground state and hence any further research.
Ultracold dipolar molecules with temperatures reaching down to a few tenths of nanokelvin
and high phase-space densities can be created by magnetic field sweeps across a Feshbach
resonance. Homonuclear (Thalhammer et al., 2006) and heteronuclear (Green et al., 2020;
Groebner et al., 2017; Heo et al., 2012; Inouye et al., 2004; Lam et al., 2022; Pilch et al., 2009;
Repp et al., 2013; Voigt et al., 2009; Wang et al., 2015; Wu et al., 2012) molecules associated
near the ground state dissociation threshold are bound by only a few MHz. Weakly-bound
Feshbach molecules are the starting point for investigating a plethora of interesting phenomena
by performing one-photon high-resolution spectroscopy to their long-range excited spectrum.
They can be utilized for the realization of molecular clocks, where the typically forbidden clock
transitions can be magnetically induced between long-ranged excited states (Borkowski, 2018).
They are also proposed as sensors for new gravity-like forces based on precision spectroscopy
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of near-threshold molecular states (Borkowski et al., 2019).
Weakly-bound Feshbach molecules possess however vanishing dipole moments that hinder
the exploration of dipolar physics (Kotochigova et al., 2003). To exploit the large permanent
dipole moments and long lifetimes of the ground state, a bottom-up procedure is followed,
where the weakly-bound Feshbach molecules need to be coherently transferred to the deeply
bound ro-vibrational ground state by avoiding heating the sample. This is accomplished either
by Stimulated Raman Adiabatic Passage (STIRAP) (Cairncross et al., 2021; Guo et al., 2016;
Molony et al., 2014; Ni et al., 2008; Park et al., 2015a; Seesselberg et al., 2018; Takekoshi
et al., 2014; Voges et al., 2020), or by off-resonant Raman transfer (Cairncross et al., 2021).
For both schemes, an extensive spectroscopic survey of the electronically excited molecular
potentials is required to identify a suitable intermediate state with mixed singlet-triplet character caused by perturbations and to resolve its hyperfine structure (Debatin et al., 2011; Guo
et al., 2017; Rvachov et al., 2018). Such intermediate states can simultaneously facilitate coupling between the triplet dominated Feshbach molecular state and the singlet ro-vibrational
ground state. Here, NaK is used as an example (Park et al., 2015b), to illustrate the demanding spectroscopic work necessary to identify a two-photon pathway via the mixed B1 Π ∼ c3 Σ+
intermediate excited manifold. About eighteen resonances were measured by PA and assigned
to the c3 Σ+ potential. Two of them were located close enough to the B1 Π potential to display the desired singlet-triplet mixing. A third excited potential, b3 ΠΩ , was accidentally also
located near the aforementioned resonances. To characterize the electronic state composition
and assign angular momentum quantum numbers, high-resolution one-photon spectroscopy
was performed on weakly-bound Feshbach molecules and the fine and hyperfine interactions
were modeled. The rich fine structure of the two strongly perturbed B1 Π ∼ c3 Σ+ ∼ b3 Π0
manifolds was revealed via two wide frequency scans of 90 GHz and 100 GHz, where nine and
eight significant loss features were observed in each scan respectively. Additional frequency
scans, spanning a range of several hundreds of MHz, were conducted to resolve the hyperfine structure of the excited manifold. This is an impressive large-scale spectroscopic study.
However, and as it will be discussed later on in this thesis, an alternative pathway can be
established that eliminates the need for such a demanding work.
A current challenge in the dipolar molecules field is the decay of ground state molecules,
which is observed in chemically reactive (Ni et al., 2010), and even nonreactive bosonic (Guo
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et al., 2016; Molony et al., 2014; Takekoshi et al., 2014; Ye et al., 2018) and fermionic (Park
et al., 2015a) molecules. Christianen et al. (2019), Gregory et al. (2020), and Hu et al. (2019)
explained the observed two-body loss in nonreactive bi-alkali molecules. A way to prevent such
reactions is by loading the molecular samples into an optical lattice. Yan et al. (2013) observed
dipolar spin-exchange interactions with KRb molecules confined in a lattice, which can exist
even in the absence of tunneling and extend beyond nearest neighbors. Another method
is by engineering the interaction potential with optical or microwave fields (Karman and
Hutson, 2018; Lassablière and Quéméner, 2018). Matsuda et al. (2020) utilized an external
electric field to modify the reaction rates of KRb molecules via their dipolar interactions
and effectively shield them in a 3D geometry, without loading them into an optical lattice.
Anderegg et al. (2021) shielded ultracold CaF molecules in an optical tweezer trap with
microwaves. Microwave shielding (Karman, 2020; Karman and Hutson, 2018, 2019) requires
coherent control of the rotational levels of the ground state (Will et al., 2016). He et al. (2021)
and Yan et al. (2020) observed dipolar collisions of NaRb and NaK molecules, respectively
induced by microwave dressing. Even though inelastic molecular collisions are not desired,
they play a significant role in ultracold chemistry investigations (Hirzler et al., 2022; Karman
et al., 2022; Nichols et al., 2022). Thus far, the remarkable milestone of quantum degeneracy
is accomplished with a Fermi gas of KRb molecules De Marco et al. (2019), where the Fermi
pressure suppresses chemical collisions.

1.3. This thesis
This thesis describes my experimental and theoretical work involving ultracold 6 Li40 K molecules. It is motivated by their large permanent EDM of 3.6 D, which corresponds to a dipole
interaction energy of ∼ kB × 600 nK upon confining them in an optical lattice with 532 nm
spacing.

6 Li40 K

molecules are reactive species and their lifetime in the ground state is ex-

pected to be short due to the 2LiK→Li2 +K2 chemical reaction. The latter can be suppressed
either by loading them into a sufficiently deep 3D lattice or in 1D/2D traps with polarization
induced by a transverse electric field (Julienne et al., 2011), or by shielding them with microwaves (Karman and Hutson, 2018). Our aim is to study many-body physics with dipole
interactions and to create a quantum degenerate molecular gas of bosonic 6 Li40 K molecules.
To achieve this goal this thesis tackles high-resolution spectroscopy of the excited and ground
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state molecular potentials to identify a pathway for the coherent transfer of 6 Li40 K Feshbach
molecules to their ground state.
For this purpose, two-photon pathways via intermediate excited states with strong couplings
to the singlet Feshbach and ground state are identified. The first pathway is via the longranged Ω=1up potential, while the second pathway is via the deeply bound vibrational levels of
the A1 Σ+ potential. The main idea underlying both pathway methods is that they involve only
singlet-to-singlet optical transitions and they eliminate the need for an extensive spectroscopic
survey of a suitable intermediate state with sufficient singlet-triplet mixing and the exploration
of its hyperfine structure, as is typical for pathways starting from triplet dominated Feshbach
molecules. This is achieved by coupling to only a sole singlet hyperfine component of the
singlet excited and ground state potentials, which is assured by starting from a Feshbach
state with a stretched singlet hyperfine component and carefully controlling the coupling
fields polarization. This ideal three level pathway is demonstrated by locating the ro-vibronic
ground state energy and is further utilized to perform the dark resonance spectroscopy and
the coherent ground state transfer experiments.

In Chapter 2, the theoretical background necessary to support the experiments of this thesis
is introduced and it does not aim to be comprehensive. Fundamental aspects of the 6 Li40 K
molecular structure are presented and the 6 Li40 K behavior in the presence of external electric fields and microwave radiation is examined. The hyperfine interactions of ground state
6 Li40 K

molecules are modeled. The physics of Autler-Townes splitting and of electromagnet-

ically induced transparency is introduced and the mathematical formalism of the idealized
Stimulated Raman Adiabatic Passage between molecular states is discussed.

In Chapter 3,

upgrades to the experimental apparatus that facilitate the creation of ultra-

cold 6 Li40 K molecules and the investigation of their spectra are presented. These include
the design and construction of different laser systems for molecular spectroscopy, building
a microwave setup for polarizing the ground state molecules and transferring them to their
absolute hyperfine ground state, conditioning the HV electrodes for inducing and exploring dipolar interactions, and designing and building a low noise Raman laser system for the
coherent transfer of weakly-bound 6 Li40 K molecules to their ground state.
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In Chapter 4, the results of a high-resolution spectroscopic survey of the long-ranged excited
spectrum of 6 Li40 K molecules near the 2S+4P dissociation threshold conducted by Lam (2016)
are presented and analyzed in an attempt to identify a suitable intermediate state for the
coherent ground state transfer. A target vibrational level of the Ω=1up potential is identified
by revealing its Zeeman substructure and by developing supporting theoretical work for the
magnetic g-factor for Hund’s case (c) molecules. By combining our data with available data
in the short- and in the long-range, a fully empirical B1 Π potential curve is produced covering
the entire internuclear range.

In Chapter 5,

an ideal two-photon pathway to the dipolar ground state of 6 Li40 K molecules

is identified and demonstrated, which involves only singlet-to-singlet optical transitions without resolving its hyperfine structure. The natural linewidth of seven deeply bound vibrational
levels of the A1 Σ+ potential is resolved. Using two-photon spectroscopy, five vibrational levels of the ground state potential are measured and the ro-vibrational ground state is located.
Autler-Townes spectroscopy is performed to characterize the Stokes Rabi frequency. By measuring the energy difference between the rotationally ground and excited states an improved
value for the rotational constant of the ground state is obtained, as a preparational step
for the microwave rotational spectroscopy. Stark shift spectroscopy of the ground state is
performed to polarize the 6 Li40 K molecules and their permanent dipole moment is measured.

In Chapter 6, the experimental preparations and results towards the production of dipolar
ground state 6 Li40 K molecules are presented. The first STIRAP attempts reveal a low round
trip transfer efficiency that is difficult to distinguish from the background counting. The loss
mechanisms that hinder the coherent ground state transfer success are hence analyzed. The
fast phase noise of the Raman lasers is measured and identified as the main cause for the
failed initial STIRAP attempts. Several methods are proposed and implemented to suppress
it, with the most prominent being the extension of the Raman lasers external cavity. A lowloss STIRAP is expected in the near future.

The work of this thesis has contributed to two publications: the investigation of the long-range
spectrum of 6 Li40 K∗ (Botsi et al., 2022), and the demonstration of an ideal singlet pathway
for the production of dipolar ground state 6 Li40 K molecules (Yang, Botsi, et al., 2020).
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2. Fundamentals of Ultracold LiK Molecules
In this chapter the theoretical background necessary to support the experiments of this thesis
is presented. It consists of a brief overview of fundamental aspects of the 6 Li40 K molecular
structure, which are reviewed in Section 2.1. In Section 2.2 the behavior of 6 Li40 K molecules
in the presence of external static electric fields and microwave radiation is examined. 6 Li40 K
molecules are created with a bottom-up approach from an ultracold atomic mixture. The
physics of assembling weakly-bound molecules by magneto-association on a Feshbach resonance is developed in Section 2.3. In the subsequent sections the theoretical framework supporting ongoing experimental efforts is set. It includes the description of three-level systems
coupled to two external radiation fields, which is presented in Section 2.4. The phenomena
of Autler-Townes splitting and of electromagnetically induced transparency are briefly introduced in Section 2.4.2 and Section 2.4.3 respectively. The mathematical formalism of the
idealized Stimulated Raman Adiabatic Passage between molecular states is presented in Section 2.4.4. It is utilized for the transfer of weakly-bound Feshbach molecules to their absolute
ground state for the purpose of creating a 6 Li40 K molecular gas with dipolar interactions.

2.1. LiK Molecular Structure
The complex topics of molecular spectra and molecular structure have been extensively developed in several textbooks. Relevant to this thesis are for instance the Bransden and Joachain
(2003); Brown and Carrington (2003) and Herzberg (1950). This section reviews a few of the
fundamental theoretical aspects of the linear diatomic 6 Li40 K molecule.

2.1.1. The Born-Oppenheimer Approximation
A 6 Li40 K molecule consists of two positively charged nuclei and negatively charged electrons,
which interact through Coulomb forces. The typical theoretical method utilized to study
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this system involves separating the motional degrees of freedom into center of mass motion,
vibrations and rotations of the nuclei about their equilibrium position, and electronic motion.
This is possible as the respective rotational (∼ 1 GHz) and vibrational (∼ 1 THz) energies of
the nuclei and the electronic energy (∼ 100 THz) scale as Er ≪ Ev ≪ Ee .
The validity of this classification was initially discussed in Born and Oppenheimer (1927).
In the Born-Oppenheimer Approximation (BOA) it is assumed that the electronic motion is
adiabatic with respect to the nuclear motion. This is justified by the large mass ratio of
1, where me is the electronic mass and µ =

mA mB
mA +mB

me
µ

≪

is the reduced nuclear mass of the nuclei A

with mass mA and nuclei B with mass mB . In the BOA, the exact solution to the Schrödinger
equation (Hel + Hnucl )Ψtot = EΨtot , where Ψtot is the total wavefunction including the
electronic and nuclear motion, is approximated by a product of two wavefunctions:

BO
ψrve
= ϕe (ri , R) · ξrv (R, θ, ϕ) ,

(2.1)

where ϕe (ri , R) is the electronic wavefunction with ri representing the electronic positions and
R is the fixed internuclear distance since it appears as an adiabatic parameter in Hel . The
ro-vibrational wavefunction ξrv is expressed in the spherical polar coordinates (R, θ, ϕ). The
indices r, v, e account for the rotational, vibrational, and electronic motion. The approximate
BO corresponds to the situation where H
solution ψrve
spin is neglected.

The ro-vibrational wave equation within the BOA is written as:
h

−

i
ℏ2
ℏ2 ∂  2 ∂ 
R
+
N
(N
+
1)
+
E
(R)
Rv,N = Erve Rv,N
e
2µR2 ∂R
∂R
2µR2

,

(2.2)

where the first term is the kinetic energy of the nuclei, N is the rotational quantum number,
and Ee (R) is the electronic energy. The Rv,N nucleus wavefunction can be further separated
to infer the vibrational and rotational wave equations. The total energy of a molecule is then
approximated by a sum of three independent contributions, Etot ≃ Ee + Ev + EN , originating
from the electronic, the vibrational, and the rotational energy.
The BOA is very robust especially for closed-shell ground state molecules. However, there
are several, generally mass-dependent corrections to this approximation, known as beyondBorn-Oppenheimer effects, which when taken into account can further improve the modeling
of molecular interaction potentials (Borkowski et al., 2017).
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2.1.2. Dunham Expansion
The internal dynamics of a diatomic molecule can be described within several different models
including that of the rigid rotor, the harmonic or anharmonic oscillator and the non-rigid rotor
(Brown and Carrington, 2003). A more rigorous representation that takes into account the
interaction between vibration and rotation, is that of the vibrating rotor. In this model,
the moment of inertia of a molecule changes during a vibration, which results in a change
of the rotational constant Bv . The latter is expanded to a first approximation by Bv =
Be − αe (v + 12 ) + γe (v + 12 )2 + ..., where Be = ℏ/πµRe2 c, and Re is the equilibrium nuclear
separation. The definitions of the αe and γe constants as well as of the ones appearing in the
following expressions can be found in Demtröder (2008) for instance. The mean rotational
constant of a vibrational level is Dv = De + βe (v + 21 ) + ..., where De is the centrifugal
distortion constant. The full expression for the term values of the vibrating rotor is:
1
1
1
T (v, J) = ωe (v + ) − ωe xe (v + )2 + ωe ye (v + )3
2
2
2
+... + Bv J(J + 1) − Dv J 2 (J + 1)2 + Hv J 3 (J + 1)3 + ...

(2.3)

.

The T (v, J) are typically expressed in spectroscopic units of cm−1 . The molecular constants
ωe , xe , ye , Bv , Dv , Hv are determined by fitting the calculated term values of Eqn. (2.3) to
the experimentally determined term values. The energy levels in the vibrating rotor model
were calculated by Dunham (1932), for any effective potential that can be expanded as a
power series of (R − Re ) in the neighborhood of the potential minimum. By substituting
this potential ansatz into the Schrödinger equation, the latter can be solved withing the
Wentzel-Kramers-Brillouin approximation (WKB) (Brillouin, 1926; Kramers, 1926; Wentzel,
1926). The Dunham expansion is an analytical expression relating the coefficients of the
conventional expansion for vibrational-rotational energies to the coefficients of a power series
expansion for the potential energy function of a diatomic molecule as a double power series
in v +

1
2

and J(J + 1):

T (v, J) =

XX
k=0 l=0

1
Yk,l (v + )k [J(J + 1)]l
2

,

(2.4)

where k and l are the indices of the Yk,l Dunham coefficients (Dunham, 1932; Pekeris, 1934).
The coefficients of Eqn. (2.4) are directly related to standard spectroscopic parameters when
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the ratio (Be /ωe )2 is sufficiently small. From Eqn. (2.3) and Eqn.( 2.4), and according to
Brown and Carrington (2003), it is apparent that:

Y10 ≈ ωe ,

Y20 ≈ ωe xe ,

Y01 ≈ Be ,

Y02 ≈ De ,

Y11 ≈ ae

.

(2.5)

The approximate equalities arise because there are higher order corrections of the order
(Be /ωe )2 in the Dunham treatment. Eqn. (2.5) associates the fit parameters Yk,l to the
molecular constants, which are physically meaningful. The non-vanishing term Y00 that represents an addition to the zero-point energy is given by (Herzberg, 1950):

Y00 =

Y2Y2
Y01 Y11 Y10
+
+ 11 10
3 − Y20
4
12Y01
144Y01

.

(2.6)

2.1.3. Hund’s Coupling Schemes
In this subsection the influence of rotational and electronic motions on each other is considered. The quantum numbers that describe the rotational levels in the different types of
electronic states must be specified along with what symmetry properties the corresponding
eigenfunctions have. For this purpose the various ways in which the angular momentum
vectors couple to each other in diatomic molecules must be considered, a problem that was
initially addressed by Van Vleck (1951). A first systematic study of the coupling scheme cases
was done by Hund (1933), who described five ideal cases to a very good approximation. The
selection of the appropriate case depends on the relative energy of the interactions between
coupling vectors. The relevant angular momenta that are involved in Hund’s coupling cases
and that will appear in the rest of this thesis are the electronic orbital angular momentum L,
the electronic spin angular momentum S, the total angular momentum J, the total angular
momentum excluding spin N = J − S, and the rotational angular momentum of the nuclei
R = N − L. An analytical description of all five cases can be found in the existing literature
(Brown and Carrington, 2003; Herzberg, 1950; Mizushima, 1975). Here, only the relevant to
this thesis Hund’s case (a) and Hund’s case (c) are described.

Hund’s case (a)

In Hund’s case (a) there is a strong interaction between L and the inter-

nuclear axis arising from electrostatic forces. Also S is strongly coupled to L through the
Spin-Orbit Coupling (SOC) interaction. The interaction between L and the molecular axis
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Figure 2.1.: Vector coupling diagrams for the two Hund’s cases relevant to this thesis. (a) Hund’s
case (a) is appropriate for describing the quantum numbers of deeply bound 6 Li40 K molecules. (b)
Hund’s case (c) supports the description of the long-range part of the excited molecular spectrum.

is stronger than the SOC interaction (Townes and Schawlow, 1955). The vector model in
that case is shown in Fig. 2.1 (a). The projections of L and S on the internuclear axis are
±|Λ| and ±|Σ| respectively adding up to form the Ω quantum number, i.e. Ω = |Λ + Σ|. If
the nuclear spin is excluded, then Ω is added vectorially to R of the end-over-end molecular
rotation to form the total angular momentum J. Ω and R precess around J, which is fixed in
space. Overall L and S precess rapidly around the internuclear axis compared to the nutation
of Ω and R around J. The orbital angular momentum and the electronic spin can precess
around the internuclear axis in two equal and opposite ways. The two possible and different
orientations of Λ along the molecular axis are termed Λ-doubling. The ±Λ states are degenerate when the molecule is not rotating. For the complete description of Hund’s case (a), the
relevant good quantum numbers in ket notation are |η, Λ; S, Σ; J, Ω, MJ ⟩, where η represents
all other possible quantum numbers of an electronic state, and MJ is the component of J in
a space-fixed direction, which typically coincides with the guiding field direction provided by
an external magnetic or electric field. This vector coupling scheme is particularly useful for
the analysis in Chapter 5, as it supports the description of deeply bound vibrational levels
belonging to the excited A1 Σ+ and the ground X1 Σ+ potentials of 6 Li40 K molecules.

Hund’s case (c) For molecules with heavy nuclei, i.e. with large nuclear charges Ze, the
atomic SOC interaction becomes very large. Due to the strong coupling between L and S,
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the projections Λ and Σ are not defined and cease to be good quantum numbers. Instead L
adds up vectorially to S to form the resultant vector Ja , which precesses rapidly about the
internuclear axis with component Ω. The total angular momentum is formed by adding R
to Ω. The vector diagram for Hund’s case (c) is shown in Fig. 2.1 (b). The wavefunctions in
case (c) basis are written in ket notation as |η, Ja , J, Ω, MJ ⟩. Here Ω, J, and Ja are the good
quantum numbers and each electronic state is characterized by the different values of Ω. For a
non-rotating molecule, Ω-doubling arises for states with Ω ̸= 0. The degeneracy is lifted upon
rotation of the molecule. The Hund’s case (c) basis will be revisited in Chapter 4, where the
excited long-range spectrum of 6 Li40 K molecules near the 2S+4P asymptote is investigated.

2.1.4. Rotational and Hyperfine Structure
Developing methods for understanding and addressing the complex rotational and hyperfine
levels of 6 Li40 K molecules is of great importance for the complete control of their quantum
states. It also facilitates the interpretation of the high-resolution spectroscopic results presented in Chapter 5, and paves the way towards an efficient ground state transfer of 6 Li40 K
molecules, by preventing the undesired coupling to intermediate hyperfine states. Moreover,
the theoretical estimation of the hyperfine energies and constants is essential for the coherent
preparation of 6 Li40 K in a single hyperfine state.

2.1.4.1. Rotational Structure
At low rotational energies the behavior of 6 Li40 K molecules is described by the rigid rotor
model to a good approximation. In Hund’s case (a) vector coupling scheme the energy
separation between adjacent rotational levels is Erot. = Bv J(J +1). The respective expression
in Hund’s case (c) is Erot. = Bv [J(J + 1) − Ω2 ], where J = Ω, Ω + 1, Ω + 2... In both cases, the
energy difference between two neighboring rotational levels is ∆E = Erot. (J + 1) − Erot. (J) =
2Bv , 4Bv , 6Bv ,...
For a non-rigid Hund’s case (a) molecule, rotation causes a centrifugal force, which acts on
the atoms and increases the internuclear separation. As the rotational energy of the molecule
increases, the centrifugal distortion becomes larger and leads to a rotational energy level
structure of the form:

E(J) = Bv J(J + 1) − Dv J 2 (J + 1)2 + Hv J 3 (J + 1)3 ...

16

,

(2.7)

2.1. LiK Molecular Structure
where the coefficient Hv is a higher-order centrifugal distortion correction to the rotational
kinetic energy. The centrifugal distortion constant for 6 Li40 K can be found in Bednarska
et al. (1998). The rotational constant is precisely determined by our group by two-photon
high-resolution spectroscopy of the first rotationally excited state of the vibrational ground
state and is presented in Section 5.5.3.

2.1.4.2. Modeling of Hyperfine Interactions
The hyperfine structure of a rotational level in a diatomic molecule arises predominantly due
to the interaction between the nuclear and electronic magnetic moments of the constituent
atoms. The nuclear magnetic moment is a consequence of the fact that the atomic nucleus
possesses spin. A nucleus of spin I has 2I + 1 allowed orientations with respect to any chosen
direction. These are distinguished by the different values of MI , which is the projection of
I along an arbitrary space-fixed axis. The nuclear spins of 6 Li and

40 K

are ILi = 1 and

IK = 4. At zero magnetic field, the total nuclear spin I = ILi + IK is conserved, and for the
rotational ground state this leads to three hyperfine states with I = 3, 4, 5. In the presence
of an external magnetic field, the rotational manifold is split into (2N + 1)(2ILi + 1)(2IK + 1)
Zeeman hyperfine sub-levels. Hence, there are 27 hyperfine levels for the rotational ground
state with N = 0, and 81 hyperfine levels for the rotationally excited state with N = 1.
The hyperfine structure of 6 Li40 K molecules belonging in the vibrational ground state of
electronic potentials with 1 Σ symmetry is described by the Hamiltonian (Aldegunde and
Hutson, 2017; Aldegunde et al., 2008; Brown and Carrington, 2003):

Ĥhf =

X
i=Li,K

Vi Qi +

X

ci N · Ii + c3 ILi · T · IK + c4 ILi · IK

,

(2.8)

i=Li,K

where the first term describes the interaction between the nuclear electric quadrupole moment
eQi and the electric field gradient (∇E)i at nucleus i. The matrix elements of −e(∇E)i ·Qi are
proportional to the quadrupole coupling constant (eqQ)i . This term arises when both nuclei
have I ≥ 1, resulting in nuclear charge distributions that deviate from spherical symmetry. It
vanishes for J = 0, but it is the dominant interaction for J = 1. The second term accounts
for the interaction between the nuclear magnetic moment and the magnetic field created
by the rotation of the molecule, with ci and being the spin-rotation coupling constants for
the two nuclei. The last two terms represent the tensor and scalar interactions between the
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nuclear dipole moments, with c3 and c4 spin-spin coupling constants respectively. The tensor
T describes the direct interaction through space between the two nuclear magnetic moments
and the anisotropic part of the indirect spin-spin interaction (Bryce and Wasylishen, 2003).
Following the general scheme as exemplified in Brown and Carrington (2003), Eqn. (2.8) is
rewritten as:


3
eqQ1
3(I1 · J)2 + (I1 · J) − I1 (I1 + 1)J(J + 1)
2I1 (2I1 − 1)(2J − 1)(2J + 3)
2

2
g1 g2 µN
1 
+c1 I1 · J + c2 I2 · J + 3
[3(I1 · J)(I2 · J)
R (2J + 3)(2J − 1) 4πϵ0 c2

Hhf = −

+3(I2 · J)(I1 · J) − 2I1 · I2 J(J + 1)] + c4 I1 · I2

,

(2.9)

where I1 = ILi and I2 = IK . Eqn. (2.9) is expanded in terms of irreducible tensors as:
Hhf = −eT 2 (∇E1 ) · T 2 (Q1 ) + c1 T 1 (I1 ) · T 1 (J) + c2 T 1 (I2 ) · T 1 (J)
√
+ 10g1 g2 µ2N (1/4πϵ0 c2 )T 1 (C, I1 ) · T 1 (I2 ) + c4 T 1 (I1 ) · T 1 (I2 ) .

(2.10)

Eqns. (2.9) and (2.10) are written only for one nucleus and have an identical result for Q2 .
The matrix elements of Eqn. (2.10) are evaluated in the strong field nuclear spin decoupled
basis written in ket notation as |η, Λ; J, MJ , I1 , MI1 , I2 , MI2 ⟩. Here, only MF is a good quantum number, which is the projection of F on a space-fixed axis. F is the grand total angular
momentum, which includes the electron and the nuclear spin and is expressed as F = J + I.
Prior to diagonalization of Eqn. (2.10) in Mathematica, all the scalar products that occur are
expanded in the space-fixed coordinate system.

Quadrupole Interaction

The nuclear quadrupole interaction term is expanded as:

⟨η, Λ; J, MJ , I1 , MI1 , I2 , MI2 |

2 X
2
X

2
(−1)p (−e)Tp2 (∇E)T−p
(Qi ) η, Λ′ ; J ′ , MJ′ , I1′ , MI′1 , I2′ , MI′2 =

i=1 p=−2

i



J′



2
 J

J−Λ
(−1)p (−1)J−MJ 
[(2J + 1)(J ′ + 1)]1/2
 (−1)
′
−MJ p MJ
p=−2




−1
′
Ii
2
Ii   Ii 2 Ii 
 J 2 J
I −M 
,

 (−1) 1 I1 


−Λ 0 Λ
−MIi −p MI′i
−Ii 0 Ii

eqQi
4

δMIi MI ′

2
X
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1
where the term T 2 (∇E) = − 4πϵ
0

P2

ei
2
i=1 Ri3 C (θi , ϕi )

involves electron and proton coordinates

(l)

4π 1/2
outside the nucleus only and Cq (θ, ϕ) = ( 2l+1
) Yl,q (θ, ϕ). The second order rank tensor
P
is T 2 (Q) = 2p=−2 Rp2 C2 (θp , ϕp ), which involves proton coordinates inside the nucleus only,

and defines the quadrupole moment of the nucleus. For the evaluation of the tensor operators
acting on the same inner part of a coupled system, Lemma C.3.5, Lemma C.3.2, Lemma C.3.6,
Lemma C.3.7 and Lemma C.3.8 are utilized. The index p can take the values p = 0, ±1, ±2.
The p = 0 matrix elements are diagonal in the decoupled basis set, but the p = ±2 connects
the MJ = ±1 components and lifts their degeneracy. The off-diagonal p = ±1 terms mix
the MJ = 0 with the MJ = ±1 components, but the respective shifts/splittings are small.
The nuclear coupling constants of the ground and several excited state potentials for 6 Li40 K
molecules are listed in Table 2.1. The constants are results of ab-initio calculations performed
in our group (Čepaitė, 2018).

