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Abstract
This thesis reports the first measurements of the ground state binding en-
ergies of CsYb molecules and the scattering lengths of the Cs+Yb system.
The knowledge gained from these measurements will be essential for devising
the most efficient route for the creation of rovibrational ground state CsYb
molecules. CsYb molecules in the rovibrational ground state possess both
electric and magnetic dipole moments which opens up a wealth of applica-
tions in many areas of physics and chemistry.

In addition, we present the setup of a crossed beam optical dipole trap and
the investigation of precooling and loading of Yb into the dipole trap. Evap-
orative cooling in the dipole trap results in the reliable production of Bose-
Einstein condensates with 4× 105 174Yb atoms. We also describe the neces-
sary changes required to cool fermionic 173Yb atoms and report the produc-
tion of a six-component degenerate Fermi gas of 8× 104 173Yb atoms with a
temperature of 0.3 TF.

As well as the ability to cool Yb to degeneracy, we present the produc-
tion of Bose-Einstein condensates containing 5× 104 133Cs atoms. Effective
cooling of Cs is achieved using Degenerate Raman sideband cooling, which
enables 6 × 107 Cs atoms to be cooled to below 2µK and polarised in the
|F = 3,mF = +3〉 state with 90 % efficiency.

Finally, we report the production of ultracold heteronuclear Cs∗Yb and CsYb
molecules using one-photon and two-photon photoassociation respectively.
For the electronically excited Cs∗Yb molecules we use trap-loss spectroscopy
to detect molecular states below the Cs(2P1/2) + Yb(1S0) asymptote. For
133Cs174Yb, we observe 13 rovibrational states with binding energies up to
∼500 GHz. In addition, we produce ultracold fermionic 133Cs173Yb and
bosonic 133Cs172Yb and 133Cs170Yb molecules. From mass scaling, we deter-
mine the number of vibrational levels supported by the 2(1/2) excited-state
potential to be 154 or 155.
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Chapter 1

Introduction

1.1 Motivation

Ultracold polar molecules are an exciting avenue of research with potential
applications in many areas of physics and chemistry [1–4]. The richness in
applications of ultracold molecules stems from their complex internal struc-
ture which allows the study of ultracold chemistry [5], few-body physics [6],
quantum simulation of many-body systems [7], quantum computation [8] and
the exploration of fundamental physics through precision measurement [2, 9].

In precision measurement with molecules, the most high profile experiments
are the search for the electron electric dipole moment (eEDM), which may
help solve the mystery of the baryon asymmetry of the universe by finding
on what scale time-reversal symmetry is violated. The search for an eEDM is
pursued in multiple experiments [10–12] using high-mass diatomic molecules
(and molecular ions) with a large internal electric field. Cooling of these
molecules allows longer coherence times which allow the uncertainties on the
value of the eEDM to be pushed to smaller values, placing more stringent
constraints on beyond standard model theories. In addition to eEDM ex-
periments, molecules offer other avenues for the investigation of fundamental
physics. The vibrational and rotational structure present in molecules is sen-
sitive to the variation of fundamental constants, such as the fine structure
constant and proton-electron mass ratio; the time-variation of these funda-
mental constants are of great interest in astrophysics [2, 13]. Also, molecular

1



Chapter 1. Introduction 2

spectroscopy may search for physics beyond the standard model by probing
the parity violating effects [14] that arise from the anapole moment of the
nucleus.

Ultracold molecules provide a testbed for quantum chemistry [5, 6] whereby
preparation of internally and externally cold molecules allows chemical reac-
tions to be controlled and probed precisely. Using ultracold molecules it has
become possible to observe chemical reactions on the smallest energy scales
[15, 16], where quantum effects begin to dominate the outcome of collisions.
Already, investigation of quantum chemistry with ultracold molecules that
are stable against exchange reactions has raised interesting new questions
as to collision processes in these systems; so called ‘sticky collisions’ [17]
have been proposed as the origin of the unexpected loss process observed in
experiments.

Arrays of ultracold molecules provide a new platform for quantum compu-
tation and quantum information [8]. The electric dipole moment of het-
eronuclear molecules gives rise to long-range dipole-dipole interactions. The
dipole-dipole interactions between neighbouring molecules may be switched
‘on’ and ‘off’ through selective excitation to different internal states [18]. A
superposition of molecules in different hyperfine states within the same rota-
tional level are weakly interacting and therefore can act as a storage qubit in
a quantum memory [19]. This storage qubit may then be transformed into a
strongly-interacting qubit by excitation of the molecule to another rotational
level [7].

Polar molecules trapped in optical lattices promise to be a new tool for
understanding strongly correlated many-body systems [4, 7]. The long-range
dipole-dipole interactions paired with the large number of internal states
allow molecules confined in an optical lattice to investigate exotic quantum
phases of dipolar quantum gases [20] such as spin ice [21], quantum glasses
[22] and supersolid phases [23]. Control of long-range interactions using
microwave transitions to different rovibrational states allows the simulation
of numerous spin-lattice models [7].
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1.2 Cooling Molecules

With the multitude of interesting applications for ultracold molecules there
are many experiments worldwide which aim to tackle the significant chal-
lenges in trapping and cooling these complex systems. The optimal approach
to achieve this goal is far from settled, with a wide range of methods being
employed. Because of the wide variation in techniques used, we broadly
classify the techniques into two categories: direct and indirect cooling of
molecules.

1.2.1 Direct Cooling of Molecules

The direct cooling of molecules follows a predominantly similar approach to
the production of a magneto-optical trap (MOT) of atoms. Initially, a source
of molecules are produced in a thermal beam, to which slowing techniques
are applied to reduce their initial velocity and to allow confinement of the
molecules in a trap. The extension of a MOT to molecules is hampered by the
same rich internal structure that gives rise to the many exciting properties of
molecules. The many internal states provide numerous decay channels from
the MOT cooling transition, allowing the molecule to populate a dark state.
A major difficulty in creating a molecular MOT is scattering enough photons
to sufficiently cool the molecules before they decay to a dark state.

As laser cooling and slowing techniques are not as effective for molecules, it
is essential to start off with a cold source of molecules. The development
of buffer gas cooling [24–26] was a critical step in the production of bright,
cold molecular beams, providing a large improvement over the much older
supersonic expansion technique [27]. Buffer gas cooling involves the use of
a buffer gas, such as Helium, flowing through the source chamber. The
collisions of the buffer gas with the molecules produces a cold molecular
beam which may then be decelerated using a number of techniques.

One of the most common deceleration techniques is Stark deceleration [28–
32], which uses rapidly varying electric fields to slow the molecules. A some-
what less common technique is the magnetic analogue of the Stark decelera-
tor, the Zeeman decelerator [33–36], which can be used to slow molecules that
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possess a magnetic moment. The experimental implementation of a Zeeman
decelerator is technically more complex than a Stark decelerator due to the
difficulty in switching high currents as opposed to high voltages. In recent
years there has been significant development of more novel approaches to
deceleration of molecules. Such as, deceleration using the centrifugal force
[37, 38], laser deceleration using an optical frequency comb [39] and Zeeman-
Sisyphus slowing [40], which employs both electromagnetic radiation and
magnetic fields similar to an atomic Zeeman slower.

Following the slowing stage, the molecules may then be confined in a trapping
potential. Trapping has been demonstrated in an electrostatic trap [41] and
an opto-electric trap [38]. Molecular ions have been confined in a trap by
reacting a neutral molecule with a trapped atomic ion [42]. Still, the most
spectacular recent progress has been in trapping of molecules in a MOT.
This feat has now been achieved in SrF [43, 44], CaF [45, 46] and YO [47]
systems. The applicability of a molecule to laser cooling relies on highly
diagonal Franck-Condon factors (FCF) that allow the scattering of many
more photons on the MOT cooling transition before decay to another state.
The decay channels to the other states may then be plugged by an array of
repump lasers, the number of which depends on the branching ratios specific
to the molecule. Once confined in a MOT, these molecules may be cooled into
the ultracold regime using blue detuned molasses [45, 48], in a similar scheme
to a subset of alkali MOTs. The low temperatures achievable are promising
for applications in precision measurement, such as the measurement of the
eEDM.

A further challenge in these systems is achieving the even lower tempera-
tures required to observe molecular collisions or, at even lower temperatures,
new quantum phases. The current densities are not sufficient for evaporative
cooling in a single sample but sympathetic cooling with an atomic coolant
[49], similar to work with molecular ions [50] is a promising approach. A
disadvantage specific to the molecular MOT is the MOT’s limited applica-
bility to a subset of molecules with highly diagonal FCFs. In this regard,
the slowing and trapping techniques mentioned earlier have a much wider
applicability, albeit at higher temperatures, for the study of quantum chem-
istry with chemically interesting molecules. Study of chemically interesting
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molecules such as CO or OH may aid the understanding of reaction processes
in stars and the interstellar medium.

1.2.2 Indirect Cooling of Molecules

The indirect cooling of molecules is an extremely successful approach for the
creation of high phase-space density samples of ultracold molecules. The
indirect approach produces ultracold molecules by forming them from laser-
cooled atoms. The molecules inherit the high phase-space density of the
initial atomic mixture, with very little heating from the association process.
This allows the great progress sustained in the cooling of atomic systems to
ultracold temperatures to be transferred into the molecular regime.

The first ultracold molecules were produced in high-lying vibrational lev-
els near threshold using photoassociation [51]. In this optical association
technique a colliding atom pair is excited to a bound molecular state by
absorption of a resonant photon. By careful (or fortunate) choice of pho-
toassociation transition, the excited molecule may decay to a deeply bound
level of the electronic ground state. Extraordinarily, this technique has been
used to produce molecules in the rovibrational ground state [52–54]. Notably
in the case of the LiCs molecule, the very small Franck-Condon overlap be-
tween the scattering state and electronically excited state was enhanced by
a broad Feshbach resonance. The existence of this resonance was critical
for the production ground state molecules [55]. This illustrates a drawback
of the photoassociation technique for the production of ultracold ground-
state molecules, which is the technique relies on the unalterable molecular
structure and is only suitable to a small number of systems.

The alternative approach is use to use magnetoassociation across a Fesh-
bach resonance to produce molecules in a high-lying vibrational level of the
electronic ground state. Due to the coherent nature of magnetoassociation,
the molecules can be controllably associated and dissociated with near unit
efficiency when confined in a lattice [56, 57]. These weakly-bound molecules
may then be transferred to the rovibrational ground state using STIRAP,
with single-pass efficiencies exceeding 90 % [58]. The combination of magne-
toassociation and STIRAP is an extremely successful method for producing
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homonuclear [59, 60] and heteronuclear [61–66] molecules in the lowest rovi-
brational level of a molecular potential.

1.3 Why CsYb Molecules?

To date, the only ultracold heteronuclear molecules formed in the rovibra-
tional ground state are diatomics composed of two alkali-metal atoms. While
these molecules possess an electric dipole moment in their spin-singlet elec-
tronic ground state1, the orientation of the electron spins in this state means
no magnetic dipole moment arises from electronic spin2. However, molecules
with magnetic and electric dipole moments have been produced in the NaLi
system by transferring the molecule to the triplet ground state [66]. The
magnetic dipole moment in this system arises because the molecule pop-
ulates the lowest rovibrational level of the a3Σ+ state, where the electron
spins are aligned. Even though the molecules are not in the absolute ground
state and can undergo decay, the NaLi molecules exhibit a lifetime of 4.6 s.

In contrast to bi-alkali systems, heteronuclear molecules formed from an al-
kali atom and a closed-shell atom have a single electronic ground state poten-
tial 2Σ. As the closed-shell atoms are divalent, the pairing of a monovalent
alkali atom and closed-shell atom produces a molecule that possesses a mag-
netic dipole moment due to the remaining unpaired electron spin. Molecules
composed of an alkali and a closed-shell atom possess both an electric dipole
moment and a magnetic dipole moment in the absolute ground state.

The presence of a magnetic dipole moment in CsYb, in addition to an electric
dipole moment, provides an extra degree of tunability to the system allowing
a variety of more complex spin Hamiltonians to be simulated [7] and new
quantum phases to be explored [67]. In addition, there are further prospects
for quantum computation specific to paramagnetic molecules [68, 69]. Con-
trollable quantum chemistry may be achieved in these molecules, whereby
collisions between 2Σ molecules are manipulated by applied magnetic and
electric fields, with the potential to shield molecular collisions [70, 71]. The
sensitivity of paramagnetic molecules to both electric and magnetic fields

1When the rovibrational ground state is mixed with a higher rotational state.
2There is, however, a very small magnetic moment due to nuclear spin.
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opens up applications in sensitive imaging of electromagnetic fields [72].

Amongst the many alkali-closed-shell mixtures pursued [73–79], the majority
of systems use alkali atoms paired with ytterbium (Yb). The main attraction
of using Yb is that it possesses a large number of stable isotopes with different
spin statistics. Five of the isotopes are composite bosons and two isotopes are
composite fermions. Six of the seven isotopes have been cooled to quantum
degeneracy [80–85] meaning that a Mott (Band) insulator state is achievable
for a range of bosonic (fermionic) isotopes. The achievement of unitary
lattice filling before association has been demonstrated to be a highly efficient
method of molecule formation [57, 59, 86, 87]. In any case, a lattice will be
required not only for the investigation of correlated many-body systems but
also to protect CsYb from energetically allowed exchange reactions CsYb +
CsYb→ Cs2 + Yb2, which would otherwise lead to fast loss.

The large mass of Cs coupled with these seven stable Yb isotopes provides
large reduced mass tuning of the background scattering length, which in-
creases the likelihood of finding a mixture with favourable properties for
molecule formation. Among the alkali-Yb combinations considered, CsYb
is predicted to be the most favourable system for the observation of novel
Feshbach resonances [88], which have been recently observed in the similar
RbSr system [89].

Aside from production of ultracold paramagnetic molecules, the unique
atomic mixture of Cs and Yb provides an appealing platform for the in-
vestigation of novel quantum phases [90–96]. Implementation of a Cs-blind
lattice will allow the realisation of an Yb Bose gas pinned in a lattice sur-
rounded by superfluid Cs. This system will allow the study of impurities in a
Bose gas [97], polarons [98] and unexplored lattice cooling schemes [99]. Al-
ternatively, using an Yb-blind lattice with a fermionic Yb isotope will allow
the investigation of heavy impurities in a Fermi sea [100].

For all the applications described above, knowledge of the Cs+Yb inter-
species scattering length will be essential. Both the realisation of a quantum
degenerate mixture of Cs+Yb and the prediction of interspecies Feshbach res-
onances that allow magnetoassociation of CsYb molecules, rely on accurate
knowledge of the interspecies interactions. Unfortunately, current ab initio
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methods for calculating the CsYb interaction potential are not sufficient to
predict the interspecies scattering lengths to the desired precision. Therefore,
the scattering lengths of Cs+Yb must be measured experimentally.

1.4 Thesis Outline

At the beginning of the work presented in this thesis, the vacuum system and
laser systems for both species had been developed and reliable loading of Cs
and 174Yb MOTs had been achieved [101–103]. In this work, we focus on the
development of the equipment and techniques required for cooling Cs and
Yb to degeneracy and the measurement of the Cs+Yb scattering lengths.

The thesis is structured into the following chapters:

• Chapter 2 explores the various pathways to the rovibrational ground
state of CsYb. A brief overview of collisional physics is presented along
with a brief description of Feshbach resonances. We described the var-
ious techniques that may be used to produce ultracold molecules and
discuss their relevance for CsYb.

• Chapter 3 outlines the experimental apparatus and laser systems used
to produce MOTs of Cs and Yb atoms. The ‘beam machine’ design for
Yb fluorescence spectroscopy is described and techniques for stabilising
the Yb lasers to bosonic and fermionic isotopes are discussed.

• Chapter 4 describes the production of quantum degenerate gases of Yb.
The incorporation of an optical dipole trap into the setup is discussed
and techniques for precooling and loading Yb atoms are presented. The
first realisations of 174Yb BEC and 173Yb DFG in the experiment are
reported.

• Chapter 5 describes the production of a Cs BEC. The implementation
of DRSC for the production of high PSD samples of Cs is characterised
and the setup of an additional large volume ‘reservoir’ dipole trap is
described. The combination of DRSC and the reservoir and dimple
traps are used to produce the first Cs BEC in this apparatus.
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• Chapter 6 reports on initial measurements of the CsYb interspecies
scattering length using an optically trapped sample of the two species.
We derive a rate equation model to describe the observed sympathetic
cooling of Cs by Yb and use the model to extract thermalisation cross
sections. The cross sections are compared to quantum scattering cal-
culations to allow the prediction of the interspecies scattering lengths.

• Chapter 7 demonstrates the production of Cs∗Yb molecules in a dipole
trap using one-photon photoassociation. We describe the development
of the photoassociation laser system and the initial testing on the Cs2

system. We report binding energy measurements of rovivibrational
states in the 2(1/2) molecular potential for four CsYb isotopologs and
Le Roy-Bernstein analysis of the measurements.

• Chapter 8 reports the measurement of the Cs+Yb scattering lengths
using two-photon photoassociation. We describe the spectroscopy
methods used to create the ground state CsYb molecules and present
measurements of the bound-bound transition strengths using Autler-
Townes spectroscopy.

• Chapter 9 summarises the experiments performed in the previous chap-
ters. Using the knowledge gained from the experiments presented in
this thesis we offer an outlook on the future of the experiment.

A broad range of topics in atomic and molecular physics are covered in this
thesis. A thorough treatment of each topic broached is beyond the scope
of a single PhD thesis. Therefore, a summary of the relevant background
theory is outlined at the appropriate points within each chapter and the
interested reader is directed to the appropriate references for seminal papers
and detailed review articles.



Chapter 1. Introduction 10

1.5 Contributions of the Author

Complex dual-species experiments often require a team of people both to op-
erate and to advance the experiment. The CsYb experimental apparatus was
constructed by PhD students Kirsteen Butler, Stefan Kemp and Ruben Frey-
tag and postdoctoral researcher Stephen Hopkins. Most of the experimental
setup described in Chapter 3, the vacuum chamber, magnetic field coils and
the majority of the laser systems, were completed before I began work on
the project. Of the work presented in Chapter 3, I performed the setup of
the 399 nm laser, the setup of the DRSC optics and the Yb fluorescence
spectroscopy measurements.

The setup of the dipole trap in Chapter 4 and the investigation of the Yb
MOT was conducted by myself, Stefan and Steve. Following our investigation
of loading the optical dipole trap Stefan left the lab to write his thesis and
the production and measurements of the 174Yb BEC were performed by Steve
and I. The production of the 173Yb DFG and the investigation of other Yb
isotopes were both performed by myself.

The Cs DRSC and BEC results presented in Chapter 5 were obtained by
Steve and I. The initial thermalisation measurements were performed along-
side Steve but following his retirement, all the remaining experimental work
presented in this thesis was performed by myself. The only exception be-
ing the CsYb one-photon photoassociation data which was taken with the
aid of John McFerran, a visiting academic from the University of Western
Australia.

The CsYb experiment has benefited from a long-standing collaboration with
the theory group of Jeremy Hutson. Jeremy and Matthew Frye performed
the quantum scattering calculations presented in the Chapter 6. Also, in
Chapter 8, Jeremy, Matthew and Baochun Yang performed the calculations
of the interaction potential and the subsequent fitting of the potential to
the ground state binding energies. The predictions of interspecies Feshbach
resonances presented in the outlook were also performed by Jeremy, Matthew
and Baochun.
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1.6 Publications

The following publications have resulted from the work presented within this
thesis:

• A versatile dual-species Zeeman slower for caesium and ytter-
bium
S. A. Hopkins, K. L. Butler, A. Guttridge, R. Freytag, S. L. Kemp, E.
A. Hinds, M. R. Tarbutt, and S. L. Cornish
Rev. Sci. Instrum. 87 043109 (2016)

• Direct loading of a large Yb MOT on the 1S0 → 3P1 transition
A. Guttridge, S. A. Hopkins, S. L. Kemp. D. Boddy, R. Freytag, M.
P. A. Jones, E. A. Hinds, M. R. Tarbutt, and S. L. Cornish
J. Phys. B: At. Mol. Opt Phys. 49 145006 (2016)

• Interspecies thermalization in an ultracold mixture of Cs and
Yb in an optical trap
A. Guttridge, S. A. Hopkins, S. L. Kemp, M. D. Frye, J. M. Hutson,
and S. L. Cornish
Phys. Rev. A 96 012704 (2017)

• Production of ultracold Cs∗Yb molecules by photoassociation
A. Guttridge, S. A. Hopkins, M. D. Frye, J. J. McFerran, J. M. Hutson,
and S. L. Cornish
Phys. Rev. A 97 063414 (2018)

• Two-photon photoassociation spectroscopy of CsYb: Ground-
state interaction potential and interspecies scattering lengths
A. Guttridge, M. D. Frye, B. C. Yang, J. M. Hutson, and S. L. Cornish
Phys. Rev. A 98 022707 (2018)

http://dx.doi.org/10.1063/1.4945795
http://dx.doi.org/10.1088/0953-4075/49/14/145006
http://dx.doi.org/10.1103/PhysRevA.96.012704
http://dx.doi.org/10.1103/PhysRevA.97.063414
http://dx.doi.org/10.1103/PhysRevA.98.022707


Chapter 2

Routes to Ground State CsYb
Molecules

In recent years, the creation of ultracold heteronuclear molecules in the rovi-
brational ground state has witnessed spectacular progress, with ground state
molecules of KRb [61], RbCs [62, 63], NaK [64] and NaRb [65] produced to
date. The recipe for creation of all these bi-alkali molecules is the same:
magnetoassociation of an ultracold mixture using an interspecies Feshbach
resonance [104], followed by optical transfer to the ground state using stim-
ulated Raman adiabatic passage (STIRAP) [105, 106].

Mixtures of an alkali atom and a closed-shell atom, like CsYb, do not possess
broad Feshbach resonances like bi-alkali systems. Therefore, the best route
to the ground state remains unknown in these systems. The optimal pathway
for CsYb may involve STIRAP transfer from a Feshbach state as in many
bi-alkali systems or possibly from two free atoms as in Sr2 [107, 108]. Alter-
natively, the best route could involve initial production of electronic ground
state molecules through decay from a molecular state which is excited by
one-photon photoassociation. Following decay from the electronically ex-
cited molecular state, the high-lying electronic ground state molecules may
then be transferred to the rovibrational ground state using STIRAP.

In this chapter we discuss the essential physics behind these molecule forma-
tion techniques and assess their applicability to forming rovibrational ground
state CsYb molecules. Knowledge of the interspecies scattering length is es-

12
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sential for many of these techniques (and for cooling of the atomic mixture),
we therefore begin by discussing the scattering length.

2.1 Scattering Length

Knowledge of the atomic collisional properties is essential when working with
ultracold gases. For example, elastic collisions are essential for evaporative
cooling of trapped atomic gases and the elastic collision rate dictates the final
density a species can be cooled to. Knowledge of the elastic and inelastic loss
rates are essential to determine if a degenerate gas may be produced.

The scattering properties of an atomic pair may be characterised by a param-
eter known as the scattering length. The scattering length as parametrises
the ultracold scattering properties of a system and is connected to the phase
shift δ0 atoms experience in a collision. The s-wave scattering length is de-
fined as

as = − lim
k→0

tan δ0(k)
k

(2.1)

where k is the collision wavevector of the relative motion of the atoms. The
value of the scattering length is determined by the atomic interaction poten-
tial V (R) at short range. If the long range behaviour of V (R) is dominated
by the van der Waals −C6R

−6 term, the scattering length may be well ap-
proximated by

a = ā
[
1− tan

(
Φ− π

8

)]
, (2.2)

where ā = 0.477988 . . . (2µrC6/~2)1/4 is the mean scattering length [109], µr

is the reduced mass and Φ is the Wentzel-Kramers-Brillouin (WKB) phase
integral, which may be written in terms of the interaction potential V (R)

Φ =
∫ ∞
Rin

√
2µr

~2 V (R) dR. (2.3)

In this equation the integration is performed between the classical inner turn-
ing point of the potential Rin and infinity. Equations 2.2 and 2.3 illustrate
the tunability of the scattering length with the reduced mass of the system.
This reduced mass tuning of the scattering length is a key asset of alkali-Yb
systems, as the large number of stable Yb isotopes produces a large range
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of reduced masses and therefore a range of scattering lengths for different
isotopologs. This increases the chance of finding a favourable combination
of Cs and Yb for molecule production.

To verify which Cs+Yb combination is optimal, we must first ascertain
the scattering lengths through binding energy measurements of the CsYb
molecule’s ground state vibrational levels. The scattering length of a system
is intrinsically linked to the binding energy of the last bound state of the
interatomic potential. A negative scattering length corresponds to a virtual
bound state above the atomic threshold, this is equivalent to an attractive
interaction. When the last bound state is near threshold (small binding en-
ergy) the magnitude of the scattering length is very large and the scattering
length diverges when the bound state is at threshold (zero binding energy).
If the value of the scattering length is zero, there is effectively no atomic in-
teraction (Ramsauer-Townsend effect) due to the destructive interference of
the incoming and outgoing wavefunctions. A positive scattering length signi-
fies a bound state below threshold and corresponds to repulsive interactions.
The sign of the scattering length is important to determine if a Bose-Einstein
condensate of the atomic species is stable [110].

At ultracold temperatures below the p-wave centrifugal barrier, the elastic
collision rate of a particular atom pair is governed by the s-wave elastic
scattering cross section σ. For identical particles

σAA = 8πa2
AA. (2.4)

However, in two species experiments, inter-species collisions must be con-
sidered in addition to the intra-species collisions that occur amongst the
constituent particles of the mixture. For interspecies collisions the particles
are non-identical therefore the elastic scattering cross section becomes

σAB = 4πa2
AB. (2.5)

We will see in Chapter 6 how measurements of the interspecies elastic scatter-
ing cross section (and therefore scattering length) are performed by observing
the sympathetic cooling of Cs by Yb.
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2.2 Feshbach Resonances

Feshbach resonances are an essential tool in atomic and molecular physics
that allows precise control of the interaction between atoms [111]. They
also offer the ability to coherently transfer a colliding atom pair into a
bound molecular state through a technique known as magnetoassociation
[104] which is essential in the formation of ultracold molecules from ultracold
atoms. The exquisite control of the atomic interactions afforded by Feshbach
resonances may also be used to create bright solitons [112, 113] or quantum
droplets [114, 115], atomic gases which can propagate without dispersing,
bound only by the atomic self interaction. In addition, Feshbach resonances
were instrumental in the study of the BEC-BCS crossover in Fermi gases
[116, 117].

Control over the collisional properties of an atomic system was essential in
the cooling to degeneracy of atomic species with unfavourable background
scattering lengths [112, 113, 118–120]. A pertinent example is the case of Cs
which has an extremely large background scattering length [121]. A large
scattering length is unfavourable for evaporative cooling because of the a4

scaling of the three-body recombination rate [122] which causes large atom
loss for high densities. Achievement of BEC in Cs [119] required careful
control of the atomic interactions, this was provided by a wide Feshbach res-
onance that allowed broad tunability of the scattering length at low magnetic
fields [123].

The physical origin of Feshbach resonances may be easily understood by con-
sidering a two-channel model, such as the one presented in Fig. 2.1(a). We
consider two channels corresponding to molecular potential curves Vent and Vc

which describe the entrance and closed channels respectively. The entrance
channel typically corresponds to the ground state potential of two atoms and
therefore at large internuclear distance R the potential asymptotically ap-
proaches the ground state of two free atoms. For small collision energies Eth,
this channel is energetically accessible, hence, the name entrance channel. In
contrast, Vc is not energetically accessible and is called the closed channel.
However, Vc does support bound molecular states near the threshold of the
entrance channel. A Feshbach resonance occurs when a bound molecular
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(a) (b)

(c)

Figure 2.1: A colliding atom pair with energy Eth may couple to a bound
state in the closed channel. The bound state in Vc may be tuned relative to
the atomic threshold of the entrance channel by use of a magnetic field. (b)
As the bound state is tuned towards atomic threshold from higher energy,
the scattering length reduces to less than its background value abg and tends
to negative infinity as it approaches the atomic threshold. As the bound
state crosses the threshold energy at a magnetic field of B0, the scattering
length becomes positive and reduces in magnitude as the state becomes more
bound. (c) The coupling between the molecular and atomic states produces
an avoided crossing. An adiabatic sweep of the magnetic field across the
avoided crossing transfers the colliding atoms into loosely bound Feshbach
molecules.

state in the closed channel energetically approaches the (free-atom) scatter-
ing state in the entrance channel. The energy difference between the two
potentials may be tuned using a magnetic field via the Zeeman effect, as the
entrance and closed potentials typically have different magnetic moments
due to the orientation of the electronic spins. In the case of alkali atoms, the
hyperfine interaction gives rise to many additional channels creating many
crossings as a function of magnetic field. In the presence of coupling between
the two potentials, strong mixing of the channels occurs.

The behaviour of the scattering length close to a magnetically tuned Feshbach
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resonance may be described by [124]

a(B) = abg

(
1− ∆

B −B0

)
, (2.6)

where abg is the background scattering length, the value of the scattering
length away from resonance, B is the magnetic field strength, B0 is the
resonance position and ∆ is the resonance width. This expression for the
scattering length is illustrated in Fig. 2.1(b). The resonance width is defined
as the distance between the resonance pole and the zero crossing of the
scattering length. The width is determined by the coupling between the two
channels and the differential magnetic moment, δµ = µatoms − µmol.

The near-threshold levels that produce the Feshbach resonances are labelled
by quantum numbers n(f1f2)F`(MF ). F is the resultant of the hyperfine
quantum number of the colliding atoms f1 and f2 and MF = m1 + m2. n is
the vibrational level of the molecular potential curve labelled with respect to
dissociation, with n = −1 denoting the last bound state. The partial wave
angular momentum `, may take values of ` = 0, 2, 4 etc. in the bosonic case,
these are commonly referred to as s−, d−, g−wave resonances.

In mixtures of alkali atoms the coupling between the channels may occur
through strong isotropic electronic interactions which couple states with the
same MF quantum number. The magnitude of the coupling is the difference
in energy between the singlet and triplet curves, which is typically large.
Coupling may also exist due to spin-spin interactions (magnetic dipole inter-
action of the spins) which may couple different partial waves ` or MF .

2.2.1 Scattering Properties of Cs

A plot of the Cs |F = 3,mF = +3〉 scattering length as a function of mag-
netic field is shown in Fig. 2.2(a). The binding energies of molecular states
contributing to the Feshbach resonances in Fig. 2.2(a) are shown as a func-
tion of magnetic field in Fig. 2.2(b). Feshbach resonances in the upper plot
occur at the magnetic field value where the molecular state crosses threshold
(Eb = 0). In Cs, multiple Feshbach resonances occur at low magnetic fields
due to ` = 2 and ` = 4 molecular states. These higher partial wave Feshbach



Chapter 2. Routes to Ground State CsYb Molecules 18

-3

-2

-1

0

1

2

3 × 103

C
s

S
ca

tt
er

in
g

L
en

g
th

(a
0
)

(a)

0 50 100 150 200 250

Magnetic Field (G)

10

8

6

4

2

0

E
b
/h

(M
H

z)

`= 0

`= 2

`= 4

(b)

Figure 2.2: (a) Cs scattering length as a function of magnetic field for the
|F = 3,mF = +3〉 state. Several d-wave and g-wave resonances are visible.
(b) Molecular binding energies of molecular states as a function of magnetic
field. The colours correspond to the rotational angular momentum of the
molecular state with black corresponding to ` = 0, green to ` = 2 and blue
to ` = 4.

resonances have observable widths at low magnetic fields due to the strong
second order spin-orbit coupling term in Cs [125].

The scattering length of Cs is dominated at low fields by a broad s-wave
Feshbach resonance at −12 G [121]. The negative value of the magnetic field
corresponds to changing the sign of all the spin projection quantum numbers
and is equivalent to stating that there exists a broad Feshbach resonance at
12 G in the |F = 3,mF = −3〉 state. The near threshold bound state that
produces this Feshbach resonance gives Cs a large scattering length at most
magnetic fields.

The broad tunability of the Cs scattering length in the low field region was es-
sential for the creation of a Cs BEC [119]. For high atomic densities the dom-
inant loss process in the |F = 3,mF = +3〉 state is three-body loss. Three-
body loss occurs when two colliding atoms form a molecule while interacting
with a third atom. In the three-body collision the molecular binding energy
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is released as kinetic energy, typically causing the loss of all three atoms
from the trap. The three-body recombination rate scales with scattering
length as ∝ a4 [126], yielding a very large value for Cs at zero magnetic field.
Fortunately, there exists an Efimov minimum in the three-body loss rate at
aCs = 210 a0 [127]. The scattering length can be easily tuned to this value
by using a magnetic field around 22 G. At this scattering length, Cs can
be evaporatively cooled efficiently due to the large elastic scattering cross
section and the suppressed inelastic loss rate.

2.2.2 Magnetoassociation

The association of molecules by tuning the magnetic field near a Feshbach
resonance is often called magnetoassociation. Ultracold molecules produced
through magnetoassociation are often referred to as Feshbach molecules. The
most popular method of magnetoassociation of an atomic pair is by dynamic
sweeps of the magnetic field across the resonance pole B0 [104]. This pro-
cess is illustrated in Fig. 2.1(c). Magnetoassociation by adiabatic ramps
of magnetic field was first proposed in a number of publications [128–130]
and has been a very successful technique for the production of heteronu-
clear molecules from an ultracold atomic mixture [61, 131–136]. The Fesh-
bach molecules produced retain the high phase space density of the original
atomic mixture and occupy a single rovibrational level. Due to the fact
that Feshbach resonances occur when molecular and atomic states cross, the
Feshbach molecules are formed in a high-lying level near atomic threshold.
Therefore, the Feshbach molecules undergo rapid vibrational relaxation due
to atom-molecule and molecule-molecule collisions, limiting the lifetime of
the molecules to relatively short time scales. For fermionic molecules, the
lifetime of the weakly-bound Feshbach molecules are extended due to the
suppression of collisions by Pauli blocking [137].

Collisions, along with the phase-space densities and overlap of the two
species, typically limit the efficiency of molecule formation in an optical
dipole trap, with the best efficiencies approaching 25 % [138]. More effi-
cient formation of Feshbach molecules may be achieved in an optical lattice
with one atom of each species per lattice site [56]. In a single lattice cell the
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overlap of the atomic wavefunctions is near unity, which gives the association
technique a theoretical efficiency of 100 %. Confinement in a lattice also pro-
tects the resultant Feshbach molecules from collisions with atoms or other
molecules, significantly prolonging their lifetime. The collisional stability al-
lows longer, more adiabatic ramps across the Feshbach resonance increasing
the number of molecules produced. Unity conversion efficiencies have been
reported for doubly occupied sites in experiments on KRb molecules [139].
In a lattice, the typical efficiency of molecule formation is not limited by that
of the association process but by the number of atoms loaded into doubly
occupied sites.

Once Feshbach molecules have been formed, the usual next step is to trans-
fer the molecules into the rovibrational ground state using STIRAP. The
efficiency of the transfer to the ground state may be improved by using a
different initial molecular state. Once a Feshbach molecule is produced, the
many avoided crossings of molecular levels illustrated in Fig. 2.2(b) may be
used to transfer the molecule into another state. This can be achieved by
controlling the Landau-Zener tunnelling at avoided crossings using magnetic
field ramps [140] or using RF transitions [141].

2.3 Feshbach Resonances in Mixtures of Al-
kali and Closed-shell Atoms

The difficulty in forming molecules in systems like CsYb comes from the
absence of electronic spin in the ground state of the closed-shell atom. In
the simple picture considered in the previous section, multiple electronic
states occur near atomic threshold due to the interaction of the electronic
spins. In the alkali case, this produces a deeply bound singlet and a weakly
bound triplet potential. However, when one of the atoms in the colliding
pair is spin singlet (1S0), like Yb, the molecule has only a single electronic
state. The molecular levels lie parallel to atomic thresholds as a function
of magnetic field, therefore, crossings of atomic and molecular states will
only occur between the different hyperfine manifolds of the molecule and
alkali atom. In addition, the coupling mechanisms considered in the previous
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section are not present for CsYb. This is again because of the absence of spin
in the Yb ground state.

2.3.1 Ground State Atoms

In the absence of strong coupling between the open and closed channels,
a Feshbach resonance will have very small width and not be suitable for
magnetoassociation. This is certainly the case for pairs of 1S0 atoms and
was also believed to be the case in mixtures of alkali atoms and closed-
shell atoms. However, in Ref. [142] the authors introduced a previously
unconsidered coupling mechanism which arises due to the modification of
the hyperfine coupling constant of the alkali atom by the closed-shell atom
at short range. The system considered in the paper was Rb+Sr but the
coupling mechanism exists (with varying strength) for all alkali-closed-shell
mixtures.

In all cases this mechanism only couples states of equal mF and `. This se-
lection rule means Feshbach resonances will only occur at crossings between
an atom in the lower hyperfine manifold and a molecular state in the upper
hyperfine manifold because the magnetic moment of the atomic and molecu-
lar states are equal for levels in the same hyperfine manifold. Therefore, only
relatively few crossings actually lead to resonances, making the Feshbach
spectrum very sparse as a function of magnetic field. In addition, the width
of the resonances are narrow (. 1 mG) due to the weak coupling mechanism.

Later studies by Brue and Hutson identified a second coupling mechanism
(Mechanism II) that could lead to broader Feshbach resonances in fermionic
closed-shell atoms due to the presence of nuclear spin [143]. The coupling
occurs between the nuclear spin of the closed-shell atom and the valence
electron of the alkali atom. This coupling conserves ` and mF + mI which
leads to the selection rule ∆mF = mF,atom − mF,mol = 0,±1. This relaxed
selection rule leads to resonances at many more crossings, including crossings
between atomic and molecular states of the same hyperfine manifold.

The prospects for many different alkali-Yb combinations were considered in
Ref. [88]. Combinations with Yb were considered because of the large num-
ber of isotopes (including two fermions), which gives a considerable reduced
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mass tuning of the binding energies of the molecular state. Therefore, it in-
creases the likelihood of a Feshbach resonance occurring at a more favourable
magnetic field for a specific isotopolog. Of all the alkali-Yb combinations,
CsYb was considered as the most promising due to the large reduced mass
of the system and the strong hyperfine coupling in Cs. A large reduced mass
facilitates a higher density of vibrational levels near threshold, increasing the
number of crossings as a function of magnetic field. The large nuclear spin
and stronger modification of the hyperfine coupling constant of Cs produces
resonances with larger width.

Although the resonances for CsYb are predicted to have larger widths than
other alkali-Yb combinations, the predicted widths are still fairly narrow in
comparison to bi-alkali Feshbach resonances. Coupled with the knowledge
that such resonances will be sparsely distributed as a function of magnetic
field, their observation will be extremely challenging without theoretical guid-
ance. The binding energies of the molecular potential must be known to a
high precision for accurate predictions of the positions of Feshbach reso-
nances. These must be measured experimentally as even the most sophisti-
cated ab initio calculations are not precise enough to determine the depth
of a molecular potential to the required accuracy. An example of the sen-
sitivity of these potentials to the scattering length (binding energy of last
bound state) is that a change in the potential depth of ∼ 3 % corresponds
to a change in the scattering length from a = −∞ → +∞. To enable ac-
curate predictions of Feshbach resonance positions, we perform two-photon
photoassociation measurements in Chapter 8 to measure the binding energies
of the near threshold states of CsYb precisely.

Observation of Feshbach resonances in RbSr

During the measurements of the two-photon photoassociation features pre-
sented later in this thesis (Chapter 8) exciting results were published by
Florian Schreck’s group in Amsterdam [89]. Working with Rb−Sr mixtures
they reported the first observation of Feshbach resonances between alkali
and closed-shell atoms. Surprisingly, in mixtures of Rb with the fermionic
Sr isotope, 87Sr, more resonances were measured than originally anticipated.
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The vast majority of resonances observed were produced through Mechanism
II, which shows that mixtures involving fermionic isotopes are favourable for
the observation of interspecies resonances. An unexpected result of this inves-
tigation was the observation of a series of resonances not initially predicted.
The mechanism that produces these resonances (Mechanism III) arises due
to the anisotropic interaction of the (shared) electron spin with the nucleus
of either the fermionic closed-shell atom (Mechanism IIIa) or the alkali atom
(Mechanism IIIb). Therefore, there are two distinct cases: when the elec-
tron spin is coupled to the nuclear spin of the closed-shell atom and when
the electronic spin couples to the nuclear spin of the alkali atom. Notably,
Mechanism IIIb produces additional resonances in bosonic isotopes, although
they are predicted to be of much smaller width. Mechanism III conserves
mF +mI+m` and therefore can couple s-wave states to d-wave (` = 2) states.
The selection rules are different for the two cases, in a: ∆mF = −∆m` and
in b: ∆mF = ±1.

Although Mechanism III produces coupling at many crossings at lower mag-
netic fields, the strength of the coupling is weaker, resulting in narrower
widths. Still, these results seem very promising for the observation of CsYb
Feshbach resonances.

2.3.2 Metastable Atoms and Alkali Atoms

In addition to the above resonances, there are other avenues to explore in
the search for Feshbach resonances in alkali-Yb systems. Ytterbium pos-
sesses many narrow transitions useful for precision spectroscopy, the most
celebrated of which is the 1S0 → 3P0 transition used in atomic clock exper-
iments all over the globe. The clock transition is extremely narrow as it is
doubly forbidden, ∆S = 1 and J = 0 → J ′ = 0, meaning excitation to
this state yields metastable atoms with a very long lifetime. The lifetime of
the state exceeds the background lifetime in many cold atom experiments,
making it possible to perform experiments similar to those with ground state
atoms by instead using these metastable atoms.

Feshbach resonances have been observed in the fermionic 173Yb(1S0) +
173Yb(3P0) system [144, 145] even though both the ground state and the ex-
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cited state have zero electronic spin. The resonances arise due to the nuclear
spin of the fermionic 173Yb atom and are known as orbital Feshbach reso-
nances because the coupling is provided by the inter-orbital spin-exchange
interaction [146]. As electronic spin is absent in both channels, the energy
difference of the two channels can only be tuned through the nuclear Zeeman
effect which is smaller than the electronic Zeeman effect by ∼ 2000. For-
tunately, a molecular bound state lies very close to threshold bringing the
resonance within reach of experiments.

Within the same triplet manifold as the 3P0 state is the less explored 3P2

metastable state. The transition from the ground state to this state is ∆S = 1
and ∆J = 2 yielding a long radiative lifetime of around 15 s. As atoms in the
3P2 state are anisotropic, the interaction between the metastable atoms and
ground state atoms has several additional coupling mechanisms compared
to the interaction between two ground state atoms or between ground state
atoms and those in the 3P0 state. Resonances arising from these mechanisms
were first observed in a homonuclear mixture of Yb in ground and metastable
3P2 states [147, 148]. Recently Feshbach molecules have been created by
association across these Feshbach resonances [149].

The same anisotropic coupling is predicted to occur between alkali atoms
and metastable Yb atoms. Work on these novel mixtures has been pursued
by groups working on LiYb in Kyoto and Seattle. The metastable Yb atoms
may be prepared either by direct excitation on a narrow transition [150] or by
excitation to the 3D2 state and the subsequent decay to 3P2 state [151]. Both
groups have observed indications of field-dependent inelastic losses [152, 153]
but to date no distinct resonances have been found. This is likely due to
the suppression of the resonance poles in the presence of inelastic scattering
[154, 155], which is prevalent in the Li+Yb system. The presence of large
loss rates due to the spin exchange processes make the applicability of these
resonances to magnetoassociation questionable. However, these inelastic de-
cays are expected to be weaker for heavier alkali atoms. Currently, this may
not be the most promising route for CsYb but this approach may be required
if suitable Feshbach resonances with ground state Yb are at magnetic fields
too high to reach.
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Figure 2.3: (a) One-photon photoassociation scheme. A colliding atom pair
A and B are excited to an electronically excited vibrational level in the
(AB)∗ potential by a laser of frequency ω1. (b) Two-photon photoassociation
scheme. The electronically excited molecule (AB)∗ is coupled to a vibrational
level in the electronic ground state by a second laser of frequency ω2. The
internuclear distances at which the transitions occur are not represented to
scale.

2.4 Photoassociation

In the photoassociation process two colliding atoms A and B are coupled to
an electronically excited molecular state by a photon of energy ~ω1. Atoms
may be excited to discrete, bound molecular states when the frequency of the
laser field, ω1, is red-detuned from an atomic transition ω0 and ω1 is resonant
with a vibrational level of the electronically excited molecular potential. On
one-photon resonance the colliding atom pair is transferred into a bound
electronically excited molecule. The process is illustrated in Fig. 2.3(a). The
absorption process is given by

A+B + ~ω1 → (AB)∗. (2.7)

Following excitation, the electronically excited molecular state (AB)∗ may
then dissociate into two free atoms or decay to the electronic ground state
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AB. The presence of this decay mechanism offers an alternative route to the
creation of ground state molecules. Molecules may be produced in a carefully
selected electronically excited state which possesses a favourable wavefunc-
tion overlap with the vibrational wavefunction of a rovibrational level in the
electronic ground state. This wavefunction overlap, or Franck-Condon factor
(FCF), can lead to a large number of molecules accumulating in the ground
state due to the decay of the excited molecule. This technique has been used
to continuously produce ultracold electronic ground state molecules from an
atomic sample [53, 54, 156–159]. One-photon photoassociation is discussed
in much greater depth in Chapter 7.

The electronic ground state molecules produced through decay are preferen-
tially in high-lying vibrational levels. This is required due to the Franck-
Condon principle. Typically, producing a large number of molecules in
deeply-bound states requires excitation to a excited state vibrational level
with a turning point at small interatomic separations (R < 20 a0). For pho-
toassociation transitions to occur, the interatomic separation of the colliding
atom pair must be commensurate to the turning point of the vibrational
level. At smaller interatomic distances rapid oscillations of the vibrational
wavefunction typically wash out any Franck-Condon overlap. The inter-
atomic separation of the colliding atom pair is dependent on the density
but is typically very large (R > 1000 a0), therefore, the molecular states
accessible through photoassociation are those with turning points at large
interatomic distances. The long-range molecules in the excited state there-
fore have very little overlap with more deeply-bound vibrational levels in
the electronic ground state which have peaks in the vibrational wavefucntion
at shorter range. Therefore, the long-range molecules preferentially decay
to the high-lying vibrational levels of the electronic ground state potential.
However, deeply bound ground state molecules may be produced through
decay in some exceptional systems [53, 54, 160]. Potentials of some alkali
dimers, such as Cs2, exhibit electronically excited molecular potentials with
an external long-range well in which a molecule excited to this potential os-
cillates between long-range and intermediate distances. In this intermediate
range the overlap with more deeply bound vibrational levels in the electronic
ground state potential is larger. These long-range states in Cs2 have been
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studied extensively in an effort to produce ultracold ground state molecules
through photoassociation [52, 161–166].

