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Jack Daniel Segal

Abstract

The study of ultracold mixtures of neutral atoms builds on the techniques of
trapping and cooling single species of atoms to access more complex physical
systems, and provides a route towards formation of ultracold molecules. In
this thesis, we experimentally produce and study ultracold mixtures of Cs and
Yb. This choice of Cs and Yb gives a versatile experimental system, with high
tuneability of reduced mass, intraspecies and interspecies scattering proper-
ties, and the ability to study Bose-Bose and Bose-Fermi atomic mixtures. A
long-term goal of working with the mixture is production of ultracold CsYb
molecules. The CsYb molecule has a 2% symmetry ground state, and both
magnetic and electric dipole moments. An array of such CsYb molecules
would therefore be a versatile experimental platform for applications such as
quantum simulation of physical systems, quantum computation and ultracold

quantum chemistry.

In this thesis, we report on experimental observations within the Cs-Yb mix-
ture, made possible by the implementation of a bichromatic optical dipole trap
consisting of individual dipole trapping beams of 532 nm and 1070 nm. This
trap has been designed to overcome the problems of mismatched trap depths
and in-trap losses previously encountered in a single-wavelength optical dipole
trap. This allowed us for the first time to produce dual quantum degener-
ate mixtures. We report production of pure dual Bose-Einstein condensates
(BECs) of Cs+'™Yb with Ngs ~ 5 x 10% and Nyp, ~ 7 x 10*. We also re-
port production of pure dual BECs of Cs+'"°Yb with Ngs ~ 1 x 10* and
Nyp ~ 4 x 10*. We further study these quantum degenerate mixtures, ob-
serving their lifetimes, dynamics, and properties such as mixture immiscibility

and dual-species collapse.



ii

We further improve the versatility of our experimental apparatus by imple-
menting an optical lattice with tuneable wavelength. The lattice can oper-
ate at two Cs ‘tune-out’ wavelengths in the region of 460 nm. This allows a
species-specific lattice potential which traps only Yb. Alternatively, it can be
operated at wavelengths where either the trapping potential or the trap fre-
quency is balanced for Cs and Yb. We measure the polarizability of Cs with
Kapitza-Dirac diffraction of a Cs BEC using the tuneable lattice. This helps

us obtain a more precise measurement of the Cs tune-out wavelengths.

Finally, we investigate a potential route to formation of CsYb molecules by
performing Feshbach spectroscopy on an ultracold mixture of Cs+'"3Yb. Us-
ing predictions supported by previous experimental and theoretical work, we
report the first experimental observations of interspecies magnetic Cs-Yb Fesh-
bach resonances. We observe two sets of resonances, at magnetic bias fields
around 622 G and 702 G. These observations motivate further discussion on the
utilisation of the resonances for magnetoassociation, as well as experimental
techniques to detect and manipulate the nuclear spin substate composition of

Fermionic Yb.
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1.1. Introduction to quantum degenerate miztures 1

Chapter 1

Introduction

1.1 Introduction to quantum degenerate mixtures

The study of ultracold and quantum degenerate mixtures of atomic gases is a broad
and rich area of research, which has built upon the well-established techniques of
trapping a single atomic species and cooling to quantum degeneracy. The applica-
tions of such mixtures are numerous. Novel quantum phases have been realised in
Bose-Fermi mixtures with tuneable interspecies interactions [1; 2; 3; 4; 5; 6; 7]. Self-
bound droplets of quantum gases have been created by tuning the interactions of a
Bose-Bose mixture around the region of dual-species collapse [8; 9; 10]. Formation
of solitons has been observed in both Bose-Bose and Bose-Fermi mixtures [11; 12].
Dual-species mixtures of superfluids have been shown to have coupled and collect-
ive dynamics mediated by the interspecies interaction [13; 14; 15]. Three-body

Efimov resonances have also been observed in two-species mixtures [16; 17; 18; 19].

Experiments using two alkali atom species were initially used to provide sympath-
etic cooling between species [20; 21]. A degenerate Bose-Fermi mixture of Li and
Na was reported in 2002 [22]. Other examples of degenerate mixtures of alkali
atoms include Li-K [23], Rb-Cs [24; 25], K-Rb[26], and K-Cs [27]. In recent years,
there has been growing interest in extending these techniques to mixtures of alkali

and alkaline-earth-like atoms with a closed valence shell (see section 1.3.1). Dual
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degeneracy was reported in a Rb-Sr mixture in 2013 [28], with other examples of
dual-degenerate mixtures including Rb-Yb [29] and Sr-Li [30]. Mixtures involving
the highly magnetic lanthanide atoms Er and Dy have also been proposed and
realised [31; 32; 33].

1.2 Introduction to ultracold molecules

The study of ultracold polar molecules is a broad and active field of research, with
numerous applications in both physics and chemistry [34; 35; 36; 37]. The internal
energy structure of a diatomic molecule is significantly more complex than the
structure found in single neutral atoms. Each electronic state supports vibrational
and rotational degrees of freedom relative to the interatomic axis. Molecules may
also possess hyperfine structure due to the nuclear spin of constituent atoms. This

internal structure can be utilised for numerous applications.

Ultracold molecules may also possess permanent dipole moments. Experimentally,
electric and magnetic fields can be utilised to manipulate the orientation of the
dipole moments. By experimentally realising molecules confined in a lattice with
one molecule per site, the interactions between dipoles on neighbouring sites can
be tuned. An array of ultracold molecules could in this way be used for quantum
computation and quantum information applications [38]. The dipole-dipole inter-
action, through which the molecules can interact, can be switched ‘on’ and ‘off’
through selective excitation to different rotational states, using using transitions in

the microwave frequency range [39].

The internal structure of molecules makes them sensitive to tests of fundamental
physics. Molecular dipole moments are utilised in precision measurements making
such tests [35; 40], the most prominent among which are experiments aiming to
search for an electron electric dipole moment [41; 42; 43]. Polar molecules trapped
in optical lattices can also be used to realise and simulate strongly correlated many-

body systems [37], including numerous spin-lattice models [44].
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Ultracold molecules also have applications in the field of ultracold chemistry [45;
46]. The low collision energy of ultracold molecules allows better understanding
and control of collisions. Chemical reactions can be observed on energy scales

where quantum effects determine the product particles of collisions [47; 48; 49].

1.2.1 Routes to formation of ultracold molecules

Gases of ultracold molecules can generally be formed by two contrasting experi-
mental methods. Firstly, there are a number of diatomic molecules for which laser
cooling is experimentally feasible. In recent years, this direct cooling approach has
been successfully applied to generate ultracold samples of these molecules. The
main challenge in the direct cooling method is the application of the various cool-
ing methods. Typically, precooling methods such as buffer gas cooling [50; 51; 52]
are required to create a cold molecular beam. The beam is then slowed, using tech-
niques such as Stark deceleration [53; 54; 55; 56; 57], laser slowing [58], or Zeeman-
Sisyphus slowing [59]. Laser cooling can then be applied in a magneto-optical trap
(MOT). However, molecular laser cooling schemes are further complicated by the
complex internal structure. In typical laser-cooling schemes for such molecules,
there are more dark states which the molecules can decay into and fall out of the
cooling cycle. Additional laser light sources are therefore required to maintain an
effective closed cooling cycle. Nevertheless, three-dimensional molecular MOTs of

SrF [60; 61], CaF [52; 62], and YO[63] have been achieved.

The alternative method is an indirect cooling method, an example of which may
in future be used for formation of CsYb molecules. This method makes use of
the advanced techniques developed in the field of neutral atom trapping, and in
particular those of ultracold mixtures. Ultracold heteronuclear molecules may be
formed by creation of an ultracold dual-species mixture, and subsequently utilising
a molecular association process. Similarly, homonuclear molecules may be formed

by associating atoms in an ultracold single-species gas. The molecules produced
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are ultracold, inheriting the high phase-space density of the initial atomic mixture

and with little heating from the association process.

The first method that was used to produce ultracold molecules was photoassociation
[64], where a colliding atom pair is optically excited to a bound molecular state by
absorption of a resonant photon. The molecules produced by photoassociation are
typically in a high-lying vibrational level near threshold of an excited electronic
state. In some cases, the molecules then decay to a deeply-bound level within the
electronic ground state. This technique has been used to produce molecules in
the rovibrational ground state [65; 66; 67]. However, this is dependent on the mo-
lecular structure and the wave-function overlap (Franck-Condon overlap) between
electronic states. This generally dictates whether the photoassociation method is
effective for producing molecules in the ground state. However, Franck-Condon
overlap can be enhanced using a Feshbach resonance, as has been demonstrated

for LiCs molecules [68].

The alternative indirect process is magnetoassociation, where the mixture is adia-
batically ramped across an avoided crossing of energy levels at a broad Feshbach
resonance. Several examples of homonuclear and heteronuclear bialkali atoms have
been created using the method of magnetoassociation [69]. Following magnetoasso-
ciation, the molecules can then be transferred to the rovibrational ground state,
which is the required state for many of the proposed applications previously dis-
cussed. The efficacy of any transfer process relies on favourable wavefunction over-
lap between the excited state the molecule is formed in, the molecular ground state,
and any intermediate states in the transfer. One method commonly used for this
is stimulated Raman adiabatic passage (STIRAP) [70; 71]. The advantage of the
magnetoassociation+STIRAP schemes is that both techniques are coherent and
reversible. This means that after formation of, and experiments with, ultracold
molecules, reverse STIRAP and reverse magnetoassiciation can be used dissociate
the molecules into their constituent atoms. Important experimental quantities can

then be measured using well-established atom imaging techniques. The combined
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technique of magnetoassociation and STIRAP has been used to produce numerous
examples of both homonuclear [72; 73] and heteronuclear [74; 75; 76; 77; 78; 79]

bialkali dimer molecules in the rovibrational ground state.

1.3 Making ultracold molecules from

Alkali+alkaline-earth-like mixtures

The physical properties of diatomic molecules formed from an alkali atom and
an alkaline-earth-like atom have motivated much experimental and theoretical re-
search towards formation of such molecules. As the outer shells of these constituent
atoms contain one and two electrons respectively, the resultant molecule possesses
one unpaired electron. As a result, the ground state of the molecule has a 2%
symmetry. This is in contrast to bialkali molecules, whose ground states are 1.
Molecules with a 2% ground state are paramagnetic, possessing a magnetic dipole
moment as well as an electric dipole moment. This additional dipole, and the
resulting dipole-dipole interactions, can be manipulated using similar techniques
to the electric dipole. An ensemble of 2% molecules arranged in an optical lattice
with one molecule per site is an ideal experimental platform in which to utilise
this tuneability. The additional ‘handle’ of experimental complexity provided by
the magnetic dipole moment can, for example, be used to access more complex
spin lattice Hamiltonians for quantum simulation [44], and exploration of novel
quantum phases [80]. Molecules with a 2% ground state may have applications
in quantum chemistry, with previous studies on their collisional properties in a
range of geometries in electric and magnetic fields [81], and prospects of collisional
shielding using electric fields [82]. There are also potential applications in quantum

computation, with proposals to use an array 2% polar molecules as qubits [83; 84].

Directly-cooled molecules such as CaF possess ground states with a 2% symmetry.
However, it remains advantageous to pursue formation of ¥ molecules through

indirect methods due to the high phase-space density that can be achieved in the
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constituent atomic samples, which the molecules subsequently inherit. The forma-
tion of such molecules, however, poses many challenges experimentally. The strong
couplings which provide the wide Feshbach resonances used for magnetoassociation
found in bi-alkali systems are not present in alkali + alkaline-earth-like systems,
due to the closed shell structure and lack of electron spin in the alkaline-earth-like
atoms. Narrower Feshbach resonances have been predicted for Rb-Sr [85], Li-Yb
[86], Rb-Yb, and Cs-Yb [87] mixtures. Furthermore, they have been observed ex-
perimentally in Rb-Sr [88] and Li-Yb [89] mixtures. The ability to predict such
Feshbach resonances relies on knowledge of the structure and binding energies of
the molecular potential, and the atomic interspecies scattering properties. This

has been a main focus of our prior work on CsYb [90; 91; 92; 93].

1.3.1 Alkali+alkaline-earth-like mixture experiments elsewhere

The CsYb experment described in this thesis is one of a number of experiments
worldwide which study ultracold mixtures of alkali and alkaline-earth-like atoms.
Here we give a brief review of other experiments working with such mixtures,
and describe their experimental progress and the range of research themes being

pursued in this field.

The group of Axel Gorlitz in Diisseldorf developed an experiment of ultracold
mixtures of Rb and Yb in a hybrid trap, with Yb confined in a bichromatic optical
dipole trap and Rb confined in an Ioffe-Pritchard-type magnetic trap [94]. A main
focus of their work has been production of RbYb molecules using one- and two-
photon spectroscopy [95; 96], which was then used to determine the interspecies
scattering lengths of the isotopologs in their system [97]. Further experiments
probed the hyperfine splitting of bound molecular states [98] and Autler-Townes
spectroscopy using photoassociation of atoms from a dual-species magneto-optical
trap [99]. The group has also studied the interactions in thermal mixtures of Rb

and Yb [100].
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A Rb-Yb mixture experiment has also been developed in the group of Trey Porto at
the joint quantum institute in Maryland, with a dual-degenerate mixture reported

[29].

The group of Yoshiro Takahashi in Kyoto has extended its considerable experi-
mental experience with ultracold Yb [101; 102; 103; 104; 105; 106] to the devel-
opment of a ultracold and quantum degenerate Li-Yb mixtures, with a mixed-
dimensional system realised by optical lattices [107; 108; 109; 110]. Their research
to date has focussed on the collision and interaction properties of the mixture,
including its dependence on external magnetic field, and spin state of the atoms
[111; 1125 113; 114]. More recently, they have upgraded their experimental appar-
atus to include Er as a third element, and have observed Feshbach spectroscopy in

Er-Li mixtures [115].

The group of Florian Schreck first produced a quantum degenerate mixture of Rb
and Sr while located in Innsbruck [28], before relocating to Amsterdam. Here,
they have performed both photoassociation spectroscopy to probe the molecular
ground state [116], and Feshbach spectroscopy [88]. This latter study reported the
first observation of interspecies Feshbach resonances between an alkali atom and
an alkaline-earth-like atom. This is an important result, opening up the possibility

of creating ultracold molecules from such mixtures by magnetoassociation.

The group of Subhadeep Gupta in Washington have also developed an Li-Yb ex-
periment, with mixtures cooled to quantum degeneracy [117; 118; 119; 120; 15].
Similarly to the Diisseldorf group, they have performed one- and two-photon spec-
troscopy [121; 122], to probe the LiYb molecular ground state. Recently, they
have observed interspecies Feshbach resonances in their system [89], becoming the

second group in the alkali4-closed-shell field of research to do so.

Other examples of alkali+alkaline-earth-like mixtures include mixtures of Rb and
metastable He [123], of Rb and Hg [124], and of Li and Sr [30], with double de-

generacy having been reported in the latter. Cold RbSr and RbCa molecules have
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Yb Isotope Abundance Nuclear spin ayy, (ap) acsyb (ao)

[129] [130] [92]
176y, 12.70% 0 -24 798
174y, 31.80 % 0 105 -75
13Yh 16.10% 5/2 199 1.0
172y, 21.90 % 0 -598 41
1y 14.30 % 1/2 -3 70
170y, 3.05% 0 64 96
168y 0.13% 0 251 166

Table 1.1: All stable isotopes of Yb with their respective natural abundance, nuc-
lear spin, intraspecies scattering length avy, and interspecies scattering length with
13308 a

y ACsYb-

also been created by formation on Helium nanodroplets [125; 126]. Heat pipe spec-
troscopy has also been used to probe the molecular electronic states of LiCa [127]

and LiSr [128].

1.4 Why CsYb?

Our choice of studying ultracold Cs-Yb mixtures, and routes towards creation
of CsYb ultracold molecules, is due to the atomic properties of each constituent
species. Yb is our alkaline-earth-like atom of choice due to the versatility of working
with this species. Yb has seven stable isotopes, of which five are Bosons and two are
Fermions. The properties of these isotopes are given in table 1.1. All isotopes of
Yb, except for "2Yb, have been cooled to quantum degeneracy [101; 102; 103; 104;
105; 106]. This allows us to explore both Bose-Bose and Bose-Fermi mixtures in the
quantum degenerate regime, and tune the Yb intraspecies scattering length over a
wide range of positive and negative values [130] by switching Yb isotope. The range
of Yb isotope masses means the reduced mass of the CsYb molecule is tuneable by
~ 3%. As a result, the interspecies scattering properties of the available isotopic
combinations of Cs-Yb mixtures are highly tuneable. The interspecies scattering
lengths acsyp are reported in reference [92], and plotted in figure 1.1. It can be

seen that across the seven isotopes, there is a wide range of magnitude of scattering
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Figure 1.1: The variation of reduced mass and interspecies scattering
length of Cs-Yb mixtures. Plot from [92] showing interspecies scattering length
(upper panel) and binding energy of the Cs-Yb mixture as a function of reduced
mass, calculated using the interaction potential fitted to two-photon photoassoci-
ation spectroscopy measurements. Points on the lower plot show binding energies
measured in the photoassociation experiment. Horizontal lines in the upper plot
correspond to a = 0,a and 2a, where a is the average scattering length of all iso-
topic combinations.

lengths, as well as one isotope, 174y}, for which acgyp is negative. We can thus
identify which Cs-Yb mixtures are suitable candidates for sympathetic cooling to
dual degeneracy. It also informs us of the strength of the interspecies interactions
of the degenerate mixture, and whether they are attractive or repulsive. This gives
useful information on how the degenerate mixture can be manipulated and what

experiments can potentially be achieved.

The main advantage of working with Cs is its highly tuneable intraspecies scattering
properties at low magnetic bias field due to its rich Feshbach structure [131; 132;
133; 134]. The presence of broad, well-understood Feshbach resonances at accessible
magnetic fields means that the Cs intraspecies scattering length acs can be easily
tuned. Of particular experimental interest for fine control of acg is the region

spanning its zero crossing at 17 G [134]. Here the slope of acs with respect to the
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magnetic field g—g is ~ 65a9 G~'. The 'Sy ground state of Yb has no magnetic
moment, and is not affected by tuning acs using a magnetic field. The tuneability of
acs, in combination with the knowledge of the interspecies scattering length acsyn,
can be used to manipulate the balance between intra- and inter-species interactions

in degenerate mixtures, and enable a wider range of experiments to be performed.

1.5 Thesis outline
The remainder of this thesis is structured into the following chapters:

e Chapter 2 gives an overview of the experimental apparatus and laser systems
used to produce MOTs of Cs and Yb atoms. We also give summaries of the
methods which had been used to achieve quantum degeneracy of Cs and Yb
in single-species experiments prior to results described in later chapters of

the thesis.

e Chapter 3 gives a motivation of using a bichromatic optical dipole trap
(BODT) in order to produce dual-degenerate mixtures. We describe a new
532nm laser setup, and how this is incorporated into the existing dipole

trapping apparatus to realise a BODT.

e Chapter 4 describes the experimental routine for producing dual-degenerate
mixtures of Cs and Yb using the BODT. We report on the production of dual
BECs of both 133Cs+!™YDb and ¥3Cs+170Yb. We describe the initial exper-
iments using these degenerate mixtures, including collective dynamics and
dual-species collapse of ¥3Cs+!7Yb, and number-dependent immiscibility

of B3Cs+170YD,.

e Chapter 5 describes the setup and characterisation of a tuneable optical lat-
tice, which can be set to ‘tune-out’ wavelengths where Cs experiences no lat-

tice potential, or wavelengths where Cs and Yb experience the same lattice
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potential or trapping frequency. We use the lattice to take preliminary meas-
urements of the polarizability of ground state Cs within the lattice wavelength

range around 460 nm.

e Chapter 6 reports on the Feshbach spectroscopy of an ultracold mixture of
133Cs4-173YDh, and the observation of two sets of interspecies Feshbach reson-
ances, at 622G and 702 G, with resolution of the resonances between '33Cs

and individual hyperfine sub-states mp in 1™Yb.

e Chapter 7 discusses the possibility of measuring the distribution of mp states
in ultracold gases of the two Fermionic isotopes of Yb by implementation of an
optical Stern-Gerlach beam. We also discuss the feasibility of applying optical
pumping to these isotopes to modify the spin composition, and the necessary
upgrades and alterations to the experimental setup need to implement both

experimental techniques.

e Chapter 8 gives a summary of the results reported in the previous chapter
of this thesis. We also provide a brief outlook on imminent upgrades to the
experimental apparatus and the upcoming research goals we wish to achieve

in the experiment.

e There are also four appendices relating to further details on calculations, the

apparatus and experimental techniques used in this thesis.

This thesis covers a broad range of topics in atomic and molecular physics. A
brief summary of the relevant background theory to each topic is presented at the
appropriate points within each chapter. For further details on each topic, the reader
is directed to detailed review articles and seminal publications given in reference

at the appropriate points within each chapter.
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1.6 Contributions of the author

The research presented in this thesis has been made by the author in collabora-
tion with postdoctoral research assistants Alexander Guttridge (AG), Kali Wilson
(KEW), and Tobias Franzen (TF), under the supervision of principal investigator
Professor Simon Cornish (SLC). The author’s contributions to the work in each

chapter is as follows:

e In chapter 2, the experimental overview summarises work developed by pre-
vious researchers in the laboratory (with relevant references given). The
single-species routines as described were developed by AG, KEW, and the

author working in collaboration.

e The author designed and implemented the experimental setup described in

chapter 3, with the assistance of AG and KEW.

e In chapter 4, the author modelled the evaporative cooling trajectories de-

scribed, and assisted AG and KEW in taking the experimental data.

e The author designed and implemented the experiment described in chapter 5
with the assistance of KEW. The experimental data was taken and analysed

by the author with the assistance of KEW.

e The experiment described in chapter 6 was designed and implemented by
KEW, TF, AG, and the author working in collaboration. AG, KEW, TF, and

the author have all contributed to taking of the experimental data presented.

e The work presented in chapter 7 is solely that of the author.

1.6.1 Impact of the Covid-19 pandemic

The start of the Covid-19 pandemic occurred within the time period of this PhD.

As a result, the author did not have laboratory access between March 2020 and
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August 2020 and was unable to conduct experimental research during this time
period. Laboratory access was severely restricted due to social distancing measures
and restricted work hours for the remainder of the calendar year 2020. The author
utilised this time period by performing analysis of the data presented in chapter
5, and by performing the non-experimental research and design work presented in

chapter 7.
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1.7 Publications

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

¢ Quantum degenerate mixtures of Cs and Yb
K. E. Wilson, A. Guttridge, J. Segal, and S. L. Cornish
Phys. Rev. A 103 033306 (2021).

The author assisted in designing and implementing the bichromatic trap de-
scribed, and modelled the evaporative cooling trajectories described. The
author assisted in taking the experimental data and helped prepare the ma-

nuscript.
e Dynamics of a degenerate Cs-Yb mixture with attractive interspe-
cies interactions

K. E. Wilson, A. Guttridge, I-K. Liu, J. Segal, T. P. Billam, N. G. Parker,
N. P. Proukakis, and S. L. Cornish

Phys. Rev. Research 3 033096 (2021).
The author assisted in taking the experimental data and helped prepare the
manuscript.

« Observation of magnetic Feshbach resonances between Cs and 173Yb

T. Franzen, A. Guttridge, K. E. Wilson, J. Segal, M. D. Frye, J. M. Hutson,
and S. L. Cornish

Phys. Rev. Research 4 043072 (2022).

The author assisted in taking the experimental data and helped prepare the

manuscript.
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Chapter 2

Experimental setup

The results of this thesis were attained using an experimental setup developed over
several years. In this chapter we give a brief summary of the physical apparatus of
the experiment, and the laser systems required for initial laser cooling and trapping
of Cs and Yb. We also give a summary of the experimental routines previously used
to create single-species quantum-degenerate gases. Further detail on the apparatus
discussed can be found in previous publications [135; 136; 137] and PhD theses
[138; 139; 140] of the experimental group. Further additions and modifications to

the setup in order to attain new results will be discussed in later chapters.

2.1 Basic atomic properties

In this section, we introduce the basic properties of the atomic structure of Cs and
Yh, relevant to the laser cooling techniques necessary to trap and cool both species

in the experiment.

2.1.1 Caesium

Caesium (Cs) is the heaviest stable element of the alkali metals. It has an atomic

number of 55 and has a single stable isotope, the bosonic isotope 33Cs. It is solid at
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Figure 2.1: Energy levels used for laser cooling of Cs and Yb. Figure
reproduced from [135]. a) The D2 transition in Cs at 852.3nm. The hyperfine
energy levels of the ground and excited states, F' and F’, are shown with their
relevant splitting values. The main cooling transition is from F = 4 to F/ = 5.
The repump transition is from F = 3 to F/ = 4.b) Energy level diagram for Yb.
The dominant singlet transition to the 'P; state is used for the Zeeman slower
beam. The narrow intercombination to the 3P} state is used for the MOT beams.

room temperature, but has a melting point of 28 °C. Its most well-known applica-
tion in the physical sciences is that of metrology, with the hyperfine splitting of the
625’1/2 ground state of Cs used to define the SI second since 1967 [141]. Similarly
to other alkali metal atoms, its atomic structure due to its single valence electron
is suitable for laser cooling applications. The first Cs BEC was experimentally

realised in 2003 by the group of Rudolf Grimm in Innsbruck [142].

As with the other alkali metals, a characteristic feature of the spectrum of Cs is the
D1 and D2 lines from the ground state ns; o to excited states np; /o and nps/y. All
of our laser cooling of Cs in the experiment utilises the transition of the D2 line,
from 625, /2 to 62 Py /2, at 852.3nm. The relevant energy levels of this transition are
shown in figure 2.1a. The transition has a linewidth of 27 x 5.23 MHz and a doppler

temperature of 125.6 pK. We must also consider the effect of hyperfine structure in
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Cs, due to its nuclear spin I = 7/2. The coupling of the nuclear spin to the total
angular momentum J gives two hyperfine spin states in the ground state manifold,
F =3 and F = 4, and four in the excited state manifold, F' = 2, F = 3, F = 4,
and F' = 5. Section 2.3.1 describes in detail the choice of the available hyperfine

transitions which are used for effective cooling and trapping of Cs.

2.1.2 Ytterbium

Ytterbium (Yb) is a rare earth metal and a lanthanide element, with an atomic
number of 70. As discussed in chapter 1, there are seven stable isotopes of Yb,
including five bosonic isotopes and two fermionic isotopes. It has two valence
electrons, and hence a closed outer valence shell. Its atomic structure therefore
resembles that of an alkaline-earth atom such as strontium or calcium. All isotopes
of Yb, except for 172Yb, which possesses a large negative scattering length, were
first cooled to quantum degeneracy by the group of Yoshiro Takahashi in Kyoto
[101; 102; 103; 104; 105; 106].

Figure 2.1b shows the relevant energy level structure of Yb. In contrast to Cs, due
to its closed-shell structure, the ground state of Yb has electron spin S = 0 and
hence J = 0. There is therefore no hyperfine splitting in the ground state. The
two transitions used in our experiment are the singlet transition from 1.5 to ! Py at
398.9nm, and the intercombination transition from 1Sy to 2P} at 555.8 nm. We use
the singlet transition for our Zeeman slower due to its linewidth of 27 x 28.0 MHz,
making it suitable for slowing of an atomic beam with an initially wide velocity
distribution. However, the doppler temperature of 670 pK limits the transition’s
efficacy for use in the MOT. We therefore use the intercombination transition for
the Yb MOT. This transition has a linewidth of 27 x 182.2kHz and a doppler
temperature of 4.4pK. This allows the realisation of Yb MOTs of a low enough
temperature to be able to directly load Yb atoms from the MOT to an optical

dipole trap.
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2.2 Overview of main apparatus

The main apparatus in our lab consists of a vacuum chamber we refer to as the
‘science chamber’, designed with provision for optical access and generation of
magnetic fields. It is in this chamber that Cs and Yb is trapped and cooled to
conduct all experiments. Cs and Yb atoms enter the science chamber in atomic
beams generated by a dual-species oven. Between the oven and the science chamber,
the beam propagates through a spectroscopy section followed by a dual-species
Zeeman slower. This slower reduces the atoms’ velocity in the beams in order
for them to be trapped by a magneto-optical trap (MOT) for each species, upon
entering the main chamber. The entire vacuum apparatus is kept under vacuum by
three dedicated ion pumps (Agilent, Vaclon55), one each for the science chamber
and ovens, and a third in the spectroscopy section. Schematic drawings of this full

vacuum apparatus is shown in figure 2.2.

2.2.1 Dual-species oven

The high vapour pressure of alkali metals such as Cs often allow experimental
groups working with such atomic species to directly load 2- or 3-dimensional MOTs
from an atomic vapour. Cs, for example, has a vapour pressure of 7x10~7 torr at
room temperature [143]. However, the vapour pressure of Yb is 3x1072! torr at
room temperature [144]. Creating an Yb MOT therefore requires loading from a
Zeeman-slowed atomic beam. We therefore use a dual-species oven as our starting
point to generate hot atomic beams of Cs and Yb. The oven is at the opposite end
of the vacuum apparatus to the science chamber, and comprises section A of the

schematics in figure 2.2. A more detailed view of the oven is shown in figure 2.3.

The oven is under vacuum conditions during running of the experiment, but must
be opened up to atmosphere to load samples of Cs and Yb into their respective

reservoirs. Replenishment of the reservoirs must be undertaken every 3-5 years of
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Figure 2.2: Main vacuum system of the experiment. Figure reproduced from
[135]. Schematic drawings of the vacuum system from a side view (upper) and
top-down view (lower). Dashed lines split the apparatus into the regions labelled
A-E, as described in the text.

ordinary running of the experiment. A 5g ingot of Yb is loaded directly into the
YDb reservoir, whereas a glass ampoule of Cs is loaded into the Cs reservoir. The
flexible bellows of the reservoir allows this ampoule to be broken once the oven
apparatus has been pumped back down to vacuum. A Swagelock valve can be used

to seal off the Cs reservoir from the rest of the oven when not in use.