Nuclear Spin-Rotation Interaction The nuclear spin-rotation interaction term is:

⟨η, Λ; J, MJ , I1 , MI1 , I2 , MI2 |

2 X
2
X

1
(−1)p Tp1 (J)T−p
(Ii ) η, Λ′ ; J ′ , MJ′ , I1′ , MI′1 , I2′ , MI′2 =

i=1 p=−2
2
X
i=1

ci

2
X

(−1)p (−1)J−MJ (−1)Ii −MIi [J(J + 1)(2J + 1)Ii (Ii + 1)(2Ii + 1)]1/2

p=−2

 J
δMIi MI ′ δJJ ′ 
i
−MJ







J   Ii

p MJ′
−MIi
1

1

Ii 

−p MI′i

,

(2.12)

where Lemma C.3.2 and Lemma C.3.9 are utilized for the derivation of Eqn. (2.12). The spinrotation constants at the equilibrium bond length are given approximately by the expression

potential

R(Å)

(eqQ)K (MHz)

(eqQ)Li (MHz)

reference

X 1 Σ+

3.3

1.066

0.0004

Aldegunde and Hutson (2017)

X 1 Σ+

3.3

1.118

0.00022

Čepaitė (2018)

A 1 Σ+

3.95

2.968

0.00017

Čepaitė (2018)

b3 Π

3.2

0.188

0.00268

Čepaitė (2018)

a3 Σ+

4.9

0.501

0.00048

Čepaitė (2018)

B1 Π

3.6

0.1106

0.00046

Čepaitė (2018)

Table 2.1.: Nuclear quadrupole coupling constants of 6 Li40 K molecules obtained at the equilibrium
geometries for all electronic states relevant to this work.
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(Wasylishen et al., 2000):
ci ≈

2me Bv gi
(σi∥ − σi⊥ )
mp

,

(2.13)

where mp is the proton mass, and σi∥ −σi⊥ is a small correction term, known as the anisotropy
of the nuclear shielding tensor σi . According to Aldegunde and Hutson (2017), it is σLi =
104.1 ppm and σK = 1296.8 ppm, resulting in c1,Li = 48.2 Hz and c2,K = −295.5 Hz.
Nuclear Spin-Dipolar Interaction The tensorial part of the spin-dipolar interaction is:
⟨η, Λ; J, MJ , I1 , MI1 , I2 , MI2 | t0 T 1 (C, I1 ) · T 1 (I2 ) η, Λ′ ; J ′ , MJ′ , I1 , MI′1 , I2 , MI′2 =
√
− 30g1 g2 µ2N

1
X
1
(−1)p (−1)I1 −MI1 +I2 −MI2 +J−MJ
4πϵ0 c2
p=−1

[I1 (I1 + 1)(2I1 + 1)I2 (I2 + 1)(2I2 + 1)]1/2




2
1
′
X X  I2
1 I2   J
2 J   I1
1
I1   1 2
1





′
′
′
−M
p
M
−M
−p
M
p
p
−p
p1 =−2 p2 =−1 −MI2 p MI
1
2
1
2
J
I
1
J
I1
2


′
 J 2 J  −3
(2.14)
(−1)J−Λ [(2J + 1)(2J ′ + 1)]1/2 
 ⟨R ⟩η ,
−Λ 0 Λ′


where t0 =

√

10g1 g2 µ2N (1/4πϵ0 c2 ) and ⟨R−3 ⟩η ≈ Re−3 . For the evaluation of the matrix

elements of Eqn. (2.14), Lemma C.3.2, Lemma C.3.9 and Lemma C.3.10 are utilized and
only the case with q = 0 is considered. The tensorial spin-dipolar coupling constant is
c3 = −28.7 Hz (Aldegunde and Hutson, 2017).
Isotropic Nuclear Spin-Spin Interaction

The scalar nuclear spin-spin interaction is:

⟨η, Λ; J, MJ , I1 , MI1 , I2 , MI2 | c4 T 1 (I1 ) · T 1 (I2 ) η, Λ; J, MJ , I1 , MI′1 , I2 , MI′2 =




1
X
1 I1 
I2
1
I2 
 I1
I −M 
c4
(−1)p (−1)I1 −MI1 
 (−1) 2 I2 

−MI1 p MI′1
−MI2 −p MI′2
p=−1
δJJ ′ δMJ MJ′ [I1 (I1 + 1)(2I1 + 1)I2 (I2 + 1)(2I2 + 1)]1/2

,

(2.15)

where Lemma C.3.2 and Lemma C.3.11 are utilized for the calculation of the matrix elements.
The scalar spin-spin coupling constant is c4 = −72.8 Hz (Aldegunde and Hutson, 2017).
The hyperfine energy levels are calculated by diagonalizing the complete Hamiltonian in
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a basis set of decoupled angular momentum functions. The complete Hamiltonian in the
presence of external magnetic and electric fields consists of six different contributions: the
electronic, vibrational, rotational, hyperfine, Stark and Zeeman terms (Ramsey, 1952). For a
fixed vibratrional level belonging to a singlet potential the electronic and vibrational terms
obtain a constant value. The remaining contributions can be written as (Aldegunde and
Hutson, 2017; Aldegunde et al., 2008):

H = Hrot. + Hhf + HS + HZ

,

(2.16)

where

Hrot. = Bv N2 − Dv N2 N2
HS = −µe · E
HZ = −gr µN N · B −

2
X

,

(2.17)

,

gi µN Ii B(1 − σi )

(2.18)
.

(2.19)

1

The rotational contribution is described by the rotational angular momentum of the molecule
N and the rotational and centrifugal distortion constants Bv and Dv . The Stark Hamiltonian
expresses the interaction between an external electric field E and the molecule. The Zeeman
Hamiltonian contains two terms accounting for the rotational and nuclear Zeeman effects.
The rotational Zeeman effect arises from the molecular rotation, which produces a magnetic
moment gr µN N, where the rotational g-factor of the molecule gr interacts with the external
magnetic field B. The nuclear Zeeman effect originates from the interaction between the
nuclear magnetic moment gi µN Ii with the magnetic field, where gi is the nuclear g-factor.
For the nuclear shielding tensor σi , only the isotropic part is considered. The diamagnetic
Zeeman effect is excluded from Eqn. (2.19) as its contribution to HZ is negligible.

2.2. LiK in the Presence of External DC and AC Fields
Heteronuclear dipolar molecules, possess a permanent EDM in their ro-vibrational ground
state in the molecule-body frame, which averages to zero as they orient randomly in the
laboratory-frame. The permanent EDMs for various bi-alkali species have been calculated
by Aymar and Dulieu (2005).

6 Li40 K

molecules in their singlet ro-vibrational ground state
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possess a relatively large permanent EDM of 3.6 D, which renders them a strong candidate
for studying dipolar physics. The EDM can be induced in the laboratory frame by applying
an external static (DC) or alternating (AC) field. Both of the latter polarize the molecules,
which is the starting point for investigating their dipolar nature. The effect of a DC or an AC
field is to mix the rotational states of opposite parity in the singlet ground electronic state.
With the parity symmetry broken, an induced dipole moment emerges.

2.2.1. DC Electric Fields
An applied external static electric field interacts with the electric dipole moment of a 6 Li40 K
molecule in its ground state, and causes mixing of the different even and odd rotational
levels. The molecules in the X1 Σ+ potential have L = S = 0, and hence the molecular state
is solely described by the quantum number N and its projection along the applied electric
field direction MN . The eigenstates of the parity operator are written in the bare molecular
basis as |N, MN ⟩. Each |N, MN ⟩ state has a well-defined even or odd parity. The expectation
value of the dipole moment operator d = er of two states that have the same parity is
⟨00| d |00⟩ = 0. Following the quantum mechanical treatment of Krems et al. (2009), where
the vibrational motion and the hyperfine interactions are ignored, the matrix elements of the
Hamiltonian in the presence of an external static electric field are:
′
1
1
=
⟨N, MN | Ĥrot. − Tp=0
(d)Tp=0
(E) N ′ , MN
′
Brot. N (N + 1)δN N ′ δMN MN′ − ⟨N, MN | d · E N ′ , MN
=



′
′
1 N  N 1 N 
 N
d0 Ez [(2N + 1)(2N ′ + 1)]1/2 (−1)MN 


′
−MN 0 MN
0 0 0

,

(2.20)

where the space-fixed p = 0 direction is defined by the applied electric field, which is parallel
to the quantization axis provided by the magnetic field. The molecule fixed q = 0 direction
coincides with the internuclear axis. The diagonal terms appearing in the matrix elements
of Eqn. (2.20) originate from the rotational energy and the off-diagonal terms come from the
DC Stark shift. Ez is the electric field amplitude along ẑ. The algebraic properties of the
3j-symbols give rise to the mixing of states with same MN . More details regarding the mixing
of higher order rotational states with N ′ ≤ 5, and the calculation of the expected Stark shift
for ground state 6 Li40 K by diagonalizing Eqn. (2.20) can be found in the thesis of Lam (2016),
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in section 2.3, where the analysis is inspired by Ni (2009). The measured DC Stark shifts of
the X1 Σ+ ground state and of the A1 Σ+ excited state are presented in Section 5.6.

2.2.2. AC Microwave Fields
The static electric field amplitude required to polarize dipolar molecules is on the order of
several kV/cm for most of the bi-alkali species, which is experimentally challenging to achieve.
Other technical concerns are the induced unwanted electric field gradients and the polarization
of optical elements. An alternative way of engineering a superposition of opposite parity states
is by inducing the coupling between an even and an odd rotational state by means of a weak
microwave field. Resonant microwave dressing induces an oscillating dipole. In the following,
the response of dipolar molecules in fast oscillating AC electric fields is investigated. The
total energy of the interaction between a dipolar molecule and a sinusoidal microwave field of
frequency ω is:
H = Hrot. + Hmw + Hmol.,mw =
hBrot. N (N + 1) + ℏω(N̂ − N0 ) − d · E cos(ωt) ,

(2.21)

where N̂ is the microwave photon number operator and N0 is the reference photon number, as
introduced in Yan et al. (2020). Diagonalizing Eqn. (2.21) to derive expressions for the matrix
elements of the dipolar interaction energy requires a careful consideration of the possible
orientations of the applied microwave field. Such expressions can be found in Yan (2020),
which are developed for investigating the dipolar collisions in the presence of an external AC
field for NaK ground state molecules. A full description of the Hamiltonian for the purpose of
studying microwave shielding of polar molecules can be found in the Supplemental Material
of Karman and Hutson (2018). In the context of this thesis, and as a first step for polarizing
ground state 6 Li40 K molecules and controlling their dipolar nature by means of an external
microwave field, the design and implementation of the respective experimental apparatus is
presented in section 3.6.

2.3. Magneto-Association on a Feshbach Resonance
The two most common methods employed in the dipolar molecule community to associate
atoms into molecules are the photo-association and the magneto-association techniques. The
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first ultracold dipolar species formed by photo-association in its absolute ground state via a
single step is 7 Li133 Cs (Deiglmayr et al., 2008). Photo-associative creation of 6 Li40 K excited
molecules has been reported by Ridinger et al. (2011) in a magneto-optical trap with formation
rates reaching up to ∼ 3.5×107 s−1 . In the same report, the calculated decay rates into deeply
bound vibrational levels of the ground state are small (∼ 5 × 104 s−1 ).
In this thesis, molecular formation is achieved via a magnetically tunable Feshbach Resonance (FR). A FR is a scattering resonance that allows the control of interactions in a
quantum degenerate gas of bosonic or fermionic atoms (Inouye et al., 1998; Jochim et al.,
2002; Stwalley, 1976; Tiesinga et al., 1993). In the context of this thesis, only the framework
relevant to Feshbach molecule formation will be discussed and it is important to note that
this is far from a thorough treatment of this topic, as far more details can be found in the
review articles of Chin et al. (2010) and Köhler et al. (2006) for instance.
A FR occurs when the energy of a pair of free atoms prepared in a hyperfine scattering
channel (open or entrance) is equal to the energy of a molecular bound state in a different
hyperfine scattering channel (closed ). The two-channel scattering model is often employed
for the description of FRs in ultracold quantum gases (Köhler et al., 2006). Scattering into
an open channel occurs when the pair of free atoms is prepared with a total collision energy
that is above the threshold and smaller than all other energy scales. Scattering into a closed
channel refers to atoms becoming trapped in a bound molecular state after the scattering
event. To visualize this, two molecular potentials are considered, as shown in Fig. 2.2 (a).
An excited Vc (r) (closed channel) potential, which supports bound states near the threshold,
and a background Vbg (open channel) potential, which adiabatically connects two free atoms.
When the two free atoms approach the entrance channel with a kinetic energy E higher than
the threshold, they can be trapped in a bound molecular state of the closed channel, if they
satisfy the relation δE = E − Ec → 0. The energy difference δE between the free atoms
and the molecule is directly related to the difference of their respective magnetic moments.
By changing the applied magnetic field, δE can be controlled, giving rise to a new molecular
eigenstate within the two-channel model. The binding energy of the molecular state in the
universal regime, where the scattering length is very large and the only parameter that affects
the two-body interaction, is Eb = ℏ2 /2µa2s , where as is the interspecies scattering length and
µ is the reduced mass of the two atoms. The binding energy depends quadratically on

24

2.3. Magneto-Association on a Feshbach Resonance

Figure 2.2.: (a) A Feshbach resonance occurs when the energy of two free atoms entering the open
channel approaches the energy of a bound molecular state in the closed channel. Strong mixing
between the open and the closed channel can arise even from weak coupling of the two potentials.
This process takes place near zero energy. (b) Properties of a Feshbach resonance. The upper part of
the figure shows the scattering length in units of Bohr radii as a function of the magnetic field B. abg
and ∆ can take positive or negative values. The lower part depicts the molecular binding energy Eb
at the resonance position B0 . The figures are taken from Chin et al. (2010).

the scattering length and is scaled by the width of the magnetic FR and the difference in
the magnetic moments between the atoms and the molecules as a function of an applied
homogeneous magnetic field B. This is depicted in the lower part of Fig. 2.2 (b).
A magnetically tunable FR is described by a single formula (Moerdijk et al., 1995):

a(B) = abg 1 −

∆ 
,
B − B0

(2.22)

where abg is the background scattering length, which corresponds to the scattering length
of the open channel. The magnetic width of the resonance is ∆ and is determined by the
coupling strength between the continuum and bound states. B0 gives the magnetic field
at the position of the resonance. Eqn. (2.22) indicates the power of a FR, as for B = B0
the scattering length diverges, across the resonance it changes sign, and for ∆ = B − B0 it
vanishes. The scattering length can be tuned over many orders of magnitude. A quantum
system can be made repulsive (a > 0), attractive (a < 0), non interacting (a = 0), or strongly
interacting (|a| → ∞) (Chin et al., 2010).

2.3.1. Weakly-Bound LiK Feshbach Molecules
Several interspecies FRs for the 6 Li40 K system have been reported by Wille et al. (2008) and
are interpreted using the Asymptotic Bound-state Model (ABM) (Tiecke et al., 2010) and full
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coupled channels calculations (Stoof et al., 1988). Almost all of the observed FRs reported
in the former work are narrow and hence closed channel dominated. For the experiments
presented in this thesis, 6 Li40 K molecules are produced by magneto-association across a FR
at two different magnetic field positions, that of 15.54 mT and of 21.56 mT (Voigt et al., 2009).
Information on the singlet and triplet admixture to the molecular state at the aforementioned
magnetic field positions is crucial for the molecular spectroscopy and the ground state transfer
experiments. For this purpose, the singlet contribution to the molecular bound state was
previously calculated within our group and is presented in the thesis of Brachmann et al.
(2012) for the 15.54 mT FR. For the 21.56 mT interspecies FR, the ABM results are presented
in Fig. 2.3 and are published in the Supplemental Material of Yang et al. (2020a).
The extended ABM provides detailed information about the width of the FRs and their positions by knowledge of the bare molecular potentials and it is computationally less demanding
compared to the coupled channels calculations (Tiecke et al., 2010). The free parameter inserted in this model are the binding energies of the weakest vibrational levels of the molecule
at zero magnetic field, which are determined by our group. Then the effective Hamiltonian
including the hyperfine and Zeeman terms is diagonalized in the molecular basis for various
magnetic fields. Regarding the hyperfine coupling constants the respective atomic values are
utilized. For the 21.56 mT resonance, the total sum of the projection quantum numbers of the
molecular state is chosen to be M = MS + MI,Li + MI,K = −5, where MS is the projection of
the electronic spin angular momentum on the internuclear axis. This state has purely triplet
character at zero magnetic field whereas at 21.56 mT a singlet admixture of 52% is calculated
1.0

M=-5

|S=0,mS= 0,mI,Li=-1,mI,K=-4>
|S=1,mS=-1,mI,Li=-1,mI,K=-3>

0.8

|S=1,mS=-1,mI,Li= 0,mI,K=-4>

admixture

|S=1,mS= 0,mI,Li=-1,mI,K=-4>

0.6

0.4
21.56 mT

0.2

0.0
0
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Figure 2.3.: Singlet and triplet admixture to the Feshbach molecular state evaluated at the
|S, MS , MI,Li , MI,K ⟩ uncoupled molecular basis. The fully stretched state with M = −5 contains
a significant 52% singlet fraction at 21.56 mT.
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with the ABM model. There is only one sole singlet hyperfine component for M = −5. This
is a favorable starting point for realizing an ideal three-level singlet pathway to the dipolar
ground state of 6 Li40 K molecules.

2.4. Three-Level Systems
The weakly-bound 6 Li40 K molecules produced by magneto-association are bound only by a
few MHz and are relatively short lived. They possess a negligible EDM, as the separation
between the two atomic nuclei at the position of the resonance is large (d ∼ r−7 ). Hence, the
weakly-bound Feshbach molecules need to be transferred to a more deeply bound state via
a coherent, state-selective and efficient process, which is able to remove the binding energy
of the molecules without heating them and thus maintaining the initial high phase-space
density. Direct coupling between the Feshbach molecular state and the ro-vibrational ground
state cannot be achieved due to electric dipole selection rules and mismatch between the
vibrational wavefunctions. The way to surpass this difficulty is to bridge the two states via
a third intermediate state, which facilitates the simultaneous coupling between the initial
Feshbach state and the final absolute ro-vibronic ground state to form a three-level system.
A robust, coherent and even reversible scheme for transferring populations between well-defined quantum states is through a Stimulated Raman Adiabatic Passage (STIRAP) (Bergmann
et al., 1998, 2015; Shore et al., 1995; Vitanov et al., 2017). This is a highly effective technique
that was initially suggested as a simple theoretical proposal by Kuklinski et al. (1989) and
was later on experimentally demonstrated by Gaubatz et al. (1990). STIRAP is currently
utilized in systems of both homonuclear (Danzl et al., 2008; Winkler et al., 2007) and heteronuclear molecules (Cairncross et al., 2021; Guo et al., 2016; Molony et al., 2014; Ni et al.,
2008; Park et al., 2015a; Seesselberg et al., 2018; Takekoshi et al., 2014; Voges et al., 2020).
Another method for optically driving two-photon transitions is through a coherent off-resonant Raman transfer, which was recently employed for the creation of a single NaCs ground
state molecule in an optical tweezer (Yu et al., 2021). Other processes in three-level systems
that are discussed in this section are the Autler-Townes splitting (Autler and Townes, 1955)
and the electromagnetically induced transparency (Harris et al., 1990), which are experimentally observed in ultracold 6 Li40 K molecules via two-photon spectroscopy with the respective
results presented in Section 5.5.2 and in Section 6.1.1.
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2.4.1. Three-States Two-Interaction Linkages
In their simplest versions, three-level systems include an initially populated quantum state |1⟩
and a target state |3⟩ that are coupled by an intermediate quantum state |2⟩ via two coherent
radiation fields. State |1⟩ couples to state |2⟩ with the pump (p) laser and state |2⟩ couples
to state |3⟩ with the Stokes (S) laser. The three possible configurations that facilitate this
linkage are the ladder-type (or cascade, Ξ), the Λ-type (or bent linkage) and the V-type, as
depicted in Fig. 2.4. The figure also depicts the one-photon detuning denoted with ∆ and
the two-photon detuning δ. These patterns facilitate the occurrence of the traditional Raman
process (Raman and Krishnan, 1928), which is an inelastic photon-scattering scheme, where
a photon excites the sample into a virtual energy state for a short time before a photon is
emitted. Their energy difference is distributed into the molecule in the form of vibrational or
rotational energy. When the Stokes field is provided by a laser source, rather than spontaneous
emission, the process is named stimulated Raman scattering (Hellwarth, 1963).
In the following, the mathematical formalism that corresponds to the Λ-type pattern is
discussed in more details, since it is relevant to this thesis. In Fig. 2.4 (b) the |1⟩ state
corresponds to the initial Feshbach molecular state, the |2⟩ state to the intermediate excited
state and the the |3⟩ state to the ro-vibronic ground state. The energy of the pump (Stokes)
radiation field is denoted by ℏω12 (ℏω32 ) and the pump (Stokes) transition is driven with
laser frequency ωp (ωS ). The Hamiltonian describing the dynamics of the system is typically
written within the Rotating-Wave Approximation (RWA) (Rabi et al., 1954; Shore, 1991) as:

 0

1
H(t) = ℏ 
 2 Ωp (t)

0

1
2 Ωp (t)

∆
1
2 ΩS (t)


0




1
2 ΩS (t)
δ

,

(2.23)



where the coupling strength between the states is determined by the Rabi frequencies Ωp
and ΩS for the pump and the Stokes radiation fields, respectively. The time-varying Ωp (t)
and ΩS (t) are evaluated from the interaction energy −d · E(t), where dnm is the transition
dipole moment for the n ↔ m transitions. The pump and Stokes electric fields are expressed
as Ep,S (t) = Re eϵp,S (t)e−iωp,S t+iϕp,S , where e is a unit vector, ϵp,S are the pump and Stokes
amplitude envelopes, ωp,S are the carrier frequencies, and ϕp,S the phases. Within the RWA
the fast oscillating carrier frequencies ωp and ωS are factored out from the pump and Stokes
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(a) 

(b) 

(c)
S

S
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p
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p
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Figure 2.4.: Possible three-level patterns coupled by the pump (p) and the Stokes (S) radiation
fields. The single photon detuning is ∆ ≡ ∆p ≡ ∆S . (a) The ladder configuration has a two-photon
detuning of δ ≡ ∆p + ∆S . (b) Λ-type configuration with δ ≡ ∆p − ∆S . (c) V-type configuration with
δ ≡ ∆p − ∆S .

electric fields and only the slowly varying ϵp (t) and ϵS (t) electric field amplitudes do not
vanish. The Rabi frequencies are evaluated by:

Ωp (t) = −d12 ϵp (t)/ℏ ,
ΩS (t) = −d23 ϵS (t)/ℏ .

(2.24)

When the two-photon resonance is satisfied (δ = 0), diagonalization of the Hamiltonian of
Eqn. (2.23) yields three eigenstates:

ψ + = sin θ sin ϕ |1⟩ + cos ϕ |2⟩ + cos θ sin ϕ |3⟩

(2.25)

ψ 0 = cos θ |1⟩ − sin θ |3⟩

(2.26)

ψ − = sin θ cos ϕ |1⟩ − cos ϕ |2⟩ + cos θ sin ϕ |3⟩

,

(2.27)

where the mixing angles θ and ϕ are defined as:
Ωp (t)
tan θ(t) =
ΩS (t)
p
Ωp (t)2 + ΩS (t)2
tan 2ϕ(t) =
∆

(2.28)
.

(2.29)

It is noteworthy that state ψ 0 has no contribution from state |2⟩, which typically leads
to spontaneous decay. The ψ 0 is termed as dark state and the |ψ + ⟩ and |ψ − ⟩ as bright
states. When the molecules occupy the dark state, they do not spontaneously decay from
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the intermediate state |2⟩. The spontaneous emission process from the excited state to lowerlying states outside the three-level system leads to an undesirable probability loss, which is
represented by an added imaginary term to the appropriate diagonal element of Eqn. (2.23).
Additionally, the two components of the dark eigenstate ψ 0 depend solely on the ratio of
the two Rabi frequencies. Hence, by carefully selecting and tuning Ωp and ΩS , the molecular
population can be adiabatically transferred from state |1⟩ to |3⟩ without occupying the lossy
state |2⟩.

2.4.2. Autler-Townes Splitting
To obtain the Autler-Townes (AT) spectrum, the laser providing the Stokes radiation field
is switched-on first and kept on resonance with the |2⟩ to |3⟩ molecular transition. Then
the laser providing the pump field is switched-on and its frequency is scanned until the twophoton resonance occurs. Both lasers are switched-off in reverse order after some hold time.
The Stokes laser causes the dressing of the excited state. Following the formalism introduced
in Section 2.4.1, the doublet dressed eigenstates |ψ ± ⟩ are shifted up and down by an amount:
q
ℏ
ℏω = (δ ± δ 2 + Ω2p + Ω2S )
2
±

.

(2.30)

In the strong coupling regime and on the two-photon resonance, the pump Rabi frequency
Ωp → 0. From Eqn. (2.30), the intermediate dressed state |2⟩ is split by an amount ℏΩS . This
is the AT splitting phenomenon, which is reflected as two distinct loss features in the observed
spectrum. It provides a relatively precise measurement for the Stokes Rabi frequency and
therefore indicates the minimum required intensity to drive the Stokes transition.

2.4.3. Electromagnetically Induced Transparency
Electromagnetically Induced Transparency (EIT) is a dark resonance phenomenon, which
is spectroscopically revealed when the pump laser is kept on resonance with the |1⟩ to |2⟩
molecular transition and the Stokes laser is scanned in search of the two-photon resonance.
EIT follows the same pulse sequence as AT splitting. In the strong coupling regime (ΩS ≫ Ωp ),
and when the Stokes light couples the |2⟩ and |3⟩ states, the laser induced coherence leads
to destructive quantum interference in the amplitudes of optical transitions between the
two excitation pathways (Boller et al., 1991). The excitation to the intermediate excited
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state is suppressed, which is reflected as a dip in the two-photon spectrum for a specific
Stokes laser frequency and the phenomenon is termed as dark resonance. The difference
between the pump and Stokes laser frequencies on the two-photon resonance, results in the
molecular binding energy of the ground state and to a precise value for the Stokes transition
frequency. Moreover, the Stokes Rabi frequency is proportional to the width of the dark
resonance spectrum. The EIT is traditionally interpreted in the context of modifying the
optical response of the atomic medium and more specifically for changing its refractive index.
The latter is characterized by the imaginary part of the susceptibility. The importance of EIT
is evident by the greatly enhanced nonlinear susceptibility in the spectral region of induced
transparency of the medium. More details on this interpretation and the underlying nature
of EIT as well as its numerous applications in experiments can be found in Fleischhauer et al.
(2005). The EIT lineshape will be further considered in Section 6.1.1.
AT splitting and EIT display similar spectroscopic behavior, i.e. a reduction in the absorption spectrum, where a maximum is expected in the absence of the coupling field. AT
spectroscopy is most useful in characterizing the bound-to-bound transition strengths, while
EIT is most useful in accurately locating the ground state vibrational levels. A detailed treatment of AT splitting and EIT in the weak and strong field coupling regimes in four different
three-level system configurations can be found in Abi-Salloum (2010).

2.4.4. Stimulated Raman Adiabatic Passage
Another scheme that exploits the consequences of interference of optically driven radiation
fields to couple transitions between states of a three-level Λ-type system is Stimulated Raman
Adiabatic Passage (STIRAP). STIRAP is a dark resonance phenomenon, which in contrast
to EIT, is mainly applied to low-density environments with the aim to precisely control and
efficiently modify the population distribution in the involved quantum states. The main
advantages of an idealized STIRAP transfer include adiabaticity, which results in no heating
and single target state selectivity, which renders the population transfer much more efficient.
The pulse sequence required for STIRAP is counter intuitive, in which the Stokes laser field
acts first followed by and overlapping with the pump laser field, as shown in Fig. 2.5 (a).
Adiabaticity is achieved when the alignment of the state vector with the dark state is
maintained, i.e. when the eigenstates of the system vary slowly enough such that the molecular
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(a)

(b)

Figure 2.5.: Example of STIRAP dynamics with Raman lasers on the two-photon resonance. (a)
Gaussian pulse envelopes with balanced Rabi frequencies normalized to unity. (b) Complete population
transfer from state |1⟩ to state |3⟩ without populating the lossy state |2⟩. In the middle of the transfer
the system is in a coherent superposition of states |1⟩ and |3⟩. The figure is adapted from Shore (2017).

population always remains in the dark state. This is realized by suitably tuning the mixing
angle introduced in Eqn. (2.28), such that the dark state can alter from a superposition of
states |1⟩ and |3⟩ to a pure state |1⟩ for θ = 0 or a pure state |3⟩ for | θ |= π/2. Adiabatic
evolution is required to prevent molecular losses resulting from falling out of the dark state.
The so-called local adiabatic condition derived by Kuklinski et al. (1989) is:

Ωrms (t) ≫| θ̇(t)|=

where Ωrms (t) =

|ΩS (t)Ω̇p (t) − Ωp (t)Ω̇S (t)|
Ω2p + Ω2S

,

(2.31)

p
Ωp (t)2 + ΩS (t)2 is the root-mean-square (rms) Rabi frequency. When

Eqn. (2.31) is satisfied throughout the duration of STIRAP, the population transfer is robust
against small variations of the experimental conditions, such as laser intensity, duration, delay
of the pulses, and variations in the transition dipole moments. The global adiabatic condition
is derived by integrating Eqn. (2.31), which results in the rms pulse area:
Z

∞

A=

Z

∞

Ωrms(t) dt =
−∞

q

Ωp (t)2 + ΩS (t)2 dt

.

(2.32)

−∞

By combing Eqn. (2.31) and Eqn. (2.32) and considering that

R∞
−∞

| θ̇(t) | dt = π/2, the

global criterion is rewritten as A ≫ π/2. The rms pulse area is proportional to the peak
Rabi frequency Ωmax and to the pulse duration T , which is assumed to be the same for the
pump and Stokes laser pulses. Hence, the global criterion implies that large intensities and
pulse durations are required for STIRAP and imposes a minimum threshold on the pulse area
Ωmax T > Amin , where Amin is some minimum pulse area that is dependent on the pulse shape
and the required transfer efficiency. Pulse areas of Amin ≥ 3π are typically utilized to reach
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up to 95% population transfer efficiencies (Vitanov et al., 2017).
In real experimental systems however, the two-photon coherence is not always perfect since
STIRAP can potentially be very sensitive to fluctuations in the laser frequencies and in
the two-photon detuning. Phase fluctuations of the radiation fields cannot be completely
eliminated and their relative phase, which can alter during the transfer process, needs to be
considered (Romanenko and Yatsenko, 2005). Additionally, the existence of additional initial
and final states as well as situations where multiple intermediate levels can be addressed can
be another contribution to decoherence (Vitanov and Stenholm, 1999). Studying this non
extensive list of effects leads to a deeper understanding of the system under investigation and
to improving the STIRAP efficiency. The relevant contributions causing dephasing of the
ground state transfer of 6 Li40 K molecules will be further examined in Section 6.4.
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3. Experimental Apparatus
In this chapter upgrades to the experimental apparatus that facilitates the creation of ultracold 6 Li40 K molecules and the investigation of their spectra are presented. The chapter starts
with a brief description of the Fermi-Fermi mixture platform in Section 3.1, and an overview
of a typical experimental cycle in Section 3.2. In Section 3.3 the laser systems built for the
molecular spectroscopy, dark resonance and ground state transfer experiments are described
and great emphasis is given to the frequency stabilization of the Raman lasers. The methods
employed to measure and scan the spectroscopically attained laser frequencies are discussed
in Section 3.4. The high voltage apparatus utilized for the Stark shift spectroscopy measurements and the process of conditioning the electrodes are outlined in Section 3.5. In Section 3.6
the microwave setup built for polarizing the ground state molecules and transferring them to
their absolute hyperfine ground state is presented. This chapter concludes with the ongoing
work aiming at reducing the duration of an experimental cycle discussed in Section 3.7.

3.1. The Fermi-Fermi Mixture Platform
The details of the hardware components and software features of the triple species FermiFermi-Bose mixture platform can be found in the thesis and publications of former group
members. In this section, the experimental apparatus necessary for the creation of ultracold
6 Li40 K

molecules is only introduced in brief.