The production of ground state molecules through one-photon photoassoci-
ation has some issues. Firstly, the process is incoherent, which makes de-
tection of the molecules more difficult. The molecule cannot be imaged by
coherently dissociating it and imaging the free atoms like in magnetoassoci-
ation. But, the molecules may be ionised and detected by an MCP [167] or
absorption imaged after photodissociation [168]. Another issue is that the
molecules produced are not internally ‘cold’. Many different ground state
rovibrational levels are populated by the decay of the electronically excited
molecule. Molecules in the unwanted states are difficult to remove and col-
lisions with these molecules cause significant heating and limit the lifetime
the sample of molecules in the desired state.

2.4.1 Two-Photon Photoassociation

An alternative method of producing molecules in a resolved ground state
rovibrational level is two-photon photoassociation. This scheme is an ex-
tension of one-photon photoassociation and uses an additional laser field
to couple the molecule in the electronically excited state to the electronic
ground state. The process is depicted in Fig. 2.3(b). By detuning both lasers
from the respective free-bound and bound-bound transitions it is possible to
transfer atoms into molecules populating a high-lying vibrational level of
the ground state using Raman transitions. Again, the overlap between an
excited vibrational level accessible through photoassociation and the rovibra-
tional ground state is vanishingly small, similar to the one-photon case. This
means even with a high intensity laser, appropriately detuned to prevent off-
resonant excitation, it is unlikely that the induced coupling will be strong
enough for efficient transfer of the population to the ground state. Efficient
transfer necessitates a coherent process but Rabi oscillations between atomic
and molecular states have (so far) not been observed on an electric-dipole
allowed transition due to decoherence arising from spontaneous Raman scat-
tering. The off-resonant scattering of Raman photons is reduced for narrow
‘forbidden’ transitions where atom-molecule Rabi oscillations have been ob-
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served [148, 169]. Transitions to molecular states which dissociate at the Yb
3PJ atomic threshold are promising for the creation of CsYb molecules using
two-photon Raman transitions.

Two-photon transitions using electric-dipole allowed transitions have been
used to incoherently produce molecules in the rovibrational ground state
[157]. The experiment, performed on RbCs molecules, initially populated a
high-lying ground state vibrational level through decay of a photoassociated
excited state. The weakly-bound ground state molecules were transferred to
the rovibrational ground state using a two-step stimulated emission pumping
technique. However, the efficiency of this process is severely limited by the
decay of the intermediate excited state.

2.5 STIRAP

The Stimulated emission pumping case discussed previously, whereby two
lasers are used to transfer population to a target state via an intermediate
state, is one example of how rovibrational ground state molecules may be
produced. The issue with this incoherent process is that even when both
transitions are saturated (which may be difficult to achieve depending on
the Franck-Condon overlap) the transfer is only ∼ 10 % efficient [170]. For
more efficient transfer between the states, one may utilise a coherent process
known as stimulated Raman adiabatic passage (STIRAP). The scheme re-
quires creation of a dark state, which allows STIRAP to be performed using
an electric-dipole allowed transition over a time scale longer than the lifetime
of the excited state [106].

To explain the STIRAP technique we consider the three-level lambda-type
system shown in Fig. 2.4(a). We label the initial (Feshbach) state |F 〉, the
intermediate excited state |E〉 and the final (ground) state |G〉. The laser
driving the |F 〉 ↔ |E〉 transition is labelled as the ‘Pump’ laser and for
historical reasons the laser driving the |E〉 ↔ |G〉 transition is labelled as
the ‘Stokes’ laser. The equations derived in the following analysis are com-
pletely general for any three-level lambda-type system, including the system
considered in Chapter 8 in the context of two-photon photoassociation.
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Figure 2.4: Level scheme and pulse sequence for STIRAP in an ideal three-
level system. (a) A three-level lambda-type system. The levels are coupled
by two lasers labelled as ‘Pump’ and ‘Stokes’. (b) Pulse sequence for transfer
of population from |F 〉 to |G〉. (c) Temporal evolution of the populations of
the three states during the STIRAP pulse sequence.

The Hamiltonian for this three-level system is [105]

Ĥ = ~
2


0 ΩP(t) 0

ΩP(t) 2∆P ΩS(t)

0 ΩS(t) 2(∆P −∆S)

 , (2.8)

where ΩP(t), ΩS(t) are the Rabi frequencies and ∆P(S) is the detuning from
resonance of the Pump (Stokes) laser. With both lasers on two-photon res-
onance (∆P = ∆S = 0), the analytical eigenstates of this Hamiltonian are:

|a+〉 = sin θ sinφ |F 〉+ cosφ |E〉+ cos θ sinφ |G〉 , (2.9a)

|a0〉 = cos θ |F 〉 − sin θ |G〉 , (2.9b)

|a−〉 = sin θ cosφ |F 〉 − sinφ |E〉+ cos θ cosφ |G〉 . (2.9c)

Here, we have defined two mixing angles θ and φ which are defined by

tan θ = ΩP

ΩS
, tan 2φ =

√
Ω2

P + Ω2
S

∆P
. (2.10)

Essential to STIRAP is the dark state |a0〉, this state has no component due
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of intermediate state |E〉. Using this engineered dark state, 100 % transfer
from |F 〉 to |G〉 is possible on timescales longer than the lifetime of |E〉. The
counter-intuitive STIRAP pulse sequence used to achieve efficient transfer is
shown in Fig. 2.4(b). The sequence is performed by first ramping up the Rabi
frequency of the Stokes field ΩS which prepares for the lossless transfer by
Autler-Townes splitting of the levels. Then the Rabi frequency of the pump
field ΩP is ramped up as ΩS is ramped down which causes the state vector to
rotate in the |F 〉−|G〉 plane, preventing population of |E〉. Finally, with the
population in |G〉, ΩS is reduced to zero and ΩP can be set to zero following
the extinction of the Stokes light.

In the population evolution presented in Fig. 2.4(c) we see that in this ide-
alised sequence no population is transferred to |E〉. Not only does the se-
quence suppress loss from spontaneous emission but it is relatively robust to
experimental conditions such as laser intensity and pulse timing. Compare
this to a transition driven with an intuitively ordered pulse sequence (Bright
STIRAP) which is extremely sensitive to the pulse area due to Rabi flop-
ping of the population. In addition, the timescale of the pulse sequence in
Bright STIRAP must be faster than radiative lifetime of |E〉 to achieve the
maximum transfer efficiency of 50 % [106]. STIRAP with counter-intuitively
ordered pulses is therefore a very effective technique for transfer of the pop-
ulation to the rovibrational ground state.

For transfer of Feshbach molecules to the rovibrational ground state efficien-
cies of 92 % have been achieved [58]. The transfer efficiency is reliant upon
maintaining an adiabatic evolution of the dark state. Phase fluctuations be-
tween the lasers can cause the state vector to deviate from the |F 〉 − |G〉
plane, causing non-adiabatic coupling. This process limits the efficiency in
realistic systems and may occur on a timescale much longer than the excited
state lifetime. The condition for efficient transfer is [171]

Ω2
P + Ω2

S
π2γ

� 1
τ
� D, (2.11)

where γ is the linewidth of the intermediate state and D is the linewidth
associated with the frequency difference of the lasers.

The job of an experimenter is therefore made easier by choice of an inter-
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mediate state with a long lifetime and strong coupling to initial and final
states. This places less stringent requirements on the relative linewidth of
the STIRAP lasers. However, the choice of transitions is reliant on molec-
ular structure and there is no guarantee that a suitable intermediate state
for transfer to the rovibrational ground state exists. In this case it may be
more favourable to perform multiple STIRAP pulses, the first from the Fes-
hbach state to a more deeply bound state and then from this state to the
ground state. Two possible four-photon schemes: sequential and ‘straddle
STIRAP’, were investigated for the purposes of transferring Cs2 molecules to
the rovibrational ground state [60]. In both schemes a single-pass efficiency
of ' 60 % was achieved.

2.5.1 Free-Bound STIRAP

Given the high transfer efficiencies possible between bound molecular states
using STIRAP, it is reasonable to consider the possibility of using STIRAP
to efficiently convert an atom pair into a ground state molecule. Of course,
it is highly unlikely that in a single STIRAP sequence the atoms could be
transferred to the rovibraitonal ground state but, as demonstrated by Cs2,
four-photon STIRAP may be used to transfer the population to the rovibra-
tional ground state.

The difficulty in Free-Bound STIRAP arises due to the extremely weak free-
bound transition. The free-bound transition is typically 103 − 104 times
weaker than a bound-bound transition due to the unfavourable Franck-
Condon overlap. The free-bound Rabi frequency can be enhanced in Bose
condensed systems by Bose-enhancement [172]. In this case the free-bound
Rabi frequency is enhanced by a factor of

√
N , where N is the number of

Bose condensed atoms. This effect was recently observed in the creation of
Sr2 molecules [173].

A more promising approach for Free-Bound STIRAP is performing the pulse
sequence on a sample of atoms trapped in a lattice [107, 108]. The advantages
of using a lattice are two-fold. Firstly, confinement in a lattice increases
the free-bound Rabi frequency by increasing the amplitude of the atomic
wavefunction at short range [108]. In the Sr2 work, the authors found that
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using a Mott insulator state can increase the free-bound Rabi frequency by
a factor of four in comparison to Bose enhancement. Secondly, the lifetime
of the molecules is increased by suppression of atom-molecule collisions due
to the confinement of one molecule per lattice site. Using a narrow electric-
dipole forbidden transition in Sr, 30 % of atoms in doubly-occupied sites have
been transferred into molecules [108]1.

1This is mostly limited by an inhomogeneous lattice light shift and for subsequent
STIRAP cycles after the first cycle they observe a molecule formation efficiency of 81 %.



Chapter 3

Experimental Setup

The experimental apparatus used to cool and trap Cs and Yb atoms is de-
scribed in this chapter. The design of the vacuum system, magnetic field coils
and the majority of the laser systems are reported in previous publications
[174–176] and theses on the experiment [101–103]. Therefore, in this chapter
we briefly review the essential components of the experimental apparatus
and comment on their application in subsequent experiments.

3.1 Atomic Properties

3.1.1 Caesium

Caesium (Cs) is the heaviest stable element of the alkali metals and has only
one stable isotope, 133Cs. It is solid at room temperature but has a melting
point of only 28 ◦C. 133Cs has a single valence electron and a nuclear spin
of I = 7/2 which make it a composite boson. The electronic structure of Cs
has been extensively studied and the hyperfine splitting of the 62S1/2 ground
state is used to define the SI second [177]. The relevant atomic transitions
for laser cooling of Cs are shown in Fig. 3.1(a).

Cs has a favourable energy level structure for laser cooling. The 62S1/2 →
62P3/2 transition at 852 nm, referred to as the D2 line, possesses a closed
transition on the F = 4→ F ′ = 5 transition highlighted in Fig. 3.1(a). Also
important is the repump transition F = 3→ F ′ = 4 which is required to close

33
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Figure 3.1: (a) Relevant atomic transitions for laser cooling of caesium. (b)
Energy level diagram of ytterbium showing the dominant 399 nm singlet
transition to the 1P1 state and the narrow 556 nm intercombination transition
to the 3P1 state.

off the cooling cycle by preventing atoms decaying into the F = 3 ground
state. Here, we use F and F ′ to denote the hyperfine quantum number of
the ground and excited state respectively.

3.1.2 Ytterbium

Ytterbium (Yb) is a lanthanide element with two valence electrons. Yb pos-
sesses seven stable isotopes, five bosons and two fermions. The scattering
lengths of these isotopes cover a broad range from positive to vanishingly
small to large and negative. This demonstrated ability to tune the scattering
length using the reduced mass is important for the investigation of Cs+Yb
mixtures [88]. The scattering lengths of all the stable Yb isotopes are pre-
sented in Table 3.1 along with their relative abundance and nuclear spin. All
isotopes, except for 172Yb which possesses a large negative scattering length,
were first cooled to quantum degeneracy by the Kyoto group [80–85].

The relevant electronic structure of Yb is shown in Fig. 3.1(b). Due to yt-
terbium’s two valence electrons in the 6s orbital, it’s electronic structure is
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Yb Abundance Nuclear spin Scattering length
Isotope [178] (a0) [179]
176Yb 12.70% 0 −24
174Yb 31.80% 0 105
173Yb 16.10% 5/2 199
172Yb 21.90% 0 −599
171Yb 14.30% 1/2 −3
170Yb 3.05% 0 64
168Yb 0.13% 0 252

Table 3.1: All stable isotopes of Yb with their respective natural abundance,
nuclear spin and intraspecies scattering length.

remarkably similar to alkaline-earth elements like strontium and calcium,
whereby the electronic states are separated into singlet (S = 0) and triplet
(S = 1) manifolds. Electronic spin changing transitions ∆S = 1 are forbid-
den by the electric dipole selection rules, which would prohibit excitation of
the Yb atoms from the ground state (S = 0) to the 3P1 state (S = 1). How-
ever, in heavy atoms j − j spin-orbit coupling introduces a small admixture
of the 1P1 state into the 3P1 state, causing the 1S0 → 3P1 transition to be
weakly allowed.

In Yb, laser cooling can be accomplished on both the 399 nm 1S0 → 1P1 tran-
sition and the 556 nm 1S0 → 3P1 transition. The 1D2 state lies above the
1P1 state, which means that the large decay path that occurs in strontium
is absent in ytterbium. However, the 1P1 state may still decay to the triplet
3D1,2 states which limits the total atom number achieved in a MOT without
repumping light [180]. The closed, two-level transition at 556 nm is more
suitable for the MOT. This transition has a narrow linewidth of 182 kHz
which corresponds to a low Doppler temperature of 4.4 µK. However, the
narrow linewidth results in a greatly reduced MOT capture velocity of 7 m/s;
this requires precise operation of the Zeeman slower. Therefore, we use the
strong 399 nm transition for Zeeman slowing as the large linewidth and short
wavelength lead to a large maximum deceleration.
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3.2 Experimental Overview

The main components of our setup for trapping and cooling of Cs and Yb are
presented in this section. The majority of the optical and vacuum systems
are distributed over two optical tables. One optical table, referred to as the
‘laser table’, is used for the Cs and Yb laser systems. The only exception
being the Yb 399 nm laser which is mounted on a breadboard above the
main experimental table. On the laser table, the frequencies of the Cs and
Yb lasers are stabilised using atomic spectroscopy performed in a vapour cell
for Cs and in an atomic beam for Yb. An array of acousto-optic modula-
tors (AOMs) are used to generate the different frequencies of light required
for both species. The light required in the experiment is transported over
to the main experimental table using polarisation-maintaining single-mode
optical fibres. The intensity of light transported to the main experiment is
controlled using AOMs and optical shutters, both of which are controlled by
the experimental control software.

Aside from the laser table, the other optical table is labelled as the ‘main
experimental table’. This table contains the whole vacuum apparatus, dipole
trapping lasers and optical fibres for cooling and trapping light.

Experiments with ultracold atoms require ultrahigh vacuum (UHV) to reduce
the number of collisions with background gas in the chamber. Collisions with
the room temperature background gas results in tremendous heating of the
sample and cause atom loss. However, for trapping a large number of atoms
we also require a large enough vapour pressure of both species for sufficient
atom flux in the trapping region. This may lead to partial pressures outside
the UHV regime. To resolve this issue we divide our vacuum system into
multiple sections as shown in Fig. 3.2, which allows control of the pressure
in different sections using differential pumping.

The first section of the vacuum system is the dual-species oven, which pro-
duces the necessary atomic beams of Cs and Yb. Following this section is
a six-way cross for probing of the atomic beams in flux measurements. A
dual-species Zeeman slower is used to slow the Yb and Cs atomic beams and
allows Cs and Yb MOTs to be loaded in the stainless steel science chamber.
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Figure 3.2: Schematic drawings of the vacuum system from a bird’s eye
and side view. The dashed lines split the apparatus into the labelled sections
which are described in the text: A, the dual species oven; B, the spectroscopy
cross; C, the Zeeman slower; D, the science chamber; and, E, the pumping
station that maintains UHV pressures in the science chamber.

3.2.1 Dual-species Oven

The major difficulty in the design of the dual-species oven is the vast dif-
ference between the room temperature vapour pressures of Cs and Yb. For
Yb the vapour pressure is 3 × 10−21 torr [181] at room temperature, there-
fore, an effusive oven is required to create a high-flux, collimated atomic
beam suitable for slowing and trapping. To reach a suitable vapour pressure
(10−3 torr) the Yb source must be heated to over 400 ◦C. On the other hand,
Cs has a vapour pressure of 7×10−7 torr at room temperature [182] which is
sufficient to load a MOT directly from the vapour. However, in the interest
of maintaining UHV conditions in the MOT region a collection MOT or Zee-
man slowed atomic beam is desirable. Therefore, we utilise an atomic beam
of Cs and Yb which is decelerated by a Zeeman slower before the MOT.

A schematic of our dual-species oven is shown in Fig. 3.3. Two separate
sections are used to house the Cs and Yb sources. For the Cs source we
use an ampoule containing 1 g of Cs, which is placed in the bellows at the
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Figure 3.3: (a) A cutaway schematic of the dual species oven showing the
paths of the two species through the oven. The nozzle heaters are shown as
copper bands and the water cooling as copper tubes. The temperatures dis-
played are the nozzle heater set points, the Yb chamber is typically measured
to be at 485 ◦C. (b) Rendering of the oven with the capillary clamp shown
outside the oven for detail. (c) Exploded view of the capillary array and the
wire-eroded semicircular channels that the array is clamped over within the
oven.

left hand end of Fig. 3.3(a). After the oven section has been evacuated and
baked, the ampoule is broken to release the Cs. Verifying the ampoule is
sufficiently broken is a difficult task. Initially, we bent the bellows (quite
forcefully) until we heard a crunching sound of the glass ampoule breaking.
However, years later when recharging the Cs in the oven (which we assumed
had run out) we discovered that we still had an almost full ampoule of Cs.
The crunching glass sound had been the top of the ampoule breaking, which
does not contain any Cs as the Cs resides in a reservoir in the lower half.
This lower half had a small crack from which the Cs had been leaking out
but this crack had been sealed over by some condensed substance, preventing
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the flow of Cs atoms into the chamber. Now when recharging the oven, we
remove most of the upper part of the ampoule and carefully score the glass
of the lower half (containing the Cs) to ensure that the lower half of the
ampoule breaks sufficiently.

The Yb section of the oven is loaded using a 5 g ingot of the element. The
Cs and Yb sections of the oven are separated by a valve which allows the
Cs oven to be sealed off when not in use. The Cs oven section is typically
heated to 85 ◦C and the Yb part to 485 ◦C. The atomic beams emanating
from the sources travel through two separate channels of a semicircular cross
section and at the end are incident on the capillaries. The capillaries are
used to collimate the atomic beams and are composed of 55 capillary tubes
in a triangular array. The housing of the capillary tubes is shown in Fig.
3.3(c).

The temperature gradients provided by four band heaters are shown in Fig.
3.3(a). The gradients are required to ensure the sources of Cs and Yb do not
migrate from their reservoirs. To prevent blocking of the capillary tubes, the
capillary section of the oven is heated to the highest temperatures. The end
of the oven is connected to a six-way cross, which is followed by a gate valve.
The gate valve allows the oven to be serviced without letting the Zeeman
slower and science chamber up to air. Also connected to the six-way cross is
a rotary feedthrough which is used to rotate an atomic beam shutter.

3.2.2 Zeeman Slower

The dual-species Zeeman slower is shown in Section C of Fig. 3.2. The
design and construction of the Zeeman slower is extensively discussed in
Ref. [174] and in previous theses on the experiment [101–103]. To preserve
optical access in the science chamber we chose to use a single Zeeman slower
for both species. This requires only a single line of entry for the atoms
and one viewport for the slowing light. The contrasting properties of Cs
and Yb required a flexible design that can optimally slow both species. Yb
imposes the most stringent requirements as loading a MOT on the 1S0 → 3P1

transition requires the atoms entering the capture region of the MOT to
be travelling slower than 7 m/s. To prevent the slowly moving atoms from
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Yb imaging

Zeeman beam
Cs imaging

(a) (b)

Figure 3.4: Schematic of beams and optics around the science chamber. (a)
Beams and optics in the horizontal plane. (c) Beams and optics in the vertical
plane. For clarity the MOT and Bias coils are not shown.

falling too much under gravity as they travel to the MOT region, the Zeeman
slower exit must be as close as possible to the MOT. The Zeeman slower exit
is located 7.5 cm from the MOT, a sufficient distance to allow the large
magnetic field at the end of the slower to drop to near zero. The main
novelty of the slower design is the coil windings that allow tuning of the
field profile for slowing of Cs or Yb. The coil windings used are discussed in
Section 3.4.1.

3.2.3 Science Chamber

The focal point of the experimental apparatus is the science chamber, labelled
as section D in Fig. 3.2. A pumping station (section E) is attached to the
science chamber to maintain UHV pressures. It is within the science chamber
where all of the experiments detailed in this thesis take place.

A large amount of optical access is required for any dual-species experiment,
the science chamber has ten anti-reflection (AR) coated viewports oriented
horizontally and another two vacuum ports for the Zeeman slower light and
the pumping station. The vast array of distinct laser beams currently used
in the setup is shown in Fig. 3.4.
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It is convenient to introduce a coordinate system to describe the orientation
of beams that will be used throughout this thesis. The East-West axis is
along the Zeeman slower axis, with East defined to be the direction atoms
travel from the oven to the chamber. The North-South axis is also in the
horizontal plane but perpendicular to the Zeeman slower, along the dimple
trap and photoassociation viewport. The vertical direction is simply referred
to as Up and Down.

The majority of the beams intersect the viewports of the science chamber in
the horizontal plane shown in Fig. 3.4(a). We use a standard six-beam con-
figuration for both Cs and Yb MOTs. For Cs, fibre cage systems are used to
produce collimated MOT beams with a 1/e2 diameter of 18.0(1) mm, whereas
the Yb fibre cage systems produce MOT beams of diameter 24.5(2) mm.
Quarter waveplates are placed after the cage systems and before the retro-
reflecting mirrors to create circularly polarised light of the correct handed-
ness. The laser setup for the generation of the Yb 556 nm MOT light is
described in Section 3.3.2 and the Cs setup in Section 3.3.1.

The Yb imaging is performed on the 399 nm 1S0 → 1P1 transition using
a beam with a 1/e2 diameter of 13.6(2) mm. The 399 nm probe light is
overlapped with the 556 nm MOT light using a dichroic mirror and separated
after the atoms using another dichroic mirror. This dichroic mirror is used to
align the probe onto the CCD camera (Andor Luca) used for Yb absorption
imaging. For absorption imaging of Cs, the MOT and probe beams are
overlapped on a polarising beam splitter (PBS) cube. At the opposite end
of the chamber, the beams are separated using another PBS and the probe
beam is incident on a CCD camera (Andor Ixon). More information on the
absorption imaging setup is presented later in Section 3.5.

The Zeeman slower beams for both species are focused using independent
systems of lenses before the two Zeeman slower beams are overlapped. The
Cs Zeeman slower beam is overlapped with the Yb 399 nm light on a dichroic
mirror and both beams are focused to a position near the oven capillaries,
' 2 m away form the Zeeman slower viewport. More information on the
laser setup for the 399 nm light is presented in Section 3.3.2. The generation
of all the Cs light used in the experiment is explained in Section 3.3.1.
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The DRSC lattice beams are split into two paths by a PBS after the fibre
output. The running wave beam passes through the Cs imaging viewport
and the horizontal standing wave beam passes through the central dimple
trap viewport. On the opposite side of the chamber the horizontal standing
wave beam is retro-reflected to create a standing wave. More details on the
implementation of DRSC in the setup is given in Section 5.2.

Two distinct optical dipole traps are currently used in the setup: the dimple
trap and the reservoir trap. The dimple trap light is generated by a 100 W
IPG and is used for trapping both Cs and Yb. The two arms of the trap
are focussed through different viewports, dimple beam 1 through the central
dimple viewport and dimple beam 2 through the Cs MOT viewport. The
setup of the dimple trap is detailed in Section 4.1.1 and its implementation
in the production of Cs BEC is described in Section 5.3.2.

The reservoir trap light is generated by a 50 W IPG laser and is solely used
for trapping Cs. We use a bow-tie geometry for the trap, with the ingoing
beam passing through the central dimple viewport and the returning beam
passing through the Cs MOT viewport. The setup of this trap is described
in Section 5.3.1.

Finally, the photoassociation (PA) light is beam shaped using a fibre cage
system and then counterpropagated against dimple beam 1 using a dichroic
mirror. The laser systems used to produce the photoassociation light are
described in Section 7.2.

It is not immediately apparent why so many of the beams pass through the
central dimple viewport (and Cs MOT viewports) as opposed to the Yb MOT
viewports which have fewer beams. This is because of the AR coatings of
the viewports, the Yb viewports have a reflectance of ' 10 % per face at
1064 nm, so all infrared beams (which is the majority) must pass through
the Cs MOT or central viewports. It will therefore be very challenging to
install a 3D (infrared) lattice in the current setup.

Figure 3.4(b) shows the optical setup in the vertical plane which is far less
congested than the horizontal plane. The upper and lower viewports of the
science chamber are also AR coated, but a broader AR coating is used than
the Yb viewports. The reflectance at 1064 nm is around ∼ 4 % per face.



Chapter 3. Experimental Setup 43

The Yb and Cs MOT beams are overlapped on a dichroic mirror below the
science chamber and then split apart using a dichroic above the chamber.
Also along the vertical axis are two additional DRSC beams: the vertical
running lattice beam and the polariser beam.

The cut-through of the science chamber in Fig. 3.4(b) shows the re-entrant
flanges incorporated on the top and bottom of the science chamber. These
allow multiple sets of coils to be mounted as close to the atoms as possible.
This ensures homogeneity of magnetic fields applied by the coils and is espe-
cially important when applying the large magnetic fields of up to ∼2000 G,
for which the coils have been made. Further information on the magnetic
field coils used in the experiment may be found in Section 3.4.2.

3.3 Laser Systems for Trapping and Cooling
Cs and Yb

The number of different frequencies of light required for cooling and trapping
both Cs and Yb is illustrated in Fig. 3.4. In this section we outline the lasers
and optical components used to generate all these frequencies of light.

3.3.1 Cs Laser Systems

The 852 nm light used for decelerating, cooling and imaging of Cs is provided
by three lasers. For transitions from the 6S1/2, F = 4 state of Cs the light is
provided by a Toptica DL 100 Pro diode laser. The frequency of this laser is
stabilised to a detuning of −385.4 MHz from the F = 4→ F ′ = 5 transition.
A small fraction of the laser output is double-passed through an acousto-
optical modulator (AOM) which generates the required frequency difference
to atomic resonance. After this AOM (AOM 2), the laser light passes through
an EOM and a Cs vapour cell where modulation transfer spectroscopy [183,
184] is used to generate an error signal for stabilisation of the laser frequency.
Another small fraction of the laser output is double passed through AOM 1
and then coupled into an optical fibre for absorption imaging of the Cs atoms.
The remaining fraction of the laser output is double passed through AOM 3
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Figure 3.5: The upper section of the figure shows the energy levels of the D1
and D2 lines of Cs. The hyperfine states associated with each line are shown,
with labels denoting the value of F and gF factors [182]. The lower section
of the figure shows schematically the approximate frequencies of the various
Cs lasers and beams used in the experiment. The shorter arrows denote the
frequency shifts given by AOMs and the red numbers label the AOM used
to generate the required frequency: 1 is the imaging probe, 2 is the cooling
spectroscopy. 3 is the BoosTA seed, 4 is the Zeeman slower cooling beam,
5 is the MOT cooling light, 6 is the DRSC lattice beams, 7 is the repump
spectroscopy, 8 is the Zeeman slower repump light, 9 is the MOT repump
light and 10 is the DRSC polariser light. The Cs photoassociation laser(s)
(discussed in Chapters 7 and 8) are tunable to a broad range of frequencies
red-detuned from the D1 line.

and sent via an optical fibre to seed a tapered amplifier (Toptica BoosTA).
The large output power of the BoosTA is required to generate the Zeeman
slower cooling light, MOT cooling light and DRSC lattice light. All of these
beams are required to operate at different frequencies, this is achieved using
a series of different AOMs. The laser detunings from relevant transitions are
illustrated in Fig. 3.5 and tabulated in Table 3.2.

The main cooling transition of the Cs MOT operates on the ‘closed’ F = 4→
F ′ = 5 transition. However, MOT light detuned from the F = 4 → F ′ = 5
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Transition Detuning (MHz)
Cooling spectroscopy F = 4→ F ′ = 5 0.0
Cooling master laser F = 4→ F ′ = 5 −385.4

Imaging probe F = 4→ F ′ = 5 +1.2
BoosTA F = 4→ F ′ = 5 −132.0

Zeeman slower cooling F = 4→ F ′ = 5 −49.4
MOT Cooling F = 4→ F ′ = 5 −9.0

Repump spectroscopy F = 3→ F ′ = 4 0.0
Repump master laser F = 3→ F ′ = 4 +80.0

Zeeman slower repump F = 3→ F ′ = 4 −32.5
MOT repump F = 3→ F ′ = 4 −5.4

Optical pumping F = 3→ F ′ = 2 +10

Table 3.2: Frequency detunings of Cs laser beams used in the experiment.

transition has a non-zero probability to off-resonantly excite an atom to the
F ′ = 4 excited level which may decay to the F = 3 ground state. The
F = 3 state is dark to the cooling light and the atom is lost from the main
cooling cycle. To alleviate this potential loss mechanism we also use repump
light operating on the F = 3 → F ′ = 4 transition which repumps the
atoms back into the main cooling cycle. A Toptica DL Pro diode laser is
used to generate light for driving transitions from the 6S1/2, F = 3 state of
Cs. The output frequency of the laser is detuned by +80 MHz from the
F = 3→ F ′ = 4 transition using a similar scheme to the main cooling laser.
The light is single-passed through AOM 7 to generate the appropriate laser
detuning and the laser frequency is stabilised using frequency modulation
spectroscopy [185, 186]. The remaining laser power is split between Zeeman
slower repump, MOT repump and DRSC polariser fibres. The frequencies of
these beams are controlled via independent AOMs like in the main cooling
setup. The 0th order of the ZS repump AOM (AOM 8) is used to stabilise
the length of the optical cavity used in photoassociation measurements (see
Chapter 7).

A schematic of the whole Cs optical setup is shown in Fig. 3.6. The general
optical layout is largely unchanged from the setup reported in previous theses
on the experiment [101–103]. The most significant changes are the implemen-
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tation of DRSC in the experiment and the setup of the cavity stabilisation
used for photoassociation. The implementation of DRSC is discussed in
Chapter 5 and the photoassociation setup is described in Chapter 7.
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3.3.2 Yb Laser Systems

The complexity of the Cs laser setup is in stark contrast to the Yb laser
setup. For trapping and cooling of the Yb MOT we require two frequencies
of light that are provided by two lasers. The 556 nm laser generates the light
for the MOT and a 399 nm laser produces the light for Zeeman slowing and
absorption imaging.

399 nm Light

The optical layout of the 399 nm light used in the experiment is shown
in Fig. 3.7. The optics for the 399 nm light are in two distinct locations.
Figure 3.7(a) shows the setup on a breadboard mounted above the main
experimental table. A Toptica DL Pro HP diode laser is used to generate
100 mW of 399 nm light. The majority of the laser output is shaped using
a telescope and sent down to the main experimental table using a periscope.
The poor fibre coupling efficiency of 399 nm light necessitates the use of
a periscope to transfer the most power from the laser breadboard into the
vacuum chamber. After the periscope, the beam passes through a beam
shutter and several lenses before the Zeeman slower viewport. This sequence
of lenses forms a waist of 307(8) µm at a distance of 1.93(1) m from the
Zeeman slower viewport, very close to the capillaries in the oven section.
The remainder of the 399 nm laser output is coupled into an optical fibre
which transports the light to the laser table where the detuning with respect
to atomic resonance is set using a series of AOMs. A flipper mirror is also
installed on the breadboard. When the mirror is up, light is coupled into an
optical fibre to the oven section of the experiment. The output of this fibre
is used for spectroscopy of the atomic beam effusing from the dual-species
oven in the main vacuum system.

Figure 3.7(b) shows the optical layout of the 399 nm optics on the laser
table. The large ' −600 MHz Zeeman slower detuning is provided by a
series of double passed AOMs. All of the light from the breadboard fibre is
double-passed through a 200 MHz AOM (AOM 3), before being split into
light for spectroscopy (AOM 1) and imaging (AOM 2). Both spectroscopy
and imaging beams are double passed through 100 MHz AOMs. This gives
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Figure 3.7: Optical layout of the 399 nm laser system. (a) Optical setup
mounted on a breadboard above the Zeeman slower viewport (right hand
end of figure 3.2). The majority of the light is sent down a periscope for
Zeeman slowing and the remainder of the light is transferred to the laser
table via an optical fibre. (b) 399 nm setup on the laser table. Light from
the laser breadboard is double passed through an array of AOMs to generate
the necessary Zeeman slower and probe light detunings. Part of the light
is split off to be used as probe light for absorption imaging. The remaining
light is used for fluorescence spectroscopy of an Yb atomic beam.

the required ' −600 MHz detuning of the Zeeman slower light and allows the
probe detuning to be set by the frequency difference between the spectroscopy
and imaging AOMs. The imaging beam is coupled into an optical fibre and
transported to the main experimental table. The spectroscopy light is sent to
the “Beam Machine” for fluorescence spectroscopy of the Yb atomic beam.
The frequency of the 399 nm laser is stabilised to an error signal derived
from the fluorescence spectroscopy signal. The current of the 399 nm laser is
modulated at 3.7 kHz, with a depth of ±0.5 MHz on the laser frequency. The
resulting fluorescence signal is demodulated by a lock-in amplifier to generate
the dispersive error signal. An issue with the current setup of multiple AOMs
to generate the ZS detuning, is the difficulty in finding AOMs with good AR
coatings at this wavelength. Currently a large (> 80 %) fraction of the
light is lost after being double passed through two AOMs. This issue is not
satisfyingly solved in the current setup.
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556 nm Light

The laser setup for the 556 nm light is even simpler than the 399 nm setup.
The optical layout of the 556 nm setup is shown in Fig. 3.8. The 556 nm
light is generated by the now discontinued MenloSystems ‘Orange One’. The
system is composed of an amplified fibre laser operating at 1111.6 nm which
is frequency doubled by a second-harmonic generation (SHG) module from
NTT photonics. The frequency of the laser maybe be broadly tuned using the
temperature of the seed laser or more finely tuned using a piezo element in
the seed laser substrate. Unfortunately, we have experienced multiple failures
of the SHG module of this laser system, which each time required waiting
over three months for a replacement module from Japan. The cause of these
issues seemed to be a combination of a high piezo slew rate and the factory
set output power of the fibre laser being greater than the damage threshold
of the SHG module. As a result of these multiple failures, Menlo has reduced
the output power of the fibre laser to a maximum of 0.5 W and installed
a shutdown feature to prevent damage to the SHG module from so-called
‘monster pulses’ generated by a high piezo slew rate. As a result of these
changes the maximum output power of the SHG module is now 200 mW.

The output of the SHG module is split into two by a PBS cube after the laser
output. A small fraction of the light is used for stabilising the laser to atomic
resonance. This spectroscopy light is single-passed through the 200 MHz
spectroscopy AOM (AOM 1), the AOM is used to provide a small modulation
(dither) to the frequency of the light to allow frequency stabilisation to the
atomic fluorescence. The light after AOM 1 is expanded by a telescope to
1.95 mm, in order to increase the interaction volume of the laser light with the
atomic beam. AOM 1 applies a dither at a frequency of 3 kHz to the AOM
shift centred at 217 MHz that results in optical frequency excursions of depth
±2 MHz. The detected fluorescence from the atomic beam is demodulated
using a lock-in amplifier yielding a dispersive error signal. Care must be
taken that the spectroscopy beam intersects the atomic beam at exactly
90◦ as small deviations from orthogonality can lead to a Doppler shift of
resonance resulting in a systematic offset in the lock. A shift of ' 0.01◦ will
result in a 1 MHz frequency offset, which causes significant changes to a Yb
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Figure 3.8: Optical layout of the 556 nm laser system. The output of the
SHG crystal is split into two branches, one for the MOT beams and the
other for spectroscopy. The MOT light is single-passed through an AOM
and split into three beams. Each beam is coupled into a optical fibre and
sent to the main table. The spectroscopy light passes through an AOM and
then intersects the Yb atomic beam of the beam machine at 90◦.

MOT operated at low MOT light intensity. Any offset in the lock can be
verified by spectroscopy of the magnetically insensitive mJ = 0 → m′J = 0
transition [176].

The majority of the output from the SHG is transmitted through the PBS
and is used for the MOT beams. This light is single-passed through the
200 MHz MOT AOM (AOM 2) and split into three beams, with each beam
coupled into a separate fibre to the main experiment table. Intensity and
detuning ramps of the MOT light are achieved using AOM 2. The detuning
of the MOT light is set by the frequency difference between AOM 1 and
AOM 2.

Ytterbium Fluorescence Spectroscopy

Fluorescence spectroscopy of an Yb atomic beam is used to stabilise both
399 nm and 556 nm lasers. A comprehensive report on our Yb fluorescence
spectroscopy setup is presented in Ref. [176] and in the thesis of Stefan
Kemp [103]. Here I will briefly summarise the setup and how we perform
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fluorescence spectroscopy. This information is repeated here because the
performance of the spectroscopy is linked to the current capability of the
experiment to trap and cool different Yb isotopes.

Generating a suitable locking signal from atomic spectroscopy is slightly more
complex in Yb compared to Cs. Spectroscopy of Cs is usually performed in
glass vapour cells at room temperature. This is because at room temperature
the vapour pressure is high enough to achieve a large amount of absorption
of resonant light, which allows production of spectroscopy signals with a high
signal-to-noise ratio (SNR). In contrast to Cs, Yb has a low vapour pressure
at room temperature [187]. When heated to the temperatures required for
significant absorption (≥ 420 ◦C) Yb reacts with glass, so spectroscopy of
Yb atoms cannot be performed in conventional vapour cells. Designs have
been created that circumvent this problem [188, 189] but are necessarily
bulky. Hollow-cathode lamps [190, 191] are an alternative for absorption
spectroscopy but these significantly broaden the features (≥ 1 GHz), making
sub-MHz frequency stabilisation difficult. Another alternative is stabilisation
of lasers to a high finesse optical cavity [192, 193].

We employ a method using fluorescence spectroscopy of a high-flux atomic
beam, similar to some other groups [194, 195]. We utilise a separate portable
oven, named the ‘Beam machine’, not the dual-species oven used in the main
experiment. This allows the atomic flux to be controlled independently to
the main system and the smaller size allows the beam machine to be easily
removed and recharged when necessary.

Figure 3.9 illustrates the main components of the beam machine used to con-
duct fluorescence spectroscopy. It is composed of a steel vacuum chamber
with an external oven heater and two six-way crosses for excitation of fluo-
rescence by laser light and subsequent fluorescence detection. Similar to the
main oven, an array of parallel capillary tubes are used to produce a bright,
collimated atomic beam. The band heater surrounding the oven section is
typically heated to over 450 ◦C. A horizontal, collimated Yb atomic beam
then effuses from the capillaries and passes through two further apertures,
the first of diameter 6 mm, the second of diameter 8 mm.

A horizontal laser beam at either 556 or 399 nm intersects the atomic beam
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Figure 3.9: Overview of the Yb atomic beam spectroscopy apparatus. An Yb
oven provides an atomic beam (right to left on figure) which is collimated
by an array of capillary tubes and passes through a differential pumping
tube and two further circular apertures denoted A and B (6 mm and 8
mm). Optical access for the laser beams is provided separately through the
horizontal viewports of two six-way crosses, with the atomic fluorescence
detected in the vertical direction by two photodiode assemblies.

at 90◦. The resulting resonance fluorescence is collected by custom built
detectors based on designs presented in Refs [196, 197]. The high gain of
the detector allows us to run the atomic beam at relatively low flux, thereby
conserving atoms and extending the lifetime of the Yb source. At our oven
operating temperature of 470 ◦C, measured at the external band heater, we
have so far found that 5 grams of Yb has lasted for over four years with usage
of 10 hours/day.

Examples of fluorescence spectra obtained by scanning the 399 nm and the
556 nm lasers are shown in Fig. 3.10. In the spectroscopy of the 1S0 → 1P1

transition in Fig. 3.10(a), we observe peaks corresponding to all the isotopes
of ytterbium with the exception of 168Yb, which has an extremely low natural
abundance of 0.13% [178]. However, in the inset, we clearly see 168Yb with a
SNR greater than 100 by increasing the oven temperature to 540 ◦C. Table
3.3 shows the natural abundances of all Yb isotopes in addition to the isotope
shifts for the 399 nm and 566 nm transitions.

The transverse velocity distribution of the atomic beam leads to Doppler
broadening of the observed line shapes. The effect of Doppler broadening on
the spectra at 399 nm creates a line shape described by a Voigt profile with
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Figure 3.10: (a) Typical fluorescence signal obtained by scanning the 399 nm
laser with intensity I = 0.1 Isat and heater temperature T = 470 ◦C. The
inset shows a scan over the transition in 168Yb at T = 540 ◦C in black and
a Voigt fit to the data in red. (b) Fluorescence signal obtained by scanning
the 556 nm laser with intensity I = 50 Isat and temperature T = 470 ◦C. In
the 556 nm spectrum, the other isotopes lie outside the spectral range shown
in the figure. The inset shows an enhanced view of the 174Yb resonance in
black and a Voigt fit to the data in red.

FWHM of 40.0(2) MHz. The Gaussian contribution to the Voigt profile is
dominated by 19.5(1) MHz of Doppler broadening, while the Lorentzian con-
tribution is 30.0(1) MHz. Figure 3.10(b) shows spectroscopy of the narrower
1S0 → 3P1 transition. The inset of the figure shows the 174Yb peak fitted with
a Voigt profile, the FWHM extracted from the fit is 15.0(2) MHz. As the
linewidth of the 556 nm transition is significantly narrower than the 399 nm
transition, the dominant broadening mechanism is Doppler broadening due
to the transverse velocity of the atomic beam.

The spectroscopy features for 174Yb are well resolved for both transitions.
Frequency stabilisation of both 556 nm and 399 nm lasers performs well when
stabilised to the 174Yb peak, as evidenced by later measurements in Section
4.1.2. However, when working with different Yb isotopes, the performance
of the stabilisation is not as good. Difficulties in frequency stabilisation arise
when an isotope has a low natural abundance or if the atomic line significantly
overlaps with the line of another isotope. Issues arising from lower abundance
are fairly easily resolved by increasing the flux of the atomic beam by raising
the temperature. The increase in oven temperature does result in a slight
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Yb Abundance Shift from 174Yb (MHz)
Isotope [178] 1S0 → 1P1 [198] 1S0 → 3P1 [199]
176Yb 12.70% -508.89(9) -954.832(60)

173Yb (F ′ = 5/2) 16.10% -250.78(33) 2311.411(85)
174Yb 31.80% 0 0

173Yb (F ′ = 3/2) 16.10% 515.975(200) 3807.278(134)
172Yb 21.90% 531.11(9) 1000.020(85)

173Yb (F ′ = 7/2) 16.12% 589.75(24) -2386.704(85)
171Yb (F ′ = 3/2) 14.30% 835.19(20) 3804.608(100)
171Yb (F ′ = 1/2) 14.30% 1153.68(25) -2132.063(85)

170Yb 3.05% 1190.36(49) 2286.345(85)
168Yb 0.13% 1888.80(11) 3655.128(100)

Table 3.3: A table showing the natural abundance for the seven sta-
ble isotopes of ytterbium and the isotopes shifts of the 1S0 → 1P1 and
1S0 → 3P1 transitions. The isotope shifts are presented relative to the most
abundant isotope, 174Yb.

increase in the linewidth of the features but this is not significant. The other
negative factor is the reduction in the lifetime of the Yb source.

The more challenging issue is the overlapping of lines for different isotopes.
On the 1S0 → 1P1 transition this occurs for 172Yb and 173Yb F ′ = 3/2 and
F ′ = 7/2 lines, in addition to 170Yb and 171Yb F ′ = 1/2 lines. Frequency
stabilisation for loading a 173Yb MOT on the F = 5/2→ F ′ = 7/2 transition
may be achieved by stabilising the laser to the 172Yb peak and using the
AOMs to account for the isotope shift. This works reasonably well because
the 172Yb line is much stronger than the neighbouring 173Yb lines meaning
the 172Yb lock is relatively unperturbed. By looking only at the abundances
presented in Table 3.3 it is not clear why the 172Yb peak is much larger than
the 173Yb peaks, as both isotopes have similar abundances. However, 173Yb
possesses hyperfine structure so the transition strengths are also dependent
on the Clebsch-Gordon coefficients which dilutes the intensity in comparison
to bosonic lines.

The presence of hyperfine structure in the fermionic isotopes may be ex-
ploited to aid frequency stabilisation of the 399 nm laser to the 170Yb tran-
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Figure 3.11: (a) The fluorescence spectrum of the 1P1 state for vertically
(horizontally) polarised light is shown by the red (blue) line for a power
P = 265µW and temperature T = 470 ◦C. (b) Scaled difference of the two
signals showing only the fermionic spectrum. The dashed vertical lines show
the detunings measured by Das et al [200].

sition. The relative strengths of the 170Yb and 171Yb F ′ = 1/2 lines are
similar, which can cause the lockpoint to jump between the two peaks. The
frequency stabilisation may be improved by rotating the polarisation of the
399 nm light to be vertical, parallel to the direction of fluorescence detection.
The detected fluorescence spectra for two orthogonal cases of linear polari-
sation of the 399 nm laser for P = 265 µW are shown in Fig. 3.11(a), where
horizontal polarisation is shown in blue and vertical polarisation in red. The
vertical polarisation causes a suppression of the fluorescence for the bosonic
isotopes due to their lack of ground state structure [201]. The fermionic spec-
trum obtained is used to stabilise the frequency to the 171Yb F ′ = 1/2 peak
more robustly. The isotopic frequency difference is again accounted for using
AOMs. The pure fermionic spectrum is seen more clearly in Fig. 3.11(b)
by subtracting the horizontally polarised signal from the vertically polarised
signal (multiplied by a suitable factor of about 0.033 to match the heights of
the bosonic peaks). We do not see a perfect extinction of the boson signal
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due to the large collection angle of the fluorescence detector.

Currently, using a few of the methods outlined above we are able to ade-
quately lock to any transition required to load a MOT of almost any isotope
(168Yb is untested). The flexibility of the current locking scheme is useful
for our current investigation of the many different mixtures of Cs and Yb,
with the overarching goal to measure the scattering length. However, in the
future, once the scattering lengths are known, we may opt to only use a spe-
cific Yb isotope. In this case a more robust scheme could be devised. This
could involve stabilising the laser to the peak of 174Yb because of its high
SNR and then using additional AOMs to offset the frequency to match the
isotope shift. This is feasible for the 399 nm transition but the large isotope
shifts of the 556 nm transition would make this technique challenging. An-
other useful scheme, if fermionic 171Yb is required, is to stabilise the 556 nm
light to an inverted crossover resonance, which has been shown to produce a
large dispersive locking signal for the MOT transition [202].