Once heated in their respective reservoirs, the hot atoms are directed through two
separate semicircular channels, the ends of which are incident on a section of 55
capillary tubes arranged in a triangular array, shown in detail in figure 2.3c. The
capillaries ensure the atomic beams are collimated as they are directed through
the Zeeman slower to the science chamber. We heat the oven with a series of four
band heaters (Watlow, MB1J1JN2-X66). These are configured such that there
is a heat gradient through the oven, with the Cs reservoir the coolest section to

the hottest section at the capillaries. This ensures that the sources of Cs and Yb
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Figure 2.3: The dual-species oven for Cs and Yb. Figure reproduced from
[135]. a) A cutaway schematic of the oven, showing the paths of the two species
through the oven. The temperatures displayed are the band heater set points. b)
Rendering of the oven, with the capillary clamp shown outside the oven for detail.
c) Exploded view of the capillary array, and the semicircular channels that the
array is clamped over within the oven.

do not migrate from their reservoirs, and that atoms do not stick to the interior
walls of the capillaries as they travel through them, potentially blocking the atomic
beams. We typically run the experiment with the following temperature settings
on the band heaters: Cs reservoir 80°C, Cs valve 170 °C, ‘middle’ section 420 °C,
and Yb’ section 520°C. The Yb reservoir is located between the latter of these
two, ensuring the highest possible vapour pressure of Yb. With the temperature
settings described above, the temperature of the Yb reservoir is typically measured
to be ~ 485°C. To increase the atomic beam signal of Yb isotopes which are less
abundant in our Yb sample, these temperature of these heaters can be increased by

up to ~ 475°C and ~ 550 °C respectively. A chilled water supply to water cooled
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flanges located near the band heaters prevents thermal damage.

The collimated atomic beams then propagate through a motorised rotary shutter.
This intersects the atomic beam with two channels crossed at 90°. From the ex-
perimental control, the shutter can be rotated in 45° increments to either allow or
block passage of the atomic beam. In a typical experimental sequence, the shutter
is opened in this way to allow Zeeman slowing and MOT loading, before being
closed once a sufficient atom number has been loaded into the MOT. After this
shutter, the beams pass through a gate valve. This can be used to separate the
oven from the rest of the vacuum apparatus. It is usually kept closed when the

experiment is not in operation.

2.2.2 Zeeman slower

Between the gate valve and the Zeeman slower, a transverse spectroscopy section
allows optical access for spectroscopy of the atomic beam. This is shown in section
B of figure 2.2. This can provide information on whether the flux of both atoms is

sufficient for successful loading of MOTs in the main chamber.

The atoms then propagate through the Zeeman slower, shown in section B of figure
2.2. The Zeeman slower in this experiment [136] has been designed to provide the
necessary Zeeman shift for either Cs or Yb. It consists of a 77 cm long DN16 tube.
Along the length of tube are wound five sets of coils. The main field profile of
the Zeeman slower is generated by two coils, with an increasing field profile from
negative fields at the oven end to positive fields at the science chamber end. This
allows large detunings to be used for the Zeeman slower beams. This is particularly
important in the case of Yb. If low detunings are used, light resonant to the
1Sy — 1Py transition used for the Zeeman slower could cause a pushing force on the
Yb MOT. The MOT operates on the comparatively weaker 1Sy — 3P, transition.
Two smaller, high-current coils at the science chamber end of the Zeeman slower

produce a large end field and a sharp field drop-off before atoms enter the science
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chamber. A solenoid coil running the length of the slower provides a field offset
to match the Zeeman slower laser detuning. In order to load an Yb MOT on
the 1Sy — 3Py transition, atoms must enter the capture region of the MOT with a
velocity of less than 7ms™'. This poses a significant constraint of the Zeeman slower
design, as the end of the Zeeman slower must be close enough to the MOT capture
region to prevent the slowly-moving atoms from falling too far under gravity to be
captured by the MOT. The distance between the exit of the Zeeman slower and the
MOT capture region is 7.5cm. This ensures that both the slowed atoms are able
to reach the MOT capture region, and that the field magnitude from the Zeeman

slower coils is negligible at the MOT capture region.

2.2.3 Science chamber

The science chamber is shown in section D of figure 2.2. It has five pairs of viewports
in the horizontal plane of the atomic beam, as well as a viewport in the Zeeman
slower axis and opposite to the Zeeman slower. There are also viewports above and
below the centre of the chamber to allow vertical access. The beams which access

the science chamber include:

Cs and Yb Zeeman slower beams

o Cs MOT beams (three beams, each retroreflected)
e Yb MOT beams (three beams, each retroreflected)
e Cs and Yb imaging beams

o Cs degenerate Raman sideband cooling (DRSC) beams (two horizontal, one

of which is retroreflected; two vertical)

» Dipole trapping beams (two 1070 nm ‘reservoir’ beams, two 1070 nm ‘dimple’

beams, one 532nm ‘dimple’ beam)

e Tuneable lattice beam
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Figure 2.4: Schematic of beams and optics around the science chamber.
a) Beams and optics in the horizontal plane. b) Beams and optics in the vertical
plane. For clarity, the MOT and Bias coils are not shown.

The various viewport pairs have a variety of antireflection coatings, allowing effi-
cient transmission of light of the wide range of wavelengths used in the experiment.
A full schematic of the beams and optics surrounding the science chamber is given
in figure 2.4. We define a cartesian coordinate system to describe the geometry
of the chamber based on its approximate geographical alignment, with the ‘East-
West’ axis in the horizontal plane parallel to the atomic beam and Zeeman slower,
the ‘North-South’ axis in the horizontal plane perpendicular to the East-West axis,
and the vertical ‘Top-Bottom’ axis. The pumping apparatus that maintains the
vacuum in the science chamber is at the far end of the vacuum apparatus, and is

shown in section E of figure 2.2.

2.2.4 Magnetic field generation coils

A series of coils to generate fields and field gradients within the science chamber
are used. Two pairs of coils, the ‘MOT’ and ‘bias coils’ are aligned above and

below the chamber in the vertical axis. The larger of these two pairs is the MOT
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coils, designed to provide field gradients, and quadrupole fields for magneto-optical
trapping, and consist of 16 turns of wire per coil. The bias coils provide a constant
magnetic bias field, and consist of four turns of wire per coil. These coils are
both further discussed in chapter 6. We also use three pairs of ‘shim’ coils, one
each in the East-West, North-South and Top-Bottom axes. These generate small
(up to 5 G) field gradients in each experimental axis in order to fine-tune the field
minimum of the quadrupole field of the MOT coils. This assists in the MOT loading
of each species. The MOT and bias coils, as well as the Zeeman slower coils, are
constructed of hollow-core wire. A chilled water supply is pumped through the
hollow core of each of these, as well as to a heat sink for the MOSFETs controlling

current flow through the coils, to prevent overheating.

2.3 Laser cooling systems

The following section is a brief overview of the laser systems required for trapping,
cooling, and absorption imaging of both species. The apparatus described below
is situated on our spectroscopy laser table adjacent to the laser table on which the
science chamber is located. Light for the various applications described below is

transferred from this table to the main table using optical fibers.

2.3.1 Cs laser cooling systems

Our main cooling transition for Cs is the F' = 4 — F’ = 5 transition on the D2 line.
Our primary laser light source for this transition is a Toptica DL100 Pro diode laser.
The laser is operated with a power output of 100 mW. It is stabilised to a detuning
of -385.4 MHz from the FF' = 4 — F’ = 5 transition. The output of the laser is
split into three components, for frequency stabilisation, absorption imaging, and a
tapered amplifier (TA) seed. The component for frequency stabilisation is double-
passed through an acousto-optical modulator (AOM) (AOM 2 in figure 2.5), which

generates the required frequency difference to resonance. The beam then passes



25

Cs laser cooling systems

2.5.1.

(@)

"0IN3Y oYY} JO WS o) uo 1ose[ oporp oxd (T worydog, oy} £q peonpoad St UOHISURI) = ,J < F = J U} 03 9S0[d
181 dumdey -eanSy oY) Jo o[ oY) uo Yjoq ‘reyrdure perade) yIsoog eonpdog, oy Aq peyridure pue Iese[ apolp oxd (0T T ®ondo],
oy} Aq peonpouad st UoIsSuURI) G =, < § = J 9U} 03 9s0[d JY3II| Sur[00)) ‘swdsAs Surjood 1vse[ s 10§ dnjas [ed1yd(Q :G'g 28I

v/
(A

LON

LONW

=

JI0A
LONW

ZLI0H

(\ \

oome] In:u}
osyua

ome] _H_H_ _MW_
os¥a

IOMO[S
UBWOZ

10)B[OS]

014 001
1d woi,]

1onnys
SZ

1onnyg
dumday

LINOV

01d "Id
-

8 NOV 6 WOV

01 NOV]

Y v

I0SLIB[O]
os¥a

lepnys Ionnys
LOW OS¥d

100nys
9qo1g

9 WOV

¥ WOV

NG VLsoog

0Id 001 '1d

—{£ WOV| =>{z noV]| |v_~|zoﬂ_

111




2.3.1. Cs laser cooling systems 26

through a Cs vapour cell and an electro-optic modulator (EOM), where modulation
transfer spectroscopy [145; 146] is used to generate the error signal for frequency
stabilisation. The component for absorption imaging is double-passed through a
separate AOM (AOM 1 in figure 2.5) and then coupled into an optical fiber to the
main experimental table. The remaining majority of the laser output is double-
passed through an AOM (AOM 3 in figure 2.5). It is then fiber coupled to the
input of a tapered amplifier (TA) TA (Toptica BOOSTA). The full output power
of the TA is 460 mW. This is redistributed to provide power for the three MOT
beams, Zeeman slower beam, and DRSC lattice beams (see section 2.4). A series
of AOMs provide the frequency shift for each of these applications to provide the

correct detuning.

When using this transition, there is a probability of the Cs atom being off-resonantly
excited to I’ = 4 in the excited state manifold. From there it can decay to F' = 3
in the ground state. This state is not addressed by the main cooling transition and
is therefore a dark state. Atoms transferred to this state will not be further cooled
by the transition and may be lost from a MOT. In this way the number of atoms
in a MOT may be depleted. We therefore use the F' = 3 — F’ = 4 transition as a
repump transition, cycling atoms back to F' = 4 in the ground state and hence the

main cooling transition.

Our light source for this transition is a diode laser (Toptica DL 100 pro). The laser is
operated with a power output of 100 mW. The output is detuned by +80 MHz from
the FF = 3 — F’ = 4 transition. The frequency output of this laser is stabilised to
the F =3 — F’ = 4 transition using frequency modulation spectroscopy [147; 148],
by first single-passing a component of the output through an AOM (AOM 7 in figure
2.5) to make up the difference of frequency detuning, and then by transmission
through a Cs vapour cell and an electro-optic modulator (EOM). The remaining
laser output power is distributed between beams for the MOT (one of the three
MOT axes only), Zeeman slower, and the DRSC polariser beam (see section 2.4).

Similarly to the cooling beam, a series of AOMs provide the frequency shift for
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Application Transition Detuning (MHz) | AOM number
Cooling primary laser output | F =4 — F' =5 -385.4
Imaging F=4—F =5 +1.2 1
Cooling spectroscopy F=4—F =5 0.0 2
BoosTA input F=4—F =5 -132.0 3
Zeeman slower Cooling F=4—F =5 -49.4 3+ 4
MOT cooling F=4—F =5 -9.0 3+6
DRSC lattice F=4—F =4 0.0 3+5
Repump laser output F=3—>F = +80.0
Repump spectroscopy F=3—-F =4 0.0 7
Zeeman slower repump F=3—>F =4 -32.5 8
MOT repump F=3—F = -5.4 9
DRSC polariser F=3—-3F =2 +10 10

Table 2.1: The application of each Cs cooling laser beam, with the detuning from
the relevant transition, and the AOM or AOMs used to generate the necessary
detuning. Beams derived from the primary cooling laser are in the upper section
of the table. Beams derived from the repump laser are in the lower section of the
table.

each of these applications to provide the correct detuning. The MOT and Zeeman
slower repump beams are coupled into the same optical fibers as their counterparts

on the cooling transition.

Figure 2.5 shows the full optical layout of both the cooling and repump laser sys-
tems. Each AOM controlling light for an application on the main experimental
table can be digitally controlled from the experimental control. Beam shutters,
also digitally controlled from the experimental control, are also used in these beam
paths before the optical fiber inputs. This ensures light for each application only
reaches the experiment when required during an experimental routine. Table 2.1
summarises the application of each cooling beam from both laser systems, the de-
tuning from the relevant transition of each application, and the combination of

AOMs used to provide the necessary detuning.
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Figure 2.6: The Yb ‘beam machine’ atomic beam spectroscopy apparatus.
An Yb oven produces an atomic beam, which travels from right to left. The beam is
collimated by an array of capillary tubes and passes through a differential pumping
tube and two further circular apertures A and B. Optical access is provided through
the horizontal viewports of two six-way crosses. Atomic fluorescence is detected in
the vertical direction by two photodiode assemblies.

2.3.2 YDb beam machine

The vapour pressure of Cs at room temperature allows the use of standard vapour
cells in the frequency stabilisation systems for both Cs transitions. However, this
option is not available for Yb. We instead use an atomic beam of Yb as a fre-
quency reference for the two cooling transitions used for this element. This beam
is provided by the ‘beam machine’ vacuum apparatus, shown in figure 2.6. A
reservoir of Yb is heated by a single band heater (Watlow, MB1J1JN2-X73), and
collimated into a beam using an identical array of capillary tubes as those used in
the main atomic ovens. The heater is normally run at 475°C, although this can
be increased to improve the atomic beam flux for less abundant Yb isotopes. A
chilled water supply to a water-cooled flange located near the band heater prevents
thermal damage. Vacuum is maintained inside the apparatus using an ion pump

(Agilent, Vaclonb5).

Laser light for each transition is stabilised to the atomic beam using fluorescence

spectroscopy. Two transverse viewports allow beams of light for each transition
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Figure 2.7: Optical layout of the 399 nm laser system. a) Optical setup on
the breadboard above the Zeeman slower viewport (right-hand end of figure 2.2.
The majority of the optical power is directed down the periscope to the Zeeman
slower. The input to the fiber to the spectroscopy table can alternatively be used to
measure the Yb atomic beam flux from the oven using the transverse spectroscopy
section. b) Optical setup on the laser table. The light is double-passed through
a series of AOMs to provide the necessary detunings for fluorescence spectroscopy
and absorption imaging.

to intersect the beam at a 90° angle. A photodiode in a vertical cylinder is po-
sitioned above each crossing point. Resonant light emitted upwards by atoms in
the beam are focused by a collection lens onto the photodiode. Light which is
re-emitted downwards is reflected by a mirror at the bottom of the cylinder onto
the collection lens, improving the photodiode signal. The fluorescence signals for
each transition are modulated and fed back into each laser’s locking system, where
it is demodulated to give a dispersive error signal, to which the frequency of the
lasers can be stabilised. The accessible frequency range for both lasers cover the

relevant transitions for all Yb isotopes [139].

2.3.3 Yb Zeeman slower laser system

Figure 2.7 shows the optical layout of the laser system for the Zeeman slower beam

and for absorption imaging. The 399 nm light source is a diode laser (Toptica DL
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pro HP). The power output is 100 mW. Due to the poor fiber coupling efficiency
typically found with light in the near-UV frequency range, this is the only cooling
laser positioned on the same table as the science chamber. It is positioned on a
breadboard above the Zeeman slower viewport, at the opposite end of the vacuum
apparatus to the atomic ovens. The majority of the laser output (75mW) is dir-
ected into the Zeeman slower using a periscope to bring the beam down from the
breadboard to the horizontal plane of the science chamber. A smaller (25 mW)
portion of the light is fiber coupled to the beam machine for frequency stabilisa-
tion. Due to the large (~ —600 MHz) detuning required for the Zeeman slower
beam, this portion of the beam is double-passed through a 200 MHz AOM (AOM 3
in figure 2.7), before being split into two beams, for fluorescence spectroscopy and
imaging. Both of these beams are double-passed through 100 MHz AOMs (AOMs
1 and 2 in figure 2.7), before being directed to the beam machine and optical fiber
for the imaging beam respectively. The detuning of the imaging beam is set by the

frequency difference between the two 100 MHz AOMs.

2.3.4 Yb MOT laser system

Figure 2.8 shows the optical layout for the 556 nm Yb MOT beam. We use the
450 mW output of an 1111.6nm fiber laser (Menlo Orange One), fiber coupled to
a single harmonic generation (SHG) module from NTT photonics for frequency
doubling. This gives a 200 mW output of 556 nm light. This light is split into two
beams, one for the three MOT beam axes and one for frequency stabilisation. They
are then both single-passed through 200 MHz AOMs (AOMs 1 and 2 in figure 2.8).
The frequency stabilisation beam is then directed to the beam machine. The beam
for the MOT is distributed into three beams for each axis of the MOT, before being

fiber coupled to the main table of the experiment.
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Figure 2.8: Optical layout of the 556 nm laser system. The output of the
SHG module is split into two branches, one for fluorescence spectroscopy, and one
for the MOT beams. Each of these branches is single-passed through an AOM.
The MOT beam is then split into three further branches, each of which is fiber
coupled to the main experimental table.

2.3.5 Absorption imaging

Following the end of each experimental sequence, we use absorption imaging after
time of flight (ToF) to measure the atom number in each atom cloud and determine
other physical quantities (for more detail see appendix D). For both Cs and Yb we
use a pulse of resonant light to perform absorption imaging. For Cs this is resonant
to the main F' = 4 — F’ = 5 transition. The imaging beam has a power of 200 tW
and is incident on the Cs atoms through one of the horizontal Cs MOT beam
axes. Following propagation through the science chamber, the beam is incident
on a camera (Andor iXon 885) which takes the absorption images. For Yb this is
resonant to the 'Sg — P} transition. The imaging beam has a power of 25 pW
and is incident on the Yb atoms through one of the horizontal Yb MOT beam
axes. Following propagation through the science chamber, the beam is incident on

a camera (Andor Luca) which takes the absorption images.
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2.4 Cooling Cs to quantum degeneracy

The doppler cooling limit of 125 pK in the Cs MOT is insufficient for effectively
loading Cs atoms into a dipole trap. We must also carefully manage the temper-
ature and density of the Cs. This is to avoid loss due to inelastic collisions, in
particular, due to three-body recombination [149]. The Cs three-body loss rate is
K3 ~1x1072"cmb /s [150; 90]. (see chapter 4). We therefore employ intermediate
cooling methods prior to dipole trapping in order to create ultracold Cs gases. Our

approach follows the method developed in the Innsbruck group [142; 151].

Following accumulation of Cs atoms in the MOT, we turn off the Zeeman slower
coils and light, and perform a compressed MOT stage by increasing the quadrupole
field gradient and the MOT detuning. We then use the shim coils to move the Cs
atoms to the correct location for the following cooling stages. We then perform
sub-doppler cooling by turning off the quadrupole gradient and increasing the MOT
detuning. We then perform 25ms of cooling in the optical molasses, which cools

the Cs atoms to 20 pK.

We then apply the method of degenerate Raman sideband cooling (DRSC). Two ho-
rizontal beams (one retroreflected) and one vertical beam of linearly polarised light
resonant with the F' = 4 — F’ = 4 transition form a Raman lattice. The Cs atoms
are initially in the |F' = 3, mp = +3) state and occupy a high vibrational level v
of this lattice. A small magnetic field is applied which shifts the magnetic sub-
levels mp. This makes the states |F' =3, mp = +1,v — 2),|F = 3,mp = +2,v — 1)
and |F = 3, mp = +3,v) degenerate. The lattice beams induce coupling between
these states via two-photon Raman transitions. A polariser beam blue detuned
from the F' = 3 — F’ = 2 transition of the Cs cooling transition is also incident
on the atoms. This beam is circularly polarised and optically pumps the atoms
from mp = 1 to mp = 3. The transition, however, conserves the vibrational level
v, so for every cycle of cooling, a Cs atom loses two quanta of vibrational en-

ergy. By aligning the polariser beam with a small angle to the magnetic field, it
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has a small linearly polarised component. This is used to pump atoms out of the
|F =3, mp = +2,v = 0) state, where atoms cannot access the mp = 3 state and
be pumped by the circularly polarised component. This ensures that the Cs atoms
are not only cooled to the lowest vibrational level of the Raman lattice, but are
also polarised in the |F = 3, mp = +3) at the end of DRSC. Further detail of the

implementation of DRSC in the experiment is given in [140)].

After DRSC the Cs atoms are transferred to our ‘reservoir’ trap. This consists of
two 1070nm beams crossed at an angle of 25°, with beam waists of 640(20) pm
and 440(10) pm respectively. Light for the beams is provided by a 50 W IPG laser.
The reservoir is loaded using a power of 20 W in both beams. A magnetic field
gradient of 31.3G cm™! is used to levitate the atoms in this trap. A bias field of
70 G is also applied to counteract the effect of antitrapping in the axial direction

of the trap due to the levitation gradient.

2.4.1 Dimple trap

To load Cs atoms into a smaller-volume dipole trap suitable for evaporative cool-
ing, we perform the ‘dimple trick’ [152; 153; 154; 151] first demonstrated in the
Innsbruck experiment. The principle of the dimple trick is shown in figure 2.9.
A crossed optical dipole trap is overlaid with the reservoir trap. Prior to the de-
velopment of the bichromatic trap discussed in chapter 3, this consisted of two
1070 nm beams, referred to as dimple beam 1 (DB1) and dimple beam 2 (DB2),
crossed at a 40° angle. Light for the beams is provided by a 100 W IPG laser. In
practice, the laser is operated to give the beams a maximum combined power of
55 W in the dimple, distributed between up to 44 W in DB1 and up to 11 W in
DB2. Power control and stabilisation for both beams is provided using a pair of
AOMs in a feedback loop (see section 3.3.2). DB1 has a beam waist of 29(2) pm
in the horizontal axis and 35(3) pm in the vertical axis. We can also modify DB1’s
horizontal waist by dithering the frequency of DB1’s intensity stabilisation AOM,

as the optical path between the AOM and the science chamber is in free space.



2.4.2. Single-species experimental routine 34

“eed :’-"

Trap depth (uK)
5

]
w
[e=}

i
w
ot

(c)

-1000 0 1000 -1000 O 1000 -1000 0O 1000
Radial displacement (pm)

A
S

Figure 2.9: The ‘dimple trick’ used in creation of ultracold Cs gases. a) Cs
atoms are initially confined in the wide and shallow potential of the reservoir trap
(blue). b) The dimple trap (red) is now overlapped with the reservoir. Atoms can
be cooled to the deep minimum of the dimple potential through elastic collisions
with atoms in the reservoir potential. ¢) When the reservoir trap is turned off,
evaporation of the atoms in the reservoir occurs, leaving a dense sample of atoms
confined in the dimple.

This causes atoms in DB1 to experience an approximately Gaussian time averaged
potential. This also allows us to modify the trap frequencies in the beam [155]. The
technique of a dithered trapping beam has also been used in similar experiments

[32; 156; 157; 158]. DB2 has a symmetrical beam waist of 70(4) pm.

During the time period the reservoir and dimple beams are overlapped, Cs atoms in
the reservoir are able to access the much tighter and deeper potential of the dimple.
However, as they are cooled through collisions with the bath of reservoir atoms,
they experience negligible heating despite the increased density in the dimple. The
reservoir trap is then turned off by extinguishing the reservoir beams and turning
off the magnetic gradient and bias field. This causes loss of the Cs atoms remaining

in the reservoir, but a cold gas of Cs atoms remains in the dimple.

2.4.2 Single-species experimental routine

We typically accumulate 3 x 108 Cs atoms in the MOT after a 6s load. We then use
optical molasses followed by DRSC. This further cools approximately 6 x 107 Cs

atoms to Tos ~ 2 pK. In the process of DRSC, these atoms are optically pumped to
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the |F' = 3, mp = +3) hyperfine state. We then load approximately 2.5 x 107 atoms
into the reservoir, reducing to 4 x 10 atoms at 1.5 pK after 2s of plain evaporation.
Approximately 10 % of the atoms trapped in the reservoir are then loaded into the
dimple. The total initial power in the dimple is 280 mW. The corresponding initial
trap depth is 20 pK. We then perform forced evaporation by reducing the dimple
beams’ power to ~ 20 mW. During the evaporation, Cs crosses the BEC transition
at ~ 60nK. A bias field of 22.3 G is used throughout the evaporation. This ensures
the Cs intraspecies scattering length remains close in value to the Efimov minimum
in the three-body recombination rate [150]. This optimises the ratio of elastic to
inelastic collisions [149]. At the end of evaporation, we typically produce pure Cs

BECs of up to 5 x 10* atoms in the |F = 3, mp = +3) hyperfine state.

2.5 Cooling Yb to quantum degeneracy

In contrast to Cs, the low Doppler cooling limit allows us to directly load Yb from
the MOT into a dipole trap without the need for intermediate cooling routines.
Here we give a brief summary of the experimental sequence for cooling '"4Yb as
an example. We load ~ 2 x 10”7 atoms from the MOT a crossed dimple trap. This
trap uses the same dimple beams as for cooling of Cs, although DB1 is dithered,
resulting in a dimple with a horizontal waist of 72(4) pm and a vertical waist of
35(3) pm. The dimple has an initial total power of 55 W. The corresponding initial
trap depth is 950 uK. We then perform forced evaporative cooling to degeneracy
by reducing the power in the dimple to ~ 400 mW. An approximately exponential
ramp of the beam powers is used in the evaporation. Evaporation of ™YD is
particularly fast and efficient. The three-body loss rate is low due to a favourable
scattering length ayp, = 105ag, allowing high density and high collision rates in
the dimple throughout evaporation. During evaporation, we cross the BEC phase
transition, with the critical temperature in our system approximately 350 nK. At

the end of evaporation, we typically produce pure "Yb BECs of up to 4 x 10°
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atoms. Beyond the example of 1"YDb given here, the experimental setup has also
been used to create BECs of 1°Yb, and a degenerate Fermi gas of '"3Yb. The
other isotopes have not to date been cooled to quantum degeneracy in our setup.
This is due to either low natural abundance of the isotope causing impractical load
times and challenges to transition frequency stabilisation, or due to the intraspecies
scattering length being unfavourable for evaporative cooling or creation of a stable

condensate.
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Chapter 3

Development of a bichromatic

optical dipole trap

The experimental setup developed as described in chapter 2 has been successful
in conducting single-species experiments of either Cs or Yb, with quantum degen-
eracy in both species previously reported. Dual-species experiments with thermal
samples of both species have also been achieved. However, the apparatus cannot
be used to produce dual-species samples with low enough temperatures and high
enough phase-space density to reach dual quantum degeneracy. This chapter de-
scribes the existing dipole trapping apparatus in the experiment and discusses its
limitations in reaching this experimental goal. We discuss how the implementation
of a bichromatic optical dipole trap (BODT) can reduce the difference in trapping
potential experienced by the two atomic species. We then detail the experimental
upgrades involving the addition of a 532 nm dipole trapping beam, allowing us to

realise a BODT.

3.1 Introduction to dipole trapping

Optical dipole traps [159] are an essential tool in cold atom experiments, allowing

access to lower atom temperatures and tighter spatial confinement than that pos-
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sible with laser cooling or magneto-optical techniques alone. In this section, we

introduce the basic theory of optical dipole traps and their properties.

3.1.1 Polarizability and dipole trapping potential

When an atom is placed in a electromagnetic field with electric field component
E, the field induces a dipole moment p in the atom which oscillates at the field

driving angular frequency w, with a complex amplitude p given by [159]
p=ak, (3.1)

where E is the electric field magnitude and « is the complex polarizability, which

dependent on w. The interaction potential the dipole moment Upjpole is given by
1
UDipole = _5 < PE >, (32)

where the angled brackets represent the time average of rapidly oscillating terms
in p and E, and the factor of % arises from the fact the dipole is induced and not

permanent. As the field intensity I is related to E by
I= 2606|E|2, (3.3)
equation 3.2 can be written as

Ubipole = — ——Re(a)1, (3.4)

2€qC
where Re(«) is the real component of the atomic polarizability. The dipole force is

the gradient of this interaction potential and is hence proportional to the intensity

gradient of the light field,

FDipole = _VUDipole = Re(a)VI. (35)

1
2¢pC
An approximation of Re(«) can be calculated as a function of angular frequency w

by [159]

Re(a) = 3mepe? Z A;’f ( ! + ! ) ) (3.6)

fi Wo,r \Wo,f —wW  Wo,f tw
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where wg y and A; r are the angular frequencies and Einstein A-coefficients of trans-

itions from the atomic ground state i to an excited state f.

Inserting equation 3.6 into equation 3.4 gives the following expression for Upipole,

37‘(’62 Aif 1 1
Ubipole = — ! + I. 3.7
tpote 2 ;waf (wgvf—w woj—l—w) (3.7)

The dipole potential therefore is dependent on the proximity of the driving field
to transition frequencies, with poles in Upjpole at resonant frequencies wg . The
strength is characterised by A; r. The sign of the polarizability of Re(«) determines
whether the potential is attractive or repulsive. At blue detunings from a transition
w > wo,f, Upipole has a positive value and is hence a repulsive potential. At red
detunings from a transition w < wy ¢, Upipole has a negative value and is hence an
attractive potential. For frequencies close to atomic transitions, the treatment of
atomic transitions as two-level transitions is no longer valid, and the more complex
structure has to be considered. This will be further discussed in later chapters.
However, at frequencies far off-resonance from atomic transitions, the description

of Re(a) given above is sufficient to model the dipole potential.

Optical dipole traps utilise the dipole potential and consist of coherent laser beams
far off-resonance from any transition of the atom being trapped. Blue-detuned
dipole traps can spatially confine atoms to regions of low light intensity. However,
we consider red-detuned dipole traps, which attract atoms towards the region of
highest beam intensity. Red-detuned dipole traps typically consist of laser beams
with a Gaussian radial profile, focused to a beam waist wg, typically on the order
of 10s to 100s of pm. Atoms confined by a single red-detuned beam typically form
a cloud in a longitudinal ‘cigar’ shape along the beam axis, proportional to the

intensity profile of the beam [159]:

2
I(r,2z) = mjiz)exp <_w22(z)> , (3.8)

where the axially-dependent 1/e? waist w(z) is set by

z

w(z) =woy/1+ ()2 (3.9)

ZR
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for a beam of wavelength )\, waist wy at focus and Rayleigh range zr = 7mwg/\.
If a pair of non-coherent, red-detuned beams are aligned to cross with the beam
foci at the crossing point, a dipole potential with a magnitude of both potentials
combined occurs. In this case, the atom cloud occupies a much smaller volume,
referred to as a ‘dimple’, the size of which is governed by the waists of the two

beams, and the crossing angle.