The work described below was executed at the MPQ-LMU in Munich before the equipment
was moved to Singapore. Nevertheless, the same physical processes constitute the starting
point of the experiments presented throughout this thesis. The first step is the simultaneous
magneto optical trapping of bosonic
Voigt, 2009). The

87 Rb

and

40 K

87 Rb

and fermionic 6 Li and

40 K

atoms (Taglieber, 2008;

species are loaded into the Magneto-Optical Trap (MOT)

from background gas, which is provided by atomic vapor dispensers (DeMarco et al., 1999).
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6 Li

is loaded separately from an oven after being decelerated in a Zeeman slower. This is

because its lower saturation pressure and its smaller mass result in only a small fraction of
atoms travelling at speeds below the MOT capture velocity (Voigt, 2004). The three clouds are
then magnetically transported into the Ultra-High Vacuum (UHV) science chamber (Greiner
et al., 2001) and they are cooled down to quantum degeneracy. The magnetic transport
setup comprises of two subsequent sections over a total distance of 26 cm, starting from
the MOT to the 90° corner and from there to the UHV chamber, as shown in Fig. 3.1.
Between the MOT and the UHV chamber there are two differential pumping tubes that
are intersected by a pneumatically actuated valve that allows opening the vacuum of the
MOT chamber without affecting the vacuum in the UHV chamber. The residual pressure
in the glass cell is below 3 · 10−11 mbar, which enables longer trap lifetimes for efficient
evaporative and sympathetic cooling. In the glass cell the atomic clouds are transferred
into the Quadrupole-Ioffe Configuration trap (QUIC) (Esslinger et al., 1998), where

87 Rb

is

initially cooled by forced evaporation with Microwave (MW) radiation. The fermionic species
are sympathetically cooled with

87 Rb.

Efficient evaporative and sympathetic cooling are

greatly facilitated by the Ioffe trap configuration, which has a non-zero magnetic field at its
center and strongly suppresses Majorana losses (Majorana, 1932). For a typical Fermi-FermiBose degenerate mixture the temperatures and atom numbers for potassium are NK = 1.3·105
and TK = 184 nK= 0.35TF , for lithium NLi = 0.9 · 105 and TLi = 313 nK= 0.27TF and for
rubidium NRb = 1 · 105 and TRb = 189 nK= 0.9Tc (Taglieber et al., 2008).
The next step is the creation of ultracold heteronuclear bosonic molecules from the two
degenerate clouds of 6 Li and

40 K.

The Fermi-Fermi mixture is loaded into a shallow crossed

Optical Dipole Trap (ODT), where 6 Li40 K molecules are associated by an adiabatic magnetic
field sweep across an interspecies s-wave Feshbach Resonance (FR). The ultra stable homogeneous magnetic field (1.9 G/Amp) is generated by a pair of Feshbach coils with high precision
control. The current through the Feshbach coils is precisely controlled by two feedback loops:
a slow regulation of the power supply and a fast regulation through a current by-pass parallel
to the Feshbach coils (Voigt, 2009). Weakly-bound molecules are associated at a FR close
to 15.54 mT (Costa, 2011; Voigt, 2009). This narrow resonance enables the creation of up
to 4 · 104 molecules with a conversion efficiency reaching about 50%. The lifetime of the
molecules close to the FR is measured to be more than 100 ms (Voigt et al., 2009).
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Figure 3.1.: Experimental apparatus for the magnetic transport of the 87 Rb, 6 Li and 40 K clouds from
the magneto-optical trap to the quadrupole-Ioffe configuration trap. The transfer is accomplished by
driving thirteen quadrupole coil pairs and a push coil with suitable current waveforms (Taglieber,
2008).

The entire experimental setup was then transferred to CQT-NUS in Singapore. Amongst
the main upgrades to the body of the machine are the installation of the high-voltage electrodes inside the UHV chamber for inducing an effective dipole moment to 6 Li40 K ground
state molecules (Lam, 2016), the installation of new

87 Rb

and

40 K

dispensers and the refur-

bishment of the 6 Li oven (Pal, 2016). Moreover, the experiment was reconfigured to utilize
a different narrow closed-channel dominated FR at 21.56 mT, since the molecular channel
contains a higher singlet fraction, as will be discussed in Section 5.2. The theoretical and
experimental preparations for molecular spectroscopy and the construction of a laser system
for the ground state transfer are described in Brachmann (2012). The first experimental results on the excited and ground state spectroscopy of 6 Li40 K are presented in the thesis of
Pal (2016) and Lam (2016). The successful location of the ro-vibrational ground state and
the demonstration of an ideal three-level system for STIRAP are published in Yang et al.
(2020a) and are described in Chapter 5. A newly-built Raman laser system to facilitate the
first ground state transfer attempts is presented in Section 3.3.2.
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3.2. Experimental Sequence and Control
The starting point of each experimental cycle is the simultaneous capturing of the dilute
87 Rb, 40 K,

and 6 Li atomic clouds into the MOT vacuum chamber. Loading lasts 15 s so that

sufficient amounts of the lighter 6 Li atoms can enter the MOT. The phase-space density is
further increased for the 87 Rb and 6 Li species via two different laser-cooling mechanisms. For
6 Li

a compressed MOT (cMOT) phase (Petrich et al., 1994) is employed and

87 Rb

enters a

temporal dark MOT (dMOT) (Townsend et al., 1995) phase followed by an optical molasses
phase (Ungar et al., 1989; Weiss et al., 1989), which lasts only 1.5 ms. The
clouds expand freely during the

87 Rb

40 K

and 6 Li

molasses phase. At this point the atoms occupy all

possible mF Zeeman levels of the ground state and in order to be efficiently captured in
the magnetic quadrupole trap, they need to be prepared in magnetically trappable states.
The state preparation is achieved by means of optical pumping to the only simultaneously
stable combination of |F, mF ⟩ hyperfine states against decay through spin-exchange collisions,
which are the |2, 2⟩Rb ,

9 9
2 , 2 K,

and

3 3
2 , 2 Li .

After optical pumping, a magnetic quadrupole

potential is switched-on to capture the atoms. It is created by the same coils that are used
to generate the MOT quadrupole field. This is also the first pair of coils in a sequence of
thirteen pairs that are utilized to magnetically transport the atomic clouds into the UHV
chamber. The quadrupole potential generated by the last pair of transport coils is then
transformed into an Ioffe-type potential and the magnetic bias field at the minimum of the
QUIC trap is adjusted to an appropriate value. In the QUIC trap and in single-species
operation, Radio Frequency (RF) radiation is used to drive the evaporation process in

87 Rb.

In three-species operation, evaporation is forced by 6.8 GHz of MW radiation by driving the
ground state |2, 2⟩ → |1, 1⟩ hyperfine transition. The

40 K

and 6 Li atoms are not affected by

this MW signal since their respective ground state transition frequencies are at 1.3 GHz and
at 228 MHz. Exact knowledge of the trap bottom is crucial for the generation of the quantum
degenerate triple mixture and its determination is part of the daily calibration procedures.
The fermionic species are sympathetically cooled by elastic collisions with an actively cooled
bath of

87 Rb

atoms. The evaporation and sympathetic cooling processes last 59.43 s, mainly

due to the small elastic scattering cross-section aLi,Rb between 6 Li and
2005). At the end of the cooling cycle,

87 Rb

87 Rb

(Silber et al.,

atoms are completely removed from the QUIC

trap with a 1 ms light pulse. The quantum degenerate fermionic mixture is then loaded into
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the ODT, where the intensity of the horizontal and the vertical ODT beams is adiabatically
increased to its final value within 100 ms. After that the current of the QUIC trap is linearly
decreased to zero within 100 ms. At the same time the Feshbach magnetic field is increased
to 0.32 mT maintaining in this way the magnetic quantization axis and for providing the
guiding field for imaging at the end of the sequence. The field is then increased for the
magneto-association of the fermionic species into weakly-bound Feshbach 6 Li40 K molecules.
Several of the FRs that have been reported for 6 Li and

40 K

by Wille et al. (2008) require the

preparation of the atoms in their lowest hyperfine states. In the ODT all possible spin states
of the atomic species are trappable. The state preparation is carried out by an Adiabatic
Rapid Passage (ARP) (Bloch, 1946; Camparo and Frueholz, 1984; Martin et al., 1988), which
coherently transfers one spin state to another one. This is achieved by applying RF radiation,
which couples two atomic spin states, and by adiabatically sweeping the RF frequency over
the resonance. In the first step of the state preparation the magnetic field is ramped from
0.3 mT up to 2 mT.
atoms from the

40 K

3 3
2, 2

atoms are transferred from the

to the

1 1
2, 2

9
9
2, −2

to the

state and 6 Li

state. Then the magnetic field is ramped from 2 mT

up to 21.6 mT and 6 Li is transferred from the
6 Li40 K

9 9
2, 2

1 1
2, 2

to the

1
1
2, −2

state. Weakly-bound

Feshbach molecules are formed by ramping down the magnetic field from 21.6 mT to

21.56 mT within 10 ms. The end-point of this magnetic field sweep is calibrated on a daily
basis to optimize the number of molecules. After molecular formation, residual 6 Li atoms are
transferred to the

1 1
2, 2

hyperfine state by applying an RF π pulse for 45 µs. This enhances

the detection of the Feshbach molecules by reducing the background by approximately 1000
times. A sample of approximately 104 6 Li40 K molecules remains in the ODT, which is the
starting point for the experiments presented in this thesis. Most of the latter are performed
in Time-Of-Flight (TOF) after switching-off the ODT beams. For the molecular spectroscopy
experiments the Raman laser pulses are applied 200 µs after Feshbach association. For the
exploration of the Stark shifted spectra the electric fields are switched on 60 µs before the
spectroscopy pulses for a duration of 160 µs. Molecular and Stark shift spectroscopy are also
performed in the ODT. The last step of an experimental cycle is detection by absorption
imaging, for which the light utilized for imaging 6 Li atoms in the

1
1
2, −2

state is used. Each

experimental cycle lasts approximately 120 s, after which a new molecular sample is prepared.
The time sequence of the experiment is controlled by a LabVIEW program written by
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the PI of the group. It has a graphic interface for convenient programming and provides
access to control almost all degrees of freedom of the experiment. New hardware devices and
post-processing routines can be easily implemented.

3.3. Laser Systems for 6 Li40 K Molecules
The laser systems utilized for trapping, repumping, optical pumping, and imaging of
40 K

87 Rb,

and 6 Li are presented in Taglieber (2008). The schematics of the ODT beams can be

found in Wieser (2006) and the initial molecular spectroscopy setup in Pal (2016). In the
following sections only new additions to the machine are presented, which comprise of the
laser systems facilitating the molecular spectroscopy and ground state transfer experiments.
The laser setup driving the pump transitions is similar for the spectroscopy and STIRAP
experiments and therefore it is only depicted ones. Two different laser systems are utilized
for driving the Stokes transitions. A dye laser is used for the ground state spectroscopy, which
is replaced by a diode laser setup for the coherent dark resonance and STIRAP experiments.

3.3.1. Molecular Spectroscopy Laser Setup
The pump transitions to the A1 Σ+ excited potential are driven by a commercial External
Cavity Diode Laser (ECDL) (Toptica Photonics AG, DL Pro). An Anti-Reflection (AR)
coated laser diode (Toptica AG, LD-1120-AR2) is utilized that has a nominal output power
of 80 mW at 1120 nm and that covers the wavelength range from 1080 nm up to 1120 nm. The
large Franck-Condon-Factor (FCF) wavefunction overlap of the Feshbach molecular state with
the excited vibrational levels (Fig. 5.3 (a)) renders the output power of this laser adequate for
the one-photon spectroscopy. More than seven vibrational levels of the A1 Σ+ potential are
measured with this configuration and the respective results are presented in Section 5.4. The
schematics of the infrared laser setup is included in the right hand side of Fig. 3.3. Two singlestage Faraday isolators (iso3, iso4) placed in series offer more than 60 dB isolation. The pump
beam is distributed with the help of Polarizing Beam Splitters (PBS) to different applications
by coupling to optical fibers. These include the Pound-Drever-Hall (PDH) locking setup
(1.5 mW), the wavemeter (1 mW), and the Frequency Comb (FC) (20 mW). The remaining
power (30 mW) is sent through a 110 MHz Acousto-Optic Modulator (AOM) (G&H, 3110197) to a dichroic mirror (DM), where it overlaps with the Stokes beam and reaches the
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molecules through a fiber. The 0th order of the AOM is reflected by a prism and coupled to
a Fabry-Pérot (FP) monitor cavity.
The Stokes transitions to the deeply bound vibrational levels of the X1 Σ+ ground state
potential require in contrast high power lasers to broaden the driven transition linewidths.
Power amplification was initially achieved with a home-built Tapered Amplifier (TA) system,
which was operated by my colleagues Andrew and Anbang upon my arrival at the group. A
diode laser (Mitsubishi, ML101-J29) at 665 nm was built to seed with 30 mW power the TA
gain chip (Eagleyard, EYP-TPA-0650), which generates up to 300 mW output. This translates
into a Rabi frequency of up to ΩS = 2π · 30 MHz, which is sufficient for the spectroscopic
search of the absolute ro-vibronic ground state. The TA system was then replaced by a dye
laser setup, shown in Fig. 3.2, which was operated by my colleagues Anbang and Sunil. The
Coherent-699 ring laser covers the wavelength range from 630 nm to 690 nm with a DCM dye
as the gain medium. It can provide 1.1 W output power on a daily basis, of which 270 mW
are delivered through a high-power optical fiber (NKT, LMA-PM-25) to the UHV chamber
and focused onto the Feshbach molecules. The NKT fiber has a large mode area to avoid
spontaneous Brillouin scattering, which limits the transmitted power. The transitions to four
ground state vibrational levels including the absolute ro-vibronic ground state, originating
30MHz

/2 PBS
Coherent Verdi-18

/2

AOM

/2

to molecules

to iScan

Figure 3.2.: The dye laser setup driving the Stokes transition with up to 270 mW of optical power.
It is frequency stabilized to its own internal Fabry-Pérot cavity. By locking the length of cavity to
an interferometric frequency stabilization device (iScan) (Brachmann et al., 2012), an in-lock tuning
range of tenths of GHz with 1 MHz short-term linewidth can be achieved. The lower part of the figure
shows the dye laser in operation, where a green pump laser beam hits the dye jet to produce red light.
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from different excited levels of the A1 Σ+ potential are driven with the dye laser setup.

3.3.2. Raman Laser Setup
For the dark resonance spectroscopy and STIRAP experiments the dye laser setup is replaced
with a diode laser setup in master-slave configuration. This is due to the fact that the 1 MHz
linewidth of the dye laser is large for driving coherent processes that have a duration of
around 100 µs. This can be resolved by upgrading the dye laser setup to include an intracavity Electro-Optic Modulator (EOM) in the lasing cavity, a step that is currently pursued
by the postdoc of the group. Nevertheless, the time consuming daily maintenance of the
dye laser at that time hindered its suitability as a long term practical solution. The diode
laser setup is shown on the left hand side of Fig. 3.3 together with the setup for driving the
pump transition. For the Stokes system the same diode is used for the master and slave
lasers (Mitsubishi, ML101-J29), which has an output power of 40 mW and lases at 665 nm
when heated up to 45 °C. The output of the master laser travels through a two-stage Faraday
isolator (iso1), which offers a reflection isolation of 60 dB. Optical power of about 1 mW is
coupled to the fiber connecting to the PDH locking setup (Section 3.3.3) and another 300 µW
is utilized for the FP monitor cavity for checking the single mode operation. The slave laser
is seeded with 1 mW from the master laser and most of its 60 mW output is fiber coupled to
the FC setup for the optical beat measurement and a smaller portion is sent to the FP cavity
(1 mW). The remaining power of the master laser is sent through an 80 MHz AOM (G&H,
3080-125) to the molecules. The AOM is utilized for fast beam switching (tens of ns) and
pulse envelope control (Section 6.2). The pump (1120 nm) and the Stokes (665 nm) beams
overlap on a dichroic mirror (Semrock, FF757-Di01) prior to coupling to the molecules fiber.
The optical setup for directing the Raman beams to the Feshbach molecules differs depending on the requirements of each experiment. For experiments requiring π polarized light the
spectroscopy beams need to propagate perpendicular to the magnetic field direction, which is
defined by the Feshbach field. For two-photon ground state spectroscopy with σ − polarized
light the pump and Stokes beams propagate parallel to the B-field direction. For the latter
and STIRAP experiments, the beams are split and recombined on dichroic mirrors. This
enables the accurate and independent control of the polarization and of the beam waist at
the position of the molecules. The beam polarization and waist are verified on a daily basis
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Figure 3.3.: Raman laser setup for dark resonance spectroscopy and STIRAP. The pump transition
is driven by a commercial laser with an anti-reflection coated laser diode from Toptica AG and the
Stokes transition is driven by a Fabry-Pérot Mitsubishi diode. Polarizing Beam Splitters (PBS) enable
the distribution of the beams to different applications. Half-waveplates (λ/2) before the fiber ports
are for maintaining the polarization of the light. Fast switching of the beams is facilitated by AcoustoOptic-Modulators (AOM). The pump and Stokes beams overlap on a dichroic mirror and are coupled
simultaneously to the optical fiber, which brings them to the Feshbach molecules.

prior and after the experimental scans. Additionally, the overlapping of the Raman beams in
the near (before the UHV chamber) and in the far field (∼ 5 m distance) is checked daily.

3.3.3. Raman Laser Locking
3.3.3.1. Frequency Stabilization with High-Finesse Cavities
Throughout the duration of STIRAP, which can last from tenths of µs to several hundreds
of µs, the coherence between the two Raman lasers is required. There are two methods
commonly utilized to achieve this. The Raman laser frequencies can be either stabilized to
an optical FC (Ni et al., 2008) or to multiple independent high-finesse FP cavities (Danzl
et al., 2010)/a single multi-wavelength cavity (Aikawa et al., 2011). In the latter case the
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cavity may be actively stabilized by referencing it back to a FC (Danzl et al., 2010) or an
atomic reference (Debatin et al., 2011). The necessity of active stabilization can be lifted by
exploiting the very small thermal expansion coefficient of the Zerodur material or the Ultra
Low Expansion (ULE) glass of which the spacer located inside the FP resonator is made.
For this experiment, two home-built high-finesse cavities with a cylindrical spacer made
from Zerodur material were initially implemented by Brachmann et al. (2012). The low drift
rate of the cavity is ensured by the very low thermal expansion rate of the Zerodur material
itself, which can be tuned down to zero by adjusting the spacer’s temperature. High acoustic
and thermal isolation is achieved by vertically suspending the Zerodur spacer inside a vacuum
chamber (8 · 10−8 mbar without baking). The assembly is actively temperature stabilized and
isolated by two thermal shields inside the vacuum chamber, where the outer heat shield is
stabilized at 25°C. Its flexible design with nylon screws allows to exchange the cavity mirrors
for conducting experiments that have different wavelength requirements. For the one-photon
spectroscopy of the B1 Π excited potential (Chapter 4), cavity mirrors with High-Reflection
(HR) coatings at 522 nm and 768 nm are employed (Layertec GmbH). These are replaced
with a pair of cavity mirrors at 1120 nm and 665 nm (Layertec GmbH), to facilitate the twophoton ground state spectroscopy via the A1 Σ+ intermediate potential (Chapter 5). The
two independent cavities configuration is utilized during the first STIRAP efforts and it is
subsequently replaced by a single cavity (Chapter 6), for which a new pair of HR coated
mirrors (Casix) is inserted in the setup that simultaneously supports the 1120 nm and 665 nm
pump and Stokes wavelengths.
The mirror parameters for the three aforementioned experimental applications are summarized in Table 3.1. The length of the Zerodur spacer is lc = 115 mm, which corresponds to
a Free Spectral Range (FSR) of ∆v FSR = c/2lc = 1.3 GHz. The information regarding the
HR coated mirrors utilized for the spectroscopy of the B1 Π potential is retrieved from Brachmann (2012). For the A1 Σ+ spectroscopy and STIRAP experiments, the cavity finesse F
at 665 nm and 1120 nm is precisely determined by Cavity-Ring-Down Spectroscopy (CRDS)
(Berden et al., 2000), the results of which are presented in Yang (2022). The highly sensitive
CRDS method provides information on the decay time τ of light leaking from the cavity. The
larger the τ , the longer photons can be stored in the cavity and bounce between the mirrors
before escaping from it. By measuring τ , the cavity resonance linewidth can be calculated

44

3.3. Laser Systems for 6 Li40 K Molecules

B1 Π spec.

A1 Σ+ spec.

STIRAP

Layertec

Layertec

Casix

523 nm

768 nm

1064 nm

665 nm

1119 nm

665 nm

cavity length

lc

115 mm

FSR

∆v FSR

1.3 GHz

cavity linewidth

∆v c

320 kHz

102 kHz

64 kHz

22.94 kHz

83.76 kHz

finesse

F

4000

12.700

20.300

56.700

15.500

mirror reflectivity

R

99.92%

99.9%

99.9%

99.988%

99.988%

radius of curvature

Rc

250 mm

Table 3.1.: High-finesse cavity parameters serving different applications. For the one-photon experiments of the B1 Π potential, the two-photon spectroscopy of the ground state via the A1 Σ+ excited
potential, and the first STIRAP attempts two separate cavities are utilized. Further narrowing of the
Raman lasers’ individual linewidth is facilitated by locking the latter to the same high-finesse cavity.

from ∆v c = 1/πτ . Then the cavity finesse is given from the expression F =

FSR
∆v c

(Saleh and

Teich, 1991). The radius of curvature of the mirrors is Rc = 250 mm, which is sufficient for
separating other low order modes from the fundamental TEM00 mode of the cavity.
The linewidth of the two Raman lasers is experimentally verified by measuring their optical
beat with the needles of an ultra low-noise FC in the neighboring Lu+ lab (Menlo GmbH,
FC-1500-250-ULN), which is locked to a laser with Hz-level linewidth. The optical beat
measurement is performed for the two cavities configuration and for the dual-wavelength
single cavity setup and the beat width is recorded on a spectrum analyzer (Yang, 2022). For
the two separate cavities the pump laser linewidth (1120 nm) is 500 Hz and the Stokes (665 nm)
is 1 kHz. For the single cavity with the Casix dual coating HR mirrors the linewidth of the
pump laser is reduced to 250 Hz and of the Stokes to 500 Hz. Hence, sub-kHz Raman laser
linewidth is achieved for both cavity configurations. This facilitates the desired coherence
between the two STIRAP lasers for a round trip transfer lasting up to 1 ms. Moreover,
the frequency stabilization of the Raman lasers using the same cavity further ensures that
the latter experience the same drift of the cavity length. This is important considering the
large frequency difference between the Raman lasers. In contrary, if two separate cavities are
utilized, the thermal motion of the length of each cavity is not correlated, which results in an
uncorrelated slow frequency drift between the two Raman lasers. Due to this slow frequency
noise, the two-photon resonance condition may cease to be satisfied (Yatsenko et al., 2002).

45

3.3. Laser Systems for 6 Li40 K Molecules
3.3.3.2. Pound-Drever-Hall Setup
The Raman lasers are locked using the Pound-Drever-Hall (PDH) locking scheme (Drever
et al., 1983). Two broadband fiber-coupled EOMs (Jenoptik, PM635 & PM1060) provide a
tunable offset from the cavity in the MHz range and the frequency modulation for the PDH
lock. Each Raman beam (1119 nm & 665 nm) is coupled to an EOM, as shown in Fig. 3.4 (c).
The EOMs can be driven with relatively small voltages (∼ 5 V) and at multiple frequencies.
The design idea of the PDH optical setup is similar for the two separate cavities and for
the single cavity configurations and therefore only the latter is depicted in Fig. 3.4 (c). For
each EOM two RF signals are utilized, the frequency offset, foffset , ranging from 100 MHz
to 350 MHz, and the local oscillator frequency, fLO , which creates the few tenths of MHz
sidebands around the carrier frequency, fcarrier . The RF signals are sent from the same source
to the EOMs (Wieserlabs, FlexDDS).
After each EOM an optical isolator (30 dB) ensures that the etalon effect between the ca(a)

(c)
fLO

fLO+foffset

foffset,pump FDDS
1119nm

/2

iso

EOMs
665nm

to pump
lockbox

fLO+foffset
PD3
PBS

PD2

PBS

(b)

CCD
camera

FP cavity
1119nm
665nm
R>99.98%

mirror
lens

PD1
PBS

/4
f=300mm
to Stokes
lockbox

dichroic
mirror

fLO

foffset,Stokes FDDS

Figure 3.4.: Pound-Drever-Hall (PDH) optical setup for locking the Raman lasers. (a) Oscilloscope
screenshot of the PDH error signal of the Stokes laser with fLO = 28 MHz (blue trace). The pink trace
indicates the transmitted signal from the Fabry-Pérot (FP) cavity. (b) The fcarrier is barely visible on
the left hand side of the screen since most of the optical power is distributed to the offset sideband.
(c) Optical setup for frequency stabilization to the high-finesse FP cavity, including the fiber-coupled
Electro-Optic Modulators providing the PDH carrier and offset modulation signals. The f = 300 mm
lens is utilized for optimizing the mode matching of the beams to the TEM00 mode of the cavity.
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vity mirror and the fiber tip is minimized. The 665 nm and 1119 nm beams propagate towards
a PBS. The reflected beams are detected by fast photodiodes (PD1, PD2) and the photodiode
signal is subsequently mixed with the fLO signal to obtain the PDH error signal. The transmitted beams overlap on a dichroic mirror (DM) and travel through a 300 mm coupling lens
to the high-finesse FP cavity. Another photodiode (PD3) monitors the cavity transmitted
signal. A CCD camera enables the visualization of the TEM00 cavity mode for alignment
purposes. On the left hand side of Fig. 3.4 an example of the obtained PDH error signal is
shown for the 665 nm Stokes laser.

3.4. Toolbox for Laser Frequency Control
A detailed investigation of the molecular structure requires high-resolution spectroscopy experiments, in which the frequency of the lasers driving the transitions needs to be measured
with high precision. Our lab is fortunately well equipped with a variety of frequency measurement setups that cover from coarse scans with few tenths of MHz inaccuracy (home-built
wavemeter) to fine measurements with an inaccuracy smaller than 1 MHz (frequency comb).

3.4.1. Frequency Acquisition
For coarse frequency scans a home-built wavemeter based on a moving Michelson interferometer is utilized for measuring the molecular transition frequencies. It was built by Schuckert
(2014) inspired by the diploma thesis of Blasbichler (2000), and offers a relative precision of
10−7 . It is referenced to the S1/2
imaging

40 K

9
9
2, −2

→ P3/2

11
11
2 ,− 2

hyperfine transition that is used for

atoms at the high-magnetic field of 21.56 mT. Day-to-day measurements show

a 20 MHz deviation for the calculated frequency of the pump laser and 60 MHz deviation for
the Stokes laser frequency.
A commercial Frequency Comb (FC) (Menlo Systems, FC1500-250) is utilized for precisely
calculating laser frequencies. The FC is a phase-stabilized Mode-Locked fiber ring Laser
(MLL) centered at 1550 nm. The frequency of the carrier envelope, fceo , is stabilized using the
self-referencing interferometer of the system. The 250 MHz repetition rate, frep , is stabilized
at 20 MHz by quadrupling and subsequently down-mixing its frequency with a 980 MHz signal.
As a reference signal to the FC, a 10 MHz reference generator that uses a crystal oscillator
(Timetech, Refgen 10491) is employed, which offers a specified relative frequency stability
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of 10−13 on time scales longer than 1 s. The Refgen inherits its long-term stability by being
referenced to a GPS signal.
The frequency of the spectroscopy lasers is measured by an automated procedure, which
is applied during each and every measurement shot. For this purpose, the beat frequency
between the laser and the nearest spectral line of the comb, fbeat , is recorded. The fbeat can
range from 0 − 125 MHz. From the measurement of the beat frequency, as well as the comb’s
offset and repetition rate frequencies, the frequency of the spectroscopy laser, fspec , can be
inferred by the expression:
fspec = N frep + fceo ± fbeat

,

(3.1)

where N is the order of the closest comb needle. The ± sign depends on whether the measured
fspec is higher or lower than the closest comb needle. It is determined by temporarily applying
small frequency increments to the spectroscopy laser via the EOM and observing the direction
of the corresponding change in the beat frequency. The needle order N is evaluated by:

N = int[(fwm ± fbeat − mfceo )/frep ] ,

(3.2)

where the int function rounds its input to the nearest integer value. fwm is the laser frequency
coarsely measured with the wavemeter, and m = 1, 2 depending on whether the comb light
used for the beat measurement is fundamental or frequency doubled. For the beat frequency
between the pump laser and the FC, the comb light is fundamental and hence m = 1, while for
the beat frequency between the Stokes laser and the FC, the comb light is frequency doubled
and hence m = 2. The optical beat frequencies are recorded on a Spectrum Analyzer (SA). It
is noted here that the needle order determination from Eqn. (3.2) is robust against wavemeter
inaccuracies as long as the latter do not exceed ±125 MHz. The linewidth of the FC needles
is measured to be around 500 kHz, with approximately 100 kHz resolution bandwidth on the
SA, which ensures 1 MHz precision for the spectroscopically measured laser frequencies.
It is desired to achieve a large Signal-to-Noise Ratio (SNR) of the beat signal, which facilitates the measurement of the fbeat . For this purpose, the Raman laser beams are transported
from the spectroscopy table through optical fibers to the FC. The two beat setups constructed
on the FC table are depicted in Fig. 3.5. They follow the same design idea inspired by Lee
et al. (2007), where an up to 35 dB SNR enhancement is measured. Each Raman beam
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mirror

1800/mm

f300
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Figure 3.5.: Optical setup for optimizing the signal-to-noise ratio (SNR) of the beat between the
λ
frequency comb and the Raman lasers. A resolution of R = ∆λ
= 1.80326 · 106 is achieved for the
6
Stokes beat and of R = 1.07069 · 10 for the pump beat.

(665 nm and 1119 nm) overlaps with a comb needle in the respective optical or infrared frequency domain on a PBS. The signal is coupled into a fiber to ensure the spacial overlap of the
Raman and FC beams. Then the overlapped beams propagate towards a diffraction grating.
The latter disperses comb light at unnecessary spectral components to avoid saturation on
the beat Photo Diodes (PD) (Thorlabs, PDA10CF-EC for the 1119 nm & PDA10A-EC for
the 665 nm). This is further improved by extending the light path, by reflecting the beams
onto multiple mirrors, and by using a lens to widen the beam. With this a large number of
grating stripes are covered and hence large dispersion is attained. A 20 dB improvement in
the SNR is observed for the pump beat and 28 dB for the Stokes, as compared to a compact
beat setup with narrow beams and no mode matching optical fiber.

3.4.2. Frequency Scanning with iScan
For the molecular and dark resonance spectroscopy experiments, the lasers’ frequency needs
to be scanned over a large range while the lasers are locked. This is facilitated by a fully-automated, computer-controlled interferometric frequency stabilization device (TEM Messtechnik,
iScan), which is based on the patented design of Müller-Wirts (2001). It provides a broad
scanning range of the laser in MHz steps together with a high bandwidth frequency stabi-

49

3.5. High Voltage Electrode Setup
lization that allows for a fast tuning while the laser is locked. The iScan device uses its own
internal low-finesse FP cavity as a reference and it has a FSR of 2 GHz. It is able to stabilize
a laser with 1 MHz resolution throughout several FSRs while the laser is locked and scanned
with the iScan during multiple measurements as described above. For each measurement the
frequency is recorded with the wavemeter and measured with the FC. The accuracy over one
FSR and over an interval of 30 nm was studied by Brachmann et al. (2012). More details on
the iScan design and its characterization can be found in Brachmann (2012).