3.4 Magnetic Field Generation

Good control of magnetic fields is essential for the manipulation of ultracold
atoms. Magnetic fields are used when slowing the atomic beam effusing from
the oven, trapping atoms in the MOT, degenerate Raman sideband cooling of
Cs, trapping atoms in the Cs reservoir trap, tuning the intraspecies scattering
length and absorption imaging. The array of coils used to achieve this control
are summarised in this section.

3.4.1 Zeeman Slower Coils

To produce a tunable field profile which is optimal for both Cs and Yb we
use a Zeeman slower wound with a set of five coils from three types of copper
wire. A schematic of the coil windings and the magnetic field produced is
presented in Fig. 3.12. The main field shape is set by Coils 1 and 2. The
increasing field is produced using the same current to both coils but with a
reversed current direction between the two, leading to two regions of opposite
field. We use a slower with an increasing field to ensure a large detuning of
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Figure 3.12: A schematic detailing the Zeeman slower winding pattern. Turns
from the 3× 1 mm wire are shown in green and red, the 4.3 mm wire turns
are shown in yellow and the 3.4 mm wire turns are shown in orange. The
solenoid is wound directly onto a steel former tube (grey). The direction of
the atomic beam is from left to right. The turns in red (green) represent
windings made from the right (left) to the left (right) of the figure. Above
the schematic is a plot showing the measured Zeeman slower field profile
when operating at Yb currents (black curve). The contribution to this by
each coil is also shown.

the Zeeman slower light in the MOT region. This is critical when using the
1S0 → 1P1 Yb transition for Zeeman slowing because the strength of the
transition causes a significant pushing force on the Yb MOT operated on
the weak 1S0 → 3P1 transition. The Zeeman slower exhibits a zero-crossing
magnetic field profile which allows the use of smaller coil currents to generate
the ' 540 G total field span. The large field span is required for Yb due to
the small wavelength of the Zeeman slower transition and the higher mean
speed of the atoms effusing from the oven. Two small, high-current coils,
Coils 3 and 4, are used to produce the large end field and the end field drop-
off before the MOT region. Sufficient cancellation of the large end field is
critical for Yb due to the small magnetic field gradient used. The solenoid
coil allows the total field profile to be shifted up and down to match the
Zeeman slower laser detuning required.

3.4.2 Science Chamber

As all experiments are performed on atoms trapped in the science chamber,
the chamber is surrounded by an number of different coils to allow fine ex-
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Figure 3.13: (a) Rendering of the MOT and Bias coils within the re-entrant
flanges of the science chamber. A representation of the dipole beams have
been included as a reference to the centre of the chamber. (b) The measured
axial magnetic field profile as a function of position of the Bias coil (blue
markers) and quadrupole coils (red markers). The fields are produced with
30 A currents flowing through the coil pair in series. The solid lines show
the fitted magnetic field profile using the Biot-Savart law.

perimental control of the magnetic field. Figure 3.13(a) shows the current
setup of the MOT and Bias coils within the re-entrant flanges of the science
chamber.

Shim Coils

The shim coils are a versatile set of three pairs of coils used to apply small
homogeneous fields up to 5 G inside the science chamber. The coils are
oriented in three dimensions, East-West, North-South and Up-Down. The
Up-Down shims are wound using 1 mm diameter wire directly onto the sci-
ence chamber mount, whereas the other shim coils are wound using the same
wire onto Tufnol formers and mounted on posts around the science chamber.

These coils are used to null stray magnetic fields in addition to the Earth’s
magnetic field. They are frequently used in the experiment for moving the
quadrupole zero of the MOT to overlap with the dipole trap beams and
for providing a small quantisation field during degenerate Raman sideband
cooling or absorption imaging.
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MOT Coils

The MOT coils are a pair of coils in the anti-Helmholtz configuration and
are used to supply the quadrupole field for the MOT. The coils are formed
of 16 turns of square cross-section tubing with a mean diameter of 75 mm
and housed inside a nylon mount which is secured inside the upper and lower
re-entrant flanges with a separation of 84 mm. The wire has a 2 mm bore
running through the centre to allow the coils to be water-cooled. Aside from
the MOT gradient, the coils are also used for magnetic levitation of Cs in
the reservoir trap and levitated absorption imaging.

Bias Coils

The Bias coils are critical for the application of homogeneous magnetic fields
which are larger than the 5 G provided by the shim coils. The current set of
coils are formed from 4 turns of wire with a mean diameter of 86 mm. These
coils are the ‘fast Bias coils’ described in the thesis of Stefan Kemp [103].
They are housed in the same nylon mount as the MOT coils and with the
current elctronic setup are capable of achieving fields of ' 80 G. This field is
much smaller than the expected fields at which interspecies CsYb Feshbach
resonances of useful width are likely to occur [88, 143]. A set of coils capable
of reaching up to 2000 G have been designed but are yet to be installed in
the setup.

Currently, the Bias coils are used for controlling the intraspecies scattering
length of Cs during evaporation. A critical magnetic field strength which
must be achievable is 22 G, the field at which three-body recombination
loss is minimised [119], which is essential for the evaporation of Cs. The
measured axial magnetic field profile of the MOT and Bias coils at a current
of 30 A is shown in Fig. 3.13(b). The measurement was performed outside
the science chamber, with the coils clamped in their nylon mounts and set
to the separation of the re-entrant flanges, 57 mm.
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3.5 Absorption Imaging

3.5.1 Measuring the Density Distribution

The most common method to measure the density distribution of ultracold
atoms is absorption imaging. In absorption imaging, the atoms are illumi-
nated with a short pulse of resonant laser light and the shadow of the atoms
is imaged onto a CCD array. Provided that the probe light does not saturate
the transition, the fraction of light transmitted through the system decreases
exponentially according to the Beer-Lambert law. The reduction in the ini-
tial intensity profile I0(x, y) of a beam propagating along the z−direction,
through the atomic density distribution is described by

I (x, y) = I0 (x, y) e−n(x,y)σtot , (3.1)

where n (x, y) is the column density of the atomic cloud at position (x, y)
and σtot is the absorption cross section of the transition. For a resonant, low
light intensity (I0 � Isat) probe operating on a closed stretched transition
of wavelength λ, the resonant absorption cross section is σ0 = 3λ2/2π [203].
A CCD camera is used to detect the intensity profile of the initial and the
attenuated probe beam. In the experiment, this is achieved by recording two
sequential images, the first image with the light and the atoms present and
the second image with no atoms, just the light. By comparison of these two
images the column atomic density can be extracted

n (x, y) = − 1
σ0

ln
(
I (x, y)
I0 (x, y)

)
= 1
σ0

OD (x, y). (3.2)

In this equation OD (x, y) is the optical depth profile of the cloud.

When analysing thermal clouds in the experiment we use a fit function of
the form

n (x, y) = n0 exp
(
−(x− x0)2

2σ2
x

− (y − y0)2

2σ2
y

)
, (3.3)

where the fit parameters are the peak density n0, cloud centres x0(y0) and
cloud widths σi.

From the measured density distributions it is possible to calculate the number
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of atoms in the cloud N , simply by integrating over the density distribution

N =
∫ ∫

n (x, y) dxdy = 1
σ0

∫ ∫
OD (x, y) dxdy. (3.4)

A strong transition is favoured for absorption imaging as shorter probe pulses
prevent ‘smearing’ of images due to atoms moving during the imaging pulse
(like during a time of flight). A strong transition also allows a higher intensity
of light to be used before saturation of the transition, this allows a higher
SNR of counts on the CCD.

These requirements suggest that the 1S0 → 1P1 transition is the ideal choice
for imaging of Yb atoms. Imaging of bosonic Yb is extremely simple as the
lack of ground state structure means that all polarisations of light drive closed
transitions. Therefore, when imaging bosonic Yb no quantisation magnetic
field is required. This allows (near) simultaneous imaging of Cs and Yb
atoms on the two separate cameras. The probe beam has a 1/e2 diameter of
13.6(2) mm and a typical power of 40µW. This corresponds to an intensity
of I ' 1 × 10−3 Isat, well in the low intensity regime. The magnification of
the Yb imaging system is 1.16 resulting in a pixel size of 8.6 µm.

Absorption imaging of Cs is slightly more complex than Yb due to the pres-
ence of hyperfine structure. The only closed transitions are those of the
stretched states, which requires good σ+/− polarisation of the imaging light.
To accomplish this a quantisation field of 3.5 G is applied along the imaging
axis of the probe beam. The probe acts on the F = 4 → F ′ = 5 transition
and therefore needs repump light throughout the probe pulse to prevent the
atoms from decaying into a dark state. The Cs probe beam has a 1/e2 diame-
ter of 23.1(4) mm and we typically use a power of 200µW which corresponds
to an intensity of I ' 0.1Isat. The magnification of the Cs imaging system is
1.36 resulting in a pixel size of 11.8 µm.

Due to the high densities of the atoms after evaporative cooling it is often
desirable to increase the time of flight (TOF) before taking an absorption
image. The increase in expansion time causes the OD to fall and allows more
reliable imaging of the atomic cloud. However, the TOF cannot be increased
indefinitely as the total TOF is limited by the field of view of the imaging
system. This effect may be counteracted by applying a levitating magnetic
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field gradient during the TOF which cancels the effect of gravity. To perform
a levitated TOF, a bias field is used to shift the magnetic field zero below
the atoms and at the same time a magnetic field gradient is provided by the
MOT coils. A similar technique, called Stern-Gerlach separation, may also
be used to separate the atoms into different magnetic sublevels. The different
magnetic sublevels experience different forces due to their different magnetic
moments. The gradient is applied for a period of time long enough to spatially
separate the different sublevels and then a single absorption image is taken
of the separated atom clouds. An example of a Stern-Gerlach experiment
may be seen in Section 5.2.

3.5.2 Measuring the Momentum Distribution

In addition to the density distribution, absorption imaging is capable of mea-
suring the momentum distribution of an atomic sample. This is achieved by
allowing the atoms to freely expand for a TOF before the image is taken.
A TOF measurement is performed by switching off all trapping potentials
and allowing the atoms to fall under the influence of gravity. In the absence
of all other potentials the atomic distribution evolves according to its initial
momentum distribution.

For a thermal cloud of atoms expanding out of a harmonic trap, the temporal
dependence of the cloud size is given by

σi (t) =
√
σ2
i,0 + kBT

m
t2. (3.5)

By taking a TOF expansion series and fitting the size of the thermal cloud
as a function of expansion time we may extract the temperature T and the
initial size σi,0 of the cloud. However, in practice a measurement of the
temperature may be performed in a single shot using

Ti = m

kB

σ2
i

1/ω2
i + t2

(3.6)

where ωi is the trapping frequency in the direction of the measured temper-
ature.
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Quantum Degenerate Gases of
Yb

The initial steps for the efficient production of ultracold molecules relies upon
the preparation of an ultracold mixture of the constituent atoms, where both
species are confined in a conservative trap. The numerous Yb isotopes that
are capable of being cooled to quantum degeneracy [80–85] make Yb an
attractive element to work with in this regard. Quantum degeneracy in ul-
tracold gases is normally achieved by evaporatively cooling the sample in
a conservative trap. Bosonic Yb isotopes do not have a magnetic moment
in the ground state and fermionic Yb isotopes only have a weak magnetic
moment on the order of the nuclear magnetic moment, three orders of mag-
nitude weaker than the Bohr magneton µB. Therefore, magnetic traps of
fermionic Yb isotopes would require extremely large gradients > T/cm. A
more sensible solution is the confinement of Yb in an optical dipole trap
(ODT). This allows the magnetic field to be tuned without effecting the
trapping potential, which enables the search for CsYb Feshbach resonances
and magnetoassociation of the mixture.

In this chapter we describe the setup of an ODT for Yb and the development
of cooling methods for the production of bosonic and fermionic degenerate
gases of Yb.

64
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4.1 Optical Trapping of Yb

Optical trapping is a pivotal tool in atomic and molecular physics that al-
lows the confinement of magnetically-insensitive species (like Yb) in a trap
suitable for evaporative cooling [204]. Optical dipole traps rely on the weak
interaction of the atom’s electronic dipole with the far-detuned light. During
the interaction of an atom with laser light, the oscillating electric field of the
laser E (r, t) induces an atomic dipole moment d (r, t) that oscillates at the
driving frequency ω. The amplitude of the dipole moment d (ω) is related to
the amplitude of the electric field E0 by

d = α (ω)E0, (4.1)

where α (ω) is the complex polarisability of the ground state at frequency ω.

The interaction potential of the induced dipole moment d in the driving field
E is given by

Udipole = −1
2d · E, (4.2)

where the factor of 1
2 is present due to the dipole moment being induced by

the driving field as opposed to being a permanent atomic property. Taking
the time average of Eq. 4.2 we obtain

Udipole (r) = −Re (α) I (r)
2ε0c

, (4.3)

where we have used I = 2ε0c|E0|2 for the intensity of the light. When
discussing the dipole trap it is common to refer to the peak value of the
potential, U0, as the trap depth.

It is important to note that the trap depth may be modified by additional
terms such as the gravitational Ugrav and magnetic potentials Umag. In the
vertical direction the total potential Utot is given by

Utot = Udipole + Umag + Ugrav. (4.4)

In the above equation we have incorporated the gravitational potential
Ugrav = mgz, where m is the mass of the trapped atom, g is the acceler-
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Figure 4.1: Simulation of an optical trapping potential for Yb atoms. The
red solid line shows the combined optical trapping potential. The dashed
blue (grey) line shows the dipole (gravitational) potential. The dotted red
line shows the centre of the combined trapping potential.

ation due to gravity and z is the vertical position. An illustration of the
effect of gravity is shown in Fig. 4.1. The figure shows the variation of
the optical trapping potential in the z direction. The red solid line is the
combined gravitational (grey dashed) and dipole (blue dashed) potentials.
The combined trapping potential is notably ‘tilted’ due to the gravitational
potential, which has significantly reduced the depth of the trap in the ver-
tical direction. In addition, the zero of the trapping potential is displaced
vertically from the centre of trapping beam by the addition of the gravita-
tional potential. This ‘gravitational sag’ of the trapping potential is given by
∆z = g/ω2

z , where ωz is the trapping frequency in the vertical direction. The
zero of the trapping potential is shown by the red dotted line. The tilting of
the trapping potential by gravity is very important for weak traps. It can be
the basis for useful cooling techniques [205] or alternatively can be a prob-
lem which needs to be compensated. For example, differential gravitational
sag between distinct atomic species can be troublesome when attempting
sympathetic cooling [206].

In addition to the in-phase, dispersive component of the dipole oscillation
that gives rise to the conservative dipole force on the atoms, it is also im-
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portant to consider the out-of-phase, absorptive component that gives rise
to the scattering force. The rate at which the atoms scatter the far-detuned
light is given by

Γscat (r) = 1
~ε0c

Im (α) I (r) . (4.5)

The trap depth and the scattering rate are two critical quantities in optical
trapping. They are both a function of the position-dependent intensity I (r)
and the frequency-dependent complex polarisability α (ω).

From Eq. 4.3 it is clear that the real part of the polarisability must be pos-
itive to form a potential well in which an atom can be trapped. In optical
trapping a laser of frequency ω is used to form the trap, therefore we require
knowledge of the sign of the frequency dependent polarisability Re (α(ω)) to
inform our choice of trapping wavelength. In addition, the magnitude of the
frequency dependent polarisability contributes to the design of the trap, as a
large polarisability requires a smaller intensity of trapping light to produce a
suitable trap. The frequency dependent polarisability of an atom in a specific
atomic state may be calculated using the sum over states approach [207]

α0(ω) = 2
3(2J + 1)

∑
k 6=i

(Ek − Ei) |〈ψi| |D| |ψk〉|2

(Ek − Ei)2 − ω2 , (4.6)

where 〈ψi| |D| |ψk〉 is the reduced dipole matrix element between states ψi
and ψk. The weighted sum in Eq. 4.6 is a sum over all electronic transitions.
However, in practice only the strongest transitions need to be considered
at the level of precision we require. In more precise calculations such as
the calculation of magic wavelengths [208], it is essential to include weaker
transitions as the large number of weak transitions can contribute a few
percent change in α [209].

Equation 4.6 gives only the scalar contribution to the polarisability from the
valence electrons of the atom. In reality, there are also tensor contributions
which are dependent on the orientation of the atomic angular momentum.
We neglect these tensor contributions here as they are absent for ground
state Cs and Yb atoms. As both Cs and Yb are widely used in atomic
clock experiments, there exists a large amount of theoretical and experimen-
tal spectroscopic data for their ground states. We calculate α0 using the
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Figure 4.2: Polarisabilities and heating rates for ground state Cs and Yb.
(a) Real part of the frequency-dependent polarisability as a function of trap
wavelength. (b) Heating rate as a function of trap wavelength for a trap
depth of U0 = 50µK. The vertical dashed lines show the commonly used
trapping wavelengths of 532 and 1064 nm.

transition frequencies and dipole matrix elements compiled in Ref. [208] for
Cs and in the NIST database [210] for Yb.

Aside from the main contribution by the valence electrons of the atom,
there are additional contributions by the ionic core and intermediate valence-
excited states due to contributions from inner electrons [208]. In our calcu-
lations we include a static value for the core polarisability, using the value
calculated in Ref. [211] and we neglect the very small core-valence contribu-
tion. The results of this calculation for the Cs 6S1/2 and Yb (6s2)1S0 states
are shown in Fig. 4.2(a).

It is also appropriate to consider the effect of the trapping light on the temper-
ature of the atoms. In an optical dipole trap there is a heating contribution
from the spontaneous scattering of trap photons. In the far-detuned case,
each scattering event increases the thermal energy by twice the recoil energy.
This arises because both the absorption and emission of a trap photon con-
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tribute Erec = kBTrec
2 , where Trec = ~2k2

mkB
. For a three dimensional trap the

heating rate is [204]
Ṫ = TrecΓscat

3 . (4.7)

The heating rates for Cs and Yb are shown in Fig. 4.2(b) for a trap depth
of U0 = 50µK. The heating rate is strongest close to strong transitions for
both species. For Cs this is in the 800 − 900 nm region near the D1 and
D2 lines. For Yb, the dominant transitions are at much lower wavelengths,
with a large heating rate in the 350 − 450 nm region close to the strong
1S0 → 1P1 transition at 399 nm.

The wavelengths of commercially available high power lasers commonly used
for optical dipole traps (532 nm and 1064 nm) are represented by vertical
dotted lines in the figure. The heating rates are negligible for both species
at both of these wavelengths due to the large detuning from resonance. At
532 nm the polarisability of Yb is positive but for Cs the polarisability is
negative, meaning that the force is repulsive and atoms are pushed away
from the focus of the laser. Fortunately, the polarisability is positive for
both species at 1064 nm with values of 160 a3

0 for Yb and 1140 a3
0 for Cs.

The Cs polarisability at this wavelength is seven times larger than Yb due
to the smaller detuning from the strong infra-red Cs transitions compared
to the strong Yb transitions which are in the UV region. A large difference
in polarisability is not ideal for the simultaneous trapping of the two species
but should suffice for the initial investigation of the interspecies scattering
lengths. A more suitable trapping arrangement is possible by introducing an
additional trapping beam at 532 nm. By tuning the intensity of the 532 nm
beam along with the intensity of the 1064 nm beam we may create a balanced
trapping potential for the two species.

4.1.1 Optical Setup

A 100 W fibre laser (IPG, YLR-100-LP-AC) that operates at a wavelength
of 1070(3) nm is used to produce the light for the optical dipole trap. The
high output power of the laser is required for optical trapping of Yb because
of the Yb atom’s low polarisability at this wavelength. Also, the absence
of a magnetic moment in Yb necessitates loading of the dipole trap directly
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Figure 4.3: Schematic showing the dimple trap optical layout.

from the MOT without any initial evaporative cooling in a magnetic trap.
Therefore, for optimal loading of the trap from the MOT, the trap depth
produced must be an order of magnitude larger the temperature of the Yb
MOT.

Figure 4.3 shows the setup of the optical dipole trap, which we shall label
as the ‘dimple’ trap to distinguish it from the large volume dipole trap we
employ later for Cs. A λ/2 waveplate and a PBS cube are placed just after
the output of the IPG to allow the attenuation of the beam power during
alignment. When operating at low laser powers there is a visible speckle
pattern in the beam profile which is proportionally stronger at lower laser
powers. The associated distortion of the beam profile makes measurement
of the beam waist difficult at lower powers. It is likely this speckle pattern
originates from light travelling down the cladding of the IPG fibre. The
speckle pattern is unpolarised so the PBS also serves to improve the quality
of the beam as it removes 50% of the speckle on the laser output.

After the PBS the beam size is reduced using a telescope composed of f =
125 mm and f = −50 mm lenses. The beam then passes through a high-
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power water-cooled AOM (Isomet, M1135-T80L-3) which is used for intensity
stabilisation and experimental control of the trap depth. A flipper mirror is
placed after the AOM and used for reflecting the 1st and 0th order light into
a beam dump when required. With the flipper mirror retracted, the 1st order
beam is then incident on another telescope used for beam shaping. Following
the telescope the light passes through a f = 300 mm achromatic lens which
focuses the light to a point inside the science chamber. We found that at
locations where the beam radius was low, the use of high quality achromatic
lenses instead of singlet lenses was essential to prevent significant thermal
lensing. The f = 300 mm achromatic lens is mounted on a translation stage
for precise adjustment of the waist position. The measured beam waist at
the position of the atoms is 33(3) µm.

To maximise the power available for the trap and allow independent control
of both beams, the 0th order from AOM 1 is used for the second arm of the
crossed trap. The 0th order beam is picked off using a D shape mirror and
subsequently passes through a second high-power water-cooled AOM. The
1st order of this second AOM is then incident on a f = 300 mm achromatic
lens mounted on a translation stage. The measured waist of this second
dimple beam is 72(4) µm and the crossing angle with beam 1 is 40◦. We
note that interference between the two dimple beams is not a concern as the
large linewidth of the IPG laser corresponds to a coherence of length less
than 1 mm.

A problem with the current setup is that we observe that the beam focus
position significantly changes with time. This effect is due to thermal lensing
of the optics and is prevalent in many high power systems like our own. To
help mitigate some of the issues caused by thermal lensing, a flipper mirror
was installed to allow the IPG laser and AOM 1 to be on during the Yb MOT
load without the light entering the science chamber. Switching the laser on
during the MOT load allows time for the lenses and the laser to thermalise,
causing the focus to evolve to a constant position by the time we begin to
load into the trap. Following the MOT load, the IPG laser is briefly switched
off and the flipper mirror retracted before the laser is switched on again for
dipole trap loading.

To evaporatively cool the trapped atoms, it is essential to precisely control



Chapter 4. Quantum Degenerate Gases of Yb 72

the intensity of the trapping laser over a large range. We achieve this by
stabilising the laser intensity using an AOM for each arm of the trap with
independent PID feedback. A small fraction of the trapping light is transmit-
ted through the back polished face of the mirrors used for alignment of the
dimple beams and is detected by two servo photodiodes per trapping beam.
The detected signals from the two photodiodes are summed and sent to an
input of the PID control circuit. The summed voltage is compared to an
external setpoint voltage from the LabVIEW control software and negative
feedback is applied to the input of the AOM RF amplifier which controls the
amount of RF power sent to the AOM. Light entering one of the photodi-
odes is attenuated by a large factor (∼ 20) so the signals provided by the
two photodiodes will differ by this attenuation factor. At high powers the
unattenuated detector is saturated, contributing a constant offset to the PID
and the attenuated detector is used to detect changes in the power. At low
powers, the attenuated photodiode signal is very small but the unattenuated
photodiode still has a moderately large voltage, which enables precise con-
trol of the laser intensity at low powers [212]. This two-photodiode system
circumvents a problem typical for one-photodiode systems, where at low pow-
ers the detector signal is small and therefore vulnerable to electronic noise
at mains frequencies, causing significant intensity noise on the trap laser.

4.1.2 Loading Yb into an Optical Trap

One slight complication of using Yb atoms in a cold atom experiment is that
ground state 174Yb atoms do not possess a magnetic moment. This requires
the dimple trap to be loaded directly from a MOT as opposed to transfer from
a magnetic trap like in most alkali atom experiments. For efficient loading
into the dimple trap from a MOT, the MOT density must be maximised and
the MOT must be cooled to low temperatures.

To load Yb into the dimple trap, we begin by loading an Yb MOT. The fre-
quency of the MOT light is detuned by −4.5 MHz from the 1S0 → 3P1 tran-
sition and a total intensity of Itotal = 250 Isat is used for the MOT beams.
After 10 s of loading, we capture 5×108 atoms in the MOT at a temperature
of 140 µK. Following loading of the MOT, the atomic beam shutter is closed
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to stop the flux of atoms and the Zeeman slower light and Zeeman slower
magnetic fields are extinguished. The Zeeman slower light exerts a pushing
force on the atoms in the MOT, even with a detuning of −578 MHz from
resonance. Therefore, during the extinction of the Zeeman slower light and
fields, the shim coils are changed to maintain the same MOT position in the
absence of the Zeeman beam pushing force. The changes in the shim values
also compensate for the change in the residual magnetic field at the atoms
when the Zeeman slower coils are turned off.

Precooling Yb

Following the turn off of the Zeeman slower we initiate an intensity ramp of
the MOT beams to cool the Yb MOT. The steady-state temperature of a
two-level atom may be described by basic Doppler theory [203]

kBT = ~Γ
2

1 + 6I/Isat + (2∆/Γ)2

4|∆|/Γ , (4.8)

where kB is Bolztmann’s constant, T is the temperature, ∆ is the detuning
of the light and Γ is the natural linewidth of the transition. From Eq. 4.8
it is evident that a lower intensity of trapping light will reduce the temper-
ature of the atoms in the MOT. However, there are subtle differences in the
dynamics of a MOT operating on a weak optical transition in comparison to
a broadband alkali MOT. In a broadband MOT the scattering force is much
larger than the force exerted by gravity but in a MOT operated on a narrow
transition, like the 1S0 → 3P1 transition, the scattering force is comparable
to the force due to gravity.

The differences between the two types of MOT are clear when the MOT beam
intensity is reduced. The Yb MOT transition is power broadened during
loading by many natural linewidths, making the linewidth of the transition
comparable to an alkali MOT. However, by reducing the MOT beam inten-
sity, the scattering force of the MOT light is reduced and the gravitational
force begins to have a strong effect on the MOT shape. Gravity dominates
at the centre of the trap due to the weakening of the scattering force and
the atoms sag several millimetres under gravity until the force due to the
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upward propagating MOT beam balances the downward gravitational force.
In the vertical direction the atoms interact only with the upward propagating
MOT beam but in the horizontal direction they undergo free flight until they
reach the boundaries of an ellipsoid. The axes of the ellipsoid correspond to
positions where the magnetic field induced Zeeman shift balances the MOT
beam detuning.

The sag of the Yb MOT at low MOT light intensities is shown in the series
of absorption images and measurements presented in Fig. 4.4. Under low
intensity conditions, the vertical MOT position is extremely sensitive to the
MOT detuning [197, 213]. To produce the images in Fig. 4.4(a) we directly
load a MOT of 174Yb atoms using the 556 nm transition at an intensity of
Itotal = 250 Isat. After loading the MOT, we ramp down the intensity of the
MOT light before taking an absorption image of the atoms using the strong
1S0 → 1P1 transition.

In Fig. 4.4(b) we measure the depth of the sag as a function of intensity and
we see that the MOT drops a distance of up to 5 mm, which is greater than
its initial size. The equilibrium z position may be determined by equating
the force due to gravity with the net scattering force due to the two vertical
MOT beams. This yields

mg = Γ~k
2

 I/Isat

1 + 6I/Isat + 4
Γ2

(
∆− µ

~
dBẑ
dz
z
)2

− I/Isat

1 + 6I/Isat + 4
Γ2

(
∆ + µ

~
dBẑ
dz
z
)2

 ,
(4.9)

where ∆ is the detuning of the light, g is the standard acceleration due to
gravity, dBẑ

dz
is the magnetic field gradient in the ẑ direction, µ = gJµB is

the effective magnetic moment, gJ is the Landé g-factor of the 3P1 state
and µB is the Bohr magneton. The green line in Fig. 4.4(b) is a fit of Eq.
4.9 to the experimental data (circles), with fit parameters: MOT detuning
∆/2π = −4.60(4) MHz and axial gradient dBẑ

dz
= 3.40(5) G/cm. In Fig.

4.4(c) we measure the sag as a function of detuning ∆. The green line is
again a fit to the experimental data (circles) using Eq. 4.9, in this case with
fit parameters of: total MOT intensity Itotal = 2.10(5) Isat and axial gradient
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Figure 4.4: Yb MOT behaviour as a function of MOT beam intensity. (a)
Absorption images of the MOT for different total intensities of MOT light (i)
130 Isat(ii) 38 Isat (iii) 7.1 Isat (iv) 1.7 Isat. (b) Vertical sag due to gravity as
a function of total intensity of the MOT light. The circles are experimental
data and the green line is a fit of Eq. 4.9 with detuning ∆/2π = −4.6 MHz
and axial gradient dBẑ

dz
= 3.4 G/cm. (c) Vertical sag as a function of the

detuning of the MOT light. The circles are experimental data and the green
line is a fit of Eq. 4.9 with total intensity Itotal = 2.1 Isat and axial gradient
dBẑ
dz

= 3.4 G/cm. (d) MOT temperature as a function of the total MOT beam
intensity. The circles are experimental data, the black dashed line shows the
temperature predicted by Doppler theory and the solid red line shows the
temperature predicted by the modified Doppler theory.

dBẑ
dz

= 3.40(5) G/cm. The excellent agreement between the experimental
and fitted data in Fig. 4.4(c) over a range of detunings of 4 MHz shows
that our detuning is stable to below the power-broadened linewidth of the
transition and is highly reproducible during an experimental run of several
hours duration. This reproducibility is essential for consistent loading of the
optical dipole trap from the MOT.

The position shift of the MOT is an important parameter when utilising
intensity and detuning ramps to reach lower temperatures [175]. We explore
the dependence of the MOT temperature on the total MOT intensity in Fig.
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4.4(d). The red points show temperature measurements using the time of
flight expansion technique and the black dashed line shows the predicted
temperature for our parameters according to Doppler theory (Eq. 4.8). The
measured temperature clearly does not follow the linear trend predicted by
Eq. 4.8. It appears that for intensities below 100 Isat the MOT is cooled
below the temperature predicted by simple Doppler theory. This is surprising
considering that the investigation was performed using bosonic 174Yb, which
possesses no substructure in the ground state that would enable sub-Doppler
cooling. The origin of this additional cooling is linked to the shift in MOT
position. As the MOT position drops for lower intensities of cooling light,
the magnetic field experienced by the atoms changes due to the quadrupole
gradient. The resulting Zeeman shift of the transition reduces the effective
detuning experienced by the atoms. It is clear that as the MOT lowers, the
atoms experience a detuning closer to resonance, which according to Eq. 4.8
results in a lower temperature. By finding the equilibrium z position of the
atoms from Eq. 4.9 and using the effective detuning

∆eff = ∆− µ

~
dBz

dz
z, (4.10)

in Eq. 4.8 we obtain the modified Doppler theory curve (solid red line) in
Fig. 4.4. This modified Doppler theory accurately predicts the tempera-
ture of the atoms for low MOT intensities but doesn’t explain the observed
temperatures at high MOT light intensities. This additional heating effect
has been observed in Sr [214] and Yb [192] MOTs previously, with effects
such as coherences between excited state levels [215] and transverse intensity
fluctuations of MOT beams [216] proposed to be the cause.

The optimal intensity ramp for subsequent loading into the dimple trap is a
ramp of the total intensity of the MOT beams from I = 250 Isat to I = 4 Isat.
At the end of the intensity ramp we typically obtain N > 4 × 108 174Yb
atoms at a temperature of 30 µK. A lower temperature is achievable using
a lower number of atoms but this lower atom number reduces the amount
loaded into the dimple trap. The increase in temperature with atom number
is observed in other species [217–219] and is attributed to multiple scattering
of photons within the atomic sample [220]. The final temperature achieved
in the low density limit is also limited by the effective shaking of the trap
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due to the intensity noise on the MOT light [221].

To further increase the MOT density for dipole trap loading, we increase
the MOT gradient from 2.5 G/cm to 7 G/cm and ramp the MOT detuning
to a value close to resonance, from −4.5 MHz to −1.5 MHz. The detuning
ramp returns the MOT close to its original position before the intensity ramp
and reforms into a more spherical shape. The increase in density and the
better mode matching between the spherical cloud and the aspect ratio of the
dimple trap beams enables more efficient loading into the trap. Detunings
closer to resonance leads to a large loss of atoms due to the increase in
light-assisted collisions [222] which are more pronounced for narrow optical
transitions [221].

Dipole Trap Alignment

In the initial alignment of the dimple trap we used resonant 399 nm light
copropagating with the 1070 nm trapping light. This allowed visible confir-
mation that the light was incident on the compressed Yb MOT. The resonant
light exerted a strong pushing force on the MOT atoms causing the appear-
ance of a hole in the MOT. Following the initial alignment of a single dimple
trapping beam using the resonant light, we looked for evidence of atoms con-
fined in the trap. To load the Yb MOT into the trap, we first compressed
the Yb MOT using the intensity and detuning ramps described above and
then switched on the trapping light for a period of a few 100 ms to allow
loading into the trap. After this step the MOT light and gradient were ex-
tinguished to allow the untrapped atoms to fall away form the dimple trap
region. Subsequently, the trapping light was switched off and an absorption
image was taken after a brief 1 ms TOF. The appearance of a thin streak of
atoms1 signified confinement in the dimple trap. Further alignment of the
trapping beam is performed by optimising the trapped number in the cloud
by small horizontal and vertical adjustments to the final mirror before the
chamber.

Alignment of the second beam is then performed by initially blocking the
1Our imaging axis is near perpendicular to the propagation direction of the trapping

light.
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first (aligned) dimple trap beam and looking for evidence of trapping in
the second beam; optimisation of the alignment is performed using the same
technique as the first beam. The first beam is then unblocked and we observe
a ball shape near the centre of the ‘streak’ corresponding to the crossing point
of the two beams. The final number of atoms trapped is very sensitive to
the trap depth, which in turn depends on the vertical overlap of the two
beams, particularly at low overall trap depths. Hence, a final adjustment
is performed by optimising the number of atoms remaining in the crossed
region after a period of evaporation. The evaporation also aids alignment
by removing the ‘streak’ of atoms confined in the single beam portion of the
trap which can bias the results of the optimisation. More sensitive probes of
the vertical alignment are the performance of sympathetic cooling of Cs by
Yb (discussed in Chapter 6) and the number loss during photoassociation of
Cs and Yb discussed in Chapter 7).

For optimal optical trapping, the focus of both beams should overlap in the
same region of the science chamber. However, alignment of the foci of the
traps is difficult without the use of vertical imaging, which isn’t present in
our current setup. Instead, we use the two imaging axes we possess in the
horizontal direction to check the overlap of the foci, the only complication
being that one imaging axis can only image Cs and the other only Yb. This
means optimisation of the alignment requires switching between loading Cs
and Yb into the trap. For combined trapping of both these species the dimple
trap beams are aligned to the Cs reservoir trap (more information in Section
5.3.1) using the above optimisation. This is because the Yb dimple trap
loading can be optimised using the shims to move the MOT into the crossed
region of the trapping beams, whereas the Cs cloud position is more difficult
to translate as it occurs where four separate DRSC lattice beams are made
to overlap. The dimple foci are then aligned through an iterative procedure
of translating the beam 1 waist and realigning beam 1 until the centre of the
Yb single beam trap is at the same position as the crossed beam region. The
Rayleigh ranges of beam 1 and 2 are 3.2(6) mm and 15(2) mm respectively.
The Yb atoms are used for this alignment because the imaging axis is closer
to orthogonal with the beam 1 axis (see Fig. 4.3). The realignment of beam
1 is done by optimising the Cs load as an independent measure. The beam
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2 focus can then be aligned by observing the Cs/Yb temperature after an
evaporation ramp to a defined dimple beam power. The translation stage is
set to the value corresponding to the highest trap depth which is the value
that produces the highest temperature after evaporation. It is essential to
check the alignment of beam 2 during this adjustment.

With the crossed trap optimally aligned we load 1.8× 107 174Yb atoms into
the dimple trap at a temperature of T = 40µK for a power of 40 W and
15 W in beam 1 and 2 respectively. Initially, a large number of atoms are
loaded into the single beam region of the trap, outside of the region where
the two dimple trap beams overlap. The loading into the crossed region is
enhanced by broadening the waist of beam 1 using AOM 1. We modulate
the frequency of the AOM using a sine wave with an amplitude of 3 MHz
which corresponds to a time-averaged beam waist of 60(5) µm at the atoms.
The broadening enhances the loading by increasing the trap volume at the
expense of the trap depth.

We observe that the number of atoms loaded into the dipole trap saturates as
a function of time. Only for long trap loading times on the order of 5 s do we
observe a decay in the number of atoms in the dimple trap. The saturation
of the dimple trap load with time allows sufficient atoms to be loaded into
the dimple even when the MOT number is low, just by holding the MOT
over the dimple trap for longer.

Trap Frequency

Knowledge of the trapping frequency of the dimple trap is essential for devis-
ing evaporation routes to quantum degeneracy. Measurements of the trap-
ping frequencies can be compared with our simulations of the potential in
order to better understand the trapping potential. The trap frequencies cor-
respond to the motional frequencies of the atoms confined in a harmonic
potential. There are multiple methods for measuring trapping frequencies,
such as parametric heating, centre-of-mass (COM) oscillations and breathing
mode oscillations. All are performed by dynamically changing the trapping
potential to observe the effect on either the atom number, position or size of
the trapped gas.
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Figure 4.5: Measurement of the trapping frequency for an 174Yb BEC. The
vertical displacement of the BEC after a 20 ms TOF is plotted as a function
of time after a ‘kick’ is applied. The solid line is a sinusoidal fit to the data.
The trap frequency extracted is 176(1) Hz for dimple beam powers 375 mW
and 650 mW respectively.

We typically use COM oscillations to measure the trapping frequencies. This
involves displacing and releasing (‘kicking’) the trapped cloud of atoms and
observing the oscillations of the cloud centre as a function of time. Figure
4.5 shows an example of measuring the vertical trapping frequency using an
174Yb BEC. Measuring trapping frequencies in Yb is slightly more complex
than in the alkalis as a magnetic field gradient cannot be used to initiate the
oscillations. Instead, the atoms are set into motion by a sudden ramp up of
the dimple trap power, this causes the atoms to oscillate back and forth in
the trap. After a variable hold time the atoms are released from the trap
and an absorption image is acquired. The trap frequency is extracted from
a sinusoidal fit to the data such as the green line shown in Fig. 4.5. For this
dataset the trapping frequency extracted is 176(1) Hz and corresponds to a
waist of 32.1(4) µm, in good agreement with our beam profiling measure-
ments. Damping of the position oscillations may be observed if too large a
kick is used to initiate the oscillations. If too large a kick is supplied, the
atoms sample the anharmonic region of the trapping potential leading to a
dephasing of the oscillations.
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As the trap is approximately cigar shaped, the trap is characterised by radial
and axial trapping frequencies. Measurements of COM oscillations in the ax-
ial direction are more difficult due to the angle of our imaging setup. There-
fore, measurement of the axial trapping frequency is typically performed by
the observation of width oscillations of the cloud, which are somewhat easier
to observe.

4.2 Evaporative Cooling to Quantum Degen-
eracy

Bose-Einstein condensation is a new phase of matter which corresponds to
macroscopic occupation of the ground state. This occurs when the tem-
perature of the bosons falls below the critical temperature Tc. Below this
temperature the de Broglie wavelength of the atoms is comparable to their
spacing and the atoms form a coherent matter-wave. Refs. [110, 223, 224]
present extensive reviews on BECs in atomic gases.

The requirement for Bose-Einstein condensation of a gas is that the phase-
space density (PSD) satisfies

D = n0λ
3
dB ≥ 2.612, (4.11)

where n0 is the peak number density and λdB =
√

2π~2/mkBT is the
de Broglie wavelength of the atoms. After loading of the dimple trap from
the MOT we have a sample of 1.8×107 Yb atoms at a temperature of 40 µK.
These atoms are distributed between the trapping region where both dimple
beams cross and the region where trap is dominated by dimple beam 1. This
makes estimation of a density difficult but roughly this corresponds to a PSD
of 6 × 10−3, far from the regime required for quantum degeneracy. There-
fore, to reach the colder temperatures required to observe condensation we
must further cool the atoms. The most efficient and widely used method for
cooling atoms confined in an optical trap is forced evaporative cooling.

Evaporative cooling is extensively used in cold atom experiments to reach
quantum degeneracy and an extensive review on this topic is available [225].
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The evaporative cooling process involves cooling the atoms by truncating the
Maxwell-Boltzmann distribution. To perform forced evaporation in an opti-
cal trap, the trap depth is lowered (usually by decreasing the intensity of the
trapping light) causing the most energetic atoms to leave the trap. Elastic
collisions between the remaining atoms allows the trapped atoms to ther-
malise and results in a thermal distribution with a lower mean temperature.
Elastic collisions are critical for evaporative cooling. The elastic collision rate
is given by

Γelastic = 〈n〉σv = Nmσω̄3

2π2kBT
, (4.12)

where 〈n〉 is the mean density, v is the mean velocity, ω̄ is the mean trap
frequency and σ is the scattering cross section. In the ultracold limit σ =
8πa2

s where as is the s-wave scattering length. As long as the rate of elastic
(good) collisions is greater than the rate of inelastic (bad) collisions, the
evaporative cooling process is efficient and the PSD of the sample increases
as atoms evaporate. Therefore, a good figure of merit in evaporative cooling
is the ratio of elastic to inelastic collisions or ‘good to bad’ collisions.

The efficiency of evaporative cooling γ is an important metric which measures
the relative increase in the PSD and weights it against the number of atoms
lost

γ = ln (PSDf/PSDi)
ln (Nf/Ni)

. (4.13)

The timing of the evaporation ramps are optimised for the greatest efficiency
in each step. Efficient evaporation involves the careful management of the
trapping potential and most importantly the trap frequencies. In magnetic
traps runaway evaporation may be achieved with an increasing collision rate
for each step [225], this is because the dominant loss mechanism in these traps
is typically background gas collisions which is density independent. There-
fore, increasing the collision rate reduces the time taken to thermalise and the
ratio of good to bad collisions is increased. However, in optical traps where
the density is much higher, thermalisation proceeds at a much faster rate.
The higher densities in an optical trap introduce a new loss mechanism, three-
body recombination [126], where two colliding atoms form a bound molecule
and the third colliding atom carries away the binding energy, typically result-
ing on all three atoms being lost from the trap. Three-body recombination
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loss scales ∝ 〈n2〉 ∝ ω̄6. This means that an increasing collision rate will
generally not lead to runaway evaporation as in a magnetic trap because
three-body losses will eventually take over as the density increases.

Another important effect to consider in optical traps is the reduction in trap-
ping frequencies throughout evaporation. Forced evaporation in optical traps
is performed by reducing the intensity of the trapping light. This constant
reduction of the trapping light intensity leads to a reduction in the trap
frequencies, which results in a reduced collision rate and a longer rether-
malisation time. Therefore, efficient evaporation in an optical trap is only
achieved by careful management of the density throughout the evaporation.

4.2.1 Bose-Einstein Condensate of 174Yb atoms

Formation of an Yb BEC is a good test of our apparatus and experimental
protocols. In order to reach the low temperature needed to form a BEC, we
perform forced evaporation using a set of three linear ramps in the intensity
of both dimple trap beams. These linear ramps have a decreasing gradient
so as to approximate an exponential decrease in the trap depth. The full
experimental sequence for the creation of an 174Yb BEC is shown in Fig. 4.6,
with the power of dimple beam 1 shown at the bottom of the plot.

During the evaporation of 174Yb we start with a power of 40 W in beam
1 and 15 W in beam 2. We then ramp down the power of dimple beam 1
to 6 W and the power in beam 2 to 10 W over 3 s. The first ramp has
the effect of increasing the number of atoms in the crossed region of the
trap, as initially a significant fraction are confined in the single beam region.
During this step we also ramp down the amplitude of the beam 1 AOM
dither to zero, returning the beam 1 waist to 33 µm. We note that fast,
efficient creation of BECs may be achieved using traps shaped dynamically
throughout the evaporation [226], however, this introduces a large parameter
space which is time consuming to explore experimentally. In Ref. [226] the
authors found that an exponential power ramp and a linear ramp of the dither
amplitude were among the optimum solutions, so in lieu of performing our
own simulations we have utilised this scheme.

The majority of the evaporation is performed by reducing the beam 1 power,



Chapter 4. Quantum Degenerate Gases of Yb 84

Yb MOT 
Loading

10 s

ZS off 
200 ms

Cooling 
Ramp

300 ms

 Dipole
Loading
750 ms

Evap 
Ramp 1

3 s

Evap 
Ramp 2

2.5 s

Evap 
Ramp 3

3.5 s
 Imaging

 

 

MOT Intensity

MOT Detuning

SHIMS

Dipole Trap

 

7 G/cm

250 I/Isat

4 I/Isat

40 W

B-Field Gradient

375 mW

   4.5 MHz   1.5 MHz

NS TBEW

2.5 G/cm

15 W

650 mWBeam 1

Beam 2

Figure 4.6: Experimental sequence for the creation of an Yb BEC.

while the change in beam 2 power is significantly less. Due to the larger waist
of the second beam it does not significantly contribute to the trap depth
or trapping frequency in the radial dimension but it provides a significant
enhancement in the axial trapping frequency. The purpose of the second
beam is to maintain sufficient density near the end of the evaporation, where
typically the collision rate drops due to the reduction in trap frequency with
the lower trapping intensities. We note that a vertical ODT beam is used
by Sr [227] and other Yb [80, 228, 229] experiments for the same purpose.
The vertical beam offers greater independent control of the density as the
beam does not significantly effect the trap depth in the vertical dimension
where the evaporation occurs. Therefore, altering the power of the vertical
beam only effects the trapping frequency axially along the horizontal beam
and can be used to manage the density of the atoms in the trap, allowing a
greater flexibility in the evaporation trajectory. However, the beam powers
required in the single species experiments where it has been employed are
typically much lower than those required for our 1070 nm trap, so due to
safety concerns we opted for horizontal trapping beams.

Following the first evaporation ramp we ramp the powers in beam 1 from
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Figure 4.7: Bose-Einstein condensation of 174Yb by evaporative cooling. The
top panels show absorption images taken after a 25 ms time of flight. The
bottom panels show the corresponding horizontal cross-cuts through the im-
ages. The laser power of the optical dipole trap is gradually reduced, cooling
the atoms from a thermal cloud at TYb = 500 nK (left), across the BEC tran-
sition to TYb = 300 nK (middle). Finally, at the end of evaporation a pure
condensate (right) is produced containing 3× 105 atoms.