3.1.2 Trap frequency

In the case where the thermal energy of the trapped atoms are much lower than
the magnitude of the dipole potential, kgT" << Upipole, the potential experienced

in a gaussian beam by the atoms is approximately harmonic, given by [159]

Ulr, 2) ~ —Up [1 - 2<¢;>2 - <;;>2] . (3.10)

The atoms undergo oscillations through the trap at associated harmonic trap fre-

quencies with a radial trap frequency given by

4U, 1/2
wy = (%) : (3.11)
mwo

and an axial trap frequency of

1/2
w, = <2U°> . (3.12)

2
mzn

3.1.3 Modifications to the trapping potential

The total potential Uyt experienced by atoms in an optical dipole trap can be
modified by external potentials, including magnetic potentials Unyag and, in the
vertical axis, the gravitational potential Ugray = mgz, where m is the atom mass,
z is vertical displacement, and ¢ is acceleration due to gravity. Hence the full

potential in the vertical axis may be written as

Utot = Udipole + Umag + mgz. (313)
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Figure 3.1: Dipole trap profile and effect of gravitational potential. Sim-
ulated profile of the dipole potential Ugipole (red curve) at the focus of the first
1070 nm dimple beam, with a vertical beam waist of 29 uym and a beam power of
200 mW. The depth of the trap is Uy. In the vertical axis we must consider the con-
tribution of the gravitational potential Ugray = mgz (black diagonal dashed line),
giving a total potential Uio (blue curve). This reduces the overall depth of the
trap in this axis to Uy, and also causes a gravitational sag Az of the trap centre.

If Upnag is assumed to be weak, Ugray has the significant effect of ‘tilting’ the trap
and reducing Uit. The vertical axis is therefore the axis through which atoms are
typically lost from an optical dipole trap. Ugmy also causes a displacement in the
potential minimum in the vertical axis, referred to as the gravitational sag Az of

the trap. This is related to the trap frequency in the vertical axis by

J— (3.14)

Wz

For Cs, we also have the additional option of modifying Ui in the vertical axis,

with a magnetic potential Uyag .. This potential is made by using a magnetic field

gradient %—Jf, generated by the quadrupole coils. This potential has the form
0B
Umag,> = “MEYFEB 5% (3.15)

where gy is the hyperfine Landé factor and up is the Bohr magneton. For Cs

atoms prepared in the high-field seeking |F' = 3, mp = +3) state, this is an upwards
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potential counteracting gravity. During preparation of Cs in the reservoir trap, a
field gradient of 31.3 G cm™! is used to cancel out the gravitational potential. A
magnetic field gradient can also be used to provide a vertical offset from centre of
the dipole trap potential and induce centre-of-mass oscillations in the trap, as will
be seen in chapter 4. Due to the lack of hyperfine splitting in the ground state of

Yb, magnetic levitation is only possible with Cs in our experiment.

3.1.4 Atom heating and loss in a dipole trap

The frequency of optical dipole traps are typically far off-resonance from atomic
transitions. This avoids heating effects due to near-resonant photon scattering.
The photon scattering rate I'y. is given by

2 2
mmﬂzz&ﬁfi<“>< 1 >L (3.16)

FSC

- heoc
The heating rate due to scattering, assuming a three-dimensional trap geometry,

is then given by
o1
T= gTrechm (3.17)

where wavelength-dependent recoil velocity Tyec is given by

h2k?
Troe = — (3.18)

We must also consider losses from the dipole trap due to collisions. This decay of

atom number N from the trap can be modelled by [159]

N(t) = —aNt — 5/Vn2(r,t)d3r - 7/‘/n3(r,t)d37“. (3.19)

Single-particle loss is characterised by the loss coefficient a and is due to collisions
between atoms in the trap and the background gas. This is typically suppressed
for experiments under vacuum. Two- and three- body loss, characterised by the
constants  and ~y, are dependent on the in-trap density n, to the power of two
and three respectively. Loss due to three-body recombination [149] is of particular

concern to our experiment. In a collision of three atoms, two form a bound dimer
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A acs | oyp
(nm) | (ad) | (ad)
532 211 | 264
1070 | 1142 | 160

Table 3.1: The atomic polarizabilities of Cs and Yb at the bichromatic optical
dipole trap (BODT) wavelengths.

state and a third absorbs the released energy, causing all three atoms to be lost.
For Cs, this loss rate is ~ 1 x 10727 em%s~! [90; 150]. Therefore, it is important to

manage the in-trap density of Cs.

3.2 Motivation for a bichromatic trap

The initial dipole trapping apparatus for the CsYb experiment consisted of two
1070 nm beams crossed at a 40° angle. The first beam of this crossed trap (dimple
beam one, DB1) has a beam waist of 35(3) pm in the horizontal axis and 29(2) pm
in the vertical axis. The second beam (dimple beam two, DB2), has a symmet-
rical beam waist of 70(4) pm. This crossed trap was sufficient to demonstrate
quantum degeneracy in both species in single-species experimental runs, and indeed
an atomic mixture of both species could be loaded into the trap for the purposes
of interspecies thermalisation experiments [90], and photoassociation experiments
[91; 92]. However, it was not possible to load both species into the crossed trap

and evaporate to dual quantum degeneracy.

The first reason to consider for this is the mismatch in ground state polarizability of
the two atomic species at the trapping wavelength of 1070 nm. Table 3.1 shows that,
at this wavelength, while the polarizability is positive for both species and therefore
both species are trapped at this wavelength, the magnitude of the polarizability for
Cs is over seven times that for Yb. The resulting dipole trap is therefore deeper
for Cs than for Yb by this factor. Therefore, the optimal traps for single-species
evaporation to degeneracy are incompatible. The powers required for the final trap

at the end of Yb evaporation are ~4 times those required for initially loading Cs.
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Similarly the powers required for the final trap at the end of Cs evaporation are
~0.02 times those required for those required for the final trap at the end of Yb

evaporation, and hence the trap is nonexistent for Yb.

The polarizability mismatch also means that there is a mismatch in the trap-
ping frequencies for the two species. This leads to reduced overlap between the
atomic clouds due to gravitational sag in the vertical direction. The other reason
to consider, which follows on from the trapping mismatch, is that dual-species
cooling relies on favourable conditions for sympathetic cooling, namely that elastic
intraspecies collisions occur at a favourable rate compared to inelastic collisions
which cause loss from the trap. Of particular concern in our system is loss due
three-body recombination in Cs, which has a high three-body loss rate. Creating a
sufficiently deep 1070 nm trap for Yb results in a much deeper and tighter trap for
Cs, and as three-body loss is density-dependent, we observe loss of Cs and heating

in this high-density dimple.

The solution for this problem has been to introduce a second wavelength to the
dipole trap to alter the trapping potential — resulting in a dual-wavelength trap. We
refer to this as the bichromatic optical dipole trap (BODT). BODTs were proposed
in [163] have also been used in other groups working with alkali+alkaline-earth-
like atomic mixtures [94; 29; 164]. Wavelengths such as 1070 nm and 1550 nm
are commonly used for dipole trapping because they are far red-detuned from
atomic transitions from the ground state and therefore result in an attractive optical
potential. This is the case for both Cs and Yb, but it is the mismatch in detuning
from the nearest transition which causes the mismatch in polarizability and trap

depth.

Our additional trapping beam has a wavelength of 532nm. As can be seen in
figure 3.2(a), this wavelength lies between successive transitions for Cs and Yb but
is sufficiently far-detuned for heating due to resonant scattering to be comparable
to the case for 1070 nm. Crucially, the atomic polarizability of ground state Cs is

negative at this wavelength, resulting in a repulsive optical potential, whereas for
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Figure 3.2: Balanced trapping potentials for Cs and Yb. (a): Atomic ground
state polarizability as a function of wavelength, for Cs (red) and Yb (green). Ver-
tical lines at 532nm (dashed) and 1070 nm (dotted) are the bichromatic optical
dipole trap (BODT) beam wavelengths. Polarizability here is converted from SI
units (as stated in equation 3.6) to atomic units by a conversion factor of 47350
and displayed in units of a3, where ag is the Bohr radius. The values of transition
wavelengths and corresponding Einstein A-coefficients used in the calculation are
listed in appendix A and are taken from [160] and [161]. (b) and (c): Cross-sections
of a balanced trapping potential. The overall potential (solid black line) is the sum
of contributing potentials from a 532nm beam (dashed) and a 1070 nm beam (dot-
ted), plotted for Cs(b) and Yb(c). Both beams have 1/e? waists of wg = 50 pm.
The beam powers are Psso = 1W and Pigro = 0.5W. Figure reproduced from

[162].

Yb the polarizability is positive. The values for polarizability of both species at
both wavelengths of our BODT are given in table 3.1. The principle of our BODT is
as follows: by increasing the intensity contribution of the 532 nm beam to the trap,
we can reduce the effective trap depth for Cs while increasing it for Yb. We can
ultimately use this to balance out the potentials for two species, making the trap
conditions more favourable for sympathetic cooling. This is shown in figures 3.2(b)
and 3.2(c). These are the trapping conditions which have ultimately allowed us
to observe double-degenerate mixtures, as well as high-PSD mixtures for Feshbach

spectroscopy, in our experiment.
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Figure 3.3: Comparing polarizability and heating rate of Cs and Yb. (a)
: the polarizabilities of ground state Cs (red) and Yb (green) across a wavelength
range 400nm — 1200 nm, calculated using equation 3.6. (b): heating rates across
the same wavelength range, using a laser intensity sufficient to trap Yb at a depth
of 1pK. The vertical lines in (a) and (b) show the two wavelengths of our BODT
at 532nm and 1070 nm.

We also consider the effect of heating of both species due to off-resonant photon
scattering. The laser intensity I required for a Yb trap depth of 1pK, which is
representative for our purposes, was calculated across the wavelength range 300 nm
— 1200 nm , and the resulting scattering and heating rates calculated. This is shown
in figure 3.3(b). Contributions to the heating rate are comparable for both species

at 532nm, as well as being comparable to the heating rate for Cs at 1070 nm.

3.3 Experimental setup

The following section describes the setup of the 532 nm beam used in the BODT.
This was performed with minimal changes to the existing 1070 nm setup, described
in detail in [139; 140], with only the addition of dichroic mirrors to allow beams
of both wavelengths to copropagate, and optics which are compatible with both

wavelengths.



3.3.2. Optics at the laser output 47

Figure 3.4: The bichromatic trap in the CsYb experiment 3-dimensional
render of the science chamber, showing orientation of the three bichromatic optical
dipole trap (BODT) trap lasers. The 532nm beam and the first 1070 nm beam
(dimple beam 1, DB1) copropagate through the chamber. The second 1070 nm
beam (dimple beam 2, DB2) crosses the other beams at a 40° angle.

3.3.1 532nm light source

The 532 nm laser light source (IPG GLR20, 20 W) is positioned on the main table
of the laboratory near the atomic ovens. The laser replaced a previous laser of
the same wavelength in the setup (Laser Quantum Finesse, 7W). This laser was
prone to loss in power due to overheating. In the worst cases power output was
reduced from the specified 7W to ~ 3W. The GLR20 is able to operate at steady
power and temperature with the output power set to 5 W. The full 20 W power
output may be needed for future applications (see outlook), but 5 W output power
is adequate for the BODT in its current configuration. We also do not wish to

damage the photonic crystal fiber in the setup (see below) with high beam powers.

3.3.2 Optics at the laser output

We initially set up the beam to propagate from the laser light source to the cham-
ber on a completely free-space path. However, it was found that vibrations due
to the laser source were affecting the pointing stability of the beam at focus. In
our initial attempts to cool Yb to quantum degeneracy, at the lower (< 0.5 W)

powers at the final stages of evaporative cooling, this pointing instability caused
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Figure 3.5: Optical setup of the 532nm beam. a. Optics at the laser output.
The beam is aligned through an Acoutso-optic modulator (AOM) for intensity sta-
bilisation. The first diffracted order of the AOM output is coupled into a photonic
crystal fiber. b. At the fiber output, the beam is expanded to be the correct size for
focusing into the science chamber, before being combined with the existing 1070 nm
dimple beam 1 using a dichroic.

atom heating and loss. The solution was to reconstruct the optical setup to incor-
porate a photonic crystal optical fiber into the beam path. This fiber is capable of
transmitting up to 10 W of laser power. The spatial stability of the fiber output
guarantees the pointing stability of the beam at focus. The power of the beam can
be stabilised by monitoring the power of the fiber output (see below). Note this
was originally motivated by pointing instability in the Finesse laser, but has been

retained following installation of the GLR-20 laser.

The optics at the output of the laser is shown in figure 3.5a. The output is col-
limated with a beam waist of 486.3(18) pm in the x-axis and 557.8(15) pm in the

y-axis. This gives a beam aspect ratio of 0.872(6). A half-waveplate and polarising
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beam splitter (PBS) cube are used at the output the ensure linear polarisation of
the light through the rest of the setup. For low-power alignment, waveplate can
be adjusted to reflect and dump the majority of the laser power. A second-half
wave is then used rotate the linear polarisation from horizontal to vertical. This
orientation of the polarisation allows the most efficient propagation of the light

through the mirrors and AOM (see below).

A 110MHz AOM (Gooch and Housego 3110-120) is used for power stabilisation.
The power in the BODT beam is stabilised and ramped using a feedback loop
between this AOM and a monitor photodiode (see below). A custom-built ‘servo
box’ compares the monitor signal to an external ‘setpoint’ analogue voltage, out-
putted from the main experimental control. A modulation voltage is outputted
from the servo box to the AOM, controlling the amount of beam power the AOM

diffracts into the first order.

The active aperture of the AOM crystal is 2.5(0.6) mm in the x(y) axis. We there-
fore use an f = 200 mm lens to focus the beam. The AOM is located approximately
50 mm after this lens along the beam path. This ensures the entirety of the beam
fits within the active aperture, but is not too tightly focused, which may damage
the AOM crystal. The AOM is aligned to optimise the power in the first diffrac-
ted order, with an efficiency of 75.25(17) %. A second lens with a focal length
f = 50mm recollimates the beam, with a beam waist of 119(3) pm in the x-axis
and 125(2) pm in the y-axis. This gives a beam aspect ratio of 0.95(4). This is a
suitable beam waist for coupling into the photonic crystal fiber. The first order of
the AOM output is coupled into the fiber with a coupling efficiency of 70.70(12) %.
A D-shaped mirror is used to deflect and dump the zeroth order of the AOM out-
put. To avoid any stray light propagating through the fiber, a flipper mirror is also
used to deflect and dump all of the AOM output. This is controlled by a digital
TTL signal from the experimental control. The flipper mirror is set to be in the
down position when the BODT is in use during the experimental sequence, and in

the up position at all other times.
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3.3.3 Beam path through the science chamber

The optics at the fiber output are shown in figure 3.5b. The output is on the same
horizontal plane as the centre of the science chamber, and the existing 1070 nm
optics. The beam output of the fiber is expanded by a 1:4 telescope consisting of
an f = —75mm planoconcave lens and f = 300 mm planoconvex lens. This second
lens is mounted on a translation stage to fine-tune alignment. This collimates the
beam to 1250(20) pm. After the telescope, approximately 0.1 % of the beam power
is picked off and directed onto a photodiode. This is the monitor photodiode of
the intensity stabilisation system. By positioning the photodiode after the fiber
output, we ensure the stabilised power is constant at the fiber output, and not

dependant on the coupling efficiency of the fiber.

Prior to setup of the 532 nm laser system, it was decided that the 532 nm dipole
trap beam should be arranged either co- or counter-propagating the 1070 nm dimple
beam 1, which passes through the chamber on the North-South axis. This is due
firstly to the fact that the pairs of viewports on our experimental chamber have
a range of anti-reflection coatings. The viewport pair for dimple beam 1 is also
designed to have low reflectivity at 532 nm. Directing the new dipole trapping beam
through this viewport pair was an obvious choice to minimise losses at the viewport
surfaces. Setting up the beam to be colinear with one of the 1070 nm beams also
allows the overlap of the two beams at the focus to be monitored and corrected
more easily (see below). This also avoids unnecessary duplication of optics such as

focusing and recollimation lenses.

The main beam is therefore combined with the 1070 nm dimple beam 1 using a long-
pass dichroic (THORLABS DMLP900). This is shown in figure 3.5b. Both beams
are focused into the science chamber by an f = 300 mm lens with an antireflec-
tion coating designed for high transmission at both laser frequencies (THORLABS
LA4579-YAG-SP). This lens is mounted on a translation stage to fine-tune the

axial alignment of both beams in the science chamber. An identical lens is used
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Figure 3.6: Beam paths through the science chamber. The beam layout
for the BODT is shown in red, green and yellow. All other beam paths travelling
through the science chamber in the horizontal plane are shown in grey. Here, we
define a coordinate system (x,y, z). The x axis is parallel to DB1 and the 532nm
beam. The y axis is perpendicular to the x axis in the horizontal plane. The z axis
is in the vertical direction. The axes for imaging Cs and Yb are rotated 35° and
25° from the y axis respectively. Figure reproduced from [162].

to recollimate both beams on the opposite side of the chamber. The geometry
of the BODT beams, with respect to the other beams propagating through the
science chamber, is illustrated in a top-down view in figure 3.6. Here, we define a
coordinate system (z,y,z). The z axis is parallel to DB1 and the 532nm beam.
The y axis is perpendicular to the z axis in the horizontal plane. The z axis is in
the vertical direction. The axes for imaging Cs and Yb are rotated 35° and 25°

from the y axis respectively.

The 532nm beam has a symmetric beam waist of 50(3) pm, and DB2 has a sym-
metric beam waist of 70(4) pm. DB1 has a horizontal beam waist of 29(2) pm, and
a vertical beam waist of 35(3) pm. We can also modify DB1’s horizontal waist by

dithering the frequency of DB1’s intensity stabilisation AOM, increasing the beam



3.8.4. Quadrant photodiode 52

waist to up to 72(4) pm.

3.3.4 Quadrant photodiode

The relative alignment of the copropagating BODT beams is critical to main-
tain both optimal trap depths and good overlap between the two atomic species.
Due to the different polarizabilities, Cs is more strongly trapped by DBI1, and
Yb by the 532nm beam. This can lead to strange trap potentials if the beams
are not well aligned, for example a double well potential for Cs. If the 532nm
beam is misaligned relative to DB1, it can simultaneously pull Yb away from the
trap centre and repel Cs, causing the two atom clouds to separate and reducing
thermal contact. We therefore track the relative alignment of the beams with a
quadrant photodiode (QPD). The QPD is a First Sensor Quadrant Photodiode,
and is mounted in an evaluation board (QP50-6-18u SD2). It has an 18 um gap
between the photodiodes. The evaluation board provides voltage outputs for the
beam positions in the horizontal and vertical axes. These voltages correspond to
the difference between the left and right halves and the top and bottom halves of

the photodetector respectively.

Figure 3.7 shows the optical setup for monitoring the relative positions of DB1
and the 532nm beam. A small (< 0.1 %) amount of the power in both dipole trap
beams is picked off from the main beam by a wedged blank. The beams (in the
plane of the BEC) are then imaged onto the QPD using a pair of achromatic lenses.
The lenses have focal lengths of 300 mm and 500 mm. The choice of focal lengths
minimises the shift in the object plane between the two wavelengths. At the end
of every experimental sequence, we image the beams, directing first DB1 and then
the 532 nm beam onto the QPD. This tracks the relative position of the two beams

over the course of multiple experimental sequences.

The QPD voltage signal in either axis has the form of an error function as a function

of beam position, and is therefore approximately linear in the central region of the



3.8.4. Quadrant photodiode 53

=
(==}
[

< { = 300 mm

[\
(=]
(J

1
'S
(==}

-30 20 -10 0 10 20
Atom Position (um)

|

D

=}
T

QPD Voltage (mV)
)
(==}

-80

— Y32 1
— 1070 nm glgl;rr?;) P Intensity
Servo
Quadrant PD m ‘o)
° P4 \ 7

T f = 500 mm

Figure 3.7: Quadrant photodiode setup. Optical setup to monitor the relative
beam positions DB1 and the 532nm beam. The positions of the beams in the
plane of the BODT are imaged onto a quadrant photodiode (QPD). The imaging
system uses a pair of achromatic lenses. The achromat focal lengths are 300 mm
and 500mm. Inset: calibration of the vertical QPD sensitivity for the 532nm
beam. Green circles are the measured vertical QPD voltages plotted against the
vertical centre of mass (CoM) Yb atom position. The green line is a linear fit to
the data, giving a sensitivity of 2.9(1) mV/pm. Measurements in the grey shaded
areas are excluded from the linear fit. Figure reproduced from [162].

QPD (see inset of Figure 3.7). The sensitivity of the QPD was calibrated in this
linear region for both DB1 and the 532 nm beam. In each case, the vertical QPD
voltage signal was plotted against the vertical centre of mass (CoM) position of
Yb atoms confined solely by the relevant beam. The vertical sensitivities were
measured to be 2.3(1) mV/pum and 2.9(1) mV/pm for DB1 and the 532nm beam
respectively. The sensitivity calibration for the 532 nm beam is shown in the inset
of Figure 3.7. Due to the non-orthogonal angles between the two beams and both
the Cs and Yb imaging axes (see Figure 3.6), the same calibration cannot be
made for the horizontal axis of the beams. The vertical sensitivity calibration is

therefore also used as an estimate for the horizontal sensitivity calibration. The
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QPD sensitivity allows us to measure the relative positions of both beams to within

31m in both axes.

3.4 Conclusion

We have discussed the experimental limitations of using the single-frequency 1070 nm
dipole trapping beams for Cs+Yb mixtures and motivated the inclusion of an addi-
tional 532 nm beam to realise a bichromatic optical dipole trap (BODT). We have
discussed the setup of the necessary optics for the 532 nm setup, and its integra-
tion into the existing apparatus. We have discussed issues related to the alignment
stability of the BODT and introduced the use of a Quadrant photodiode (QPD)
to monitor and correct the alignment. Chapter 4 discusses the experiments with
ultracold gases of Cs and Yb which were subsequently made possible by these

upgrades.
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Chapter 4

Quantum degenerate mixtures

of Cs and Yb

Following the setup of the BODT, we were able to improve our dual-species cool-
ing routine to the point where evaporation to dual quantum degeneracy could be
performed in two different mixtures. In this chapter, we give an overview of the
changes to the experimental sequence to incorporate evaporative cooling in the
BODT. We report dual degeneracy in both Cs+!™Yb and Cs+'"°Yb. We util-
ise the attractive interspecies interactions of the Cs+'7Yb mixture to probe the
dynamics of the mixture, including coupled centre-of-mass oscillations, and the
collapse of the Cs BEC mediated by the presence of Yb. In contrast, we utilise the
repulsive interspecies interactions of the Cs+'"0Yb mixture to explore the atom

number dependent immiscibility in this mixture.

4.1 Introduction: basics of a BEC experiment

A Bose-Einstein condensate (BEC) [165; 166; 167] is a phase of matter accessed by
a bosonic gas. It occurs when the temperature of the gas T crosses below a critical
temperature, T.. The results of this chapter report on the creation of BECs in

our BODT potential. Below T, a fraction of the atoms % in the gas occupy the
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ground state of the trapping potential, given by [165]

U (f)g (4.1)

The inter-atomic spacing in the gas becomes comparable to the atom de Broglie

wavelength Agp, and the atoms form a coherent matter-wave across the trap.

4.1.1 Experimental signature of a BEC

The creation of a BEC within the experiment can be verified by analysing the
density profile n(r) of the atomic cloud through absorption imaging after time of
flight. There is significant enhancement of the cloud’s central density in compar-
ison to that of a ‘thermal’ atom could with a temperature T' > T,.. We consider
the condensate in the Thomas-Fermi limit. This is appropriate for the range of
magnitude of atomic interactions which are sufficiently strong for the system to
be considered weakly correlated, but weak enough for condensation to occur, and
neglects the kinetic energy of the condensate. In this limit, n(r) is given by

n(r) = max ('U_Ut/rap(r),()) , (4.2)

g

where ¢ = 47Th2as/m, as is the s-wave scattering length (see section 4.1.2) and p
is the chemical potential. This can be thought of as the density distribution filling
the trapping potential up to a ‘height’, given by p [168]. Hence, in a harmonic trap,
we can apply a parabolic fit to the density distribution of the cloud, as imaged after

time of flight:

n(x,y) = npmax <l1 — (z — x0)2 — v~ yo)} ,0) , (4.3)

Rip.  Rip,
where Rtr; are the Thomas-Fermi radii of the atom cloud in each axis. It is
possible that not all of the atoms in the trap cross the phase transition and become
part of the BEC. In this case, a bimodal fit can be applied. This is a combination
of the fit in equation 4.3 incorporating the atoms in the BEC, and a Gaussian fit

to incorporate the thermal atoms. The ratio of amplitudes of these fits gives an
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indication of the ‘purity’ of the BEC, with only the parabolic fit needed when every

atom in the trap has condensed to become part of the BEC.

Another indicator of creation of a BEC is the aspect ratio inversion of the atom
cloud under time of flight. This occurs because the time evolution of the Thomas-
Fermi radius after a cigar-shaped trap is different in the radial r» and axial z di-

mensions:

RTF,T’ (t) = RTF,r (0) V14712 (4.4)

2

w

Rrr 2 (t) = Ryr,2(0) (1 + <Z> [7‘ arctan 7 — In (\/ 1+ TQ)D ) (4.5)
Wr

where 7 = w,t. Although we use a crossed dimple trap in our setup, the shallow

crossing angle means the cloud can be regarded as cigar-shaped for the purposes

of analysing the aspect ratio evolution. In the experiment, we therefore typically

observe the aspect ratio inversion with the vertical size of the BEC increasing at a

faster rate than the horizontal size [140].

4.1.2 Scattering properties of ultracold gases

Understanding the scattering and collisional properties of ultracold gases is im-
portant to be able to form gases of sufficient temperature and density to create
stable degenerate gases such as BECs. It is also important in being able to identify
experimental cooling routines to reach degeneracy by having favourable relative

collision rates between elastic and inelastic collisions (see section 4.1.3).

The scattering properties of a colliding pair of ultracold atoms can be characterised
by a parameter known as the scattering length, as. The colliding atoms experience

a phase shift dg. The s-wave scattering length is defined as

0, = — lim 209 (k)

4.
k—0 k ’ (4.6)

where k is the collision wavevector of the relative motion of the atoms. a can take

positive or negative values, depending on the position of bound states within the
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interatomic potential V(R) relative to its threshold energy (see chapter 6). A pos-
itive scattering length gives rise to repulsive interactions and a negative scattering
length gives rise to attractive interactions. The sign of the intra-species scattering
length of a BEC is therefore important to classify its stability. Furthermore, in the
case of degenerate mixtures, the sign of the inter-species scattering length is im-
portant to characterise the interspecies interaction, as will be seen in later sections

of this chapter.

The scattering length is also important when considering evaporative cooling in
single- and dual-species cold atom experiments. At ultracold temperatures below
the p-wave centrifugal barrier of an interatomic collision, the elastic collision rate

is dependent on the s-wave elastic scattering cross-section, o. For identical bosons,

o = 8ma?. (4.7)

The rate of elastic collisions is therefore greater for gases with a higher magnitude
of as, which may assist in evaporative cooling techniques, although this has to
be balanced against inelastic collision rates (see section 4.1.3). For interspecies

collisions, the particles are non-identical, and ¢ becomes
o = 4ma. (4.8)

Similarly to the case of identical particles, the magnitude of a5 determines the effic-
acy of sympathetic cooling of one atomic gas by another through elastic collisions.
The CsYb interspecies scattering length acsyp varies significantly in magnitude
depending on the isotope of Yb used (see chapter 1). This affects to what extent
sympathetic cooling can be used effectively in dual evaporation routines. However,
the interspecies scattering lengths of the two degenerate mixtures discussed in this
chapter are sufficient in magnitude to allow the sympathetic cooling of Cs by Yb

to assist in cooling to dual degeneracy.
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4.1.3 Principle of evaporative cooling

In the experiments described below we use the method of forced evaporative cool-
ing, a method widely used in cold atom experiments [169]. By reducing the intensity
of the dipole trap, the trap depth is lowered and the hottest atoms are lost from the
trap. This truncates the Maxwell-Boltzmann distribution of the atoms in the trap,
which then rethermalise through elastic collisions at an equilibrium temperature.
The elastic collision rate I'gagtic iS given by

Nmow?

Al 4,
om2kp T’ (4.9)

FElastic =

where o is the scattering cross-section for an s-wave scattering length, as, given by
equation 4.6, and @ is the geometric mean trap frequency. For effective evaporative
cooling, this collision rate has to be greater than the rate of inelastic collisions which
cause losses from the trap. As discussed in chapter 3, three-body recombination is
most significant loss mechanism for high-density optical traps. Loss due to three
body combination scales as <n2> and therefore @®. Therefore, the trap density

and trap frequency both have to be carefully managed throughout the evaporation

sequence, to ensure the ratio of elastic to inelastic collisions is favourable.

The quantity used to evaluate the cooling of the atomic gas towards degeneracy is

the phase-space density (PSD), given by
PSD = ngAgs®, (4.10)

where ng is the peak number density, and Agg, is the thermal de Broglie wavelength

o2mh?
AdB = |/ . 4.11
dB = ( )

The requirement for Bose-Einstein condensation of a gas is [165; 167]

of the atoms, given by

PSD > 2.612. (4.12)

Experimentally, we wish to evaporate as high a number of atoms initially trapped

in the BODT to degeneracy as possible, by increasing the PSD with minimal atom
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Figure 4.1: Timing sequence for Cs and Yb preparation and BODT load-
ing. We load Yb in a magneto-optical trap (MOT) for 10s, before compressing
the MOT over 500 ms. We then load Yb atoms into the BODT directly from the
compressed MOT (CMOT). Yb undergoes 3.1s of forced evaporation prior to the
start of Cs preparation. Cs is loaded in a MOT and then compressed. We then
apply optical molasses, followed by degenerate Raman sideband cooling (DRSC).
Cs is then loaded into the reservoir trap. From there, we load Cs atoms into the
BODT. The horizontal waist of dimple beam 1 (DB1) can be modified by dithering
the frequency of DB1’s power stabilisation AOM. We reduce the powers of DB1 and
Dimple beam 2 (DB2) slightly during the Cs preparation stages to reduce heating
of Cs, before increasing them to the final powers for loading Cs into the BODT.
Figure reproduced from [162].

loss. We therefore use the evaporation efficiency v as a metric. This measures the
relative increase in PSD, weighted against the corresponding loss in atom number

N:
_ ln(PSDf/PSDZ)
v=- (N, N (4.13)

In a typical evaporative cooling sequence, the dipole trap intensity will be lowered
by a series of linear ramps. For each of these ramps, v can be optimised by modi-
fying the timing of the sequence, and plotting the PSD against number lost as the

ramp progresses, see section 4.2.3.
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4.2 Experimental sequence

In this upgraded experimental sequence, we load Yb and Cs into the BODT sequen-
tially. The pre-cooling methods used to reach conditions for efficient trap loading
are the same as those used in single-species cooling schemes outlined in chapter 2.
Figure 4.1 shows the full timing sequence for dual-species preparation and BODT
loading. Following loading of both species, forced evaporative cooling is used to

reach dual degeneracy.