3.5. High Voltage Electrode Setup
The design and construction of a High Voltage (HV) electrode system that facilitates the
exploration of the dipolar nature of ground state 6 Li40 K molecules is presented in the thesis
of Lam (2016). Four independently controlled electrodes made from stainless steel are placed
inside the UHV chamber. They provide a uniform and rotatable electric field across a 50 µm
diameter spherical region. The schematic diagram indicating the position of the electrodes
in the glass cell with respect to the quadrupole and Ioffe coils is shown in Fig. 3.6 (a). Four
independent HV amplifiers (Matsusada, AMPS-20B20) can provide a range of ±20 kV to the
four electrodes. A maximum electric field strength of approximately ∼ 8.5 kV/cm at the
position of the molecules can be achieved based on simulations that take into account the
±20 kV voltage limit. Such a high electric field corresponds to an induced dipole moment of
1.9 D in the lab frame. The amplifier’s output slew rate is 1.2 kV/µs even with load and the
peak current is 60 mA. The output voltage of each amplifier is controlled by analog inputs
that can provide a range of ±10 V. The output of the amplifiers is sent through fast high
voltage switches (Behlke, HTS), which enable switching on the electric field at ns time scales.
It is desired to achieve a uniform electric field at the position of the molecules that minimizes
the variation of the dipole moment across the molecular sample. This is crucial for experiments
exploiting the dipolar nature based on the DDI of ground state 6 Li40 K molecules. To achieve
this, the electric field is simulated through an iterative process (Lam, 2016), which provides
information on the exact voltages that need to be applied on the electrodes and on the electric
field gradients at the position of the molecules. The electric field is pointing in the same
direction as the Feshbach guiding field in these simulations. The calculation is performed
using commercial finite element analysis in CST Studio Suite software for a generated electric
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(a)

(b)
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Figure 3.6.: (a) Schematic diagram indicating the position of the electrodes in the UHV chamber.
The center of the molecular cloud does not coincide with the geometrical center of the glass cell. (b)
Simulated electric field across the cell. The calculation is performed at 2 kV/cm using finite element
methods in CST. The molecular cloud is indicated by the blue circle.

field of 2 kV/cm at the position of the molecules, the results of which are shown in Fig. 3.6
(b). The position of the electrodes inside the glass cell is precisely known within tenths of
micrometers. Errors in the precise determination of the electric field gradient are expected
to originate from the metallic objects in the surrounding environment (e.g. mirror holders,
etc). Only the largest objects like the vacuum chamber, magnetic field coils, and an optical
breadboard are included in the simulations. The error due to further objects in the setup is
not investigated. Another source of error is the exact position of the molecular cloud in the
glass cell. To obtain an independent calibration of the electric field at the position of the
molecules, spectroscopy of Rb Rydberg states can be performed in the future.

3.5.1. Conditioning the Electrodes
Prior to executing any experiments that involve the electropolished HV electrodes, the latter
need to be conditioned. This process is necessary to clean the surface of the electrodes once
placed in the UHV chamber and to prepare them for HV operation. There are two distinct
methods employed to condition HV electrodes: DC current and glow-discharge conditioning
modes (Latham, 1995). Here, the former method is utilized, during which current spikes
ablate the surface of the electrodes upon incrementally increasing the applied voltage. The
process is monitored by measuring the leakage current as a function of time and is inspired
by the Stark deceleration experiments (Fitch, 2013; Hudson, 2006; Stuhl, 2012).
The schematics of the HV conditioning system is shown in Fig. 3.7 (a). The ±20 kV input
originates from the HV amplifiers. Two resistors are placed in series with the electrode under
test to limit the current that can be drawn during conditioning, which is Ilim = Vtest /R = 2 µA
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(a)

HV in

electrode

V
(b)

Figure 3.7.: (a) Schematic of the conditioning layout. Two resistors in series ensure that the voltage to
the electrode does not exceed ±20 kV. (b) Leakage current as a function of time during the conditioning
of the negative polarity of electrode C. The current spikes become more frequent as the applied voltage
reaches −20 kV.

for Vtest = 20 kV. With this setup the conditioning of the positive and negative polarity of the
electrode can be monitored separately. Occasionally, and with the lights switched-off in the
lab, upon increasing the applied voltage to the electrode, electrons emitted by the electrodes
are visible in the glass cell through bremsstrahlung in the blue wavelength range. For our
operating regime with applied voltages up to ±20 kV and observed leakage currents < 10 µA,
the radiation levels do not pose a hazard according to West et al. (2017).
The four electrodes are conditioned for both positive and negative voltages and the leakage
current is monitored on a floating voltage meter. The conditioning process starts by applying
a small voltage on the electrodes (few hundreds of V) for several minutes. Typically at first,
current spikes appear corresponding to the ablation process, which disappear over time. If
the observed leakage current remains stable within ±10 nA, then the electrode is regarded
as conditioned up to that voltage. Next, the applied voltage is further increased and the
aforementioned process is repeated. As higher voltages are applied on the electrodes, the
leakage current is monitored for a longer time since the transient current response takes longer
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electrode

A

B

C

D

polarity

+

-

+

-

+

-

+

-

kV

11.83

−10.57

12.38

−9.70

12.38

−20.0

12.65

−10.98

Table 3.2.: The maximum applied voltages to the four HV electrodes. Even though the electrodes
are capable of delivering the necessary electric field at the position of the molecules according to our
simulations for the applied voltages shown in the table, it is desired to complete the conditioning
process.

to stabilize. The voltages must be carefully increased in steps sufficiently small to avoid the
occurrence of a microscopic discharge, which would permanently damage the electrode surface.
After such damage the voltage current cannot be increased further without the discharge to
occur rendering the electrode as useless. An example of typical data from the conditioning
measurement is shown in Fig. 3.7 (b), for the case of conditioning the negative polarity of
electrode C. For detected currents up to 870 nA, which correspond to 17.3 kV, the spikes are
infrequent, which encourages us to continue conditioning. However, as the applied voltage
increases, the frequency of the spikes also increases. Eventually −20 kV are applied to the
electrode, where for 30 minutes no spike is observed. Under realistic experimental conditions
such a high voltage is applied only for a few tenths of microseconds. It is common, especially in
the Stark deceleration experiments, to condition the electrodes beyond the operating voltages.
In our case, we are limited to ±20 kV due to the specifications of the amplifiers. A summary
of the conditioning results for all the electrodes is presented in Table 3.2.
The maximum voltages achieved during our first attempts to condition the electrodes, are
sufficient for measuring the Stark shifts of the excited and ground state potentials of 6 Li40 K
molecules and for verifying the goodness of the electric field simulations. Several different
simulation sets are experimentally verified for an electric field ranging from 200 V/cm to
2 kV/cm at the position of the molecules. The measured Stark shifts are in good agreement
with the predictions of the simulations (see Section 5.6). Further, the conditioning of the
electrodes and the Stark spectroscopy experiments were put on hold at the time to give
priority to the dark resonance spectroscopy and STIRAP experiments. Currently, a computer
controlled current sensing circuit is added to the HV setup to automate and speed up the
remaining conditioning measurements.
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3.6. Microwave Setup
For the purposes of polarizing 6 Li40 K molecules and transferring them to the absolute hyperfine ground state, lower MW frequencies are required to drive the |N = 0⟩ → |N = 1⟩ rotational transition. The rotational constant of 6 Li40 K is initially estimated to be Bv ≈ h×9 GHz
(Huber, 2013) and later on is experimentally verified Bv ≈ h × 8.742(3) GHz (Section 5.5.3).
Based on the initial estimation, the rotational splitting between the |N = 0⟩ and the |N = 1⟩
states of the ro-vibrational ground state is Bv N (N +1) = 2Bv ≈ 18 GHz. This MW frequency
in the Ku band is commonly utilized for satellite communications. The setup built to provide
this MW signal is shown in Fig. 3.8.
A low-noise synthesizer (Systron Donner, 1720) mixed with an RF source provides MW
frequencies up to 18 GHz with 13 dB output power and is frequency referenced to an external 10 MHz GPS disciplined oscillator. The same signal generator is also used to deliver the
6.8 GHz signal required for the evaporative cooling of 87 Rb in the beginning of the experimental sequence. A fast double throw switch (Pasternack, PE71S6241) allows to change between
the two applications. The Variable Voltage Attenuator (VVA) (Pasternack, PE70A2900)
has a mean modulation range of 60 dB and the amplitude control is done by means of a
potentiometer. A water cooled 3 W amplifier (Mini Citcuits, ZVE-3W-183+) ensures that
29 dBm are fed to the gain horn antenna (Pasternack, PE9853A-20). The directional coupler
(Pasterenack, PE2207-30) with 15 dB directivity serves for monitoring a small part of the
forward signal, while the single junction circulator (Pasternack, PE8405) offers more than
20 dB isolation from the back-reflected signal from the antenna.
The antenna is placed outside the UHV chamber about 10 cm away from the molecules
and at a direction perpendicular to the quantization axis provided by the Feshbach field in
the laboratory frame. The electric field emitted by the antenna is parallel to the Feshbach
magnetic field and to the electrostatic field produced by the HV setup. With this configuration
a linearly polarized MW output signal is generated and sent on the molecules. The exact
radiation characteristics of the horn antenna can be empirically determined by measuring
the Rabi frequency of the |N = 0, mN = 0⟩ → |N = 1, mN = 0⟩ transition of the vibrational
ground state driven with the π polarized MW signal. With the existing MW setup and
the Raman lasers with sub-kHz linewidth, the coherent transfer of 6 Li40 K molecules to their
hyperfine ground state with the lowest energy via the |N = 1, mN = 0⟩ rotationally excited
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Figure 3.8.: Microwave setup that can simultaneously facilitate the evaporative cooling of 87 Rb and
polarizing the ground state 6 Li40 K. A horn antenna placed a few cm away from the molecules provides
30 dB power and a linearly polarized MW signal.

hyperfine level is within reach.
For the purpose of shielding the ground state molecules against decay a circularly polarized
MW signal is required. This can be easily produced in our setup by exchanging the horn
antenna with a set of helical antennas. Mechanical phase shifters can be implemented before
the helical antennas to precisely control and optimize the polarization as exemplified by
Anderegg et al. (2021). A factor of six reduction in the inelastic loss rate of CaF molecules
was observed by correctly tuning the MW frequency and power. For the shielding, MW
radiation that is blue detuned from the |N = 0, mN = 0⟩ → |N = 1, mN = 0, ±1⟩ rotational
transition can be utilized to dress the rotationally excited state and to induce a resonant DDI
that splits it to repulsive hyperfine states with |mN | = 1 and an attractive hyperfine state
with mN = 0. The latter repulsive states are proposed to shield ultracold polar molecules
against various loss mechanisms without canceling the DDI (Karman and Hutson, 2018).

3.7. Future Improvements
It is indubitably desirable to keep the experimental cycle duration as short as possible. The
main limitation in our experiment cycle time is the long duration of the sympathetic cooling of
fermions. It can be shortened by replacing the existing QUIC trap with an Optically-Plugged
quadrupole Trap (OPT) (Davis et al., 1995a) with a blue-detuned laser beam at 532 nm.
The OPT when combined with grey molasses cooling of 6 Li atoms (Grier et al., 2013) can
lower the starting temperature of 6 Li before evaporation and increase their density allowing
for a colder atom yield from the same

87 Rb

BEC. This can facilitate the production of a

high-density quantum gas of bosonic 6 Li40 K.
The first results of gray molasses cooling of 6 Li for the experiments with 6 Li40 K molecules
are discussed in the thesis of Lam (2016). During the course of this thesis, the laser setup
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for the grey molasses cooling of 6 Li is re-built and the OPT setup is constructed (Tan, 2020)
and is currently under test. The characterization of the performance of the newly added
apparatus remains to be done.
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4. Spectroscopy of LiK∗ Potentials
This chapter contains the results of a high-resolution spectroscopic survey of ultracold 6 Li40 K
molecules near the 2S + 4P dissociation threshold. The purpose is to identify a suitable
intermediate state for the ground state transfer and the creation of a molecular gas with
dipolar interactions. The one-photon spectroscopy experiments are described in Section 4.1
and the respective results are presented in Section 4.2. The line assignment of our data is
facilitated by existing data in the long-range (Ridinger et al., 2011). A target vibrational
level of the Ω=1up potential is identified in Section 4.3 by revealing its Zeeman substructure
and by developing supporting theoretical work for the magnetic g-factor for Hund’s case
(c) molecules. In Section 4.4 the description of the levels near the threshold by the semiclassical LeRoy-Bernstein formula is extended and near-dissociation expansions are employed
to extract the C6 dispersion coefficients. In Section 4.5 a fully empirical representation for the
B1 Π potential covering the entire internuclear range is produced, by simultaneously modeling
available data in the short- (Pashov et al., 1998) and in the long-range.
Parts of this chapter were published in ”Empirical LiK excited state potentials: connecting
short-range and near-dissociation expansions”, S. Botsi, A. Yang, M. M. Lam, S. B. Pal, S.
Kumar, M. Debatin, and K. Dieckmann, Phys. Chem. Chem. Phys., 24, 3933-3940 (2022).

4.1. One-Photon Spectroscopy of 6 Li40 K∗
In view of obtaining the desired efficient ground state transfer, through the traditional threelevel STIRAP scheme, a detailed understanding of the molecular structure and an extensive
spectroscopic survey for the identification of a suitable electronically excited state is necessary.
For other bi-alkali species such work was demonstrated by Park et al. (2015a); Zhu et al. (2016)
and Rvachov et al. (2018) for the NaK, NaLi, and NaRb dipolar species respectively. In this
section, the experimental sequence implemented to facilitate this survey for LiK molecules is

57

4.1. One-Photon Spectroscopy of 6 Li40 K∗
presented. To access the levels of the electronically excited 6 Li40 K potentials, ultracold 6 Li
and

40 K

atoms are associated into molecules via a magnetically tunable Feshbach resonance

and spectroscopic light is subsequently applied onto them, as shown in Fig. 4.1. This scheme
differs from previous studies conducted on the same species, which were performed either by
conventional Photo-Association (PA) spectroscopy in a dual-species MOT (Ridinger et al.,
2011) or by Doppler-free Polarization Labeling Spectroscopy (PLS) of the 7 Li39 K isotopologue
in a heat-pipe (Pashov et al., 1998). The observation of deeper bound vibrational levels with
PA is limited by decreasing association rates due to small Franck-Condon overlap factors
resulting in low imaging contrast, which hinders the clear distinction of resonances from
noise. The PLS measurements start from the low-lying levels of the ground state and the
overlap integrals to states near the threshold are almost zero. In both schemes, the coherent
ground state transfer is hindered by spontaneous decay that leads to a wide distribution of
levels in the ground state and heats the gas due to the recoil energy of the emitted photons.
The starting point of this experiment is the association of up to 104 weakly-bound 6 Li40 K
Feshbach molecules by sweeping the magnetic field across an interspecies Feshbach resonance
located at 21.56 mT. The molecular state contains a significant admixture from the singlet
ground state potential and is an excellent starting point for the one-photon excited state
spectroscopy. Further details regarding the Feshbach molecular state composition can be
found in Section 5.2. For the experiments presented in this chapter, uncombined free atoms
are spatially separated from weakly bound molecules by means of an inhomogeneous magneticfield pulse, as the latter possess an almost vanishing magnetic moment and therefore are
insensitive to the applied magnetic field. This pulse is applied during TOF after release
from the trap. The ultracold mixture is illuminated by spectroscopic light and one-photon
spectroscopy is performed for the investigation of the vibrational levels in the internuclear
region of our interest during TOF before absorption imaging. The spectroscopic light comes
from a commercial ECDL (Toptica Photonics AG, DL Pro), which is tunable over a broad
wavelength range of 760 nm to 775 nm and has a nominal output power of 28 mW. The laser’s
frequency is measured by an optical beat note with the FC. The excited state spectroscopy
experiments were conducted by Lam (2016).
The analysis of these measurements is the main topic of this chapter. The goal is to identify
a suitable intermediate state for the ground state transfer of 6 Li40 K molecules and the creation
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Figure 4.1.: Bare molecular potentials of 6 Li40 K molecules. The energy is expressed in wavenumbers
and the internuclear distance in Bohr radii. The ground state X1 Σ+ potential and the excited B1 Π
are plotted in solid blue. The ground state potentials X1 Σ+ and a3 Σ+ are given by Tiemann et al.
(2009), and the unpublished data for the excited state potentials are taken from the website of Allouche
(2011). Following the STIRAP terminology, the pump laser induces the radiation field that couples
the initial Feshbach molecular state to the electronically excited intermediate states.

of a molecular gas with dipolar interactions. The adiabatic Potential Energy Curves (PEC)
including the ground state and the electronically excited states of 6 Li40 K molecules are shown
in Fig. 4.1. At short internuclear distances, the relevant to this chapter excited curves, are the
B1 Π, b3 Π, A1 Σ+ , and the c3 Σ+ potentials. The PEC connect to the lowest three electronic
asymptotes (2S+4S, 2S+4P and 2P+4S). The B1 Π potential, which is emphasized in solid
blue, is recommended as a suitable intermediate state by Brachmann (2012), on the basis
of its good FCF to the X1 Σ+ ground state. The transition dipole moments, and the tuning
capabilities of the available resources were also considered in the same work.

4.2. Excited Molecular Spectrum and Line Assignment
The one-photon spectroscopy results followed by the line assignment of the vibrational levels
are presented in this section. In Table 4.1 a summary of the measured long-range states located up to 4 THz below the 6 Li(22 S1/2 )+40 K(42 P3/2 ) asymptote is shown. The spectroscopic
resolution of these measurements is initially set to 1 GHz, which enables a broad survey. This
resolution is sufficient to unambiguously identify the states, since the level spacing between
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state
Ω=1up

group
dyad

Ω=0+

upper triad

Ω=0-

upper triad

Ω=1down
Ω=0+

upper triad
lower triad

Ω=1

lower triad

v′
-6
-7
-8
-9
-10
-11
-12
-7
-8
-9
-10
-11
-12
-7
-8
-9
-10
-11
-7
-4
-5
-6
-7
-3
-4
-5

ftrans. (THz)
390.474969
390.154969
389.734896
389.215496
388.611196
387.925196
387.125196
390.606196
390.396196
390.129196
389.781196
389.347196
388.865196
390.577196
390.356196
390.082196
389.737196
389.337196
390.521196
389.171196
389.037196
388.855196
388.621196
389.215496
389.109961
388.925196

∆f (GHz)
544.52
864.52
1284.32
1803.72
2408.02
3094.02
3894.02
413.02
623.02
890.02
1238.02
1672.02
2154.02
442.02
663.02
937.02
1282.02
1682.02
498.02
118.52
251.90
433.90
667.90
73.60
179.90
363.90

Table 4.1.: Experimentally observed long-range vibrational levels close to the 2S+4P dissociation
threshold. The labeling of the states is done following the Hund’s case (c) coupling scheme introduced
in Section 2.1.3. The transitions to different excited states are driven from the v ′′ = 47 vibrational
level of the X1 Σ+ ground state potential.

adjacent vibrational levels is much larger. The experimentally observed transitions are assigned to the nearest predicted level based on extrapolation of the PA vibrational lines. The
line assignment of the PA lines was based on the rotational progression law, the semi-classical
LeRoy-Bernstein formula, and the hyperfine structure law, as described in Ridinger (2011).
Six vibrational series are distinguished from each other, which contain a total of twenty-six
measured levels. Counting of the vibrational levels is downwards from the dissociation threshold. Each vibrational series contains vibrational levels that belong to the same long-range
potential. The long-range potentials are labeled with the quantum number Ω± , as is suitable
for Hund’s case (c) molecules. The ± sign denotes the reflection symmetry of the spatial
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component of the electronic wave function through a plane containing the internuclear axis.
The superscripts up/down are used to further unambiguously label the potentials according
to which group they belong to.
The transition frequencies ftrans. for each vibrational level are computed with respect to
the hyperfine free ground state asymptote and are presented in the forth column of Table 4.1.
These frequencies are computed by subtracting from our measured transitions the energy of
the Feshbach molecular state with respect to the hyperfine-free ground state asymptote. This
energy contains the binding energy of the molecular state and its Zeeman shift at the Feshbach
magnetic field of 21.56 mT (472.5 MHz), which is introduced during the molecular association.
It also includes the atomic hyperfine energies of 6 Li (152.1 MHz) and

40 K

(571.5 MHz) for

the respective asymptotic ground states. The frequency detunings ∆f presented in the last
column of Table 4.1 are utilized for extracting the C6 coefficients and they are referenced to
the same hyperfine state of the excited state asymptote as the one used in Ridinger (2011).
They will be further discussed in Section 4.4.

4.2.1. Spin-Orbit Coupled Potentials
In order to further understand the excited molecular structure, we explore the intermediate
state mixing due to the Spin-Orbit Coupling (SOC) interaction. The long-range potentials
are shown in Fig. 4.2. They dissociate at the region of strongest SOC to both of the 2S + 4P
asymptotes. Near the dissociation limit the potentials fall into groups. These groups are
labeled as: dyad (Ω = 2, 1up ), upper triad (Ω = 0+ , 0− , 1down ), and lower triad (Ω = 1, 0+ , 0− ).
The SOC effect becomes dominant at large internuclear distances and leads to mixing of
neighboring singlet and triplet potentials. The A1 Σ+ and b3 Π curves cross at an internuclear
distance of 7.5 a0 , as is commonly observed in alkali metal dimers. The B1 Π and C1 Σ+
curves cross at the same distance, and according to Jastrzebski et al. (2001), there is another
crossing occurring at 11 a0 , which is expected to cause a mutual perturbation between the
latter excited potentials.
For the selection of a suitable near-threshold intermediate state that will mediate coupling
between the dominantly singlet Feshbach molecular state and the singlet ground state for the
two-photon transfer, it is necessary to evaluate the singlet-triplet admixture. This is done by
projecting the spin-orbit coupled states onto the bare potential basis. Motional degrees of
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Figure 4.2.: Spin-orbit coupled potentials near the 2S+4P asymptote (solid colored lines). Bare
potentials (dashed lines) are included in this figure to indicate the rapidly diminishing perturbation
caused by the spin-orbit coupling effect as deeper bound levels are considered.

freedom, vibration and rotation, are not included here. This is a rather simple approach compared to a more quantitatively rigorous coupled-channel calculation, which however is beyond
the scope of this analysis. Instead, we proceed by diagonalizing the effective Hamiltonian:

Heff. = HSO + Hpot. (R)
−
+
=
+ HSO
where the term HSO = HSO

aSO
(s
2ℏ2 1

,

(4.1)

± s2 ) · l describes the SOC interaction between

open shell electrons and their own orbital angular momentum. The SOC constant aSO is the
coefficient of the operator Lz Sz . Here, it is assumed to be independent of the internuclear
distance R and the energy of the 4P state of potassium that is in use (Falke et al., 2006).
This approximation is based on our ab-initio calculations, which suggest that aSO is varying
by approximately a factor of two throughout the internuclear range of the potential, as will be
shown in Fig. 5.4. This behavior permits the occurrence of mixed excited states at all binding
energies. The second term in Eqn. (4.1), represents the bare potential curves in the Hund’s
case (a) eigenbasis (Allouche, 2011). Here, the Zeeman effect is not taken into account.
After diagonalization of Eqn. (4.1) for the resulting Hund’s case (c) coupled potentials, the
projections onto the bare state basis are obtained and plotted in Fig. 4.3. The long-range
states that contain a significant singlet component in the short-range are the Ω=1up of the
dyad, and Ω = 0− of the upper triad in the form of

1Π

and

1Σ

respectively. Further, the

relevant ∆Ω = 0, ±1 and ∆S = 0 electric dipole selection rules need to be considered for the
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Figure 4.3.: Projections of the spin-orbit-coupled Hund’s case (c) potentials onto the bare Hund’s
case (a) states. The bare states are labeled near the short-range below the crossing points occurring
at 7.5 a0 and 11 a0 . The long-range state composition constituting of bare potentials is indicated by
the formulas. The full representations of the symmetry of the states for the cases of Ω-doubling and
for the b3 Π state are not considered here. The Ω = 2 potential is not shown, since it does not couple.

selection of an intermediate state, which can facilitate the two-photon transfer to the singlet
absolute ground state. These rules narrow down the choice of the intermediate state to the
Ω = 1up potential. The Ω = 1up state connects to the B1 Π potential in the short-range.

4.3. Zeeman Effect in Hund’s Case (c)
In this section a suitable vibrational level of the Ω=1up state is identified by resolving its
Zeeman structure and by comparing the experimentally attained magnetic g-factor to our
theoretical prediction. The v ′ = −11 level of the Ω=1up potential was recommended as a
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suitable intermediate state by Brachmann et al. (2012), as this long-range potential connects
to the B1 Π in the short-range, where the level has a good FCF overlap to the ground state.
The following experimental and theoretical analysis involves only the rotational ground
state of the electronically excited potential with N ′ = 0. Therefore, for the short-range B1 Π
potential, the total angular momentum is J ′ = 1, since L′ = 1. Three magnetic sub-levels that
are characteristic of the target Ω=1up state, are expected to be observed experimentally. The
former are denoted with MJ′ . This measurement requires scanning the pump laser frequency
with higher resolution, which is facilitated by the iScan device. In order to resolve the
magnetic sub-structure of the v ′ = −11 level, the pump laser power is iteratively adjusted
to avoid power-broadening and simultaneously the irradiation time is reduced. The Zeeman
triplet sub-structure of the v ′ = −11 vibrational level is shown in Fig. 4.4. As the experiment
is performed by excitation of Feshbach molecules, the Zeeman effect cannot be measured by
varying the magnetic field over large ranges. Instead the 6 Li40 K molecules are prepared at
two different Feshbach resonances, that of 15.54 mT and of 21.56 mT. The observed Zeeman
splittings are 122(2) MHz and 185(2) MHz, respectively. They are extracted from the data
by fitting them to an empirical model function, which consists of three added Lorentzian loss
features with independent width, amplitude, and line centers. This measurement is consistent
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Figure 4.4.: Zeeman triplets for the v ′ = −11 vibrational level measured at two different magnetic
fields of 15.54 mT and of 21.56 mT. From the observed Zeeman splittings that are equal to 122(2) MHz
and 185(2) MHz, respectively, an average magnetic g-factor of gexp = 0.59(3) is measured. The relative
size of Zeeman components changes with polarization.
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with a linear Zeeman effect and an average magnetic g-factor of gexp = 0.59(3), which is in
good agreement with our theoretical prediction, as shown in the following section. The main
contribution to the error originates from the uncertainty in the determination of the Zeeman
splitting, whereas the approximately ±3 µT uncertainty in the magnetic field is negligible.

4.3.1. g-factor for Hund’s Case (c) Molecules
The experimentally attained g-factor is compared to our theoretical prediction to provide
information regarding the most suitable angular momentum coupling scheme for long-range
6 Li40 K∗

molecules. An expression for the magnetic g-factor for Hund’s case (c) singlet state

dipolar molecules does not exist in the literature to the best of our knowledge, and hence we
develop it here. This analysis is inspired by the work done on the HeAr+ ion by Carrington
et al. (1995) and it is further described in Brown and Carrington (2003). Here, the prime
notation utilized for the quantum numbers belonging to an electronically excited state is
dropped throughout the following derivations for simplicity.
The effective magnetic g-factor for Hund’s case (c) singlet molecules is directly related to
the expectation value of the Zeeman Hamiltonian through the expression ⟨HZ ⟩ = MJ g(c) µB B.
This method expands the ⟨HZ ⟩ term to the reduced matrix elements that can be evaluated
with the quantum numbers of the uncoupled basis. The starting point for developing the
theory of the Zeeman effect for Hund’s case (c) molecules is the construction of the effective Hamiltonian that describes the interaction between the external magnetic field with the
electron spin and with the orbital magnetic moments:

HZ = gs µB T1 (B) · T1 (S) + gL µB T1 (B) · T1 (L)

,

(4.2)

where gs and gL are the g-factors for the electronic spin and for the orbital motion, with
values 2.0023 and 1.0, respectively. The direction of the magnetic field is defined to be the
space-fixed p = 0 direction. For Hund’s case (c) molecules, the L and S are quantized in the
molecule-fixed axis system (q). Then, Eqn. (4.2) is expanded as:

HZ = gs µB T10 (B)

X

(1)

D0q (ω)∗ T1q (S) + gL µB T10 (B)

q

X

(1)

D0q (ω)∗ T1q (L)

,

(4.3)

q

(1)

where D0q is the first order rank rotation matrix and ω accounts for the rotation of the

65

4.3. Zeeman Effect in Hund’s Case (c)
internuclear vector. The matrix elements of Eqn. (4.3) are evaluated within the Hund’s case
(c) uncoupled basis and have the form:
⟨v(Ω), Ja ; Ω, J, MJ | HZ v ′ (Ω′ ), Ja′ ; Ω′ , J ′ , MJ′

,

(4.4)

where v(Ω) is the vibrational quantum number. The parity ϵ of a ro-vibronic level is described
in terms of symmetric and anti-symmetric combinations of the ±Ω-states such that:
1
|v(Ω), J, |Ω| , ϵ⟩ = √ {|v(Ω), J, +Ω⟩ ± |v(Ω), J, −Ω⟩} ,
2

(4.5)

For the Ω = 1up state, for which Ω = 1, the symmetric combinations corresponding to e levels
have a +(−1)J parity and the anti-symmetric combinations corresponding to f levels posses
a −(−1)J parity (Brown et al., 1975). The necessity to consider the molecular symmetry in
the evaluation of the matrix elements of the Zeeman Hamiltonian arises from the fact that for
Ω ̸= 0 the electronic states are degenerate. Therefore, the precession of the electronic cloud
around the internuclear axis needs to be considered. The dependence of the Ω-doubling on J
is similar to the one of Λ-type doubling on J for Hund’s case (a) molecules.
Throughout the following derivations several lemmas have been utilized, which are listed
in Appendix C for the readers’ convenience. These formulas are taken from Brown and
Carrington (2003), Chapter 5. Typographic errors have been corrected where necessary. In
the first step of the evaluation, the electron spin term of Eqn. (4.3) is considered and it is
substituted in the matrix element of Eqn. (4.4):

⟨v(Ω), Ja , Ω, J, MJ | gs µB T10 (B)

X

(1)

D0q (ω)∗ T1q (S) v ′ (Ω′ ), Ja′ , Ω′ , J ′ , MJ =

q

gs µB Bz v(Ω) v ′ (Ω′ )

X

1∗
⟨Ω, J, MJ | D0q
(ω) Ω′ , J ′ , MJ ⟨Ja , Ω| T1q (S) Ja , Ω′

,

(4.6)

q

where ⟨v(Ω)|v ′ (Ω′ )⟩ is the vibrational overlap integral. The Lemma C.3.1 and Lemma C.3.2
1∗ (ω) and T1 (S) terms, respectively. Then, Eqn. (4.6) is:
are used for the expansion of the D0q
q

gs µB Bz v(Ω) v ′ (Ω′ )

X

1∗
⟨Ω, J, MJ | D0q
(ω) Ω′ , J ′ , MJ ⟨Ja , Ω| T1q (S) Ja , Ω′ =

q
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J′



J′



X
1
 J
 J 1
p
(−1)J−MJ (−1)J−Ω 

 (2J + 1)(2J ′ + 1)δvv′
′
q
−MJ 0 MJ
−Ω q Ω


 Ja 1 Ja 
′
(−1)Ja −Ω 
 ⟨S, L, Ja || T (S) | S , L, Ja =
′
−Ω q Ω



′
′
X
p
1 J  J 1 J 
 J
(−1)J−MJ (−1)J−Ω (−1)Ja −Ω (2J + 1)(2J ′ + 1)δvv′ 
gs µB Bz


q
−MJ 0 MJ
−Ω q Ω′





′
 S Ja L
p
 Ja 1 Ja 
L+S ′ +Ja +1
S(S + 1)(2S + 1)δSS ′ (4.7)
(2Ja + 1)

 δLL′ (−1)

Ja S 1 

−Ω q Ω′
gs µB Bz

where in the last step of the calculation of Eqn. (4.7), the reduced matrix element of T (S)
is expanded according to Lemma C.3.3*. The electron spin term of the Zeeman Hamiltonian
for Hund’s case (c) molecules is expressed as:
⟨v(Ω), Ja , Ω, J, MJ , L, S| HZ (spin) v(Ω), Ja , Ω, J, MJ , L, S ′ =
p
′
gs µB Bz (−1)2J−2Ω−MJ +2Ja +L+S +1 (2J + 1)(2Ja + 1) S(S + 1)(2S + 1)δvv′ δSS ′







′
1 J   J 1 J   Ja 1 Ja   S Ja L
 J
.