6 W to 1.5 W and in beam 2 from 10 W to 4 W over 2.5 s. After this ramp
we obtain 2.5× 106 atoms at T = 4µK. Finally, we ramp the beam 1 power
to 375 mW and the beam 2 power to 650 mW in 3.5 s.

Figure 4.7 shows the BEC transition in 174Yb. The onset of quantum de-
generacy occurs with N = 9 × 105 atoms at a temperature of Tc = 450 nK.
Further evaporation leads to the production of pure condensates containing
3 to 4×105 atoms. The measured trapping frequencies are 176(1) Hz radially
and 29(1) Hz axially. The observed lifetime of the atoms is 6 s. This lifetime
is shorter than the measured lifetime due to background gas collisions and
may be due to some residual evaporation due to thermal lensing of the optics.
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Imaging of a BEC

The properties of a BEC (or thermal cloud) are inferred from the density dis-
tributions measured using absorption imaging. It is essential when analysing
the density distributions of a condensate that an appropriate model is used. A
limiting case commonly applied to the analysis of condensates is the Thomas-
Fermi limit. This limit allows the kinetic energy of the condensate to be
neglected and is appropriate for Nas/aho � 1, where aho =

√
~/mω is the

harmonic oscillator length. In the Thomas-Fermi limit the density is the
given by

n (r) = max
(
µ− Utrap (r)

g
, 0
)
. (4.14)

Where g = 4π~2as/m and µ is the chemical potential. It is common to
think of the density distribution as a filling of the trapping potential up to
a ‘height’ given by the chemical potential [230]. It is evident from Eq. 4.14
that the condensate will have a parabolic density profile in a harmonic trap.
Therefore, when fitting to experimental absorption images we use a fitting
function of the form

n (x, y) = n0 max
[1− (x− x0)2

R2
TF, x

− (y − y0)2

R2
TF, y

]3/2

, 0
 , (4.15)

where the cloud centre x0(y0), the Thomas-Fermi radius RTF, i and the peak
density n0 are free parameters in the fit. The green line in Fig. 4.7(c) shows a
fit of this function to the data. The Thomas-Fermi radii are related to other
useful quantities by

RTF, i(0) =
√

2µ
mω2

i

= aho

(15Ncas
aho

)1/5
. (4.16)

Therefore, from a fit of Eq. 4.15 to an absorption image we can extract
the number of condensed atoms Nc and the chemical potential µ. To fit to
bimodal distributions like the one shown in Fig. 4.7(b) we again use Eq. 4.15
but sum this with Eq. 3.3, the Gaussian distribution describing the thermal
component of the gas.
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(a)

(c)

(b)

Figure 4.8: Inversion of BEC aspect ratio during TOF. (a) Aspect ratio
of BEC (green) as a function of TOF. The green solid line shows a fit of
equations 4.17 and 4.18 to the experimental data and the black dotted line
shows the predicted behaviour of a thermal cloud. (b) Absorption image of
a 174Yb BEC after a TOF of 25 ms. (c) Absorption image of thermal 174Yb
atoms after a TOF of 25 ms.

Aspect Ratio Inversion in a BEC

The BEC transition is often easily identified by the striking increase in op-
tical depth due to the macroscopic occupation of the zero-momentum state.
Another tell-tale sign of condensation is the inversion of the aspect ratio after
the condensate is released from a cigar shaped trap. Figure 4.8 shows the
temporal evolution of the aspect ratio for a BEC and a thermal cloud. The
evolution of the condensate half-widths RTF, ρ and RTF, z after release from a
cigar shaped trap are given by

RTF, ρ (t) = RTF, ρ (0)
√

1 + τ 2, (4.17)

RTF, z (t) =
(
ωρ
ωz

)
RTF, ρ (0)

×

1 +
(
ωz
ωρ

)2 [
τ arctan τ − ln

(√
1 + τ 2

)] , (4.18)
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where τ = ωρt and we have used ρ and z to label the radial and axial
dimensions of the cigar shaped trap. The measurements of the aspect ratio
(RTF, ρ/RTF, z) for an Yb BEC as a function of the time of flight are plotted in
Fig. 4.8(a) alongside a fit using equations 4.17 and 4.18. The large difference
in aspect ratios between a BEC and a thermal cloud are seen in the absorption
images Fig. 4.8(b) and (c). The thermal cloud expands isotropically for
t > ω−1

z as the mean velocity is isotropic in a thermal gas. However, for
the BEC the expansion is faster in the axis of tight confinement due to the
anisotropic release of the mean-field energy which is dictated by the shape
of the trapping potential.

4.3 Degenerate Fermi gas of 173Yb atoms

So far we have only considered the bosonic 174Yb isotope in our discussion of
trapping and cooling of Yb to quantum degeneracy. However, Yb possesses
numerous stable isotopes which can be trapped and cooled, including two
fermionic isotopes, 173Yb and 171Yb. Due to its larger scattering length
(a173 = 199 a0 vs a171 = −3 a0) [179], 173Yb is the more suitable fermionic
isotope for the creation of a degenerate Fermi gas (DFG) and is used in the
majority of fermionic Yb experiments [82, 228, 231, 232].

Evaporatively cooling fermionic atoms to degeneracy is complicated by the
Pauli principle which states that identical fermions do not undergo s-wave
collisions. As the gas is evaporatively cooled below the p-wave barrier, the
elastic collision rate (required for evaporation) becomes extremely small. Ef-
ficient evaporative cooling of fermions may be achieved using sympathetic
cooling with another species or isotope. The 171Yb isotope possesses an ex-
tremely small scattering length that requires it to be cooled sympathetically.
A degenerate Fermi gas of 171Yb has been achieved using another Yb isotope
[82] or Rb [77] as a coolant. The other alternative for evaporative cooling of
a fermion is using a mixture of different internal states. 173Yb has an s-wave
scattering length of a = 199 a0 and a large nuclear spin of I = 5/2 which is
well suited for evaporative cooling in a mixture of spin states.

As the gas enters the degenerate regime, the final temperature achievable
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through evaporation is limited by Pauli blocking [233]. At temperatures
T < 0.5TF, the majority of low-energy states in the potential are occupied.
Due to the Pauli exclusion principle these low energy states cannot be doubly
occupied as a result of a collision. The average collision rate per atom is
proportional to the density of final states the atom can access, which is much
reduced due to Pauli blocking of the lower energy states. Therefore, the
collision rate is reduced and tends toward zero as (T/TF)2. The reduction
in the collision rate much reduces the efficiency of evaporative cooling and
limits the final achievable temperature.

Although the evaporative cooling of fermionic Yb atoms is more challenging
than their bosonic counterparts, there is a great deal of interest in degenerate
Fermi gases of Yb. This interest stems from the nuclear spin of the fermionic
Yb isotopes. The absence of electronic spin in the ground state leads to a
decoupling of the nuclear and electronic angular momenta, making atomic
interactions independent of nuclear spin state. Therefore, the six nuclear spin
states of 173Yb exhibit an effective SU(N = 2I + 1 = 6) spin-symmetry of
the interaction Hamiltonian. The enlarged symmetry present in this system
can lead to exotic correlated ground states and topological excitations [234–
239]. In addition, the nuclear spin can act as an entropy bath for the motional
degrees of freedom in a Pomeranchuk cooling type effect [240]. This effect aids
the observation of antiferromagnetic spin correlations of fermions trapped in
an optical lattice [241]. Also, the existence of the long-lived clock state in
Yb allows the manipulation of spin-orbit interactions in these systems using
a synthetic (electronic) dimension [232, 242, 243].

The main reason behind our own interest in 173Yb is the strong promise of
observing interspecies Feshbach resonances in fermionic Yb isotopes com-
pared to the bosonic isotopes. For subsequent investigations of Feshbach
resonances, a high phase-space-density sample of 173Yb is desirable.

4.3.1 Fermionic MOT

All bosonic isotopes of Yb have nuclear spin I = 0 and therefore only have
a single magnetic substate in the 1S0 ground state. However, for fermionic
Yb isotopes there are many magnetic substates in the ground state due to
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Figure 4.9: Effect of magnetic substructure on MOT operation. (a) Zeeman
shifts of the MOT transition for an alkali MOT. The 87Rb F = 2→ F ′ = 3
transition is used for illustrative purposes. The five allowed σ+ transitions
and the five allowed σ− transitions are shown by the red solid and blue
dashed lines respectively. The grey bar shows the frequency of the MOT
light. (b) MOT diagram for bosonic Yb. (c) MOT diagram for fermionic
173Yb (I = 5/2). A given frequency of MOT light may be red- or blue-
detuned for different ∆mF transitions.

the presence of nuclear spin, I = 1/2 for 171Yb and I = 5/2 for 173Yb.
The magnetic moment of these fermionic isotopes is given by the nuclear
magnetic moment µN, which is weaker than the Bohr magneton µB by a factor
of ∼ 2000. This leads to a very small Zeeman splitting of the ground state
magnetic sublevels, with the Zeeman shift of the MOT transition dictated by
the magnetic moment of the 3P1 excited state. This leads to differing forces
depending on the mF state of the atom. MOT light of a given frequency
may be resonant, blue-detuned or red-detuned with respect to the atoms,
corresponding to forces pushing some atoms toward the trap centre but also
a force pushing some atoms away.

The contrast between a fermionic MOT and a standard alkali MOT is shown
in Fig. 4.9. Figure 4.9(a) shows the Zeeman shift of the MOT transition
for an alkali MOT. In the example shown, all σ− transitions have a negative
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Zeeman shift in a positive magnetic field and all σ+ transitions have a positive
Zeeman shift for positive magnetic field. Therefore, all mF states experience
a restoring force toward the centre of the trap and the value of magnetic
field which Zeeman shifts the transition into resonance with the MOT light
is relatively independent of mF state. This behaviour remains for the very
simple case of the bosonic Yb MOT shown in Fig. 4.9(b). However, for the
fermionic 173Yb MOT shown in Fig. 4.9(c), the magnetic field required to shift
the transition into resonance is very sensitive to the mF state of the atom.
As a consequence, some mF states are resonant with the anti-restoring MOT
beam, causing a pushing out of the trap. This can be seen in the diagram
where red (blue) lines have a negative Zeeman shift for positive (negative)
magnetic fields.

Fortunately, steady-state operation of a MOT is possible due to the
favourable transition probability difference between σ+ and σ− transitions
for a given mF state. The optical pumping in Yb is sufficiently fast that
a sufficient average restoring force is produced without the use of a stirring
laser to randomise the mF states [244]. Due to the averaging of the restoring
force over many mF states, the trapping force is reduced in fermionic MOTs
compared to bosonic MOTs.

To load a MOT of fermionic 173Yb atoms the MOT light is detuned by
−3.2 MHz from the 1S0, F = 5/2 → 3P1, F

′ = 7/2 transition and we use
the maximum available intensity of MOT light. This corresponds to a MOT
light intensity of I = 250 Isat. The relatively smaller detuning of the MOT
light is necessary due to the weaker trapping force in the fermionic MOT.
The Zeeman slower light is operated with the same detuning as the bosonic
MOT, −578 MHz from the 1S0, F = 5/2→ 1P1, F

′ = 7/2 transition. Exper-
imentally, it is simpler to stabilise the 399 nm laser to the 172Yb transition
and adjust the AOM frequencies by 58 MHz to give the correct detuning.
Typically, we load a MOT of 5× 107 atoms with a magnetic field gradient of
3.1 G/cm. Due to the hyperfine splitting of the 1P1 state, the Zeeman slower
light is only −262 MHz detuned from the F = 5/2 → F ′ = 5/2 transition.
This relatively small detuning of the Zeeman light from an atomic transition
leads to an increased force on the MOT compared to the bosonic case.

Following loading of the MOT, we further cool the atoms using a similar
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intensity and detuning ramp to that applied to 174Yb. However, we find that
slightly higher final intensities of MOT light are required for the fermions due
to the weaker confining force. The MOT intensity is reduced from I = 250 Isat

to I = 10 Isat in 300 ms. The fermionic MOT does not exhibit the same sag
as the bosonic MOT due to each mF state becoming resonant with the MOT
light at different positions from the MOT centre. At the end of the ramp
the atoms reach a temperature of 25 µK which is lower than in the bosonic
isotopes due to presence of sub-Doppler cooling in Yb isotopes with nuclear
spin [192]. Following the intensity ramp, the atoms are compressed with a
ramp of the magnetic field gradient to 6 G/cm and subsequently overlapped
with the dipole trap position using the shims to displace the quadrupole zero.
We load 6 × 106 173Yb atoms into the optical dipole trap, a good starting
point for evaporative cooling.

4.3.2 Fermi Degeneracy in 173Yb

Thermometry of an Ideal Fermi Gas

To measure the temperature of a weakly-interacting Fermi gas, we release
the 173Yb atoms from the trap and absorption image the atoms after a time
of flight. It is convenient to use a fitted radius of the cloud Ri [245] where

R2
i = 2kBT

mω2
i

f(ξ), (4.19)

f(x) = 1 + x

x
ln(1 + x).

The value of Ri is directly related to the physical size of the cloud and allows
us to interpolate between the classical regime (T/TF >> 1) where the cloud
size is related to the thermal distribution of the atoms and the degenerate
regime where the cloud size saturates at the Fermi radius. The fugacity is
defined as ξ = eµ/kBT where µ is the chemical potential.

The absorption image is analysed using a 2D fitting function [245]

n (x, y) = n0

Li2
(
± exp

[
ln ξ −

(
(x−x0)2

R2
x

+ (y−y0)2

R2
y

)
f(ξ)

])
Li2(±ξ) , (4.20)
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where Lim(x) = ∑∞
k=1

xk

km
is a polylogarithmic function of order m and n0, ξ,

x0, y0 and Ri are fit parameters. Initial guesses for x0, y0 and Ri are made
using a 2D Gaussian fit to the data. This aids the fitting as the calculation
of the polylogarithmic function is fairly time consuming during 2D fits.

The degeneracy of the sample is characterised by the fugacity. For small
fugacities the fitting function reduces to a Gaussian distribution of a thermal
cloud and for high fugacity the fit function tends to the zero-temperature
Fermi-Dirac distribution. The T/TF parameter can be derived from the fu-
gacity

T

TF
= [−6Li3(−ξ)]−1/3 . (4.21)

Therefore, we may extract T/TF directly from the fit to the absorption im-
age. The subtle change in the density distribution that is the hallmark of
Fermi degeneracy is in stark contrast to the BEC case, where degeneracy is
signalled by a dramatic enhancement of the OD. The difficulty in detecting
Fermi degeneracy is highlighted in Fig. 4.10. The figure shows a comparison
between Gaussian and Fermi-Dirac distributions at increasing levels of de-
generacy. The difference between the two distributions is not perceptible at
T/TF = 0.8 and is only of the order of a few % at T/TF = 0.2. It is easy to
see that the T/TF value extracted from the fit may be artificially enlarged
due to non-ideal aspects of the imaging. Effects such as finite resolution,
saturation and out of focus imaging may wash out the non-Gaussian features
of the distribution, increasing the extracted T/TF.

The degeneracy of the Fermi gas may also be found from knowledge of the
trap frequencies, the number of atoms and their temperature. The Fermi
temperature is given by

TF = ~ω̄ (6Ni)1/3

kB
(4.22)

where Ni is the number of atoms per spin state. The temperature may be
obtained from a fit to the wings of the density distribution, beyond the Fermi
radius. For very low temperature clouds thermometry is difficult due to the
low SNR of the wings. The SNR in the wings can be enhanced by azimuthally
averaging over the 2D distribution. Integration over a single radial direction
should be avoided as this will mix regions of different local T/TF.
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Figure 4.10: Theoretical radial profiles of a degenerate Fermi gas. Optical
depth is plotted as a function of radial distance from the centre of the cloud
for various values of T/TF. The dotted lines show the result of fitting a
Gaussian to the Fermi-Dirac distributions (solid lines). The residuals from
the Gaussian fit are shown in the upper section of the plot.

Evaporative Cooling of 173Yb to Fermi Degeneracy

Starting from our sample of 6× 106 173Yb atoms trapped in the dipole trap,
we ramp down the power in dimple beam 1 from 40 W to 6 W over 2.5 s.
Over this same time period, the power in dimple beam 2 remains at 10 W.
The second evaporation ramp involves ramping the power in beam 1 to 1.5 W
and beam 2 to 4 W over 1.5 s. During this ramp the dither applied to the
beam 1 AOM is reduced to zero and the waist of dimple beam 1 reduces from
60(5) µm to its original size 33(3) µm. The timescale for the first two evap-
oration ramps here is slightly shorter than the ramps used for 174Yb due to
the higher scattering length of 173Yb reducing the necessary rethermalisation
time during evaporation.

Following ramp 2 the gas is at T = 700 nK with 3×105 atoms in the sample.
In the third evaporation ramp the dimple beam 1 and 2 powers are lowered to
420 mW and 710 mW respectively over 3 s. At the end of this ramp we have
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2 × 105 atoms at T = 350 nK. The gas is cooled into the degenerate regime
with a further power ramp by reducing the beam 1 power to 320 mW and
the beam 2 power to 620 mW. The time for rethermalisation is extended in
the final ramp which takes 4.5 s, this is due to a decrease in elastic collision
rate by Pauli blocking of collisions. At the end of the ramp we obtain a
six-spin mixture of 8 × 104 173Yb atoms at 0.4T/TF. We do not currently
have the capability to perform optical Stern-Gerlach separation to verify the
spin state distribution of the atoms, so we have assumed that the sample is
unpolarised in this analysis.

The level of degeneracy is determined from the fitted fugacity using Eqs
4.15 and 4.21. To aid the fitting we have azimuthally averaged over the 2D
density distributions, the resulting fit and extracted parameters are shown
for degenerate and thermal clouds Fig. 4.11(a) and (b). The flattening of the
momentum distribution due to Pauli blocking of the lower states is evident
at the origin of Fig. 4.11(a) where the Gaussian distribution over-fits the OD.

The extracted T/TF is in moderate agreement with the value of 0.3T/TF from
temperature measurements, where TF is calculated from Eq. 4.22 using the
measured atom number per spin state and trap frequencies. The discrepancy
between the two measurements may be due to imperfections in the imaging
system which can inflate the value over T/TF by washing out non-Gaussian
features.

Over the course of our work with 173Yb, it became apparent that our current
imaging setup is not ideal for reliable thermometry of Fermi gases. The
imaging system was setup for use with bosonic isotopes, which, due to the
lack of substructure in the ground state, have perfectly closed transitions
for all polarisations of imaging light. However, the presence of ground state
structure in fermionic Yb requires a well circularly polarised probe beam.
The circularly polarised probe pumps the atoms, initially in an ensemble
of spin states, into a stretched mF level which allows imaging on a closed
σ+/− transition like in the imaging of alkali atoms. At the time the data
was taken we did not have the appropriate polarisation optics for circularly
polarising the imaging light and the green MOT light along the imaging
axis. Poor polarisation of the imaging light leads to a reduction in the OD
of the absorption images, which leads to poorer fits and an undercounting of
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Figure 4.11: Creation of a six-component degenerate Fermi gas of 173Yb.
The plot shows azimuthal averages of the optical depth as a function of radial
distance from the cloud centre. The solid (dashed) line shows the azimuthally
averaged 2D fit of a Fermi-Dirac distribution (Gaussian distribution) to the
images. The upper plot shows the residuals from the Gaussian (black) and
Fermi-Dirac fits (green). The insets show 15 ms TOF absorption images of
degenerate (left) and thermal (right) atoms.

the atom number. In addition, the 8.6 µm resolution of imaging system is
not sufficient to resolve the % level discrepancy between the Gaussian and
Fermi-Dirac fits for small atom clouds where longer times of flight are not
effective in improving the fits because of the reduction in optical depth. It is
therefore very likely that the T/TF is overestimated in the presented fits and
improvements in the imaging setup would lead to better thermometry of the
atoms.

More degenerate samples could also be obtained by optically pumping into
two (or more) spin states following evaporation. As TF is dependent on the
number in each spin state, pumping atoms into a smaller number of states
increases TF and (assuming the heating caused by the pumping is not too
large) the gas is brought deeper into the degenerate regime. However, it is
important to note that pumping the atoms into a smaller number of spin
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states prior to evaporation will not necessarily reduce the final T/TF as the
Pauli blocking will be more severe for a lower number of spin states due to
the reduced density of final states.

4.4 Other Yb Isotopes

In addition to bosonic 174Yb and fermionic 173Yb, multiple other Yb iso-
topes have been trapped and cooled in the setup. MOT loading and dipole
trapping using other bosonic isotopes requires very few changes to the exper-
imental setup and experimental routines, aside from relocking the lasers to
the appropriate transition. The critical difference between the final densities
achieved for the different isotopes is the performance of evaporative cooling,
which is related to the intraspecies scattering length.

To prepare the second most abundant Yb isotope, 172Yb, the MOT and dipole
loading is performed using the same routine as 174Yb except for a slightly
longer MOT load time. The same number of atoms are prepared in the dipole
trap as 174Yb and the initial evaporation occurs very quickly due to the large
scattering length a172 = −598 a0. However, at temperatures T < 4µK there
is a large loss of atoms due to the large three-body recombination rate (which
scales ∝ a4). The strong attractive interactions makes formation of a stable
172Yb condensate impossible for N > 100. For this reason, 172Yb is the only
Yb isotope that has not been cooled to quantum degeneracy.

The next most abundant bosonic isotope is 176Yb which has a scattering
length of a176 = −24 a0. Again, the loading into the dipole trap is achieved
using the same procedure as 174Yb. The lower abundance requires a longer
MOT load time and an increased dipole trap loading time but the result is a
near identical load of atoms into the dipole trap. Evaporative cooling is slow
due to the much smaller scattering length and samples of 3 × 105 atoms at
4 µK have been produced.

The properties of 170Yb are relatively favourable for evaporative cooling.
This isotope has a factor of 10 smaller abundance than 174Yb but a mod-
erate scattering length of a170 = 64 a0 that is favourable for evaporative
cooling. Unfortunately, both 1S0 → 1P1 and 1S0 → 3P1 transitions of this
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isotope overlap very closely with another Yb isotope which complicates sta-
bilisation of the cooling lasers. For the narrower 1S0 → 3P1 transition this is
not so troublesome, however, for the broader 1S0 → 1P1 transition the split-
ting between isotopic lines is commensurate with the transition linewidth.
To stabilise ZS light for a 170Yb MOT we eliminate the fluorescence signal
from the bosonic isotopes by rotating the polarisation of the spectroscopy
light (as discussed in Section 3.3.2). The 399 nm laser is then stabilised to
the remaining 171Yb F = 1/2 peak. To maintain the same Zeeman slower
detuning used for the other bosonic isotopes the ZS AOM frequencies are
offset by the isotope shift, 40 MHz.

The number of 170Yb atoms loaded into the dipole trap is slightly lower
than the previously mentioned bosonic isotopes due to its lower abundance.
However, evaporative cooling is fairly efficient and by extending the length
of the 174Yb evaporation ramps appropriately we find that we can produce
170Yb BECs containing 1× 105 atoms.

The remaining bosonic isotope, 168Yb, has a very low natural abundance
(0.13%). We have not seriously pursued creation of a 168Yb MOT due to
the difficulty in stabilisation of our lasers to the weak atomic spectroscopy
signal and the long loading times that would be required. However, BECs
of this isotope have been produced in Kyoto [85] and should be achievable if
required.

Cooling of fermionic 171Yb to degeneracy requires a sympathetic coolant due
to its extremely low scattering length a171 = −3 a0. We have loaded atoms
into the dipole trap from a 171Yb MOT but the loading isn’t as efficient as
with the bosonic isotopes. Further experimental investigation is required to
improve the loading efficiency of the dipole trap from fermionic MOTs. We
defer investigation of this isotope until measurements of the Cs+Yb scatter-
ing length elucidate the viability of sympathetic cooling with Cs.
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A Quantum Degenerate Gas of
Cs

The efficient preparation of a high PSD mixture in a dipole trap is an essen-
tial step towards molecule production. With the dipole trap carefully tailored
to optimise the production of degenerate gases of Yb atoms, we then con-
centrated on the production of a Cs BEC. Although Cs possesses favourable
properties for laser cooling [220, 246] due to its large mass and hyperfine
splitting, the production of a Cs BEC is a challenging task. This is due to
its troublesome scattering properties [126, 247–249] which prevented groups
from achieving a Cs BEC until 2002 [119], some 7 years after the first BECs
in alkali atoms were observed [250, 251]. Even after the first observation of
Cs BEC only a handful of other groups worldwide have reported production
of Cs BECs [205, 252–254].

In this chapter we describe the implementation of degenerate Raman side-
band cooling (DRSC) as an efficient method for cooling and polarising Cs
atoms. We outline the setup of an additional dipole trap for Cs and described
the necessary techniques for cooling Cs to quantum degeneracy.

5.1 Cs MOT and Sub-Doppler Cooling

The initial stage in the preparation of a Cs BEC is the collection of Cs atoms
in a MOT. The detunings of the Cs beams are the same as those given in

99



Chapter 5. A Quantum Degenerate Gas of Cs 100

Table 3.2 in Section 3.3.1. To load the Cs MOT we apply a magnetic field
gradient of 7.7 G/cm, MOT repump light with intensity 7 mW/cm2 and use
a total MOT beam intensity of 80 mW/cm2. After 6 s of MOT loading we
accumulate 3× 108 Cs atoms in the MOT.

After the initial loading of the Cs MOT, the ZS coils and light are switched
off and the Cs atoms are compressed using a compressed MOT stage. During
the compressed MOT stage the quadrupole gradient is increased to 14 G/cm,
the repump intensity is decreased to 25 µW/cm2 and the MOT detuning is
increased to −20 MHz. This compresses the MOT by reducing the radiation
pressure from the scattered photons and increases the MOT density. Follow-
ing the compression, the shim coils are used to manoeuvre the MOT to the
centre of a set of Raman lattice beams used for degenerate Raman sideband
cooling.

After the MOT has been translated into the correct position for overlap with
the Raman lattice beams, we perform sub-Doppler cooling using an optical
molasses stage [255]. This is performed by turning off the quadrupole gra-
dient and increasing the MOT detuning to −45 MHz. The optical molasses
stage uses polarisation gradient cooling [256] to reach temperatures well be-
low the Doppler limit, which is 125 µK for Cs [182]. It is critical during this
stage to null any residual magnetic fields in the chamber using the shims,
as the presence of a magnetic field can cause Larmor precession and Zee-
man shifts of the magnetic sublevels. These effects compete with the optical
pumping and AC stark shifts and interfere with the cooling [255]. Following
the 25 ms long optical molasses stage the Cs atoms are cooled to 20 µK.

5.2 Degenerate Raman Sideband Cooling of
Cs

The most prominent method for precooling an atomic ensemble for the prepa-
ration of a Cs BEC is degenerate Raman sideband cooling (DRSC). DRSC
is a powerful technique that allows the production of > 107 atoms at tem-
peratures around 1 µK in the absolute ground state |F = 3,mF + 3〉. The
pioneering work on DRSC of Cs [219, 257–259] was an essential step towards
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the achievement of the first Cs BEC [126]. DRSC is an attractive technique
as the cooling mechanism is quick, efficient and, crucially, produces Cs in
the only state in which it has been condensed, |F = 3,mF = +3〉. The use
of the absolute ground state mitigates the large 2-body loss rate that hin-
dered other BEC attempts working with the magnetically trappable |4,+4〉
[247, 248, 260] and |3,−3〉 states [249, 261, 262]. As we saw in Section 2.2.1,
the |3,+3〉 state has a rich Feshbach structure which allows the scattering
length to be tuned near to an Efimov minimum in the 3-body loss rate [126],
allowing efficient evaporative cooling of Cs in an optical trap.

5.2.1 Degenerate Raman Sideband Cooling

The DRSC mechanism is displayed in Fig. 5.1(a). The atoms initially in the
F = 3,mF = +3 state occupy a high-lying vibrational level v of the Raman
lattice. By applying a small magnetic field the magnetic sublevels are Zee-
man shifted such that the |F = 3,mF = +1, v − 2〉, |F = 3,mF = +2, v − 1〉
and |F = 3,mF = +3, v〉 states are degenerate. Coupling is induced be-
tween the states via two photon Raman transitions which are driven by
the lattice beams, in a similar setup to the original Cs implementations
of DRSC [219, 259]. The atoms in |F = 3,mF = +1, v − 2〉 are then re-
cycled back into the F = 3,mF = +3 state by optical pumping using the
6S1/2, F = 3→ 6P3/2, F

′ = 2 transition. For the cooling scheme to operate
effectively it is essential that the optical confinement is strong enough that
the excitation occurs in the Lamb-Dicke regime, to prevent the atom chang-
ing vibrational state by the scattered lattice light. If η =

√
ERec/~ω < 1 is

satisfied, two quanta of vibrational energy are removed for each cycle of the
cooling. The optical pumping light, called the polariser, drives σ+ transitions
to the F ′ = 2 state which predominantly decays to mF = 3. The cooling
scheme proceeds quickly, facilitated by the fast Raman coupling, until the
atom reaches the |F = 3,mF = +3, v = 1〉 state. The atom is then trans-
ferred into the |F = 3,mF = +2, v = 0〉 state but cannot access the mF = 1
sublevel through a Raman transition. A weak π component of the polariser
light slowly pumps the atoms from |F = 3,mF = +2, v = 0〉 into the dark
|F = 3,mF = +3, v = 0〉 state via the F ′ = 2 state.
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Figure 5.1: Degenerate Raman sideband cooling setup and implementation.
(a) Diagram illustrating the degenerate Raman sideband cooling process.
When a magnetic field is applied such that the vibrational levels of the sub-
levels are degenerate, 2 vibrational quanta of energy are removed per cycle
via Raman transitions between these levels. The fast σ+ optical pumping
transfers the population to the dark mF = 3 state, where the atoms ac-
cumulate in the lowest vibrational level. (b) Optical setup for DRSC. The
polariser beam is circularly polarised and at a small angle to the quantisation
axis provided by the magnetic field, B.

Fig. 5.1(b) shows the optical setup for DRSC in our experiment. The Raman
lattice is operated in a four-beam configuration, with one horizontal stand-
ing wave (retro-reflected) beam, one horizontal running wave beam and one
vertical running wave beam. In this configuration, phase fluctuations in the
lattice beams cause global translations of the entire lattice, while the depth
and shape of the lattice sites are unaffected [263]. The three near-orthogonal
linearly polarised lattice beams are resonant with the F = 4 → F ′ = 4
transition, detuned by −9.2 GHz from the atoms in the F = 3 state. The
choice of this transition for the lattice means that the lattice beams provide
repumping from the metastable F = 4 ground state into the F = 3 manifold,
in addition to providing the necessary Raman coupling between the magnetic
sublevels. The polariser beam operates on the F = 3 → F ′ = 2 transition
and is circularly polarised so as to drive σ+ transitions to the mF = +3 state.
The weak π component is provided by tilting the magnetic field by a small
angle with respect to the polariser beam.
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Experimentally, the lattice light is delivered to the optical table by two op-
tical fibres, carrying light for the horizontal and vertical lattice beams. The
lattice beams have a 1/e2 beam diameter of 4 mm and the total available
power for the lattice is 100 mW. In the initial search for DRSC we used
smaller lattice beams of 2 mm diameter to increase the depth and trap fre-
quencies of the lattice which allowed easier observation of DRSC. However,
after optimisation we found increasing the size of the lattice beams yielded a
larger number of captured atoms at the same temperature, likely due to the
increased trap volume. Control of the total power in the lattice is provided
by a 120 MHz AOM before the optical fibres. Control of the power distribu-
tion between the horizontal and vertical lattice beams is provided by a λ/2
waveplate before the PBS used to split the light into the two fibres. After the
output of the horizontal lattice fibre, the lattice beams are split into stand-
ing and running wave beams by a PBS. The polarisation of the vertical and
horizontal beams are set by independent λ/2 waveplates. We note that some
experiments [257, 259, 264] have found that using a λ/4 waveplate before
the standing wave retro-reflecting mirror improved the DRSC performance,
however, we did not observe any improvement in our experiment.

The polariser light is generated by the repump laser and is delivered to the
experiment using a polarisation-maintaining fibre. Like the lattice beams,
the polariser beam has a 1/e2 beam diameter of 4 mm. The detuning from
the F = 3→ F ′ = 2 transition is set by a double passed 200 MHz AOM be-
fore the fibre. The polariser beam propagates vertically through the chamber
and is circularly polarised using a λ/4 waveplate after the final mirror. The
polariser propagates at a small angle to the quantisation axis provided by
the magnetic field. This prevents any ellipticity in the polarisation creating
σ− polarised light. Slightly shifting the field from the propagation axis of
the polariser transforms this ellipticity into a small π component, which is
necessary to pump out of the mF = +2 dark state for σ+ polarised light.
Small changes in the polarisation of the polariser beam can introduce heat-
ing through a σ− component or a too large π component. We eliminate any
residual polarisation drifts by placing a polarising cube after the fibre, con-
verting any polarisation drifts into power fluctuations, which we observe to
have a much weaker effect on the DRSC performance.
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5.2.2 Observation of DRSC

The high scattering rate of the near-resonant lattice light necessitates a sig-
nificant cooling rate for the observation of atoms trapped in the lattice. In the
near detuned lattice the heating rate from scattered light is Ṫ = 500µK/s.
This heating rate is fairly large, however, in one cooling cycle we remove
2~ω ' kB × 5µK from the atoms. The speed of the cooling cycle is limited
by optical pumping, which occurs at a rate ΓOP ' 300 kHz, depending on
the polariser parameters. This results in a large cooling rate of 1.5 K/s which
dominates over the heating rate.

However, to obtain this large cooling rate a large number of DRSC param-
eters must be near optimal. We used a range of independent diagnostics to
test various parameters and reduce the size of the parameter space in which
we searched for evidence of DRSC.

Lattice polarisation: To be able to trap atoms in the lattice it was impor-
tant to simulate the trap formed by the lattice beams and identify the
optimal polarisations for the lattice beams. This is crucial in our ex-
perimental setup because optical access dictates that the lattice beams
are not orthogonal, unlike in ideal implementations of DRSC. The sim-
ulation allows the trap depth and trap frequencies of the lattice to be
maximised. Larger trap frequencies allow a larger quantisation field
(which is typically small: of the order of a few 100 mG) and are also
important for realising the Lamb-Dicke regime.

Magnetic fields: For the weak magnetic fields required to shift the vibra-
tional levels into degeneracy, we first experimentally determined the
residual magnetic field in the science chamber using a triple axis magne-
tometer (Honeywell HMC5883L magnetic sensor). The magnetic fields
in the horizontal plane were nulled using the magnetometer, an essen-
tial requirement as the weak magnetic quantisation axis must not be
tilted by too large an angle from the direction of the polariser. The
tilting of the field can introduce a large π or σ− component in the
polariser, causing heating.

Polariser: The frequency, polarisation and alignment of the polariser
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beam may be observed using magnetic recapture measurements. The
number of Cs atoms captured in the magnetic trap1 is reduced
when the polariser beam drives σ+ transitions to the anti-trapped
|F = 3,mF = +3〉 state. The polarisation, alignment and magnetic
bias field for the polariser beam was optimised by reducing the number
of recaptured atoms. The F = 3 → F ′ = 2 resonance frequency was
also checked using this technique but the polariser beam should be set
to a moderate blue detuning when searching for DRSC.

Lattice alignment: The lattice beams were aligned onto the MOT position
after molasses by imaging the atoms without repump light, after a short
pulse of lattice light [264]. The lattice light quickly pumps the atoms
into the F = 3 state, which is dark to the imaging light in the absence
of repump light. Therefore, absorption images of the Cs atoms after
the lattice light pulse show an absence of Cs atoms where the lattice
light is incident on the cloud and allows alignment to the centre of the
cloud. The diameter of the lattice beams were apertured down to a few
hundred µm for fine adjustment of the alignment. The polariser beam
was aligned using a similar technique.

With the lattice beams aligned onto the atoms and the polarisations of the
lattice beams set to produce a sufficient trap depth to capture the Cs atoms,
we began to look for evidence of DRSC in our setup. The routine for obser-
vation of DRSC is as follows. We initially prepare the Cs atoms by loading
a MOT, before compressing the MOT via gradient, detuning and intensity
ramps. Once the MOT has been compressed, the atoms are further cooled
using optical molasses. All the parameters for these steps are as described
in the previous section. Following the molasses stage, the atoms have a low
enough temperature to be trapped in the lattice. However, before DRSC can
be performed the atoms are required to populate the F = 3 ground state.
The atoms are depumped into the F = 3 ground state by extinguishing the
MOT repump light 500 µs before the MOT beams are shuttered off, this step
immediately follows the 25 ms molasses stage. The shim coils are used to
set a vertical magnetic field of ' 300 mG and the Raman lattice is ramped

1The magnetic trap is formed by the quadrupole coils in the absence of light.
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up to full power in 600 µs. The polariser beam is then switched on for a
variable time in which the cooling occurs. To avoid heating during release of
the sample, the atoms are released into free space by linearly ramping down
the lattice power over 1.2 ms, after which the light is turned off completely.
The adiabatic release of the atoms is critical for achieving low free-space tem-
peratures after the application of DRSC [219]. The final temperature in our
setup may be improved by the implementation of a slightly more complex
ramp that maximises adiabaticity [246].

Initially, it is possible to observe confinement of atoms in the lattice in the
absence of polariser light. The lifetime of atoms in the near-resonant lattice
is of order ' 20 ms, so observation of this confinement requires a short lattice
hold time. The remaining atoms are also significantly heated by the lattice
light, requiring a short time of flight after release from the lattice. Therefore,
we use a time which is just long enough for the unconfined MOT atoms to
drop away from the lattice region. Evidence of Cs atoms trapped in the
near-resonant Raman lattice is shown in Fig. 5.2(a), where the atoms are
held in the lattice for 25 ms and then imaged after a time of flight of 15 ms.
We found that it was critical to observe Cs atoms effected by the lattice as
in Fig. 5.2(a) before moving onto scanning other parameters. Figure 5.2(b)
shows the Cs atoms under the same conditions but with the application of
the polariser. In the presence of the polariser beam the Cs atoms are rapidly
cooled by DRSC and remain confined in the lattice.

We verified the quantum state of the cooled Cs atoms after release from
the lattice using a Stern-Gerlach experiment, the results of which are shown
in Fig. 5.2(c). The left hand image shows the spin state populations when
the polariser beam is shuttered off before the Raman lattice is extinguished.
We observe Cs atoms distributed over the mF = +1,+2 and +3 states due
to pumping by the Raman lattice. The right hand image in Fig. 5.2(c)
shows the spin state populations with the polariser present during the Raman
lattice ramp off step. The atoms remain well polarised using this routine,
we observe > 90% of the Cs atoms populate the |F = 3,mF = +3〉 state. In
this experiment, the atomic polarisation is preserved during the rise time of
the MOT and Bias coils by using a vertical magnetic bias field provided by
the vertical shim coil. The shim bias field is applied until the Bias coil is
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Figure 5.2: Observation of DRSC. (a) and (b): Absorption images of Cs after
25 ms in the Raman lattice and with 15 ms TOF. In (a) the polariser is not
present but there is still some confinement of Cs atoms in the lattice. In (b)
the polariser beam is present and a large fraction of atoms are trapped in
the lattice. (c) Stern-Gerlach experiment to resolve the population of the Cs
magnetic sublevels. The left image shows the spin state distribution when
the polariser is off during the lattice off ramp. The right image shows the
result when the polariser remains on during the lattice off ramp. When the
polariser remains on > 90% of the Cs atoms populate the F = 3,mF = +3
state.

ramped to its final value used for the levitated absorption imaging.

5.2.3 Optimisation of DRSC

Once evidence of DRSC was obtained, we began to optimise the wealth of
parameters which influence the performance of DRSC. The figure of merit
we used to optimise the parameters was the number of atoms that remain
trapped in the lattice. In Fig. 5.3 we present the optimisation of the magnetic
field during DRSC. Following DRSC, the atoms are absorption imaged after
a levitated time of flight, where we resolve the mF = +1,+2,+3 populations.
The number plotted in the figure is that of the mF = +3 state. The optimal
fields in the horizontal plane are around the zero field value measured with
the magnetic field probe. The discrepancy in the East-West direction may be
due to the required tilt of the field with respect to the polariser. Or, the small
offset could be explained by the fact the magnetic field measurements were
not in situ and the real field zero is slightly shifted from the extrapolated zero
field position measured by the field probe. In the vertical direction the num-
ber of atoms captured rises linearly as the Zeeman shift of the magnetic sub
states approaches the vibrational spacing. The lattice simulations predicted
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(a) (b) (c)

Figure 5.3: Optimisation of magnetic fields for DRSC. Normalised number
of Cs atoms in the F = 3,mF = +3 state captured by DRSC cooling as a
function of magnetic field in the laboratory frame. (a) Magnetic fields in the
North-South direction. (b) Magnetic fields in the East-West direction. (c)
Magnetic fields in the vertical direction. Zero magnetic field is determined by
measurements with a triple axis magnetometer. Solid lines are fits to guide
the eye.

a value for the vertical trap frequency of 2π × 70 kHz, which corresponds to
a magnetic field of 200 mG, in good agreement with the results. For fields
> 200 mG the trapped atom number decays slowly and we do not resolve the
individual vibration frequencies of the lattice sites. The lack of well-defined
vibration frequencies may be due to the spatial variation of trapping frequen-
cies across the cloud [219]. In other experiments using DRSC [265] groups
have found a significant improvement in the cooling performance by ramping
the vertical magnetic field during the DRSC stage. The magnetic field ramp
addresses lattice sites near the edge of the lattice with different vibrational
frequencies to those at the centre. The different vibrational frequencies occur
due to the finite size of the lattice beams. We find the step only makes a
slight improvement to the DRSC performance.

Figure 5.4 shows the optimisation of the polariser parameters. The depen-
dence of the DRSC performance on the power of the polariser is shown in
Fig. 5.4(a). Sufficient power is required to pump atoms out of the possible
|mF = +2, v = 0〉 σ+ dark state using a small π component of the polariser.
For larger powers we observe a decrease in the atom number, this is also ev-
ident for longer DRSC times in Fig. 5.5. As the polariser is a running wave
beam, the light exacts a pushing force on atoms, which may push them out
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Figure 5.4: Optimisation of polariser parameters for DRSC. Normalised num-
ber of Cs atoms in the F = 3,mF = +3 state captured by DRSC cooling as
a function of various polariser parameters. (a) Number of Cs atoms versus
polariser power. (b) Number of Cs atoms versus polariser detuning, there is
a clear minimum at zero detuning. (c) Number of Cs atoms versus angle of
the polariser λ/4 waveplate. The solid line is a Lorentzian fit to the data.

of the lattice causing the observed loss. Another explanation for the decay
may be the population of higher lattice bands by the atoms. The population
of higher lattice bands allow atoms to tunnel more easily to other lattice sites
causing loss [266].

The number of atoms cooled by DRSC is also strongly dependent on the
detuning of the polariser light from the F = 3 → F ′ = 2 transition. The
maximum number of atoms are trapped for blue detunings between 8 −
12 MHz but almost zero atoms are trapped for a resonant polariser beam.
This is due to the light shift, ∆ELS, of the mF = 1 level by the strong σ+

polariser. For blue detuning mF = 1 is shifted upwards (see Fig. 5.1(a)) in
energy and the cooling performs optimally with only a small dependence on
the magnitude of the detuning. However, when the polariser is near resonant
or red detuned, the mF = 1 level is shifted below mF = 2 level and the
cooling turns into a heating process, causing loss from the lattice.

Figure 5.4(c) shows the dependence of the atom number on the polarisation
of the polariser beam. The cooling performance works optimally when the
strong heating σ− component is minimised. The angle of the λ/4 was first
set by using the polariser beam as an optical pumping beam for magnetic
recapture. This verified the magnetic field measurements by performing op-
tical pumping with a small bias field. Then, once DRSC was observed and



Chapter 5. A Quantum Degenerate Gas of Cs 110

0 5 10 15 20 25 30

DRSC Time (ms)

0

1

2

3× 107

C
s

N
u
m

b
er

0

5

10

15

20

25

T
em

p
er

at
u
re

(µ
K

)

Figure 5.5: Number of atoms (solid circles) and temperature (open circles)
after DRSC as a function of cooling time. The dashed line is an exponential
decay fitted to the data.

the magnetic fields were optimised, the waveplate angle was optimised by
maximising the Cs atom number.

Once all these parameters were optimised, we investigated the temporal de-
pendence of the cooling scheme. After the release from the lattice, the atoms
in |F = 3,mF = +3〉 are magnetically levitated for 60−80 ms by a 31.3 G/cm
magnetic field gradient and subsequently imaged using absorption imaging.
The temperature of the atoms was measured using time of flight expansion.
Care must be taken when using when measuring the temperature using the
levitated TOF technique as the horizontal width of the cloud is effected by
the combined curvature of the MOT and Bias coils. Therefore, only the ver-
tical expansion is used when measuring the temperature. Figure 5.5 shows
the dependence of the temperature and number on the length of the DRSC
cooling stage. The cooling occurs rapidly, with the atoms cooled to a few µK
in 5 ms. We observe a decay in the number of atoms for longer DRSC times
which we attribute to be the same effect(s) that caused the loss of atoms
in the polariser power measurements. As a result of these measurements
we typically apply DRSC for 8 ms. The fully optimised DRSC routine uses
4 mm diameter lattice beams (2 mm beams were used in Fig. 5.5), allowing
the production of 6× 107 atoms polarised in the |F = 3,mF = +3〉 state at
a temperature of 1.7 µK. This is a good starting point for the evaporation of
Cs in an optical trap.
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Figure 5.6: Optical dipole traps used for Cs. (a) Rendering of the science
chamber and the two crossed optical dipole traps, the dimple and the reser-
voir. (b) Optical layout of the reservoir and dimple traps. The additional
optical components of the dimple trap were displayed previously in Fig. 4.3
and are not shown here for clarity.

5.3 Optical Trapping of Cs

After the application of DRSC, > 90 % of the Cs atoms populate the
|F = 3,mF = +3〉 state. To enable evaporative cooling, the Cs atoms must
be trapped optically, as they populate a high-field seeking state and cannot
be trapped magnetically. Transfer of this sample into the dimple trap (as
used for Yb) is very inefficient due to the poor mode matching between the
dimple trap (cloud diameter ∼ 100µm) and the sample in the Raman lat-
tice (cloud diameter ∼ 3 mm). When the power in the dimple trap beams
are ramped up, the atoms away from the centre of the beams gain a large
amount of potential energy. The potential energy gained is then converted
into kinetic energy and heats the sample causing poor transfer of the atoms
into the trap.