4.2.1 Preparation of Cs and Yb

We load '™Yb into the BODT prior to loading Cs. This is for two reasons. Firstly,
the Yb MOT load time is much longer than that required for Cs, typically taking
10 — 20s. Secondly, a tight trap with high beam powers is required for the initial
stage of evaporative cooling in Yb. Loading Cs first would therefore cause heating
and loss, and prevent the Cs from being cooled to degneracy. Figure 4.1 shows how
the 1070 nm trapping light dominates the BODT potential in the initial stages of
the sequence. During these stages, the DB1 horizontal beam waist is set to 64 pm.
This increases the volume of the BODT volume and improves loading of Yb. We
then perform forced evaporative cooling of Yb by reducing BODT beam powers.
This results in an approximately exponential ramp of the trap depth, taking place
over 3.1s. Over this time period, we also decrease the DB1 horizontal waist. This
partially compensates for the decrease in trap frequency as the beam powers are

decreased.

We then begin preparation of the Cs atoms, following the method summarised
in chapter 2. The Cs MOT is loaded before being compressed by reducing the
intensity and detuning of the MOT beams. The Cs atoms are then further cooled
using optical molasses, followed by DRSC. This cools the atoms to ~ 1pK and

optically pumps them into the |F' = 3, mp = +3) hyperfine state. We then transfer
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the remaining atoms into the reservoir trap. We apply a magnetic bias field to
modify the elastic collision rate and improve the reservoir capture efficiency. We
also briefly apply a magnetic field gradient of 55 G/cm. This applies a vertical force
to the atoms. We then reduce the gradient to 31.3 G/cm, which levitates the atoms
[170]. We also increase the DB1 horizontal beam waist to 68 pm. This reduces
the Cs potential to 11 pK, which is a suitable trap depth for BODT loading and
subsequent sympathetic cooling. At this stage, the Cs BODT mean trap frequency
is reduced to 123 Hz. The Yb BODT potential is also slightly reduced to 3.1 nK.

The Yb BODT mean trap frequency is reduced to 93 Hz.

We load the reservoir for 510 ms. We then ramp down the magnetic field gradient to
0G/cm. Once the field gradient is removed, we extinguish the reservoir trapping
light. This leaves a fraction of the Cs atoms from the reservoir confined in the
BODT, co-trapped with the Yb atoms. Preparation of the Cs atoms with Yb
atoms already loaded in the BODT takes ~ 1s. This is between 5 and 10 times
faster than the Cs single-species preparation time. This is largely due to the efficient
sympathetic cooling of the Cs by the Yb, which reduces the number of Cs atoms
we needed to initially load into the reservoir. Loading too many Cs atoms can in
fact begin to heat the Yb atoms and have a detrimental effect on the rest of the

evaporation sequence.

4.2.2 Dual-species overlap

The efficient sympathetic cooling of Cs by Yb requires the atomic samples to be in
thermal contact and be well-overlapped throughout the evaporation sequence. To
achieve this, the BODT beams must be carefully aligned. Figure 4.2 shows the Cs
and Yb temperatures and atom numbers in the BODT midway through the dual-
evaporation sequence, plotted against the 532 nm beam displacement. The QPD is
used to track the vertical Az and horizontal Ay displacement of the 532 nm beam.
In each subplot, zero is defined as the position where the minimum Cs temperature

is measured. This coincides with the highest measured Yb temperature. This
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Figure 4.2: Optimal atom cloud overlap Atom temperature and number for
both species is measured as a function of the displacement of the 532nm beam.
Improved thermalisation of the atom clouds indicates optimal overlap. The 532 nm
beam displacement is measured using the QPD. (a) and (b) Cs (red circles) and
Yb (green squares) temperature plotted against displacement of the 532 nm beam.
(a) shows temperature versus horizontal displacement Ay. (b) shows temperature
versus vertical displacement Az. The solid lines are Lorentzian fits to the data. In
both plots, zero is defined as the beam position of minimum Cs atom temperature
according to the fits. (c) and (d) The atom numbers of Cs (red circles) and Yb
(green squares), plotted against displacement of the 532nm beam. The regions
where the two atom clouds approximately thermalise, Tcs ~ Ty}, are shown by the
grey shaded areas. Figure reproduced from [162].

is due to the optimal thermal contact between the cold Yb and the hotter Cs.
Minimising the Cs temperature is therefore a signature of optimal overlap between
the atomic clouds. This is demonstrated in figure 4.2(a) and figure 4.2(c), where
the measured temperature minima/maxima and atom number maxima are both

symmetric about Ay = 0pm.

However, in the vertical axis, there is an asymmetry in the Yb atom number. This
is shown in figure 4.2(d). In this axis, the alignment for optimal thermal contact
does not correspond to perfect vertical overlap of DB1 and the 532 nm beam. This

is due to the difference in gravitational sag in the BODT Azgay experienced by



4.2.8. Fvaporation to dual degeneracy 64

the two species, given as
1 1

AZgray = g <w%572 — %) ) (4.14)
The lower Yb vertical trap frequency wyy, . causes the Yb atoms to undergo signi-
ficant gravitational sag. In contrast, the trapping potential for the lighter Cs atoms
is tighter. As a result, the Cs vertical trap frequency wcs . is greater, and the Cs
atoms undergo a reduced amount of gravitational sag. Therefore, to ensure optimal
thermal contact between Cs and Yb at the end of dual-evaporation, the 532 nm
beam is required to be 5 — 10 pm above DB1. This shifts the minimum of the Yb
trapping potential upwards towards that of the Cs. However, if the 532 nm beam
is moved too far above DB1, the Yb trap depth will be further reduced, leading to

loss of all Yb atoms.

4.2.3 Evaporation to dual degeneracy

We start dual evaporative cooling with 1.6 x 10° Cs atoms and 9.9 x 10° Yb atoms,
simultaneously trapped in the BODT. At this point, the Cs atoms have a temper-
ature of 2.6 1K, and the Yb atoms have a temperature of 240 nK. Figure 4.3(iii)
shows the temperature evolution of the Cs atoms (red circles) and Yb atoms (filled
green squares) during dual evaporative cooling. The single-species Yb evaporation
ramp prior to the Cs loading is also shown in figure 4.3(i) (open green squares).
The inset of figure 4.3 shows the PSD evolution during dual evaporation, plotted
against atom number. The data points in the PSD subplot for Cs and Yb which
correspond to ¢t = 0s in the main plot are indicated by arrows. At this point, the
Yb sample has just crossed the phase transition to BEC, indicated by the hori-
zontal dashed line corresponding to PSD = 2.61. The mixture, however, has not
yet thermalised. For an initial thermalisation period of 200 ms, the BODT beam
powers are held constant. During this thermalisation period, the Cs PSD increases
by a factor of 20, whereas the Yb PSD decreases by a factor of 7. This demon-

strates the favourable usage of the Cs—17Yb mixture for both thermalisation and



4.2.8. Fvaporation to dual degeneracy 65

102 . PN
. (i) b)) (iif)
i i
10t - : :
3 - i i
e > = i o
e 10 \ P o H '
2 100+ oo i
s Ao \""77" Efgb" lell ' ¢
wn
qﬁi ol 1 n ™ ‘:
g 101 102 B : | *a
E s I
10t 10° 10° 107 ! !
> Number [ [
10 Z L L 1 1 L
1 3 2 -1 0 1 2
Time (s)

Figure 4.3: Evaporative cooling of Cs and '"Yb to dual quantum degen-
eracy. Temperature evolution of the Yb and Cs samples. Region (i) corresponds
to the initial single species evaporation of the Yb sample. Here open green squares
denote the 17Yb before the Cs is loaded into the BODT. Region (ii) corresponds to
the preparation period of the Cs sample. Region (iii) correponds to the dual-species
evaporation sequence. Here, filled green squares denote 1" YD and red circles denote
Cs, simultaneously trapped and cooled in the BODT. Inset: phase-space density
(PSD) plotted against atom number. The dashed green line is a fit to the open
green squares, giving an efficiency of vy, = 3.0(6) for Yb in the absence of Cs.
The solid red line with a value of v = 6, and the solid green line which connects
the Yb data points, are both guides to the eye. The arrows denote number/PSD
measurements at the point of loading Cs into the BODT. This occurs before the
two gases thermalise. Figure adapted from a figure in [162].

sympathetic cooling, due to its moderately large interspecies scattering length of

acsyb = — 79 ag.

We then perform further forced evaporative cooling of the Yb atoms to begin
cooling the mixture. This is achieved through the modification of the BODT beam
powers shown in Figure 4.4(a). We apply a bias magnetic field of By = 22.2G
throughout this evaporation. This keeps Cs intraspecies scattering length at acs =
275 ag, close to the Efimov minimum in the three-body recombination rate [150].
Similar Cs evaporation efficiency can be found for bias magnetic fields between
17G and 19.5 G, and between 20.5 G and 25 G. However, it is critical to avoid the
Cs intraspecies Feshbach resonance at 19.9 G. The mean trap frequency and trap

depth for both species during the evaporation are shown in figures 4.4(b) and 4.4(c)
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Figure 4.4: Dual-species evaporative cooling in the BODT. Yb is cooled by
forced evaporation. In turn, the cooled Yb sympathetically cools Cs, resulting in
dual-degeneracy. (a) The beam powers used during dual evaporation. The dotted
red line is the DB1 power. The solid red line is the DB2 power. The dashed green
line is the power of the 532 nm beam. (b) Geometric mean trap frequencies of both
atomic species. (c¢) Trap depths for both atomic species, including ‘tilting’ of the
trap potential due to gravity. In both (b) and (c) the parameters for Cs are shown
in red, and those for Yb are shown in green. Figure reproduced from [162].

respectively. Following the evaporation, the trap frequencies in each trapping axis
is (wx,wy,w;)/2m = (10,120,80) Hz for Yb and (wg,wy,w,)/2m = (40,70, 260) Hz
for Cs. The uncertainty on each value of trapping frequency is typically ~ 10%.
Note that the final Cs trap is rotated by 20° with respect to the Yb trap axes. We

denote the rotated axes as & and .

The trajectories of the evaporation of both species can be seen in the PSD versus
atom number plot in the inset of figure 4.3. Prior to the loading of the Cs atoms,
the efficiency of the Yb evaporation is vy, = 3.0(6). This is shown in the dashed
green line of the plot, which is a fit to the open-square data points. Early in the
dual-evaporation, Yb crosses back over the BEC transition. Following this, the

sympathetic cooling of the Cs atoms continues and remains efficient. The solid red
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line in the plot near the Cs data points is a guide to the eye and has an efficiency

value of v = 6.

4.3 Dual-BEC formation

Towards the end of the dual-species evaporation, Cs also crosses the BEC transition.
We can thus produce dual-BECs with condensate atom numbers up to Nyp ~
1 x 105 for Yb and N¢g ~ 2 x 10* for Cs. However, in this case the atom clouds are
bimodal, with high thermal fractions. Figure 4.5 shows optical depth (OD) profiles
of the Yb(a) and Cs(b) components of a dual-BEC. The OD profiles were measured
by absorption imaging of the atom clouds after a 25 ms time of flight. Sympathetic
cooling becomes less efficient after Cs crosses the BEC transition. We can however
produce pure degenerate Bose-Bose mixtures by optimising the dual-evaporation
parameters specifically for pure BECs. In this case, the pure condensate atom
numbers are typically between 4 x 103 and 5 x 103 for Cs, and between 5 x 10
and 7 x 10* for "Yb. The BEC purity, and final BEC atom numbers, are both
highly sensitive to the alignment of the BODT beams. The attractive interspecies
interaction, however, helps ensure the BEC overlap. It is also balanced against the

repulsive intraspecies interactions, which stabilises the mixture against collapse.

The atom number ratio of the mixture can be varied to some extent by altering the
Cs MOT loading time. We are limited, however, to mixtures with a higher number
of Yb atoms. The number of Cs atoms that reach low temperatures in any given
trapping potential is limited by the Cs three-body recombination rate. Loading a
higher number of Cs atoms into the dimple increases the heat load on the Yb atoms.
This results in reduced Yb evaporation efficiency while not significantly increasing
the final atom numbers in the Cs condensate. If more balanced atom numbers are
required for experiment, Yb atoms could be selectively removed following the full
evaporation sequence. This could be achieved using a pulse of appropriate time

duration of the 399 nm imaging light.
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Figure 4.5: Profiles of Cs and '"*Yb BECs. Cross-sections through the centre
of the full 2D optical depth (OD) images (insets) for the !™Yb (a) and Cs (b)
BECs. The solid lines are bimodal fits to the 1D OD profiles. Gaussian fits to the
thermal contribution of each atom cloud are shown by the dashed lines. The atom
numbers within each condensate are extracted from the fits, giving Nyy, = 6 x 104
and Ngs = 1.6 x 10%. The Yb (Cs) condensate fraction is 0.5 (0.4). Figure adapted
from a figure in [162].

4.3.1 Mixture lifetime and losses

We perform lifetime measurements on the mixture by holding the gas in the BODT,
with the final beam powers used at the end of evaporation. The decay of the atom
number in both species is plotted against the hold time in figure 4.6. We observe
double-exponential decay of the Cs atoms, shown by the solid red line in figure 4.6.
The 1/e lifetimes from the fit are 0.5(1)s for the faster decay and 5(4)s for the
slower decay. We only observe single exponential decay, however, of the Yb atoms,
shown by the dashed green line figure 4.6. The lifetime from the fit the same as
that of the slower Cs decay, at 5(1)s. The data points of Yb atom number below
hold times of 1.2s are excluded from the Yb single-exponential fit. The Yb atoms
remain condensed throughout the lifetime plot. The Cs atoms, however, are no

longer condensed after hold times exceeding 1 s.

Heating and loss in the BODT occurs due to three-body recombination and ra-
diative heating caused by photon scattering. For hold times between 2s and 8s,
we observe heating of the thermal Cs atoms, with a measured heating rate of

19(1) nK/s. The radiative heating rate we predict for Cs using the final BODT
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Figure 4.6: Lifetimes of the dual-degenerate Cs—'"*Yb mixture. Cs atom
number (red circles) and Yb atom number (green squares) plotted against hold
time, following the end of dual-evaporation. The fit to the Cs data is shown by the
solid red line, and is a double exponential. The short-term and long-term lifetimes
form the fit are 7 ¢ = 0.5(1)s and 75 cs = 5(4) s respectively. The Cs atoms no
longer form a BEC for hold times longer than 1s. The fit to the Yb data is shown
by the dashed green line and is a single exponential. The lifetime from the fit is
7vb = 5(1)s. Yb lifetime data points at hold times less than 1.2s are excluded
from the exponential fit. Figure reproduced from [162].

beam powers is of the same order of magnitude, at 26 nK/s. Thermal contact

between Cs and the Yb BEC should also partially mitigate the heating of Cs.

We calculate an upper bound on the Cs and Cs-Yb three-body loss rate K3z cs

using the relations

K3,Cs = (TCS,1<nCans>sp)7lv (415)

and

K3 csvb = (Tes1(nesnyb)sp) (4.16)

[24], where 7cs1 = 0.5s is the Cs 1/e lifetime observed at shorter hold times, nc
and ny}, are numerically calculated condensate densities [162], and (), denotes a

3D spatial average which is bounded by the spatial extent of the Cs cloud.

Assuming Cs three-body recombination is responsible for all atom loss in the first
1s of hold time, we calculate a three-body loss rate of ~ 1.3 x 10~27cm5 /s for the

Cs condensate. This is a factor of 6 lower than the measured thermal three-body
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0~2"ecmb/s, which is similar in magnitude to previous

loss rate of K3cs ~ 8 x 1
measurements [90; 150]. The factor of 6 is in agreement with the suppression of
three-body recombination in a BEC due to the change in the three-body correla-
tion function between a condensed and non-condensed gas, predicted in [171] and
experimentally verified in [172]. This suggests Cs three-body recombination is the
dominant loss mechanism in the mixture. Alternatively, we can assume that Cs—Yb
three body recombination is wholly responsible for the loss. In this case, we can
place an upper bound on the loss rate of K3 cgyt, ~ 2.4 x 10~27ecmb/s. In practice,
the overall loss in the mixture may be a combination of both intraspecies and in-

terspecies processes. We have not been able to determine in our studies how much

each process contributes to the overall loss.

4.4 Dynamics of a degenerate mixture of Cs and

174Yb

We now discuss two experiments which utilise the attractive interspecies interac-
tions of the Cs + "Yb mixture, with its negative scattering length of —75 ay.
Firstly, we show the dynamics of the two condensates are coupled when inducing
centre-of-mass oscillations in the Cs condensate. We then alter the scattering prop-
erties of the Cs condensate using a Feshbach resonance to investigate the collapse

of the condensates of both species.

4.4.1 Centre-of-mass oscillations

In this first experiment, we excite vertical centre-of-mass (CoM) oscillations, and
observe the resulting coupled dynamics of the degenerate mixture. A magnetic
field gradient of 9.0 G/cm is ramped on adiabatically in the vertical direction at

the end of the dual-species evaporation described in section 4.2. The field gradient
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shifts the trap minimum position vertically by 0.96(7) pm for Cs, without directly

affecting the trapping potential for Yb (recalling Yb has no magnetic moment).

We then rapidly switch off the magnetic field gradient. This excites a CoM dipole
mode in the vertical direction. After a variable hold time, we extinguish the BODT
beams. We then perform absorption imaging on the Cs BEC following a 40 ms
period of levitated time of flight (ToF'). During both the oscillation hold time and
the following levitated ToF, acg is held constant at 275 ag. We also measure CoM
oscillations of Cs in the absence of Yb as a reference. These measurements are
taken in quick succession to the dual-species oscillation experiments. This ensures
the vertical trap frequncies, which are highly sensitive to BODT alignment, are
the same in both cases. For the Cs-only measurements, we perform dual-species
evaporation as normal, before selectively removing Yb by applying a 5ms pulse of
resonant 399 nm light. We then excite the Cs CoM oscillations by applying the

field gradient as before.

Figure 4.7a shows the Cs CoM oscillations in the presence of Yb, plotted as green
circles. The Cs-only oscillations are plotted in figure 4.7b as green circles, the fit of
which is also shown by the dashed green line in figure 4.7a. The Cs-only oscillations
occur at a frequency of 27 x 251(1) Hz. This is the Cs natural trap frequency
according to our simulations of the BODT. There is also minimal damping in the
Cs oscillations. In the presence of Yb, however, the Cs oscillation frequency is
shifted upwards by 4(1) %. There is also significant damping in the oscillations.
The frequency shift is in good agreement with predictions using first-order mean-
field theory [173]. These predictions assume the Yb BEC has a Thomas-Fermi
profile, and do not account for back-action on the Yb atoms by the Cs BEC, which
may occur despite the large imbalance in atom number in our system. This model
predicts an increase in frequency of 5%. This is due to the Cs experiencing an

additional attractive quadratic potential as a result of the interspecies interaction.

We find through further numerical simulations of the experiment [173] that, in the

region of overlap between the two species, the attractive interspecies interaction
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Figure 4.7: Coupled dynamics of Cs and Yb. (a) The vertical centre-of-mass
position of the Cs BEC plotted against hold time in the BODT. The green points
are experimental data points. We fit a sinusoidal function with an exponential
decay term of the form Ae™%*sin(wt + ¢o) to the data. This is shown by the green
line. The parameters of the fit are amplitude A = 52(8) pm, angular frequency
w = 27 X 260(2) Hz, and damping term 8 = 0.10(2) ms™!. The red line is a nu-
merical simulation [173]. The red band at longer hold times indicates the standard
deviation of the simulation. (b) The centre-of-mass position of the Cs BEC in the
absence of Yb. This yields an angular frequency of w = 27 x 251(1) Hz. The fit
to the measurement in (b) is re-plotted in (a) as the dashed green line. Figure
adapted from a figure in [173].

causes a ‘bulge’ of density in the Yb BEC. This bulge is off-centre from the Yb
trap centre. This shifts the Yb CoM upwards by AzggM = 0.1 pm. The interaction

also reduces the shift of the Cs CoM shift to AZS;)M = 0.88 pm.

The red lines in figures 4.7a and 4.7b show the simulations of the Cs oscillations
in the Cs+Yb case and the Cs-only case respectively. The simulations for the
Cs+Yb mixture indicate that the relative atom numbers of the Cs and Yb BECs
strongly affect the shifts in CoM and the ensuing coupled dynamics. In figure
4.7, (Nyp/Ncs =~ 6). Figure 4.8 shows representative plots where both the Cs

and Yb atom numbers are varied over a wide range. Other factors affecting the
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Figure 4.8: Cs and Yb coupled dynamics for different atom numbers. Cs
vertical centre-of-mass positions in the presence of Yb. Green points are exper-
imental data points. Green lines are a damped sinusoidal fit to the each set of
experimental data. Red lines are numerical simulations [173] incorporating the
physical geometry of the experiment o = 0°, where « is the rotation angle of the
long axis of the Cs BEC with respect to that of the Yb BEC. The dashed pink
lines are numerical simulations using o = 0°. Figure reproduced from [173].

dynamics are the difference in vertical trap frequencies of the two components
(wWesz = 3wybyz), as well as the BODT geometry, with the Yb BEC having a
broader spatial extent in the direction with weaker confinement. Therefore, the
resulting dynamics is dominated by that of the central bulge within the Yb BEC,
which interacts directly with the Cs BEC. Figures 4.7 and 4.8 also show significant
damping as energy is transferred from the Cs to the Yb. Further theoretical studies
in [173] give further insight into the damping and the complicated coupled dynamics
during the energy transfer, as Cs pulls Yb along in the region of overlap. It is also
predicted that, for longer hold times than those explored experimentally, there may

be revivals in the amplitude of the Cs oscillations.
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4.4.2 Dual-species collapse

In this experiment, we tune the relative mean-field contributions to the dynamics
of the mixture by varying the scattering length of Cs. The attractive interspecies
interaction causes the mean-field collapse of the Cs BEC in the presence of the Yb

BEC. This is shown in figure 4.9.

In a BEC composed of a single component, collapse [174; 175; 176; 177; 178] occurs
when an attractive intraspecies interaction is sufficient to overcome the zero-point
kinetic energy related to the harmonic potential the BEC is trapped in. The
experimental signature of the collapse is density-dependent atom loss. For a BEC

of given atom number N, the onset of collapse is related to the critical scattering

length (@) given by
la! Y| = C/h/(m@)/N. (4.17)
Here, w = oWy, is the geometric mean trap frequency. C' is a numerical

constant, which is weakly dependent on the geometry of the trap [176; 179; 180].

For a dual-species BEC, the threshold for collapse threshold depends primarily on
the relative strengths of the inter- and intraspecies interactions. The critical point

of collapse for a dual-species BEC is determined by the parameter dg, given by

09 = g12 + /911922 (4.18)

This parameter describes the balance of the mean-field interactions in a two-

component system. The interaction coupling constant g;; is given by

27rh2a¢j (mz + mj)
(mym;)

gij = s (419)

for an atom pair 7 and j with masses m;, m; and scattering length a;j. The onset

of collapse occurs when dg < 0 [181; 13; 12].

We experimentally investigate dual-species collapse by varying acs. This is per-
formed in the magnetic bias field region of 16 G to 19.5G, where acg is highly

tuneable due to the presence of Feshbach resonances at 14.4 G, 15.0 G and 19.9 G.
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Figure 4.9: Dual-species collapse. (a) Optical depth (OD) profiles of the Cs
BEC at varying values of acs. Top row: The collapse of the Cs BEC mediated
by the '™Yb BEC. Bottom row: single-species collapse of the Cs BEC. The pink
contours in each image show the radii at which OD is a factor of 1/e and 1/e?
of the peak value. (b) Cs condensate number as a function of acs. Green circles
correspond to Cs collapse mediated by 1™Yb. Red circles correspond to Cs single-
species collapse. The single-species collapse threshold theoretically predicted for
Ngos = 4 x 103 is at acs = —2.5a¢ and is denoted by a dashed vertical line. The
cancellation of the mean-field interactions dg = 0, occurs at acs = 54.3 ag, also
denoted by a dashed vertical line. The green and red squares are the results of the
GPE simulations incorporating three-body loss [173], for the Cs-Yb mixutre and
Cs only respectively. The solid green and red lines are guides to the eye. Figure
reproduced from [173].

In this region, ags = 0 at 17.0 G. The dual-species BEC is produced at a magnetic
bias field of 19.4 G, corresponding ags = 147 ag. The atom numbers of the dual
BEC are (Nyp, Ngs) = (50,4) x 103, We first ramp acs over 10ms to the desired
value of magnetic bias field. We then hold the mixture at this field for 30 ms, before
applying a 10 ms ramp back to acs = 147 ag. We then image the BECs after time of
flight expansion. Figure 4.9 shows the onset of collapse, marked by a decrease in Cs
atom number. This is due to 3-body losses (K3 cs ~ 1 X 10~2"em®~1 [90; 150; 162]
in the magnetic field range of the experiment), enhanced by the increase in dens-
ity. The profiles of the Cs BECs, for scattering lengths ranging from +110ag to

-3ag, are shown in the absorption images in figure 4.9(a). The top row shows Cs



4.5. A dual BEC of Cs and *"°Yb 76

in the presence of Yb, whereas the bottom row shows Cs in the absence of Yb.
The collapse instability occurs at acs > 0 when Yb is present. At this point, we
would expect single-component Cs BEC to be stable. We also observe that the
aspect ratio of the Cs cloud changes. In figure 4.9(b), the Cs condensate number
is plotted against the Cs scattering length. The red circles denote Cs condensate
number in the absence of Yb. The predicted collapse point for Ngs = 4 x 10% Cs
atoms occurs at acs = —2.5ag, marked by a vertical line. The collapse of Cs in the
presence of Yb is marked by the green circles. The point for which dg = 0 in the

Cs—Yb mixture occurs at acs = 54.3 ag, also marked by a vertical line.

The experimental protocol was modelled numerically by using 3D coupled Gross-
Pitaevskii equations [173], which includes includes a density-dependent Cs 3-body
loss term. A vertical trap frequency wcs, = 2m x 260 Hz is also used in the simula-
tions. Figure 4.9(b) shows the results of the simulations, in the Cs+Yb case (green
squares) and in the Cs-only case (red squares). The Yb-mediated collapse is ex-
perimentally observed to be broader than the simulations predict. However, this is
not the case for the Cs-only collapse. Both the Cs+Yb and Cs-only collapse experi-
ments were undertaken with similar atom temperatures. Therefore, the broadening
of the Yb-mediated collapse cannot be explained by finite-temperature effects. It
may be the possible that the broadening indicates the presence of beyond-mean-
field effects. These could in future be utilised in the experimental formation of

quantum droplets (see chapter 8).

4.5 A dual BEC of Cs and "°YDb

We now discuss a dual-degenerate Bose-Bose mixture of Cs and '"°Yb. This was
achieved using similar Cs and Yb preparation and dual-evaporation techniques
as for Cs and '7Yb, as discussed in section 4.2. In this mixture, the Cs—7°Yb
interspecies scattering length is 96 ap and the '"°Yb intraspecies scattering length

is 64 ag. Although these scattering lengths are of the same order of magnitude
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Figure 4.10: Evaporative cooling of Cs and !"°Yb to dual-degeneracy. (a)
Temperature plotted against evaporation time. Region (i) shows the initial Yb
evaporation. Here, open green squares denote the !"Yb atom number. Region (ii)
is the time period in which Cs is prepared for BODT loading. Region (iii) is the
subsequent dual-species evaporation sequence. Here, the filled green squares denote
the '"9Yb atom number. The red circles denote the Cs atom number. The inset
shows the PSD plotted as a function of atom number. We calculate evaporation
efficiencies from the fits to PSD data. The Cs evaporation efficiency is 7.7(6). The
Yb evaporation efficiency is 1.6(2) with Cs present, and 1.6(5) with Cs absent.
Figure reproduced from [162].

as the scattering lengths of Cs and '7YDb, the critical difference in the Cs—70Yb
mixture is the positive interspecies scattering length. In contrast to the attractive
interaction we have seen in the Cs—'7*Yb mixture, this mixture therefore has a

repulsive interspecies interaction.

4.5.1 Evaporation to dual degeneracy

This dual-evaporation routine is broadly similar to that of the Cs—'7*Yb mixture.
However, the initial preparation of YD takes longer. This is for two reasons.
Firstly, our MOT loading times are longer. This is due to the low natural abund-
ance of 1"°Yb of 3%, in comparison to that of '7*Yb, which is 32%. Secondly,
the lower intraspecies scattering length of '"°Yb means we require a longer single
species evaporation stage. The temperature evolution of Cs and YD during Yb

evaporation and dual evaporation is shown in figure 4.10. The inset of the figure
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shows PSD plotted against atom number, with fits to the data, for both species.
From the fits, we calculate a Cs evaporation efficiency of ycs = 7.7(7). For Yb
the efficiency is vy, = 1.6(5) prior to loading the Cs, and ~yy, = 1.6(2) for dual
evaporation. We typically produce pure Cs-'1"0Yb dual-BECs, with atom numbers

Nyp ~ 4 x 10* and Ngg ~ 1 x 10%.

4.5.2 Immiscibility

Degenerate mixtures with repulsive interactions, such as Cs—1"0YDb, possess a phase-
instability. This is typically observable experimentally as the miscible-immiscible
transition between the two BECs. Whether the mixture is miscible or immiscible
depends on the balance of its interspecies and intraspecies interaction energies
[182; 183]. In the limit where the density distributions of the gases are assumed to

be homogeneous, the transition is characterised by

g11922
A = 5 — 1. (4.20)
912

Phase separation of the gases occurs when A < 0 [184]. Here, g;; is the interaction
coupling constant given by equation 4.19. In our BODT, the atoms are confined
within a harmonic trap, and the density profile of our atomic gases is therefore
inhomogenous. Nevertheless, A can still be used to quantify the miscibility of the
mixture, provided the mixture’s atom numbers are balanced, N; ~ Ns. Under
this assumption, immiscibility would occur in our mixture for our mixture for
acs < 147 ag. However, given the imbalance of atom number in our system, we
must also consider the effects of our BODT trapping parameters, as well as the

relative atom numbers of Cs and Yb [185].