−MJ 0 MJ
−Ω 0 Ω
−Ω 0 Ω Ja S 1 

(4.8)

Following the same steps for the orbital angular momentum term, which is off-diagonal in S,
we obtain the respective expression:
⟨v(Ω), Ja , Ω, J, MJ , L, S| HZ (orbit) v(Ω), Ja , Ω, J, MJ , L, S ′ =
p
2gL µB Bz (−1)2J−2Ω−MJ +2Ja +L+S+1 (2J + 1)(2Ja + 1) L(L + 1)(2L + 1)δvv′ δLL′







′

1 J   J 1 J   Ja 1 Ja  L Ja S 
 J
.
(4.9)






−MJ 0 MJ
−Ω 0 Ω
−Ω 0 Ω Ja L 1 
The expressions above accounting for the electronic spin and the orbital angular momentum
can be further simplified by evaluating the 3-j symbols according to Lemma C.3.4. This leads
to the following generalized expression for the Zeeman matrix elements in terms of L and S:
⟨v(Ω), Ja , Ω, J, MJ , L, S| HZ (spin) + HZ (orbit) v(Ω), Ja , Ω, J, MJ , L, S ′ =
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MJ Ω2 (2Ja + 1)
p
µB Bz (−1)−4Ω−2MJ +3Ja +L+1
J(J + 1) Ja (2Ja + 1)(Ja + 1)








′
′



p
p
S Ja L
L Ja S 
S′
S
gs (−1)
S(S + 1)(2S + 1)
L(L + 1)(2L + 1)
+ 2gL (−1)


Ja S 1 
Ja L 1 


(4.10)
Off-diagonal matrix elements in J are neglected since they are small compared to the rotational constants of the v ′ = −11 level for the 15.54 mT and 21.56 mT magnetic fields used
in this experiment. For the long-range part of the Ω = 1up state, only |Π⟩ components are
involved ( 1 Π and

3Π

), as shown in Fig. 4.3. Therefore, the sole contribution to the spin-

orbit coupled state is L = 1. Then, for our case of rotationless excitation to the Ω = 1up
state, Ja = 1 and the Zeeman shift is the same for both parity eigenstates. Substituting these
numbers into Eqn. (4.10) and taking into account the molecular symmetry of the Ω = 1up
state, leads to the following simplified matrix for the effective g-factor for Hund’s case (c)
singlet state molecules, which depends solely on J:


2gL
J+J 2



 0

⟨HZ ⟩ = µB BZ MJ 
 −2gL +gs
 J(J+1)

0

0

gL
− J+J
2

0





2gL
J+J 2

0

0

2gL +gs
2J+2J 2

0

−2gL +gs
J(J+1)

0

2gL +gs
2J+2J 2

gL 
− J+J
2






.

(4.11)

The Zeeman energy EZ is equal to the expectation value of HZ . The effective g-factor is then
directly related to the expectation value of HZ via the expression EZ = µB BZ g(c) MJ . Here,
only four states are taken into account, expressed as the superposition of the S = 0 and S = 1
spin states, and the respective symmetry of the Ω-states is also considered. The evaluation of
the eigenenergies of the Zeeman Hamiltonian from Eqn. (4.11) results in a magnetic g-factor
for the Ω = 1up potential of g(c) = 0.75. For short internuclear distances, where Hund’s
case (a) is the appropriate vector coupling scheme, the Ω = 1up state has a purely

1Π

character, which corresponds to g(a) = (Λ + 2Σ)Ω/J(J + 1) = 0.5 (Schadee, 1978). However,
the superposition of the S = 0 and S = 1 states that contribute to the Ω = 1up state needs
to be considered. From the previous SOC analysis in Section 4.2.1 and from Fig. 4.3 for the
Ω = 1up state, we see that for the long-range region there is an equal admixture of the
and

3Π

components, whereas for the short-range region the state has a pure
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1Π

character.

.

4.4. Long-Range States Below the 2S+4P Asymptote
Hence, for the evaluation of the magnetic effective g-factor, we adopt a simple approach and
take the average of the results of the short- and of the long-range spin compositions. A
more rigorous calculation would require to integrate the spin composition weighted by the
probability density of the corresponding vibrational wave function. However, that is beyond
the scope of this analysis. This yields to an effective g-factor of g(eff) = 0.63, which is in good
agreement with the respective experimental value (g(exp) = 0.59). Hence, the calculated value
of the g(eff) supports the validity of the Hund’s case (c) coupling scheme as an appropriate
description for vibrational levels as deeply bound as the v ′ = −11.
It should be noted that there is an extensive electronic-rotational coupling, which can cause
mixing of the case (c) states resulting in a large change for the value of the g(c) . In such cases,
the Hund’s case (e) basis might be more appropriate for levels near the dissociation threshold.
This scenario has been explored by Carrington et al. (1996) for the HeKr+ ion. Deriving an
expression for singlet molecular states in Hund’s case (e) basis is not investigated here.

4.4. Long-Range States Below the 2S+4P Asymptote
In this section our measurements are extended by the data set based on PA measurements
(Ridinger et al., 2011) in order to achieve a more complete characterization of the long-range
behavior of the potentials. Here, the long-range is defined as being the region where the
electron clouds of the separate atoms no longer overlap, so that chemical valence forces,
attractive or repulsive, are no longer significant. Traditionally, this part of the potential near
the dissociation threshold is expressed as the sum of inverse power terms in the interatomic
separation R:
V (R) = D −

X Cn
Rn
n

,

(4.12)

where D is the dissociation energy. The value of the lowest-order term in this series is determined by the nature of the two atoms to which the molecular state dissociates adiabatically
(Hirschfelder et al., 1954). In the context of this thesis, the values of n = 6, n = 8 and
n = 10 are considered. The expansion to n = 6 power arises for the London induced-dipole
induced-dipole interaction, to which all interacting species are subject. The higher orders of
n account for the dipole-quadrupole interaction for n = 8 and for the quadrupole-quadrupole
and quadrupole-octupole interaction for n = 10.
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In the following analysis, the relative vibrational energies of several levels lying close to the
dissociation asymptote are known, and hence it is possible to derive information about the
dissociation energy and the long-range parameters of the potential. More specifically, the two
connected long-range data sets assist in inferring the van der Waals C6 coefficients from a
larger data pool for each vibrational progression. The traditional method of extrapolation to
the dissociation limit is the Birge-Sponer plot (Birge and Sponer, 1926), and chronologically
later on another theory was proposed and described by LeRoy and Bernstein (1970a). The
latter is commonly adopted by the dipolar molecule community for the extrapolation to
the dissociation threshold (Rvachov et al., 2018) along with the improved LeRoy-Bernstein
formula (Su et al., 2019; Zhu et al., 2016). Here however, and in Section 4.4.1, the description
by the semi-classical LeRoy-Bernstein formula is extended to include higher order expansion
terms and near-dissociation expansions are utilized (Appadoo et al., 1996; LeRoy, 1994; Tromp
and LeRoy, 1985).
The starting point of the near-threshold study is the correct connection of the two longrange data sets. Seven vibrational series were identified by Ridinger et al. (2011) located below
the 6 Li(22 S1/2 ) + 40 K(42 P3/2 ) dissociation threshold. In order to connect the two data sets,
the frequency detunings ∆f , which are shown in the last column of Table 4.1, are computed
with respect to the

40 K

4S1/2 (F = 9/2) → 4P3/2 (F ′ = 11/2) hyperfine transition frequency

(Falke et al., 2006). The same hyperfine transition frequency is used as a reference for the
PA measurements. Further, the hyperfine-free asymptotic energy of the X1 Σ+ ground state
is assumed as a reference point for our measurements. This assumption facilitates the data
comparison, since it reflects that the PA measurements were conducted in a MOT, where for
the initial states all four hyperfine ground states of 6 Li and 40 K are possible. Therefore, when
comparing the two data sets, the resulting frequency uncertainty is 1 GHz, which is on the
order of the hyperfine energies and is comparable to our measurement resolution. A more
precise comparison would require hyperfine resolved measurements, which are difficult to be
achieved for all the PA lines, especially the ones located right below the asymptote.

4.4.1. Near-Dissociation Expansions
Here, the extended data set is fitted to the Near-Dissociation Expansion (NDE) functions.
These incorporate the theoretically known asymptotic behavior of the vibrational energies
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Gv and the rotational constants Bv (LeRoy and Bernstein, 1970a,b) within expressions that
include the molecular empirical parameters that need to be determined by the experimental
data (Appadoo et al., 1996; LeRoy, 1994; Tromp and LeRoy, 1985). Close to the potential minimum, the traditional Dunham expressions are the appropriate expansions about the
limiting case of the harmonic-oscillator/rigid-rotor behavior. These were introduced in Section 2.1.2. The NDE expressions on the other hand are about the limiting functional behavior
near the dissociation threshold and therefore are more suitable for extrapolating to large values of v close to the dissociation threshold, even beyond the available measured data and for
a large range of the potential. The theoretical background of the NDE expressions relies on
the fact that the Gv ’s, Bv ’s and other properties of the vibrational levels depend mainly on
the shape of the potential near the outer turning points. The general NDE expressions are:
Gv = D − K0∞ (v) × F0 (vD − v)

(4.13a)

Bv = K1∞ (v) × F1 (vD − v) ,

(4.13b)

where νD is the extrapolated non-integer effective vibrational index at the dissociation energy
∞ (v) functions incorporate the limiting asymptotic behavior of the G ’s and the
D. The Km
v

Bv ’s and are given by:
∞
Km
(v) = Xm (n, Cn , µ)(vD − v)[2n/(n−2)]−2m

,

(4.14)

where Xm (n, Cn , µ) = X̄m (n)/[µn Cn2 ]1/n−2 are numerical factors depending on physical constants (LeRoy, 1972), µ is the Watson’s charge-modified reduced mass and m = 0. The
empirically determined functions Fm (vD − v) that are required to approach unity close to the
dissociation threshold are expressed in the form of a Padé expansion using rational polynomials (Goscinski and Tapia, 1972):

Fm (vD − v) =

1+

PL

1+

PM

m
i
i=t pi (vD − v)

m
j=t qj (vD

− v)j

!S
.

(4.15)

Here, the power of the exponent S is set at either S = 1 to yield an ”outer” expansion, or
m
at S = 2n/(n − 2), to yield an ”inner” expansion. The pm
i and qj are the parameters of the

expansion. For the case of the leading terms of the attractive long-range potentials having
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powers of n = 6 or n = 8, t = 1 is applicable (LeRoy, 1980).

4.4.2. Long-Range Fitting Results
The long-range data are fitted to Eqn. (4.13a) and the results are shown in Fig. 4.5 (a), where
the cubic root of the vibrational energies relative to the excited state asymptote is plotted
versus the index v for the extended data set. In Fig. 4.5 (b) the respective residual plot is
presented, where the existence of systematic effects is excluded. The largest residual errors
appear for the vibrational levels close to the dissociation threshold, which belong to the PA
measurements (hollow triangles). For deeper bound levels (filled triangles) the residuals are
small and fluctuate slightly around the zero point. For each long-range potential (inset of
Fig. 4.5 (a)), the C6 dispersion coefficients, the vD values and the expansion parameters are
extracted from fitting to the cubic root data and are listed in Table 4.2 together with their
error estimates.
An ”outer” expansion with S = 1 is performed for all of the Ω states. An ”inner” expansion
with S = 3 for the leading term of n = 6 is performed as well but it is not chosen since it
results in larger chi-squared values for the fitting parameters. Moreover, various combinations
m
of the pm
i and qj expansion parameters extended to different orders are tested for each long-

range potential and the fitting quality is assessed. Eventually, a second order expansion using
only p02 is selected for all the excited states, for which large fit parameter estimation errors
due to a large number of fitting parameters are avoided. Observation of the fitting residues
indicates that with this expansion the energies can be computed with uncertainties within the
experimental measurement resolution, which is on the order of 1 GHz. This Padé analysis,
using only p02 , directly corresponds to utilizing the improved LeRoy-Bernstein NDE formula
(Comparat, 2004) for the case of n = 6. The improved LeRoy-Bernstein NDE expression
takes into account the multipole expansion coefficients and the non-asymptotic part of the
potential curve. It makes use of a quadratic term as the leading order beyond the pure C6
semiclassical LeRoy-Bernstein formula.
From these results most of our extracted C6 values show good consistency with the ones
from Ridinger et al. (2011) within the fitting uncertainties as well as with the respective
theoretical predictions of Bussery et al. (1987). For the Ω=1up state a slightly higher deviation
is observed. For this state the modified LeRoy-Bernstein radius (Ji et al., 1995) is RmLR =

72

4.4. Long-Range States Below the 2S+4P Asymptote
(a)

0

(b)

up

1

0.15

, dyad

dwn

)
1/3

(

0.05

D Gv

, upr. triad

-

0.00

-

0 , upr. triad
+

0 , upr. triad

-0.05

+

-15

+

0 , upr. triad

)

, dyad

dwn

1

0.10

(

)

1

-10

-

D Gv

up

, upr. triad

-

0 , upr. triad

1/3

(GHz

-5

1/3

(GHz

1/3

)

1

+

0 , low. triad

0 , low. triad

1, low. triad

1, low. triad

-0.10
-12

-10

-8

-6

-4

-2

0

-12

v

-10

-8

-6

-4

-2

0

v

Figure 4.5.: Results of fitting the vibrational energies to near-dissociation expansion expressions. (a)
Cubic root of the vibrational energies plotted for various levels of the spin-orbit coupled potentials
by combining our data (filled circles) with the photoassociation spectroscopy measurements (hollow
circles). The states belonging to the upper- and the lower triad are grouped together since they dissociate to the same asymptote. (b) Residual plot of the fitted cubic root of the vibrational energies for
the long-range data. Our data (filled triangles) are combined with the photoassociation spectroscopy
measurements (hollow triangles).

19.8 a0 , while the deepest bound vibrational level reached by our experimental efforts possesses
a classical outer turning point at 15.6 a0 . The latter is inferred from the Rydberg-Klein-Rees
analysis, which is presented in the Section 4.5.3.2. The same occurs for the Ω=0+ state of
the lower triad, for which RmLR = 29.5 a0 , while the deepest measured vibrational level has
its outer turning point at 20.8 a0 . The modified LeRoy-Bernstein radius takes into account
the spatial orientation of the atomic orbitals while retaining the simplicity of the traditional
LeRoy radius. This modified criterion sets the lower bound for the region of validity of the
long-range inverse power expansion. Hence, the deviations in the C6 results for the Ω=1up
and Ω=0+ states from their respective theoretical values are justified since the measured
vibrational levels are at internuclear distances below the threshold of validity suggested by
the modified LeRoy-Bernstein radius.
Regarding the two long-range states belonging to the lower triad, another aspect needs to
be considered. This is the inclusion of the next higher order C8 /R8 term in the multipolar
expansion of the interaction potential. At the internuclear distances of 64.4 a0 and 50.7 a0 for
the Ω=0+ and the Ω=1 states, respectively, the contributions of the C8 coefficients become
significant and need to be incorporated into the NDE expressions. These parts of the potential
that are approaching the asymptote are located well within our spectroscopic reach. However,
it has been suggested by Zhu et al. (2016) and Li et al. (2019) that the precise value of the C8
is hard to obtain accurately when fitting with the improved LeRoy-Bernstein NDE expression
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Ω

1up

C6 ± δC6

vD ± δvD

p02 ± δp02

p02 ± δp02

C6

(Gv , Bv )

(Gv , Bv )

(Gv )

(Bv )

(Bussery et al., 1987)

8600 ± 740

-0.29 ± 0.07

-0.16 ± 0.02

0.16 ± 0.72

-9800

+

0

30400 ± 5000

-0.65 ± 0.13

-0.08 ± 0.04

1.35 ± 1.01

-25500

0-

24900 ± 3000

-0.65 ± 0.10

-0.16 ± 0.03

0.43 ± 0.88

-25500

27700 ± 8500

-0.46 ± 0.16

0.08 ± 0.22

0.81 ± 0.73

-25500

0+

8300 ± 2200

-0.55 ± 0.13

-0.50 ± 0.18

6.68 ± 5.02

-13830

1

13300 ± 9100

0.05 ± 0.24

0.54 ± 0.89

down

1

-13830

Table 4.2.: Values of the fitted C6 , vD and p02 parameters and their respective errors δC6 , δvD and
δp02 as obtained from fitting the long-range vibrational energies to a near-dissociation expansion with
S = 1. The expansion to which the parameters apply is given in parentheses. The values of the p02
parameters are multiplied by 102 . The C6 parameters are given in atomic units. For the evaluation
of the p02 parameters for the rotational energies Bv , the C6 and vD parameters are taken from the Gv
fits. The respective theoretical predictions by Bussery et al. (1987) are also tabulated for comparison,
for which a standard deviation of σ = 0.03 cm−1 is reported.

and therefore the evaluation of the C8 is omitted here. As a final remark, accurate modeling
with a NDE including a larger number of fitting parameters is not feasible due to the limited
number of measured lines for these states.
It is noteworthy that upon varying the extend of the data set to include only less deeply
bound vibrational levels, it is observed that the C6 values remain stable. That is not the case
when a pure C6 expansion is utilized to fit the measurements, where the resulting dispersion
coefficients vary strongly with the extend of the used data set. To conclude, the latter
observation verifies the suitability of the NDE method adopted in this analysis compared to
the use of a pure C6 semiclassical LeRoy-Bernstein formula.
In the next step, the rotationally excited electronic states are considered. In the short-range
a large data basis is available from the PLS measurements held by Pashov et al. (1998). In
the long-range however, only a small data set from the PA measurements is available, since
our spectroscopy does not cover rotationally excited states. A NDE for the rotational energies
Bv is fitted to the PA data, with the respective expression introduced in Eqn. (4.13b), so that
the description of rotationally excited states is extended to the long-range. A Padé expansion
with one p02 parameter is utilized here similar to the vibrational energies, where the C6 and
vD parameters are taken from the Gv fits. The results are included in Table 4.2.
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4.5. Combining Short- and Long-Range Data
Hitherto, an extended characterization of the spin-orbit coupled states near the dissociation
threshold is accomplished by merging our measurements with the PA observations. This is
particularly useful for the Ω=1up state, which is of interest as an intermediate state for the
two-photon transfer of the weakly-bound Feshbach molecules to the dipolar ground state.
The Ω=1up state connects to the B1 Π potential in the short-range, as shown in Fig. 4.3. It is
suitable as an intermediate state since at the inner turning point, the high-lying vibrational
levels of B1 Π potential have a large FCF overlap with the absolute ground state, favoring
therefore large transitions strengths (Brachmann, 2012). Additionally, a large vibrational
data set exists for the B1 Π potential in the short-range for the 7 Li39 K isotopologue, which
was measured by PLS in a heat-pipe (Pashov et al., 1998). The purpose of this section is to
combine this short-range data set with the previously presented long-range data to obtain an
improved fully empirical potential curve covering the entire range of the internuclear distance.
The fact that an excited potential of heteronuclear dipolar molecules is supported by empirical
data almost throughout its entire internuclear range is unique to the best of our knowledge.
Starting from the dissociation threshold and counting downwards, the PA data range from
v ′ = −1 to the v ′ = −5 vibrational levels and our measurements cover the v ′ = −6 to the
v ′ = −12 range. In the short-range the available data cover the range from the v ′ = −15 level
down to the v ′ = −33 vibrational ground state. It is apparent that there are no available
experimental results for the v ′ = −13 and v ′ = −14 vibrational levels. The connection of the
short-range data to long-range data set is facilitated by mass-scaling the Dunham coefficients
determined by the PLS measurements and by providing an updated value for the depth of the
B1 Π potential. These points are further described in the following two sections respectively.

4.5.1. Mass-Scaling of Short-Range Dunham Coefficients
The Dunham expansion coefficients for the levels v ′ = −33 up to the v ′ = −15 of the 7 Li39 K
isotopologue are given by Pashov et al. (1998). They are determined by the PLS measurements
in a heat-pipe and they are mass-scaled to our 6 Li40 K isotopologue by the ratio of the reduced


masses µ
e = µ 7 Li39 K /µ 6 Li40 K . The vibrational term energies obtained from the Dunham
expansion are expressed in terms of the ratio of the reduced masses as:
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T (ṽ, J) = Te (B1 Π) +

X
k,l

1
µ
e(l+k)/2 Yk,l (ṽ + )k (J(J + 1))l
2

,

(4.16)

where ṽ is the vibrational level indexed by positive numbers starting from ṽ = 0 for the
ground state and Te (B1 Π) is the term energy for the short-range excited state potential. The
parity of the levels with respect to the Λ-doubling is not included in Eqn. (4.16), since it is
not of importance for the lowest rotational states at this level of accuracy. No perturbation of
the vibrational energy levels is contained in the Dunham expansions for both isotopologues.

4.5.2. Improved B1 Π Potential Depth
The derivation of an improved value for the Te (B1 Π) and hence of the depth of the B1 Π potential is presented in the following. The term energy for the excited state potential Te (B1 Π)
is defined relative to the minimum of the ground state potential according to Pashov et al.
(1998). This is due to the fact that the PLS measurements were taken by measuring transitions originating from low-lying vibrational states of the X1 Σ+ potential. In the same
work, the potential depth D(B1 Π) is inferred by extrapolating the short-range data to obtain
the asymptotic energy of the B1 Π potential. Here, the D(B1 Π) is calculated in a different,
more accurate way and is referenced to the B1 Π asymptote similar to the extended longrange data set in order to correctly connect the latter to the deeply bound short-range data.
More specifically, the depth of the ground state potential was accurately measured to be
D(X1 Σ+ ) = 6216.86317(7) cm−1 . This result originates from our high-resolution two-photon
spectroscopy of the X1 Σ+ ground state (Yang et al., 2020a). Moreover, an updated value
of the wavenumber of the D2-potassium atomic transition λ̄D2 = 13042.899700(3) cm−1 is
known from literature (Falke et al., 2006). As a result, an improved value for the depth of
the excited state potential can be inferred from the measured data as:
D(B1 Π) = D(X1 Σ+ ) + λ̄D2 − Te (B1 Π) = 1687.003(17) cm−1

.

(4.17)

The potential depth is inferred from a combination of the PLS measurements of the
B1 Π excited state, the spectroscopy of the atomic D2-potassium line and our measurements
of the X1 Σ+ ground state. While the latter two measurements were of high resolution,
88 kHz =
b 0.0000029 cm−1 and 2 MHz =
b 0.000067cm−1 , respectively, the former had an experimental uncertainty of 0.5 GHz =
b 0.016678cm−1 . Hence, the total uncertainty in the determi-
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nation of the depth is 0.5 GHz.

4.5.3. Fully Empirical Rydberg-Klein-Rees B1 Π Curve
4.5.3.1. The Rydberg-Klein-Rees Method
The Rydberg-Klein-Rees method is the most widely used process for obtaining the potential
curve from spectroscopically attained vibrational and rotational term values (Klein, 1932;
Rees, 1947; Rydberg, 1932, 1933). It is a first-order semiclassical, or WKB, inversion procedure (Child, 2014), which provides as an output the energy-dependent classical turning points
of the potential of a diatomic molecule by taking into account the dependence of its vibrational level energies and its inertial rotation constants on the vibrational quantum number
v. The classical inner and outer turning points are subsequently utilized to produce a unique
point wise potential energy function.
The theory underlying the RKR method is analytically discussed in the existing literature
(Child, 2014; Hurley, 1962; Jarmain, 1960; Kirschner and Watson, 1973; Klein, 1932; Rees,
1947; Rydberg, 1932, 1933). Here, only the key results of this theory are presented, which
consist mainly of the two Klein integrals on which the RKR method is based. From a historic
point of view, Rees obtained analytical expressions for the latter integrals, which are involved
in the semiclassical method of Rydberg and Klein, which in turn contains the plotting of the
potential energy curves of diatomic molecules. The Klein integrals are:
Z v
p
dv ′
r2 (v) − r1 (v) = 2 Cu /µ
= 2f
1/2
vmin [Gv − Gv ′ ]
Z v
p
Bv′ dv ′
1
1
−
= 2 µ/Cu
= 2g ,
1/2
r1 (v) r2 (v)
vmin [Gv − Gv ′ ]

(4.18)

where r1 (v) and r2 (v) are the inner and the outer classing turning points, respectively, and
vmin is the non-integer effective value of the vibrational quantum number at the potential
minimum. Eqns. (4.18) indicate that knowledge of the experimentally attained Gv ’s and Bv ’s
is needed to determine the turning points r1 (v) and r2 (v). Additionally, the RKR inversion
can only be performed up to the vibrational energy, which corresponds to highest vibrational
level observed. The constant Cu = ℏ2 /2 = 16.857629206 amu Å2 cm−1 . The final expressions
for the inner and outer turning points are obtained by rearranging Eqns. (4.18), to give:
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p
f 2 + f /g − f
p
r2 (v) = f 2 + f /g + f.
r1 (v) =

(4.19)

A significant point of this method is that the resulting inner and outer turning points can
be calculated for either integer or non-integer values of v. Even though the semiclassical
quantization maps integer values of v onto the quantized vibrational levels, v can be treated
as a continuous variable. This can be seen by the fact that the lower bound of integration,
which is defined by the potential minimum is vmin = −1/2 within the first order semicalssical
RKR method. When the turning points are calculated as a continuous variable of v, they
provide a large amount of data points for creating the potential.
Finally, the traditional RKR method is exact only within the first-order semiclassical quantization condition or WKB approximation. Other RKR procedures based on higher-order
quantization conditions exist in the available literature (Kirschner and Watson, 1974; Schwartz
and LeRoy, 1984). One of them, initially introduced by Kaiser (1970), is based on the fact
that within the third-order semiclassical quantization condition, the value of v associated with
the potential minimum can be written approximately as:
1 Y0,0
vmin = − −
2 Y1,0

,

(4.20)

where the term Y0,0 is given by:

Y0,0 =

Y0,1 + Y2,0  Y1,1 Y1,0 
1  Y1,1 Y1,0 2
−
+
4
12Y0,1
Y0,1 12Y0,1

.

(4.21)

The Yk,l coefficients for {k, l} =
̸ {0, 0} are defined by taking the derivative of the ro-vibrational
term energies given by the Dunham expansion in Eqn. (2.4) and evaluating it at v = −1/2
and J = 0. The Y0,0 term is the leading term in the Dunham expansion and is obtained by
expanding the first-order semicalssical quantization condition to include higher-order terms.
Eqn. (4.21) is known as Kaiser correction. Its respective formulation within the semiclassical
treatment is:
1 Y0,0
vmin ∼
=− −
2
ωe
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4.5.3.2. The RKR1 Program
We produce an updated semiclassical RKR curve for the B1 Π potential using the RKR1
program by LeRoy (2017). This program allows for a mixed representation of the ro-vibrational energies by the mass-scaled Dunham coefficients Yk,l for the short-range (see Section 4.5.1), and simultaneously by the NDE parameters C6 , vD and p02 (for vibration and
rotation) for the long-range (see Section 4.4.1). Additionally, the D(B1 Π) (see Section 4.5.2)
is utilized to relate the two energy scales. The RKR1 program interpolates between the two
ranges and merges them at a chosen switch-over point by utilizing the switching function

 −1
Fs (v) = 1 + exp (v − vs )/δvs
. The expressions for the Gv ’s and Bv ’s are written within
the mixed representation as:
GMXR
= Fs (v)GDun
+ [1 − Fs (v)]GNDE
v
v
v
BvMXR
where GDun
=
v

P

k=1 Yk,0 (v

=

Fs (v)GDun
v

+ [1 −

Fs (v)]BvNDE

(4.23)

,

+ 1/2)k is the Dunham expansion for the vibrational energies.

For the GNDE
and BvNDE terms, Eqn. (4.13a) and Eqn. (4.13b) are utilized respectively. It
v
is necessary to input to Eqns. (4.23) the values of the Dunham coefficients, of the physical
m
D, vD , Xm and of the empirical parameters pm
i and qj that are obtained in the previous

sections. Also, the values of vs = −14 and δvs = 0.5 are utilized for the switch-over point and
range, which is conveniently located at the small gap of available vibrational experimental
data. The resulting RKR potential curve is shown in Fig. 4.6 represented by the inner and
outer classical turning points for each vibrational level. For comparison a potential curve
only based on the Dunham representation is plotted as well. As seen in Fig. 4.6, the Dunham
curve fails to correctly represent the limiting near-dissociation behavior of the vibrational
energies as expected. Smoothing of the inner turning points is performed for high vibrational
energies where the repulsive inner wall of the potential is very steep and exhibits unphysical
behavior (LeRoy, 2017). The corresponding classical inner and outer turning points of the
RKR potential are tabulated in Appendix B.
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Figure 4.6.: Fully empirical RKR curve for the B1 Π potential. A mixed Dunham/NDE representation
is utilized for the vibrational energies (blue circles). A pure Dunham representation (red triangles)
fails to accurately account for the shape of the potential near the outer turning points.

4.6. The B1 Π Pathway to the Ground State
The focus of this chapter was on the characterization of the Ω=1up state, which is directly
connected to the B1 Π potential in the short-range. This state is of particular importance for
finding a spectroscopic pathway for the transfer of the Feshbach molecules to the absolute
ground state and the creation of a dipolar quantum gas. The Ω=1up is suitable for this
purpose as at the inner turning point, the shallow B1 Π offers excellent FCF overlap with the
ground state wave function at accessible wavelengths. Additionally, no hyperfine-structure
was resolved. Hence, it is feasible to access only a Zeeman component of the excited state by
employing polarized light to control the hyperfine states for this pathway. A similar approach
is presented in the next chapter for the A1 Σ+ potential (Yang et al., 2020a).
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5. Singlet Pathway to the Ground State of
LiK
In this chapter, we demonstrate an ideal two-photon pathway to the dipolar ground state
of 6 Li40 K molecules that involves only singlet-to-singlet optical transitions. By selecting a
Feshbach state with a stretched singlet hyperfine component, as shown in Section 5.2, and
controlling the laser polarizations, we assure coupling to only single hyperfine components
of the A1 Σ+ excited potential and the X1 Σ+ ro-vibrational ground state. One- and twophoton spectroscopy results are presented in Section 5.4 and in Section 5.5, respectively. This
pathway eliminates the search for a suitable intermediate state with sufficient singlet-triplet
mixing and the exploration of its hyperfine structure, as discussed in Section 5.3. The chapter
ends by presenting the Stark shift spectroscopy measurements in Section 5.6.
Parts of this chapter were published in ”Singlet Pathway to the Ground State Ultracold
Polar Molecules”, A. Yang, S. Botsi, S. Kumar, S. B. Pal, M. Lam, I. Čepaitė, A. Laugharn
and K. Dieckmann, Phys. Rev. Lett., 124, 133203 (2020).