5.3.1 Reservoir Trap

To mitigate the mode matching problem we installed a large volume reser-
voir trap that is used to transfer the DRSC cooled atoms into the tightly-
confining dimple trap. The two optical traps used for Cs are shown in Fig. 5.6.
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The reservoir trapping light is produced by a 50 W IPG laser operating at
1070 nm. The reservoir trap is composed of two beams crossed at 25◦ with
waists of 640 µm and 440 µm respectively. This crossing angle is small and
far from the 90◦ angle desired but we are constrained to this geometry due to
the lack of usable viewports. The trap is operated in a bow-tie configuration
which allows the recycling of beam power and facilitates the use of larger
beam waists. The desired trap depth of 20 µK is produced using 20 W of
optical power. The trap is aligned to the position of the Cs atoms following
DRSC. Fine adjustment of the alignment may be made by minimising the
amplitude of the COM oscillations of the Cs atoms after loading into the
trap.

Due to the low trap depth, the trap is completely dominated by gravity
in the absence of a magnetic field gradient. This is illustrated by the red
calculated potential in Fig. 5.7(a). For 20 W of power there is no confinement
of Cs atoms in the vertical z direction due to the strong effect of gravity. To
counteract the effect of gravity we employ a magnetic field gradient generated
by the quadrupole coils. This generates an additional magnetic potential of
UMag,z = −mFgfµB

∂B
∂z
z which for the high-field seeking |F = 3,mF = +3〉 Cs

atoms counteracts the gravitational potential. The gravitational potential is
completely cancelled for a field gradient of 31.3 G/cm as shown by the blue
potential in Fig. 5.7(a).

Unfortunately, the application of a magnetic field gradient to counteract the
effect of gravity also produces some anti-trapping along the axial direction
of the trap. This is required by Gauss’s law for magnetism (Maxwell II)
∇·B = 0, which dictates that a vertical magnetic field gradient also produces
a field gradient radially in x and y. The magnetic potential in the horizontal
plane UMag,H is [267, 268]

Umag,H(x, y) = −3
4µBBbias −

1
6
m2g2

µBBbias

(
x2 + y2

)
, (5.1)

where Bbias is the magnetic bias field applied in the z direction. This can be
recast in the form of an inverse harmonic trapping potential

Umag,H(x, y) = Ubias −
1
2mω

2
anti

(
x2 + y2

)
, (5.2)
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Figure 5.7: Effect of magnetic fields on the reservoir trap. Simulated optical
potentials for the reservoir trap using Cs atoms in the |F = 3,mF = +3〉
state. For illustrative purposes the potential minimum has been set to zero for
traps with a finite trap depth. (a) Trapping potential in the vertical direction
for magnetic field gradients 0 G/cm (red), 24 G/cm (green) and 31 G/cm
(blue). (b) Trapping potential in the axial direction for a levitating magnetic
field gradient of 31 G/cm and magnetic bias fields 5 G (grey dashed), 70 G
(purple), 100 G (pink) and 140 G (orange).

with anti-trapping frequency ωanti = g
√

m
3µBBbias

. The effect of anti-trapping
in the axial direction for a small bias field is shown by the grey dotted line
in Fig. 5.7(b). It is evident from Eq. 5.2 that the application of a large bias
field will negate the effect of the anti-trapping in the vertical direction by
shifting the magnetic field zero further from the atoms, thereby reducing the
curvature of the magnetic field at the atoms. The reduction of the anti-
trapping with the application of larger bias fields is shown by the purple and
pink lines in Fig. 5.7(b). However, it is important to note that for Cs in the
|3,+3〉 state, applying a larger bias field typically yields a large scattering
length. For the 70 and 100 G fields used in the potentials shown by the purple
and pink lines, the corresponding scattering lengths are aCs ' 1300 a0 and
1500 a0. These values of the scattering length are very large but fortunately
the initial density in the trap is not. Therefore, the higher scattering lengths
may aid the initial loading of the trap up to a point where the atomic density
becomes too large and the scattering length and hence the bias field must be
reduced.

In addition to the reduction of anti-trapping by moving the field zero away
from the atoms, the Bias coils also provide a small trapping force due to their
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slight deviation from a Helmholtz configuration. Therefore, large bias fields
can not only remove the anti-trapping effect of the gradient but create a 2D
magnetic reservoir trap in the horizontal plane [269]. This effect is shown
by the orange line in Fig. 5.7(b). Unfortunately, it was not possible to reach
these fields with the current setup of the Bias coils, so for loading the trap
we use a bias field of 70 G. The calculated potential for this field is shown
by the purple line in Fig. 5.7(b). The simulation of the trapping potential
shows that this bias field only partially reduces the anti-trapping and does
not cancel the effect completely.

To transfer the DRSC atoms into the levitated trap we switch on the reservoir
trapping light during the lattice off step. Immediately after the DRSC lattice
beams are extinguished we apply a vertical bias field of 7 G using the vertical
shim. This serves to preserve the atomic polarisation and shift the field zero
below the atoms before the levitation gradient is applied. We then begin to
ramp the Bias coil to its final value of 70 G and switch on the quadrupole
gradient to levitate the atoms. Due to the finite rise time of the quadrupole
coil we initially over-levitate the atoms to cancel the velocity acquired from
their brief free-fall. After some empirical adjustments, the magnetic field
gradient is ramped up to 52 G/cm in 3 ms and then ramped down to the
final levitation gradient of 31.3 G/cm in 4 ms. Further improvement of
the initial loading is performed by optimising the MOT compression step
before DRSC. The MOT gradient turned out to be a particularly important
parameter, and was varied to improve the mode matching in the MOT to
DRSC lattice to reservoir trap transfer.

Using this routine we are able to load 2.5×107 atoms at 4 µK into the reservoir
trap. However, after 2 s of plain evaporation, as the atoms equilibrate with
the reservoir trap, this number reduces to 4× 106 at 1.5 µK.

5.3.2 Dimple Trap

Evaporation to quantum degeneracy may be performed in the reservoir trap
[269]. Evaporation by tilting the reservoir trap using the magnetic field gradi-
ent is very efficient as it maintains the initial trapping frequencies throughout
the evaporation. However, for dual-species experiments and molecule pro-
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Figure 5.8: The Cs ‘dimple trick’. (a) Calculated trapping potential of the
Cs reservoir trap. (b) Combined trapping potential of the reservoir (blue)
and dimple (red) traps. (c) Removing the reservoir confinement leads to
evaporation of the reservoir atoms (blue) and leaves a dense, cold sample of
atoms confined solely by the dimple trap (red).

duction we require a common trapping potential for both Cs and Yb. Due to
the absence of a magnetic moment in Yb, the Yb atoms cannot be trapped
in the reservoir because it cannot be levitated with a magnetic field gradient.
With this in mind we decided to produce a Cs BEC using the tried and tested
‘dimple trick’ [270–273], the method used in the first Cs BEC experiments.

The ‘dimple trick’ (illustrated in Fig. 5.8) facilitates transfer of the atoms into
a trapping potential with larger trapping frequencies for efficient evaporative
cooling. The 33 µm and 72 µm dimple beams are ramped up to 80 mW and
200 mW respectively in 150 ms, forming a small dimple within the reservoir
trapping potential. The much lower powers required to trap Cs at this wave-
length meant we only operated the IPG laser at 20 % of its maximum power
(as opposed to 85 % for Yb), corresponding to a power of 20 W out of the
laser head. During the dimple power ramp the reservoir atoms begin to load
into the dimple via elastic collisions. The elastic collision rate at this stage is
fairly high as the bias field remains at 70 G which corresponds to a scattering
length of aCs ' 1300 a0. Although the density of the atoms in the dimple
is increased appreciably, there is negligible heating to these atoms as they
are cooled through collisions with the bath of reservoir atoms. Following a
200 ms hold step we reduce the bias field to 25 G corresponding to a scatter-
ing length of aCs ' 350 a0; this is in order to reduce the three-body loss rate
for the next stages where the density will be increased. We then remove the
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untrapped reservoir atoms by ramping the magnetic field gradient down to
24 G/cm in 400 ms, after which the reservoir beams are extinguished. The
gradient ramp serves to evaporatively cool the reservoir atoms and enhance
the loading of the dimple, during this step we also reduce the bias field to
22 G. After this stage we have 5× 105 Cs atoms trapped in the dimple with
a temperature of 1 µK.

Over the course of the dimple trick the PSD of the sample has increased by
more than 3 orders of magnitude in contrast to a simple adiabatic compres-
sion.

5.4 Cs2 Feshbach Resonances

The high density sample of Cs atoms trapped in the dimple is a good starting
point for investigation of Feshbach resonances. The reason for the investi-
gation of Cs2 Feshbach resonances is twofold. Firstly, investigation of CsYb
Feshbach resonances is one of the key objectives of the experiment, so de-
velopment of techniques to observe Feshbach resonances using a simpler,
single-species sample is useful. Secondly, Cs has a rich Feshbach structure
with many low field resonances [121, 123] that we can use to calibrate our
magnetic field. This is necessary as we currently do not have the capability
to drive RF or microwave transitions between Cs internal states which is the
most commonly used method for precise magnetic field calibration.

The rich Feshbach structure of the Cs |3,+3〉 state is shown in 5.9(a) for low
magnetic fields. Even in this low-field region Cs possesses narrow and broad
Feshbach resonances which offer precise control of the scattering length and
thus the atomic properties. The near threshold bound state that produces the
broad −12 G Feshbach resonance gives Cs its large zero field scattering length
abg = −2400 a0. Cs clearly cannot be condensed at zero field so knowledge
of the scattering length and therefore the magnetic field is crucial.

We begin the Feshbach spectroscopy by preparing Cs atoms in the dimple
trap as outlined in the previous section. Following the preparation in the
dimple, the magnetic field is scanned in discrete steps using the Bias coil
whilst the powers in the dimple beams were reduced to 25 mW and 50 mW
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Figure 5.9: Observation of low-field Cs2 Feshbach resonances. (a) Depen-
dence of the Cs |3,+3〉 s-wave scattering length on magnetic field. Theo-
retical values from [121]. (b) Feshbach spectroscopy of Cs in the 14 − 60 G
region. Normalised Cs number as a function of magnetic field, with 5 Fes-
hbach resonances observed in the 14 − 60 G region. (c) Calibration of the
Bias coil by comparison of the measured resonance positions (in A) to values
from literature (in G) [123]. (d)-(h) Enhanced view of 5 observed Feshbach
resonances corresponding to states (d) −2(33)4g(3). (e) −2(33)6g(5). (f)
−2(33)4g(4). (g) −2(33)4d(4). (h) x2g(2). Coloured dashed lines indicate
the poles of Feshbach resonances extracted from a fit to the spectra.

over 750 ms. We found that searching for Feshbach resonances using a forced
evaporative cooling ramp to T = 500 nK produced higher contrast features
compared to simply holding the atoms in the dimple trap.

The five features observed in the 14 − 60 G range are shown in Fig. 5.9(b).
For clarity the plotted number is normalised to the off-resonant value in each
discrete scan. If the atom number were not normalised, the background
number (away from a Feshbach resonance) varies by over a factor of four.
This is because the three-body recombination loss rate scales ∝ a4 [126], so
for magnetic fields far from the 22 G Efimov minimum in the three-body
loss rate the atom loss is large. Near a Feshbach resonance we observe a
large reduction in the Cs number, with near 100 % contrast in most of the
observed features.
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We directly measure the location of the Feshbach resonance pole by identify-
ing the atom number minimum. The atom number minimum occurs at the
Feshbach pole due to the a4 scaling of the three-body loss rate. This leads
to a maximum in three-body losses where the scattering length diverges. We
find the atom number minimum and hence the resonance position B0 by fit-
ting a Lorentzian profile to the loss feature. The majority of the resonances
found are fairly narrow, with a HWHM of ' 100 mG extracted from the
Lorentzian fit. However, this is not a true measure of the resonance width,
which is defined as the distance between the pole and the zero-crossing of the
scattering length. The broader feature around 48 G (purple), identified as
the −2(33)4d(4) state, has a larger width of 0.41(6) G and displays a much
larger asymmetry than the other features. The asymmetrical feature arises
due to a zero-crossing of the scattering length on the higher-field side of the
resonance (see Fig. 5.9(a)). The reduction in the scattering length near the
zero-crossing results in an increase in the Cs number above the number on
the low-field side of the resonance where the (background) scattering length
is large (a ' 1000 a0). The observation of the pole and the zero-crossing of
this feature allows a quantitative measurement of its width.

We calibrate the field produced by our Bias coils by comparing our measure-
ments (performed as a function of current) to the measurements reported in
Ref. [123]. The linear fit shown in Fig. 5.9(c) yields a value of 0.64(1) G/A.
The small magnetic field offset shown by the non-zero intercept is due to the
magnetic field gradient. The atoms are not centred over the gradient coil field
zero, so they experience a residual magnetic field from this coil. This was ver-
ified by performing the same calibration measurements in a non-magnetically
levitated trap. The magnetic field values plotted along the horizontal axis in
Fig. 5.9 are a result of the field calibration in Fig. 5.9(c).

5.5 Bose-Einstein Condensate of 133Cs Atoms

A high PSD sample of Cs atoms are trapped in the dimple trap with ra-
dial (axial) trap frequencies of 330 (40) Hz. This constitutes an ideal start-
ing point for forced evaporation. We perform forced evaporation at 22 G as
this provides the best ratio of elastic to inelastic collisions. At a scattering
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Figure 5.10: Simplified experimental sequence for the creation of a Cs BEC.

length of aCs = 210 a0 (B ' 22 G) [127] there exists an Efimov minimum
in the three-body recombination rate. Experimentally, the exact magnetic
field used during the evaporation is set by optimising the PSD following an
evaporation ramp. The change in inelastic loss rate in the region around the
Efimov minimum is fairly small and the optimal field value is dependent upon
the atomic density which, for example, may require an increase in the elastic
collision rate at the expense of a larger inelastic collision rate or vice-versa.

We perform the forced evaporation by lowering the power of both dimple
beams over 600 ms, we reduce the power of beam 1 from 80 mW to 20 mW
and beam 2 from 200 mW to 50 mW. This first ramp reduces the temperature
of the atoms to 300 nK. This is followed by a second forced evaporation ramp
lasting 1700 ms, where the power of beam 1 is reduced from 20 mW to 5 mW
and beam 2 from 50 mW to 15 mW. These ramps were determined empirically
by optimising the efficiency at each stage. A simplified experimental routine
showing the steps discussed in this chapter is shown in Fig. 5.10. The whole
experimental routine takes 9 s and is mainly limited by the warm up time of
the 100 W IPG laser used for the dimple trap. BECs of 2 − 3 × 104 atoms
can be produced in just 4 s but the lack of warm up time for the IPG causes
large fluctuations in the number for successive experimental runs.
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Figure 5.11: Bose-Einstein condensation of Cs by evaporative cooling. The
top panels show absorption images taken after 50 ms of levitated time of
flight. The bottom panels show the corresponding horizontal cross-cuts
through the images. The laser power of the optical dipole trap is gradu-
ally reduced, cooling the atoms from a thermal cloud at TCs = 70 nK (left),
across the BEC transition to TCs = 50 nK (middle). Finally, at the end of
evaporation a pure condensate (right) is produced containing 5× 104 atoms.

Following the forced evaporative cooling ramps we observe Bose-Einstein
condensation of the Cs atoms. The dimple trap is switched off and the atoms
are levitated for a 50 ms time of flight before an absorption image is taken.
The BEC transition for Cs is shown in Fig. 5.11. We typically obtain pure
condensates of 4 to 5× 104 atoms, with the onset of degeneracy occurring at
Tc ' 60 nK.

Fig. 5.12 shows the evolution of the PSD from the DRSC cooled cloud to
BEC. The trap frequencies for the DRSC cooled atoms were estimated from
the lattice simulation used earlier to model the Raman lattice. The temper-
ature of the cloud is shown by the red points and the figure clearly shows
how the PSD increases dramatically with successive transfers from DRSC
to reservoir to dimple even though the temperature of the atoms remains
the same. The straight line fit is used to extract the average evaporation
efficiency which we find to be γ = 2.5(1).

We demonstrate the tunability of the intraspecies interactions of the Cs BEC
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Figure 5.12: Evolution of Cs PSD (blue) and temperature (red) during the
experimental routine. The straight line fit is used to extract an average
evaporation efficiency of γ = 2.5(1).

in Fig. 5.13. We measure the size of the Cs condensate after a levitated time
of flight of 70 ms at different magnetic bias fields. In a pure condensate the
initial kinetic energy is negligible and the expansion of the cloud is dictated
by its mean-field energy [230]. By observing the size of the condensate at a
variety of magnetic fields, we explore the tunability of the condensates self-
interaction. At each point on the plot a Cs BEC was produced at a bias
field of 22 G before the dimple beams were switched off and the bias field
jumped to the appropriate value. The BEC was then levitated for 65 ms at
the appropriate bias field and subsequently absorption imaged after a further
5 ms of free time of flight.

By tuning the magnetic field in the 15−25 G region we explore three distinct
regimes of self-interaction. At negative scattering lengths (fields below 17 G)
the condensate collapses due to the strong attractive interactions. This re-
sults in a loss of atoms and an increase in the expansion energy of the atoms
during time of flight, resulting in a larger width. Around 17 G, where the
scattering length crosses zero, the condensate is almost non-interacting. The
interaction energy is close to zero which results in only a small expansion
of the cloud. For positive scattering lengths (fields above 17 G) the interac-
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Figure 5.13: Expansion of a Cs BEC at different magnetic fields. The vertical
width of the Cs condensate is plotted as a function of the magnetic bias field
applied during the 70 ms levitated time of flight. The inset shows absorption
images of the cloud at (a) negative scattering lengths (b) zero scattering
length (c) positive scattering lengths.

tions are repulsive resulting in a stable condensate with a large interaction
energy. This large interaction energy results in a large momentum spread of
the condensate during time of flight.

The lifetime of the Cs BEC is 3.5(5) s which is about half the lifetime of
the Yb BEC. The scattering rate of trap photons at the intensities used are
low but it is reasonable to suggest that the shorter lifetime may be due to
the higher three-body loss rate in Cs. However, when considering the 1

3!

reduction in the three-body rate for a degenerate gas [274], the observed
lifetime is too short to be explained by three-body loss. The most likely
cause of the shortened lifetime is the dimple trapping light provided by the
100 W IPG laser. The high power and large linewidth of these lasers have
been observed to cause large loss in Rb due to short range photoassociation
[275, 276] and by driving two-photon Raman transitions between hyperfine
levels [277]. The losses observed here are evidently not as catastrophic as
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the Rb case because we are still able to produce a Cs BEC. Yet, these effects
could still contribute to a reduced Cs BEC lifetime. In addition, the reduced
lifetime may be caused by the increased intensity noise on the trapping beams
at the end of the evaporation. Although the dimple beams are stabilised by
a feedback servo loop using a two photodiode system, running the IPG laser
at 20 % of its power requires the AOM to attenuate the beam power by
< 1

1000 which corresponds to very small voltages (with low SNR) applied by
the servo to the AOM driver. The fact we can even create a BEC with this
level of attenuation suggests that the performance of the intensity servo is
more than suitable for the higher powers required to confine Yb.

The above issues could be remedied by using an independent, lower-power,
single-mode laser to create the Cs dimple trap. However, the obtainable
lifetime of 3.5 seconds was deemed sufficient for the investigation of the in-
terspecies interactions we pursue in the next chapter.



Chapter 6

Interspecies Thermalisation in
an Ultracold Mixture of Cs and
Yb

With suitable techniques developed and implemented for the cooling to de-
generacy of Yb and Cs independently, we now begin to explore how to com-
bine the two species in a common optical trapping potential. Confinement of
the two species in the same trap enables the study of interspecies interactions
and allows the evaluation of potential routes to double degeneracy in the mix-
ture. An important parameter that characterises interspecies interactions is
the s-wave scattering length. Knowledge of the scattering length is of tanta-
mount importance for the prediction of interspecies Feshbach resonances and
in the appraisal of different approaches for preparing the ultracold mixture.

Similarly to the intra-species scattering length, the inter-species scattering
length has an ideal value in the region of a few tens of bohr radii to a few
hundred bohr radii. A scattering length which is too small or too large means
that sympathetic cooling of a species will be inefficient due to inelastic losses
occurring on similar timescales to thermalisation by elastic collisions. This
necessitates the independent cooling of both species and later combination
into a combined trapping potential. Additionally, large interspecies scatter-
ing lengths may cause a mixture of two BECs to phase separate due to the
dominant repulsive interactions. This is problematic for the efficient prepa-

124
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ration of molecules as the formation efficiency is related to the overlap of
the two species and their phase space densities. This immisciblility problem
arises in the RbCs system [252] which necessitates that magnetoassociation
be performed on a thermal sample [133, 135]. The creation of a miscible two-
species condensate requires that g2

CsYb < gYbYb gCsCs, where the interaction
coupling constants are [278]

gij = 2π~2aij

(
mi +mj

mimj

)
. (6.1)

The magnitude of the scattering length may be calculated from elastic cross
sections. Elastic cross sections are measured by observing the thermalisation
of two species in thermal contact, an experiment which is usually performed
with two species confined in the same trapping potential. This technique is
not as accurate as two-photon photoassociation spectroscopy, which we later
perform, but still allows the scattering lengths of multiple CsYb isotopologs
to be evaluated.

In this chapter we present the preparation of a mixture of Cs and Yb
in the dimple trap and first measurements of the scattering properties of
133Cs+174Yb and 133Cs+170Yb. We measure interspecies thermalisation of
the mixture in the dimple trap and use a kinetic model to extract effective
thermalisation cross sections. Comparison of the extracted cross sections to
quantum scattering calculation allows us to evaluate the scattering lengths
of all seven CsYb isotopologs. The results of this chapter are published in
Ref. [254].

6.1 Preparation of a Mixture of Cs and Yb

The routine for the preparation of both Cs and Yb builds upon the techniques
developed for the independent cooling of the two species. However, combined
trapping of the two species is more complex than the individual single species
approaches due to the contrasting properties of Cs and Yb. Yb has a moder-
ately low polarisability at the trapping wavelength (αYb (1070 nm) = 160 a3

0)
so that, for the powers used in the thermalisation measurements, Yb atoms
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are trapped only in the part of the potential where the two dimple beams
overlap. Cs, on the other hand, has a much larger polarisability at the trap-
ping wavelength (αCs (1070 nm) = 1140 a3

0), creating a trap deep enough that
Cs atoms are confined both inside and outside the crossed-beam region of
the dimple. Some Cs atoms thus experience a trapping potential dominated
by just a single dimple beam. The trapping potential for Cs in the axial
direction therefore looks remarkably similar to the combined reservoir and
dimple trap used for the preparation of Cs BEC.

A summary of the experimental sequence used for the thermalisation mea-
surements is shown in Fig. 6.1. The two species are sequentially loaded into
the dipole trap to avoid unfavourable inelastic losses from overlapping MOTs.
We observe a significant drop in the Cs number when the Cs MOT is oper-
ated in the presence of the 399 nm Yb Zeeman slower light. This drop in
number is likely due to ionisation of Cs atoms in the 6 2P3/2 state. We choose
to prepare Yb in the dimple trap first due to the much longer loading time
of the MOT and its insensitivity to magnetic fields. We first load the Yb
MOT for 10 s, preparing 5× 108 atoms at T = 140µK [176], before ramping
the power and detuning the MOT beams to cool the atoms to T = 40µK.
We load 1.8× 107 atoms into the dimple with a trap depth of UYb = 950µK.
We then evaporatively cool the atoms by exponentially reducing the trap
depth to UYb = 5µK in 7 s, producing a sample of 1 × 106 Yb atoms at a
temperature of T = 550 nK. This sequence is similar to the preparation of
174Yb BEC in Section 4.2.1 but here the evaporation is halted before the
BEC phase transition. At this stage the Yb trap frequencies as measured by
center-of-mass oscillations are 240 Hz radially and 40 Hz axially.

Once the Yb is prepared in the dipole trap, the Cs MOT is loaded for 0.15 s,
at which point the MOT contains 1× 107 atoms. The Cs MOT is then com-
pressed via ramps to the magnetic field, laser intensity and detuning before it
is overlapped with the dimple using shim coils. The Cs atoms are then further
cooled by optical molasses before transfer into a near-detuned lattice with
P = 100 mW, where the atoms are then polarized in the |F = 3,mF = +3〉
state and cooled to T = 2µK with 8 ms of DRSC. During this stage 9× 104

atoms are transferred into the dimple and the magnetic bias field is set to
22 G, corresponding to the Efimov minimum in the Cs three-body recombi-
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Figure 6.1: Simplified experimental sequence. The Yb MOT is loaded, then
cooled and compressed to facilitate subsequent loading into the dimple trap.
The Yb is then evaporated in the dimple by ramping the trap depth until
a temperature of T = 550 nK is reached. The displaced Cs MOT is loaded
before it is compressed, cooled and transferred into a near-detuned optical
lattice for DRSC. The DRSC stage loads Cs into the dimple, where it is held
with Yb for a variable time t before the trap is switched off and the atoms
are destructively imaged after a variable time of flight using dual-species
absorption imaging.

nation rate [127]. During the transfer the atoms are heated to T = 5µK.
The heating and poor efficiency of the transfer into the dimple are due to the
poor mode matching of the DRSC-cooled cloud and the deep dimple trap
(UCs = 85µK). The ratio of trap depths UCs/UYb = 15.5 is greater than
the ratio of the polarisabilities αCs/αYb = 7.1 due to the effect of gravity on
the weak Yb trap. The ratio of the mean trap frequencies between the two
species is ωCs/ωYb = 3.1. Given the tightly confining trap for the Cs atoms,
we do not use the reservoir trap for the transfer into the dimple as the heating
of the sample is large and the overlap with the dimple trap causes large loss
of Yb atoms due to sympathetic evaporation. Therefore, to better observe
sympathetic cooling we desire a large number imbalance in the favour of Yb.

The thermalisation measurements begin with a mixture of 1× 106 Yb atoms
in their spin-singlet ground state 1S0 and 9× 104 Cs atoms in their absolute
ground state 2S1/2 |3,+3〉. For each experimental run the number and tem-
perature are determined by quickly turning off the dimple after a variable
hold time and performing resonant absorption imaging of both species after
a variable time of flight.
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6.2 Interspecies Interactions

In order to simulate sympathetic cooling of two distinct atomic species, a
simple kinetic model can be used. Here we will derive a system of 4 coupled
equations which describe the evolution of the number (NCs, NYb) and tem-
perature (TCs, TYb) of the two species. These can then be solved numerically
for given initial conditions and be compared with experimental results (see,
for example, Fig. 6.2). Differentials with respect to time are denoted with
a dot above the symbol, for example Ṅ . Here we draw together different
elements from several similar models [73, 126, 225, 279–283].

We first consider single-species effects, starting with evaporative cooling. If
the temperature of the species is not far enough below the trap depth Ui then
atoms with sufficient energy may evaporate from the trap. The dimensionless
parameter ηi = Ui/kBTi characterizes the trap depth relative to the tempera-
ture. Assuming that kBTi is small compared to Ui, atoms with energy greater
than the trap depth are produced at a rate of Γiiηi exp(−ηi) [225, 279]. The
total effective hard-sphere elastic collision rate Γii is conveniently written as
Niγii where the effective mean collision rate per atom is

γii = 〈ni〉sp σiiv̄ii, (6.2)

where σii is the elastic scattering cross-section, v̄ii =
√

16kBTi/πmi is the
mean velocity, mi is the mass of species i and the mean density is given by

〈ni〉sp = Ni

8

(
miω

2
i

πkBTi

)3/2

, (6.3)

where ωi = 3
√
ωxωyωz is the mean trap frequency. When an atom evaporates

from the trap, it carries away an average energy εevap = (ηi + κi)kBTi, where
κi = (ηi− 5)/(ηi− 4) [281]; this expression for κi is appropriate if kBTi � Ui

and Ui is harmonic near the minimum, as is the case in our experiment. The
evolution of number and total energy of the ensemble due to evaporation is
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therefore

Ṅi,evap = −Niγiiηi exp(−ηi), (6.4)

Ėi,evap = (ηi + κi)kBTiṄi,evap. (6.5)

The evolution of the temperature can be derived from the relation

3kB
(
TiṄi + ṪiNi

)
= Ėi, (6.6)

to give
Ṫi,evap = ηi exp (−ηi) γii

(
1− ηi + κi

3

)
Ti. (6.7)

If present, inelastic or reactive two-body collisions could also be included in
this model. However, since both Cs and Yb are in their absolute ground
state, two-body collisional losses are fully suppressed for our case.

The effect of collisions with background gas is included through the terms

Ṅi,bg = −KbgNi, (6.8)

Ėi,bg = 3kBTiṄi,bg, (6.9)

where Kbg is the background loss rate, which is taken to be the same for
both species. There is no corresponding change in temperature as the loss
does not preferentially affect either warmer or cooler atoms.

The inclusion of three-body collisions is essential for this system, due to the
large three-body loss coefficient in Cs. The loss rate is given by

Ṅi,3 = −Ki,3
〈
n2
i

〉
sp
Ni, (6.10)

where 〈n2
i 〉sp =

√
64/27 〈ni〉2sp and Ki,3 is the three-body loss coefficient.

Because of the density dependence of three-body collisions, atoms are pref-
erentially lost from the high-density region near the center of the trap. The
potential energy in this region is lower than the ensemble average, meaning
an average excess energy of 1 kBT remains in the trap for each atom that is
lost [126]. In addition to this effect, when three-body recombination produces
an atom and a diatom in a state very near threshold, the energy released may
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be small enough that the atom is not lost, but remains trapped along with
a fraction of the energy released [126]. This heating contributes kBTi,H per
lost atom. The combination of these two effects gives

Ėi,3 = (2Ti − Ti,H) kBṄi,3, (6.11)

Ṫi,3 = Ki,3
〈
n2
〉 Ti + Ti,H

3 . (6.12)

We now consider interspecies collisions and the thermalisation they cause, as
the modelling of these collisions is our primary purpose. The average energy
transfer in a hard-sphere collision is [280]

∆ECs→Yb = ξkB∆T, (6.13)

where ∆T = TCs − TYb and

ξ = 4mCsmYb

(mCs +mYb)2 , (6.14)

reduces the energy transfer for collisions between atoms of different masses.
If the collisions are not classical hard-sphere (or purely s-wave) in nature,
then different deflection angles Θ should be weighted by a factor of 1− cos Θ
[284, 285] and the average energy transferred per collision varies from Eq.
6.13. Such effects are not included explicitly in this simple kinetic treatment,
so the resulting cross sections and collision rates should be interpreted as
effective hard-sphere quantities. We include the effects of deflection angles
when we calculate thermalisation cross sections from scattering theory.

In the hard-sphere model, the total energy transferred is just the average
energy transferred in a hard-sphere collision multiplied by an effective hard-
sphere collision rate ΓCsYb, giving

ĖCs,therm = −ξkBΓCsYb∆T, (6.15)

ĖYb,therm = +ξkBΓCsYb∆T, (6.16)
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and

ṪCs,therm = −ξΓCsYb∆T
3NCs

, (6.17)

ṪYb,therm = +ξΓCsYb∆T
3NYb

. (6.18)

Since thermalisation collisions do not produce loss, Ṅi,therm = 0. We can
relate the effective rate to an effective cross section σCsYb through the relation
ΓCsYb = n̄CsYbσCsYbv̄CsYb. Here,

v̄CsYb =
√

8kB

π

(
TYb

mYb
+ TCs

mCs

)
, (6.19)

is the mean collision velocity. The spatial overlap n̄CsYb is found by integrat-
ing the density distributions of the two species

n̄CsYb =
∫

[nCs,single (r) + nCs,cross (r)]nYb (r) d3r

= NYb
m

3/2
Ybω

3
Yb

2πkB

 NCs,single(
TYb + β−2

singleTCs
)3/2

+ NCs,cross

(TYb + β−2
crossTCs)3/2

 , (6.20)

where β2
j = mCsω

2
Cs,j/mYbω

2
Yb, where j = {single, cross} denotes the different

cases for Cs atoms trapped in the crossed- and single-beam regions. Eq.
6.20 holds true for two clouds centred at the same position. However, due
to the large difference in trapping potentials between the two species, Yb
experiences a greater gravitational sag than the tightly trapped Cs. For the
case of two clouds spatially separated by ∆z, the spacial overlap must be
reduced by a factor

Fz (∆z) = exp
(
−

mYbω
2
Yb,z∆z2

2kB (TYb + β−2TCs)

)
. (6.21)

In our case, where the displacement of the clouds is in the z direction due to
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gravitational sag and

∆z = g

(
1

ω2
Cs,z
− 1
ω2

Yb,z

)
, (6.22)

where g is the acceleration due to gravity.

Combining all these contributions results in coupled equations for the number
Ni and temperature Ti of the two species

Ṅi = −Niγiiηi exp(−ηi)−KbgNi −Ki,3
〈
n2
i

〉
sp
Ni, (6.23)

Ṫi = ηi exp(−ηi)γii
(

1− ηi + κi
3

)
Ti +Ki,3

〈
n2
i

〉
sp

(Ti + Ti,H)
3

± ξΓCsYb∆T (t)
3Ni

+ Ṫi,dimple, (6.24)

where i = {Yb,Cs} and 〈. . .〉sp represents a spatial average. We choose to
neglect the three-body loss coefficient for Yb, KYb,3, because we do not ob-
serve any evidence of three-body loss on the experimental timescale in single-
species Yb experiments. The Cs three-body loss coefficient is measured to
be KCs,3 = 1+1

−0.9×10−26 cm6/s at the bias field used in the measurements. In
addition to the above terms, Ṫi,dimple is added as an independent heating term
to account for any heating from the trapping potential, such as off-resonant
photon scattering1 or additional heating effects due to the broadband nature
of the trapping laser [275, 277, 286, 287]. The heating rate for Yb alone is
found to be zero within experimental error, so ṪYb,dimple is fixed at 1 nK/s,
which is the predicted heating rate due to off-resonant photon scattering.

6.3 Measuring the Elastic Cross Section

Figure 6.2 shows the number and temperature evolution of Cs and 174Yb
atoms, with and without the other species present. The smaller initial num-
ber of Cs atoms is chosen to reduce the density of the Cs such that the effects
of three-body recombination play a relatively small role in the thermalisa-

1Estimated to be 60 nK/s for Cs using our trap parameters.
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Figure 6.2: Results of thermalisation experiments. (a) and (b) show the
evolution of the Cs number and temperature as a function of hold time t. (c)
and (d) show the 174Yb number and temperature as a function of the same
hold time. Filled symbols indicate the presence of both Cs and 174Yb in the
dimple, whereas open symbols indicate the presence of only one species in
the trap. For the Cs number, triangles indicate the number in the single-
beam region of the trap and circles the number in the crossed-beam region,
while dotted lines show the interpolating functions used to constrain the Cs
number in the model. The dashed line shows the result of our kinetic model
with only one species trapped and the solid line shows the result for the
two-component mixture.

tion2. Treatment of the number evolution of the Cs atoms requires careful
attention due to the presence of Cs atoms both in the crossed-beam region of
the trap and in the wings, where confinement is due to only a single dimple
beam. Although the Cs atoms in the crossed- and single-beam regions are
in thermal equilibrium, the atoms have different density distributions due to
the different potentials experienced. This is an important effect to consider
when calculating the spatial overlap of the Cs and Yb atoms.

Atoms in the crossed-beam region are distinguished in absorption images by
using a small range of interest (ROI) over the crossed-beam region of the
trap and the atom number is extracted from cross-cuts of the image in the
axial direction of the trap. We measure the total number of Cs atoms using

2We find that a larger initial density of Cs atoms results in a larger final temperature
difference between the two species and a greater loss of Cs atoms during the thermalisation.
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an ROI over the entire cloud and extract the atom number from cross-cuts
of the image in the radial direction of the trap. The number of atoms in the
single-beam region is simply the difference between the total number and the
number in the crossed-beam region.

We observe an increase in the number of Cs atoms trapped in the crossed-
beam region of the trap in the presence of Yb, which we attribute to inter-
species collisions aiding the loading of this region. We do not observe any
Cs atoms loaded into the crossed-beam portion of the trap in the absence
of Yb, so the number is not plotted in this case. For the Cs atoms in the
single-beam region, we estimate the axial trapping frequency to be the same
as for a single-beam trap, 5 Hz and the radial frequencies to be the same as
in the crossed-beam region.

We observe a decay of the Yb number throughout the thermalisation. The
timescale of this decay is much shorter than single-species 1/e background
lifetime of 15 s and we attribute the number loss to sympathetic evaporation
[288]. The small change in the Yb temperature is explained in part by the
evaporation of hotter atoms and also by the large number ratio NYb/NCs,
which causes the final mean temperature of the sample to be close to the
initial Yb temperature. In contrast to Yb, we observe a large change in the
temperature of the Cs atoms for short times due to elastic collisions with
the Yb atoms. However, for longer times we see the two species reach a
steady state at two distinct temperatures. The higher final temperature for
Cs results from a Cs heating rate that balances the sympathetic cooling rate.

The coupled equations (6.23) and (6.24) are solved numerically. We perform
least-squares fits to the experimental results to obtain optimal values of the
parameters σCsYb, TCs,H and ṪCs,dimple. The solid lines in Fig. 6.2 show the
results of the fitted model, while the dashed lines show the results in the
absence of interspecies collisions. Fig. 6.2(a) does not include model results,
because our analysis does not include the kinetics of Cs atoms entering and
leaving the crossed-beam region. We instead constrain the number of Cs
atoms inside and outside this region using interpolating functions (dotted
lines in figure) matched to the experimentally measured values.

Since the origin of the heating present on long timescales is unknown, we ini-
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Figure 6.3: Effect of gravitational sag on the Cs−Yb overlap. Trapping
potentials for Cs (red) and Yb (green) in the vertical direction alongside
density distributions for the two species after a hold time of 400 ms. Vertical
dotted lines denote the centre position of the Cs (red) and Yb (green) clouds.

tially fitted both TCs,H and ṪCs,dimple. We found that these two parameters are
strongly correlated, with a correlation coefficient of 0.99 [289]. We therefore
choose to extract the parameter ṪCs,Heat corresponding to the total heating
rate from both recombination heating and heating due to the trap. As shown
in Fig. 6.2, the best fit, corresponding to σCs174Yb = 5(2)× 10−13 cm2 and
ṪCs,Heat = 4(1)µK/s, describes the dynamics of the system well. The large
fractional uncertainty in the value of the elastic cross section is primarily due
to the large uncertainty in the spatial overlap. We have investigated the ef-
fect of systematic errors in the measured parameters of our model and found
that the uncertainty in the trap frequency is dominant and is larger than the
statistical error. Inclusion of the correction (Eq. 6.21) is important because
the weaker confinement of Yb produces a vertical separation between the
two species, reducing the spatial overlap. Initially Fz (∆z) ∼ 0.75. Over the
timescale of the measurement the spatial overlap reduces further due to the
decreasing width of the Cs cloud as it cools. The final value of Fz (∆z) ∼ 0.6.
The effect of gravitational sag on the Cs−Yb overlap is illustrated in Fig. 6.3.
It is evident how the overlap will decrease as the Cs cools and the density
distribution narrows. The figure also illustrates the contrasting traps for the
two species; the very weak Yb trap is strongly effected by gravity whereas
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the Cs trap provides very strong confinement.

Although the total heating rate extracted from the fit is large, ṪCs,Heat =
4(1)µK/s, it results from the sum of two heating mechanisms, recombination
heating and heating from the optical potential. The value for recombination
heating is reasonable because the Cs trap depth of 85 µK is large enough to
trap some of the products of the three-body recombination event. For our
scattering length, aCsCs ≈ 250 a0, TCs,H is still within the range of 2ε/9 and
ε/3 proposed by the simple model in Ref. [126], where ε = ~2/mCs (aCsCs − ā)2

with ā = 95.5 a0 for Cs. We also cannot rule out any heating effects due to
the broadband nature of the trapping laser [275, 277, 286, 287] which may
inflate the value of ṪCs,Heat above the simple estimate of 60 nK/s based upon
off-resonant scattering of photons. We find that varying the value of the
total trap heating rate ṪCs,Heat over a large range changes the extracted cross
section by less than its error.

For the measurements presented in Fig. 6.2, we deliberately use a low initial
density of Cs atoms to avoid three-body recombination collisions dominating
the thermalisation. This necessitates use of the weakest possible trap and
restricts the number of Cs atoms to 9× 104. However, due to the large ratio
of polarisabilities between Cs and Yb (and the effect of gravity), this results
in a very shallow trap for Yb. Preparation of Yb atoms in this shallow trap
requires that the intraspecies scattering length be favourable for evaporation.
At the time of these measurements the Yb isotopes we were able to study
was limited to 170Yb and 174Yb. In Fig. 6.4 we present our thermalisation
measurements for 170Yb alongside those for 174Yb. From the fit to the tem-
perature we extract an effective cross section σCs170Yb = 18(8)× 10−13 cm2

and ṪCs,Heat = 5(2)µK/s. The larger interspecies cross section allows Cs to
be cooled to a lower equilibrium temperature. Due to the difference in the
natural abundance (31.8% for 174Yb and 3.0% for 170Yb [178]) and the in-
traspecies scattering lengths (a174 = 105 a0 and a170 = 64 a0 [179]) we obtain
a number of 170Yb atoms which is half that of 174Yb, leading to a greater
final temperature for 170Yb.
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Figure 6.4: Thermalisation measurements of Cs (red circles) and Yb (green
squares) as a function of hold time in the dimple with the other species
present. The filled symbols are for 174Yb as coolant and open symbols are
for 170Yb as coolant. The solid (dotted) lines shows the best fit of our model
for 174Yb (170Yb) isotope as coolant.

6.4 Scattering Lengths of CsYb Isotopologs

Except near narrow Feshbach resonances, CsYb collisions can be treated
as those of two structureless particles with an interaction potential V (R),
which behaves at long range as −C6R

−6. The scattering length for such a
system may be related to vD, the non-integer vibrational quantum number
at dissociation, by

a = ā
[
1− tan

(
vD + 1

2

)
π
]
, (6.25)

where ā = 0.477988 . . . (2µrC6/~2)1/4 is the mean scattering length [109] and
µr is the reduced mass. For CsYb, with ∼ 70 bound states [88], changes in
the Yb isotope alter vD by less than 1, so that the scattering lengths for all
possible isotopologs may be placed on a single curve. Determination of the
scattering length for one isotopolog allows predictions for all others.

The connection between scattering lengths and effective cross sections for
thermalisation may be made at various different levels of sophistication. At
low temperatures, in which atomic scattering takes place purely in the s-wave
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regime, the cross section between distinguishable particles is

σ = 4πa2
CsYb

1 + k2a2
CsYb

, (6.26)

where k =
√

2Ethµr/~2 is the wave vector associated with the collision. Note
that the prefactor in the numerator is 4 here as the particles in the Cs+Yb
collision are distinguishable. For identical particles, like those considered in
the calculation of an intraspecies elastic cross section, the factor would be
8. In the ultracold limit where kaCsYb << 1; the de Broglie wavelength is
much larger than the scattering length. In this regime the cross section is
independent of the collision energy σel = 4πa2. Various energy-dependent
corrections to σel may be included, such as effective-range effects or higher
partial waves. However, when higher partial waves contribute to the scat-
tering, it is important to replace σel with the transport cross section σ(1)

η ,
which accounts for the anisotropy of the differential cross section [284, 285].
p-wave scattering contributes to σ(1)

η at considerably lower energy than to σel,
because of the presence of interference terms between s waves and p waves.

Calculations of σ(1)
η were performed by Jeremy Hutson’s group at Durham

University. The value of σ(1)
η was calculated explicitly from scattering calcu-

lations as described in Ref. [285], using the CsYb interaction potential of Ref.
[88]. The resulting energy-dependent cross sections are thermally averaged
[284],

σCsYb(T ) = 1
2

∫ ∞
0

x2σ(1)
η (x)e−x dx, (6.27)

where x = Eth/kBT is a reduced collision energy. The thermal average is
performed at the temperature T = µr(TCs/mCs+TYb/mYb) that characterizes
the relative velocity. Note that Eq. 6.27 contains an extra factor of x because
higher-energy collisions transfer more energy for the same deflection angle.

The scattering length of Eq. 6.25 depends only on the fractional part of vD.
Small changes in the integer part of vD have little effect on the quality of
fit. Therefore, the experimental cross sections are fitted by varying the inter-
action potential of Ref. [88] by the minimum amount needed, retaining the
number of bound states. The magnitude of its short-range part is varied by
a factor λ to vary the scattering length, while keeping the long-range part
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Figure 6.5: Top panel: thermalisation cross sections as a function of reduced
mass, calculated on potentials optimized using the thermally averaged σ(1)

η

given by Eq. 6.27 (black solid line) and the approximation σ = 4πa2 (red
dashed line). Points show experimentally measured cross sections and error
bars correspond to 1 standard deviation. Bottom panel: Calculated scatter-
ing length as a function of reduced mass for the potential optimized using
σ(1)
η . Vertical lines correspond to stable isotopes of Yb. Horizontal lines

correspond to 0, ā and 2ā.

−C6R
−6 fixed, with C6 taken from Ref. [88]. The scattering calculations

performed by Matthew Frye and Jeremy Hutson used the MOLSCAT pack-
age [290], with the SBE post-processor [291] to evaluate σ(1)

η from S-matrix
elements.

The optimal values of the potential scaling factor λ are found by least-squares
fitting to the experimental cross sections. The fit using cross sections from
Eq. 6.27 is shown by the solid line in the upper panel of Fig. 6.5. Also shown
(dashed line) is a fit using the approximation σ = 4πa2, with a obtained
from scattering calculations using MOLSCAT. The full treatment of Equa-
tion (6.27) gives a better fit than the approximation and it may be seen that
there are large deviations between the two approaches for certain reduced
masses. These large deviations are shape resonances; a quasibound state
with E > 0 trapped behind the `-wave (where ` = s, p, d etc.) centrifugal
barrier. The p- and d-wave shape resonances that arise in Fig. 6.5 occur
when a is close to 2ā and ā respectively [292].
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It is remarkable that even though the temperatures of both species are well
below the p-wave barrier height of ∼ 40 µK, there is still considerable tun-
nelling through the barrier, which makes important contributions to the ther-
malisation cross sections σ(1)

η because of the interference between s-wave and
p-wave scattering.

Typically, measurements of the scattering cross section yield only the mag-
nitude of the scattering length due to the a2 dependence of the cross section.
However, the mass scaling approach allows both the sign and magnitude of
the scattering length to be determined from the scaling of the scattering
length (cross section) with the reduced mass of the system. The scattering
lengths predicted using the best fitted interaction potential are shown in the
lower panel of Fig. 6.5 for all isotopologs of CsYb. The statistical uncer-
tainties in the scattering lengths are quite small, a = 90(2) a0 for Cs170Yb
and −60(9) a0 for Cs174Yb. The fractional error is smaller for 170Yb than for
174Yb, because Cs170Yb is in a region of reduced mass µr where a varies only
slowly with µr and is mostly determined by ā, which is accurately known.
The systematic uncertainties arising from errors in the number of bound
states and the kinetic modelling are harder to quantify, but the qualitative
features are reliable. The interspecies scattering lengths are moderately pos-
itive for Yb isotopes from 168 to 172, close to zero for 173 and moderately
negative for 174. The scattering length for Cs176Yb is predicted to be very
large, which may produce relatively broad Feshbach resonances [88].