The OD profiles of three different Cs—7°Yb mixtures, with a range of atom number
ratios, are shown in figure 4.11. In each case, we use a fixed Cs atom number of
Ncs = 5.5 x 102, and varied the Yb atom number. This results in number ratios
Ncs/Nyp of 0.7, 1.9 and 4.7. Horizontal cross sections of the OD through the

centre of each OD profile are shown on the bottom row of figure 4.11. The cross
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Figure 4.11: Immiscibility in the Cs and '"Yb dual-degenerate mixture.
Optical depth (OD) profiles of the '"Yb BEC (top row) and the Cs BEC (middle
row). The OD profiles are extracted from absorption images, which were taken
after 20 ms time of flight expansion. Horizontal cross sections taken through the
centre of the OD profiles are shown on the bottom row. The cross-sections show the
average OD of the 6 pixels centred horizontally about Az = 0. Cs OD cross-sections
are shown by the solid red lines. Yb OD cross-sections are shown by the dashed
green lines. A Gaussian fit to each atom cloud is used to independently centre
each image. The atom number ratios are (L-R): Nyp/Ncs = 0.7, Nyp/Nes = 1.9,
and Nyp,/Ncs = 4.7. For all three images, Ncs = 5.5 x 103. The intraspecies
scattering lengths are ayy, = 64ag and acs = 440ag. The interspecies scattering
length is acsyh = 96 ag. The distortions in the Cs OD profiles in the two rightmost
columns demonstrate partial immiscibility of the two BECs. A slight misalignment
of the horizontal trap centres causes the asymmetry observed in the Cs ‘lobes’ in
the rightmost Cs OD profile. Figure adapted from a figure in [162].

sections are an average of 6 pixels in the imaging system for each species, centred
on Az = 0. For these measurements, the dual-BECs were formed at the usual
magnetic bias field of 22.2 G. We then ramped the magnetic bias field adiabatically
to 26.0 G. The Cs intraspecies scattering length at this field is acs = 440 ag, and
hence from equation 4.20, A = 2. This places the system above the miscibility
transition in the homogenous case by a comfortable margin. As we increase the Yb
atom number, the mixture shifts towards the immiscible regime. This can be seen
in both the OD profile and cross-section (bottom-centre and bottom-right panels
of figure 4.11 respectively) for Nyp/Ncs = 4.7. Here, the number of Cs atoms in

the centre of these images is reduced. This shift towards immiscibility may be due



4.6. Conclusion 80

to a combination of mis-matched trapping potentials between the two species in

the BODT, and the imbalance in the two species’ atom number [185].

Achieving and maintaining good BEC overlap is much more sensitive for the Cs—
170Yh mixture, with its repulsive interspecies interaction, than for the the Cs—174Yb
mixture. In that case, the attractive interspecies interaction assists in pulling the
BECs towards each other and maintaining overlap. If the relative positions of
the clouds are slightly offset, very different density profiles can be observed. This
is demonstrated by the rightmost profile for the Cs atoms in figure 4.11, where
asymmetry in the two lobes either side of the Yb cloud is observed. In the extreme
case, all of the Cs atoms can be pushed into a single lobe on one side or the
other. This motivates utilising a trapping geometry which does not have the trap
alignment difficulties inherent in the BODT, and where the trap frequencies of the
Cs and the Yb are better matched. One option to realise this could be use of an
optical dipole trap tuned to a wavelength where the trap frequencies are equal for

both species (see chapter 5).

4.6 Conclusion

In this chapter, the BODT was used to produce the first quantum mixtures of
pure Cs—1™YDb BECs. The typical atom numbers of this mixture Nyy, ~ 5 x 104
and Ncg ~ 5 x 10%. We used similar methods to produce pure Cs—1"°Yb BECs.
The typical atom numbers in this mixture are Nyp, ~ 4 x 10* and Ngg ~ 1 x 10%.
We utilise the favorable interspecies interactions during dual-species evaporative
cooling, enabling efficient sympathetic cooling of Cs. This takes place in both Cs—
174, where the interspecies scattering length of acsypr = —75 ag leads to attractive
interspecies interactions, and Cs—'"0Yb, where the interspecies scattering length of
acsyb = 96 ag leads to repulsive interspecies interactions. The collective dynamics
of the Cs+'"YDb mixture have been investigated. The dipole mode frequency

of CoM oscillations of Cs have been observed to increase in the presence of Yb.



4.6. Conclusion 81

Significant damping of the oscillations is also observed, as energy is transferred from
the Cs to the Yb. The stability of the degenerate mixture has also been investigated,
by crossing the dual-species collapse transition. We find good agreement between
experiment and coupled-GPE simulations which include a three-body loss term for
Cs. We have also investigated the immiscibility of the Cs—'""Yb mixture, and its

dependence on the relative atom numbers of each condensate.
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Chapter 5

Measurement of atomic
polarizability using a tuneable

optical lattice

5.1 Introduction

Previous chapters have described our ability to realise, and conduct initial exper-
iments with degenerate mixtures of Cs and Yb. These experiments to date have
utilised three-dimensional bulk gas mixtures of Cs and Yb. We wish to extend our
experimental capabilities by reducing the dimensionality of the system to two or
one dimensions by introducing additional confining potentials. This would allow
us to study the differing properties of degenerate mixtures in reduced dimensions.
A three-dimensional optical lattice would also reduce losses due to collisions, which
may be significantly enhance our ability to efficiently produce CsYb molecules. We
would also like to exploit the differences in the atomic properties of Cs and Yb
to create mixed-dimensional systems where the number of spatial dimensions the

atoms are confined to is different for both species.

In this chapter, we report on the development of a tuneable, species selective optical
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lattice in our experiment. We discuss how our choice of wavelength for the lattice
allows us access multiple wavelengths of interest, including Cs-blind ‘tune-out’
wavelengths, where the real part of the atomic polarizability Re(«) vanishes, and
wavelengths where either the trapping potential or the trap frequency is equal for
both species. We describe the experimental setup of a one-dimensional optical
lattice and demonstrate Kapitza-Dirac diffraction of BECs of both Cs and '"Yb.
We describe the measurements undertaken to date of the atomic polarizability of
Cs in the wavelength range accessible by the lattice. We discuss the limitations
of these results, and possible improvements in order to take further measurements

and implement the lattice into the experiment.

5.2 Atomic polarizability and tune-out wavelengths

As discussed in section 3.1.1, the potential due to the dipole force experienced by

atom by light of intensity I is given by

Re(a)l
2¢pCc

Ukdip = — (5.1)

An approximation of the real part of the atomic polarizability can be calculated as

a function of angular frequency w by [159]

Re(a) = 3mepc? Z A;’f ( ! + ! ) ; (5.2)

i Wo g \Wo,f —wW  wof +w

where wg y and A; y are the angular frequencies and Einstein A-coefficients of trans-

itions from the atomic ground state i to an excited state f.

Figure 3.2 (shown in chapter 3) shows the polarizability of both Cs and Yb in the
atomic ground state across a wavelength range 300-1200 nm. Equation 5.2 gives
the primary contribution to the polarizability by the valence electrons of the atom.

In figures 3.2 and 5.1, polarizability is converted from SI units (as stated in equa-

1
4req

tion 5.2) to atomic units by a conversion factor of and displayed in units of

ag, where ag is the Bohr radius. A full model of the polarizability also incorporates
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Figure 5.1: Comparing tune-out wavelengths at 460 nm and 880 nm. (a)
and (b): the polarizabilities of ground state Cs (red) and Yb (green), calculated
using equation 5.2. The values of transition wavelengths and corresponding Ein-
stein A-coefficients used in the calculation are listed in appendix A and are taken
from [160] and [161]. (a) polarizability near the Cs 6s—7p transitions around
460nm. (b) The zero-crossing of polarizability in Cs between the D1 and D2 lines,
at 880.24nm. Vertical lines denote the position of the tune-out wavelengths. (c)
and (d): the heating rates of Cs and Yb, (c¢) around 460 nm and (d) around 880 nm,
using a laser intensity sufficient to trap Yb at a depth of 1 uK. The vertical dashed
lines show the tune-out wavelengths summarised in table 5.1.

static contributions to the polarizability from the ionic core, and excitations to the
occupied valence shell by the inner electrons (the valence-core or Pauli-blocking
term) [186]. For Cs, a core polarizability contribution, calculated in [187] of 15.5a}
is added in our calculation. The valence-core contribution is assumed to be negli-
gible and is not included in the calculation. There is no information for the core
and valence core contributions for the polarizability of Yb, but in the discussion
below we consider the far-detuned case where contributions of the order of those

for Cs would make a negligible contribution to the overall polarizability.

This wavelength range encompasses multiple atomic transitions from the ground
state. Between successive transitions, there are wavelengths for which the contribu-
tions to the polarizability from each transition cancel out, giving a net polarizability
of zero. In turn, this means that the atoms experience no dipole potential at these

wavelengths— the atoms are ‘blind’ to the trapping light used. We refer to these
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wavelengths as ‘tune-out’ wavelengths [188; 189], although the term ‘magic-zero’
wavelength is also used in literature [164]. The values of tune-out wavelengths for

a number of alkali atoms are given in [189].

The use of a tune-out wavelength enables creation of species selective potentials in
our experiment [188; 189]. We are able to identify wavelengths which are a tune-out
wavelength for one species, but have positive polarizability and hence an attractive
potential for the other. This leads to a scenario where one species is trapped by an
optical potential of that wavelength, but the other is not and will only be confined
in the science chamber by additional potentials. This allows us to realise a mixed-
dimension system. Such systems have previously been realised experimentally,
allowing the measurement of properties such as scattering properties[190; 110],

entropy exchange[191], and lattice band structure[110].

The measurement of tune-out wavelengths has gained specific interest within the
wider field of precision measurements of atomic polarizability. Applications for
these measurements include optical lattice clocks and quantifying lattice poten-
tials. polarizability data of the alkali atoms can be used as benchmarks for testing
theoretical methods of calculating polarizability for more complex atoms such as
Er and Dy [164]. Measurements of tune-out wavelengths specifically can be used to
determine atomic properties such as dipole matrix elements, oscillator strengths,
and state lifetimes [164; 192]. Recently reported discrepancies between theory and
experiment of such properties [193; 194; 195; 196] further highlight the importance

of such measurements as a benchmark test.

Atomic polarizability can be measured directly using a number of experimental
techniques, including atom diffraction [164], parametric heating [196], and atom
interferometry [197]. Such measurements have been previously been made in alkali
metal atoms including Li [198; 199], K[192; 200] and Rb [164; 191; 201], other
atomic species including He [202], Sr [196] and Dy[203], and the ground state of
the NaK molecule[204]. The polarizability of Cs has been the subject of much

theoretical work [205; 206; 207; 208]. Recently, the tune-out wavelength between
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A ayp d(acs) d(ayp)
(nm) (ad) | (a3THz™1) | (adTHz )

457.31 | 499.9 80 4.60
460.22 | 481.7 80 4.24
880.24 | 172.4 1100 0.25

Table 5.1: The tune-out wavelengths where acg = 0, with the corresponding values
of polarizability in Yb. The tune-out wavelengths are calculated using equation
5.2 and the additional core contribution to the polarizability, and give 0.01 nm
agreement to the values calculated in [189]. The values of polarizability in Yb values
are positive, indicating that optical trapping of Yb is possible at these wavelengths.
Also shown is the shift in polarizability per unit frequency for each species at these
wavelengths.

the D1 and D2 lines at 880.24 nm has been measured experimentally [209]. In this

chapter however, we consider tune-out wavelengths at higher frequencies.

For our purposes, we consider the 6s—7p transitions in Cs, at 455.66 nm and
459.45nm. The polarisabilty of both atomic species around these transitions is
shown in figure 5.1(a). We identify two tune-out wavelengths for Cs in this wavelength
range. One is between the transitions to the 7P% and 7P% states at 457.31 nm. The
other is red-detuned of the transition to the 7 P% state, at 460.22 nm. Crucially, at
these wavelengths, the polarizability of Yb is positive and has a value of ~ 500 aJ.

This fulfils the criteria for a species-selective trap outlined above.

Alternatively, the tune-out wavelength at 880.24nm (shown in figure 5.1(b)) can
be used. One advantage of this wavelength is that more optical power may be
available to create a deeper potential for Yb. However, it can be seen in table
5.1 that the polarizabilities of Yb at the tune-out wavelengths around 460 nm are
approximately three times the magnitude of the polarizability at the 880.24 nm
tune-out wavelength. Hence, at these wavelengths, less laser intensity is needed to

create an optical trap of equivalent depth.

We also wish to avoid the scenario where drifts in the laser frequency change the

polarizability of Cs to a value where an appreciable dipole potential is experienced.
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)\ QCs Qv 5(0[(35) 5(aYb)

(nm) | (a) | (af) | (adTHz™') | (ajTHz ')

456.06 | 508.2 | 5082 | 1100 472
QCs = Qyp

459.56 | 485.7 | 485.7 | 3700 4.28
ace/ayy = | 456.10 | 445.6 | 507.9 900 472
Vmes/mve | o sr | 4os.8 | 4856 | 2900 427

Table 5.2: Upper two rows: wavelengths where acs = ayp, resulting in equal
trapping potential both species. Lower two rows: wavelengths where acs/ayp =
V' mgs/myp, resulting in equal trap frequencies for both species. Also shown is the
shift in polarizability per unit frequency for each species at these wavelengths.

As the tune-out wavelengths are far-detuned from atomic transitions, spectroscopic
techniques cannot be used to stabilise the trapping light wavelength. Our lattice
light source is locked to a reference cavity (see section 5.4.1). However, this system
is more susceptible to wavelength drifts than spectroscopic techniques. It can be
seen in table 5.1 that, at 880.24nm, while the polarizability of Yb is an order
of magnitude less sensitive to frequency changes than at the wavelengths around
460 nm, the polarizability of Cs is an order of magnitude more sensitive. Therefore,
in order to create a Cs-blind optical trap at 880.24 nm the wavelength of the light

must be stabilised to within a smaller frequency range.

Another feature of the wavelength range around 460 nm is the ability to create more
balanced traps for both species. This may, for example, assist in the later stages of
evaporative cooling to double degeneracy. The wavelengths where polarizability are
equal for both species correspond to equal depths of trap for the two species. These
wavelengths are given in the upper section of table 5.2. However, creating a trap of
equal frequency may prove more useful as this minimises differential gravitational
sag and ensures optimal overlap of the two atomic species. Assuming a harmonic
potential for the lattice both radially and axially, the criterion for this is simply
that the ratio of trap depths for each species is equal to the square root of the mass

ratio. In our case, \/mcs/myn, = 0.876. The wavelengths where the ratio of the
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A Intensity | Ds(YDb) T(YDb) [ye(Cs) T(Cs)

(nm) | (Wem™2) (Hz) (nKs™1) (Hz) (nKs™1)
457.31 880 26.4 x 1073 4.7 5x 1073 1.2
460.22 924 24.9 x 1073 4.3 3x 1073 0.7

880.24 2582 1.0 x 1073 0.048 | 1760 x 1073 | 109.3

Table 5.3: The laser intensity required to trap Yb with a depth of 1pK at each
wavelength, and corresponding scattering and heating rates for both atomic species
at these intensities.

polarizability has this value are given in the lower part of table 5.2. We identify

456.10nm as the more useful of these wavelengths, as it is further detuned from

the transition to the 7P3 state than the equivalent wavelength near the transition
2

to the 7P% state, and will cause less heating of the Cs due to photon scattering.

We also consider the effect of heating of both species due to off-resonant photon
scattering. The heating rate, assuming a three-dimensional trap geometry, is given
by

. 1

T= gTreCFSC, (5.3)

where wavelength-dependent recoil velocity Tyec is given by

212
Trec = h?: , (5.4)

and photon scattering due to the dipole potential is given by [159]

2 2
3nc’ A; 1 1
T =Y 20 3’vf< ~ ) ( + > L. (5.5)
= 2hwo’f wo, wo,f —w woftw

The laser intensity I required at each tune-out wavelength for a Yb trap depth of
11K, which is representative for our purposes, was calculated using equation 5.1,
and the resulting scattering and heating rates calculated. The heating rates for both
atom species at a trap depth of 1K are shown in figure 5.1(c) an 5.1(d) around
the tune-out wavelengths near 460 nm and 880 nm respectively. The parameters
relevant to atom heating are summarised in table 5.3. While the Yb heating rate is

two orders of magnitude lower at 880.24 nm compared to the wavelengths around
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A(nm) | Nearest transition A/T

457.31 | 6s 25% — Tp QP% 1.3 x 106

460.22 | 6s 25% — Tp QP% 1.4 x 109

880.24 | 6s 25% — 6p QP% 190 x 103

Table 5.4: The tune-out wavelengths, with detuning expressed as number of
linewidths away from the nearest atomic transition.

460nm, the heating rate for Cs is two orders of magnitude higher at 109 nKs™!.
This can be understood by comparing the fine structure splitting of both the
6s — 6p and 6s — 7p transitions in Cs, measured as numbers of linewidths of the
respective transitions. For the 6s — 6p transition, this figure of merit is ~ 5 x 10°
whereas for the 6s — 7p transition, it is ~ 5 x 10. Therefore, as seen in table 5.3,
when measured by number of linewidths, the tune-out wavelength at 880.24 nm is
closer to the nearest transition than those near 460 nm. This, and the requirement
for higher laser intensity to create a trap of equivalent depth due to the lower value

of ayp, results in a higher heating rate at this wavelength.

5.3 Kapitza-Dirac diffraction using a optical lattice

5.3.1 Introduction to optical lattices

Optical lattices are a well-established technique of optical trapping of neutral atoms
and molecules [210]. Two counterpropagating beams of coherent light of the same
frequency will interfere, with intensity maxima at the electric field antinodes and
minima at the nodes. The interference provides additional axial confinement on
the scale of the radiation wavelength compared to single or crossed dipole trap-
ping beams. As with dipole traps discussed previously, atoms which experience
an attractive dipole potential will be attracted towards regions of high intensity.

The antinodes of the lattice thus become a series of periodically spaced optical
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microtraps.

The simplest experimental method of creating an optical lattice is to retroreflect
a dipole trapping beam which is already focused at the position of the atoms to
trap them. The beam must be recollimated prior to retroreflection so that the
retroreflected beam waist approximately matches the waist of the first pass of the
beam. In this case, the trap depth of each lattice site is four times that of the
equivalent dipole trap generated by the single-pass beam. The lattice spacing is

half that of the radiation wavelength.

5.3.2 Introduction to Kapitza-Dirac diffraction

The techniques used to characterise dipole traps, such as trap loading, lifetime and
trap frequency measurements, are also applicable to optical lattices. However, the
depth of the lattice potential can also be measured by probing the lattice’s band
structure properties [210]. The method of Kapitza-Dirac diffraction was employed,
as will be seen in later sections, to perform characterisation of the lattice. It was
then further used to probe the variation in the polarizability of Cs within the lattice

wavelength range.

Kapitza-Dirac diffraction [211] employs pulses of the lattice on an ultracold gas,
typically on the order of ps. A schematic of such an experiment can be seen in
figure 5.2. The lattice transfers quanta of momentum 2hkl to a population of the
BEC along the axis of the lattice, where k is the lattice wavevector k = 27” and
[ is an integer. Following the lattice pulse, the different momentum states can be
resolved and imaged using absorption imaging after time of flight. The diffraction
pattern produced depends on the depth of the lattice and the time duration of the
pulse. A deeper lattice will result in higher orders of diffraction contributing to
the overall diffraction pattern. The method is therefore routinely used to measure

lattice depths [212; 213; 214], and has been further applied to make polarizability

measurements near tune-out wavelengths [201; 203; 209]. The following sections
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(a) (b) (c)
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Figure 5.2: Principle of Kapitza-Dirac diffraction. A BEC at time (a) is
subject to a pulsed lattice potential at time (b), during which quanta of momenta
+2hk is transferred to a population of the BEC along the lattice vector. For clarity,
we assume a lattice depth where only the first diffracted orders are populated.
Following the pulse, time of flight expansion (c) allows the different diffracted
populations of the BEC to be resolved by absorption imaging.

describe how the evolution of the diffracted population of each order with time

duration of pulse can be used to determine lattice depth.

5.3.3 Kapitza-Dirac Theory

The optical lattice potential is an example of a periodic potential V' (z) of the form

<

(z) = Vocos? (kzx), (5.6)

Where Vj is the lattice depth, lattice wavevector k = 27” and lattice period a = %
Here we assume the lattice is approximately a plane wave for the spatial extent
of the BEC. The waist of the focused lattice beam must exceed the BEC size
sufficiently for this potential to be valid across the BEC. This allows us to write a
time-independent Schrodinger equation for the BEC in the lattice of the form

1 d*yY(x)
k2 dz?

+ 5- cos®(kx)Y(z) = eh(x). (5.7)
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Here the lattice depth and energy eigenstate are given as dimensionless quantities,
Vo = sERr and E = e¢FR, scaled by the lattice depth Fr = % To solve equation
5.7, we can invoke Bloch’s theorem, which states that all solutions to a wavefunction
in a periodic potential V(x) can be written as a product of a plane wave e and

a function wu, 4(x) with the same periodicity as the potential:

Unq(z) = eiqw/humq(aﬁ). (5.8)

Here, the index n is the lattice band, and ¢ is the quasimomentum. Using this

ansatz in equation 5.7 gives

1 ¢ 2gd d?
12 <_h2 + T de + e Unq(T) + scosZ(k:@un,q(x) = €n,qUn,q(T). (5.9)

As uy q(x) has the same periodicity as the lattice, it can be expanded as a Fourier

series:
o

unvq(x) = Z Cljmqeile:p = Z Cl,n,q ’¢2hkl> . (510)

l=—00 [=—0

The Bloch wavefunctions can then be written as:

e}

o0
Vnq(T) = Z cl,n,qem(%lﬂ/h) = Z Cln,q

l=—00 l=—o0

Porikitq) - (5.11)

Note the momentum of these wavefunctions is 2hkl + ¢q. By substituting equation

5.10 into equation 5.9 and comparing terms with the same factor of e?¥* an
equation for the Hamiltonian can be written in matrix form:
oo
Z Hyy-cing = €nqCing (5.12)
l=—o0
where
@2+ &) +3 ifl=1
Hyp=4§-3 - =1- (5.13)
0 otherwise

This system of equations can be solved to find the eigenstates and eigenenergies of
lattice. This is in general a linear combination of momentum states [, with energy

€n,g- A finite range of [ must be chosen to solve equation 5.12. The resulting band
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Figure 5.3: The band structure of an optical lattice. The energy eigenvalues
€n,q Of the six lowest lattice bands n, plotted against the quasimomentum g, for
lattice depths of (a) 1 ER, (b) 10 ER, and (c) 30 Eg. The eigenvalues were calcu-
lated by solving equation 5.7 numerically [215], for lpin = —20 and lyax = 20. The
green shaded areas bounded by the dashed horizontal lines indicate lattice depth.
Note that with increasing lattice depth, the energy variation of the lower bands
with respect to ¢ becomes flatter, and the energy spacing of the bands becomes
greater.

structure of the lattice is shown in figure 5.3, where the eigenenergies of the first 6
bands of the lattice have been calculated. Further discussion of the minimum and
maximum ! to choose in the calculation to simulate the lattice dynamics is given

in [215].

We now consider non-adiabatic loading of a BEC into the lattice, as in the case of
suddenly switching on the lattice during a pulse sequence. We consider the BEC
as a plane-wave, |¢q) = €% with momentum ¢q. When the lattice is switched on,

the BEC state is projected onto the Bloch states |n, ¢) = ¢y, 4(2):

(Wt =0)) = [tn(t=0)) =D |n,q) (n,qld,) - (5.14)
n=0 n=0
Using equation 5.11 to calculate (n, q|¢,) gives
<n,q|¢q> = Z C?:n,q <¢2hkl+q|¢q> = CEk),n,q' (515)

l=—o00
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We can substitute the solution of equation 5.15 into equation 5.14, and then al-
low each eigenstate to evolve for a time ¢, according to the lattice eigenenergies

calculated in equation 5.12:

[n () = [ (t = 0)) e~ Pemalh?t/2m (5.16)

[Pn(t)) = Cé,n,q n,q) e ienaltk?t/2m, (5.17)

At time ¢, the lattice is switched off and the states are projected back onto the

plane-wave basis:

[Un (1)) = 3" € gClma ™ oy g) (5.18)
n=0
[Un(t)) = Z blnyg | P2nkitq) - (5.19)

n=0
The b; , 4 coefficients give the fractional population in each band n and momentum
state [. Our detection method of absorption imaging of the BEC after time of flight
is able to resolve the [ states. The population of the BEC with momentum 2hlk is
given by

2

P(l) = (5.20)

0
Z bl,n,q
n=0

We are not, however, able to resolve the bands n. The time-dependence of the

populations can be interpreted as interference between the bands n, whose phases

evolve sinusoidally at different rates according to equation 5.17.

For our purposes of lattice calibration and polarizability measurement, we were
able to utilise software previously developed by the RbCs group in Durham [215]
in Python, with the SciPy package which has libraries for linear algebra and matrix
manipulation. The program solves the model above and simulates the evolution of
populations for a given lattice spacing and atomic mass. The simulations can be
fit to data from Kapitza-Dirac experiments using a nonlinear least-spares fit. The
total BEC number N and dimensionless lattice depth s are the fitting parameters,

and statistical uncertainties of both variables are calculated from the covariance
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matrix of the fit. Further details of how our experimental data is used in the
program is given below. The program assumes ¢ = 0, which is valid only if the
lattice and BEC are static relative to each other. The outgoing and retroreflection
beams of are lattice have no relative detuning, and we assume our BEC to have no
initial momentum at the start of the lattice pulse, so we conclude this is a valid

assumption for our system.

5.4 Experimental setup of the tuneable lattice

This section describes the experimental setup of a one-dimensional optical lattice
beam oriented near to the vertical axis through the main experimental chamber.
This orientation was chosen for ease of optical access, and so that a viewport pair
with low reflectivity around 460 nm could be used. Ultimately, as will be seen
in later sections, we would instead wish to switch to a horizontally orientated
one-dimensional lattice. However, the setup described below has been used to
demonstrate lattice diffraction of a Cs BEC. It has also been used to refine both the
experimental setup of the lattice beam, and experimental process. These insights

can be carried forward into a future horizontal lattice setup.

5.4.1 Lattice light source

The lattice light source is the frequency-doubled output of a Ti:Sapphire laser sys-
tem. The Ti:Sapphire laser used in this setup is the SolsTiS system from MSquared.
An etalon within the Ti:Sapphire cavity ensures a narrow linewidth output. Trans-
mission on a single longitudinal etalon mode is achieved by locking the etalon to
peak transmission on the nearest mode. Further frequency stabilisation and reduc-
tion in the linewidth to less than 50 kHz can be achieved by locking to the fringe
of a reference cavity, also provided by MSquared, which some of the output of

Ti:Sapphire is directed to.
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Figure 5.4: Lattice laser table optics. The output of the ECD-X doubling
cavity is aligned through an optical isolator, beam reshaping telescope and AOM.
The first diffracted order of the AOM is aligned into the optical fiber.

The output beam of the Ti:Sapphire is aligned into a doubling cavity. This an
ECD-X cavity from MSquared. The doubling crystal in the cavity is efficient over
the frequency range 457.5 nm to 461 nm. For a 1.6 W input of light from the SolsTiS
tuned to 919.0 nm, we have been able to get a maximum output of 800 mW of light

at 459.5nm from the doubling cavity.

Further detail of the lattice light source is given in appendix B.

5.4.2 Lattice laser table optics

The optical setup on the optical table, from the doubling cavity output to the
optical fiber input, is shown in figure 5.4. Retroreflections back into the cavity may
result in cavity tuning issues. As the beam is ultimately retroreflected to form the
optical lattice, an optical isolator (Thorlabs 10-5-440-HP) is used after the cavity

output. The transmission efficiency of the isolator when aligned is 90.8(1.5) %.

The output of the ECD-X is collimated by a pair of cylindrical lenses within the

ECD-X module. However, we found the output profile to be elliptical, with a
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horizontal waist of 320 pm and a vertical waist of 680 um. This corresponds to a
horizontal to vertical aspect ratio of 0.47. To ensure good fiber coupling and AOM
efficiency, we use a pair of cylindrical telescopes to reshape the beam to be circular.
This consists of a 2:1 telescope in the y axis and a 1:1 telescope in the x axis. The y
(x) axis of the beam is focused by a cylindrical lens of focal length 100 mm (50 mm).
To save space on the optical table and to minimise optical components, the beam
is collimated in both axes by a single spherical lens of focal length 50 mm. All
three of the telescope lenses can be translated longitudinally to fine-tune the beam
collimation and aspect ratio. This results in a collimated beam with a horizontal
waist of 366(12) pm and a vertical waist of 373(6) pnm. The beam aspect ratio is
0.98(5).

We use a fixed-frequency AOM (Isomet 1206-C, 833) in single-pass configuration
for power stabilisation. Contrary to the dipole trapping beams, we align the beam
as collimated by the telescope through the AOM. The collimated beam propagates
fully through the active aperture of the AOM crystal (1 mm). We use the first
diffracted order of the AOM as the fiber input. This allows us to switch the lattice
beam on off at the experiment on the order of the AOM rise time (53 ns for a
beam of 0.34 mm diameter). We can control the beam intensity using an analogue
output from the experimental control. We can either stabilise the intensity using
the analogue output and the same design of servo box used for the dipole trapping
beams, or directly drive the analogue input of the AOM rf driver-amplifier (Isomet
533C-2). The latter is used for pulsed applications for two reasons. Firstly, the
bandwidth of the servo box is not sufficient to produce an adequately square-wave
pulse on the ps scale. The second reason is beam pointing through the AOM.
The beam pointing drifts after a time period of the order of a few seconds. The
difference in beam pointing between immediately after the AOM is switched on
(‘AOM cold’), and the steady state position after the beam has drifted (‘AOM
hot’), is sufficient to affect fiber coupling. Therefore, when using the lattice beam

for continuous-wave applications, we align the setup with the AOM on continu-
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ously, and use beam intensity stabilisation. For pulsed applications, we drive the
amplitude modulation input of the driver-amplifier directly to produce the beam
of desired power. In either ‘hot’ or ‘cold’ alignment configurations, the optimum

AOM efficiency is 81.0 %.

The first diffracted order of the AOM is coupled into a high-power single-mode
fiber (Ozoptics QPMJ-ASAHPCA3AHPC-488-3/125-3A5-9-1-AR2-SP) to couple
the light over to the main experimental table. A 60FC-F-4-M5-33 collimator from
Schéfter and Kirchoff is used to couple light into the fiber. The optimal fiber
coupling efficiency achieved is 70 %, including losses in the fiber itself. The fiber
was routed across the lab through a foam insulated pipe to minimise the effect of

temperature drifts.