5.1. An Ideal Three-Level System for STIRAP
In this section, a pathway for spectroscopically addressing the absolute ro-vibronic ground
state of dipolar molecules and for the coherent transfer to the ground state is introduced. It is
fundamentally different to the scheme pioneered by the KRb team (Ni et al., 2008) and later
on demonstrated for various other bi-alkali combinations (Cairncross et al., 2021; Guo et al.,
2016; Molony et al., 2014; Park et al., 2015a; Seesselberg et al., 2018; Takekoshi et al., 2014;
Voges et al., 2020). In the latter cases, which are listed in Table 5.1, an intermediate state of
mixed singlet-triplet character is employed to simultaneously mediate coupling to the triplet
dominated Feshbach molecular state and to the singlet ground state. The investigation of
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species

intermediate state

linewidth

Γ
2π

(MHz)

reference

23

Na40 K

c 3 Σ+ ∼ B 1 Π

9(1)

Liu et al.; Park et al.

23

Na40 K

c 3 Σ+ ∼ B 1 Π

11(1)

Bause et al.

3

1

23

Na40 K

d Π∼D Π

20

Seesselberg et al.

23

Na39 K

c 3 Σ+ ∼ B 1 Π

6

Voges et al.

Na87 Rb

b3 Π ∼ A 1 Σ +

0.67

Guo et al.

Na133 Cs

c3 Σ+ ∼ B1 Π

120

Cairncross et al.

not specified

Ni et al.

0.135(10)

Molony et al.; Takekoshi et al.

23
23

40
87

K87 Rb
133

Rb

Cs

1

c 3 Σ+ + B Π
3

1

b Π+A Σ

+

Table 5.1.: Intermediate states of mixed singlet-triplet character employed by the dipolar community.
The mixed character originates from the strong spin-orbit coupling effect. The single photon linewidth
varies depending on the respective experimental parameters.

such intermediate states requires an extensive spectroscopic survey to resolve the hyperfine
structure and identify a suitable hyperfine component in order to gain full control over the
molecular state. Even if the hyperfine structure is resolved, off-resonant coupling to unwanted
hyperfine states of the intermediate state can lead to an undesired superposition of several
hyperfine components of the excited state that can greatly affect the STIRAP efficiency.
Here, we demonstrate instead a pathway that utilizes strong transitions between only spin
singlet molecular states for both pump and Stokes couplings, as illustrated in Fig. 5.1. It
also avoids the use of perturbed potentials. The starting point is the selection of a Feshbach
Resonance (FR) that corresponds to a molecular state that contains a significant admixture
from the singlet ground state potential. It consists of only one hyperfine component, which
corresponds to a fully stretched state of the nuclear spin projections. This fully stretched
singlet state in combination with carefully chosen circular polarization for the pump beam
ensures that a sole hyperfine component of a deeply bound vibrational level of the intermediate singlet potential is addressed. By utilizing deeply bound levels of the excited potential
sufficient overlap with the absolute ro-vibrational ground state can be achieved with moderate
laser powers. Additionally, states of mixed singlet-triplet character are less likely to occur
since the level spacing between neighboring deeply bound vibrational states is relatively large
(∼ 3 THz). The hyperfine structure of the intermediate unperturbed singlet potential is not
resolvable due to the absence of spin and internal magnetic field. In the next step, and by
again carefully adjusting the circular polarization of the Stokes beam, we demonstrate that
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Figure 5.1.: Bare potential energy curves of 6 Li40 K molecules. The X1 Σ+ ground state potential is
given by Tiemann et al. (2009) and the unpublished data for the excited state potentials are taken
from the website of Allouche (2011). An ideal three-level system is established by involving only
singlet molecular states coupled by the pump and the Stokes beams. The state composition of the
participating levels is indicated in the extended uncoupled molecular basis.

only a sole hyperfine component of the ground state can be addressed, even if the hyperfine
structure of the excited state is not resolved. This ideal three-level pathway is applied to our
choice of 6 Li40 K molecules.

5.2. Feshbach Molecular State Composition
For most of the experimental results presented in Chapter 4, a FR at 21.56 mT is employed.
The only exception is the investigation of the Zeeman structure of the v ′ = −11 level of the
Ω=1up potential, which is also revealed at the 15.54 mT FR. The former magnetic resonance
is utilized for the experiments presented in the following sections.
The fermionic species are initially prepared in their

9
9
2, −2 K

and

1
1
2 , − 2 Li

hyperfine states

in the ODT. The sum of the atomic hyperfine projection quantum numbers is M = mF,Li +
mF,K = −5. Weakly-bound Feshbach molecules are created in a superposition of the last
bound vibrational level of the X1 Σ+ |v ′′ = 47, J ′′ = 0⟩ state and the a3 Σ+ |v ′′ = 13, J ′′ = 0⟩
triplet state. The total projection quantum number M is conserved during association and
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in the molecular uncoupled basis it is expressed as M = mS + mI,Li + mI,K + mN . For the
s-wave FR the rotational quantum number is N = 0 and its projection mN = 0. Hence,
there are three spin triplet states and one spin singlet state that contribute to the closed
molecular channel that dominates this narrow Feshbach resonance, as shown in Fig. 2.3.
These are written in the nuclear spin uncoupled basis |S, mS , mI,Li , mI,K ⟩ as |0, 0, −1, −4⟩,
|1, −1, −1, −3⟩, |1, −1, 0, −4⟩ and |1, 0, −1, −4⟩. Considering that the atomic nuclear spins
are ILi = 1 and IK = 4, the only contributing spin singlet state is fully stretched. It has been
calculated with the ABM model (Section 2.3.1) that at 21.56 mT there is a 52% admixture
from the |0, 0, −1, −4⟩ singlet state to the molecular eigenstate. This significant sole fully
stretched spin singlet hyperfine component of the Feshbach state is an excellent starting
point for the realization of the ideal singlet pathway to the ground state of 6 Li40 K molecules.

5.3. Intermediate Excited State Considerations
In the following, for the Feshbach molecular state composition only the dominant singlet
contribution from the ground state potential X1 Σ+ |v ′′ = 47, J ′′ = 0⟩ is considered. The intermediate excited state that will mediate simultaneous coupling to the singlet component of
the Feshbach state and the absolute ground state must be also of singlet character, so that the
∆S = 0 selection rule for electric dipole transitions is satisfied. The considerations prior to
choosing the A1 Σ+ potential as a suitable intermediate state are justified here. More details
can be found in an internship report by our group (Čepaitė, 2018).

5.3.1. Transition Dipole Matrix Elements (TDM)
Molecular transitions between different electronic states typically come with a change in
the vibrational and rotational quantum numbers. Consequently, the transition probabilities
depend on the molecular ro-vibrational quantum numbers. It is interesting to study the
strength of these transitions and more specifically the dependence of the electronic TransitionDipole Matrix element (TDM) to the internuclear separation R. This is done within our group
by performing an ab-initio calculation with the MOLPRO software package (Mol; Werner
et al., 2012), which can also compute permanent dipole moments. The MOLPRO utilizes
the multi-reference configuration interaction (MRCI) method (Knowles and Werner, 1988,
1992; Werner and Knowles, 1988). It consists of a configuration interaction expansion of the
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Figure 5.2.: Transition Dipole Matrix elements (TDM) for the electronic transitions in the 6 Li40 K
molecule. The deeply bound vibrational levels of the A1 Σ+ potential possess large TDM for accessing
the ground state compared to the vibrational levels close to the dissociation threshold of the B1 Π,
which require more laser power to address the X1 Σ+ .

eigenstates of the electronic molecular Hamiltonian in a set of Slater determinants based on the
variational principle and treats the electron correlations explicitly. The calculation employs
Gaussian basis sets with nine valence electrons and relativistic effective core potentials (ECP)
for 40 K (Lim et al., 2006) and an accurate all-electron basis set for 6 Li (Widmark et al., 1990).
The TDM elements for various electronic transitions in the 6 Li40 K molecule are shown
in Fig. 5.2. For the X1 Σ+ → B1 Π transition the TDM is larger close to the dissociation
threshold and fluctuates in the short-range. This justifies our choice of exploring the longrange part of the B1 Π potential in Chapter 4, as transitions to the ground state are stronger
for larger binding lengths. In contrary, for the X1 Σ+ → A1 Σ+ transition the TDM increases
from the asymptote towards shorter binding lengths. Therefore, accessing the deeply bound
short-range vibrational levels of the A1 Σ+ excited spectrum is beneficial for the spectroscopic
pathway presented in this chapter. Utilizing the B1 Π potential can lead to a significant
increase of the laser power required to drive the excitation to this state. When only the triplet
contribution from the ground state potential to the Feshbach molecular state composition
is considered, excitation to the deeply bound levels of the c3 Σ+ potential is advantageous
compared to the b3 Π, for which the TDM significantly decreases at short range.

5.3.2. Franck-Condon Overlap Factors (FCF)
The selection of a suitable vibrational level of the A1 Σ+ intermediate excited state that couples
strongly to both the Feshbach X1 Σ+ |v ′′ = 47⟩ and the X1 Σ+ |v ′′ = 0⟩ vibrational levels is
greatly facilitated by the calculation of the relevant FCFs. The Fourier grid Hamiltonian
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Figure 5.3.: Calculated FCFs for the pump and Stokes transitions. The selection of a suitable
intermediate vibrational level is a trade-off between the pump and Stokes transition strengths and the
available laser resources at the desired wavelengths. In the experiment we cover a wavelength range
of 1038 -1120 nm, where good FCFs for both pump and Stokes transitions are expected. (a) FCFs for
the pump X1 Σ+ |v ′′ = 47⟩ → A1 Σ+ |v ′ ⟩ transitions. (b) FCFs for the Stokes X1 Σ+ |v ′′ ⟩ → A1 Σ+ |v ′ ⟩
transitions to four ground state vibrational levels.

method (Marston and Balinkurti, 1989) is utilized to solve the Schrödinger equation for
the bound-state energy eigenvalues and wavefunctions of the desired potentials. The X1 Σ+
ground state potential is given by Tiemann et al. (2009) and is resulting from curve fitting
to available spectroscopic and Feshbach resonance data. The A1 Σ+ excited state potential
given by Allouche (2011) and is a result of ab-initio calculations. Knowledge of how the FCFs
vary with respect to the transition binding energies for both pump and Stokes couplings is
essential for narrowing down the number of vibrational levels that belong to the intermediate
state and need to be spectroscopically investigated.
The calculated FCFs for the pump and Stokes couplings are illustrated in Fig. 5.3. In
Fig. 5.3 (a) the FCFs show large fluctuations at short pump wavelengths with two major ones
occurring for the X1 Σ+ |v ′′ = 47⟩ → A1 Σ+ |v ′ = 28, 29⟩ transitions. The exact position where
fluctuations occur, cannot be precisely predicted by ab-initio calculations and remains to be
experimentally verified. Strong transition strengths are expected for the deeper vibrational
levels v ′ = 23 − 27. The variation of the transition strength throughout the pump wavelength
range is determined by the vibrational wavefunction overlap. This is because for the X1 Σ+ →
A1 Σ+ transition the TDM does not vary significantly with the internuclear distance, as shown
in Fig. 5.2.
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In Fig. 5.3 (b) the FCFs of the four X1 Σ+ |v ′′ = 0, 1, 2, 3⟩ → A1 Σ+ |v ′ ⟩ coupling strengths
are shown. The overlap with the ground state becomes more favorable for more deeply
bound excited vibrational states and at relatively large wavelengths. At the same time,
the overlap with the singlet component of the Feshbach molecules ceases. The selection of
an intermediate vibrational level is a trade-off between the FCFs of the pump and Stokes
couplings. While for the pump transitions it is beneficial to choose a vibrational level at
wavelengths above 1050 nm, for the Stokes transitions deeply bound excited levels are more
advantageous. The experimentally investigated transitions are indicated with the vertical
purple lines and eventually the A1 Σ+ |v ′ = 23⟩ is chosen to be the target intermediate state.

5.3.3. Spin-Orbit Coupling
Investigation of the Spin-Orbit Coupling (SOC) between molecular excited states is of great
significance for the realization of our three-level pathway to the ground state of 6 Li40 K. The
SOC effect is explored in Section 4.2.1 by diagonalizing the effective SOC Hamiltonian of
Eqn. (4.1). However, solving for the adiabatic potentials in this way is not sufficient because
of the way the spin mixing effects of the excited states are treated. Instead a more rigorous
approach is to calculate the SOC constants throughout the full internuclear range R of the
excited potentials using the MOLPRO software. This survey is essential, because even though
mixing between the A1 Σ+ and the b3 Π potentials is not desired, it is nevertheless expected
to occur, if the ro-vibrational states of these potentials are nearly degenerate.
The results of this calculation are depicted in Fig. 5.4. The basis sets and the relativistic
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Figure 5.4.: Spin-Orbit-Coupling (SOC) matrix elements of the 6 Li40 K excited potentials. The
horizontal dashed line indicates the value of the fine structure constant of 40 K (Falke et al., 2006).
The molecular SOC constants deviate from the atomic asymptotic value mainly due to the negligence
of second-order SOC effects in the MOLPRO calculation.
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ECP approximation are similar to the ones employed for the TDM calculations. The SO
matrix elements are expected to be equal to the atomic SO splitting at the limit of infinite
R, which is indicated by the horizontal dashed line. Failure to do so may be attributed to
neglecting the second-order SOC effect as it cannot be treated by MOLPRO. The results
for the A1 Σ+ -b3 Π mixing indicate that the SOC constant varies by less than an order of
magnitude throughout the range of the potential allowing for the occurrence of mixed states
at all binding energies. Predicting the binding energies at which the mixed states occur is
not trivial since the vibrational levels are not precisely calculated by the ab-initio PECs.
Hence, the mixed character of the A1 Σ+ can be potentially revealed by high-resolution onephoton spectroscopy. As shown in Section 5.4.2, the mixed character of the A1 Σ+ potential is
excluded, since the expected resolvable hyperfine structure for triplet states is not observed.

5.3.4. Hyperfine Coupling Constants
Prior to experimentally investigating electronically excited singlet or triplet states, it is desired to estimate the magnitude of the hyperfine splitting. As introduced in Section 2.1.4.2,
the dominant contribution to the hyperfine splitting originates from the nuclear quadrupole
interaction. The other contributions to the hyperfine energy of 1 Σ states are the nuclear
spin-rotation interaction and the nuclear-spin dipolar interaction, which are not considered
here since they are much weaker. The Nuclear Quadrupole Coupling Constant (NQCC) is
introduced in Section 2.1.4 and here is determined by the following linear relation (Bruna and
Grein, 2006):
eQq0 (X)[MHz] = 234.9647 × q0 (X)[a.u.] × Q(X)[b] ,

(5.1)

where X is the atom for which the NQCC is calculated. The numerical prefactor originates
from constants and unit conversion factors. The nuclear quadrupole moments Q(X) utilized
to determine the NQCCs are estimated to be: Q(6 Li) = −8.0 × 10−4 b (Wharton et al., 1964)
and Q(40 K) = −75.0 × 10−3 b (Teodoro et al., 2015) in units of barns (1 b = 10−28 m2 ). The
electric field gradients q0 are inferred from ab-initio calculations using the DALTON software
package with the B3LYP density functional and the 6-311+G* basis (DAL; Aidas et al., 2014).
The NQCCs for the ground and electronically excited potentials of the 6 Li40 K molecule
are summarized in Table 2.1. Relevant to this section are the NQCCs for the deeply bound
vibrational levels of the A1 Σ+ potential, calculated at its equilibrium internuclear distance
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of 3.95 · 10−10 m. They are equal to eQq0 (6 Li) = 170 Hz and eQq0 (40 K) = 2.97 MHz, where
the latter value is 20% smaller compared to the atomic quadrupole hyperfine constant of

40 K

(Falke et al., 2006). In the presence of the strong Feshbach magnetic field, the contribution
from the 6 Li nucleus can be neglected as it is small compared to the natural linewidths of the
excited states and only the coupling of the 40 K nucleus to the J remains dominant. Hence, the
splittings of the A1 Σ+ hyperfine states are expected to cover a span of 590 kHz, which is not
resolvable within the observed A1 Σ+ linewidth, when addressed with linearly polarized light
in our experiment. A larger hyperfine splitting is typically only expected for triplet states
e.g. c3 Σ+ , b3 Π, where there is a magnetic dipole-dipole interaction between the electronic
and nuclear spins or for states of Π symmetry, where an internal magnetic field can split the
hyperfine components due to the nuclear-spin Zeeman effect.

5.3.5. Addressing a Sole Hyperfine Component
Here, we discuss how to address a sole singlet hyperfine component of the target vibrational
state of the A1 Σ+ potential. Starting from the X1 Σ+ |v ′′ = 47, J ′′ = 0⟩ Feshbach state with
N ′′ = 0, the excited states of the A1 Σ+ |v ′ , J ′ = 1⟩ are investigated, as indicated by the pump
arrow in Fig. 5.1. Accessing rotationally excited levels with N ′ = 1 occurs because N is not
conserved. Since only 1 Σ states are involved, the J ′′ = 0 → J ′ = 0 transition is forbidden.
Then the selection rule ∆J = ±1 translates into ∆N = ±1. The rotational projection mN
also needs to be carefully considered. If the pump transitions are driven with π polarized
light, then the initial Feshbach state can couple to three excited hyperfine states. In the
extended uncoupled molecular basis expanded in ket notation as |S, mS , mI,Li , mI,K , N, mN ⟩,
these are the |0, 0, −1, −4, 1, 0⟩, |0, 0, 0, −4, 1, −1⟩, and |0, 0, −1, −3, 1, −1⟩ states. The total
projection M = mI,K + mI,Li + mN = −5 is conserved. These states can be mixed due
to hyperfine coupling originating from the nuclear quadrupole, nuclear-spin rotation, and the
nuclear-spin dipole interactions. Even though the dominant NQCCs are expected to be small,
as discussed in Section 5.3.4, the pump transitions may still result in coupling to different
hyperfine components of the intermediate level.
To avoid these detrimental for STIRAP couplings and to achieve excitation to the sole
singlet fully stretched hyperfine component |0, 0, −1, −4, 1, −1⟩, σ − polarized light is applied.
This argument is also valid if the hyperfine coupled basis is considered, in which the total
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angular momentum F is a good quantum number. Within this notation, starting from the
|F ′′ = 5, m′′F = −5⟩ Feshbach state, three excited hyperfine quantum numbers F ′ = 4, 5, 6 can
be addressed. With σ − polarization only the fully stretched |F ′ = 6, m′F = −6⟩ intermediate
state can be coupled.

5.4. Deeply Bound Vibrational States of the A1 Σ+ Potential
5.4.1. Mass-Scaling of Existing Spectroscopic Data
The one-photon spectroscopic survey of the deeply bound vibrational levels of the A1 Σ+
potential is facilitated by previous work relying on Polarization Labeling Spectroscopy (PLS)
in a heat-pipe performed by Grochola et al. (2012). The main idea is similar to the one
presented in Section 4.5.1 for the B1 Π potential. The PLS experiments were conducted for
the 7 Li39 K isotopologue. A broad range of ro-vibrationally excited states were observed and
fitted with a Dunham expansion (Section 2.1.1). We utilize the obtained Dunham coefficients
′ to predict the location of the vibrational levels of the A1 Σ+ potential. However, they need
Yk,l

to be mass-scaled to our choice of 6 Li40 K molecules by the ratio of the reduced masses µ
e=


µ 7 Li39 K /µ 6 Li40 K . The vibrational term energies obtained from the Dunham expansion
are expressed as:
′

′

′

E (v , N ) = hc

X
k,l

l+ k2

µ
e

′
Yk,l



1
v +
2
′

k


′′
[N ′ (N ′ + 1)]l − hc D′′ X1 Σ+ − ∆EZM

,

(5.2)


′′
where D′′ X1 Σ+ is the potential depth of the electronic ground state and ∆EZM
is the
Zeeman shift of the X1 Σ+ . The ground state depth, which we retrieve from Tiemann et al.
(2009), is taken into account since the Dunham coefficients for the A1 Σ+ are determined from
transitions originating from the X1 Σ+ potential and referenced to the zero point of the ground
′′
state E ′′ (v ′′ = −1/2) (Martin et al., 2001). Moreover, the ∆EZM
= −472.5 MHz Zeeman

shift of the ground state is considered to extrapolate the vibrational energy predictions to
the Feshbach magnetic field applied during the one-photon spectroscopy. The Zeeman shift
of the excited state is omitted here since it is negligible.
Two uncertainties contribute to the uncertainty of the calculated E ′ (v ′ , N ′ ). The uncertainty of the depth of the X1 Σ+ potential, which is about 3 GHz (Tiemann et al., 2009)
and the uncertainty of the spectral resolution of the PLS measurements, which is given to be
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3 GHz (Grochola et al., 2012). The predicted energies for the A1 Σ+ potential using mass-scaling of Dunham coefficients are listed in Table 5.2 along with the measured pump transition
frequencies for comparison.

5.4.2. Coarse and Precision Spectroscopy Results
We perform one-photon spectroscopy of the A1 Σ+ vibrational levels by switching-off the ODT
light and applying the spectroscopy laser pulses during TOF before imaging. Executing the
experiments in TOF ensures that the pump transition frequencies are not Stark shifted due
to the ODT laser light at 1064 nm. Initially, coarse frequency scans are performed due to the
large uncertainties of the expected vibrational energies (∼ 9 GHz). The pump laser is let free
running and the piezo offset is manually adjusted to increase the laser’s frequency in steps of
250 MHz. The molecules are illuminated with the maximum available power for 1 ms. If the
spectroscopy laser is resonant with the power broadened pump transition, the molecules are
excited followed by rapid decay to the ground state. Since absorption imaging is performed
on the Feshbach molecules, resonant excitation manifests as a dip in the detected molecule
number Nmol . After coarsely locating the positions of the excited vibrational states, the pump
laser is stabilized to the high finesse cavity to accurately determine the resonance frequencies.
For precisely pinning down the transition frequencies of the excited vibrational levels, highresolution scans are performed with the setup shown in Fig. 3.3 and the pump’s frequency
is stabilized using the PDH setup presented in Fig. 3.4 (c). The pump’s frequency is shifted
up to 20 MHz in steps of 1 MHz by changing the foffset (Fig. 3.4 (b)), while the laser remains
locked to the FP cavity. This frequency span is sufficient to cover the intermediate transition
linewidths. The pump power and pulse duration are gradually reduced in an iterative process
to precisely resolve the natural linewidth of the excited vibrational levels and to avoid artificial
broadening of the resonance peaks. The pulse intensity is controlled by tuning the VVA of
the pump AOM driver. The minimum pulse duration that can be achieved is 2 µs and is
limited by the time resolution of the control system.
The one-photon spectroscopy results for the v ′ = 23 − 26 vibrational levels are shown in
Fig. 5.5, where the number of molecules Nmol is plotted as a function of the laser detuning.
The resonance frequency occurs for zero detuning. The absorption profile is treated as an
inverted Lorentzian function. The large level separation occurring for these deeply bound
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Figure 5.5.: High-resolution spectroscopy of the A1 Σ+ |v ′ = 23 − 26⟩ excited vibrational levels. The
transition resonance is reflected as molecule number loss plotted as a function of the frequency detuning
from the center of the resonance. The linewidth of the observed transitions is on the same order of
magnitude with the respective atomic transitions.

states (∼ 1.5 THz) allows for the unambiguous assignment of the vibrational level index. An
important feature of all observed lines is the absence of hyperfine structure for the measured
linewidths around 5 MHz, if the excitation is driven with σ − polarized light. This is expected
as the stretched hyperfine state is the only available final state. The resonance frequencies of
the v ′ = 27 − 29 states, which were initially investigated by Pal (2016) and Lam (2016), are
also verified and listed in Table 5.2 along with their respective spectroscopic parameters.
Of particular interest is the A1 Σ+ |v ′ = 23⟩ level, which is the target state for the two-photon ground state spectroscopy and STIRAP transfer. Starting with 104 Feshbach molecules,
the pump power and pulse duration are adjusted such that nearly all of them are depleted
when the laser is on resonance. The σ − polarized pump light is scanned over a frequency span
of 160 MHz to exclude the existence of nearby resonant hyperfine components, as depicted
with squares in Fig. 5.6 (a). As expected from the analysis in Section 5.3.4, the contribution from the dominant nuclear quadrupole interaction is negligible and within the A1 Σ+
linewidth. However, large hyperfine splittings can potentially arise if the A1 Σ+ mixes with
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Figure 5.6.: Line profile and transition strength of the A1 Σ+ |v ′ = 23, J ′ = 1⟩. (a) Loss spectrum over
large range (squares) and with reduced laser power (circles). (b) Molecular decay data for resonant
irradiation. From the simultaneous
fit of the absorption
and decay spectrum, the normalized pump
p
√
Rabi frequency Ωnorm. = Ω/ I0 = 2π × 2.32 kHz/ mW/cm2 and the excited state linewidth Γ =
2π × 6.6(1.3) MHz are extracted.

the neighboring triplet b3 Π, where the mixing results from an accidental degeneracy of the
A1 Σ+ energy with the b3 Π. In this case, the atomic hyperfine splitting for

40 K

atoms of a

few tens of MHz can be used as an estimate for the molecular case. For none of the observed
transitions to the A1 Σ+ potential the hyperfine structure is resolved, even if linear polarized
light is used, which allows to address several hyperfine states.
After reducing the pump power to avoid linewidth broadening, the resonance frequency of
the v ′ = 23 level is measured to be 267, 842.704(2) GHz. The respective absorption spectrum
is illustrated with blue circles in Fig. 5.6 (a). The I0 = 25.9 W/cm2 peak intensity on the
molecules is achieved with 0.86 mW of power and 46 µm of beam waist. The pump pulse is
applied for 12 µs. Fig. 5.6 (b) shows the exponential molecular number decay upon fixing the
pump beam on resonance and scanning the irradiation time tirr . The resonant loss spectrum
of Fig. 5.6 (a) is fitted simultaneously with the exponential molecular decay curve of Fig. 5.6
(b) according to the formula (Debatin et al., 2011):

Nmol. = Noffset + N0 exp − tirr. Ω2p


Γ
,
Γ2 + 4∆2p

(5.3)

where Noffset accounts for the small offset in the number counting, N0 is the initial number
of Feshbach molecules, Γ is the excited state linewidth and ∆p is the pump laser detuning.
The lifetime of the excited state is τ = 1/Γ. At zero detuning the Nmol. can be approximated
by a simple exponential decay: Nmol. = Noffset + N0 exp(−tirr. Ω2p /Γ). This expression is
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v′

fpred. (GHz)

fexp. (GHz)

Ωp (kHz)

p
Ωp norm. (kHz/ mW/cm2 )

23

267,849

267,842.704(1)

2π×373(25)

2π×2.3(2)

24

271,384

271,383.547(1)

2π×294(27)

2π×1.6(2)

25

274,908

274,899.206(2)

2π×583(31)

2π×5.1(2)

26

278,389

278,388.531(2)

2π×402(62)

2π×0.7(1)

27

281,847

281,846.773(1)

2π×632(26)

2π×8.8(3)

28

285,282

285,282.275(1)

2π×247(40)

2π×3.0(3)

29

288,689

288,688.761(1)

2π×230(53)

2π×3.1(3)

Table 5.2.: Measured resonance frequencies for the pump transitions. The predicted vibrational
energies are obtained from mass-scaling the Dunham coefficients of the 7 Li39 K isotopologue. The
frequency uncertainty in our measurements is limited by the frequency comb. The normalized Rabi
frequencies are calculated to provide a measure for the transition strengths.

valid as long as τres. = Γ/Ω2p ≫ τ , where τres. is the time constant of the molecular decay.
From the simultaneous fitting the pump Rabi frequency Ωp = 2π × 373(25) kHz is extracted
together with the excited state linewidth Γ = 2π × 6.6(1.3) MHz. Hence, the normalized Rabi
p
√
frequency is Ωnorm. = Ω/ I0 = 2π × 2.32 kHz/ mW/cm2 . The Ωnorm. is frequently adopted
in spectroscopic studies to characterize and compare electronic transition strengths.
Simultaneous fits are performed for all the observed excited states. A total of seven vibrational levels, including those measured by Pal (2016) and Lam (2016), are identified and
listed in Table 5.2 along with their respective frequency predictions and the experimental
parameters utilized for each level. The observed lines have a maximal deviation of 10.3 GHz
from the predicted values and hence are in good agreement with the prediction from massscaling. The transition strength of the A1 Σ+ |v ′ = 23⟩ level is not reduced as compared with
the strengths measured at lower wavelengths, a fact that is consistent with the prediction of
the FCFs shown in Fig. 5.3 (a).

5.5. Two-Photon Ground State Spectroscopy
The search for the absolute ro-vibrational ground state of the X1 Σ+ potential is not a straightforward task. It is hindered by the uncertainty in the prediction of the ground state vibrational
energies and the long experimental cycle duration of 2 minutes. The two-photon spectroscopy
experiments are performed in TOF followed by absorption imaging. The pump frequency is
fixed to couple the Feshbach state to the excited A1 Σ+ |v ′ , J ′ ⟩ vibrational levels. The pump
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power is adjusted to cause depletion of 90% of the Feshbach molecules in the absence of
the Stokes pulse. The Stokes frequency detuning ∆S is scanned to locate the X1 Σ+ |v ′′ , J ′′ ⟩
levels. The Stokes pulse is switched-on first and 2 µs later the pump pulse. Switching-off
the Raman pulses happens in reverse order. If the Stokes laser is on resonance it couples
the X1 Σ+ |v ′′ , J ′′ ⟩ → A1 Σ+ |v ′ , J ′ ⟩ states and leads to a dressing of the excited state. This is
manifested as an AT splitting of the intermediate level with magnitude ℏΩS . Consequently,
the pump laser cannot excite the Feshbach molecules anymore, as its frequency is not on
resonance with the X1 Σ+ |v, J⟩ → A1 Σ+ |v ′ , J ′ ⟩ transition. The reduction of Nmol. in the
absorption spectrum is now suppressed. This suppression is the signature of the Stokes laser
being on resonance, which is manifested as retrieving the Feshbach molecular signal in the
absorption spectrum. The ΩS imposes a constraint on the two-photon resonance width.
As a preparational step for the two-photon spectroscopy, the predictions of the ground state
vibrational energies are studied. They are obtained by numerically solving the bound-state
energy eigenvalues and eigenvectors for the X1 Σ+ potential given by Tiemann et al. (2009)
with the Fourier-grid Hamiltonian method (Marston and Balinkurti, 1989). The calculations
of Tiemann et al. (2009) take into account the PLS measurements conducted by Martin et al.
(2001), which contribute an amount of 3 GHz in the uncertainty of determining the ground
state vibrational energies. This uncertainty mainly originates from the uncertainty in the
value of the ground state term energy Te (X1 Σ+ ). In contrary, the energy separations of the
deeply bound X1 Σ+ vibrational levels are determined more precisely, as they are only limited
by the spectroscopic resolution of the PLS measurements.