The interspecies scattering lengths obtained above show that both Cs+174Yb
and Cs+170Yb BEC mixtures will be miscible at the magnetic field required
to minimize the Cs three-body loss rate. Moreover, Fig. 6.5 shows that
the interspecies scattering length is predicted to be of moderate magnitude
(< 200 a0) for all Yb isotopes except 176Yb. It should thus also be possible
to create stable, miscible quantum-degenerate Cs+Yb mixtures for the less
abundant 168Yb bosonic isotope and the two fermionic isotopes, 171Yb and
173Yb. Note that the intraspecies scattering length for 172Yb is large and
negative [179], precluding the creation of a large condensate.
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One-Photon Photoassociation

Photoassociation is an important tool in the field of ultracold AMO physics
[51]. It extends the fantastic progress of precision spectroscopy in ultracold
atoms into the molecular domain. The technique allows precise measure-
ments of molecular potentials useful for characterising atomic interactions
and for studies of quantum chemistry [5]. Photoassociation performed in a
lattice allows precision spectroscopy of molecular transitions in a Doppler-
and recoil-free environment similar to atomic clocks [293, 294]. These molec-
ular clocks are a useful tool for the study of fundamental physics due to
their sensitivity to the variation of fundamental constants such as the fine
structure constant α and the proton-electron mass ratio [2, 9, 295].

Photoassociation also offers an alternative route to the creation of ground
state molecules. Molecules may be produced in a carefully selected electron-
ically excited molecular state with favourable overlap between the ground
state wavefunction and the electronically excited wavefunction. This wave-
function overlap, or Franck-Condon factor, can lead to a large number of
molecules accumulating in the ground state due to the decay of the excited
molecule. This technique has been used to continuously produce ultracold
ground state molecules from an atomic sample [53, 54, 156–159].

There is also burgeoning interest in the all-optical production of ultracold
molecules through coherent light-assisted techniques such as Free-Bound STI-
RAP in an optical lattice [107, 108]. Optical association techniques are the
only viable option for the creation of ground state molecules in closed shell

141
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systems such as Sr, Yb and Ca. These systems have no Feshbach reso-
nances that can be used to magnetoassociate ground state atoms because of
the absence of electronic spin in the atomic ground state. The Free-Bound
STIRAP association technique is also of interest to systems where experi-
mentally accessible Feshbach resonances exist but with widths unsuitable for
magnetoassociation. Such systems are known to include LiYb and RbYb.
However, many systems, including CsYb, require further experimental inves-
tigation before magnetoassociation using predicted Feshbach resonances is
verified to be possible.

Photoassociation in a MOT is the most tried and tested method of exploring
the vibrational levels of the excited molecular potential. Unfortunately, a
dual species MOT of Cs and Yb is difficult to prepare in our current ex-
perimental apparatus due to our dual-species Zeeman slower design. While
the design of the Zeeman slower allows optimal field profiles for sequential
loading of both species, it prohibits loading both simultaneously. The field
profiles required for both species are very different and the low capture ve-
locity of the Yb MOT imposes a strict penalty on any deviations from the
ideal settings. Dual-species MOT operation is also complicated by balanc-
ing the MOT conditions for both species, the contrast is especially stark in
the case of alkali-Yb mixtures due to the narrow-linewidth of the Yb MOT,
although such problems in alkali-Yb dual species MOTs have been overcome
[296–298]. Further, the 399 nm Yb Zeeman slowing light is seen to ionise
the excited state population of the Cs MOT. For these reasons we instead
choose to use the more accurate but much more time-consuming method of
photoassociation in an optical dipole trap.

In this chapter we present our laser system used for photoassociation of Cs2

and CsYb molecules. Initially, we investigate the Cs2 system using our pho-
toassociation setup. Then, photoassociation spectroscopy is used to produce
Cs∗Yb molecules and to measure the binding energies of the electronically ex-
cited CsYb 2(1/2) state. In addition, we also explore the properties of these
long-range molecules. One-photon photoassociation is a critical step towards
the two-photon photoassociation measurements that allow the precise de-
termination of the interspecies scattering length. However, the applications
of these measurements extend beyond the identification of an intermediate
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state, as these measurements constitute a precise study of the long-range
part of the 2(1/2) state. In the absence of any experimental data on CsYb
molecular potentials, the measurements presented in this chapter form a
starting point for identification of a two-photon pathway to the CsYb molec-
ular ground state. The Cs∗Yb results presented in this chapter are published
in Ref. [299].

7.1 Theory

The creation of CsYb molecules using photoassociation is our first encounter
with molecules in the experiment. Therefore, I shall present a brief intro-
duction into the molecular physics required to understand the results later
in the chapter.

7.1.1 Molecular Potentials

In the present case we shall consider only diatomic molecules formed from two
non-relativistic atoms. By taking into account the electrostatic interactions
of the two atoms, one can calculate the potential energy of the atomic pair as
a function of interatomic distanceR. An example of these Born-Oppenheimer
potentials is shown in Fig. 7.1. These potentials can be broken down into
two distinct regions, the short-range region and the long-range region.

In the short-range region the electron clouds are distorted by the presence of
the second atom. The interactions here are complex and require the inclu-
sion of many additional atomic configurations to obtain accurate molecular
potentials. Models of the short-range potential are therefore limited to ap-
proximate methods.

This complexity at short-range is in stark contrast to the long-range be-
haviour, where the molecular wavefunction may be accurately described by
the product of two atomic wavefunctions. The molecules produced through
photoassociation may be described as ‘Physicist’s Molecules’ to illustrate
their similarity to the case of two free atoms. The properties of these
molecules (similar to atomic collisions) are well described by the long-range
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Figure 7.1: The four energetically lowest Born-Oppenheimer potentials of
the CsYb molecule as a function of internuclear distance R. The molecular
curves plotted here are adapted from Ref. [300].

part of the molecular potential. The molecules produced through photoasso-
ciation allow sensitive measurements of the long range part of the molecular
potential. The similarity between the photoassociated long-range molecules
and two colliding atoms allows photoassociation to be used as a probe of the
collisional wavefunction, enhancing our understanding atomic collisions.

The long-range potentials are typically described by asymptotic dispersion
coefficients

V (r) = −Cn
rn
− Cm
rm
− ..., (7.1)

where V (r) is the interaction potential. For two ground state atoms the in-
teraction is limited to Van-der-Waals interactions, described by an attractive
C6/R

6 term. For excited molecular states, where one atom is in an excited
state, the leading term is the resonant dipole-dipole C3/R

3 term, if the two
atoms are identical. In heteronuclear molecules where the two atoms are
non-identical, the excited molecular potential is described by a C6 coeffi-
cient like in the ground state. The difference in excited potentials between
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homo- and heteronuclear molecules leads to considerable differences in the
photoassociation spectra.

7.1.2 Angular Momentum Coupling in Molecules

It is typical in many molecules for both electronic orbital and electronic spin
angular momentum to be present. The procession of the electronic angular
momentum, L, around the internuclear axis of a diatomic molecule leads to
a new quantum number, Λ, describing the projection of the orbital angular
momentum along the internuclear axis. The spin angular momentum, S, is
the total spin quantum number of the constituent atoms. In bi-alkali systems
the different orientations of the atomic spins can produce singlet, S = 0, and
triplet, S = 1, molecular potentials in the ground state. The presence of these
two electronic molecular potentials is important for the existence of broad
Feshbach resonances, due to the strong coupling between the two potentials
[111]. The projection of the spin angular momentum along the internuclear
axis is described by the quantum number Σ. The component of the total
angular momentum along the internuclear axis is Ω, where Ω = Λ + Σ. Of
course, in addition to the couplings along the internuclear axis, the molecule
may also rotate. This rotation, by definition occurs perpendicular to the
internuclear axis and introduces a rotational angular momentum, `.

The presence of the many different angular momenta gives rise to questions
concerning the coupling between the various angular momenta. The cou-
plings between these different angular momenta were first outlined by Hund
in 1926. Here, we briefly review some of the coupling cases pertinent to
this work and point the interested reader to other texts [301, 302] where the
various coupling cases are presented in much finer detail.

The Born-Oppenheimer curve of the CsYb ground state in Fig. 7.1 is labelled
as X 1Σ+

1/2. This notation corresponds to

2S+1Λ+/−
Ω ,

where +/− is the parity of the electronic wavefunction upon reflection at
an arbitrary plane containing the internuclear axis and is only used when
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Figure 7.2: Cs2 potentials near the 2S+2Pj asymptote. At long range the fine
structure splitting is large compared to the Born-Oppenheimer interaction.
Therefore, the multiple excited molecular potentials are labelled using Hund’s
case (c). The ground state triplet (a 3Σ+

u ) and singlet (X 1Σ+
g ) potentials are

labelled using Hund’s case (a). From Ref. [303].

describing states with no angular momentum component along the internu-
clear axis (Λ = 0, Σ states). This notation is used to describe Hund’s case
(a) and Hund’s case (b), both occur for a tightly bound molecule in the
short-range part of the potential, R < 20 a0. At short range the splittings
between the Born-Oppenheimer potentials are large compared to relativistic
spin-orbit interactions and rotational energies. Hund’s case (a) is the rele-
vant coupling case for Cs2 and excited states of CsYb at short range as the
spin-orbit interaction is stronger than the rotational interaction. Molecules
in which the opposite is true, the rotational interaction is stronger than the
spin-orbit interaction, are described by Hund’s case (b). This is the relevant
case for the X 1Σ+

1/2 ground state of CsYb.
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For molecules produced at long range, for example through photoassociation,
the most common coupling case is Hund’s case (c), where the spin-orbit
interaction is dominant over other the Born-Oppenheimer and rotational
interactions. This is usually the case for heavy alkali atoms such as Cs. The
states are labelled by

Ω+/−
u/g

where u/g denotes the parity of the electronic wavefunction upon reflection
around the molecular origin and applies only to homonuclear molecules. In
Hund’s case (c) Ω and J are good quantum numbers, J is formed from
the coupling of Ω to the molecular rotation `. The molecular potentials
below the Cs D1 and D2 lines are presented in Fig. 7.2 as an example of
Hund’s case (c). An interesting feature of Cs2 is the 0−g (and also 1u) ‘long-
range potential’ which disassociates at the D2 line. This potential features
an external long-range well in which a molecule excited to this potential
oscillates between long-range and intermediate distances where the overlap
with the electronic ground state potential is larger. This state and the long-
range 1u state have been studied extensively in an effort to produce ultracold
ground state molecules through photoassociation [161–166].

The long-range CsYb molecules produced through photoassociation are de-
scribed by the rare Hund’s case (e), a case for which to the author’s knowl-
edge there have only been a handful of observations [296, 304–306]. In fact
this case was not originally identified by Hund but was introduced later by
Mulliken [307]. In Hund’s/Mulliken’s case (e) neither L nor S couple to the
internuclear axis. The coupling is dominated by spin orbit coupling between
L and S forming Ja which then couples to the molecular rotation. Ja and
` are good quantum numbers and the rotational progression is described by
Erot = Brot`(`+ 1).

It is important to note that the cases outlined above are simple, limiting
cases useful for approximating the molecular state. It is evident that as
two atoms approach each other from a large distance the presence of atom
B will have a gradually increasing effect on atom A. Therefore, the Born-
Oppenheimer, spin-orbit and rotational interactions will all gradually change
as a function of internuclear separation and the actual angular momentum
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coupling corresponds to an intermediate regime. In the intermediate regime,
the coupling is described only by whichever basis is most convenient for
defining a Hamiltonian and calculating its matrix elements and eigenvalues.

7.1.3 Vibration

The attractive electronic potentials, Vi(R), illustrated in Fig. 7.1 support a
number of bound states. The wavefunctions, Ψi(R), and binding energies of
these states, E, may be found by solving the Schrödinger equation

(
~2

2µr

d2

dR2 + Vi(R)
)

Ψi(R) = EΨi(R), (7.2)

where µr is the reduced mass. The model wavefunctions shown in Fig. 7.3 are
found by solving Eq. 7.2 using the Leonard-Jones form of the 1 1Π1/2 potential
given in Ref. [300]. The solutions correspond to various vibrational levels of
the molecular potential and are labelled by the vibrational quantum number
v, numbered up from zero at the bottom of the potential. The vibrational
number corresponds to the number of nodes in the wavefunction, analogous
to the case of a quantum harmonic oscillator. Indeed, a diatomic molecule
is typically used as a textbook example of a quantum harmonic oscillator
and the wavefunctions of the lower vibrational levels are reminiscent of its
solutions. However, as the vibrational number increases and the potential
becomes more asymmetric, the molecular vibration becomes anharmonic and
the wavefunctions deviate from simple harmonic oscillator solutions, becom-
ing more asymmetric. This asymmetry is especially prominent at the outer
turning points of the potential, the distance Rt. The molecules in higher
vibrational levels spend the majority of their time at large internuclear sepa-
rations around Rt. Therefore, the properties of molecules in these states are
dictated by the long range part of the molecular potential. Photoassociation
is most likely to occur at the outer turning point of the potential where the
vibrational wavefunction is peaked. As a result, molecules produced through
photoassociation are preferentially produced in the higher vibrational levels
of the potential, making it an effective technique for precisely studying the
long range part of the molecular potential.
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Figure 7.3: Vibrational wavefunctions of a molecular potential. Vibrational
wavefunctions (red) found by solving Eq. 7.2 for a Lennard Jones potential
(black) with similar depth and dispersion coefficients to the CsYb 1 1Π1/2
potential. Binding energies of some levels have been offset for illustrative
purposes.

The long-range coefficients may be extracted from photoassociation (PA)
spectra using near-dissociation expansion formulas. The simplest and most
widely used of these expansions is the Le Roy-Bernstein (LRB) formula [308]
which links the energy Ev of the vibrational state v to the asymptotic form
(D − Cn/Rn) of the potential

Ev ' D −
(
vD − v
Bn

)2n/(n−2)
,

Bn =
√

2µr

π

C1/n
n

~ (n− 2)
Γ (1/2 + 1/n)
Γ (1 + 1/n) ,

(7.3)

where vD is the non-integer vibrational quantum number at dissociation, D
is the threshold energy, Γ is the gamma function and µr is the reduced mass.
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At long range, the CsYb electronically excited potentials are dominated by
the van der Waals n = 6 term. In practice, it is more convenient to express
vD − v in terms of n′ and vfrac, the fractional part of vD. This is because in
one-photon photoassociation we observe lines near threshold, so it is simpler
to label vibrational levels by their number below threshold, starting from
n′ = −1. Explicitly, n′ = v−vmax−1, where vmax is the vibrational quantum
number of the least-bound state. As the levels we observe are all close to
threshold, n′ is relatively easy to determine, but we cannot label the states
by v as vmax is initially unknown. For a single isotope, vmax does not affect
the predicted level positions.

7.1.4 Photoassociation Transition Strengths

In photoassociation, the transition strength is dictated by the molecular Rabi
frequency, Ωmol = 〈g|dmol ·E |e〉 /~. This describes the coupling between the
initial scattering state |g〉 and the vibrational level of the excited state |e〉
induced by the PA light. For vibrational levels with an outer turning point
Rt at long range, the electron clouds of the molecule’s constituent atoms are
well separated and we may describe the molecular Rabi frequency as

Ωmol =
√
frot

√
fFC Ωatom. (7.4)

Where Ωatom is the Rabi frequency of the atomic transition and frot is the
rotational factor which accounts for rotational couplings and depends upon
the molecular states addressed and the polarisation of the PA light. The
strength of vibrational transitions is determined by the fFC term, which is
known as the Franck-Condon factor

fFC =
∣∣∣∣∫ ∞

0
Ψg(R)Ψe(R)dR

∣∣∣∣2 , (7.5)

which describes the overlap between the initial and final state wavefunctions
Ψg(R) and Ψe(R). For excited and ground state potentials with different
asymptotic forms (i.e for homonuclear molecules with R−3 and R−6), an an-
alytical solution for Eq. 7.5 may be found using the reflection approximation
[309–311]. The premise of this approach is that the rapid oscillations of the
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integrand in Eq. 7.5 keeps contributions to the integral near zero except at
the point of stationary phase. This is located about the Condon point, Rc,
which is the internuclear distance where the difference between the excited
and ground state potentials equals the photon energy, Ve(Rc)−Vg(Rc) = ~ω.
For an excited molecular potential with a R−3 asymptotic form, as in a
homonuclear molecule, the potential extends to a much longer range than
the ground state potential which has R−6 form. Therefore, for calculating
the Condon point of a photoassociation transition, it is a very good approxi-
mation to neglect the ground state potential. This leads to the Condon point
being located at the outer turning point of the excited potential, Rc = Rt.

The formula for the free-bound Franck-Condon factor using the reflection
approximation is [311]

fFC = ∂Ev
∂v

1
DC
|Ψg(Rc)|2 , (7.6)

where
DC =

∣∣∣∣∣ ddR [Ve(R)− Vg(R)]
∣∣∣∣∣
R=Rc

is the slope of the difference potential evaluated at the Condon point and ∂Ev
∂v

is the vibrational spacing between adjacent levels in the excited state. The
reflection approximation suggests that the strength of a transition is simply
dictated by the amplitude of the ground state scattering wavefunction at the
turning point of the excited molecular potential. This observation allows the
atomic scattering length to be calculated from PA spectra [312–316]. Exciting
transitions to different vibrational levels of the excited state creates molecules
at different internuclear separations, as the turning point Rt of the potential
changes with the binding energy of the vibrational level. Therefore, using
the transition strengths of PA spectra the amplitude of the ground state
scattering wavefunction can be mapped out as a function of internuclear
distance R. Modelling the scattering wavefunction mapped out using this
method allows the atomic scattering length to be extracted.



Chapter 7. One-Photon Photoassociation 152

Ti:Sapphire

AOM 

PBS

2

3

1

Fi
br

e E
OM

 

λ/2
λ/4

3

PDH 2
 

Cavity

5

E
O

M
 

PDH 1
 

852 nm
894 nm

P
ID

PDH
LO

Splitter
Mixer

PDH 
PD 2

LP Filter

Amp

Fibre 
EOM 

Offset 
Frequency

Combiner

Laser

(a) (b)

(c) (d)

Figure 7.4: One-photon photoassociation laser setup. (a) Ti:S laser setup on
the PA optical table. Fibre 1 carries light to the main experiment and Fibre
2 to the wavemeter. (b) Stabilisation of photoassociation light to a high
finesse cavity on the laser table. The dashed lines show the reflected light
from the cavity that is picked off using a PBS. Fibre 5 outputs 852 nm light
from the Cs repump laser. (c) Electronics for PA locking. The electronics
are composed of the standard components used in a PDH locking scheme,
with the addition of an ‘Offset Frequency’, ωoffset, which is combined with the
usual ‘PDH Frequency’, ωPDH, used for modulation of the EOM. (d) PDH
locking signal using the ‘electronic sideband’ technique. Zero detuning is set
at the frequency of the cavity peak. The additional sidebands at ∆ = ±ωoffset
are the sidebands we stabilise to the cavity, allowing the tuning of the PA
frequency via ωoffset. These ‘offset’ sidebands also show the typical PDH
lineshape, with the ‘sub-sidebands’ at ∆ = ±ωoffset ± ωPDH.

7.2 Experimental Setup

The laser setup we use to perform PA spectroscopy in the dimple trap is
displayed in Fig. 7.4. In PA spectroscopy the observable vibrational levels of
the electronically excited molecular potential are typically detuned by 10’s -
100’s of GHz from atomic resonance, therefore, we require a laser setup in
which the PA laser may be scanned over a large frequency range. For the
PA laser we use a highly tunable Ti:Sapphire laser (M Squared SolsTiS).
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For photoassociation in the dimple trap we require the PA laser’s frequency
to be stable and reproducible throughout many experimental runs. There-
fore, the PA laser is stabilised to the transmission peak of a high-finesse
optical cavity using the Pound-Drever-Hall technique (PDH) [317, 318]. The
high-finesse optical cavity used in this work is home-built, with the con-
struction and characterisation detailed in the thesis of Michael Köppinger
[319]. The free spectral range (FSR) of the cavity is measured to be
νFSR = 748.852(5) MHz. This was measured by scanning the modulation
frequency of the fibre-coupled EOM while monitoring the cavity transmis-
sion (for more information on this technique see Ref. [320]). Although the
cavity mirrors are under vacuum and separated using a Zerodur spacer, the
cavity still exhibits a drift rate of > 10 MHz/hr. This is most likely due to
the piezo stack which is mounted on one of the cavity mirrors for control of
the cavity length. For long experimental runs this drift is larger than the
natural linewidth of the transitions we hope to measure, therefore, we sta-
bilise the cavity length using the PDH technique. We use 852 nm light from
the zeroth order of the Cs ZS repump AOM and mode match this into the
cavity. The PDH locking scheme generates an error signal that is fed into
a PID controller. The PID controller provides feedback to the piezo stack
which controls the cavity length. The 852 nm light used in the PDH scheme
is stabilised to a Cs atomic transition using FM spectroscopy as described in
Section 3.3.1, therefore, the cavity inherits the long-term stability of the Cs
repump lock.

The optical layout of the setup on the PA optical table and cavity table is
shown in Fig. 7.4(a) and (b) respectively. On the PA laser table a pickoff
extracts a small fraction of light for frequency stabilisation and absolute fre-
quency calibration of the PA light. PA light is sent to the optical cavity
via a broadband fibre-coupled EOM (EOSPACE PM-0S5-10-PFA-PFA-895)
which modulates the light with frequency sidebands. We utilise the ‘elec-
tronic sideband’ technique [320–322] to allow continuous tunability of the
PA laser frequency; by stabilising one of the sidebands to a cavity transmis-
sion peak, the frequency of the carrier may be tuned over the 748.852(5) MHz
FSR of the cavity by changing the modulation frequency applied to the EOM.
The electronics used in this technique is shown in Fig. 7.4 (c), where PDH
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LO is the local oscillator used to provide the PDH sidebands for the locking
scheme (Fig. 7.4 (d)). We note that for ωoffset < ωPDH or ωoffset = ωFSR the
lock is very unstable. If we require PA light at these frequencies we must
shift the cavity length by stabilising the Cs repump light to another cavity
mode, this shifts the required ωoffset by νFSR

(
1− λRepump

λPA

)
≈ 35 MHz for each

cavity mode. Precise frequency calibration with respect to the Cs D1 transi-
tion is then achieved by counting cavity fringes from the D1 transition and
including the RF modulation offsets of the carrier. In practice a commercial
wavemeter (Bristol 671A) is used to identify the specific cavity fringe used
to stabilise the PA laser frequency.

The majority of the Ti:Sapphire laser output is doubled-passed through an
AOM to allow control of the intensity of the light and to allow the frequency
of the light to be spectrally broadened by dithering the AOM frequency.
As the separation between vibrational levels is typically > 10 GHz, spec-
trally broadening the light reduces the number of steps required to cover this
range, making scanning less time-consuming. After the AOM the light passes
through a beam shutter and into an optical fibre which delivers light onto the
experimental table. The output of the fibre passes through a quarter-wave
plate to allow for control of the polarisation. In the linear configuration the
light is vertically polarised, this allows π transitions to be driven when the
magnetic bias field is oriented in the vertical direction, this is the standard
configuration in our experiment. After the waveplate the PA light is counter-
propagated against the dimple beam 1 using a dichroic mirror and is focused
onto the atoms with a waist of 150µm.

7.3 Photoassociation of Cs2

As observation of heteronuclear photoassociation is a challenging endeav-
our, we begin our photoassociation measurements with the somewhat sim-
pler homonuclear case. We perform photoassociation spectroscopy on Cs2,
a molecule that has been extensively studied in the past. The groups of
Pierre Pillet in Paris [162, 163, 303, 323–329] and William Stwalley in Con-
necticut [330–332] have performed numerous experiments on Cs2 using the
photoassociation technique. Also, at the group of Hanns-Christoph Nägerl in
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Innsbruck, Cs2 was among the first molecules produced in the rovibrational
ground state [60, 86]. The comprehensive list of binding energies for levels
below the Cs D1 line presented in Ref. [330] was particularly useful when
searching for the first features.

Below we first describe preliminary experiments in a MOT before moving
on to measurements in the dipole trap, which is required for the interspecies
study presented later.

7.3.1 Measurements using a Cs MOT

The majority of photoassociation studies take place in a MOT, PA tran-
sitions in a MOT may be identified using a variety of techniques, the two
most popular being ion detection and trap-loss spectroscopy. In ion detec-
tion, resonances are identified by the detection of molecular ions produced
by ionising the photoassociated molecule using an ionisation laser [167]. This
technique is very sensitive due to the near-zero background and allows for
high scan rates. However, ion detection requires the installation of an ion-
detector, such as an MCP, in the experimental setup which would require
significant changes to our apparatus. We opt to use the much simpler trap-
loss spectroscopy method for this investigation. In trap-loss spectroscopy the
atom number of the MOT is continuously measured using the atomic fluores-
cence. On a PA resonance an excited molecule is produced, subsequently the
molecule spontaneously decays into a ground state molecule or into two free
atoms. In both cases there is a dip in the atomic fluorescence as the molecule
goes ‘dark’ to the MOT beams or when the two free atoms are lost from the
trap due to the release of the molecular binding energy (typically > 1 K).
Continuous monitoring of the atom number enables continuous scanning of
the PA laser frequency across a large range, which allows an extensive survey
of vibrational levels.

The strength of the PA transition is dictated by the Franck-Condon factor,
which, as we discussed earlier, is governed by the amplitude of the scattering
wavefunction at the Condon point. For homonuclear molecules like Cs2 the
outer turning point of the potential is effectively equal to the Condon point,
Rt = Rc. High-lying vibrational levels whose Condon point lie at large in-
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teratomic distances have much stronger transitions than more deeply bound
vibrational levels, which occur further detuned from resonance. This would
suggest that in the first instance we should search with a small detuning
from resonance, as the transitions are stronger. However, lines close to res-
onance are difficult to observe due to the high spectral density of the lines
and the large depletion of the MOT due to the small detuning from atomic
resonance. Deeply-bound levels far detuned from the atomic transition avoid
this problem but suffer from weaker transition strengths. The observation of
weak transitions far detuned form resonance may be overcome by using more
sensitive fluorescence detection methods [164, 333] or by instead detecting
ionised molecules using a MCP. However, for the preliminary investigation
we address weakly-bound states near dissociation, yet sufficiently detuned
such that the off-resonant scattering of PA light is non-problematic.

The detection of PA is complicated by the variety of other loss mechanisms
present in a MOT, many of which can overshadow the PA loss. In the
investigation of Cs2 PA, we illuminate the Cs MOT with PA light focused to a
waist of 150µm at the MOT centre. The MOT fluorescence is detected using
a high gain fluorescence detector (same design as used for the Yb spectroscopy
in Section 3.3.2) mounted onto an Yb viewport. The temporal dependence
of the atom number in a MOT illuminated by PA light is described by the
rate equation

Ṅ = L−KbgN − (β + βPA)
∫
V
n2(r)d3r, (7.7)

where N is the number of atoms in the MOT, n is the density of atoms
in the MOT, L is the loading rate, Kbg is the loss rate due to background
collisions, β is the loss rate due to binary (non-PA) collisions among the
trapped atoms and βPA is the loss rate from photoassociation of the trapped
atoms. The PA signal can be maximised by increasing the PA loss rate
over the other loss processes. This can be accomplished by increasing the
intensity of the PA light at the atoms. Therefore, we retroreflect the PA
light back through the MOT to increase the PA intensity, we obtain a peak
intensity of 250 W/cm2. In addition, the MOT is compressed by increasing
the axial gradient to 25 G/cm, which increases the density and increases
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Figure 7.5: Cs2 photoassociation in a Cs MOT. The MOT fluorescence is
plotted as a function of detuning from the Cs D1 transition.

the number of atoms which interact with the most intense part of the PA
beam. The increased gradient also serves to reduce the recapture range of
the MOT, an essential step to stop the recapture of dissociating molecules.
Also, the atomic beam shutter is partially closed, reducing the number of Cs
atoms travelling down the Zeeman slower towards the MOT. This results in
a smaller loading rate but also reduces the background collisional loss rate.
These changes allow operation in a regime where two-body loss is dominant.
However, two-body loss due to PA is not the only two-body process present.
Light-assisted collisions cause a large amount of two-body loss in a MOT,
these may be mitigated by reducing the intensity of the MOT cooling light,
which we reduce to Itot = 10 mW/cm2. This reduces loss through light-
assisted collisions but it remains an important loss process in the system,
especially when the PA laser is close to atomic resonance.

Figure 7.5 shows the photoassociation of Cs2 molecules in a Cs MOT. The
experimental setup for this preliminary investigation is much simpler than the
one described in the preceding section. A Distributed-Bragg-Reflector (DBR)
laser is focused onto a Cs MOT and its frequency is scanned in 3 GHz steps
with the frequency calibrated using a wavemeter. Each scan was repeated
three times and the obtained fluorescence spectrum averaged. It is essential
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to scan the photoassociation laser frequency slowly (2 GHz/min in this case)
to observe these features. The slow scan allows the photoassociation beam to
be resonant for approximately the response time of the MOT, which is around
2 s in this case. When the photoassociation beam is resonant with a transition
to a bound state, a rapid depletion of the MOT occurs. As the detuning of
the photoassociation beam increases, the loss rate decreases and the MOT
number recovers. The width and shape of the features are inherently linked to
the scan rate of the laser frequency because the rate of increase in fluorescence
away from resonance is limited by the MOT properties. The long timescale
for depletion and reloading of the MOT also contributes to the asymmetry
of the loss features.

The measured line positions are in moderate agreement with the measure-
ments of Pichler et al [330]. The discrepancies between our data and that of
[330] may be due to this lag in the response of the MOT or due to thermal
noise on the DBR laser diode over the long scan times.

7.3.2 Optically Trapped Cs

The extension of our current experimental setup to the creation of a dual
species MOT of Cs and Yb is far from trivial, so here we shall also investigate
the possibility of observing photoassociation of an optically trapped sample.
Photoassociation in a dipole trap offers many distinct advantages over that
of photoassociation in a MOT. Firstly, in a dipole trap the atoms have a
much higher density and lower background loss rates which yield much higher
SNR features. The low background loss rates allows longer interrogation
times supporting the investigation of deeper bound levels using the trap
loss technique [334]. Secondly, the observed lines have a greater spectral
resolution than in a MOT due to the lower power required to observe the
features and the absence of thermal broadening (in the alkali case) for the
low temperatures achievable following evaporation. The linewidths of PA
transitions approach the natural linewidth, facilitating measurements of the
binding energy with increased precision. Finally, the well defined initial state
of the atoms in a dipole trap allows easier identification of the hyperfine and
rotational structure of the PA features.
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The main drawback of photoassociation in a dipole trap is the long cycle
time of the experiment. In a MOT the constant readout of the atom number
through atomic fluorescence allows the PA laser to be continuously scanned.
However, in a dipole trap we destructively measure the atom number us-
ing absorption imaging after illumination with PA light, meaning the same
atomic sample cannot be recycled and must be reloaded each time. The
frequency of the PA laser must be painstakingly stepped for each experimen-
tal iteration which drastically reduces the frequency range explored using
this technique. In addition, systematic effects such as light shifts from the
trapping laser must be accounted for when measuring binding energies.

We prepare a sample of Cs atoms using the same initial steps of the routine
used for the preparation of the Cs BEC in Chapter 5. However, in contrast
to the Cs BEC routine we do not evaporatively cool the Cs atoms in the
dimple trap. Once loaded into the dimple and after a short hold to allow the
atoms to thermalise, we perform photoassociation spectroscopy on a thermal
sample of 2 × 105 Cs atoms at T = 2µK. PA spectroscopy is performed by
illuminating the Cs sample with linearly polarised photoassociation light for
300 ms. We keep the bias field at 23.9(5) G to suppress loss due to three-body
collisions. After the photoassociation pulse we release the Cs atoms from the
dimple and image them using standard absorption imaging.

In the initial scans searching for a Cs2 feature we noticed that the lifetime
of the Cs atoms during interrogation with off-resonant PA light was much
shorter than expected for loss caused by heating out of the trap from the
off-resonant scattering of photons. To investigate this loss we observe the
Cs atom loss as a function of PA pulse time for off-resonant light. We see a
drastic increase in the loss rate for detunings closer to the Cs D1 line. For
all detunings the loss rate is much higher than we would expect from a con-
stant heating rate due to off-resonant scattering of photons. Therefore, we
attribute the loss to be light-induced trap loss due to excitation of the collid-
ing Cs atoms to a ‘quasi-molecular’ state below the 6P1/2 potential [335]. It
is important to note that this is not photoassociation to a bound vibrational
state. We will briefly summarise the process here but for more information
on these collisional processes see Ref. [222]. After excitation by the PA light
detuned from an atomic transition, the decay of the quasi-molecular state
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Figure 7.6: Number of Cs atoms as a function of PA pulse time for a PA
power of 125µW. Upper: We explore a number of different detunings from
the Cs D1 line. The number is normalised to the total Cs atom number. The
solid lines are exponential fits to the data. Lower: Number of Cs atoms in the
F = 4 manifold as a function of PA pulse time. The number is normalised
to the total Cs atom number measured in the experiment in the upper part
of the figure.

proceeds through the Radiative Escape mechanism described in the litera-
ture, where the decay of the excited atoms produce energetic ground state
atoms. The kinetic energy (KE) of the ground state atoms is dependent
upon the KE gained by the quasi-molecule as it was accelerated along the
molecular potential towards smaller R. If this energy is larger than the trap
depth U then the atom is lost. For KE lower than U it remains trapped but
its KE is deposited in the sample, raising its temperature. The states popu-
lated by the decay of the quasi-molecule are dictated by its branching ratios.
In the case considered here, the detuning of the light is fairly large com-
pared to the detunings investigated in the majority of the literature, which
is mostly focused on small detunings applicable to MOTs. Therefore, we
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attempt to verify our hypothesis by measuring the population in the ground
state F = 4 manifold as a function of PA time. We expect excitation of
the quasi-molecule to cause population of the F = 4 manifold as the excited
potential may decay into both F = 3 and F = 4 in this case.

The results of our investigation of the F = 4 population are presented in
the bottom panel of Fig. 7.6. The F = 4 number is measured by perform-
ing absorption imaging without repump present, so only atoms in the F = 4
manifold are detected by the resonant probe light. The number is normalised
to the total Cs number which we have measured as a function of time in the
upper panel Fig. 7.6. We see that although the total Cs atom number is
decaying quickly, the relative number of atoms pumped into in the F = 4
manifold is rising quickly. This seems to verify our hypothesis, as the ac-
cumulation of population in the higher energy F = 4 state may only occur
by the radiative decay from the quasi-molecular 6P1/2 state. However, fur-
ther verification of this would require additional measurements which are
tangential to our main goal of photoassociation of CsYb. Nevertheless, it is
important to note that a significant fraction of Cs atoms populate the F = 4
state. As these atoms in the F = 4 manifold will contribute a background to
any PA loss signals, we selectively remove these atoms by applying a pulse
of probe light after the PA pulse and before absorption imaging.

In Fig. 7.7 we compare the PA spectra observed in the dipole trap to the
spectra observed in a MOT. As the PA features in the MOT originate from
F = 4 + F = 4 collisions, the internal energy of the collision pair is greater
and excitation to the 0+

u potential requires 2× ~∆HF ≈ h× 18.384 GHz less
energy than excitation from the F = 3+F = 3 collisions present in the dipole
trap. Therefore, to show both resonances in the same figure, the detuning of
the MOT features are offset by twice the Cs ground state hyperfine splitting.

The most striking difference between the two techniques is the difference in
widths of the features. By using a common scale for the data it is hard to
see the lineshape of the dipole trap features but in the inset the Lorentzian
lineshape of the v = 134 line is clear. The width of the feature is commen-
surate with twice the atomic linewidth, 2× ΓD1 = 2π × 9.1 MHz. The MOT
linewidths are significantly broader than the features observed in the dipole
trap, this is partly due to the scan rate of the laser (2 GHz/min) and partly
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Figure 7.7: Comparison of Cs2 photoassociation in a MOT and a dipole trap.
The top panel shows a selection of Cs2 lines from the 0+

u potential observed
in the dipole trap. The Cs number is plotted as a function of detuning
from the Cs D1 F = 3 → F ′ = 4 transition. The inset shows an enhanced
view of the v = 134 feature. The bottom panel shows the same vibrational
levels observed in a MOT. The MOT fluorescence is plotted as a function of
detuning from the Cs D1 F = 4 → F ′ = 4 transition minus twice the Cs
ground state hyperfine splitting (see text).

due to power broadening of the lines due to the large intensity of the PA
light IPA = 250 W/cm2. The depth of Cs dipole trap features is 10× greater
than the depth of the MOT features, even for a moderate PA intensity of
IPA = 0.4 W/cm2. The larger depth of the dipole trap features is due to the
increased density and the much longer interrogation times available.

7.3.3 Feshbach-Enhanced Photoassociation

Cs atoms in the |F = 3,mF = +3〉 state possess a rich Feshbach structure
[121, 123], which at low magnetic fields is dominated by the strong resonance
at −12 G. The rich Feshbach structure provides a broad tunability of the
scattering length that we exploit in Chapter 5 to efficiently evaporate Cs.
Here, we exploit the broad tunability of the Cs scattering length to modify
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Figure 7.8: Modification of Cs2 photoassociation rate using a Feshbach res-
onance. The left panel shows Cs2 photoassociation rates as a function of
detuning from the 0+

u v = 136 line for varying magnetic field strengths. The
right panel shows the Cs scattering length as a function of magnetic field.
The inset shows the range of scattering lengths covered in the experiment,
with the vertical dotted lines indicating the exact magnetic fields used. The
scattering lengths are from Ref. [121]. Feshbach resonances at 14.4 G, 15.1 G
and 19.9 G do not appear due to the resolution of the magnetic field steps.

the Cs2 photoassociation rate. The results of the investigation are presented
in Fig. 7.8. We sample the Cs2 photoassociation rate at a variety of magnetic
fields corresponding to a range of positive and negative scattering lengths.
We take care to avoid magnetic fields near narrow Feshbach resonances at
14.4 G, 15.1 G and 19.9 G. We see that the photoassociation rate is strongly
suppressed as aCs approaches zero, with the behaviour symmetric about this
point.

This effect is well understood in the context of Feshbach-Optimized Pho-
toassociation (FOPA) [328, 336, 337] and arises due to a phase shift of the
scattering wavefunction. The phase shift of the scattering wavefunction is
controlled by tuning the magnetic field around a Feshbach resonance and
leads to a change in the FCF of the photoassociation transition as the over-
lap of the ground and excited state wavefunctions is modified. This effect is
typically used to enhance the PA rate of a transition for deeply bound levels
[338]. However, in our experiment we utilise this effect to suppress the Cs2

PA rate when searching for Cs∗Yb PA lines in the next section. This is not
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Figure 7.9: Zeeman shift of the the 0+
u v = 136 Cs2 photoassociation line.

Shift of the photoassociation line centre from the zero field value versus
magnetic field strength.

expected to modify the CsYb PA rate as the predicted Feshbach resonances
in this system are very sparse and narrow [88] such that we do not expect the
phase of the scattering wavefunction to vary with magnetic field strength.

The Zeeman shift of the 0+
u v = 136 photoassociation line centre as a function

of magnetic field strength is shown in Fig. 7.9. The Ω = 0 states do not
possess hyperfine structure to first order [51], so the Zeeman shift of the
transition under consideration is dominated by the energy shift of the atomic
collisional state. The magnetic moment extracted from a linear fit to the
data is µCs2 = 2.08(2) MHz/G. This is consistent with the predicted value of
µ = 2.1 MHz/G for two colliding Cs atoms with MF = +6.

7.4 Photoassociation of CsYb

In this section we begin our search for the first CsYb photoassociation lines.
Observation of heteronuclear photoassociation is more challenging than pho-
toassociation in the homonuclear case due to the difference in the asymptotic
forms of the electronically excited potentials. In heteronuclear systems the
electronically excited potentials no longer have the dipole-dipole R−3 asymp-
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Figure 7.10: One-photon photoassociation. When ~ω1 = Ev (~∆FB = 0)
a pair of colliding ground-state Cs and Yb atoms are associated to form a
CsYb molecule in a rovibrational level of the electronically excited 2(1/2)
molecular potential. The molecular curves plotted here are adapted from
Ref. [300]. The hyperfine splitting shown on the right is not to scale.

totic interaction of homonuclear systems. They instead posses van der Waals
R−6 asymptotic behaviour, similar to the ground state potential. The R−6

interaction is confined to a shorter range than the R−3 case which drastically
reduces the strength of transitions to electronically excited states from the
initial atomic scattering state. This is because the Condon points for the
R−6 vibrational levels are at shorter interatomic distances which reduces the
Franck-Condon overlap. In addition, the density of states in a heteronuclear
system is much lower due to the R−6 form. The sparsity of spectral features
is further compounded in the alkali-Yb case as there is only one molecular
potential that asymptotically approaches the Cs D1 line, compared with the
3 attractive potentials that approach the Cs D1 line in the Cs2 case. For-
tunately, CsYb possess a large reduced mass, facilitating a higher density
of bound states near threshold. Nevertheless, for the maximum detuning
explored in the next section, 500 GHz, there are only 20 CsYb vibrational
levels predicted to exist. In this same range of detunings below the Cs D1

line there are over 300 Cs2 levels [330].
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The photoassociation process in the CsYb case considered here is illustrated
in Fig. 7.10. The energy difference between the atomic transition ~ω0 and
the photoassociation light ~ω1 gives the binding energy of the vibrational
level Eb in the electronically excited molecular state

Eb = ~ω0 − ~ω1. (7.8)

Here, we investigate the binding energies below the Cs(2P1/2) + Yb(1S0)
asymptote. The electronic state at this threshold is designated 2(1/2) to
indicate that it is the second (first excited) state with total electronic angular
momentum Ω = 1/2 about the internuclear axis. It correlates at short range
with the 1 2Π1/2 electronic state in Hund’s case (a) notation [300], but at long
range the 2Π1/2 and 2Σ1/2 states are strongly mixed by spin-orbit coupling
(see Fig. 7.1).

7.4.1 CsYb Photoassociation Routine

The preparation of the CsYb mixture in the optical dipole trap is near-
identical to the routine described in Section 6.1 in the thermalisation mea-
surements. Yb atoms are prepared in the trap first by loading the dipole
trap from the Yb MOT using the same experimental conditions described in
detail previously. The Yb atoms are then evaporatively cooled by reducing
the power in the dimple beams until the Yb atoms reach a temperature of
TYb = 800 nK in a trap with a depth of UYb = 5µK. There are typically
NYb = 1 × 106 174Yb atoms at this stage. The Yb atoms are stored in the
dimple while the Cs MOT is loaded, compressed and cooled using optical
molasses. Then, DRSC is applied to the Cs atoms for 8 ms, cooling them
down to TCs = 2µK. During the DRSC stage some of the Cs atoms are loaded
into the dimple trap as in the thermalisation measurements. We can increase
the number of Cs atoms in the dimple trap by transferring the DRSC cooled
cloud into the reservoir trap and holding the reservoir-trapped Cs atoms over
the dimple trap containing the Cs+Yb mixture. However, for Yb isotopes
which are harder to cool or with a large interspecies interaction with Cs, this
step is skipped due to the large Yb loss from collisions with the high number
of hotter Cs atoms trapped in the reservoir.
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At the end of these stages the dimple trap typically contains a mixture
of 8× 105 174Yb atoms at TYb = 1µK in their spin-singlet ground state
1S0 and 7 ×104 Cs atoms at TCs = 6µK in their absolute ground state
2S1/2 |F = 3,mF = +3〉. This mixture is the starting point for the photoas-
sociation measurements presented in the following section.

To search for photoassociation features we apply a pulse of photoassociation
light for a variable time of 50 − 300 ms. We then apply an imaging pulse
to remove any Cs atoms pumped into the F = 4 state before releasing the
atoms by turning off the dimple trap and imaging the two atomic species
using standard resonant absorption imaging.

Unfortunately, due to the large difference in polarisability of the two species
we are only able to create a mixture of Cs+Yb with a large number imbalance
in favour of Yb. This necessitates the detection of atomic Cs loss for the
identification of a photoassociation line as detection using the Yb number
would require us to detect a < 5% change in number. Resonant loss of Cs
atoms is also an indicator of a Cs2 photoassociation line, which are spectrally
dense below the D1 line, as we have seen. This turns our search for a CsYb
resonance from ‘searching for a needle in a haystack’ to ‘searching for a
specific needle in a haystack littered with needles’. Whereby we must check
each feature against an extensive survey of vibrational levels conducted by
Pichler and co-workers [330]. A further problem is that these measurements
performed in a MOT are much lower resolution than our scans and there is the
possibility that CsYb features occur close to a Cs2 resonance. Alternatively,
we could reduce the number of Yb atoms to create an almost even mixture of
the two species, allowing unambiguous detection of the resonances in the Yb
number, however, this would decrease the photoassociation rate by a factor
of > 100 due to the decrease in the interspecies density. Instead, we verify
the observation of a CsYb resonance by repeating the measurement in the
absence of Yb. If the resonance disappears in the absence of Yb atoms, we
can be sure the feature resulted from CsYb photoassociation.

Fortunately, we can filter out a large number of ‘False-positives’ using the
technique explored in the previous section. Conducting our search at a
magnetic field of 16.4(2) G, we eliminate Cs2 PA features arising from the
|F = 3,mF = +3〉+ |F = 3,mF = +3〉 scattering state. While this technique
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is successful, we note that we do still observe very weak features, most likely
arising from F = 4 + F = 3 collisions (which occur due to the pumping of
atoms into the F = 4 state by the PA light).

7.4.2 Cs174Yb Photoassociation Lines

We observe photoassociation lines with detunings from 17 GHz to 500 GHz.
Lines with smaller detunings are hard to observe because of strong off-
resonant scattering from the atomic transition and the large density of Cs2

lines. A typical CsYb spectrum is shown in Fig. 7.11 as a function of the
detuning ∆FB from the free-bound transition. When the frequency of the
PA laser is tuned into resonance with a CsYb line, we observe a loss of Cs
atoms due to the formation of Cs∗Yb molecules. We verify that the detected
features are CsYb resonances by repeating the scan in the absence of Yb.
To keep the density and temperature of the Cs atoms comparable to the
measurement taken with Yb, we simply remove Yb from the trap with a
pulse of light resonant with the 1S0 → 1P1 transition immediately before the
sample is illuminated by the PA light. The disappearance of the feature in
the absence of Yb (red trace in Fig. 7.11) confirms the existence of a CsYb
PA resonance.

The typical width of the observed lines varies from 5 to 10 MHz (ΓD1/2π =
4.56 MHz). We observe larger widths for more deeply bound lines due to
power broadening as the intensity of the PA pulse is increased to maintain a
good SNR for vibrational levels with a lower Franck-Condon factor.