We have designed the optical setup with provision for splitting the collimated light
on a PBS. This would create a second beam path, which would propagate through
an additional AOM and fiber. The second fiber would be routed through the same
insulated pipe as the first. This would allow us to set up a horizontal lattice path
in the science chamber, resulting in a two-dimensional lattice. However, the power
in each lattice beam would effectively be half of the power currently available in
the one-dimensional lattice. To create a deep optical lattice for Cs, the lattice
wavelength would have to be chosen carefully. The appropriate wavelength range

for this is near-resonance red detunings from either transition.

5.4.3 Lattice beam optics

The vertical viewport pair was chosen for the one-dimensional lattice due to the
favourable transmission of the viewport pairs. The transmission of the 460 nm
beam through both vertical viewports is 80.5(1.7) %. The vertical viewports had
only been previously used for the vertical MOT beams, vertical DRSC beam and
the DRSC polariser beam. This axis allows for a greater angle of deviation between

the beam and the viewport axis. This allowed us to devise a beam path at a greater
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Figure 5.5: The vertical lattice beam path. The breadboard for the fiber
output is suspended 120 mm below the upper breadboard. The fiber output is ho-
rizontal with a beam height of 34.7 mm above the breadboard. The focused lattice
beam propagates from the breadboard optics (see figure 5.6a) to the deflection mir-
ror. From this deflection mirror, the beam propagates through the science chamber
at an angle of approximately 7° to the vertical. Beneath the chamber, the beam is
propagates to the retroreflection optics via a 2inch mirror already in situ for the
vertical MOT beams.

angle of deviation from orthogonal to the viewport planes, allowing the existing
beam paths to be avoided. A 2inch diameter mirror underneath the chamber

already in situ for the MOT beams is used to deflect the lattice beam.

The path of the lattice beam through the science chamber is shown in figure 5.5.
The pre-existing breadboard above the main chamber contained the retroreflection
optics for the MOT beams and fiber outputs for the DRSC beams. For the lattice
beam fiber launch, we chose to use a second breadboard suspended 120 mm below
the first breadboard by four posts. The optics contained on this breadboard is
shown in figure 5.6a. The same type of collimator as the fiber input (Schéfter and
Kirchoff 60FC-F-4-M5-33) is used to collimate the fiber output. This results in a

horizontal beam waist of 346(11) pm and a vertical beam waist of 341(5) pm. The
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Figure 5.6: Lattice beam optics - horizontal sections. a) The upper bread-
board. The beam is launched from the fiber and collimated, before passing through
a PBS cube to ensure linear polarisation at the beam focus. The beam is aligned
though a focusing lens of focal length 300 mm. There is also a beam pickoff to a
photodiode, for beam monitoring and stabilisation. b) Beneath the chamber the
lattice beam is recollimated by a lens of focal length 750 mm and retroreflected.

aspect ratio of the collimated beam is 1.01(5). The breadboard also contains a
pickoff using a rear-polished mirror onto a photodiode. The type of photodiode
used here again depends on the application of the beam. For monitoring a lattice
pulse or pulses, a fast photodiode can be used. For using the beam in continuous-
wave mode, a homebuilt photodiode designed to monitor continuous-wave light
can be used with the photodiode signal connected to the sensor input of the servo
box to allow intensity stabilisation. The breadboard also contains a 300 mm focal
length lens to focus the beam in the centre of the science chamber. The optical
design gives a beam waist of 126(6) pm. This lens is mounted in a cage mount.
This allows axial adjustment of the lens to adjust the axial position of the beam

focus.

The beam propagates through, and leaves, the breadboard optics in a horizontal
orientation. To deflect the beam downward through the chamber, a mirror is
suspended from the breadboard above the lattice breadboard. The positioning of

this mirror is not in any conflict with other vertical beams. Care was taken to
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mount the mirror in a mechanically robust way to prevent damage to the science
chamber viewport directly beneath. The mirror mount is a Thorlabs KM100T
mount, with the original screw adjusters replaced by higher-precision micrometer
adjusters (Thorlabs DM22). This would give us more precise experimental control

when aligning the beam.

The positioning of this deflection mirror means the beam propagates through the
chamber at an angle of approximately 7° to the vertical, with this deflection being
parallel to the Zeeman slower axis. This deflection means the beam is still reflec-
ted by the 2inch mirror underneath the main chamber. This mirror deflects the
beam into a horizontal plane approximately 100 mm above the surface of the main
optical table. The optics to subsequently recollimate and retroreflect the beam are
shown in figure 5.6b. A further two mirrors steer the beam to an axis where it can
be recollimated. The recollimation lens has a focal length of 750 mm. The cor-
rect axial position of this lens to ensure collimation was determined using a shear
plate interferometer. Behind this recollimation lens is positioned the retroreflection
mirror. This mirror is located near the edge of the optical table, allowing ease of
adjustment of the retroreflected beam. The mirror is mounted in a POLARIS-K1

mount, allowing higher precision adjustment of the retroreflected beam.

Provided the lattice beam is recollimated sufficiently well, the retroreflected beam
should back-couple through the optical fiber with close to 100 % efficiency. There-
fore, having first performed coarse alignment to ensure the retroreflection was in-
cident on the fiber output, a non-polarising beam splitter cube was placed on the
optical table in the beam path before the fiber input. The power measured here
has components split off from the outgoing and retroreflected beams, so the outgo-
ing component is subtracted to give the retroreflected component. This power was
then optimised for the adjustment of the retroreflection mirror, and for fine-tuning
the axial position of the recollimation lens. This method of lattice realignment was
used regularly while taking measurements which required regular changes to the

lattice frequency. We note that any changes to the alignment of the outgoing beam
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will in turn require realignment of the retroreflected beam.

5.5 Characterisation of the tuneable lattice

5.5.1 Lattice characterisation using Kapitza-Dirac diffraction

Prior to using the lattice for polarizability measurements, we wished to know the
range of lattice depths we could expect to measure, given the beam waist and avail-
able beam powers. We also wished to characterise the sensitivity of the alignment

of the lattice and how this might affect measurements.

The intensity of the lattice is dependent on both the beam power and waist. The
beam power cannot be measured directly within the science chamber, but can be
inferred from measurements on either side, and the resulting transmission values
from each viewport pair. We must also consider that the retroreflected beam has a
lower power than the incoming beam due to power losses at the retroreflection op-
tics. The effective beam power contributing to the lattice is therefore 2/P;, Pretro-
The excess contribution from the incoming beam Piycoming — PRetro contributes as
an effective additional dipole potential. Yb has a polarizability of ~ 500 ag within
the lattice tuning range, but in comparison to the dipole trapping beams, the avail-
able beam powers are low and the beam waist is of the order of three times the size.
This makes exciting either centre-of-mass or breathing mode oscillations, in order
to extract a trap frequency, difficult experimentally, although parametric heating

could be used.

We instead consider Kapitza-Dirac diffraction of a BEC, using a single lattice pulse,
for characterisation. As discussed in section 5.3.3, the time evolution of the diffrac-
ted orders can be used to extract a lattice depth. This value is obtained independ-
ently of prior knowledge of the beam waist or intensity. The wavelength-dependent

lattice depth of Cs could then be compared to that of Yb at the same wavelength,



5.5.2. Producing the lattice pulses 103

provided the pulse intensity was kept consistent, and beam waist and alignment

was not altered.

5.5.2 Producing the lattice pulses

We found that producing the lattice pulse using intensity stabilisation through
the servo box would be unfeasible for the required pulse duration (of the order
10s of ps). This is due to the low bandwidth of the servo box affecting the pulse
shape. For the pulses of less than ~ 20 ps, the beam did not reach full intensity
within the pulse duration. We drive the driver-amplifier with a square-wave pulse
generated by a function generator (SRS DS345). The function generator was set
to operate in ‘burst mode’, where the function generator outputs a finite number
of square waves. This mode is triggered by a digital output from the experimental
control. The amplitude, offset, frequency, and phase of the burst is set so that
the output is a top-hat pulse of the required pulse duration. The AOM driver
receives a modulation voltage of between 0 and 1.0 V. We therefore send pulses of
amplitude 0.8V to the driver, resulting in a reproducible modulation signal sent to
the AOM, and a reproducible value of power in the lattice beam. For the following
measurements we set the function generator to output a single oscillation, resulting
in a single square-wave pulse. However, we have the capability to output a train of
multiple pulses, which may in future be useful in enhancing the diffraction signal

at low magnitudes of polarizability (see section 5.9.3).

The amplitude and shape of the pulse was monitored on a fast photodiode (THOR-
LABS PDASA/M, bandwidth 50 MHz). This allowed us to monitor the lattice
intensity in real-time while running the experiment. If a reduction in photodiode
signal was detected, it could be improved by checking the fiber coupling or the

status of the doubling cavity intensity stabilisation.
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Figure 5.7: Kapitza-Dirac diffraction of an Yb BEC. Initial diffraction exper-
iment with bosonic Yb, proving the efficacy of the lattice. Diffraction as a result of
a pulsed lattice of depth 3.24(3) Eg. (a) Absorption images showing time depend-
ence of the diffraction pattern. The undiffracted [ = 0 order is visible in the centre
row and the |l = 1| diffraction orders (top and bottom rows) are visible. (b) Evolu-
tion of the populations of each momentum state. The solid lines are Kapitza-Dirac
simulations fitted to the data. Data points where the atom number in the |l = 1|
orders were too low to be fitted by our image analysis software were omitted.

5.5.3 Experimental sequence

The typical experimental sequence closely resembles that for single-species evap-
oration of either Cs or a bosonic Yb isotope to degeneracy. The Cs evaporation
sequence only requires the use of the 1070 nm beams. As the intensity of these
beams is lower when Cs is loaded from the reservoir, the gravitational sag of the
dimple trap is increased compared to the Yb or dual-species dimple trap. There-
fore, the dimple beams must be carefully realigned to optimise the loading of Cs.
Once a pure BEC has been produced, the BODT beams are extinguished and the
function generator is simultaneously triggered to generate a pulse of the optical
lattice. The lattice pulses are of the order 10s of ps and the free fall of the BEC

under gravity is assumed to be negligible in this time period.
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Figure 5.8: Using Kapitza-Dirac diffraction to fine-tune alignment. Having
produced a three-component diffraction pattern of a Cs BEC, we set the lattice
pulse time to 6 ps and measure the atom number in each component. (a) The atom
number in the central [ = 0 component is minimised by adjusting the east-west
axis of the final alignment mirror. (b) and (c¢) the atom number in the [ = +1
component is maximised by adjusting the east-west and north-south axes of the
final alignment mirror respectively. Blue solid lines are Gaussian fits to the data
used to find the centre of each alignment.

5.5.4 Using lattice diffraction to fine-tune alignment

After first verifying that Kapitza-Dirac diffraction could be observed, we would then
measure the diffraction pattern for a range of pulse lengths. An example of this
measurement for an Yb BEC is shown in figure 5.7. A characteristic signature of
Kapitza-Dirac diffraction for all lattice depths is that, for pulse times immediately
after zero, the | = 0 population reduces from 100 % and the [ = 1 population
increases. We initially map out this trend with our lattice measurements as in
figure 5.7. By fixing the pulse time in this region, the alignment of the lattice (both
alignment to the BEC and relative alignment of the lattice beams) can be optimised
by minimising the [ = 0 and maximising the [ = +1 populations. This process is
shown in figure 5.8, where the lattice pulse time has been set to 6 ps. Initially the

atom number in the | = 0 order is minimised by adjusting the alignment in the east-
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Figure 5.9: Kapitza-Dirac diffraction of a Cs BEC. Diffraction as a result
of a pulsed lattice of depth 31.98(7) Er. (a) Absorption images showing time
dependence of the diffraction pattern. The undiffracted [ = 0 order is visible in
the centre row and diffraction orders up to |l = 3| (top and bottom rows) are
visible. (b) Evolution of the populations of each momentum state. The solid lines
are Kapitza-Dirac simulations fitted to the data.

west axis. At this point there is a sufficient population in [ = 1 to perform fitting
on the order to measure the atom number in this order. This is then maximised by
adjusting the alignment in both axes. Note that for every adjustment of the final
alignment mirror, the retroreflected beam must be realigned. This is achieved by

optimising the fiber back-coupling of the retroreflected beam.

5.6 Kapitza-Dirac diffraction of Cs

We then proceeded with Kapitza-Dirac diffraction experiments with a Cs BEC,
across the wavelength range accessible by the laser system. A typical measurement
would consist of between 15 and 20 different timings of lattice pulse. The range of
pulse timings was chosen such that at least one ‘oscillation’ (reduction and recovery)

of the undiffracted | = 0 order could be observed. Kapitza-Dirac simulations were
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Figure 5.10: Measuring lattice depths with Kapitza-Dirac diffraction. The
range of wavelengths, as well as beam intensities, accessible with the lattice beam,
allowed us to measure lattice depths ranging from ~ 1FEg to ~ 32FER. The
plots show the population evolution of momentum states for lattices with depths
(a) 1.33(4) Er (0.453(14) pK), (b) 10.81(3) Er (3.684(9) nK), (c) 18.09(3) ER
(6.167(9) pK), and (d) 31.98(7) Er (10.91(3) pK). The solid lines are Kapitza-
Dirac simulations fitted to the data.

performed to determine the expected timescales of these oscillations. Two repeat
measurements were taken at each value of pulse time and the ordering of pulse
times during each measurement run was randomised. The trace of each pulse as
recorded on the photodiode, as well as the wavelength of the (undoubled) Ti:Sapph
output, was recorded. This provided a value of lattice wavelength and power for
each set of measurements. All the data required at one particular wavelength would
be taken before retuning and relocking the laser, as this process could take up to 5
minutes. The alignment of the lattice beam would also be checked approximately

once every 5 data runs to mitigate any beam drifts.

Figure 5.9 shows results of a Kapitza-Dirac diffraction experiment for a lattice
depth of 31.98 ER. Successive absorption images show the distribution of the dif-
fracted orders parallel to the axis of the lattice beam. For short pulse times, the
majority of the BEC population remains in { = 0, but as pulse time increases,

higher orders become populated and the central order population is reduced. Dif-
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fracted orders up to |l = 3| can be observed in the absorption images. Furthermore,
the population of the BEC diffracted into order I = +n is the same as that in order
[ = —n. The fluctuation in the relative population in each order is plotted and a

Kapitza-Dirac simulation is fit.

The depth of lattice depends on both the wavelength and intensity. It was found
that the pulse power as measured by the photodiode could vary by up to 10 % as
the laser was retuned and relocked. This reinforced the importance of constant
monitoring of the power to be able to obtain a reliable measurement of polariz-
ability. Figure 5.10 shows four different Kapitza-Dirac measurements, with lattice
depths covering the range of those observed during the measurements. The plot in
figure 5.9(b) is shown again in figure 5.10(d) and shows the deepest lattice meas-
urement made. The lowest lattice depths measured were approximately 1 Egr or
0.4 pK, where > 10 % of the BEC was diffracted into |l = 1|. Methods which could
in future be used to enhance the lattice diffraction and allow measurement of lower

lattice depths are discussed in sections 5.9.2 and 5.9.3.

5.7 Results for polarizability

The lattice wavelengths investigated covered the range between the two transitions,
as well as frequencies below the 651 — 7 P1 transition. This ~5nm range was the
2 2

range accessible without requiring realignment of the doubling cavity.

Figure 5.11 shows the full set of polarizability results across the wavelength range.
These results are shown with a fit of the polarizability. The fit allows us to determ-
ine some of the characteristics of the lattice beam. The lattice reflectivity is set as
a fixed parameter, determined from measurements of the beam power transmission
through the chamber viewports and retroreflection optics. The retroreflected lattice
beam is 59(1) % of the power of the ingoing beam. The beam waist is determined
from the fit to be 157(2) pm. This exceeds the 126(6) pm anticipated during the

design of the optical setup. The size of the resonance features in the polarizability
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Figure 5.11: Full results for polarizability. Polarizability results (upper plot)
from Kapitza-Dirac diffraction measurements. The polarizability theory plot is
given by the blue solid line. The fit gives a lattice beam waist of 157(2) pm. Shift
of the resonances from the expected values are also left as free parameters in the
fit. The shifts in resonances are +3.9(1.2) GHz (+185(20) GHz) for the transition
to the 7P% (7P%) state.

data show the relative strengths of the two transitions are as expected. However
there are frequency shifts of +3.9(1.2) GHz and +185(20) GHz for the transition
to the 7P 1 and 7P %) states respectively. The fact that one of these shifts is two
orders of magnitude larger than the other suggested that the shifts were not caused
by a systematic error in the data taking. However, the residual plot of figure 5.11
shows that a greater proportion of the data points taken near the transition to the
7P 3 state deviate from the fit. It should be noted that the error on the shift of
this transition is also an order of magnitude larger than that on the shift of the
transition to the 7P 1 state. The position of the transition to the 7P 3 state could
be measured with less uncertainty by taking further polarizability measurements
at blue detunings from the transition. The possible origins of the frequency shifts

are discussed in section 5.8.

To be able to rule out wavelength drifts, measurements were taken across the
accessible wavelength range in a single day. These results are shown in figure

5.12. Here the beam waist is determined to be a lower value of 111.9(7) pm, with
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Figure 5.12: Polarizability results taken in a single day. Polarizability results
(upper plot) from Kapitza-Dirac diffraction measurements, taken in a single day
to rule out wavelength drift effects. The polarizability theory plot is given by the
blue solid line. Shift of the resonances from the expected values are also left as
free parameters in the fit. The fit gives a lattice beam waist of 111.9(7) pm. The
shifts in resonances are +4.5(4) GHz (+255(11) GHz) for the transition to the 7P%

(7TP3) state.
2

the error determined from the fit. The discrepancy in the waist measurement is
due to error in the power measurement and systematic errors due to the lattice
alignment. The transition frequency shifts are +4.5(4) GHz and +255(11) GHz for
the transition to the 7P 1 and 7P% states respectively. The result for the shift
of the transition to the 7P 1 state agrees with that of figure 5.11 to within error.
However, the the result for the shift of the transition to the 7P% state differs
from that of 5.11 by 70 GHz, which is not accounted for by the errors from the
fit in either result. This suggests the errors from the polarizability model do not
reflect the error to which the frequency shift is actually known. This suggests
further measurements, particularly at blue detunings from the transition, should

help reduce the uncertainty in this measurement of frequency shift.

Figure 5.13 shows similar analysis to just the data around the 7P 1 transition. In
this case the only fit parameters are the beam waist and shift of this transition alone.

These values respectively are 154.1(2) pm, and 4+4.77(12) GHz. This frequency shift
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Figure 5.13: Polarizability results around the 7P: transition. polarizability
2

results (upper plot) from Kapitza-Dirac diffraction measurements. The polariz-
ability theory plot is given by the blue solid line. Shift of the resonance from
the expected values is also left as a free parameter in the fit. The fit gives a lat-
tice beam waist of 154.1(2) pm. The shift of the transition to the 7P state. is

2
+4.77(12) GHz. Some data points fall outside the range of the residual plot.

is in agreement with the results in 5.11 and 5.12 to within errors.

The shifts in the position of each transition in turn affect the position of the tune-
out wavelengths. In the modified polarizability fit in figure 5.11, the higher tune-
out wavelength is found to be 460.20(5) nm. As the 7P 3 transition is shifted by a
greater amount, the lower tune-out wavelength has a greater shift. We determine

this wavelength to be 457.19(3) nm.

5.8 Investigating origin of the frequency shifts

The results for the atomic transitions and tune-out wavelengths from the Kapitza-
Dirac diffraction differ from our expectations by the order of GHz. By looking at
repeat measurements, we find that our uncertainty of shift of the transition to to
the 7P 3 state is greater than the error values obtained from fitting the polariz-

ability model, and further measurements may be needed. However, across repeat
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measurements we find agreements in the shift of the transition to the 7P 3 state,
of the order of 4 GHz. We attribute this to the simple model of atomic polariz-
ability used in the fitting. This model does not consider the hyperfine structure
of the Cs atom. This is of particular importance to our experiment, as the Cs
atoms are pumped into the |F' = 3, mp = +3) ground state during DRSC prior to
lattice diffraction. Other theoretical and experimental studies of atomic polarizab-
ility [208; 209] have used extended models of polarizability. We apply these here
to discuss explanations to our discrepancies in the results. We also discuss how
the geometry and polarisation of the lattice, and presence of a magnetic field, may

have affected results.

5.8.1 Scalar polarizability incorporating fine structure

We first consider a model of dynamic (wavelength-dependent) polarizability o/(?)(w)

incorporating only fine structure. This model is given in [208] as

a0y =N Joom
@) Z(AEg%_wQ), (5.21)

n
Where AEZ_,,, is the energy of the transition from the ground state to a state n

and the oscillator strength fo_,, is given by

2| (yuJnl D0 Jo) PAEG

3(2Jo + 1) (5:22)

fO%n =

Note the static polarizability can be calculated by setting w to 0. For the calcula-
tion, energy levels up to 8P 3 are considered. The energy levels used to calculate
AE? ., are taken from [161] and are tabulated in table 5.5. The (fine structure)
matrix elements (v,J,||D||y0Jo) are those used in the calculation in [208] and are
tabulated in table 5.6. We also include the Cs core polarizability of 15.5a3. Table
5.7 shows the values of the tune-out wavelengths given in this model, and those

calculated in [208] as a comparison. The static polarizability is also tabulated.
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State | Energy (cm™!)
Gsy | -31406.5% 102
6py | -20228.2x 102
6ps | -19674.2x 102
Tpy | -9641.1x 102
7p% -9460.1 %102
8p1 | -5697.6x 102
8ps -5615.0x102

Table 5.5: States and energy values of '33Cs used in the calculation of the scalar
polarizabliity a(®)(w), taken from [161].

Transition | Matrix element (a.u.)
65, —6p, 4.5057(16)[216]
651 —6ps 6.3349(48)[217]
651 — Tpy | 0.27810(45)[216]
6s1 —7Tps | 0.57417(57)[216]
65% —8p1 0.072(4)[161]

651 —8py 0.210(8)[161]

Table 5.6: Matrix elements of the transitions in 1*3Cs used in the calculation of the
scalar polarizabliity a(?)(w). The references for each value are given in the table.

Our calculation [208]
Static polarizability (a3) 400.23(10) 400.80(97)
~ 457.2nm tune-out wavelength (nm) 457.239(4) 457.2504(171)
~ 460.2nm tune-out wavelength (nm) 460.203(9) 460.2154(63)

~ 880.2 nm tune-out wavelength (nm)

880.211(15)

880.2144(158)

Table 5.7: Static polarizability and value of tune-out wavelengths calculated using
equation 5.21 and constants tabulated in tables 5.5 and 5.6, compared with values

given in [208].
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State | J A (MHz) B (MHz)
6s | 5 | 2298.157943[218; 219]
6p | 5 | 291.9309(12)[220]
6p | 5| 50.28825(23)[221] | -0.4940(17)[219; 187]
|3 94.35(4)[222]
CE 16.609(5)[223] -0.15(3)[224]

Table 5.8: Hyperfine structure constants A and B used to calculate hyperfine energy
levels EM according to equations 5.23, 5.24 and 5.25. Values of the constants are
taken from the references given in the table.

5.8.2 Scalar polarizability incorporating hyperfine structure

We now consider the effect of hyperfine structure. The energy levels of each hyper-

fine state E™ are modified from the fine structure energy levels E; by
EM = E; + Wp, (5.23)
where

SR(R+1) —2I(I +1)J(J + 1)
2021 —1)2J(2J —1)

1
Wr=SAR+ B (5.24)

where A and B are hyperfine structure constants (used in the calculation in [208]
and tabulated in table 5.8 with references), nuclear spin [ = % for Cs, and R is
given by

R=FF+1)—-I(I+1)—-J(J+1). (5.25)

The transition matrix elements between hyperfine states ﬂgf are given by

E};f = <'7iJiIFi||D||'7ngIFg>

1 F, Jg
Figure 5.14 shows the how the polarizability of each hyperfine state is modified
in the proximity of the tune-out wavelengths. Tables 5.9 and 5.10 give the cal-
culated values of the frequency shifts of the hyperfine transitions and tune-out
wavelengths respectively. For our experimental setup, the observed shifts should

be 5.14727(8) GHz for the transition to the 7p: state and 5.11411(3)) GHz for
2
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Figure 5.14: Effect of hyperfine structure on predicted tune-out
wavelengths. The position of the tune-out wavelengths is shifted depending on
whether the Cs atom is in the F=3 (orange) or F=4 (green) hyperfine state of 6s1.

2
The tune-out wavelengths near 457.2nm (a), 460.2nm (a), and 880.2nm (a) are
shown. The polarizability calculation not considering hyperfine structure is shown
in blue.

the transition to the 7pg state. Our measured shift in the 7p% transition is
4.59(12) GHz, which is below the theoretical prediction but of the same order of
magnitude. This suggests that the hyperfine structure analysis of the polarizability
explains the observed frequency shift for this transition. Our measured shift for the
P 3 transition, however, is two orders of magnitude greater, at 228(2) GHz. A more
precise measurement of the shift of this transition could be made if polarizability

measurements were made at blue-detuned frequencies from the transition.

5.8.3 Vector polarizability

We have so far only considered the scalar contribution a9 to the polarizability of
Cs. The full equation for the dipole potential U, incorporating the vector (a1))

and tensor (a(?)) contributions, can be written as

2 A 12 2
=010 geosk - BT W 4 (3<€'B) ‘1> BmF‘F<F+1>a<2>].
F 2

F(2F +1)
(5.27)
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Transition Frequency shift (GHz)
GS%(F =3) —>7p%(F =3) 4.95857(9)
651 (F = 3) -7p, (F = 4) 5.33597(7)
GS%(F =3) —>7p%(Average) 5.14727(8)
651 (F = 3) —7p3 (F = 2) 5.05866(5)
651 (F = 3) -7ps (F = 3) 5.108598(14)
68%(F =3) —>7p%(F =4) 5.175077(15)
6S%(F =3) —>7p%(Average) 5.11411(3)

Table 5.9: The frequency shift of the hyperfine transitions from 6s1 (F = 3) to 7p1

2 2

and 7ps around 460 nm, relative to the position of the transitions considering fine
2

structure only.

tune-out wavelength (nearest 0.1nm) | F' = 3 shift (GHz) | F' = 4 shift (GHz)
457.2nm 4.3(1.4) “4.3(1.5)
5.08(15)[208] ~4.10(15)[208]
460.2 nm 5.7(1.5) “4.2(1.4)
5.17(14)[208) ~4.10(15)[208]
880.2 nm 5.4(3) “3.9(4)
5.24(4)[208] ~4.11(4)[208]

Table 5.10: The shift of the tune-out wavelengths for both ' = 3 and F = 4
hyperfine states of 6s 1. The results of our calculation, and those presented in [208]

are shown.
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The vector contribution to the polarizability is dependent on the angle between the
lattice wavevector k and any present magnetic bias field B. It can be eliminated
if k and B are orthogonal. In the experimental setup described above, k and
B are almost parallel. The experimental geometry therefore allows the vector
polarizability to have almost its greatest possible contribution. Other geometries
are discussed in section 5.9.1. The vector contribution is also, proportional to
the polarisation ellipticity £, and can be minimised by using linear polarisation.
Even with the use of polarisation optics such as Glan-Taylor polarisers, the lattice
beam may contain small circular or elliptical polarisation components which may
affect precision measurements. By taking polarizability measurements with two
orthogonal linear polarisations and taking the average, the contribution of these

components can be eliminated.

5.8.4 Tensor polarizability

Unlike the vector polarizability, there is always a contribution to the dipole po-
tential from the tensor component of the polarizability o). It can however be
reduced by making the polarisation vector € orthogonal to the bias field B. a®@ is

given, for an atom in ground state g with transitions to states i, by

3 ) hf
o () — 6 PEr2F — DE, + D * S (1) F, 1 F /N
6(F, + 1)(2F, + 3) . | E, 2| AFL -

g—i

(5.28)
Through equation 5.28 it can also be seen that the tensor contribution to the
polarizability is also dependent on the Zeeman sublevels mp of the hyperfine state
F. In [208], the shift of the tune-out wavelengths due to the mF state splitting is
calculated and tabulated. It is assumed in these calculations that & - B = 0 It is
concluded that the resultant wavelength shifts are of the order of 107> or 10~% nm.

Therefore, for the experimental geometry, wavelength would have to be measured

at fm precision for the Tensor contribution to the polarizability to be observed.



5.8.5. Zeeman shifts 118

5.8.5 Zeeman shifts

We also consider shifts in transition frequency due to the Zeeman shifts of the

upper and lower states. This shift in the presence of a magnetic field B is given by

1
Wiy = wlgg)) + ﬁ(g};m’F — grmp)upB, (5.29)

where the hyperfine Landé factor gg is given by
F(F+1)+JJ+1)—I(I+1)

gF =97 9OF(F +1) ’ (5.30)
3, S+ 1) - L+ 1) ‘
9= 2J(J+1)

here assuming that the Landé factor gg = 2. We assume that the lattice polarisa-
tion is sufficiently linear that only transitions with mp = 3 — m/z = 3 contribute.
We also assume that each hyperfine transition within the allowed transitions from

the ground state to 7p 1 and 7p% have equal strengths.

For the transitions to 7s1, the Zeeman shifts of the hyperfine transitions are
2

1.050 MHz G~ for |F = 3,mp = 3) — |F' =3, mp = 3),
(5.31)
—262kHz G Hor |[F =3, mp =3) — |[F' =4,mp =3).
The average shift of the two transitions is 394 kHz G~1.

For the transitions to 7s3, the Zeeman shifts of the hyperfine transitions are
2

919kHz G~ for |F = 3,mp = 3) — |F' =2,m}p = 3),
394kHz G for |F = 3,mp = 3) — |F' = 3,m}x = 3), (5.32)
184kHz G~ for |F = 3,mp = 3) — |F' =4, m}p = 3).

Under our assumptions, the transitions combine to give an average shift of 499 kHz G 1.

Both shifts are of the order of 4 to 5 orders of magnitude too small to explain the

shift in the expected position of this state.
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5.8.6 Summary

While our model for the polarizability was adequate in explaining the position of the
atomic resonances and tune-out wavelengths at the fine structure level, frequency
shifts of the order of 5 GHz are predicted when the hyperfine splitting of states is
considered. This may partially account for the shift of similar magnitude in the
transition to 7P i It does not account for the shift of the transition to 7P 3 which
according to our fitting is some two orders of magnitude further from the initially
predicted position. However, using the polarizability measurements taken to date,
discrepancies between repeat measurements suggest our uncertainty on the shift
of this transition is greater than the error from our fitting. Further polarizability
measurements blue-detuned of this transition may give a result for the shift of this

transition with similar uncertainty to that of the shift of the transition to 7P1.
2

It is possible that there is a vector contribution to the polarizability arising from
the lattice geometry and possible elliptically polarised components in the lattice
beam. This may further explain smaller deviations in the transition to 7P 1 from the
scalar polarizability model. It is however, difficult to quantify the magnitude of the
circularly polarised component, and a more permanent solution would be to alter
the lattice geometry and take averages of data with orthogonal linear polarisations.
We have also considered the effect of the tensor contribution to the polarizability
and the Zeeman shift to each transition, and have concluded that both of these

effects give a negligible contribution to the shifts observed.