5.5.1. Roadmap to the X1 Σ+ |v ′′ = 0, J ′′ = 0⟩ State
Two-photon spectroscopy is initially performed with the tapered amplifier setup described in
Section 3.3.1, to locate the absolute ro-vibronic ground state of 6 Li40 K molecules. The Stokes
master laser is tuned to the X1 Σ+ |v ′′ = 0, J ′′ = 0⟩ → A1 Σ+ |v ′′ = 23, J ′ = 1⟩ transition. Its
frequency is stabilized and scanned with the iScan device over a span of 2 GHz around the
predicted resonance. However, the Feshbach molecular signal is not recovered, as shown in
Fig. 5.7. This result is obtained by adding up individual frequency scans that are conducted
over a period of one month, as we are limited by the long experimental cycle of 2 minutes.
One possible reason for not locating the ground state is that the 90 mW of Stokes power with
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Nmol

Reference molecule number

f - 450839904 (MHz)

Figure 5.7.: First attempt to locate the ground state of 6 Li40 K. The extend of fluctuations in the
number of molecules Nmol. is indicated by the pink region. The predicted resonance is expected to be
at 450, 839.904 GHz. The molecular loss signal is due to the presence of the pump laser.

50 µm of beam waist focused on the molecules for 12 µs is not sufficient. Higher Stokes Rabi
frequencies together with a larger detuning scanning range may be required to retrieve the
Feshbach molecular signal.
To meet these requirements the dye laser setup presented in Section 3.3.1 is employed.
Moreover, instead of directly searching for the ground state we choose to initially verify the
location of the X1 Σ+ |v ′′ = 3, J ′′ = 0⟩ → A1 Σ+ |v ′ = 29, J ′ = 1⟩ transition, which was revealed
by Pal (2016) and Lam (2016). Verifying that and in combination with the accurate knowledge
of the ground state vibrational spacing, is an excellent starting point for the ground state
spectroscopic survey. Our roadmap to the absolute ro-vibronic ground state is summarized in
Fig. 5.8. The resonant frequency is found to deviate from the one measured by Pal (2016) and
Lam (2016). The predictions for the energies of neighboring deeply bound levels are adjusted
accordingly. Then, the Stokes laser is tuned to search for the X1 Σ+ |v ′′ = 2⟩ vibrational level.
With 42 mW of power and 59.8 µm of beam waist focused on the molecules, the v ′′ = 2 is
found with a deviation of 100 MHz from the predicted energy separation between the v ′′ = 3
and v ′′ = 2. The same magnitude of deviation is expected for the energy spacings of the
deepest vibrational levels.
To reach the deeply bound X1 Σ+ |v ′′ = 1, 0⟩ levels, we switch to the A1 Σ+ |v ′ = 23⟩ intermediate state to ensure that we have enough Stokes laser power. Firstly, the X1 Σ+ |v ′′ = 2⟩ →
A1 Σ+ |v ′ = 23⟩ transition is verified and it turns out that it requires only 4 mW of laser power
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Figure 5.8.: Spectroscopic route to the v ′′ = 0 of the X1 Σ+ potential. Our pathway to the absolute
ro-vibronic ground state starts from verifying the X1 Σ+ |v ′′ = 3⟩ → A1 Σ+ |v ′ = 29⟩ transition and
following the direction of the arrow concludes with the determination of the transition frequency of
the X1 Σ+ |v ′′ = 0⟩ → A1 Σ+ |v ′ = 23⟩. The axis indicate the available pump and Stokes wavelengths.

with 60 µm of beam waist. The observed 60 MHz two-photon linewidth is consistent with the
evaluation of the Stokes transition strength obtained from the FCFs, as shown in Fig. 5.3
(b). The X1 Σ+ |v ′′ = 1⟩ → A1 Σ+ |v ′ = 23⟩ transition is initially measured with 153 mW and
60.8 µm of Stokes beam waist. The former is then reduced to 7.5 mW to avoid power broadening, resulting in a 30 MHz two-photon linewidth. The transition frequency deviates 100 MHz
from the predicted energy separation between the v ′′ = 2 and v ′′ = 1 levels. Finally, the dye
laser is tuned to the predicted 664.962 nm wavelength of the X1 Σ+ |v ′′ = 0⟩ → A1 Σ+ |v ′ = 23⟩
transition to search for the absolute ro-vibronic ground state. With 200 mW of Stokes laser
power and 42 µm of beam waist focused on the molecules the v ′′ = 0 state is observed. It has
a 37 MHz two-photon linewidth and deviates less than 50 MHz from the predicted frequency.
The observed ground state vibrational levels are shown in Fig. 5.9 and Fig. 5.10.
The transition strengths ΩSnorm. to the X1 Σ+ vibrational levels are obtained from the
measured widths of the two-photon spectra and the applied laser intensities and they are
listed in Table 5.3. The scaling of the transition strengths between different lines is in good
agreement with the ratio of the respective FCFs shown in Fig. 5.3 (b). Overall we confirm
that the uncertainties in the predicted frequencies are mainly due to the ground state term
energy Te (X1 Σ+ ) and that the energy separations between the deepest vibrational levels of
the X1 Σ+ potential are accurately predicted within an uncertainty of ∼ 100 MHz.
For the ro-vibrational ground state with N ′′ = 0, only the stretched hyperfine component
with M ′′ = −5 can couple to the excited state. In this case, the Stokes beam needs to
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Figure 5.9.: High-resolution scans of the deeply bound levels of the X1 Σ+ potential. The two-photon
spectra involve two intermediate levels, the v ′ = 29 and v ′ = 23 of the A1 Σ+ . The data points indicate
the number of molecules as a function of the frequency detuning from the center of the resonance.

be σ − polarized. We also performed two-photon spectroscopy with σ + polarization, while
the pump beam remains σ − polarized, as shown in Fig. 5.10. As expected, the excited
state cannot couple to the ground state and the absorption spectrum shows the effect of the
pump laser solely. The Stokes beam power utilized is 108 mW with a beam waist of 70 µm.
This measurement supports the realization of an ideal three-level system that utilizes only
singlet-to-singlet optical transitions coupled with polarized dependent spectroscopy beams.
Consequently, off-resonant coupling to other hyperfine states is prevented for both transitions,

v ′′

A1 Σ+ |v ′ = 29⟩ → X1 Σ+ |v ′′ ⟩
p
f (THz)
ΩSnorm. (kHz/ mW/cm2 )

A1 Σ+ |v ′ = 23⟩ → X1 Σ+ |v ′′ ⟩
p
f (THz)
ΩSnorm. (kHz/ mW/cm2 )

0

not measured

450.840975(2)

2π × 12(2)

1

not measured

444.148838(5)

2π × 84(18)

437.543516(8)

2π × 256(59)

2

458.389566(5)

2π × 43(8)

3

451.871767(10)

2π × 152(52)

not measured

Table 5.3.: Measured resonance frequencies and normalized Rabi frequencies for the Stokes transitions
to the lowest bound states of the X1 Σ+ potential from the A1 Σ+ |v ′ = 23, 29⟩ levels.
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Figure 5.10.: Two-photon spectroscopy of the absolute ro-vibronic ground state of 6 Li40 K. The
pump beam is σ − polarized. The Stokes beam is switched between σ − and σ + polarization to verify
that only a sole singlet hyperfine component of the excited intermediate state is addressed.

which is an important prerequisite for the upcoming STIRAP transfer.

5.5.2. Autler-Townes Spectroscopy
The strong coupling to the v ′′ = 0 ground state can be inferred from the observed AutlerTownes (AT) splitting. We performed AT spectroscopy for the v ′′ = 0 level to characterize the
Stokes Rabi frequency. The result is shown in Fig. 5.11. In AT spectroscopy the Stokes laser
frequency is fixed on the X1 Σ+ |v ′′ = 0⟩ → A1 Σ+ |v ′ = 23⟩ transition, while the frequency
detuning of the pump laser is scanned to reveal the AT doublets. The ΩS determines the
frequency separation between the AT doublets. With 108 mW of Stokes beam power, a
12 MHz splitting is observed, which corresponds to ΩS ≈ 2π × 8MHz.

Normalized Nmol.
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Figure 5.11.: Autler-Townes splitting for the X1 Σ+ |v ′′ = 0⟩ → A1 Σ+ |v ′ = 23⟩ transition. The dark
blue line is a guide to the eye obtained by adding up two Lorentzians. Balanced Rabi frequencies can
be achieved for both couplings, which is a favorable starting condition for a fast STIRAP transfer.
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Figure 5.12.: Two-photon ground state spectroscopy including the rotationally excited
X1 Σ+ |v ′′ = 0, N ′′ = 2⟩ state. The rotational energy, which is inferred from the energy difference
between the rotational ground and excited states, is given by EN ′′ = B0 N ′′ (N ′′ + 1). The transition
to N ′′ = 1 level is not observed due to the selection rule ∆N = ±1.

5.5.3. Rotational Spectroscopy of the Ground State
To confirm the correct level assignment of the ground state, we address the rotationally excited
X1 Σ+ |v ′′ = 0, N ′′ = 2⟩ state, as shown in Fig. 5.12. The ∆N = ±1 electric dipole selection
rule prevents the transition to the X1 Σ+ |v ′′ = 0, N ′′ = 1⟩ level from the A1 Σ+ |v ′ = 23, N ′ = 1⟩
intermediate state. The Stokes power is set to 96 mW and a beam of 56 µm waist is focused on
the molecules to address the X1 Σ+ |v ′′ = 0, N ′′ = 2⟩ state. From the 52.452 GHz separation of
the two resonance signals a rotational constant of B0 = h × 8.742(3) GHz is inferred, which is
in very food agreement with the theoretical prediction from Bednarska et al. (1996). Precise
knowledge of the rotational constant and of the energetically dominant NQCCs (Section 5.3.4)
of the ground state, facilitates the control of the ground hyperfine states in order to populate
molecules in the single hyperfine state with the lowest energy. It is also a preparational step
for polarizing the ground state molecules by applying an external AC microwave field.

5.6. Stark Shift Spectroscopy
To characterize the dipolar nature of ground state 6 Li40 K molecules, we impose a static DC
electric field along the direction of the Feshbach magnetic field, which provides the quantization axis, as discussed in Section 2.2.1. By measuring the DC Stark shift through the
two-photon spectrum, the effective dipole moment can be inferred via the expression:

deff. = −

d∆EStark
dE

100

,

(5.4)

5.6. Stark Shift Spectroscopy
where ∆EStark is the DC Stark shift. To evaluate the deff. we need to take into account the
mixing between the rotational ground state |v ′′ = 0, N ′′ = 0⟩ and all the rotationally excited
states |v ′′ = 0, N ′′ ⟩. Since this requires the diagonalization of an infinite large matrix, where
the dominant contribution originates from the |v ′′ = 0, N ′′ = 1⟩ level, it is sufficient to consider
a finite number of rotationally excited states up to N ′′ ≤ 5. This is also justified by the fact
for higher excited rotational states the splittings between adjacent levels are much larger
and their effects on the lower lying levels become smaller. The effective dipole moment deff. is
plotted in Fig. 5.13 as a function of the applied electric field. To compensate for the neglected
excited rotational states the calculated dipole moment is divided by a factor of 0.92 (Ni, 2009).
The magnitude of the electric field required to fully polarize the ground state molecules
(3.6 D) is more than 60 kV/cm due to the large rotational constant of B0 = h × 8.742(3) GHz.
However, the high-voltage electrodes are only able to provide up to ∼ 8.5 kV/cm at the position of the molecules based on the current electric field simulations, as discussed in Section 3.5.
This corresponds to an induced dipole moment of 1.9 D for the ground state molecules.
The Stark shift spectroscopy experiments are conducted in TOF before absorption imaging.
The high-voltage pulses are switched-on 60 µs before the Raman beams and are applied on
the molecules for a duration of 160 µs. Initially, the DC Stark shift of the pump transition is
measured via one-photon spectroscopy and the results are shown in Fig. 5.14 (a). The electric
dipole moment of the Feshbach state is negligible and hence only the electronically excited
state contributes to the Stark shift up to a good approximation. For small applied electric
fields up to 1 kV/cm the data show a nearly quadratic behavior.

Figure 5.13.: Calculation of the effective effective electric dipole moment deff. of the N ′′ = 0 state.
For the Stark shift spectroscopy analysis, the Stark Hamiltonian of Eqn. (2.8) is diagonalized with
N ′′ ≤ 5. At low fields, the deff. almost linearly depends on the applied external electric field (inset).
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Figure 5.14.: Measured DC Stark shift of the A1 Σ+ |v ′ = 23⟩ and X1 Σ+ |v ′′ = 0⟩ states. The curves
that connect the data are a guide to the eye. From the ground state Stark shift spectroscopy an
effective dipole moment of deff. = 0.24 D in the lab frame is inferred.

The DC Stark shift of the ground state is given by the energy shift of the two-photon
spectrum by taking into account the shift of the excited state and the results are depicted
in Fig. 5.14 (b). Although the electrodes are conditioned to provide an electric field of
∼ 8.5 kV/cm at the position of the molecules, we only access fields ranging from 200 V/cm
up to 1 kV/cm. The accessible electric field corresponds to an effective dipole moment of
deff. = 0.8 D in the lab frame. The measured ground and excited state Stark shifts are
summarized in Table 5.4.
On a technical note, there are two considerations when performing the Stark shift experiments. Firstly, at the end of each experimental sequence another set of high-voltage pulses
but with opposite polarity is applied on the electrodes in a self-healing process that aims to
remove any residual charges accumulated inside the electrode. Secondly, in order to overcome
the accumulation of electric charges on the surface of the glass chamber, UV light is applied
for 5 s at the end of each experimental sequence. For this, three incoherent LED sources are
placed outside the UHV chamber, two at the side axial and one at the transverse direction
and at a distance of ∼ 5 cm from the chamber.
E (kV/cm)

fpump (GHz)

fStokes (GHz)

∆EStark,Stokes

0

267,842.704(1)

450,840.971(2)

0

0.25

267,842.700(2)

450,840.970(2)

-3(2)

0.5

267,842.691(2)

450,840.970(2)

-12(2)

1

267,842.651(2)

450,840.965(2)

-47(2)

Table 5.4.: Measured ground and excited state Stark frequency shifts obtained by σ − /σ − two-photon
dark resonance spectroscopy.
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6. Towards the Production of Dipolar Ground
State LiK
In this chapter, the experimental preparations and first results towards the production of
dipolar ground state 6 Li40 K molecules are presented. In Section 6.1 dark resonance spectroscopy is performed. In Section 6.2, a setup is implemented for the intensity control of the
Raman laser pulses and for the compensation of their in between time delay. In Section 6.3,
our first STIRAP attempts, realized with two different PDH locking cavity configurations, are
presented. The experimental results show a low round trip transfer efficiency that is difficult
to distinguish from the background counting. The loss mechanisms that hinder the coherent
ground state transfer success are discussed in Section 6.4. In Section 6.5, the fast phase noise
of the Raman lasers is measured. The improvements on the Raman laser system aiming at
reducing the detrimental to STIRAP phase noise are presented in Section 6.6.

6.1. Dark Resonance Spectroscopy
Before coherently transferring 6 Li40 K molecules to their absolute ro-vibrational ground state
via STIRAP, it is necessary to precisely determine the X1 Σ+ |v ′′ = 0⟩ energy and to characterize the coupling strength between the intermediate excited state and the ground state. This
is achieved by performing two-photon dark resonance spectroscopy, the underlying physics
of which is identical to that of EIT, as introduced in Section 2.4.3. The EIT spectrum is
obtained in the strong coupling regime (ΩS ≫ Ωp ), where the pump radiation field can be
treated as a perturbation. If this condition is not satisfied, then the dark resonance position
is Stark shifted due to the presence of the pump laser.
For the dark resonance spectroscopy experiments the dye laser setup is replaced by the
diode laser setup built in a master-slave configuration, as shown in Fig. 3.3. This is because
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the 1 MHz linewidth of the dye laser, which corresponds to a coherence time of less than
1 µs for the Stokes transition, is large for driving coherent processes that have a duration of
∼ 100 µs. For the EIT measurement the Raman lasers are stabilized to two different highfinesse cavities, as discussed Section 3.3.3.1, using the PDH technique with the optical setup
shown in Fig. 3.4 (c), which results in narrowing their linewidths down to 500 Hz for the pump
and 1 kHz for the Stokes laser.

6.1.1. EIT Lineshape
The dark resonance spectroscopy result is illustrated in Fig. 6.1 (b), where the number of
detected Feshbach molecules Nmol. is plotted as a function of the pump laser detuning. When
the two-photon resonance condition is fulfilled (δ = 0), the Feshbach molecular signal is recovered due to the destructive quantum interference between the excitation pathways, revealing
the characteristic W-shaped EIT spectrum. For this measurement, the Stokes laser frequency
detuning is kept on resonance with the intermediate level and the absolute ground state and
the pump laser frequency detuning is scanned in 500 kHz steps. In the region of ±1 MHz
around the resonance, the step size is reduced to 50 kHz to precisely record the pump resonance frequency. To accurately measure the beat note between the pump laser and the comb,
the beat signal is sent to a frequency counter (Agilent, 53230A). The pulse sequence and
shape (square pulses) are the same with the ones employed for the ground state spectroscopy
experiments described in Section 5.5.
For the EIT measurement, the Stokes laser power utilized is 8.8 mW with a beam waist of
65 µm. The pump power is 325 µW and a beam waist of 119 µm is focused on the molecules,
which correspond to a pump Rabi frequency of Ωp = 2π ·120 kHz. The pump pulse duration is
100 µs, which results in depletion of ∼ 70% of the Feshbach molecules. The observed lineshape
is fitted by the following equation (Fleischhauer et al., 2005):


Nmol. = N0 exp − tirr. Ω2p


4Γ∆2p + Γeff. (Γeff. Γ + Ω2S )
,
|Ω2S + (Γ + 2i∆p )(Γeff. + 2i∆p )|2

(6.1)

where Γeff. is an additional effective loss rate that accounts for the decoherence between the
Feshbach state and the absolute ro-vibronic ground state. Potential sources of decoherence
are the fluctuations of the Raman lasers linewidth and the external electric or magnetic
field fluctuations. In the lowest order of the adiabatic limit it is | θ̇ |≪ Γ21 + Γ23 , which is
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6.2. Experimental Preparations for STIRAP

(a)

(b)

Figure 6.1.: Two-photon dark resonance spectroscopy of the X1 Σ+ |v ′′ = 0⟩. (a) Schematic of the
three-level system employed for revealing the EIT spectrum. The states are coupled by a pair of
Raman lasers with Rabi frequencies Ωp,S . The two-photon resonance detuning is equal to the pump
laser detuning, δ = ∆p . (b) EIT characteristic W-shaped profile. The Stokes laser is set on resonance,
and the pump laser is scanned. When δ = 0, the presence of the Stokes laser pulse completely blocks
the absorption of the pump pulse. A Stokes Rabi frequency of ΩS = 2π · 2.5 MHz is inferred.

characteristic for long Raman laser pulses. The spontaneous decay rate from the excited state
to the Feshbach state and to the ground state is denoted with Γ21 and Γ23 , respectively. Then,
the Γeff. term must be considered in Eqn. (6.1). Here however, the Γeff. is neglected. The
two-photon resonance detuning coincides with the pump laser detuning δ = ∆p , if the Stokes
laser is fixed on the two-photon resonance. The most significant feature of this spectrum is
that the spacing between the two dips directly represents the Rabi frequency of the Stokes
transition (Fleischhauer et al., 2005). It is measured to be ΩS = 2π · 2.5 MHz, which ensures
that the EIT spectrum is obtained in the strong coupling regime.
The sub-kHz linewidth achieved for both Raman lasers ensures their relative phase coherence and encourages us to proceed with the ground state transfer experiments. However,
after our initial unsuccessful STIRAP attempts, we reexamined the occurrence of the relative
phase coherence of the Raman lasers, by measuring the laser phase noise, the results of which
are presented in Section 6.5. We then became aware that obtaining the EIT spectrum does
not necessarily require the coherence of the pump laser, as pointed out by Boller et al. (1991).

6.2. Experimental Preparations for STIRAP
The Raman lasers setup utilized for the ground state transfer experiments is shown in Fig. 3.3.
Both STIRAP beams are σ − polarized to avoid populating the intermediate unresolved hyper-
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fine states. The beams enter the UHV chamber from the side-axial direction and propagate in
parallel with the Feshbach magnetic field, which provides the quantization axis. The STIRAP
experiments are conducted both in the ODT and in TOF but only the latter attempts are
presented in Section 6.3 as detrimental effects due to the trapping light and collisions can
be excluded. The Raman pulses are switched-on 200 µs after switching-off the ODT beams
and releasing the molecular cloud. Detection of the remaining Feshbach molecules is done via
absorption imaging after 1.5 ms of TOF.
The counter intuitive pulse sequence required for STIRAP induces complete population
transfer from the Feshbach molecular state to the absolute ro-vibronic ground state under
appropriately selected experimental parameters. The one-way transfer efficiency η is defined
as η = (Nf /Ni )1/2 , where Nf , Ni are the final and initial number of Feshbach molecules, respectively. At the end of the one-way transfer, the pulse sequence is reversed in time, which
reverses the transfer process from the ro-vibronic ground state to the Feshbach state, where
the remaining molecules are detected via absorption imaging. The recovery of the Feshbach molecular signal serves to distinguish the coherent STIRAP process from the incoherent
molecular loss caused by excitation to the intermediate state.

6.2.1. Intensity and Delay Control of Raman Laser Pulses
The coherent manipulation of the Feshbach and ground molecular states requires time-varying
pulses, which is achieved by controlling the intensity of the ramps applied on the Raman lasers.
This is accomplished by modulating the power of the RF signal utilized for driving the first
diffracted order of the pump and Stokes AOMs. The output amplitude of the RF generator
(WieserLabs, FlexDDS) can be controlled in two ways. Either by tuning the control voltage
of a VVA with an Arbitrary Waveform-Generator (AWG) or by directly programming the
Random-Access-Memory (RAM) of the RF generator to create an amplitude envelope. The
AOMs are kept on throughout the duration of the experimental cooling cycle and the beams
are physically blocked by a shutter. Only for the STIRAP pulses the AOM power is briefly
switched-off and the shutter is subsequently opened, after which the pulse is executed. This
is to improve the stability of the AOM response against thermal effects.
The results of STIRAP are insensitive to the timing details of the Raman Rabi frequencies and the pulse shapes according to Vitanov et al. (2017). The global adiabatic crite-
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rion (Eqn. (2.32)) poses a constraint on the shortest pulse length, while the local criterion
(Eqn. (2.31)) requires a smooth time dependence of the pulse envelopes with no rapid variations to assure adiabaticity. With optimized pulse shapes, STIRAP can reach fidelities high
enough to make it suitable for quantum information processing with an error well below the
fault-tolerant limit of 10−4 (Vasilev et al., 2009). Here, it is sufficient to utilize Gaussian or
cosine function pulse envelope shapes.
An up to 500 ns undesired time delay is measured between the pump and Stokes pulses.
It is crucial to eliminate it, as an additional 500 ns of pump light can decrease the number
of detected Feshbach molecules. The delay between the two Raman laser pulses is detected
by two fast PDs, one for each wavelength placed after the UHV chamber. This delay is
introduced by the relative time delays existing between the active devices of the two Raman
laser setups. As our experimental control system is limited to a minimum timing interval of
2 µs for programming the time sequence, a new setup is built to compensate for the 500 ns
delay, as shown in Fig. 6.2 (a). A digital output channel (DO1) provides the trigger for the
Stokes delay pulse. This triggers an AWG (SRS, DS345), which ensures that the Stokes pulse’s
rising edge is matching the pump’s pulses rising edge. The SRS output triggers another AWG

(a)

DO1

SRS

FDDS

Agilent

AOM
delay
control

width
control

OR

RF switch

to
molecules

5W

DO2

(b)

(c)

Figure 6.2.: Time delay compensation between Raman laser pulses. (a) Setup for controlling the
relative time delay between the Raman laser pulses and their width. (b) & (c) Screenshots of Raman
laser pulses detected on a PD and observed on an oscilloscope for 1 µs and 500 ns widths, respectively.
The yellow trace is the trigger. The slight mismatch of the rising/falling edge timing of a few ns
between the two pulses is caused by the AOMs. It is negligible for STIRAP durations on the µs level.
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(Agilent, 33250A), which is programmed by a General-Purpose Interface Bus (GPIB) command. This second AWG enables the Stokes pulse width modulation down to the sub-microsecond regime, allowing for fast transfers with a round trip duration of 2 µs. The DO2
channel is used for keeping the AOM switched-on throughout the experimental cycle. The
same setup is built for the pump pulse but without the first AWG. The compensated pulse
delay is eliminated, as depicted in Fig. 6.2 (b) and Fig. 6.2 (c) for Raman pulse widths as
short as 1 µs and 500 ns, respectively.

6.3. Towards Coherent Ground State Transfer
In this section, our first coherent ground state transfer attempts are presented, for the realization of which two different reference cavity configurations are utilized. The STIRAP
experimental results show a low round trip transfer efficiency that is difficult to distinguish
from the fluctuations of the background detection of molecules.

6.3.1. Raman Lasers Locked to Different Cavities
For the first STIRAP attempt, the Raman laser frequencies are stabilized to different cavities,
as described in Section 3.3.3.1. The pump laser linewidth is measured to be 500 Hz and the
Stokes 1 kHz for this setup. The achieved sub-kHz stability corresponds to a coherence time
of the Raman lasers that allows for round trip transfer durations of up to 1 ms. The twophoton resonance frequency is obtained from the EIT measurement shown in Fig. 6.1 (b).
Various combinations of the peak Rabi frequency Ωmax and the pulse duration T are tried out,
with the experimental parameters set within the adiabatic limit imposed by the expression
Ωmax T ⩾ 3π, which is derived by the global adiabatic criterion of Eqn. (2.32). Both Gaussian
and cosine pulse envelope shapes are experimented. An example of Gaussian waveforms with
balanced Rabi frequencies of Ωp = ΩS = 2π · 500 kHz is shown in Fig. 6.3 (a).
For the majority of our STIRAP efforts the number of detected Feshbach molecules after the
round trip transfer is on the same level with the background counting. One attempt, in which
the Feshbach molecular signal is recovered above the background level, possibly indicating
a coherent ground state transfer, is shown in Fig. 6.3 (b). For this measurement the pulse
envelope shape is Gaussian. The pump Rabi frequency is Ωp = 2π · 500 kHz and ΩS ≫ Ωp .
The ground state transfer duration is 5 µs. At 9 µs the Feshbach molecular signal is recovered
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Figure 6.3.: STIRAP attempt with Raman lasers locked to different cavities. (a) Example of STIRAP
induced by Gaussian pulses of equal peak value Ωmax . The time dependent Rabi frequencies Ωp (t) and
ΩS (t) are plotted as a function of the STIRAP duration. (b) STIRAP attempt in the strong coupling
regime, where ΩS ≫ Ωp = 2π · 500 kHz. For a successful coherent ground state transfer the number of
detected Feshbach molecules is expected to remain stable after 9 µs.

with η = 52% efficiency for the one-way transfer. However, at 10 µs the detected number
of molecules cannot be distinguished from the background counting. The large molecular
shot-to-shot fluctuations reaching up to 20% further hinder the observation of a successful
coherent ground state transfer.

6.3.2. Raman Lasers Locked to the Same Cavity
For the experiments discussed in this section, the Raman lasers are locked to the same high-finesse cavity, as depicted in Fig. 3.4 (c). The linewidth of the pump laser is reduced to 250 Hz
and of the Stokes to 500 Hz. The sub-kHz linewidths facilitate the desired phase coherence
between the two Raman lasers for a round trip transfer lasting up to 2 ms. With this configuration the two Raman lasers experience the same change in the cavity length. Hence, the
slow variations of their phases are correlated and canceled during the two-photon processes.
While some benefit is expected for our experiment, the pump and Stokes wavelengths are
different by almost a factor of two. Therefore, the common mode suppression of the phase
variation is not expected to be complete.
An example of STIRAP with the Raman laser frequencies stabilized to the same cavity is
shown in Fig. 6.4. This experiment is executed in the presence of an external DC electric
field of 250 V/cm. First, the Stark shifted dark resonance is located, as depicted in Fig. 6.4
(a). In the strong coupling regime the pump Rabi frequency is Ωpump = 2π · 78(11) kHz,
which is obtained with 37.5 µW power and 72 µm waist. The coherence time of the dark
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Figure 6.4.: STIRAP with Raman lasers locked to the same cavity in an electric field of 250 V/cm.
(a) Dark resonance spectrum obtained with the Raman laser frequencies stabilized to the same dual
wavelength cavity. A long coherence time of the dark state for at least 170 µs is obtained. (b) Example
of an unsuccessful STIRAP attempt with balanced Rabi frequencies and 5 µs one-way transfer time.

state is 170 µs. The Stokes Rabi frequency is estimated from the splitting of the two minima
to be ΩS = 2π · 2 MHz. The Stokes beam waist is 61 µm. STIRAP is induced by cosine
pulse envelope shapes and with balanced Rabi frequencies of ΩS = Ωp = 2π · 1 MHz. The
result is shown in Fig. 6.4 (b). The Feshbach molecular signal is not recovered even after
experimenting with different Raman waveforms and ground state transfer durations. If the
Stokes pulse is not applied, then there is no change in the STIRAP result of Fig. 6.4 (b).
This indicates that the detected Feshbach molecular loss is due to incoherent excitation by
the pump laser to the intermediate state and not due to coherent transfer to the ground state.
Therefore, possible loss mechanisms need to be further investigated.

6.4. STIRAP Loss Mechanisms
Even though the experimentally chosen parameters for STIRAP meet the traditional laser
power and bandwidth requirements used in similar experiments, no successful coherent ground
state transfer is observed. This cannot be overcome by simply increasing the lasers power.
Deeper understanding of the loss mechanisms that contribute to the decoherence of STIRAP
must be attained.

6.4.1. Cross-correlated Noise of Raman Lasers
For the STIRAP efforts presented in Section 6.3.2 the Raman lasers noise is only partially
correlated. The effects of phase noise on the efficiency of STIRAP are examined in depth
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by Yatsenko et al. (2002), where an analytic solution for the transfer probability is derived
based on a stochastic model of the laser noise. The first numerical simulation of STIRAP
with a noisy laser was carried out by Kuhn et al. (1992), who utilized an Ornstein-Uhlenbeck
process (Shore, 1991) with zero-mean exponentially correlated noise. In this model, the phase
noise of the radiation field is modeled by describing the phase fluctuations of a continuous
wave laser as a stochastic variable ξ(t). The laser frequency detuning is considered constant
and is treated separately from the stochastic process. Its mean value is zero ⟨ξ(t)⟩ = 0. The
stochastic variables are given by the expressions (Kuhn et al., 1992):

⟨ξj (t)⟩ = 0,

ξj (t)ξk (t′ ) =




Dj Gj exp(−Gj |t − t′ |),

j=k



0,

j ̸= k

,

(6.2)

where the indices j, k denote the pump and Stokes lasers, D is the spectral density of the
noise and G is the bandwidth of the laser’s noise. It is assumed that the pump and Stokes
radiations show the same fluctuation characteristics (i.e. Dj = Dk and Gj = Gk ). If the laser
field radiation originates from independent sources, then the cross-correlation term must be
zero, i.e. ⟨ξj (t)ξk (t′ )⟩ = 0. To study the effect of noise correlation, it is assumed that the
pump and Stokes radiations are derived from the same source, which is expressed in Eqn. (6.2)
by an exponentially correlated decaying noise term differed by a time delay T = |t − t′ |. For
T = 0 the two coupling fields are fully correlated. The slow noise is expected to result in no
loss during the transfer caused by populating the intermediate state, when the two-photon
condition is met (δ = 0). This is because the noise characteristics for perfectly correlated laser
fields are identical, and so their contribution to the two-photon detuning δ cancels identically
during the transfer duration. For very large T , the noise fluctuations of the two Raman lasers
become independent.
Yatsenko et al. (2002) obtained analytic expressions for the transfer efficiency for a variety
of pulse shapes in the limits T = 0 and T = ∞. Relevant to the experiments presented
in Section 6.3.1 are the results for the uncorrelated radiation fields (large |T |). When two
cosine shaped radiation fields fluctuate independently the noise-dependent part of the transfer
probability is written as:
(ξ)
Pslow


= exp −

D G τ (2G + Γ)
4G2 + 2GΓ + Ω2max
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where τ is the pulse duration. In the limit G → 0 the latter expression becomes:
(ξ)
Pslow



D G Γτ
= exp − 2
Ωmax

.