For all 133Cs174Yb vibrational levels we observe a second PA feature which
is red detuned by approximately the hyperfine splitting of the Cs 6P1/2

level. For the weakly-bound vibrational states investigated here, the Cs∗Yb
molecules inherit the properties of the two free atoms; as such we identify the
two lines by the quantum numbers F ′ = 4 and F ′ = 3 corresponding to the
hyperfine structure in the excited state of Cs. The rovibrational levels are
best described by the classic form of Hund’s case (e) introduced by Mulliken
[307], in which the total atomic angular momentum (F ′ here) couples to the
rotational angular momentum ` to form a resultant F ′. This uncommon
coupling case was first observed for HeKr+ [304] and has also been found in
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Figure 7.11: Observation of the photoassociation resonance for n′ = −11 of
133Cs*174Yb. Relative number of Cs atoms remaining after a 300 ms pulse
of PA light versus detuning from the F ′ = 4 line (∆FB). The green (red)
trace shows the photoassociation spectra of Cs with (without) the presence
of Yb in the dipole trap. The red (Cs only) trace has been offset for clarity.
The statistical error in the atom number is shown by the error bars on the
right hand side. The dashed green line shows the centres of the CsYb PA
resonance for each hyperfine component.

RbYb [296, 306]. In Hund’s case (e) the rotational progression is described
by Erot = Brot`(`+ 1). In our case, the temperature of the initial mixture is
well below the p-wave barrier height of 40µK, so we do not populate higher
rotational levels (in the absence of shape resonances), therefore, all observed
features have ` = 0.

Hyperfine Splitting of Photoassociation Lines

The CsYb spectra display hyperfine structure associated with the Cs atom,
as shown in Fig. 7.11. We present the measured hyperfine splitting for all
the observed 133Cs174Yb levels in Table 7.1 and we illustrate the dependence
of the hyperfine coupling on internuclear distance in Fig. 7.12. We tune
the internuclear distance between Cs and Yb by creating Cs∗Yb molecules in
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Figure 7.12: Manipulation of the internuclear separation of Cs*Yb molecules.
(a) Photoassociation of Cs*Yb molecules with variable internuclear distance.
The black lines show the ground and excited state of the CsYb molecular po-
tential in Lennard-Jones potential form. The red lines show the vibrational
(collisional) wavefunctions calculated by solving the radial Schrödinger equa-
tion for the excited (ground) state potential. (b) Detuning of the photoasso-
ciation line plotted against the effective internuclear distance, Reff , calculated
from the molecular potentials. (c) Measured hyperfine splitting as a function
of the effective internuclear distance, Reff . The horizontal dashed line shows
the Cs atomic hyperfine splitting of the mF = +3 levels in the 6P1/2 state at
a magnetic field of 2.2(2) G [182, 339]. The solid line is an exponential fit.

different vibrational levels with an array of binding energies. We approximate
the effective internuclear distance Reff for each transition as the Condon
point, where the transition energy is equal to the spacing between the two
curves.

The points show the measured hyperfine splitting of the F ′ = 4,m′F = 3
and F ′ = 3,m′F = 3 sublevels of each vibrational level and the solid red line
shows an exponential fit through the points. The measured atomic value is in
agreement with the literature value of 1169.272(81) MHz [339] for the hyper-
fine splitting of the mF = +3 levels in a 2.2 G magnetic field. The strength
of the Cs hyperfine coupling decreases as the binding energy increases and
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the internuclear separation reduces because the electronic wave function of
the Cs atom is perturbed by the presence of the closed-shell Yb atom [340].
This is analogous to the effect predicted to produce Mechanism I Feshbach
resonances in collisions between ground state Cs and Yb atoms.

The deepest bound level n′ = −20 exhibits a hyperfine splitting of
∆HF = 1084(6) MHz, a reduction of almost 100 MHz from the atomic value.
The hyperfine splitting of n′ = −19 is even smaller than this, but this may be
due to mixing of vibronic states in other electronic states causing a modifica-
tion of the coupling, as has been observed for the case of rotational coupling
in homonuclear PA [332, 341, 342]. The changing coupling strength high-
lights the inefficacy of labelling the angular momenta coupling using strict
Hund’s case definitions. It is evident that for shorter internuclear distances
the Cs∗Yb molecule will no longer be well described by Hund’s case (e) and
will transition into a more intermediate coupling regime.

Line Strengths

In the absence of rotation, the transition strengths to weakly bound vibra-
tional levels are dictated purely by the atomic dipole matrix elements and
the Franck-Condon factor.

In Fig. 7.13 we study the strength of the F ′ = 4, n′ = −11 line for a variety
of polarisations. The σ+/− transitions are driven with circularly polarised
light and a 2.2 G magnetic bias field oriented along the propagation axis of
the PA light. The π transition is driven with vertically polarised light and a
2.2 G bias field in the vertical direction. As expected the circularly polarised
light driving σ+ transitions produces the strongest loss feature, as the matrix
element for this transition is

√
7/12 in comparison to

√
7/48 for the linearly

polarised light [182]. The Cs loss due the circularly polarised light driving
σ− transitions is not observed due to the matrix element of the transition,√

1/48, being 1/
√

28 of the σ+ matrix element. The Cs number is plotted
relative to the total Cs number off resonance for each polarisation as the
background Cs number is also strongly dependent on the polarisation. This
is because both the molecular photoassociation signal and the off-resonant
loss of Cs atoms are dictated by the same dipole matrix elements.
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Figure 7.13: Polarisation dependence of a 133Cs174Yb photoassociation reso-
nance. Relative number of Cs atoms remaining in trap after a 300 ms pulse of
photoassociation light versus detuning from the F ′ = 4 CsYb feature (∆FB)
for light driving σ+ (red), π (blue) and σ− (green) transitions.

With the polarisation of the PA light fixed to drive σ+ transitions, we study
the strength of transitions to different vibrational levels by observing the loss
of Cs atoms versus intensity of PA light with the light on a CsYb resonance.
We observe an exponential decay of the Cs atom number as a function of
intensity of the PA light. This is partially due to the light-assisted collisions
investigated earlier but also due to the photoassociation of CsYb. We dis-
tinguish between these loss rates by measuring the decay in the presence of
Yb (both loss processes present) and without Yb present (only light-assisted
losses). The difference between these loss rates is the PA loss rate.

The photoassociation decay constant extracted from the exponential fit for
F ′ = 4 lines is normalised to that of the n′ = −7 transition and given in Table
7.1 alongside the binding energy measurements. The relative strengths of the
transitions are also displayed in Fig. 7.14. As the same polarisation is used for
the observation of all the vibrational levels, the variations in the strength of
the transitions are due to variations in the FCF. The oscillations in Fig. 7.14
are due to the varying overlap of the oscillating vibrational and scattering
wavefunctions.
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Figure 7.14: Line strengths of observed 133Cs174Yb photoassociation lines.
The loss rate is normalised to that of n′ = −7 and plotted as a function of
binding energy.

7.4.3 CsYb Binding Energies

Table 7.1 lists the detunings ∆PA of all observed photoassociation lines
for 133Cs174Yb. The line frequencies are measured relative to the Cs
6S1/2, F = 3→ 6P1/2, F

′ = 4 atomic transition, using the difference in EOM
modulation frequencies and number of cavity FSRs between the PA transi-
tion and the atomic transition, as outlined earlier. The atomic and molecular
transitions are measured under the same trapping conditions; for the near-
threshold states considered here, the AC Stark shifts due to the trapping
light are essentially identical to those for the atoms. These measurements
were performed at a magnetic field of 2.2(2) G to reduce uncertainty caused
by the Zeeman shift of the molecular state when measuring the hyperfine
splitting. The uncertainty due to the stabilisation of the cavity length is
the dominant source of uncertainty for the majority of the measured binding
energies. The exception is the n′ = −19 line, where the observed FWHM
linewidth of 130(10) MHz leads to a larger uncertainty in determining the
line centre.
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n′
∆PA/2π
(GHz)

∆HF/2π
(GHz)

Eb/h
(GHz)

Normalized
strength

Cs 0 1.168(2) 0 N/A
−7 −17.244(3) 1.162(1) 17.241(3) 1.0(2)
−8 −26.473(3) 1.157(3) 26.468(4) 0.4(3)
−9 −38.567(3) 1.154(1) 38.560(3) 0.40(5)
−10 −53.932(3) 1.151(1) 53.924(3) 0.17(1)
−11 −72.973(3) 1.147(1) 72.963(3) 0.19(1)
−12 −96.091(3) 1.142(2) 96.079(3) 0.091(8)
−13 −123.678(3) 1.139(1) 123.665(3) 0.10(2)
−14 −156.117(3) 1.131(1) 156.100(3) 0.045(4)
−15 −193.772(3) 1.127(1) 193.753(3) 0.06(2)
−16 −236.991(3) 1.120(1) 236.969(3) 0.013(2)
−17 −286.098(4) 1.115(2) 286.074(4) 0.05(1)
−18 ——————not observed——————
−19 −402.867(8) 1.071(8) 402.824(9) 0.0063(4)
−20 −472.384(6) 1.084(6) 472.347(7) 0.0033(6)

Table 7.1: Measured detunings of photoassociation lines to vibrational levels
of 133Cs174Yb in the 2(1/2) excited state, together with the corresponding
hyperfine splittings, binding energies and line strengths. The uncertainties
quoted are 1σ uncertainties [289]. The observed strengths are for the F ′ = 4
lines and are normalized to that of the strongest PA line, n′ = −7.

LeRoy-Bernstein Analysis

We obtain the binding energies Eb as the absolute value of the weighted
means of the detunings for F ′ = 3 and 4, corrected for magnetic field. These
are included in Table 7.1 and shown in Fig. 7.15. These measured binding
energies are very small compared to the depth of the potential (≈ 200 THz),
so the positions of the vibrational levels are determined principally by the
long-range potential. At long range, the CsYb 2(1/2) potential is dominated
by the van der Waals n = 6 term. These asymptotic coefficients may be
extracted from PA spectra using near-dissociation expansion formulae, such
as the seminal Le Roy-Bernstein (LRB) formula described in Section 7.1.3.

In searching for PA lines, we modelled our data using Eq. 7.3 (for n = 6)
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Figure 7.15: Binding energies of vibrational levels of 133Cs174Yb in the 2(1/2)
excited state. Top: The binding energies as a function of the vibrational
quantum number counted from dissociation, n′. The solid green line shows a
fit to the data using the extended Le Roy-Bernstein equation. The lower two
panels compare the residuals for the fits using the standard and extended
Le Roy-Bernstein equations. The error bars are much smaller than the data
points.

and used the fitted parameters to predict more deeply bound levels. This
technique yielded accurate predictions for levels up to n′ = −17, with the
measured binding energies typically lying within a few hundred MHz of the
predicted values. For the more deeply bound levels n′ = −19 and n′ = −20,
the measured line frequencies were far from the extrapolated values and the
n′ = −18 level was not observed at all. The non-observation of the n′ = −18
level may be due to a small Franck-Condon factor or that the level is located
outside the range searched (±2 GHz from the prediction) or coincided with
a Cs2 transition. We did not search further due to the ∼ 30 s load-detection
cycle associated with conducting the measurements.

The middle panel of Fig. 7.15 shows the residuals from the fit of our PA
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measurements to the LRB equation. The n′ = −19 and n′ = −20 levels are
outliers and so not included in any of our fits. It is clear from the residu-
als that the standard LRB equation does not fully describe our measured
PA spectra. The structure of the residuals suggests that a model including
higher-order terms would give a better fit to the results. Indeed, the more
strongly bound levels with binding energies around 300 GHz are deep enough
to be sensitive to the non-asymptotic, short-range character of the potential
for our measurement precision.

To model the PA spectra better, we also fit them using an extended version
of the LRB equation [343]

Eb ≈
(
vD − v
Bn

) 1
1−β

×

 1− 1
1− β

1
vD − v

 γ
(
vD − v
Bn

) 1
1−β

+
√

2µ
2π~

Cδ−1/2
n

n

Cm
Cn

1
1− δ

(
vD − v
Bn

) 1−δ
1−β

×


βB(β, 1

2) if δ < 0
1
2 ln

(
vD−v
Bn

) 1
1−β if δ = 0

(δ − 1
2)B(δ, 1

2) if δ > 0


 , (7.9)

where β = (n + 2 − 2l)/2n and δ = β + (n −m)/n . The extended version
allows the inclusion of higher order dispersion coefficients (we use m = 8)
in addition to a parameter γ which accounts for the non-asymptotic, short-
range character of the potential. The bottom panel of Fig. 7.15 shows the
residuals of the fit to the extended LRB equation. The inclusion of the extra
terms significantly improves the fit to the data. The reduced chi-squared of
the extended fit is χ2

ν = 1.8, a much better fit in comparison to the standard
LRB which gives a reduced chi-squared of χ2

ν = 260. The best-fit parameters
for the extended fit are C6 = 10.1(1) × 103Eha

6
0, C8 = 4.9(2) × 106Eha

8
0,

vfrac = 0.695(6) and γ−1 = h × 3.4(1) × 102 GHz. Despite the improvement
in the fit due to the inclusion of the higher order terms in the improved LRB,
a more complete description of the experimental data requires further higher-
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order terms (C10, C12, etc.) and the inclusion of coupling between potentials.
However, no NDEs exist for the inclusion of further dispersion coefficients, so
further analysis would require numerical solution of a coupled channel model
of the potential which is beyond the scope of this investigation.

When fitting to either model, the residuals for n′ = −19 and −20 are over 30
times larger than that of the other levels. These levels may be perturbed by
mixing with vibrational levels in a different electronic state [344]. The shift
could also be caused by the broadband dipole trapping light coupling to a
higher electronic state. The n′ = −19 line is extremely broad in comparison
to other observed lines; it has a FWHM of 130(10) MHz, over eight times the
linewidth of n′ = −16 (FWHM = 15(2) MHz) at the same light intensity.
The disparity in the spectra of these two lines is illustrated in Fig. 7.16. We
have not been able to observe any levels beyond n′ = −20, although we have
searched a moderate ±1 GHz range around the predicted positions. As can
be seen from the residuals for the deepest observed states in Fig. 7.15, the
disagreement with the LRB fit results in an increasingly large search space,
which is very time consuming to explore.

7.4.4 Photoassociation of other CsYb Isotopologs

One of the distinct advantages of using Yb in an atomic mixture is the number
of abundant stable isotopes, both bosonic and fermionic, that can be trapped
and cooled to ultracold temperatures [80–85]. In the context of this work,
measurements using a range of CsYb isotopologs can be combined to put
tighter constraints on the 2(1/2) electronic state. Here we apply the method
of mass scaling to determine the maximum number of bound states sup-
ported by the 2(1/2) state. Within the Born-Oppenheimer approximation,
the interaction potential is mass-independent but the positions of vibrational
levels depend on the reduced mass.

In WKB quantization, the non-integer quantum number at dissociation, vD =
vmax + vfrac, is given by vD = Φ/π − 1/2, where Φ is the phase integral

Φ =
∫ ∞
Rin

√
2µr

~2 V (R) dR. (7.10)
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Figure 7.16: Anomalous broadening of the 133Cs174Yb n′ = −19 line. The
plot shows a PA spectrum of the n′ = −16 (red) and n′ = −19 (green)
133Cs174Yb lines recorded with the same PA intensity IPA = 34 W/cm2.

Here Rin is the location of the inner classical turning point, µr is the reduced
mass and V (R) is the interaction potential. The dependence on µr allows
us to determine the number of bound states Nvib = vmax + 1 by comparing
binding energies for different isotopologs.

The measured binding energies of 133Cs173Yb, 133Cs172Yb and 133Cs170Yb are
tabulated in Table 7.2. The routines used to obtain PA spectra for these
isotopologs are similar to that presented for 133Cs174Yb, with the only signif-
icant difference in the preparation of the ultracold Yb sample. Slight changes
are required to the MOT, dimple trap loading and evaporative cooling rou-
tines to address the different requirements of each Yb isotope due to vari-
ations in abundance, intraspecies scattering length and hyperfine structure
(for fermionic 173Yb). The 133Cs173Yb and 133Cs170Yb measurements take
place in identical trapping conditions to 133Cs174Yb. The initial mixture
contains 3× 105 173Yb or 4× 105 170Yb atoms at TYb = 1µK and 5 ×104

Cs atoms at TCs = 6µK. The large negative scattering length of 172Yb
(a172−172 = −600 a0) [179] complicates the evaporative cooling of Yb; we
therefore halt the evaporation around TYb = 4 µK to prevent a substantial



Chapter 7. One-Photon Photoassociation 179

Yb
n′

∆PA/2π Residual (MHz)
Isotope (GHz) Nvib = 154 Nvib = 155

173 −9 −36.117(3) 10 −6
173 −10 −50.877(3) 10 −11
173 −11 −69.246(3) 15 −10
173 −12 −91.633(3) 19 −12
173 −13 −118.427(3) 23 −13
173 −14 −150.014(3) 29 −14
173 −15 −186.762(3) 38 −11
172 −8 −22.740(5) 14 −10
172 −11 −65.614(4) 21 −28
172 −13 −113.258(4) 45 −26
170 −12 −103.338(3) −15 −150
170 −14 −166.489(3) −55 −241

Table 7.2: Measured detunings of photoassociation lines to vibrational levels
of different isotopologs of 133CsYb in the 2(1/2) excited state. The detunings
are for the F ′ = 4 sublevel. The residuals given are from the extended LRB
model with Nvib = 154 or Nvib = 155.

loss of Yb atoms due to 3-body inelastic collisions. PA for 133Cs172Yb is
performed on a mixture of 5×105 172Yb atoms at TYb = 4µK and 7 ×104 Cs
atoms at TCs = 12µK. In this new trapping arrangement the Yb (Cs) trap
frequencies are 380 (1100) Hz radially and 80 (240) Hz axially.

To determine Nvib from the measured binding energies of the four isotopologs
we use a mass-scaled version of the extended LRB model. The values of C6

and C8 are the same for all isotopologs. However, vD is proportional to √µr,
and so vfrac varies between isotopologs. γ is also proportional to √µr [343],
but this variation is much less important than that for vfrac. For a chosen
value of Nvib, we can use the parameters fitted to the 133Cs174Yb binding
energies to predict binding energies for the other isotopologs and calculate
χ2
ν . It is possible to refit the parameters with multiple isotopologs, but

this makes little quantitative difference and produces the same qualitative
conclusions.

The binding energies for 133Cs172Yb and 133Cs173Yb are well predicted by
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the parameters obtained for 133Cs174Yb with Nvib = 155, giving χ2
ν = 12.

This compares with χ2
ν = 40 and 158 for Nvib = 154 and 156 respectively.

However, including 133Cs170Yb gives χ2
ν = 36 for Nvib = 154 and 322 for

Nvib = 155.

We attempt to quantitatively evaluate the statistical uncertainty in Nvib

using a Bayesian approach, as the large reduced chi-squared values mean that
the covariance matrix does not yield a good approximation of the uncertainty
in Nvib. The use of Bayesian inference is more applicable in our case as it
is not extremely sensitive to the assumption that the model is a good fit to
the data [345]. We sample the posterior probability density function using
Goodman & Weare’s affine invariant Markov chain Monte Carlo ensemble
sampler [346] implemented using emcee [347]. We calculate the 3σ confidence
(credible) interval from the quantiles of the marginalised distribution. From
this approach we findNvib = 154 with 3σ confidence for the inclusion of all the
data butNvib = 155 with 3σ confidence with the exclusion of 133Cs170Yb data.
It thus appears that the results for the different isotopologs are inconsistent
with a single-potential model; the deviations are outside the experimental
errors and appear non-statistical.

It is possible that the lines for one or more isotopes are affected by an isotope-
dependent perturbation, most likely due to a level of the 3(1/2) electronic
state that dissociates to the 6 2P3/2 state of Cs. Such a perturbation is not en-
capsulated in our model and characterizing it would require extensive further
work. Nevertheless, we can conclude that the number of bound states sup-
ported by the 2(1/2) potential is either 154 or 155. This is within 10% of the
145 bound states predicted for this potential by Meniailava and Shundalau
[300].



Chapter 8

Two-Photon Photoassociation

With the one-photon photoassociation measurements complete, we now ex-
pand our binding energy measurements to the ground state. An accurate
model of the electronic ground state potential is essential for accurate pre-
diction of interspecies Feshbach resonances and can also be used to calculate
interspecies scattering lengths. Ab initio calculations of these molecular po-
tentials are challenging and cannot achieve the accuracy required for our
purposes. Therefore, to better constrain a model of the CsYb molecular po-
tential we require precise measurements of binding energies of near-threshold
vibrational levels of the electronic ground state.

Two-photon photoassociation is an extremely useful technique to measure
the binding energy of near-threshold vibrational levels. This technique has
been applied in a large number of single-species [179, 313, 329, 348–354]
and two-species ultracold atom experiments [61, 297, 355–358] with consid-
erable success. In addition, pairing of this technique with Autler-Townes
spectroscopy allows measurements of the FCFs between electronically ex-
cited and ground state vibrational levels. Knowledge of FCFs is essential for
identification of appropriate transitions for coherent transfer to the ground
state.

In this chapter we perform two-photon photoassociation spectroscopy to mea-
sure the binding energies of vibrational levels of the CsYb X 2Σ+

1/2 ground
state. The measurements are performed on three isotopologs 133Cs170Yb,
133Cs173Yb and 133Cs174Yb, in each case we determine the energy of several

181
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vibrational levels including the least-bound state. An interaction potential
is fitted to the measurements that allows the prediction of interspecies scat-
tering lengths for all seven CsYb isotopologs. The results presented in this
chapter are published in Ref. [359].

8.1 Two-Photon Photoassociation of CsYb

The two-photon photoassociation process is depicted in Fig. 8.1. This scheme
is an extension of the one-photon photoassociation scheme we considered in
the previous chapter. The laser that drives the one-photon photoassociation,
L1, has frequency ω1 and is detuned from a free-bound transition by ∆FB.
The second laser, L2, has frequency ω2 and couples the electronically excited
molecule to a rovibrational level of the electronic ground state. The detuning
from this bound-bound transition is labelled as ∆BB. When the laser L2 is
resonant with a bound-bound transition, the coupling leads to the formation
of a dark state and the suppression of the absorption of L1. Such two-
photon dark-resonances can be used to measure the binding energies, Eb1,
of vibrational levels of the molecule in the electronic ground state. In the
undressed, zero-temperature limit, the binding energy is given simply by the
difference in photon energy of the two lasers on two-photon resonance

Eb1 = ~ (ω2 − ω1) . (8.1)

For the specific case of CsYb, the first photon excites the colliding atoms
into a rovibrational level of the molecule close to the Cs(2P1/2) + Yb(1S0)
asymptote. We use the same electronic state, 2(1/2), as in the one-photon
photoassociation measurements. A second photon couples the vibrational
level of the electronically excited state to a near-threshold rovibrational level
of the X 2Σ+

1/2 ground state. A combination of selection rules and the low
temperature of our Cs and Yb atomic mixture, result in all the rovibrational
levels we measure having ` = 0. Therefore, we label each molecular level
by its vibrational number n below the associated threshold, using n′ for the
electronically excited state and n′′ for the ground state, such that n = −1
corresponds to the least-bound state.
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Figure 8.1: Two-photon photoassociation for the measurement of the binding
energy, Eb1, of a vibrational level of CsYb in its electronic ground state. A
pair of colliding Cs and Yb atoms with thermal energy Eth is associated to
form a CsYb molecule in a rovibrational level of the electronically excited
2(1/2) state by light of frequency ω1. This rovibrational level is coupled to
a level in the electronic ground state, X 2Σ+

1/2, by light of frequency ω2. The
molecular curves plotted here are adapted from Ref. [300]. The internuclear
distances where the transitions occur are not depicted to scale.

8.1.1 Experimental Setup

The experimental conditions and hardware are essentially unchanged from
the one-photon photoassociation measurements. The major difference in the
two-photon case is the need for two lasers, one to drive the free-bound tran-
sition and the other to drive the bound-bound transition. The Ti:Sapphire
laser used in the one-photon measurements is primarily used to drive the
bound-bound transition as it is tunable over a greater frequency range. We
use the DBR laser (used for the Cs MOT measurements in Section 7.3.1) to
drive the free-bound transitions.

A schematic illustrating the setup of both lasers is shown in Fig. 8.2. In
this locking scheme, both lasers are stabilised to the same optical cavity.
The light from L1 and L2 pass through independent fibre EOMs which add
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Figure 8.2: Two-photon photoassociation laser setup. (a) Setup of the
Ti:Sapphire and DBR lasers on the PA optical table. Fibre 1 carries light
to the experiment. (b) Stabilisation of photoassociation light to high finesse
cavity on the laser table. Fibre 5 is the light from the Cs ZS AOM used to
stabilise the cavity length. Fibre 4 carries light to the wavemeter.

frequency sidebands to the light. After the output of the fibre EOMs, light
from L1 and L2 is combined on a 50: 50 beam splitter and the overlapped
beams are coupled down the same optical fibre to the optical cavity. The
electronic sideband technique is used to allow continuous tuning of both laser
frequencies by stabilising a frequency sideband to a cavity transmission peak.
By stabilising the lasers to different modes of the cavity we can control their
frequency difference, ω1 − ω2, over a large dynamic range.

The main output of the Ti:Sapphire laser is double passed through an AOM
in the same setup as the previous chapter. The main output of the DBR
laser is overlapped with the Ti:Sapphire light using a beamsplitter and both
beams pass through a shutter before they are coupled into a fibre which
carries the light to the experiment. The output of the fibre is focused onto
the trapped atomic mixture with a waist of 150 µm and is circularly polarised
to drive σ+ transitions. As we saw in Section 7.4.2, σ+ polarisation yields
the strongest two-photon transitions from the Cs(62S1/2 F = 3,mF = +3)
+ Yb(1S0) scattering state to the F = 3 manifold of the X 2Σ+

1/2 molecular
ground state via an intermediate vibrational level of CsYb in the F ′ = 4
manifold of the 2(1/2) potential.

Using two-photon photoassociation, binding energies may be measured to
sub-MHz precision. At this level of precision many smaller factors can in-
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fluence the the measurement, one of these is the Doppler shifts of the ultra-
cold atomic mixture. For our initial temperatures, Doppler shifts of order
∼ 200 kHz may occur. The Doppler shift of a two-photon transition is

∆Doppler = (∆′BB −∆′FB)− (∆BB −∆FB)

= (∆′BB −∆BB)− (∆′FB −∆FB) = (kBB − kFB) · v. (8.2)

It is important to note that the Doppler shift is therefore minimised for the
co-propagating geometry used in these measurements.

We measure the frequency difference between lasers L1 and L2 using one of
three methods, depending on the binding energy of the state under inves-
tigation. Most generally, the frequency difference is determined from the
difference in the modulation frequencies applied to the two EOMs, combined
with the number of cavity FSRs between the two modes used for frequency
stabilisation. Light from both lasers is coupled into a commercial wavemeter
(Bristol 671A) for absolute frequency calibration and unambiguous deter-
mination of the cavity mode. For binding energies below 2 GHz, the fre-
quency difference between the two lasers is measured directly from the beat
frequency recorded on a fast photodiode (EOT ET-2030A). In both these
cases, the frequency shift from the AOM must be taken into account as only
the Ti:Sapphire light passes through the AOM. In the special case of the
least-bound state, we do not use the DBR laser and instead we drive the
AOM with two RF frequencies. Generating the two-photon detuning in this
way eliminates any effects of laser frequency noise and allows a very precise
determination of the frequency difference.

At this level of precision, the home-built AOM driver circuits based on VCO
chips may effect the measurements of the binding energies. We measure the
driving frequency of the AOM directly on a frequency counter and find the
frequency of the VCO is stable to ∼kHz over the course of a day. However,
we do notice shifts of order ∼ 10s of kHz when changing the amplitude of
the sine wave generated by the VCO. Therefore, when taking measurements
of near-threshold levels it is important to measure the AOM frequency for
each power applied to the AOM.
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8.1.2 Spectroscopy Methods

The molecular states represented in Fig. 8.1 are analogous to the three-
level lambda system previously considered during our discussion of STIRAP
in Section 2.5. The quantum interference effects that arise in three-level
lambda systems have been extensively studied in atomic physics [360] and
these effects have been exploited in molecular systems to allow detection of
molecular levels through dark state spectroscopy [351, 355, 361, 362] and
efficient transfer of molecules to the ground state using STIRAP [105, 106].
The creation of dark states is essential to the spectroscopy we consider here
so we repeat the results derived in Equation 2.9:

|a+〉 = sin θ sinφ |Eth〉+ cosφ |Eb2〉+ cos θ sinφ |Eb1〉 , (8.3a)

|a0〉 = cos θ |Eth〉 − sin θ |Eb1〉 , (8.3b)

|a−〉 = sin θ cosφ |Eth〉 − sinφ |Eb2〉+ cos θ cosφ |Eb1〉 . (8.3c)

Here the two mixing angles θ and φ are defined by

tan θ = ΩFB

ΩBB
, tan 2φ =

√
Ω2

FB + Ω2
BB

∆2γ
, (8.4)

where, we have defined the two photon detuning ∆2γ = ∆FB −∆BB.

To obtain measurements of the ground state binding energies we employed
two distinct techniques. Here we briefly summarise both techniques.

Dark-resonance Spectroscopy

In dark-resonance spectroscopy the elimination of the absorption of a probe
laser, in our case L1, is detected when a second coupling laser, L2, is resonant
with a bound-bound transition. In this scheme we require ΩBB � ΩFB,
which is readily achieved with modest laser powers due to the small Franck-
Condon overlap of the free-bound transition. In our molecular system, the
absorption of L1 is monitored using the detected number of Cs atoms. When
L1 is resonant with a free-bound transition, Cs∗Yb molecules are produced
resulting in a drop in the number of Cs atoms detected by absorption imaging.
As L2 is tuned into resonance with the bound-bound transition, we have the
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(a)

(b)

Figure 8.3: Measurement of the least-bound state of the 133Cs174Yb molecule
in theX 2Σ+

1/2 ground state by dark-resonance spectroscopy. Left panel: Two-
photon photoassociation spectra. Normalised number of Cs atoms plotted
against ∆2γ = ∆FB − ∆BB. Right Panel: Simplified level structure for the
two-photon photoassociation transitions. (a) Dark-resonance spectroscopy
performed by scanning the frequency of L1. The red solid line shows a fit to
the data using Equation 8.5. (b) Dark-resonance spectroscopy performed by
scanning the frequency of L2. The red solid line is a fit using a Lorentzian
profile. The spectra shown in (a) and (b) were obtained with laser intensities
I1 = 0.42 and 0.68 W/cm2 and I2 = 0.79 and 0.57 W/cm2 respectively.

condition sin θ → 0 and cos θ → 1. This results in |a0〉 = |Eth〉, so the
atomic scattering state is no longer coupled to the excited molecular state.
Therefore, the production of Cs∗Yb molecules is interrupted and we regain
our Cs atom number. The application of dark-resonance spectroscopy to
the measurement of the least-bound state of the 133Cs174Yb molecule in the
X 2Σ+

1/2 ground state is shown in Fig. 8.3.

Figure 8.3(a) shows the lineshape observed when the frequency of L2 is fixed
on resonance with the bound-bound transition (∆BB = 0) and the frequency
of L1 is scanned over the free-bound transition. The spectrum exhibits the w-
shaped profile expected for electromagnetically induced transparency (EIT)
in a lambda-type three-level system [360] and we therefore refer to this as
the EIT lineshape. When ω1 is off-resonant, the two photon detuning is no
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longer zero and a fraction of Eb2 is mixed into the dark state. In the wings of
the observed lineshape we identify a Lorentzian profile originating from one-
photon photoassociation to the n′ = −13 level of the molecule in the 2(1/2)
potential. Then, on resonance we see a suppression of the photoassociative
loss due to the creation of an almost-pure dark state composed of the initial
atomic scattering state and a small admixture of the molecular ground state.
This dark state is decoupled from the intermediate n′ = −13 state and leads
to the observed ‘transparency’. The Hamiltonian derived in Section 2.5 may
be used to model this system. However, it is simpler to use an analytical
solution of the optical Bloch equations for a lambda-type three-level system
[355, 360] in the limit of ΩBB � ΩFB,

N

N0
= exp

{
−
tPAΩ2

FB(4Γ∆2
2γ + Γeff(Ω2

BB + ΓeffΓ))
|Ω2

BB + (Γ + 2i∆FB)(Γeff + 2i∆2γ)|2

}
. (8.5)

Here, tPA is the irradiation time of the photoassociation lasers, ΩFB (ΩBB) is
the Rabi frequency on the free-bound (bound-bound) transition and Γeff is
a phenomenological constant that accounts for the decoherence of the dark
state. From the fit of this equation to the data we find ΩBB/2π = 2.0(5) MHz.

Figure 8.3(b) shows the dark-resonance spectrum observed when the fre-
quency of L1 is resonant with the free-bound transition (∆FB = 0) and the
frequency of laser L2 is scanned. This case complements the EIT lineshape
shown in Fig. 8.3(a), where the only difference between the two cases is which
laser’s frequency is scanned.

Off resonance with the bound-bound transition we observe a large loss of
Cs atoms due to the production of Cs∗Yb molecules. When L2 is tuned
close to resonance with the bound-bound transition we regain our dark state
where L1 is no longer resonant with the free-bound transition. Therefore,
the production of Cs∗Yb molecules is suppressed and there is a recovery in
the Cs number. By setting ∆FB = 0 in Eq. 8.5 and neglecting Γeff in the
limit γΓeff � Ω2

BB we obtain

N

N0
= exp

(
−tPA

Ω2
FB
γ

4γ∆2
2γ

Ω4
BB + 4γ2∆2

2γ

)
. (8.6)

When the number of atoms lost is small, tPAΩ2
BB/γ � 1, the exponent is
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small and exp(−x) ≈ 1− x. In this case a Lorentzian profile is obtained and
the width of the profile is determined solely by ΩBB.

This dark-resonance technique is the simplest method for the observation of a
two-photon resonance, as with sufficient L2 intensity the feature can be signif-
icantly broadened. By using the Ti:Sapphire laser to drive the bound-bound
transition we can significantly broaden the transition and more quickly search
a large frequency range. However, the background number of Cs atoms is
sensitive to the one-photon photoassociation loss rate and can therefore drift
in response to changes in the Yb density, the Cs density, or the photoassoci-
ation light intensity or polarisation.

Raman Spectroscopy

Another method for observing a two-photon resonance is to perform Raman
spectroscopy. In this case, the frequency of a single PA laser is fixed at a cer-
tain detuning from a free-bound or bound-bound transition and the frequency
of the other PA laser is scanned. A Raman transition is driven to the ground-
state vibrational level when the Raman condition is fulfilled (∆FB = ∆BB).
This two-photon process can proceed only by a virtual excitation in the first
step and results in a narrow lineshape.

In this regime, the molecular energy levels are only weakly perturbed by
the laser fields in comparison to the dark-resonance spectroscopy method.
The expected lineshape for cold atom scattering in the presence of two laser
fields, with one of the lasers off-resonance, is shown in Fig. 8.4. In this case
L2 is detuned from the bound-bound transition and ω1 is scanned. In the
presence of only a single laser field (blue dashed) we observe the expected
Lorentzian feature corresponding to one-photon photoassociation. However,
when the coupling of L2 is increased to ΩBB/2π = 5 MHz, we observe a
shift of the one-photon line due to an AC Stark shift induced by L2. We
also observe the appearance of a narrow feature corresponding to a two-
photon Raman transition. In Raman spectroscopy we measure the binding
energy of the ground state vibrational level using the loss maximum. The
loss feature occurs when the relative laser energy ~(ω1 − ω2) is equal to the
energy difference between the light-shifted states E ′b2 − E ′th.
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Figure 8.4: Photoassociation rate as a function of detuning from a one-
photon photoassociation transition ∆FB for a bound-bound Rabi frequency
ΩBB/2π = 0 MHz (blue dashed) and ΩBB/2π = 5 MHz (red solid). L2
is detuned from the bound-bound transition by ∆BB/2π = 15 MHz, this
detuning is shown by the dashed black line.

Interestingly, the Raman resonance also exhibits a dark-resonance effect when
the Raman condition is fulfilled between the unperturbed states. The black
dashed line shows the detuning of the L2 from the unperturbed bound-bound
transition, where a small suppression of loss is evident. Like the features
discussed earlier, this dark-resonance feature is unaffected by light shifts
from the PA lasers. However, use of this Raman dark-resonance to measure
the binding energy is not practical. The loss suppression occurs at a point
where the background loss is small, so excellent signal-to-noise is required
to observe this feature. A more practical method of measuring the binding
energy is by fitting to the loss maximum and accounting for the systematic
light shifts due to the PA lasers.

Figure 8.5 shows the observation of a CsYb two-photon resonance using Ra-
man spectroscopy. In contrast to Fig. 8.4, the frequency of L1 is detuned
from the free-bound transition (∆FB = −15 MHz) and ω2 is scanned. In this
regime we are in the wings of the one-photon lineshape and we only observe
the Raman feature as we are scanning ω2. A loss of Cs atoms is observed
when the lasers drive a two-photon transition to the electronic ground state.
This corresponds to the creation of a ground-state CsYb molecule which is
dark to our imaging and causes the observed decrease in the number of Cs
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Figure 8.5: Measurement of the least-bound state of the 133Cs174Yb molecule
in the X 2Σ+

1/2 ground state by Raman spectroscopy. Left Panel: Normalised
number of Cs atoms as a function of two-photon detuning ∆2γ = ∆FB −∆BB.
The spectrum was obtained with laser intensities I1 = 1.1 W/cm2 and
I2 = 0.76 W/cm2. The red solid line shows a fit to the data using the Fano
profile. Right Panel: Simplified level structure for the Raman transition.

atoms.

Using the Raman spectroscopy technique we extract the line centre from the
loss feature by fitting a Fano profile [363] to the data. A Fano lineshape
arises in this system from the interference between two paths (Eth → Eb2

and Eth → Eb2 → Eb1 → Eb2) coupling the initial state to the continuum of
decay products associated with Eb2 [364, 365]1. Here, the second path passes
through an intermediate discrete state (Eb1) leading to the Fano profile.

It is still reasonable to wonder if the asymmetry in the observed Raman
feature is in fact due to the distribution of energies in the initial atomic
collision, an effect which is observed in photoassociation measurements at
higher temperatures [366]. We have verified that the width of the feature is
a result of coupling from the laser fields by observing the width as a function
of L2 intensity. For low intensities the feature depth is low and fitting is
more difficult but we observe a width of ∼ 200 kHz. We surmise for lower
powers the spectra will be dominated by thermal broadening, with a width
of ∼ 70 kHz expected given our experimentally determined temperatures.

The interference effects observed in the two-photon spectra implies we have
1Rather confusingly, the continuum is not that of the initial collision energies but of

Eb2 due to its much larger energy width.
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achieved coherent coupling between atomic and molecular states, however,
we have not been able to observe Rabi oscillations in this experimental con-
figuration. This is consistent with observations of other two-photon pho-
toassociation experiments using electric-dipole transitions [367], where off-
resonant excitation of atoms and molecules leads to rapid dephasing. In this
regard, exploration of transitions to molecular states in the spin-forbidden Yb
triplet manifold may be useful for coherent production of ground state CsYb
molecules. Rabi oscillations between atomic and molecular states have been
observed in homonuclear one-photon PA below the Yb 3P2 atomic threshold
[148].

8.1.3 Binding Energy Measurements

We use Raman spectroscopy as the primary method for the observation of
n′′ = −1 levels, as the lineshape of the two-photon feature is narrow for low
powers of L1 and L2. The width of the observed resonance is proportional
to ΓRaman = (2hΩBB/∆BB)2 [364]. Therefore, larger detuning from resonance
leads to weaker coupling and narrower linewidths. However, a large detuning
reduces the feature depth which in turn impacts on the uncertainty in the
extracted line centre. The powers employed in the spectroscopy are a trade-
off between these two effects.

Light Shifts

The coupling of the ground and excited states by L1 and L2 cause the energies
of the states to shift. In the case of the dark-resonance lineshape this shift is
the origin of the observed transparency on two-photon resonance. Therefore,
measurements of the binding energy using the dark-resonance spectroscopy
method are unaffected by light shifts so long as external levels are not intro-
duced into the three-level system [368].

Conversely, in measurements using Raman transitions, the Raman peak
(maximum Cs loss) is perturbed by light shifts. The line shift of the tran-
sition is a linear function of laser intensity in the perturbative limit [365].
Figure 8.6 shows the shifts δ1(I1) and δ2(I2) of the two-photon resonance
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Figure 8.6: Light shift of the Cs174Yb n′′ = −1 Raman line as a function
of photoassociation laser intensity, using the n′ = −13 intermediate state.
(a) Measured line center frequency as a function of intensity I1 of laser L1
driving the free-bound transition. The intensity of laser L2 for this data set
was I2 = 0.35 W/cm2. (b) Measured line center frequency as a function of
intensity I2 of laser L2 driving the bound-bound transition. The intensity of
laser L1 for this data set was I1 = 0.48 W/cm2 and is highlighted in (a). The
1σ uncertainties in the intercepts are represented by the shaded regions at
the origins.

position as functions of the intensity of lasers L1 and L2. We fit a straight
line to the data to extract the line position at zero intensity, corresponding to
the energy difference of the unperturbed states. As expected, the gradient of
the shift with intensity is largest for the bound-bound transition, due to the
much larger FCF between two bound levels compared to the FCF between
the scattering state and an excited vibrational level.
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Other Systematic Effects

Further systematic effects that may shift the position of the Raman line are:
the AC Stark shift due to the dipole trapping light, the Zeeman effect of the
magnetic field and the finite energy of the initial atomic collision.

The trapping light may systematically shift the line position by a differential
AC Stark shift between the atomic pair and the molecular state Eb1. How-
ever, this shift is expected to be small for the weakly bound states considered
here as the molecular polarisability is near identical to the atomic polaris-
ability for near-threshold levels. The effect of magnetic field on the results
is also expected to be small, as the linear Zeeman shift is almost the same
for the atomic state and the molecular state. Investigation of shifts due to
both magnetic field and dipole trap intensity found no significant shift at the
resolution of the measurements (< 100 kHz).

The remaining systematic shift in our measurements is the thermal shift,
Eth, due to the energy of the initial collision between the Cs and Yb atom.
We account for this effect by subtracting the mean collision energy from our
binding energy measurements. The mean collision energy of the Cs+Yb atom
pair is

Eth = 3
2µrkB (TYb/mYb + TCs/mCs) (8.7)

where µr is the reduced mass. For our initial temperatures of TYb = 1µK and
TCs = 6µK, the correction is of order 100 kHz and so only significantly affects
the measurements of the n′′ = −1 levels. A different thermal shift correction
is applied to each isotopolog due to the small difference in Cs temperature
during the measurements.

Binding Energies

In total we observed 14 ground-state vibrational levels using three isotopologs
133Cs170Yb, 133Cs173Yb and 133Cs174Yb. The binding energies of these levels,
corrected for thermal and light shifts, are listed in Table 8.1. Both Raman
and dark-resonance spectroscopy methods were used to measure the binding
energies of all 133Cs174Yb levels. The dark-resonance spectroscopy method
where the frequency of laser L2 is scanned was used for measurements of the
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Yb
n′ n′′

Eb1/h (MHz)
Isotope Obs Uncertainty Calc Obs−Calc

170 −15 −1 15.7 0.3 15.6 0.1
170 −15 −3 1576 2 1576 0
170 −15 −4 4259 2 4257 2
170 −15 −5 8988 2 8989 1
173 −13 −1 56.8 0.2 57.0 0.2
173 −13 −2 592 1 591 1
173 −13 −3 2166 1 2165 1
174 −13 −1 78.66 0.09 78.73 0.07
174 −17 −1 78.7 0.1 78.7 0.0
174 −17 −2 686.4 0.7 686.5 0.1
174 −17 −3 2385.5 0.9 2384.5 1
174 −17 −4 5749 1 5747 2
174 −17 −5 11358 1 11359 1
174 −17 −6 19803 1 19805 2
174 −17 −7 31672 2 31668 4

Table 8.1: Observed binding energies and their uncertainties for vibrational
levels of three different isotopologs of CsYb in its electronic ground state,
together with experimental 1σ uncertainties and binding energies calculated
from the fitted interaction potential.

n′′ < −1 levels of other isotopologs for its simplicity, as only a single high
resolution scan is necessary to find the binding energy of the vibrational level.
Raman spectroscopy of n′′ < −1 levels is not as precise due to broadening of
the line by the relative frequency jitter of the Ti:Sapphire and DBR lasers.

The smaller error bars for the n′′ = −1 levels result from the narrower Ra-
man feature and the different method of generating the small frequency offset
between the two photons. Laser frequency instabilities due to beating be-
tween the sidebands of L1 and L2 prevented observation of the n′′ = −2
state of Cs170Yb. The n′′ = −1 state of 133Cs174Yb was measured with both
n′ = −13 and n′ = −17 as intermediate states to verify that the measure-
ments are of the ground electronic state and not a two-photon transitions to
a higher-energy electronic state. We chose to use intermediate states with
moderately large binding energy to increase the detuning of the photoassoci-
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ation light from the Cs D1 transition; a greater feature depth is observed for
larger detuning due to the reduction of off-resonant Cs losses as discussed in
Chapter 7.

8.2 Line Strengths & Autler-Townes Spec-
troscopy

The strengths of transitions between the electronically excited state and
ground state may be determined from the light shift of the Raman spec-
troscopy measurements. The systematic dependencies of Raman transitions
in three-level lambda-type systems have been studied extensively [364, 368–
371]. For atomic systems it has been shown that the light shift is propor-
tional to Ω2, where Ω is the Rabi frequency associated with either one-photon
transition [369, 370]. Investigations of molecular systems have found that the
light shift of the resonance maintains this Ω2 dependence even in the presence
of decay out of the three-level system [365, 372]. Here we wish to determine
the line strengths for the bound-bound transitions given by Ω2

BB/I2 using the
light-shift measurements of the type presented in Fig. 8.6(b).

For the Raman lineshape shown in Fig. 8.5, the maximum loss of Cs atoms
occurs at a two-photon detuning ω1 − ω2 = Eb1/~ + δ1(I1) + δ2(I2). Here
δ1(I1) and δ2(I2) are the light shifts of the transition and [365]

δ2(I2)
I2

=
(

Ω2
BB/I2

4∆2
FB + Γ2

)
∆FB, (8.8)

where ∆FB ' ∆BB in the vicinity of the Raman resonance2. It follows that the
line strength Ω2

BB/I2 may be obtained from the gradient of resonance position
with respect to intensity I2 using Eq. 8.8. The results for the measured line
strengths of n′ = −17 → n′′ transitions in 133Cs174Yb are presented in Fig.
8.7 as green open circles.