5.9 Summary and conclusion of measurements to date

We have incorporated a one-dimensional vertical lattice into the experimental
setup. The light source of the lattice is tuneable in the wavelength range incor-
porating the 6s—7p transitions in Cs. This has allowed us to probe the dynamic

polarizability of Cs in this range, and make measurements which will contribute
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to measurements of the tune-out wavelengths in this range. There is also the
scope to create Cs lattice potentials which are equal in trap depth or frequency to
the strong attractive potential experienced by Yb in this range. We have demon-
strated Kapitza-Dirac diffraction of BECs of both Cs and Yb using lattice pulses
on the order of ps. We have demonstrated Kapitza-Dirac diffraction at multiple
wavelengths can be used to measure the wavelength-dependent polarizability of Cs,
and determine the positions of both atomic transitions and tune-out wavelengths.
The positions of the transition wavelengths were shifted by the order of GHz from
those predicted by models of the scalar polarizability. This led to further studies
of the polarizability, and prompted improvements to the existing setup, which are

discussed below.

5.9.1 A horizontally-oriented lattice

A significant simplification to the polarizability calculations to the system can
be made if the vector contribution is eliminated. This is achieved if the lattice
wavevector k is orthogonal to any bias magnetic field B. We assume that the
greatest contribution to any bias field will be in the vertical direction due to the
experiment’s bias coils. Therefore, the current beam, at 7° to the vertical, almost
maximises the possible vector contribution to the polarizability. We therefore wish

to move to a horizontal lattice beam for future measurements.

For the new beam, one of the horizontal viewport pairs can be used. The viewport
pairs for the Yb MOT have the most favourable coatings for the lattice wavelength,
with reflectivities of 96.2(1.6) %. We would use an angle as close as possible 90 °
between the lattice and Cs imaging axes, to allow resolution of the different dif-
fracted orders in time-of-flight imaging. The Yb MO'T viewport axes are, however,
at angles of 30° and 120° to the Cs imaging axis. Therefore, for the former of
these two options, the separation of orders in the plane of the imaging will be ap-
proximately half of that observed with the vertical lattice beam. For a 25 ms time

of flight, we predict a separation in this geometry of 163.2(4) pm, giving a ratio
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of separation to cloud width of 5.46(9). Therefore, the diffracted orders should be

resolvable under this geometry.

The optical access incorporating the optical components described in section 5.4
will require careful design if the Yb MOT beams are not to be blocked and al-
low dual-species applications. However, for applications of the lattice which only
require Cs, a simple lattice setup can be incorporated. A temporary setup has
already been trialled through the Yb MOT horizontal axis which does not have the
Yb imaging beam copropagating. The setup was removed before any lattice meas-
urements could be taken to allow unrelated experiments to take place. It could
however be reinstated quickly at any time. The optics for the vertical lattice have
been retained. This keeps open the possibility of a two-dimensional lattice, with

light for each axis of the lattice propagating through separate optical fibers.

5.9.2 Improving the lattice depth

Improving the intensity (and hence depth) of the optical lattice at the position of
the atoms is desirable. With a deeper lattice higher, orders of diffraction would
become visible and attain a greater population value. Simulations of higher lattice
depths fit to such data would have less uncertainty. This would improve calibration
and alignment of the lattice using an Yb or Cs BEC. It would also allow us to
increase the range of polarizabilities we could probe with single-pulse diffraction
measurements, and close the gaps (1.09 nm below and 1.90 nm above the predicted
457.31 nm tune-out wavelength and 0.60 nm below the predicted 460.22 nm tune-

out wavelength) for which we have no data.

The simplest way to achieve this is to decrease the lattice beam waist. The current
beam waist exceeds the spatial extent of the BEC by a factor of ~ 4. A reduced
beam waist can increase lattice depth while still providing a uniform depth across
the BEC. We have purchased a replacement collimator (Schéfter and Kirchoff 60FC-

SF-4-M12-33), which has an increased focal length of 12mm. This will collimate
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the fiber output beam to 676(3) pm compared to the current 346.3(2) pm. The
existing beam focusing and recollimating optics can be adjusted to give a predicted
beam waist of 65.0(3) pm compared to the current 134 pm. This should increase
lattice depth at a given wavelength by a factor of approximately 4. This should
in turn increase the wavelength range accessible by single pulse measurements (to
a minimum of ~ 0.6nm from the predicted 457.31 nm tune-out wavelength and
~ 0.4nm from the predicted 460.22 nm tune-out wavelength), assuming a minimum

measurable lattice depth of 1 ER.

The fluctuation in output power of the doubling cavity has also affected the lattice
depths we have been able to measure. It is hoped that inspection and repair or
replacement of the doubling crystal by the manufacturer will improve the overall
power output and will eliminate drifts in power. It may also increase the tuning
range accessible without reoptimising the crystal angle or cavity alignment and
eliminate the need to periodically clean the crystal surfaces. These two measures
would considerably enhance the rate at which experimental data can be taken. It
is also possible that the overall power output of the Ti:Sapph system, including the

doubling cavity, could be improved with a higher power pump laser.

5.9.3 Measuring lower lattice depths with multi-pulse sequences

A high-precision measurement of the tune-out wavelengths will require direct po-
larizability measurements much closer to the predicted wavelengths than those
currently made. Lattice depths lower than the ~ 1 Fg minimum seen with single
pulse measurements will have to be measured. A method using multiple pulses
[164; 203] can be applied in our setup to enhance the population of the BEC dif-
fracted into the [ = +1 orders. At low lattice depths, the Kapitza-Dirac diffraction
pattern can be approximated as oscillations of part of the BEC population between
I =0 and ! = +1. The time period of the oscillations saturates to ﬁ, known
as the Talbot time. For Cs in our lattice beam of approximately 460 nm, the Tal-

bot time is 35.2s. The method described in [164] applies a sequence of multiple
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pulses, alternating between lattice pulse and free evolution with duration of half

the Talbot time (52

By ~17.6 ps for Cs in our lattice). The effect of each lattice pulse

coherently adds to the overall diffraction pattern. This causes an enhancement of
the [ = 41 population. The enhancement was found to be proportional to the
square of both the lattice depth and the number of pulses np for np < 18 and for

lattice depths of less than 1 ER.

A simulation of a multi-pulse diffraction routine, which could be fit to experimental
data, could be made by alternatingly operating on the BEC wavefunction with the
lattice operator and with free-space evolution for the number of pulses applied. An
analytic solution [225] has also been derived for a zero-temperature BEC in limit
of a weakly-diffracting lattice. Experimental results from our lattice could test the
validity of this model for BECs typically produced in experiments. Experimentally,
implementation of the pulse is achievable with no modification to the experimental
setup. The pulse sequence sent to the lattice AOM can be generated by a function
generator set to output a train of square-wave pulses with time period of the Talbot
time. This output can be triggered by a digital signal from the experimental control.
The number of pulses in the pulse train can be varied to determine the efficacy of

the multi-pulse method.

5.9.4 Further experiments

The polarizability measurements made to date indicate the wavelengths at which
the Cs polarizability is negligible compared to that of Yb. Wavelengths where the
lattice depths or trap frequencies are equal for both species can also be identified.
We therefore have the capability in future to load Yb into a Cs-blind lattice or
load both species into a balanced lattice. A significant limitation is the low lattice
depth, which necessitates low temperatures of both species through evaporative
cooling to allow successful lattice loading. This will be further exacerbated if the

available lattice power used for the one-dimensional lattice is split to create a two-
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dimensional lattice. Improvements to the lattice depth outlined above may improve

the ability to load into the lattice.
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Chapter 6

Interspecies Feshbach

resonances in Cs-Yb mixtures

The identification and characterisation of interspecies magnetic Feshbach reson-
ances is a critical step in identifying a pathway to the formation of CsYb mo-
lecules. In this chapter we build on previous experimental and theoretical work by
performing Feshbach spectroscopy on the CsYb mixture for magnetic bias fields
and isotopic combinations where resonances are predicted to occur. We discuss
the physical origins of the resonances and which resonances are most promising
to be observed experimentally. We describe the experimental upgrades relating to
bias field generation and calibration necessary to perform Feshbach spectroscopy.
We report on the observations of resonances at 622G and 702G in the Cs—72Yb

mixture.

6.1 Introduction to Feshbach Spectroscopy

Atomic Feshbach resonances have been an important and useful tool for cold atom
experiments for several decades [69]. The ability to tune the intraspecies scattering
length of a given atomic species near a Feshbach resonance has allowed a rich area

of study on the behaviour of quantum degenerate gases with a range of scattering
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Figure 6.1: The principle of magnetic Feshbach resonances. a) Two ul-
tracold ground state atoms approach each other with a collision energy FE i, very
close to the zero-energy threshold of a molecular potential, called the entrance
channel V,;. The energy approaches that of a bound state in an excited molecu-
lar potential, called the closed channel V.. The energy of the bound state can be
tuned relative to F.o using an external bias magnetic field. b) Provided there is
a coupling mechanism between the entrance and closed channels, at the field Byes
where the two states cross, a pole in the scattering length a, described by equation
6.1, occurs. ¢) Provided there is a coupling mechanism between the entrance and
closed channels, an avoided crossing between states can exist at Byes. Atoms can be
associated to the molecular bound state (and molecules dissociated into constituent
atoms) by performing an adiabatic ramp across this field.

properties and with dynamic scattering properties. This has been extended from
bulk gases to a range of trapping geometries and dimensionalities, and as we have
seen in previous chapters, can be extended to studying interspecies scattering prop-
erties between two different atomic species. In the context of ultracold molecules,
identifying and utilising appropriate interspecies Feshbach resonances is often a key
step in the route to creating molecules by indirect cooling and magnetoassociation

[226; 227], by performing an adiabatic ramp in magnetic field across the resonance.

A magnetic Feshbach resonance is a physical property of the collision of two ul-

tracold atoms. It can be described by a two-channel model, depicted in figure 6.1a.
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At large internuclear separation R, the energy of the ground state molecular elec-
tronic potential of the atom pair asymptotically approaches the sum of the atomic
state energies. This potential is referred to as the entrance channel, Ve;. The col-
lision energy, Fcol, is in excess of the value of Vo at large R. A higher molecular
electronic potential may exist, which is not energetically accessible to the separated
atom pair. This potential is referred to as a the closed channel, V.. However, there
may exist a bound state within V. which has a value near to E.,. The energy
of this bound state can be tuned by applying a tuneable magnetic bias field, B.
If there is a coupling mechanism between the entrance and closed channels, state
mixing occurs. The scattering length of a colliding pair near the energy crossing,
a(B), depends on the position of the bound state relative to the threshold value
of Vene. If it is above the threshold (and hence is a virtual bound state), a(B) is
negative, causing attractive interactions. If it below the threshold, a(B) is positive,
causing attractive interactions. At the threshold, a(B) diverges. The characteristic

pole in a(B) at the resonance position Bies is given by [228]

a(B) = ang <1 - B_ABres> , (6.1)

where ap, is the background scattering length of the mixture near the resonance
and A is the width of the resonance, defined as the difference in field magnitude
between the resonance pole and the zero crossing of the scattering length. This is
shown in figure 6.1b. A figure of merit frequently used to quantify the strength
of the resonance is the product A = apgA. This quantity gives a measure of
how observable the resonance is using three-body loss spectroscopy (see section
6.1.4), and is also proportional to the optimal rate of magnetic field sweep for

magnetoassociation [229; 230] (see section 6.1.1).

6.1.1 Magnetoassociation using a Feshbach Resonance

The strength of a Feshbach resonance depends on the strength of the coupling

between the state of the colliding atoms in the entrance channel, and the bound
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molecular state in V.. For sufficiently strong couplings, the avoided energy crossing
between states at Byes can followed adiabatically by a ramp of the bias field. The
atomic pair can be therefore associated into the molecular state. This process is
shown in figure 6.1c. This is readily achievable experimentally if one can generate
the magnetic fields required either side of the resonance and execute linear ramps
between them. The molecules created in the magnetoassociation process are in
weakly-bound states near the atomic threshold, and occupy a single rovibrational
level. They are referred to in literature as ‘Feshbach molecules’. These molecules
retain the phase space density of the constituent atom pairs. The lifetimes of
Feshbach molecules in these high-energy states are relatively short, with molecules
undergoing vibrational relaxation due to atom-molecule and molecule-molecule col-
lisions. The efficiency of the magnetoassociation process for a bulk gas in an optical
dipole trap is limited by resonant loss due to these collisions, and, in two-species
experiments, phase space density and spatial overlap of the two species. The best
reported conversion efficiency in such systems is 40 % [231]. This however can be
improved by performing magnetoassociation on atoms confined in an optical lat-
tice [232], preventing collisions with other atoms or molecules and improving the
lifetime. Provided one atom of each species is loaded per lattice site, near unity
conversion efficiency by magnetoassociation is possible. This has been reported in

experiments on KRb molecules [233].

To reach the rovibrational ground state of the molecule required for quantum simu-
lation and computation applications requires a further rapid transfer of the popula-
tion from this Feshbach state using techniques such as Stimulated Raman adiabatic
passage (STIRAP) [70; 71]. The Feshbach molecules can also be dissociated into
their constituent atoms by a reverse ramp across the avoided crossing at the Fesh-
bach resonance. The magnetoassociation method therefore has an advantage over
other molecular association methods such as photoassociation of being coherent
and reversible. As experiments producing cold molecules by indirect cooling typ-

ically use imaging of the constituent atoms as the method of detecting molecules,
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having such a reversible method is necessary in verifying the successful creation of

molecules.

6.1.2 Interspecies Feshbach resonances in alkali +

alkaline-earth-like mixtures

The method of magnetoassociation was first proposed in a number of publications
[229; 234; 235]. It has since has been well-established experimentally, and is used
routinely in the creation of homonuclear dimer molecules of alkali metal atoms such
as Rbgy [73] and Csy [72], and heteronuclear bialkali molecules such as KRb [74],
RbCs[75; 76], NaK[77; 236; 237], and NaRb[78]. These mixtures are well-suited
to the method as their atomic structure gives rise to strong and wide Feshbach
resonances at bias fields which are readily attainable experimentally. However,
this is not the case in alkali + alkaline-earth-like mixtures owing to the closed
shell structure of alkaline-earth-like atoms. Due to the absence of electronic spin
in the 'S ground state of these atoms, the strong couplings which provide the wide
resonances found in bi-alkali systems are not present in alkali + alkaline-earth-
like systems. However, narrow resonances are predicted to occur in such mixtures,
either through modification of the hyperfine coupling of the alkali atom by the
closed-shell atom at short range [85; 87], or by the interaction between electron
spin of the alkali atom and the closed-shell atom [86]. Experimental observation
of such narrow resonances has posed a significant challenge. However in recent
years multiple interspecies Feshbach resonances have been observed in Rb—Sr[88]
and Li-Yb [89] mixtures. This was a promising indicator that similar observations

could be made in Cs-Yb mixtures.

6.1.3 Predicted Feshbach resonances in the Cs-Yb mixture

Predictions for Feshbach resonances are typically based on knowledge of the mo-

lecular ground state electronic potential. These were previously determined ex-
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Yhb Widest
Isotope | Mechanism | Cs hyperfine state | Yb state | Bies A A

171 1I (3,3) 1/2 149 | 0.40 0.33
171 I1+1I (3,3) 1/2 171 | 0.078 | 0.065
171 1I (3,2) 1/2 203 | 0.016 | 0.013
171 I+11 (3,1) 1/2 | 423 | 052 | 0.44
173 1I (3,3) -1/2 167 | 0.677 | 0.011
173 111 (3,3) -3/2 553 | 0.641 | 0.010
173 1I (3,3) 1/2 620 | 29.21 | 0.48
173 I+11 (3,3) -5/2 700 | 20.99 | 0.32

Table 6.1: A selection of predicted interspecies resonances from [93], for mixtures
of Cs and the two Fermionic Yb isotopes, '"'Yb and "3Yb. These resonances are
of a field magnitude and normalised width A = (aj,/a)A hoped to be observable
in our experimental setup. The position and width of the widest resonance in each
set is given, with the corresponding value of the Yb nuclear spin substate my yy,.

perimentally by measuring the binding energies of near-threshold molecular states,
using two-photon photoassociation spectroscopy [92]. The improved knowledge of
the ground state potentials allowed a theoretical study [93] to calculate predic-
tions for the strength, width, and field position of each isotopolog. The resonances
are caused by couplings between open and closed channels, in turn caused by the
change in hyperfine interactions when the Cs and Yb atoms are in close proximity.
The theoretical study in [93] identifies three specific coupling mechanisms referred
to as mechanisms I, II and III. A brief summary of these mechanisms is given here.
Mechanism I is due to the variation in hyperfine coupling on the Cs atom. It arises
because the approaching Yb atom pulls electron spin density away from the Cs
nucleus, reducing the strength of the hyperfine interaction. This coupling mech-
anism was first proposed in [85], and has been studied theoretically for multiple
Yb+alkali-metal mixtures [87]. Mechanism II is due to the variation in hyperfine
coupling on the Yb atom. As in mechanism I, electron-spin density is pulled away
from the Cs nucleus, some of which comes into contact with the Yb nucleus, where
it can interact with a nuclear spin. This mechanism was first proposed in [86].

Mechanism III is due to the tensor, or anisotropic, hyperfine coupling on the Yb
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atom. The approach of the Cs atom breaks the spherical symmetry of the electron
density around the Yb nucleus, allowing a dipolar coupling. This mechanism was
considered in [86] and later observed experimentally in the Rb+4Sr mixture [88].
Mechanism I relies on the Cs nuclear spin and therefore exists for all Cs+Yb isoto-
pologs. As mechanisms II and III both rely on the Yb nuclear spin, they only exist
for combinations of Cs and the Fermionic Yb isotopes, "'Yb and '"Yb. Further

detail of the coupling mechanisms are given in [93].

Considering the predictions in [93], we decided to focus our efforts experimentally
on searching for resonances in the mixtures involving the Fermionic Yb isotopes,
1'yb and '"3YDb. Table 6.1 lists the resonances in these mixtures we hope to
measure using the current experimental setup. Here the resonance widths given

are normalised widths A defined as [93]

- A
N (6.2)
a
where the mean scattering length a is given by [238]
1
2uCs\ 1
a— ( “26) ' % 0.4779888, (6.3)

for atom-atom scattering of a system with reduced mass p and molecular constant
Cs. The value of @ therefore varies for each isotopolog. A gives an indication of
the resonance strength through the product apgA but is normalised to the mean
scattering length a of Gribakin and Flambaum [238] to give a value in Gauss.
There are also low-lying resonances predicted in the Cs + 7Yb mixture at 66 G
and 134 G. These resonances are weak in comparison to those listed in table 6.1.
However they may be promising for observation, being in an isotope mixture where

we have already demonstrated cooling to degeneracy.

6.1.4 Feshbach spectroscopy techniques

The high value of |a| in the proximity of a Feshbach resonance results in an increase

in atom loss due to inelastic collisions, namely two-body collisions and three-body
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recombination. This atom loss is a readily observable feature in bulk cold atomic
gases when a bias field near a resonance is applied. The collisional loss rate is

proportional to a characteristic length b which can be modelled as [69]

1 2
P L— (6.4)
2 T Ef+(v/2)
where
Ores = abgFO/’y (65)

is the resonant length parameter, I'g is the resonance strength, /h is the decay
rate of the bound state, and Fy is the energy at which the location is located.
The inelastic loss feature, as a function of B and hence FE, therefore typically has
a lorentzian lineshape. We can, however, observe resonances where the scattering
due to the bound state interferes with scattering with background states in the

continuum. In this case, an asymmetric Fano lineshape can be observed.

The principle of a Feshbach spectroscopy experiment is straightforward. Firstly,
the bias field experienced by an atomic mixture is ramped to near the predicted
position of the resonance. The atoms are then held for a time period t to allow
loss from the mixture. Finally, the field is ramped back to a lower value, in order
to undertake absorption imaging of the remaining atoms after time of flight. The
result is a field-dependent loss feature. The requirements for such an experiment
are to start with a trapped mixture with sufficiently high phase-space density that
loss due to scattering occurs at a fast rate compared to the trapping lifetime, and
to be able to generate magnetic fields either side of the resonance. The magnetic
fields must be known to a certainty sufficient to be able to map out the width of
the resonance, and the experiment must be held at these fields for sufficient time
for loss due to scattering to occur. The experimental challenges to meet these

requirements in the CsYb experiment are discussed in the next section.
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Figure 6.2: Magnetic field generation coils for the science chamber.
Rendered cut-away section of the science chamber showing the MOT and bias
coils located within the re-entrant flanges. The MOT coils are the outer set con-
sisting of 16 turns of wire per coil. The bias coils are the inner set consisting of
four turns of wire per coil. The reservoir trap beams are also shown to illustrate
the horizontal trapping plane of the science chamber.

6.2 Experimental requirements for Feshbach

spectroscopy

6.2.1 Magnetic field generation

A comprehensive study of Feshbach resonances of all isotopologs would require
magnetic bias fields of up to 1500 G. To search for the most promising resonances
involving the Fermionic isotopes of Yb requires fields of up to 700 G. Figure 6.2
shows the electrical coils present in the experiment for field generation within the
science chamber. The smaller bias coil was designed primarily for the implement-
ation of DRSC and the reservoir trap during our Cs cooling sequence. The critical
bias fields for these and for evaporative cooling occur at a few tens of G. These
include a zero crossing in the Cs scattering length at 17 G, and a minimum in the
Cs three-body loss rate at 22 G. The maximum bias field this coil can produce is
~200 G. This places a severe limit on the number of resonances we can hope to ob-

serve using this coil alone. A set of coils capable of reaching a bias field of ~ 2000 G
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have been designed and constructed [139]. However, they were not installed in the
experiment at the time of construction, as it was unknown whether fields of this
magnitude would be required for Feshbach spectroscopy. The installation of these
or similar coils at present would be a lengthy process which would disrupt running
of the experiment. It could also affect the optical access into the science chamber,
leading to revisions of the optical setup. An alternative to this is to increase the
bias fields attainable by repurposing other field generation coils already integrated
into the setup. We therefore consider the coils which generate the quadrupole field
used for our Cs and Yb MOTs. For this purpose, these coils are used in anti-
Helmholtz configuration. However, reconfiguring them to Helmholtz configuration
allows us to effectively consider the coil pair as a single coil generating a uniform
bias field at the centre of the science chamber. We were able to achieve switching
the coils’ configuration during the experimental sequence through installation of a
H-bridge, see section 6.2.2. With this coil pair used in bias configuration and in
combination with the dedicated bias coil, we are able to generate magnetic bias

fields up to approximately 700 G.

6.2.2 The H-bridge

To perform Feshbach spectroscopy of atomic mixtures at these fields, we must
be capable of operating the quadrupole coils in anti-Helmholtz configuration in
the earlier stages of the experimental sequence. They must then be switched to
Helmholtz configuration to generate the necessary fields to observe the Feshbach
resonances. The field generated by the bias field is directed in an upward direction,
as is the upper quadrupole coil, whereas the lower quadrupole field is directed
downward. The direction of the current in the lower coil must therefore be reversed
during the experimental sequence, in a time interval that will not interrupt the
rest of the sequence. The solution is the implementation of a ‘H-bridge’ circuit,
see figure 6.3. Electrical current flowing from +V to the ground of the power

supply always travels in the same direction through coil 1. However, the direction
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Figure 6.3: The principle of the H-bridge. a) Diagram of the quadrupole coil
setup including the H-bridge. Current always through coil 1 in the same direction,
but the direction of current flow through coil 2 depends on which pairs of H-bridge
gates are closed: Al and B2 (red arrows) or A2 and B1 (blue arrows). The ramping
MOSFETs at C determine the magnitude of the current flow for both cases. b)
When gate pair A1l + B2 is closed, the coils are in anti-Helmholtz configuration,
and a quadrupole field is generated with the field minimum in the centre of the
science chamber. ¢) When gate pair A2 + Bl is closed, the coils are in Helmholtz
configuration, and a bias field is generated in the science chamber.

of current flow through coil 3, on the central bar of the H-bridge, is determined by

the which pair of gates in the circuit (Al + B2 or A2 4 B1) is closed.

In practice, the gates are realised by sets of MOSFETs. The amplitude of the
current in both coil configurations is governed by the ‘ramping” MOSFETs, four
MOSFETs in parallel which the current passes through after the H-bridge. The
MOSFETs on the H-bridge itself are always either fully open or fully closed. There-
fore, the power dissipation at these MOSFETs was not anticipated to be problem-
atic. We have found that one MOSFET at gates Al and B2 was adequate for
running the currents for the MOTs in anti-Helmholtz configuration (up to ~ 60 A).
However, running the higher (up to ~ 400 A) currents for Feshbach spectroscopy
requires three MOSFETs in parallel at gates A2 and B1l. The gate pairs A1/B1
and A2/B2 are each controlled by a driver PCB. The drivers work in a ‘half-bridge’
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configuration. A gate voltage of 3.3V can only be sent to MOSFETs A or B. This
ensures that the two A gates or the two B gates can never be closed simultaneously.
A switching circuit controls which gate voltage the MOSFET drivers send. This
consists of a logic PCB controlled from a TTL signal from our LabVIEW control.
When this TTL is low, the logic circuit sends the correct signal for Helmholtz con-
figuration, and when it is high, the correct signals for anti-Helmholtz configuration
are sent. This configuration allows us to limit the current flowing through the
single MOSFET gates. A comparator prevents the switching circuit from output-
ting in the anti-Helmholtz configuration if the analogue output to the coils’ current
servo circuit (which dictates the gate voltage sent to the ramping MOSFETS) is too
high. In practice, we have restricted the current in anti-Helmholtz configuration
to 160 A. A pair of level-shifter circuits are also required to convert the 5V logic
TTL signals to the 3.3V driven by the MOSFET drivers’ internal regulators. This
avoids competition between regulators in the circuit. A digital reset signal must
be applied to the drivers, also from the LabVIEW control via the logic circuit, to
enable the switch to take place. This ensures no current can flow through the cir-
cuit while the switch is taking place. The driver also has a fault reset digital input
signal, which we can also trigger from the LabVIEW control via the logic circuit.
We execute the H-Bridge switch in 50 ms, incorporating wait time to ensure the
digital reset signal is in place during the switch. We also need to reconfigure the
power supply of the quadrupole fields to access the high bias fields. The maximum
voltage and current the power supply can operate is set by the GPIB output of the
experimental control software. For running the MOTs in anti-Helmholtz configur-
ation this is usually set to 2.5V, but for Feshbach spectroscopy this can be set to

a maximum 10.5V.

6.2.3 Preparation of Cs and Yb

The preparation of a Cs + Yb mixture for Feshbach spectroscopy largely follows the

evaporative cooling process in the BODT described in previous chapters. However,
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it should be noted that the aim of evaporative cooling in this experiment is to
obtain an atomic mixture with high overlap between the two species, as opposed
to creating quantum degenerate gases. Indeed, cooling to quantum degeneracy
may in some cases affect the miscibility of the mixture. In the development of the
BODT we have demonstrated effective sympathetic cooling of Cs by two bosonic Yb
isotopes, 1"°Yb and '™Yb. However, our focus on Feshbach spectroscopy to date
has been on the Cs + '™3Yb. This isotopolog has an interspecies scattering length
of 1(1)ag [92]. Therefore, when working with this mixture, we have effectively
considered sympathetic cooling between the species to not be possible. Instead, the
cooling processes for each species are used separately for preparation of the mixture.
It is worth noting that we have previously been able to produce a degenerate Fermi
gas (DFG) of 1™Yb in the experiment using a single-colour 1070 nm crossed ODT
[140]. However, the experimental routines for a Cs BEC and a '™Yb DFG are
incompatible without introducing an additional sympathetic coolant for '"Yb. A
further challenge is anticipated when performing Feshbach spectroscopy on the Cs
+ "'Yb mixture. The low intraspecies scattering length of -3 ao[130] of 17YD limits
the efficiency of loading this isotope into an optical dipole trap and performing
evaporative cooling. In this case, Cs, or a second Yb isotope, will likely have to be

used as a sympathetic coolant for 1"'Yb.

We typically prepare a mixture of 3x10% Yb atoms at a temperature of 0.8 pK, and
2x10° Cs atoms in the |F = 3, mp = +3) state, and at a temperature of 2.0 pK, for
Feshbach spectroscopy. To make the experimental sequence more time effective, we
have found that the Yb evaporative cooling stage and the Cs cooling stages prior to
loading into the BODT can be performed simultaneously. This has no detrimental

effect on the final conditions of either species.
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Predicted B (G) [134] | Measured B (G) | Partial wave
47.79 47.97(3) [132] g
53.79 53.50(3) [132] g
112.41 112.78(3) [132] g
130.52 131.06(3) [132] d
226.73 d
554.06 554.06(2) [134] g
555.39 557.45(3) [134] i
550.18 562.17(3) [134] i
565.00 565.43(3) [134] g
| 601.28 | 602.54(3) [134] | g |

Table 6.2: The Cso intraspecies Feshbach resonances measured to calibrate our
bias magnetic field. Fields theoretically predicted in [134] are given, as well as
experimental results, with references given in the table. Note there is no published
experimental result for the resonance predicted at 226.73 G.

6.3 Magnetic field calibration

A recalibration of the magnetic bias field was required following the upgrade of our
field generation apparatus. It is important to consider here that any interspecies
Feshbach resonances may deviate from the predicted positions and widths, and to
be able to measure and characterise any discrepancies will be important in devel-
oping our understanding of the resonances. In the following sections we summarise

two different methods used to calibrate our bias field.

6.3.1 Cs, Feshbach resonances

In this method we exploit the rich Feshbach structure of Cs across the range of fields
we can access in our experiment. The intraspecies Feshbach resonances have been
comprehensively studied and experimentally measured [131; 132; 133; 134] and any
resonances we measure in the experiment can be easily calibrated against the well-
known literature values. Additionally, the high three-body loss rates in trapped
Cs discussed previously are advantageous in the measurement of such resonances,

with comparatively weak (up to i~wave) resonances being detectable.
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Figure 6.4: Low-field Csz Feshbach resonances. Detection of Feshbach res-
onances by measuring resonant loss of Cs atoms after a 500 ms hold at the target
field. Scans were performed across the resonant fields of (a) 47.97G, (b) 53.50 G,
(¢) 112.78 G, and (d) 131.06 G. The blue curves are Fano lineshape fits to the data.
The bias field, in this case generated by the quadrupole coils in Helmholtz config-
uration, is calibrated by the central position of the resonances.