(6.4)

The G → 0 limit holds for our experimental parameters, in which the narrow linewidth of
the stabilized Raman lasers (≪ 1 kHz) is negligible compared to the peak Rabi frequency
Ωmax and the excited state linewidth Γ, which are both on the order of a few MHz. From
Eqn. (6.4), the order of magnitude of the STIRAP loss probability can be estimated. The
√
√
DG product can be calculated from the relation ∆fHWHM = 2 ln 2 DG, which holds for
(ξ)

D ≫ G, and where ∆fHWHM is the laser linewidth. It is Ploss = 1 − Pslow ∼ 10−4 . The
STIRAP loss probability is higher for uncorrelated radiation fields compared to partially or
fully correlated fields. Hence, if the probability loss for uncorrelated fields is estimated to be
as low as on the order of 10−4 , then the probability loss due to slow phase noise of the Raman
lasers can be neglected.
It is worth mentioning that an important limit of Eqn. (6.3) occurs when G → ∞. In this
case the former equation is written as:

P

(ξ)



1
= exp − Dτ
2

.

(6.5)

Here, D is the bandwidth of the laser. The population transfer efficiency is low unless Dτ ≪ 1.
The basic limit to D is determined by spontaneous emission and can be as small as a few
Hz (Schawlow-Townes). This non reducibility of the laser bandwidth imposes a fundamental
limit on the transfer efficiency that cannot be overcome by increasing the peak Rabi frequency
Ωmax .

6.4.2. Fast Laser Phase Noise
Another source of noise that can detrimentally affect the efficiency of STIRAP originates
from the small, rapid, and random phase and amplitude variations of the Raman radiation
fields. These inevitable fluctuations typically accompany the laser stabilization procedure. As
depicted in Fig. 6.5 for instance, most of the lasers power is concentrated in the narrow peak
on top of a much broader Lorentz-profile noise pedestal, which carries usually less than 10%
of the total laser power. For our setup, the Raman lasers noise is inadequately suppressed
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Figure 6.5.: Spectral density lineshape for a stabilized laser. The power in the broad noise pedestal
is typically a few percent of the total laser power. The figure is taken from Yatsenko et al. (2014).

within the locking bandwidth, out of which it fluctuates in an uncontrolled way. In the
frequency range of 100 kHz to 1 MHz specifically, which is crucial for our STIRAP durations,
the closed-loop gain cannot sufficiently suppress the fast laser phase noise.
Yatsenko et al. (2014) derived analytic expressions for the transfer efficiency when the latter
is limited by small stochastic modulations, even when the lasers are carefully stabilized. In
this model, the fast noise contribution is evaluated under the assumption that the evolution is
perfectly adiabatic. The pump and Stokes radiation fields’ amplitudes are of equal magnitude
and shape and have a fixed offset in time td . For cosine shaped pulses with duration τ = td ,
the rms Rabi frequency is constant and equal to the peak Rabi frequency Ωrms = Ωmax during
τ . Then, the probability loss originating from the small broadband laser noise is:


Gp τ
GS τ
1 2
2
2
+ εS
PN (Ωmax , τ ) = Ωmax εp
4
4 G2p + 2 Gp Γ + Ω2max
4 G2S + 2 GS Γ + Ω2max

,

(6.6)

where the partially suppressed noise follows a Lorentzian distribution of bandwidth Gp,S for
the pump and Stokes radiation fields, respectively. ε2p,S is an effective modulation index that
represents the stochastic relative noise power to the total laser power. The loss probability is
proportional to the ratio of powers in the wide band noise pedestal over the laser’s total power.
Hence, the rapid fluctuations contributing to the phase noise cannot be entirely eliminated
by simply increasing the peak Rabi frequency Ωmax .
For Ωmax → ∞, Eqn. (6.6) saturates and the probability loss cannot be smaller than:
1
PN (Ωmax ) → (ε2p Gp τ + ε2S GS τ ) .
4
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Eqn. (6.7) depends on the noise properties of the Raman lasers and on the transfer duration τ .
The way to overcome the fast laser phase noise is by suppressing the spectral pedestal. Panda
et al. (2016) demonstrated an increase in the STIRAP transfer efficiency of ThO molecules
from 6% to 75(5)% by achieving a 10 dB decrease in the laser noise power pedestal, after
replacing their off-the-shelf diodes with AR-coated ones.

6.4.3. Non-adiabatic Loss
Even though the experimental parameters selected for the STIRAP attempts presented in
Section 6.3 satisfy the local and global criteria as given by Eqns. (2.31) and (2.32), respectively,
non-adiabatic losses can still occur and be detrimental for the success of the coherent ground
state transfer. Yatsenko et al. (2014) provide an analytical expression for the probability
loss due to non-adiabaticity. For cosine shaped pulses and for the case that the peak Rabi
frequency Ωmax is on the same order of magnitude as the excited state decay rate Γ, the result
is:
PA (Ωmax ) =

Γπ 2
Ω2max τ

.

(6.8)

By increasing the peak Rabi frequency Ωmax , the non-adiabatic loss decreases monotonically
and in principle can be arbitrarily small. This must be considered along with the results of
the previous section, where by increasing Ωmax the fast laser phase noise from the broadband
pedestal also increases. Hence, there is an optimum Rabi frequency for a successful STIRAP.
For the transfer attempts presented in Section 6.3.1, the Rabi frequencies and pulse width are
set by taking into account the Ωmax T ≥ 3π condition, which results in a pulse area of ≈ 15.
Our STIRAP pathway requires larger pulse areas to avoid non-adiabatic loss compared to
pathways demonstrated by other bi-alkali species. This is because we utilize an intermediate
excited state with a large decay rate of 2π × 6.6 MHz, while other ultracold dipolar molecules
experiments employ excited states with a much lower decay rate, as can be seen in Table 5.1.

6.5. Measurement of Raman Lasers Phase Noise
The Raman lasers phase noise is characterized by utilizing two different methods inspired
by Schmid et al. (2019), the results of which are in good agreement. The first method for
measuring the noise performance of the Raman lasers relative to their reference is to analyze
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the in-loop error signal of the lock. This requires the determination of the PDH error signal
slope, in order to convert the voltage fluctuations of the error signal to frequency fluctuations
of the laser under test. The result of the in-loop measurement is incorporated in Fig. 6.7.
The technical details are presented in section 5.3.1 of Yang (2022). The second method is
presented in detail in the following section.

6.5.1. Optical Beat with Cavity Transmitted Light
Schmid et al. (2019) demonstrated a simple way to measure the residual fast phase noise of a
cavity-stabilized laser using the cavity as a reference. This method is based on generating a
beat note between the laser’s output and the strongly filtered light transmitted through the
cavity. A FP cavity acts as a first order low-pass filter for amplitude and phase noise with a
cut frequency corresponding to its HWHM linewidth (∆fFWHM = 1/(4πτc ), where τc is the
photon lifetime), and the transmitted light can be used as a low-noise laser source (Nazarova
et al., 2008).
The optical setup for measuring the beat note of the cavity transmitted light with the
Stokes laser at 665 nm is depicted in Fig. 6.6 within the dashed area. A similar setup is built
for the pump laser at 1120 nm. If the laser under test is locked to the high-finesse cavity, then
the transmitted light is shifted by the frequency offset, foff , relative to the carrier frequency.
This light is then coupled to a single mode, polarization maintaining fiber that transports it
to the beat note detection setup. An ultra stable micro positioner (Thorlabs, PAF-X-2-B)
is utilized for coupling the 1 µW of cavity transmitted light into the optical fiber. Then the
latter overlaps on PBS1 with the Stokes beam that is sent to the molecules. A second PBS2
is utilized to distribute the beam’s power to the two inputs of the balanced PD (Thorlabs,
PDB465C-AC), the RF output of which is connected to a SA (Agilent, E4404B). A balanced
PD improves the achievable SNR compared to a single detector and suppresses the possible
amplitude noise in the laser output (Carleton and Maloney, 1968).
The beat note frequency at foff −fS , which carries the noise of the Stokes beam of frequency
fS sent to the molecules, is analyzed by utilizing the Phase Noise mode of the SA. The RF
signal originating from the balanced PD is measured and automatically converted to singlesideband phase noise spectral density at 1 Hz resolution bandwidth and is normalized to the
carrier power. The single-sideband phase noise spectral density L(f ) is defined as the ratio
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Figure 6.6.: Experimental setup for measuring the phase noise of the Stokes laser. The optical beat
detection setup is within the dashed area. The beat note is generated on the balanced PD. A similar
setup is built for the pump laser at 1190 nm. To switch between the two wavelength setups, the
coupling fiber after the common cavity is swapped.

of power in one sideband due to phase modulation by noise to the total signal power (carrier
plus sidebands) (Vig et al., 1999).
The phase noise measurement results for the Stokes and pump lasers are depicted in Fig. 6.7
(a) and (b), respectively. The optical beat with the cavity transmitted light measurement is
plotted in orange, while the in-loop error signal measurement result is shown in blue. The
phase noise of the RF local oscillator (WieserLabs, FlexDDS) utilized for the frequency foff
of the PDH lock is plotted in green. The actual phase noise of the RF oscillator is much
smaller than the one shown in both graphs and it is limited by the noise level of the reference
oscillator in the SA. For both optical beat and in-loop measurements, several noise peaks
appear around 60 kHz and 200 kHz, which are attributed to the FlexDDS that provides the
RF signal. This noise is transferred to the lasers via the feedback loop. The rms integrated
phase noise is represented by the red solid line.
For the Stokes laser measurement shown in Fig. 6.7 (a), the optical beat and in-loop measurements agree quite well for frequencies lower than 5 MHz. For higher frequencies the phase
noise cannot be distinguished from the background noise of the SA, as the former is limited
by the SNR of the transmission beat signal. Integration in the 10 kHz to 10 MHz frequency
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(a)

(b)

Figure 6.7.: Phase noise measurements of the Raman lasers. The transmission beat method (orange),
the in-loop error measurement (blue), the phase noise of the RF oscillator (green), and the rms
integrated phase noise (red) are plotted together for both Raman lasers. (a) Stokes laser phase noise
measurement valid for frequencies higher than the HWHM of the cavity resonance around 40 kHz.
(b) Pump laser phase noise measurement valid only for frequencies higher than the HWHM of the
cavity resonance around 10 kHz. The optical beat measurement agrees quite well with the in-loop
measurement for frequencies higher than 100 kHz.

range results in 190 mrad of integrated phase noise for the Stokes beam. The respective results
for the phase noise measurement of the pump beam are summarized in Fig. 6.7 (b). In the
10 kHz to 10 MHz frequency band the rms integrated phase noise is 78 mrad. The phase noise
of the pump laser is much lower than the Stokes laser. Based on the phase noise measurements
of our Raman lasers, Yang (2022) estimated in section 5.3.3 of his thesis, the loss probability
during STIRAP including the loss contribution originating from non-adiabatic transfer. It is
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suggested that a low loss STIRAP cannot be achieved with the Raman laser setups presented
in Section 3.3.2, as their phase noise limits the coherent transfer.

6.6. Improvements on the Raman Laser System
The success of a coherent ground state transfer is mainly hindered by the large phase noise
of the Raman lasers. In this section, the different improvements implemented on the Raman
laser system are presented, which aim at reducing the lasers phase noise.

6.6.1. Stokes Laser Diode
Based on the estimation of Yang (2022), the relative power of the Stokes laser’s phase noise
(ε2S = 0.0361) is six times larger than the one of the pump laser. To reduce the phase noise
of the Stokes laser, the so far utilized FP diode (Mitsubishi, ML101-J27), is replaced with
an AR coated gain chip (Toptica, LD-0660-0050-AR-1). This is inspired by Panda et al.
(2016), where the AR chip provided a 10 dB reduction in the noise pedestal compared to the
off-the-shelf diodes. The phase noise of the newly implemented AR coated diode is measured
again by the optical beat method with the cavity transmitted light presented in Section 6.5.1,
and compared with the phase noise of the FP diode. The results are shown in Fig. 6.8, where
only a small reduction in the phase noise of the Stokes laser is observed. In the frequency
band up to 10 MHz, the rms integrated phase noise of the AR coated diode is 170 mrad, only
20 mrad lower than the FP diode. Even though the expected reduction in the phase noise of
the Stokes laser is not achieved, the AR coated gain chip provides a more stable frequency
lock and less mode hops.

6.6.2. Long Baseline Raman Lasers Design
According to Riehle (2003), it is possible to reduce the phase noise of an ECDL and to narrow
its linewidth by increasing the external cavity length. This is supported from the expression
∆v = ∆vLD /(1 + ld /(nLLD ))2 , where ld is the external cavity length, ∆vLD is the spectral
linewidth of the diode, n its refractive index, and LLD its length. Inspired by Kolachevsky
et al. (2011), who designed an ECDL in Littrow configuration with ld = 20 cm and achieved
more than 10 dB noise power suppression compared to a short cavity ECDL, we design the
Raman laser heads accordingly with extended cavity lengths aiming at reducing their phase
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Figure 6.8.: Phase noise of the Stokes Fabry-Pérot (FP) and Anti-Reflection (AR) coated diodes
measured by the optical beat method. The single-sideband phase noise and the rms integrated phase
noise are shown in brown for the AR gain chip and in red for the FP diode. A 20 mrad reduction in
the rms integrated phase noise is measured with the newly implementing AR coated diode.

noise. The top view of the 3D CAD model is shown in Fig. 6.9. The distance between the
diode’s front surface and the grating is extended from 3 cm to 20 cm. An even larger external
cavity would compromise the grating feedback and lead to a shorter mode-hop-free range.
The phase noise of the Raman lasers with the long baseline design is measured by the
optical beat with the cavity transmitted light method presented in Section 6.5.1. The results
are shown in Fig. 6.10. The phase noise of the Stokes laser is measured in the 100 kHz to
1 MHz frequency range and is approximately −90 dBc/Hz, 10 dB lower compared to the short
cavity setup (Fig. 6.10 (a)). The rms integrated phase noise in the 10 MHz frequency band
is 45 mrad, 125 mrad lower compared to the short cavity (Fig. 6.10 (b)). The phase noise of
the pump laser (blue) measured in the 100 kHz to 1 MHz frequency range is only 5 dB lower
compared to the short cavity setup (Fig. 6.10 (c)). The rms integrated phase noise in the
10MHz frequency band is 45 mrad, 33 mrad lower compared to the short cavity and similar
to the rms phase noise of the Stokes laser (Fig. 6.10 (d)).
Additional improvements are implemented on the Raman laser setup while writing this thesis aiming at suppressing the phase noise of the laser system and simultaneously extending
the range of accessible Rabi frequencies for an increased STIRAP efficiency. These include
rearranging the distribution of the FlexDDS external reference clock signal by bypassing
the back-plane clock module and connecting the reference signal directly to each individual
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Figure 6.9.: Top view of a 3D CAD model for the long baseline Raman laser head design. The
Raman laser’s free running linewidth is expected to be 30 times smaller for the 20 cm long baseline
compared to the 3 cm short external cavity setup. Threaded holes on laser head base allow for the
implementation and fine adjustment of an intra-cavity EOM mount.

FlexDDS channel. The clock source is replaced with a dedicated ultra-low noise oscillator
(Ultra, PDRO) at 1 GHz to avoid the need for the inferior upconvresion phase-locked loop
internal to the DDS chip. Implementing intra-cavity EOMs (QUBIG, PSA3M-NIR) to the
long baseline Raman laser design for pushing the locking bandwidth to be higher than 1 MHz.
Replacing the AR coated gain chip with the FP laser diode for the Stokes laser to improve
the lock stability for the extended cavity setup and obtain higher laser output power. Implementing tapered amplifiers in the Raman laser setup to achieve higher Rabi frequencies for
the both pump and Stokes couplings.
To conclude, the low ground state transfer efficiency observed throughout our first STIRAP
attempts presented in Section 6.3.1 and Section 6.3.2 can be explained by obtaining deeper
understanding of the loss mechanisms that decohere STIRAP. The fast phase noise of the
Raman lasers is measured and is identified as the main contribution to the high loss rate
during the STIRAP transfer. From the various improvements proposed and implemented to
reduce the fast phase noise, the most prominent one is the extension of the Raman lasers
external cavity. At the same time, the loss originating from non-adiabaticity needs to be
considered. The large decay rate of our intermediate excited state compels us to utilize large
Raman pulse envelope areas to avoid non-adiabatic loss, a requirement that is not necessary
for other bi-alkali species pathways to the ground state. A low loss STIRAP transfer to the
ground state of 6 Li40 K molecules is expected in the near future.
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(a)

(b)

(c)

(d)

Figure 6.10.: Phase noise measurement of the long baseline Raman lasers. By extending the external
cavity of the Raman lasers to 20 cm, a 76% reduction in the rms integrated phase noise of the Stokes
laser is achieved compared to the short cavity setup when measured in the 10 MHz frequency band.
The respective reduction for the pump laser is 42%.
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7. Conclusions and Outlook
During the course of this PhD thesis, we have demonstrated experimental and theoretical work
to explore the excited and ground state spectrum of 6 Li40 K molecules and to transfer them to
the absolute ro-vibrational ground state. The main result of our efforts is the demonstration
of an ideal two-photon singlet pathway as a platform for molecular spectroscopy and coherent
ground state transfer via STIRAP. Working with ultracold 6 Li40 K molecules is motivated
by their large permanent electric dipole moment, of 3.6 D, and aims at investigating manybody phenomena with dipolar interactions and at creating a Bose-Einstein condensate of
heteronuclear 6 Li40 K molecules.
The results of a high-resolution spectroscopic survey of ultracold 6 Li40 K molecules near the
2S+4P dissociation threshold were analyzed. The line assignment of our data was based on
extrapolation of available long-range measurements (Ridinger et al., 2011). By connecting the
two data sets the C6 dispersion coefficients were determined. The typical description of the
vibrational levels near the dissociation limit by the semi-classical LeRoy-Bernstein formula
was extended and near-dissociation expansions were employed. A suitable vibrational level
of the Ω=1up potential was identified as a candidate for an intermediate state by resolving
its Zeeman structure and by comparing the experimentally attained magnetic g-factor to our
theoretical prediction for Hund’s case (c) molecules. The Ω=1up potential connects to the
B1 Π in the short-range. Using mass-scaling of existing short-range data for the B1 Π potential
(Pashov et al., 1998) and an updated value for its depth, the short- and long-range data were
modeled simultaneously and a fully empirical representation covering the entire internuclear
range was produced, which to our knowledge is unique for bi-alkali molecules. No hyperfine
structure was resolved for the selected intermediate state. Hence, it is feasible to access only a
Zeeman component of the excited state by employing polarized light and to establish a singlet
pathway for the coherent transfer of Feshbach molecules to the ro-vibronic ground state.
We demonstrated a pathway to access the ro-vibrational ground state of ultracold bi-al-
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kali molecules using only singlet states, and we applied it to our choice of 6 Li40 K molecules.
This novel pathway eliminates the need for an extensive spectroscopic survey to identify an
intermediate state with singlet-triplet mixing and with fully resolved hyperfine structure, as
is usual for pathways that start from triplet dominated Feshbach molecules. In addition,
off-resonant excitation to undesired hyperfine levels of the intermediate state is avoided by
utilizing fully stretched hyperfine states and σ − polarized laser light. An optical setup was
built for aligning the spectroscopy light on the molecules that allows for accurate and independent control of polarization and beam waist for the two Raman lasers. Starting from a sole
singlet stretched hyperfine component of the Feshbach molecular state, the natural linewidth
of seven deeply bound vibrational levels of the excited A1 Σ+ was resolved. The A1 Σ+ was
chosen due to its large transition dipole moments and Franck-Condon overlap factors to both
the Feshbach and the ground state with moderate laser powers. Its hyperfine interactions
were modeled to estimate the magnitude of the hyperfine splitting. No hyperfine structure
was resolved for all of the observed transitions to the A1 Σ+ , even if linear polarized light
was used and several hyperfine components were addressed. Using two-photon spectroscopy,
five vibrational levels of the ground state potential X1 Σ+ were measured and the absolute
ro-vibrational ground state was located. By using σ − polarized laser light for both couplings,
excitation to a sole singlet hyperfine component of the intermediate state was achieved without resolving its hyperfine structure, and a pure singlet hyperfine component of the ground
state was addressed. The significance of our pathway method is further illustrated by the
fact that it is expected to be applicable to other heavier bi-alkali species, which carry an
even larger permanent electric dipole moment. Further this pathway is of interest to specific
alkali-earth alkali molecules that are currently under study. It is also not restricted to closed
channel dominated Feshbach resonances. For the bi-alkali LiCs, a significant singlet-triplet
character of the resonant state was reported in its ABM analysis (Pires et al., 2014). For the
cases of LiYb, RbSr, and CsYb, which have only spin-doublet ground and excited electronic
states, and for which the fermionic isotopes unresolved hyperfine structure can occur in the
excited state, our pathway method can be applied, and in particular if the excited state can
be rotationally excited, as occurs for RbSr (Barbe et al., 2018). Autler-Townes spectroscopy
was performed to infer a Stokes Rabi frequency of 2π × 8 MHz. By measuring the energy
difference between the rotationally ground and excited states the rotational constant of the
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ground state was measured to be h × 8.742(3) GHz. The HV electrodes were carefully conditioned to produce high electric fields without significant leakage currents. By performing
Stark shift spectroscopy of the ground state an effective dipole moment of 0.8 D was induced.
Two narrow linewidth laser setups were designed and built for performing the dark resonance spectroscopy and coherent ground state transfer experiments. To obtain the dark
resonance spectrum, the sub-kHz linewidth of the Raman lasers was achieved by referencing
their frequencies to two separate high-finesse cavities via the Pound-Drever-Hall method. The
two-photon resonance was precisely measured with a ±10 kHz accuracy. The coherent ground
state transfer via STIRAP was attempted with two different PDH locking cavity configurations setups. The results revealed a low round trip efficiency that was difficult to distinguish
from the background counting. The loss mechanisms decohering the STIRAP transfer were
investigated. The slow phase noise of the Raman lasers was estimated to be negligible. A
setup was built to measure the fast phase noise of the Raman lasers, which was attributed
as the main contribution to the high loss rate during the STIRAP transfer. Various improvements were proposed and implemented to reduce the fast phase noise of the Raman lasers.
The most prominent one being the extension of the Raman lasers external cavity, which was
achieved by re-designing and building two new Raman laser heads with long baselines. The
fast phase noise was measured again and was significantly suppressed compared to the initial
setup. Moreover, our STIRAP pathway requires larger pulse areas to avoid non-adiabatic
loss compared to pathways demonstrated by other bi-alkali species. This is because we utilize
an intermediate excited state with a large decay rate, while other ultracold dipolar molecules
experiments employ excited states with a much lower decay rate. By carefully adjusting the
pulse envelope area, a low loss STIRAP transfer is expected in the near future.

7.1. Outlook
The immediate outlook of this thesis is to exploit the insights gained from this work to
produce ground state 6 Li40 K molecules. A 90% STIRAP transfer efficiency is within reach
by adjusting the single photon detuning and the Raman pulse envelope area. The produced
molecular sample will not be at its absolute lowest quantum state. By utilizing the existing
Raman laser setup and a newly built microwave setup, microwave spectroscopy of the excited
rotational levels of the ground state will be performed to identify a route for the coherent

125

7.1. Outlook
transfer of 6 Li40 K molecules to their hyperfine state with the lowest energy. The lifetime of
the ground state molecules will be measured, which may be limited by inelastic and chemical
collisions.
One direction of research includes the completion of the HV electrodes conditioning up
to ±20 kV. An effective dipole moment of 1.9 D will be induced to the 6 Li40 K molecules by
applying an external DC electric field. The electrode configuration allows for rotating the
applied DC electric field and tuning the strength of the induced dipole-dipole interaction. An
alternative way to polarize the molecules is by mixing the rotational states N = 0 and N = 1
of the ground state with microwave radiation. A lifetime measurement as a function of the
dipole moment will be interesting to conduct.
Another line of possible research is the stabilization of 6 Li40 K molecular samples against decay due to inelastic and chemical collisions. The lifetime of ground state molecules is expected
to be short due to the 2LiK→Li2 +K2 chemical reaction. The latter can be suppressed, either
by loading the molecules into a sufficiently deep 3D optical lattice, or in 1D/2D traps with
polarization induced by a transverse electric field (Julienne et al., 2011), or by making use
of the existing microwave setup to engineer repulsive long-range interactions between ground
state molecules and shield them against various loss mechanisms (Karman and Hutson, 2018).
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Magnetic transport of
trapped cold atoms over a large distance.
Phys. Rev. A, 63:031401, Feb 2001.
doi:10.1103/PhysRevA.63.031401.
M. Greiner, O. Mandel, T. Esslinger, Th. W. Hänsch, and I. Bloch. Quantum phase transition
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A. Fundamental Physical Constants
The CODATA recommended values for the fundamental physical constants are taken from
the NIST Physics Laboratory Web site CODATA (2018).
quantity

symbol

unit

value

speed of light

c

299792458

ms−1

Boltzmann constant

kB

1.380649 × 10−23

JK−1

Planck’s constant

h

6.62607015 × 10−34

JHz−1

vacuum permittivity

ϵ0

8.8541878128(13) × 10−12

Fm−1

vacuum permeability

µ0

1.25663706212(19) × 10−6

NA−2

Bohr radius

a0

5.29177210903(80) × 10−11

m

Bohr magneton

µB

9.2740100783(28) × 10−24

JT−1

electron charge

e

1.602176634 × 10−19

C

electron mass

me

9.1093837015(28) × 10−31

atomic mass unit

u

1.66053906660(50) ×

inversed fine structure constant

1/α

137.035999084(21)
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10−27

kg
kg
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B. RKR Turning Points
−v
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Rinner (a0 ) Router (a0 )
5.5664
61.0125
5.5666
39.4987
5.5673
31.4806
5.5687
26.9993
5.5710
24.0573
5.5744
21.9495
5.5791
20.3545
5.5851
19.1013
5.5926
18.0886
5.6014
17.2496
5.6116
16.5351
5.6228
15.8998
5.6351
15.2831
5.6487
14.6576
5.6643
14.1715
5.6809
13.7386
5.6984
13.3072
5.7171
12.8860
5.7368
12.4776
5.7583
12.0822
5.7815
11.6983
5.8067
11.3240
5.8345
10.9567
5.8654
10.5940
5.9001
10.2340
5.9396
9.8763
5.9849
9.5215
6.0375
9.1715
6.0997
8.8283
6.1756
8.4932
6.2733
8.1644
6.4103
7.8315
6.6436
7.4463
Re =7.0169 a0

Gv (cm−1 )
1686.964
1686.485
1684.966
1681.840
1676.591
1668.779
1658.053
1644.174
1627.031
1606.660
1583.244
1557.101
1528.497
1496.467
1459.738
1420.279
1378.324
1333.469
1285.460
1234.096
1179.195
1120.573
1058.004
991.168
919.587
842.579
759.243
668.490
569.137
460.092
340.627
210.781
71.895

Bv (cm−1 )
0.005
0.012
0.019
0.027
0.035
0.043
0.051
0.060
0.069
0.080
0.090
0.102
0.112
0.116
0.113
0.114
0.119
0.125
0.130
0.136
0.142
0.148
0.155
0.162
0.169
0.176
0.185
0.193
0.202
0.211
0.219
0.227
0.232

Table B.1.: Fully empirically based RKR representation of the B1 Π potential of the 6 Li40 K molecule.
The table contains the calculated classical inner and outer turning points with respective vibrational
energies and rotational constants. Counting of the vibrational level index is downwards from the
dissociation threshold.
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C. Useful Lemmas
The lemmas utilized throughout this thesis are listed below. Most of the formulas are taken
from Brown and Carrington (2003), Chapter 5. Occasionally typos were found in the former
book, which have been corrected and are marked with an asterisk.

Lemma C.3.1

(k)
⟨J, Ω, M | Dpq
(ω)∗ J ′ , Ω′ , M ′ = (−1)M −Ω

Lemma C.3.2

J′



p
 J
 J k
(2J + 1)(2J ′ + 1) 

−Ω q Ω′
−M

k

J′

p M′





Wigner-Eckart theorem


 J
⟨J, M | Tkp (A) J ′ , M ′ = (−1)J−M 
−M

k

J′

p M′



′
k
 ⟨J|| T (A) | J

Lemma C.3.3*

′

⟨J1 , J2 , J|| T k (A1 ) | J1′ , J2′ , J ′ = δJ2 J2′ (−1)J1 +J2 +J+k

p
(2J + 1)(2J ′ + 1)




′
′
′
J J J 

1
2

J

J1

⟨J1 || T 1 (A1 ) | J1′


k

Lemma C.3.4

J

M

J
−M

 
1  J
=
0
−M


1

J
2M
J−M
p
 = (−1)
2J(2J + 1)(2J + 2)
0 M

Lemma C.3.5
′
′
k
k
′
′ δM M ′ δJ J ′ ⟨J1 | T (A1 ) · T (B1 ) J
⟨J1 , J2 , J12 , M12 | Tk (A1 ) · Tk (B1 ) J1′ , J2′ , J12
, M12
= δJ12 J12
1
12 12
2 2
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Lemma C.3.6

⟨η, J, Λ||

X

(2)
D.q
(ω)∗ Tq2 (∇Ek ) | η, J ′ , Λ′ =

q



′
X
J
2
J


2
′
(−1)J−Λ [(2J + 1)(2J ′ + 1)]1/2 
 ⟨η, Λ| Tq (∇Ek ) η, Λ
′
q
−Λ q Λ

,

(2)

where for the second rank rotation matrix D.q (ω)∗ the dot indicates that the matrix element
is reduced as far as orientation in the space-fixed coordinate system is concerned, but not for
the molecule-fixed axis.

Lemma C.3.7

−1


⟨I1 || T 2 (Q1 ) ||I1 ⟩ =

Q1  I1 2 I1 


2
−I1 0 I1

,

with an identical result for Q2 .
Lemma C.3.8
⟨η, Λ| T02 (∇E) |η, Λ⟩ = −

q
2

Lemma C.3.9
⟨J|| T 1 (J) | J ′ = δJJ ′ [J(J + 1)(2J + 1)]1/2
Lemma C.3.10
⟨η, J, Λ|| T 2 (C) | η, J ′ , Λ′ =
X
(2)
⟨η, J, Λ||
D.q
(ω)∗ Tq2 (C) | η, J ′ , Λ′ =
q


X
q

J′



 J 2

2
−3
(−1)J−Λ [(2J + 1)(2J ′ + 1)]1/2 
η, Λ′
 ⟨η, Λ| Cq (θ, ϕ)R
′
−Λ q Λ

Lemma C.3.11

T k (R) · T k (S) =

X

k
(−1)p Tpk (R)T−p
(S)

p
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