The line strength of the bound-bound transitions may also be determined
using Autler-Townes spectroscopy (ATS) to directly measure the Rabi fre-
quency, ΩBB, from the splitting of the two dressed states. The experimental

2The definition of ΩBB in Eq. 8.8 is twice that in Ref. [365].
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Figure 8.7: Measured line strengths of n′ = −17→ n′′ transitions in Cs174Yb.
The line strength Ω2

BB/I2 is plotted as a function of ground-state vibrational
level n′′. Green open circles represent measurements of the Rabi frequencies
from the line shifts of the Raman loss features. The filled red circle represents
the measurement of the n′ = −17→ n′′ = −5 transition using Autler-Townes
spectroscopy.

configuration for ATS is the same as in Fig. 8.3(a), but instead of measur-
ing the binding energy we measure the splitting of the dressed states as a
function of the intensity of L2. Figure 8.8 shows the Autler-Townes spec-
trum of the n′ = −17 → n′′ = −5 transition in 133Cs174Yb. In the figure,
ω2 is fixed on resonance (∆BB = 0) and ω1 is scanned over the free-bound
n′ = −17 transition for a number of different intensities of L2. The Autler-
Townes splitting of the one-photon line is clearly visible as the intensity of
the bound-bound laser is increased. The Rabi frequency is extracted by fit-
ting Eq. 8.5 to the data, but may also be found by measuring the splitting
of the two peaks (when they are well resolved). The quantity of interest,
ΩBB/

√
I2, is then extracted from a linear fit to the Rabi frequency as a func-

tion of square-root intensity as shown in Fig. 8.8(b). We find that, for the
n′ = −17→ n′′ = −5 transition, ΩBB/

√
I2 = 2π×19(1) MHz/

√
W cm−2. We

include this measurement in Fig. 8.7 as the red closed circle. Note, we did
not measure all the transitions using ATS due to the ∼ 30 s load-detection
cycle associated with conducting the measurements. Nevertheless, the excel-
lent agreement between the two measurements of the line strength for the
n′ = −17→ n′′ = −5 transition confirms the validity of using the light-shift
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(a)

(b)

Figure 8.8: Autler-Townes spectroscopy (ATS) of the n′ = −17 → n′′ = −5
transition in Cs174Yb. (a) Normalized Cs number versus detuning, ∆FB, of
laser L1 from the n′ = −17 free-bound transition. The second laser L2 is on
resonance with the bound-bound transition, ∆BB = 0, and the splitting of the
one-photon lineshape is observed for varying intensities I2 of laser L2. (b)
Bound-bound Rabi frequency ΩBB extracted from the ATS measurements
as a function of the square root of the intensity I2 of laser L2 that drives
the bound-bound transition. The solid line is a linear fit with the intercept
constrained to be zero.

measurements.

The FCFs that determine the line strengths are dominated by the region
around the outermost lobe of the wavefunction for n′ = −17. This is far
inside the outer turning points of the near-threshold levels of the ground
electronic state. In this region, the wave functions of the different near-
threshold levels in the electronic ground state are almost in phase with one
another, but with amplitudes proportional to E

1/3
b1 [308] and line strengths

proportional to E
2/3
b1 . However, the wave functions start to change phase
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as Eb1 increases; eventually the phase difference between the wave functions
in the two electronic states overcomes the amplitude factor and the FCF
starts to decrease. Figure 4 shows that the peak line strength occurs around
n′′ = −5 in the present case.

Previously, in Section 7.4.3, we fitted the one-photon photoassociation spec-
tra to a near-dissociation expansion. However, the quantities C6 and C8 re-
sulting from this are effective dispersion coefficients that incorporate higher-
order effects. They are not sufficient to determine the outer turning point
accurately at the energy of the n′ = −17 level, which is bound by 286 GHz.
Calculating FCFs will require a more complete model of the excited-state
potential, which is beyond the scope of this investigation.

8.3 CsYb Ground State Molecular Potential

In modelling the one-photon photoassociation measurements in the previous
chapter we used a long-range dispersive potential. However, this approach
should not be used here as one of the main goals of the two-photon measure-
ments is to guide our search for interspecies Feshbach resonances. Calcula-
tions of Feshbach resonance widths [88, 340] require a complete interaction
potential, rather than just the long-range form. To obtain such a potential,
the short-range part is based on electronic structure calculations. We de-
cided to base our short-range potential on that of Brue and Hutson [88], this
is the potential used in our previous fit to the thermalisation measurements
in Section 6.4. However, the accuracy of the thermalisation measurements
were not sufficient to constrain important parameters of the potential such as
number of vibrational levels or the C6 coefficient. A critical difference in the
two-photon measurements is the ability to fit the molecular potential to the
observed binding energies and better constrain our model of the potential.

In order to adjust the potential to fit our measured binding energies, the
potential is represented in an analytic form,

V (R) = Ae−βR −
∑

n=6,8,10
Dn(βR)CnR−n. (8.9)
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Parameter Value Uncertainty Sensitivity
A/Eh 13.8866515 0.3 2× 10−7

C6/Eha
6
0 3463.2060 6 2× 10−4

C8/Eha
8
0 502560.625 7000 5× 10−3

Table 8.2: Fitted parameters from the least-squares fit and derived properties
of the potential. Uncertainties are 1σ. The sensitivity is as defined in Ref.
[376].

Here, A and β control the magnitude and range of the short-range repulsive
wall of the potential and

Dn(βR) = 1− e−βR
n∑

m=0

(βR)m
m! (8.10)

is a Tang-Toennies damping function [373]. To reduce the number of free
parameters, we use C10 = (49/40)C2

8/C6 as recommended by Thakkar and
Smith [374].

To fit the potential to the measured binding energies, the dispersion coef-
ficients C6 and C8 are fitted and A is varied to adjust the volume of the
potential and thus the number of vibrational levels. We fix β = 0.83 a−1

0 to
the value obtained from fitting to the electronic structure calculations. These
choices allow us to fit the aspects of the potential that are well-determined by
our measurements, using a small number of parameters, while maintaining a
physically reasonable form for the entire potential.

We calculate near-threshold bound states supported by the potential using
the bound package [375]. The terms in the Hamiltonian that couple different
electronic and nuclear spin channels (and cause Feshbach resonances) are
very small [88]. The effective potential is thus almost identical for all spin
channels. The bound molecular states are almost unaffected by these weak
couplings. The effects of the atomic hyperfine splitting and Zeeman shifts
are already accounted for in the measurement of the binding energies. We
therefore calculate bound states using single-channel calculations, neglecting
electron and nuclear spins and the effects of the magnetic field.

We carry out separate least-squares fits to the measured binding energies
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for each plausible number of vibrational levels Nvib. For the isotopologs
considered here, Nvib is the same, but in principle the number could vary
between different isotopologs. We fit to all three isotopologs simultaneously,
using weights derived from the experimental uncertainties. We find the best
fit for Nvib = 77 with a reduced chi-squared χ2

ν = 1.3. For Nvib = 76 and 78
we find χ2

ν = 25 and 26 respectively.

The final fitted parameters are given in Table 8.2, with their uncertainties
and sensitivities [376]. As this is a very strongly correlated fit, rounding
the fitted parameters to their uncertainties introduces very large errors in
the calculated levels, so the parameters are given to a number of significant
figures determined by their sensitivity [376] to allow accurate reproduction
of the binding energies. The fitted value of C6 is within 3% of the value from
Tang’s combining rule [88]. The ground-state binding energies calculated
from the fitted interaction potential are included in Table 7.1.

The statistical uncertainties in the potential parameters are very small. How-
ever, our model is somewhat restrictive and the uncertainties in quantities
derived from the potential are dominated by model dependence. To quan-
tify this, we have explored a range of different models; these include using
different values of β and adding an attractive exponential term in the fit to
the electronic structure calculations. The estimates of uncertainties due to
model dependence given below are based on the variations observed in these
tests. Further measurements of more deeply bound vibrational states would
be necessary to determine the details of the short-range potential.

8.3.1 Scattering Properties

Using the fitted potential, it is possible to predict scattering lengths for all
isotopologs. These are given in Table 8.3. In this case the uncertainties
from statistics and model dependence are comparable, though the latter are
larger. The scattering lengths are also shown as a function of reduced mass
in Fig. 8.9, along with both observed and calculated binding energies. The
cube root of the binding energy varies almost linearly with reduced mass
for an interaction potential with −C6/R

6 long-range behaviour [308], except
for a small curvature very near dissociation due to the Gribakin-Flambaum
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Figure 8.9: Interspecies scattering length (upper panel) and binding ener-
gies (lower panel) for CsYb as a function of reduced mass, calculated using
the fitted interaction potential. Points show measured levels; error bars are
smaller than the points on this scale. The vertical lines correspond to the
stable Yb isotopes. The horizontal lines on the upper figure correspond to
a = 0, ā, and 2ā.

correction [109] of π/8 to the WKB quantization condition at threshold.

The scattering lengths are in remarkably good agreement with our previous
estimates based on interspecies thermalisation in Chapter 6. The higher
precision of the measurements presented here yield lower uncertainties on
the scattering length and an absolute determination of the number of bound
states supported by the potential.

Six of the isotope combinations have scattering lengths between −2ā and 2ā.
The exception is Cs+176Yb which possesses a very large scattering length
due to the presence of an additional vibrational level near threshold. The
moderate values of the scattering length of four of the bosonic Yb isotopes
allows the production of miscible two species condensates [278] with Cs at
the magnetic field required to minimize the Cs three-body loss rate [126].
Conversely, the large positive scattering length for Cs+176Yb is likely to
result in an enhancement of the widths of Feshbach resonances [88]. The very
small interspecies scattering length of Cs+173Yb indicates that the degenerate
Bose-Fermi mixture would be essentially non-interacting. In contrast, the
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Mixture aCsYb Statistical Model
(a0) uncertainty (a0) dependence (a0)

Cs+168Yb 165.98 0.15 0.4
Cs+170Yb 96.24 0.08 0.2
Cs+171Yb 69.99 0.08 0.3
Cs+172Yb 41.03 0.12 0.5
Cs+173Yb 1.0 0.2 1.0
Cs+174Yb −74.8 0.5 3
Cs+176Yb 798 7 40

Table 8.3: Interspecies scattering lengths calculated from the fitted interac-
tion potential. Both statistical uncertainties (1σ) and estimated uncertainties
from model dependence are given.

scattering length of 70 a0 for Cs+171Yb is ideal for sympathetic cooling of
171Yb to degeneracy [77, 84], overcoming the problem of the small intraspecies
scattering length [179] that makes direct evaporative cooling ineffective.

The miscibility of a two-species Cs+Yb condensate may be easily controlled
by tuning the Cs scattering length. The most favourable isotopic combina-
tion of 133Cs and 174Yb may be tuned across the miscible-immiscible phase
transition by a simple ramp of the magnetic field from 19 to 18 G. Allowing
access to the strongly immiscible regime without significant inelastic losses
that are present when tuning the inter-particle scattering length in the vicin-
ity of a Feshbach resonance [377]. In a bichromatic trap, the interspecies
overlap is controllable through the balance of bichromatic trap powers and
also by the magnetic field gradient due to Yb’s insensitivity to magnetic fields.
Therefore, this system is very promising for the investigation of pattern for-
mation dynamics in two-component condensates [378, 379]. In addition, the
attractive interspecies interactions between 133Cs and 174Yb are extremely
promising for the formation of heteronuclear quantum droplets [115, 380].

Using our fitted molecular potential it is also possible to calculate the cross
sections σ(1)

η that characterise interspecies thermalisation [285], just like we
did in Chapter 6. Figure 8.10 shows the calculated transport cross section
including all relevant partial waves as a function of collision energy, for all the
isotopic combinations. The low-energy cross sections vary across more than 4
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Figure 8.10: Calculated cross sections σ(1)
η for interspecies thermalisation of

Cs with Yb, as a function of collision energy E. The curves are labelled by
the Yb isotope which is paired with 133Cs.

orders of magnitude. Cs+173Yb has a very small cross section at low energy,
due to its tiny zero-energy scattering length, but this increases rapidly with
energy due to both effective-range effects and p-wave scattering. A d-wave
shape resonance is observed for Cs+170Yb at E/kB = 90µK. Cs+174Yb has a
negative scattering length at zero energy and exhibits a Ramsauer-Townsend
minimum near 30 µK, where the energy-dependent scattering length crosses
zero. This suggests the efficiency of sympathetic cooling for this isotopolog
will be poor at temperatures above 10µK. This will not be significant in
our experiment as Cs can be cooled to temperatures well below 10 µK using
DRSC but for experiments wishing to use magnetically trapped Cs this may
be problematic.



Chapter 9

Conclusions and Outlook

9.1 Summary

In this thesis I have reported the first measurements of the binding energies
of ground state CsYb molecules and the scattering lengths of the Cs+Yb
system. This represents a major milestone in the experiment and is essential
for devising the most efficient route to creation of rovibrational ground state
CsYb molecules.

These experiments were performed on an ultracold optically trapped mixture
of Cs and Yb atoms. The setup of the optical dipole trap and the schemes
for efficient loading of Yb isotopes into the optical trap have been described.
Evaporative cooling of bosonic 174Yb resulted in the reliable production of
large condensates containing 3 − 4 × 105 atoms. The changes required for
cooling fermionic 173Yb were discussed and the production of a six-component
degenerate Fermi gas of 8 × 104 173Yb atoms with a temperature of 0.3TF

was reported. The production of a 174Yb BEC and a 173Yb DFG are the first
observations in the UK of quantum degeneracy in a closed-shell atom.

The implementation of effective cooling methods for Cs was also discussed.
Degenerate Raman sideband cooling was implemented which allowed a large
number of Cs atoms to be cooled to below 2µK and polarised efficiently in
the |F = 3,mF = +3〉 state. To enable efficient transfer into the same optical
trap as Yb, we described the setup of a large volume ‘reservoir’ trap. By
evaporatively cooling Cs in the dimple trap we produced a Cs BEC containing

205
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5×104 atoms. We have demonstrated the tunability of the Cs BEC by using
a low-field Feshbach resonance to control the BEC expansion during TOF.

Further, we have described the loading of Cs and Yb atoms into the same
optical dipole trap and presented the first measurements of the scattering
properties of Cs+Yb. A kinetic model is derived to describe the observed
thermalisation and is used to extract elastic scattering cross sections. Com-
parison of the thermalisation cross sections with quantum scattering calcula-
tions allowed us to evaluate scattering lengths for all seven CsYb isotopologs.

We have characterised the production of ultracold electronically excited Cs2

and CsYb molecules using one-photon photoassociation in an optical dipole
trap. The setup of a laser system with a large tunable frequency range for
photoassociation is described and we have demonstrated control over the
Cs2 photoassociation rate by tuning the Cs intraspecies scattering length.
We have directly observed the distance dependence of the hyperfine coupling
constant in electronically excited CsYb molecules and precisely measured
the binding energies of vibrational levels in the 2(1/2) potential for multiple
CsYb isotopologs. The analysis of these binding energy measurements using
an extended Le Roy-Bernstein model allowed the number of bound states
supported by the 2(1/2) potential to be determined to be 154 or 155.

Finally, we have described the production of vibrationally-excited ground
state CsYb molecules using two-photon photoassociation. Using the two-
photon photoassociation technique we have measured the binding energies
of high-lying vibrational levels of 133Cs174Yb, 133Cs173Yb and 133Cs170Yb
molecules including the last-bound state. Autler-Townes spectroscopy of
these bound-bound transitions provided the first experimental results on the
transition strengths, important for the identification of two-photon routes to
the ground state. We have reported the fitting of a ground-state interaction
potential based on electronic structure calculations to the measured binding
energies. The model potential is used to calculate the scattering lengths of
all CsYb isotopes to much greater precision than the thermalisation mea-
surements. The model potential may also be used to predict positions of
novel interspecies Feshbach resonances. Magnetoassociation using these pre-
dicted Feshbach resonances followed by STIRAP is a promising route to the
creation of ground state paramagnetic CsYb molecules.
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9.2 Outlook

9.2.1 Short Term

Double degeneracy in Cs-Yb

The measurements reported in this thesis inform our choice of pathway to the
ground state. The two-photon measurements yield essential information on
both the positions of Feshbach resonances and which atomic mixtures have
favourable properties for cooling to degeneracy. The measured interspecies
scattering lengths are favourable for sympathetic cooling of Cs using most
Yb isotopes. The exceptions being 176Yb which has a very large interspecies
scattering length and 173Yb which has a very small interspecies scattering
length. As we have seen throughout this thesis, both 133Cs and multiple Yb
isotopes are capable of being independently cooled to degeneracy. Therefore,
using elastic collisions between the species it should be possible to enhance
the number of degenerate atoms in comparison to cooling the species inde-
pendently. Increasing the number of distinct mixtures which are capable of
being cooled in the setup gives a diversified approach to the production of
CsYb molecules. In addition, a binary condensate comprised of Cs and the
most abundant Yb isotope, 174Yb, is promising for the investigation of the
miscible-immiscible phase transition in a heteronuclear system and has the
potential to form mass-imbalanced quantum droplets.

The major obstacle to the achievement of efficient sympathetic cooling in the
current setup is the large difference in polarisabilities of the two species at
1070 nm. This effect can be mitigated by the installation of a bichromatic
trap using 532 nm light, in addition to the 1070 nm light already in use.
The 532 nm light leads to an attractive potential for Yb (αYb = 261 a3

0)
and a repulsive potential for Cs (αCs = −224 a3

0). Therefore, the relative
difference in trap depth can be tuned by changing the relative powers of
1070 and 532 nm trapping beams. This trapping arrangement also allows the
compensation of the differential gravitational sag that may hamper attempts
of sympathetic cooling.

During the writing of this thesis the 532 nm trap has been installed in the
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Figure 9.1: Implementation of a Bichromatic trap. (a) 3D rendering of the
science chamber with bichromatic trapping beams. Lower plot: Contribu-
tions of the 532 nm (green) and 1070 nm (orange) beams to the total trap
depth (black) of (a) Yb and (b) Cs trapping potentials. The intensities used
in the simulation were I532 = 22.3 kW/cm2 and I1070 = 11.7 kW/cm2.

setup. A rendering of the science chamber with the bichromatic trap beams
is shown in Fig. 9.1 along with the calculated trapping potentials for Cs and
Yb. The trap can be tailored depending on the mixture under consideration.
For example, we can obtain large samples of 174Yb atoms, therefore, it may
be beneficial to have a slightly larger trap depth for Cs to allow cooling of
Cs by sympathetic evaporation of 174Yb. Conversely, a larger trap depth for
Yb would be beneficial for a different mixture with contrasting scattering
properties, such as the fermionic Cs+171Yb mixture where the Yb isotope
has an extremely small intraspecies scattering length but the mixture has
a moderate interspecies scattering length. The larger trap depth for Yb
would allow 171Yb to be sympathetically cooled by Cs. Further, with the
implementation of the Cs reservoir trap we have large sample of N > 1×107

Cs atoms at T ∼ 3µK, a large portion of which are lost during the dimple
loading. It may be efficient to use this large sample of cold atoms to perform
initial sympathetic cooling of Yb down to the temperature of the reservoir
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atoms, regardless if subsequent evaporation is performed using Yb or Cs.

In summary, there are a large number of sympathetic cooling regimes wait-
ing to be explored and many are promising for the production of double-
degenerate mixtures of Cs and Yb. The significant enhancement of the mix-
ture’s PSD and overlap in the bichromatic trap will be beneficial in the search
for novel interspecies Feshbach resonances.

Magnetoassociation of CsYb

It has been well established by the work on bi-alkali systems that mag-
netoassociation and STIRAP is the most favourable method for creation of
rovibrational ground state molecules deep in the ultracold regime. The CsYb
interaction potential gained from fitting to the two-photon photoassociation
measurements predicts multiple interspecies Feshbach resonances at low mag-
netic fields (B < 200 G) for multiple isotopes. The widths of these low field
resonances are predicted to be fairly narrow (∆ < 1 mG) which may limit
their observability. However, we note that in the RbSr experiment features
with theoretical widths of 70 µG were observed for Mechanism II and 90 nG
features were observed for Mechanism III [89]. This suggests these reso-
nances which are theoretically predicted to be weak may still be observable
experimentally, although their suitability for magnetoassociation remains to
be explored.

An important factor in the observation of the 87Rb87Sr resonances is the
extremely large interspecies scattering length of the mixture a87,87 > 1600 a0,
which enhances the observability of the features. This may be troublesome in
CsYb as the most promising resonances are associated with the 133Cs+173Yb
system, where the extremely low interspecies scattering length a133,174 =
1 a0 dampens our expectations for this isotopolog. While some resonance
widths are predicted to be fairly large for these systems (∆ ' 100 mG), an
essential parameter for assessing the efficiency of magnetoassociation is the
product ∆ × aCsYb [381], which is not favourable for this system. However,
the use of a fermionic system may still be beneficial as the Pauli blocking
of collision induced losses may still make magnetoassociation in this mixture
more favourable than in bosonic mixtures.
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Due to the scaling of resonance width with magnetic field strength it is likely
that a set of bias coils capable of producing higher magnetic fields will need to
be installed in the system. For this purpose a set of coils capable of producing
∼ 1800 G have been wound and tested [103] but still need to be installed into
the experiment. We are also exploring the possibility of forming molecules
by associating Cs in another spin state. This removes the restriction of using
Cs in the |F = 3,mF = +3〉 state and enables a larger number of resonances
to be considered. However, this imposes an additional constraint that the
inelastic two-body loss rate must be low in the region of magnetic field around
the predicted interspecies resonance. This is challenging in the particular
case of Cs, as the two-body inelastic loss rate is high at most values of the
magnetic field. However, with the assistance of Jeremy Hutson and his group
we have identified some interspecies resonances at higher field where the two-
body inelastic loss rate is low, some of which are in the easily accessible
|F = 3,mF = +2〉 state.

In the initial search for Feshbach resonances it is likely we will search in a mix-
ture involving 173Yb due to our demonstrated ability to cool this isotope to
degeneracy and the larger number of resonances at low magnetic fields. The
predicted Feshbach resonances for the Cs173Yb isotopolog are plotted in Fig.
9.2. The blue dashed line shows the atomic energy of the |F = 3,mF = +3〉.
The multiple resonances that arise for this state are labelled by a marker
representing the coupling mechanism responsible. It is evident that there are
multiple lower field resonances that should be observable with the coil set
currently installed in the experiment.

9.2.2 Long Term

STIRAP of associated Feshbach molecules requires the identification of an
intermediate state with strong coupling to both initial and final states. The
photoassociation measurements presented earlier form a basis for theoretical
models of ground and excited molecular potentials to allow identification of
a suitable intermediate state. However, a model of the molecular potential
beyond the primarily long-range potential considered here is required to ac-
curately predict the Franck-Condon overlap at small interatomic distances.
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(a) (b)

Figure 9.2: (a) Level crossing diagram for 133Cs173Yb. Binding energy from
centre of weight of the hyperfine structure versus magnetic field strength.
The dashed black lines are atomic levels, the solid lines are molecular levels,
with cyan corresponding to the ` = 0 levels of the lower (F=3) hyperfine
manifold, red the ` = 2 levels of this manifold and green corresponding to
the upper (F=4) hyperfine manifold (` = 0 levels). The atomic level of
|F = 3,mF = +3〉 is highlighted in blue. Markers denote level crossings that
produce resonances, the relevant coupling is indicated by the marker shape:
triangles I, squares II and circles III (see Section 2.3). (b) Enhanced view of
level crossing diagram for the fields currently achievable in the experiment.

This is because of the highly oscillatory behaviour of the vibrational wave-
function at short range makes the Franck-Condon overlap extremely sensitive
to details of the molecular potential at short range.

In bi-alkalis the molecular potentials of excited states have been well studied
using traditional molecular spectroscopy in thermal beams [382–385]. How-
ever, work on a diatomic molecules composed of alkali and closed-shell atoms
is exceedingly rare in the literature [386] and before our own work there was
no published spectroscopy on the CsYb molecule. Ab initio methods are also
not much use, as calculations for these systems are challenging, this is evi-
denced by the large discrepancies between different predictions of the CsYb
ground state [88, 300, 387, 388].

For accurate knowledge of the potential at short range, it will be essential
to perform spectroscopy all the way down to the last vibrational level of the
excited molecular potential. This covers a huge frequency range which is not
well suited for study with an optically trapped atomic mixture due to the
long cycle time of the experiment, however, this has been performed recently
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in the NaLi system [389]. Measurements of this nature are more suited to
traditional molecular spectroscopy such as Fourier-transform infrared spec-
troscopy (FTIR) in a heatpipe. These experiments are more challenging with
mixtures of alkali and closed-shell atoms due to their distinct atomic proper-
ties. The major complication in spectroscopy of these molecules is the large
background signal from dimers formed from the alkali atom.

Recent work involving spectroscopy of RbSr molecules on helium nan-
odroplets [386] is encouraging for performing extensive spectroscopy on
alkali-closed-shell systems. Spectroscopy of higher electronic states which
approach the Yb triplet manifold at long range may guide future experi-
ments on alternative optical association techniques for CsYb molecules.

Taking a more long-term view, the installation of an optical lattice will be
essential for the investigation of lattice spin models with ground state CsYb
molecules and will be required to protect the molecules from decay due to
exchange reactions. The lattice will enable efficient preparation of molecules
using magnetoassociation and will allow the use of Cs atoms in any internal
state due to the protection from intraspecies collisions. In addition, two
degenerate gases confined in a lattice is a promising platform for studying
novel atomic physics in lattices [97–100].

9.3 Concluding Remarks

The measurements of the Cs+Yb scattering lengths presented in this thesis
allows us to devise the optimal scheme for producing a high PSD mixture of
Cs and Yb in a lattice and enables the prediction of interspecies Feshbach
resonances for magnetoassociation. Creation of quantum degenerate mix-
tures of Cs and Yb using the techniques laid out in this thesis are favourable
for a large number of Cs+Yb isotopic mixtures, many of which show promise
for realising interesting Bose-Bose and Bose-Fermi mixtures with tunable in-
teractions. This is encouraging for loading an optical lattice of preformed
Cs+Yb pairs that will allow efficient association of molecules. In addition to
the favourable scattering properties of the mixture, the prospects for mag-
netoassociation are also promising, with many more Feshbach resonances
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accessible than originally predicted at the outset of the project. The next
steps in the experiment promise to be very exciting and should consolidate
CsYb as a great candidate for the production of paramagnetic molecules in
alkali-closed-shell systems.
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PhD thesis, Université Pierre et Marie Curie - Paris VI, 2005. See
page: 53.

[197] D. Boddy, First observations of Rydberg blockade in a frozen gas of
divalent atoms, PhD thesis, Durham University, 2014. See pages: 53
and 74.

[198] M. Kleinert, M. E. Gold Dahl, and S. Bergeson, Measurement of the
Yb I 1S0−1P1 transition frequency at 399 nm using an optical frequency
comb, Phys. Rev. A 94, 052511 (2016). See page: 55.

http://dx.doi.org/10.1063/1.4927198
http://dx.doi.org/10.1364/OL.28.000245
http://dx.doi.org/10.1103/PhysRevA.61.051401
http://dx.doi.org/10.1103/PhysRevA.61.051401
http://dx.doi.org/10.1103/PhysRevA.68.011403
http://dx.doi.org/10.1103/PhysRevA.94.052511


Bibliography 233

[199] K. Pandey, A. K. Singh, P. V. K. Kumar, M. V. Suryanarayana, and
V. Natarajan, Isotope shifts and hyperfine structure in the 555.8-nm
1S0 → 3P 1 line of Yb, Phys. Rev. A 80, 022518 (2009). See page: 55.

[200] D. Das, S. Barthwal, A. Banerjee, and V. Natarajan, Absolute fre-
quency measurements in Yb with 0.08 ppb uncertainty: isotope shifts
and hyperfine structure in the 399−nm 1S0 →1 P1 line, Phys. Rev. A
72, 032506 (2005). See page: 56.

[201] R. Zinkstok, E. J. Van Duijn, S. Witte, and W. Hogervorst, Hyperfine
structure and isotope shift of transitions in Yb I using UV and deep-UV
cw laser light and the angular distribution of fluorescence radiation, J.
Phys. B: At., Mol. Opt. Phys. 35, 2693 (2002). See page: 56.

[202] J. J. McFerran, An inverted crossover resonance aiding laser cooling
of 171Yb, J. Opt. Soc. Am. B 33, 1278 (2016). See page: 57.

[203] C. J. Foot, Atomic physics (Oxford University Press, 2004). See
pages: 61 and 73.

[204] R. Grimm, M. Weidemüller, and Y. B. Ovchinnikov, Optical dipole
traps for neutral atoms, Adv. At., Mol., Opt. Phys. 42, 95 (2000).
See pages: 65 and 69.

[205] C.-L. Hung, X. Zhang, N. Gemelke, and C. Chin, Accelerating evapora-
tive cooling of atoms into Bose-Einstein condensation in optical traps,
Phys. Rev. A 78, 011604 (2008). See pages: 66 and 99.

[206] A. H. Hansen et al., Production of quantum-degenerate mixtures of
ytterbium and lithium with controllable interspecies overlap, Phys. Rev.
A 87, 013615 (2013). See page: 66.

[207] J. Mitroy, M. S. Safronova, and C. W. Clark, Theory and applications
of atomic and ionic polarizabilities, J. Phys. B: At., Mol. Opt. Phys.
43, 202001 (2010). See page: 67.

[208] M. S. Safronova, U. I. Safronova, and C. W. Clark, Magic wavelengths,
matrix elements, polarizabilities, and lifetimes of Cs, Phys. Rev. A 94,
012505 (2016). See pages: 67 and 68.

http://dx.doi.org/10.1103/PhysRevA.80.022518
http://dx.doi.org/10.1103/PhysRevA.72.032506
http://dx.doi.org/10.1103/PhysRevA.72.032506
http://dx.doi.org/10.1088/0953-4075/35/12/305
http://dx.doi.org/10.1088/0953-4075/35/12/305
http://dx.doi.org/10.1364/JOSAB.33.001278
http://dx.doi.org/10.1016/s1049-250x(08)60186-x
http://dx.doi.org/10.1103/PhysRevA.78.011604
http://dx.doi.org/10.1103/PhysRevA.87.013615
http://dx.doi.org/10.1103/PhysRevA.87.013615
http://dx.doi.org/10.1088/0953-4075/43/20/202001
http://dx.doi.org/10.1088/0953-4075/43/20/202001
http://dx.doi.org/10.1103/physreva.94.012505
http://dx.doi.org/10.1103/physreva.94.012505


Bibliography 234

[209] M. S. Safronova, B. Arora, and C. W. Clark, Frequency-dependent
polarizabilities of alkali-metal atoms from ultraviolet through infrared
spectral regions, Phys. Rev. A 73, 022505 (2006). See page: 67.

[210] NIST basic atomic spectroscopic data available online at: http://

physics.nist.gov/PhysRefData/ASD/index.html. See page: 68.

[211] W. Johnson, D. Kolb, and K.-N. Huang, Electric-dipole, quadrupole,
and magnetic-dipole susceptibilities and shielding factors for closed-
shell ions of the He, Ne, Ar, Ni (Cu+), Kr, Pb, and Xe isoelectronic
sequences, At. Data Nucl. Data Tables 28, 333 (1983). See page: 68.

[212] J. Fuchs et al., Molecular Bose-Einstein condensation in a versatile
low power crossed dipole trap, J. Phys. B: At., Mol. Opt. Phys. 40,
4109 (2007). See page: 72.

[213] A. D. Ludlow, The strontium optical lattice clock: optical spectroscopy
with sub-hertz accuracy, PhD thesis, University of Colorado, 2008. See
page: 74.

[214] X. Xu, T. H. Loftus, J. L. Hall, A. Gallagher, and J. Ye, Cooling and
trapping of atomic strontium, J. Opt. Soc. Am. B 20, 968 (2003). See
page: 76.

[215] S.-K. Choi, S. E. Park, J. Chen, and V. G. Minogin, Three-dimensional
analysis of the magneto-optical trap for (1+3)-level atoms, Phys. Rev.
A 77, 015405 (2008). See page: 76.

[216] T. Chanelière, J.-L. Meunier, R. Kaiser, C. Miniatura, and
D. Wilkowski, Extra-heating mechanism in Doppler cooling experi-
ments, J. Opt. Soc. Am. B 22, 1819 (2005). See page: 76.

[217] M. Drewsen et al., Investigation of sub-Doppler cooling effects in a
cesium magneto-optical trap, Appl. Phys. B 59, 283 (1994). See
page: 76.

[218] H. Katori, T. Ido, Y. Isoya, and M. Kuwata-Gonokami, Magneto-
optical trapping and cooling of strontium atoms down to the photon
recoil temperature, Phys. Rev. Lett. 82, 1116 (1999). See page: 76.

http://dx.doi.org/10.1103/PhysRevA.73.022505
http://physics.nist.gov/PhysRefData/ASD/index.html
http://physics.nist.gov/PhysRefData/ASD/index.html
http://dx.doi.org/10.1016/0092-640x(83)90020-7
http://dx.doi.org/10.1088/0953-4075/40/20/011
http://dx.doi.org/10.1088/0953-4075/40/20/011
http://dx.doi.org/10.1364/josab.20.000968
http://dx.doi.org/10.1103/physreva.77.015405
http://dx.doi.org/10.1103/physreva.77.015405
http://dx.doi.org/10.1364/JOSAB.22.001819
http://dx.doi.org/10.1007/BF01081396
http://dx.doi.org/10.1103/PhysRevLett.82.1116


Bibliography 235
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[340] P. S. Żuchowski and J. M. Hutson, Reactions of ultracold alkali-metal
dimers, Phys. Rev. A 81, 060703 (2010). See pages: 171 and 199.

[341] T. Bergeman et al., Photoassociation of 85Rb atoms into 0+
u states near

the 5S+5P atomic limits, J. Phys. B: At., Mol. Opt. Phys. 39, S813
(2006). See page: 171.

[342] L. Pruvost and H. Jelassi, Weakly bound (6S1/2+6P1/2 ) 0−g Cs2 levels
analysed using the vibrational quantum defect: detection of two deeply
bound (6S1/2+6P1/2 ) 0−g levels, J. Phys. B: At., Mol. Opt. Phys. 43,
125301 (2010). See page: 171.

[343] D. Comparat, Improved LeRoy-Bernstein near-dissociation expansion
formula, and prospect for photoassociation spectroscopy, J. Chem.
Phys. 120, 1318 (2004). See pages: 176 and 179.

[344] M. Borkowski et al., Mass scaling and nonadiabatic effects in photoas-
sociation spectroscopy of ultracold strontium atoms, Phys. Rev. A 90,
032713 (2014). See page: 177.

[345] D. Sivia and J. Skilling, Data analysis: A Bayesian tutorial (Oxford
University Press, 2006). See page: 180.

[346] J. Goodman and J. Weare, Ensemble samplers with affine invariance,
Communications in Applied Mathematics and Computational Science
5, 65 (2010). See page: 180.

[347] D. Foreman-Mackey, D. W. Hogg, D. Lang, and J. Goodman, Emcee:
the MCMC hammer, Publ. Astron. Soc. Pac. 125, 306 (2013). See
page: 180.

http://dx.doi.org/10.1103/physreva.92.062714
http://dx.doi.org/10.1103/physrevlett.82.3568
http://dx.doi.org/10.1103/PhysRevA.81.060703
http://dx.doi.org/10.1088/0953-4075/39/19/s01
http://dx.doi.org/10.1088/0953-4075/43/12/125301
http://dx.doi.org/10.1088/0953-4075/43/12/125301
http://dx.doi.org/10.1063/1.1626539
http://dx.doi.org/10.1063/1.1626539
http://dx.doi.org/10.1103/PhysRevA.90.032713
http://dx.doi.org/10.1103/PhysRevA.90.032713
http://dx.doi.org/10.2140/camcos.2010.5.65
http://dx.doi.org/10.2140/camcos.2010.5.65
http://dx.doi.org/10.1086/670067


Bibliography 247

[348] C. C. Tsai et al., Two-color photoassociation spectroscopy of ground
state Rb2, Phys. Rev. Lett. 79, 1245 (1997). See page: 181.

[349] F. A. van Abeelen and B. J. Verhaar, Determination of collisional
properties of cold Na atoms from analysis of bound-state photoassocia-
tion and Feshbach resonance field data, Phys. Rev. A 59, 578 (1999).
See page: 181.

[350] H. Wang et al., Ground-state scattering lengths for potassium isotopes
determined by double-resonance photoassociative spectroscopy of ultra-
cold 39K, Phys. Rev. A 62, 052704 (2000). See page: 181.

[351] S. Moal et al., Accurate determination of the scattering length of
metastable helium atoms using dark resonances between atoms and ex-
otic molecules, Phys. Rev. Lett. 96, 023203 (2006). See pages: 181
and 186.

[352] Y. N. Martinez de Escobar et al., Two-photon photoassociative spec-
troscopy of ultracold 88Sr, Phys. Rev. A 78, 062708 (2008). See
page: 181.

[353] W. Gunton, M. Semczuk, N. S. Dattani, and K. W. Madison, High-
resolution photoassociation spectroscopy of the 6Li2 A(11Σ+

u ) state,
Phys. Rev. A 88, 062510 (2013). See page: 181.

[354] E. Pachomow, V. P. Dahlke, E. Tiemann, F. Riehle, and U. Sterr,
Ground-state properties of Ca2 from narrow-line two-color photoasso-
ciation, Phys. Rev. A 95, 043422 (2017). See page: 181.

[355] M. Debatin et al., Molecular spectroscopy for ground-state transfer of
ultracold RbCs molecules, Phys. Chem. Chem. Phys. 13, 18926 (2011).
See pages: 181, 186, and 188.

[356] M. Guo et al., High resolution molecular spectroscopy for producing
ultracold absolute ground-state 23Na 87Rb molecules, Phys. Rev. A 96,
052505 (2017). See page: 181.

[357] S. Dutta, J. Pérez-Ŕıos, D. S. Elliott, and Y. P. Chen, Two-photon
photoassociation spectroscopy of an ultracold heteronuclear molecule,
Phys. Rev. A 95, 013405 (2017). See page: 181.

http://dx.doi.org/10.1103/PhysRevLett.79.1245
http://dx.doi.org/10.1103/physreva.59.578
http://dx.doi.org/10.1103/physreva.62.052704
http://dx.doi.org/10.1103/PhysRevLett.96.023203
http://dx.doi.org/10.1103/PhysRevA.78.062708
http://dx.doi.org/10.1103/PhysRevA.88.062510
http://dx.doi.org/10.1103/PhysRevA.95.043422
http://dx.doi.org/10.1039/C1CP21769K
http://dx.doi.org/10.1103/PhysRevA.96.052505
http://dx.doi.org/10.1103/PhysRevA.96.052505
http://dx.doi.org/10.1103/physreva.95.013405


Bibliography 248

[358] T. M. Rvachov et al., Two-photon spectroscopy of the 23Na6Li triplet
ground state, Phys. Chem. Chem. Phys. 20, 4739 (2018). See page: 181.

[359] A. Guttridge, M. D. Frye, B. C. Yang, J. M. Hutson, and S. L. Cor-
nish, Two-photon photoassociation spectroscopy of CsYb: Ground-state
interaction potential and interspecies scattering lengths, Phys. Rev. A
98, 022707 (2018). See page: 182.

[360] M. Fleischhauer, A. Imamoglu, and J. P. Marangos, Electromagneti-
cally induced transparency: Optics in coherent media, Rev. Mod. Phys.
77, 633 (2005). See pages: 186, 187, and 188.

[361] K. Winkler et al., Atom-molecule dark states in a Bose-Einstein con-
densate, Phys. Rev. Lett. 95, 063202 (2005). See page: 186.

[362] M. J. Mark et al., Dark resonances for ground-state transfer of molec-
ular quantum gases, Appl. Phys. B 95, 219 (2009). See page: 186.

[363] U. Fano, Effects of configuration interaction on intensities and phase
shifts, Phys. Rev. 124, 1866 (1961). See page: 191.

[364] J. L. Bohn and P. S. Julienne, Semianalytic treatment of two-color
photoassociation spectroscopy and control of cold atoms, Phys. Rev. A
54, R4637 (1996). See pages: 191, 192, and 196.

[365] M. Portier, M. Leduc, and C. Cohen-Tannoudji, Fano profiles in two-
photon photoassociation spectra, Faraday Discuss. 142, 415 (2009). See
pages: 191, 192, and 196.

[366] K. M. Jones, P. D. Lett, E. Tiesinga, and P. S. Julienne, Fitting line
shapes in photoassociation spectroscopy of ultracold atoms: A useful
approximation, Phys. Rev. A 61, 012501 (1999). See page: 191.

[367] T. Rom et al., State selective production of molecules in optical lattices,
Phys. Rev. Lett. 93, 073002 (2004). See page: 192.

[368] T. Zanon-Willette, E. de Clercq, and E. Arimondo, Ultrahigh-resolution
spectroscopy with atomic or molecular dark resonances: Exact steady-
state line shapes and asymptotic profiles in the adiabatic pulsed regime,
Phys. Rev. A 84, 062502 (2011). See pages: 192 and 196.

http://dx.doi.org/10.1039/c7cp08481a
http://dx.doi.org/10.1103/PhysRevA.98.022707
http://dx.doi.org/10.1103/PhysRevA.98.022707
http://dx.doi.org/10.1103/revmodphys.77.633
http://dx.doi.org/10.1103/revmodphys.77.633
http://dx.doi.org/10.1103/PhysRevLett.95.063202
http://dx.doi.org/10.1007/s00340-009-3407-1
http://dx.doi.org/10.1103/physrev.124.1866
http://dx.doi.org/10.1103/physreva.54.r4637
http://dx.doi.org/10.1103/physreva.54.r4637
http://dx.doi.org/10.1039/b819470j
http://dx.doi.org/10.1103/PhysRevA.61.012501
http://dx.doi.org/10.1103/PhysRevLett.93.073002
http://dx.doi.org/10.1103/physreva.84.062502


Bibliography 249

[369] R. G. Brewer and E. L. Hahn, Coherent two-photon processes: Tran-
sient and steady-state cases, Phys. Rev. A 11, 1641 (1975). See
page: 196.

[370] G. Orriols, Nonabsorption resonances by nonlinear coherent effects in
a three-level system, Nuovo Cimento B 53, 1 (1979). See page: 196.

[371] B. Lounis and C. Cohen-Tannoudji, Coherent population trapping and
Fano profiles, Journal de Physique II 2, 579 (1992). See page: 196.

[372] C. Cohen-Tannoudji, Dark resonances from optical pumping to cold
atoms and molecules, Phys. Scr. 90, 088013 (2015). See page: 196.

[373] K. T. Tang and J. P. Toennies, An improved simple model for the
van der Waals potential based on universal damping functions for the
dispersion coefficients, J. Chem. Phys. 80, 3726 (1984). See page: 200.

[374] A. J. Thakkar and V. H. Smith, On a representation of the long-range
interatomic interaction potential, J. Phys. B: At. Mol. Phys. 7, L321
(1974). See page: 200.

[375] J. M. Hutson, BOUND computer program, version 5, Distributed by
Collaborative Computational Project No. 6 of the UK Engineering and
Physical Sciences Research Council, 1993. See page: 200.

[376] R. J. Le Roy, Uncertainty, sensitivity, convergence, and rounding in
performing and reporting least-squares fits, J. Mol. Spectrosc. 191, 223
(1998). See pages: 200 and 201.

[377] S. Tojo et al., Controlling phase separation of binary Bose-Einstein
condensates via mixed-spin-channel Feshbach resonance, Phys. Rev. A
82, 033609 (2010). See page: 203.

[378] K. L. Lee et al., Phase separation and dynamics of two-component
Bose-Einstein condensates, Phys. Rev. A 94, 013602 (2016). See
page: 203.

[379] I.-K. Liu et al., Stochastic growth dynamics and composite defects in
quenched immiscible binary condensates, Phys. Rev. A 93, 023628
(2016). See page: 203.

http://dx.doi.org/10.1103/physreva.11.1641
http://dx.doi.org/10.1007/bf02739299
http://dx.doi.org/10.1051/jp2:1992153
http://dx.doi.org/10.1088/0031-8949/90/8/088013
http://dx.doi.org/10.1063/1.447150
http://dx.doi.org/10.1088/0022-3700/7/10/004
http://dx.doi.org/10.1006/jmsp.1998.7646
http://dx.doi.org/10.1103/PhysRevA.82.033609
http://dx.doi.org/10.1103/PhysRevA.82.033609
http://dx.doi.org/10.1103/PhysRevA.94.013602
http://dx.doi.org/10.1103/PhysRevA.93.023628


Bibliography 250

[380] P. Cheiney et al., Bright soliton to quantum droplet transition in a
mixture of Bose-Einstein condensates, Phys. Rev. Lett. 120, 135301
(2018). See page: 203.

[381] E. Hodby et al., Production efficiency of ultracold Feshbach molecules
in bosonic and fermionic systems, Phys. Rev. Lett. 94, 120402 (2005).
See page: 209.

[382] O. Docenko et al., Deperturbation treatment of the a 1Σ+ – b 3Π
complex of NaRb and prospects for ultracold molecule formation in
X 1Σ+(v = 0; j = 0), Phys. Rev. A 75, 042503 (2007). See page: 211.

[383] I. Birzniece, O. Nikolayeva, M. Tamanis, and R. Ferber, B(1)1Π state of
KCs: high-resolution spectroscopy and description of low-lying energy
levels, J. Chem. Phys. 136, 064304 (2012). See page: 211.

[384] J.-T. Kim, B. Kim, and W. C. Stwalley, Analysis of the alkali metal
diatomic spectra (Morgan & Claypool Publishers, 2014). See page: 211.

[385] K. Alps et al., Fourier-transform spectroscopy and deperturbation anal-
ysis of the spin-orbit coupled a1Σ+ and b3Π states of KRb, J. Chem.
Phys. 144, 144310 (2016). See page: 211.

[386] F. Lackner, G. Krois, T. Buchsteiner, J. V. Pototschnig, and W. E.
Ernst, Helium-droplet-assisted preparation of cold RbSr molecules,
Phys. Rev. Lett. 113, 153001 (2014). See pages: 211 and 212.

[387] E. R. Meyer and J. L. Bohn, Electron electric-dipole-moment searches
based on alkali-metal- or alkaline-earth-metal-bearing molecules, Phys.
Rev. A 80, 042508 (2009). See page: 211.

[388] Q. Shao et al., Ground state properties of the polar alkali-metal-
ytterbium and alkaline-earth-metal-ytterbium molecules: A comparative
study, J. Phys. Chem. A 121, 2187 (2017). See page: 211.

[389] T. M. Rvachov et al., Photoassociation of ultracold 23Na6Li, Phys.
Chem. Chem. Phys. 20, 4746 (2018). See page: 212.

http://dx.doi.org/10.1103/PhysRevLett.120.135301
http://dx.doi.org/10.1103/PhysRevLett.94.120402
http://dx.doi.org/10.1103/PhysRevA.75.042503
http://dx.doi.org/10.1063/1.3683218
http://dx.doi.org/10.1063/1.4945721
http://dx.doi.org/10.1063/1.4945721
http://dx.doi.org/10.1103/PhysRevLett.113.153001
http://dx.doi.org/10.1103/physreva.80.042508
http://dx.doi.org/10.1103/physreva.80.042508
http://dx.doi.org/10.1021/acs.jpca.6b11741
http://dx.doi.org/10.1039/c7cp08480c
http://dx.doi.org/10.1039/c7cp08480c