To measure the Csy Feshbach resonances, we prepare 1.0 x 10° Cs atoms at 2.1 pK
in the absence of Yb, before switching the configuration of the quadrupole fields
to Helmholtz using the H-bridge, and increasing the maximum permissible coil
current, ramping to the desired field in 12ms, holding for 500 ms, and ramping

back to 22 G in 12 ms.

Our experimental emphasis was to measure Css resonances in the vicinity of the
field of any predicted interspecies resonance, ideally with at least one Cso resonance
above and below the resonance, to improve the accuracy of our calibration in the
region of the resonance. For a good calibration in the region of the predicted 167 G
resonance, low-field Csy resonances were measured at 47.97 G, 53.50 G, 112.78 G,
131.06 G, and 226.73 G, see figures 6.4 and 6.5. Using measurements of the first four

resonances, we were able to perform a calibration of this configuration at low field.
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Figure 6.5: The Csa Feshbach resonance at 226 G. The resonance which was
predicted in [134] to occur at 226.73 G. Upper plot: atom-loss curve using the same
methods as in figure 6.4. The blue curve is a Gaussian fit to the data. According to
the field calibration from the resonances measured in figure 6.4, the resonance centre
position is 227.444(14) G and the width is 1.13(5) G. Lower plot: demonstration
that the atom cloud width can also be used as a diagnostic for Feshbach resonances,
with a 13% increase in o, on resonance for this data. The blue curve is a Gaussian
fit to the data with the central position and width of the curve constrained to be
the same as the curve in the upper plot.

We performed Fano lineshape fits to the data of each resonance and calibrated the
central analogue output to the coil servo Vi to the known values of the resonance
positions. The resulting calibration gives the field magnitude B of 48.48(5) G/V -
1.436(9) V.

The latter of these resonances is the only one lying above the position of the
predicted interspecies resonance and to our knowledge had not been previously
measured experimentally. Using the calibration from the other four resonances, we
measure this resonance at a field of 227.444(14) G and a width of 1.13(5) G. For the
predicted 553 G resonance, Cso resonances were measured at 554.06 G, 557.45 G,

562.18 G, and 565.48 G, see figure 6.6. These four resonances lie close to a broad
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Feshbach resonance predicted to be centred at 548.44 G, and are all above the
predicted interspecies resonance, but give closely-spaced calibration points within
< 3% of the resonance. For this resonance and the predicted 620 G resonance, the
Css resonance at 602.54 G was measured. This, in combination with the multiple
resonances around 550 G, should give an adequate calibration for this resonance.
For higher fields near the predicted 700 G resonance, Css resonances within < 5%
occur at 707.03 G and 729.03 G. A scan for the first of these two resonances was
unsuccessful. We are confident that the second of the two resonances should be
measurable in the experiment. However the field value required is beyond that
which we are confident that the coils can generate safely, so measurement of the

interspecies resonance was made our priority.

The resulting bias field was now a combination of contributions from the dedicated
bias coil and the quadrupole coils in Helmholtz configuration. For repeated meas-
urements around a resonance to determine the width and shape of the loss feature,
the current of one of the coils was kept at a constant value. The current of the
other was varied in small increments around the position of the resonance. In this
way, Cse resonances were measured by both keeping the bias current constant and
varying the quadrupole (Helmholtz) current varied, and by keeping the quadrupole

(Helmholtz) current constant and varying the bias current.

While both methods were effective in measuring these resonances, it was decided
for future measurements to ramp the quadrupole (Helmholtz) current to a set a
value and vary the bias current. This is due to higher values of bias fields being

accessible with the quadrupole (Helmholtz) coils alone.

We now consider the second method of calibration, using microwave spectroscopy of
Cs. This method has the advantage of being able to measure the field at any value
within the accessible range, including at the predicted values for the interspecies

resonances.
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Figure 6.6: Csa Feshbach resonances around 553 G. The Feshbach structure
was probed in this field by measuring resonant loss of Cs atoms after a 500 ms hold
at the target field. The scan range encompasses resonances at 554.06 G, 557.45 G,
562.18 G, and 565.48 G. Each resonance is labelled by its assigned molecular state
given in [134]. The blue curve is a fit to the data which is a combination of Fano
profiles for each resonance. There is also a predicted CsYb resonance in this region
at 553 G, but this could not be detected when repeating the experiment with a
Cs-Yb mixture.

6.3.2 Microwave spectroscopy of Cs

The principle of this method is to utilise the microwave transition in the Cs 6s
ground state manifold from |F' = 3, mp = +3), the state into which the Cs is pre-
pared by our cooling routine for absorption imaging, to |F' = 4, mp = +4). Both

states experience a Zeeman shift, given by the Breit-Rabi formula [239]:

Engs Ehgs dx
EFijy=——F—""— 4B 1+4 2 6.6
4,4 2(21+1)+91MB +t + 2I+1+$ (6.6)

Ehfs Ehfs 3.'1:
FE33=———-—7— 3B 1+4 2 6.7
3,3 2(2I+1)+9m3 + 5 \/ + 2I+1+$’ (6.7)

where
B

b
Ehgs

x = (97— 91)iB (6.8)

FEhgs is the hyperfine splitting between states F' = 3 and F' = 4 at zero field, the

nuclear spin I = 7/2 for Cs g; and g; are the g-factors for nuclear and electron
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Figure 6.7: Microwave calibration of the MOT coils in bias configuration.
Population of Cs atoms remaining in the |F' = 3,mp = +3) state after a 500 ms
pulse of microwave radiation at 0 dBm output power. The MOT coils were switched
to bias configuration, with an analogue output on the LabVIEW control of (a)
0.20V, (b) 0.45V, (c) 0.70V, (d) 1.30V, (e) 1.70 V, and (f) 2.00 V. The red curves
are Gaussian fits to the data to determine the centre frequency of the transition.
The Gaussian widths of the curves correspond to those expected due to power
broadening.

spin respectively, and pp is the Bohr magneton. The measured resonant microwave
frequency v, is thus

Vo = (B4 — E33 — Engs)/h. (6.9)

The transition frequency at zero magnetic field Eyg/h is 9.192631 770 GHz. At
the bias field of 22 G typically used in our experimental routine, the transition
frequency is expected to be 9.246 494 554 GHz. The microwave field was generated

using a microwave horn directed at the science chamber.

A calibration curve for any of the field generation coils could then be generated by
ramping the coil to a set value and performing a scan of the microwave field across
the predicted value for the transition and measuring the loss of the population of
Cs atoms in |F = 3, mp = +3). Using a levitation gradient during time of flight
makes the two states experience a different levitation potential and spatially separ-
ate. Alternately, the population in |F' = 4, mpr = +4) could be measured by using

no repump light during absorption imaging. Figure 6.7 shows the loss curves of
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Figure 6.8: Microwave calibration of the MOT coils in bias configuration.
Magnetic fields determined from the central frequency of the loss curves in figure
6.7 and the differential magnetic moment from the Zeeman shift of each state,
plotted against the analogue output on the LabVIEW control. The straight line is
a linear fit giving a calibration for the magnetic field of 49.19(2) G/V - 0.91(3) G.

Cs atoms remaining in the |F' = 3, mpr = +3) after a pulse of resonant microwave
radiation for a range of analogue output voltages for the MOT coils in bias config-
uration. Figure 6.8 then shows a linear calibration of the field using these results
of 49.19(2) G/V - 0.91(3) G. The microwave calibration varies from that using the
Css resonances, with the m value of the linear fit varying by 1.46(15) % and the
¢ value by 58(6) %. Note that figures 6.7 and 6.8 only give a calibration for the
field up to 100 G. For a full calibration across the field range of interest, further

microwave spectroscopy experiments will have to be taken at higher fields.

6.4 Feshbach Spectroscopy of Cs + "™3Yb

6.4.1 Experimental procedure

A simplified diagram of the experimental sequence is shown in figure 6.9. Our

starting point for performing Feshbach spectroscopy is 2x10° Cs atoms in the
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Figure 6.9: Experimental sequence for Feshbach spectroscopy. Following
preparation of Cs and Yb atoms in the BODT, we switch the H-bridge to Helmholtz
configuration and ramp the bias field to a target value. We hold the mixture at this
value for a hold time, before ramping down and performing absorption imaging.

|F =3, mp = +3) state at a temperature of 2.0 pK, and 3x10° !™Yb atoms at a
temperature of 0.8 nK, optically trapped in the BODT. The cooling and evapor-
ation techniques used to reach these conditions are outlined in previous sections.
Once the atomic samples are prepared, the quadrupole coils are switched by the
H-bridge from anti-Helmholtz to Helmholtz configuration. This is performed in
50ms. The maximum permissible voltage and current of the coil power supplies
is also increased. This takes ~ 200 ms to take effect, so the voltages are changed
a few steps in the experimental routine (using the experimental control Labview
program) prior to the H-bridge switch. The bias and quadrupole currents are then
ramped up in 12ms. The ramp up is performed in two stages. The first stage
ramps over 8ms to a value near but below the field value of interest. A second
stage ramps over 4 ms to the field value of interest. This is then varied over the
course of the experimental run to scan for any potential resonances over a given

region of bias field. The intermediate field value is unchanged.

The field ramp necessarily passes through the field value of many Cs intraspecies
Feshbach resonances. However, a uniform field ramp across these resonances means
the inevitable loss in Cs atoms is also uniform between experimental runs. A shorter
second ramp over a smaller current range also prevents overshoot in the value of

current. For many of the field values discussed below, the quadrupole coils are
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ramped to their highest possible current, and the bias coil is ramped to a variable
current depending on the field value of interest. We then hold the mixture at the
set field value. We have found that a hold time of up to 1200 ms does not result
in any significant heat dissipation in the circuit of the bias or quadrupole coils,
and when monitoring the current of the coils found that this was stable over the
duration of such a hold time to within < 0.01%. We then ramp the fields down
to 0G in 8 ms, reset the maximum voltage of the power supplies, and image the
remaining atoms after time-of-flight absorption imaging. The H-bridge is reset to
anti-Helmholtz configuration at the start of each successive experimental sequence.
In order to further mitigate heating of the coil circuits during an experimental
run of 20 to 30 successive sequences, we implement a wait time of 10s between

sequences.

Atom loss due to three-body recombination is strongly enhanced for the large scat-
tering lengths which occur near the pole of a Feshbach resonance. This is ultimately
useful for our purposes in searching for interspecies resonances. However, the rich
Feshbach structure of Cs-Cs [134] means the Cs intraspecies scattering length acs
is large at many magnetic fields, including those of interest to us experimentally.
We therefore observe a large amount of background loss of Cs due to the high
homonuclear three-body recombination rate, and through having to ramp across
multiple resonances to reach the ‘target’ field. We observe that, for a hold time of
1s around a ‘target’ magnetic field near to, but off-resonant from, the predicted
622 G resonance, there is less than 5% of the initial Cs atom number remaining,
in the absence of Yb. Off-resonance around 553 G, there were typically 2.5x10%
after the Feshbach ramp. The loss here can be attributed to being in proximity to
a broad intraspecies resonance. Around the 167 G resonance and the 622 G reson-
ances, the remaining number was 7.0x10% and 4.5x10%. The Yb atoms, in contrast,
have a much longer lifetime which is not noticeably affected by the Feshbach ramps.
We typically have 1.2x10° Yb atoms remaining after the Feshbach ramp to any

field. This large number imbalance in favour of Yb means the fractional change
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Figure 6.10: The CsYb interspecies Feshbach resonance at 622 G. Resonant
loss (green) of Cs atoms in the Cs—173Yb mixture after a 1200 ms hold time at the
magnetic field of interest. The solid line is a lorentzian fit to the data giving a field
centre of 621.8 £ 0.1gtat £ 1lsys G and a full width half maximum of 0.40 +0.08 G.
A measurement using Cs atoms only (red) verifies the resonance is only seen in the
dual-species mixture. This data and the straight-line fit are offset in the plot for
clarity.

in Yb at an interspecies resonance is very small compared to that of Cs. This
necessitates the use of remaining Cs atom number as the probe for the detection

of an interspecies resonance.

6.4.2 622G and 702 G resonances

Using the experimental procedure outlined above, we were able to reproducibly
measure the predicted resonances at 622 G and 700 G. Figure 6.10 shows the loss
feature of Cs atoms around the 622 G resonance, decreasing to ~ 70% of the back-
ground Cs atom number measured at off-resonant fields near the resonance. The fit
gives a central magnetic field of 621.8 £50.14a; £+ 1sys G and a resonance full width
half maximum of 0.40£0.08 G. The predicted value of this resonance of 619.54 G

(for the widest mp state in the set of resonances) falls outside the error margin of
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Figure 6.11: The CsYb interspecies Feshbach resonance at 702 G. Resonant
loss (green) of Cs atoms in the Cs—'"Yb mixture after a 1200ms hold time at the
magnetic field of interest. The green line is a lorentzian fit to the data giving a field
centre of 703.29 & 0.05s¢a¢ £ 1sys G and a full width half maximum of 0.13 +£0.03 G.
A measurement using Cs atoms only (red) verifies the resonance is only seen in the
dual-species mixture.

our experimental result by over 1G.

Figure 6.11 shows the loss feature of Cs atoms around the 702 G resonance. Again,
the Cs number decreases to ~ 70% of the background measured at off-resonant
fields near the resonance. The fit gives a central magnetic field of 703.29 + 0.05¢¢at +
lsys G and a resonance full width half maximum of 0.13 £0.03 G. The predicted
value of this resonance of 699.76 G (for the widest mp state in the set of resonances)
falls outside the error margin of our experimental result by over 2 G. Note that
the calibration of the bias field in this case is extrapolated from Css resonance
measurements at lower fields. The absence of any nearby Cso resonances indicates
that another interspecies resonance is observed. A higher precision measurement

can be made in concurrence with a microwave calibration around this field.

Repeat measurements of the 622 G and 702 G resonances were made following re-
placement of electrical components in the magnetic field stabilisation circuits with
higher-precision equivalents, and optimisation of the feedback gain in the stabil-

isation circuits. These modifications improved the magnetic field stability at the
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Figure 6.12: Evidence of further structure in the 622 G resonance. A scan
across the same field as in figure 6.10 after improvements to the field stability. Mul-
tiple loss features can be observed, corresponding to the mpg nuclear spin substates
in '"3Yb. The solid green line is a sum of 5 Voigt profiles. Each black line is a
Voigt profile contributing to the full sum. The position of each resonance is shifted
by +1.98(3) G from the predicted value in table 6.3. The Gaussian and Lorentzian
widths of each resonance are, respectively, 38 mG as determined from microwave
spectroscopy, and the predicted width given in table 6.3 The depths of each reson-
ance feature are scaled by the Lorentzian widths. The measurement with no Yb
atoms present is offset for clarity.

currents corresponding to the resonances. The repeat measurements are shown in
figures 6.12 and 6.13. Here, we see a number of smaller loss features. We attribute
each of these smaller features to the resonances between Cs and each of the nuclear
spin substates mp of 1"3Yb. At the 622 G resonance, these are predicted to occur
in five of the six mp states and are estimated to have a spacing of 0.16 G in the
calculations of [93]. At the 702 G resonance, these are predicted to occur in all six
mp states, albeit with very different strengths, and are estimated to have a spacing
of 0.15G. The full list of resonances for every mp state, with predicted position

and width, at both regions of magnetic field, is shown in table 6.3.

However, the success in measuring these resonances is suggestive that we could

indeed measure the resonance between Cs and each mp state of 1"3Yb in isolation
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Figure 6.13: Evidence of further structure in the 702 G resonance. A scan
across the same field as in figure 6.11 after improvements to the field stability.
Multiple loss features can be observed, corresponding to the mp nuclear spin sub-
states in 73Yb. The position of each resonance is shifted by +1.98(3) G from the
predicted value in table 6.3. The gaussian and lorentzian widths of each resonance
are, respectively, 38 mG as determined from microwave spectroscopy, and the pre-
dicted width given in table 6.3. The depths of each resonance feature are scaled by
the Lorentzian widths. The measurement with no Yb atoms present is offset for
clarity.

using our present methods of field generation, with an appropriate method of optical
pumping to isolate the desired mp state. As in initial attempt to prove this concept,
we attempted to optically pump the trapped Yb to either spin-stretched state of
mp = —i—% or mg = —%. For this we exploited the use of circularly polarised beams
already in situ in the experiment capable of optical pumping of Yb, namely the
circularly polarised 399 nm imaging and Zeeman slower beams. We implemented
100ms of optical pumping prior to loading the Cs, after having loaded the Yb
from the CMOT to the dipole trap, and a 10ms wait time for the MOT fields
to fully switch off. This means we could perform the optical pumping with no
vertical field from the MOT or Bias coils and could set the horizontal field using
combinations of the horizontal shim coils. The target stretched state could be

changed by reversing the current through the shim coils. To date, we have found
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Yb mp | B(G) A(mG)
-2 ]619.22 16.831
—5 | 619.38 26.440

3 619.54 29.207

s 619.69 25.502

2 619.85 15.661
—2  ]699.76 20.993
—2 ] 699.90 11.545
—5 | 700.05 4.9926

3 700.19 1.1901

s 700.33 | 1.1184x1073
2 700.48 1.2981

Table 6.3: Predicted positions and widths of interspecies Feshbach resonances
between Cs and '"Yb in the 620G and 700G regions of magnetic field, taken
from [93].

no convincing experimental evidence using either beam that the distribution of
mp states had changed and therefore that optical pumping was taking place. We
conclude that to perform full spin-resolved Feshbach spectroscopy, we will first need
a method of measuring the spin distribution as a diagnostic of effective optical
pumping, and possibly a new dedicated optical pumping setup. Both of these are

further discussed in chapter 7.

6.4.3 Lower-field interspecies resonances

The resonances predicted at 167 G and 553 G have predicted normalised widths A
of 0.0110mG and 0.0053 mG respectively (for the widest mp state in each set of
resonances), more than an order of magnitude lower than the resonance measured at
622 G. Scans of the bias field across these values following the methods described
above produced no reproducible loss feature that could be attributed to these
resonances. We conclude that we are unlikely to be able to successfully measure
these resonances with the presently available magnetic field and atom trapping

stability of the experiment.
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6.5 Conclusion and outlook

We have performed Feshbach spectroscopy of the Cs + 3Yb mixture and meas-
ured and characterised resonances at 622 G and 702 G. By developing a H-bridge
configuration to switch our magnetic quadrupole coils between anti-Helmholtz and
Helmholtz configurations, we were able to scan bias magnetic fields of up to ap-
proximately 700 G. We were able to show that both resonance features were a
combination of resonances between Cs and the different nuclear spin substates mpg

of 1Y,

6.5.1 Outlook: other Yb isotopes

Of the other experimentally accessible Yb isotopes, 1"1Yb is the most promising for
further observation of Feshbach resonances of a similar order of magnitude of width,
and are predicted at field values comfortably within the accessible range of our
setup. Table 6.4 lists the most promising resonances for experimental observation.
The main experimental challenge for working with this isotope, however, will be
efficient loading of '"'Yb into the BODT and subsequent evaporative cooling to
reach phase-space densities of the mixture suitable for Feshbach spectroscopy. We
must also consider broadening effects on the resonance due to thermal broadening
and field instability. The Voigt profiles fit to the data in figures 6.12 and 6.13 use
a width of the gaussian component of 38 mG, and a lorentzian component equal to
the predicted widths. The gaussian width is on the order of the predicted widths
of the resonances around 622 G and the widest of the resonances around 703 G.
However the widths of the Cs—71YDb resonances listed in table 6.4 are two orders of
magnitude lower than the widths of the observed resonances. We should therefore
aim to significantly reduce broadening effects when searching these resonances,
either through making further improvements to the field stability, or reducing the

temperature of the Cs—171Yb mixture.



6.5.1. Outlook: other Yb isotopes 153

B(G) | A(mG) | Cs (F,mp) | Yb mp (Widest resonance)
149 0.40 (3,3) 3
171 0.078 (3,3) 5
203 0.41 (3,2) 3
423 0.53 (3,1) 3

Table 6.4: The most promising interspecies resonances between Cs and YD for
experimental observation.

The experimental setup has previously been used to load '"'YD into an optical di-
pole trap, however loading was inefficient compared to other isotopes. One solution
may be to develop an experimental sequence where Cs is used as a sympathetic
coolant. From our acquired knowledge of the molecular ground state potential,
we predict an interspecies scattering length of +70aq for this isotoplog, which is
promising for sympathetic cooling. Another option may be to sequentially load
two isotopes of Yb, and use a second isotope such as !"Yb to sympathetically
cool 1"YDb. This would likely require additional laser power and upgrades to our
399 nm and 556 nm laser locking methods, see outlook. State transfer of Cs from
the ground state to the target state, by a microwave Landau-Zener sweep or by
optical pumping, will have to be considered for two of the resonances listed in table

6.4.

There are also a number of predicted resonances in the Cs+ "Yb at 66 G and
134 G, which are of a similar width to those lower-field resonances we were un-
able to measure in the Cs+ '™Yb. One method we have considered in order to
observe these weaker Feshbach resonances is the enhancement of loss rate due to
photoassociation near a resonance. Narrow, low-field Cso resonances have previ-
ously been observed in collisions of both |F =3,mp = +3) + |F =3, mp = +3)
mixtures and |[F' = 3,mp = +3) + |F = 3, mp = +2) mixtures through the use of
radiative Feshbach spectroscopy [240; 132], where light off-resonant from an atomic
transition excites a one-photon transition from the bound state responsible for the
resonance to the repulsive excited-state continuum, dissociating the atoms and pro-

moting them with sufficient energy to leave the trapping potential without affecting
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individual atoms not involved in the collision. This is a two-body process and there-
fore may be advantageous for narrow resonances compared to the three-body loss
processes used for our measurements of wider resonances. In our experiment, we
have the advantage of knowledge of the photoassociation spectrum of the experi-
mentally accessible Cs-Yb isotopologs, and the experimental setup for one-photon

photoassociation spectroscopy is still available for use with minimal modifications.

6.5.2 Outlook: resonances for magnetoassociation

There are still many questions that must be addressed prior to finding a Feshbach
resonance suitable for magnetoassociation. The strength of the resonances must
be considered. For the measured resonances, only ~ 30% of the Cs atoms in the
mixture are lost during the hold time of 1200 ms. This value may be improved upon
if the trapped Yb can be spin-polarised, so manipulation and detection of the Yb
spin is an avenue we wish to consider. This explored in chapter 7. The practicality
of routinely running the experiment at high fields and the dissipation of heat in the
magnetic field coils to effectively perform a magnetoassociation ramp across a high-
field resonance may have to be considered. We have found during the Feshbach
spectroscopy measurements that there is significant Cs loss due to ramping through
intraspecies resonances. For example, only ~ 20% of Cs atoms remain in the
trap following a ramp to an off-resonant field near the 622G resonance. This
may place a limitation on number of CsYb Feshbach molecules produced in one

magnetoassociation run.

The main challenges for efficient magnetoassociation will be retaining a high-PSD
mixture, and applying a field ramp of an appropriate speed. The need for a high-
PSD mixture arises from the need to keep the atoms in sufficiently close proximity
during the Feshbach ramp. For our system, it may ultimately be required to create
a Mott insulator of Cs and Yb for sufficiently high PSD for efficient magnetoasso-
ciation. The maximum efficiency is set by the PSD. The ability to reach this

efficiency, however, depends the ramp speed %. The required ramp speed is in
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turn dependent on the width A of the resonance, and the background scattering
length apg of the mixture. For a field ramp of time ¢, the populations of the atomic
and Feshbach states, |Co(t)|* and |C1(t)|* can be modelled by the Landau-Zener
formulae [241]:

1Co(t)|? = e 201z, (6.10)

CyL(t)? =1 —e 7?12, (6.11)
where d1,7 is the Landau-Zener parameter for a two-body collision:

_ 47Th’abgHA|
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(6.12)

where v is a constant dependent on ay,g, the trapped atom number and the trap har-
monic oscillator length [241]. For the widest individual resonance in the two sets of
resonances we have measured, we estimate that using a field ramp of % =0.3Gs7!
results in a conversion efficiency of 3 %. We note that the conversion efficiency could
be significantly enhanced to potentially > 90 % in a lattice geometry where the trap
frequency is increased and the harmonic oscillator length is reduced. This is further

motivation for creation of Mott insulators of Cs and Yb for magnetoassociation.

We must also consider instabilities within the magnetic field, which are likely dom-
inated by 50 Hz noise. We will have to consider whether our field is sufficiently
stable to allow us realise the required value of % across the resonance to within
an appropriate margin. Indeed, it may be concluded that there is no convenient
Feshbach resonance for efficient magnetoassociation. While we have identified res-
onances with widths on the order of 100s of mG, the low scattering length of 1ag

is a severe limitation for magnetoassociation using this isotopolog.

It may yet be proven that all-optical methods of molecular association, for example
the method of free-bound STIRAP transfer from two free atoms as has been used
to produce Sry atoms [242; 243], are more appropriate for the Cs-Yb system. Al-

ternatively, one-photon photoassociation could be used to produce molecules in an
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excited electronic state, which then decay to a high-lying state within the elec-
tronic ground state. From there, STIRAP could be used to transfer molecules
to the rovibrational ground state. Both methods rely on favourable wavefunction
overlap between the scattering state, intermediate excited molecular states and the
molecular ground state [244]. As photoassociation is an incoherent process, both
efficiency of production and detection of ground state molecules may be limited
by this method. Similarly to magnetoassociation, both methods may benefit from
additional confinement of atoms in an optical lattice, to reduce unwanted colli-
sions and allow more control over the initial spin state of the atoms, for example

if utilising a resonance where Cs is in a state other than |F' = 3, mp = +3).
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Chapter 7

Nuclear spin substate detection

and manipulation in Fermionic

Yb

7.1 Introduction: nuclear spin substates in Fermionic

Yb

The atomic structure of alkaline-earth-like atoms such as Yb, in comparison to
alkali-metals such as Cs, allow relative simplicity of laser trapping and cooling.
Specifically, the lack of hyperfine splitting in the ground state means that cooling
transitions are closed and repump beams are not required. However, while the
spin and orbital angular momenta of the Yb ground state are zero, there can
also be contributions to the atomic structure from the nuclear spin I. For all
the bosonic isotopes which are experimentally accessible, I = 0. However, both
Fermionic isotopes possess non-zero nuclear spin. For 1'Yb, I = %, and for 13YDb
I = % This gives rise to nuclear spin substates m; satisfying —1 < mj; < +1.

These substates are distinguishable in the presence of a magnetic field to provide a

quantisation axis. For both isotopes, given J = 0, these nuclear spin substates are
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the only contributions to the hyperfine structure substates, mg = mj. For ground

state 17Yb and 17Yb, there are two and six my states respectively.

These nuclear spin substates have had numerous applications, including in quantum
logic and in quantum simulation for realisations of systems with SU(N = 21 + 1)
symmetry [105; 245; 246]. For areas of research involving Yb as one component in a
two-species mixture, and for various schemes involving molecular association, there
is growing interest in the manipulation and isolation of these substates [89]. The
Feshbach resonances discussed in chapter 6, involving Fermionic isotopologs, can
vary on position and width according to the spin state, and indeed may not exist for
certain spin states. It is therefore an important aim in our experiment to modify our
fermionic Yb sample to isolate a single substate and perform Feshbach spectroscopy
with each such isolated state. This would improve our spectroscopy signal and, in
the instances where resonances between neighbouring states are closely spaced,
remove the problem of overlap in the resonance data between neighbouring states.
Suitable resonances for magnetoassociation could then be identified. A method of

appropriately preparing the Yb sample for such resonances could then be applied.

To make such measurements effectively, we must implement a method of manipu-
lating the spin substates to isolate Yb into a target spin state. It is also important
to have a method of determining the spin composition, and to also use this to
verify we can effectively isolate a target spin state. In this chapter, we review the
challenges related to realising this in our experimental setup, and methods that can
be readily employed in the experiment. We conclude that spin manipulation and
detection can be implemented in the near future with minor modifications to the
experiment and can be used to further our understanding of the Feshbach structure

of the Cs-Yb mixture.
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7.2 Near-resonant AC Stark shifts and the optical

Stern-Gerlach effect

In the following section, we describe the variation of the AC Stark shift for different
mp states at low detunings from atomic transitions. For this, we consider the vector
and tensor contributions to the AC Stark shift as well as the scalar contribution.
We then discuss how this variation can be used to effectively resolve the mg states.
We then discuss practical considerations of implementing such a scheme into the

experiment.

7.2.1 Separation and resolution of my states

The spin composition of the Fermionic Yb sample could be resolved by applying a
state-dependent force. This force needs to be sufficiently large to spatially separate
the mp states to the extent where clouds of neighbouring states are resolvable upon
absorption imaging. This is readily achievable for alkali-metal atoms such as Cs.
The mp states can be resolved using the Stern-Gerlach effect. The state-dependent
force F, on an atom in state mp within a magnetic field gradient % is given by

dB

F,= GEMERB G (7.1)

where pp is the Bohr magneton, and gr is the hyperfine Landé factor, which is

given by
O F(F+D+JJ 1) I +1)  F(F+1)+I(I+1)—J(J—1)
gE =97 9OF(F + 1) — I 2F(F + 1) ’
U JTAHN)HLL+1) =SS +1)  JT+1)+8(S+1) - L(L+1)
97 = 9L 2J(J +1) +9s 2J(J +1) ’

(7.2)
where gr, = 1 and gg ~ 2. This force exists at a practically useful magnitude for
ground state alkali-metal atoms with electron spin S = % due to the electronic mag-
netic moment gsupS ~ 1 up. A practically achievable field gradient of the order of

1

a few 10s of Gem™" is sufficient to provide a force which can spatially separate mpg
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states. For example, the Stern-Gerlach effect was previously used in our experi-
ment to verify DRSC was effectively pumping Cs atoms into the |F' = 3,mp = +3)
state [140]. However, for ground state Yb, S = 0 and there is no electronic mag-
netic moment. To apply the Stern-Gerlach effect in this case would rely on the
much weaker nuclear magnetic moment —gyupl and would require impractically
high magnetic field gradients (see below for further discussion of gy). We therefore
consider application of a near-resonant light field [105; 247]. In this case, the force
each individual m g state experiences depends on the strength of the coupling to the
relevant excited state as opposed to the Zeeman splitting of the ground state, This
may provide an adequate difference in force between neighbouring m g states. The
theory and practical application of such a field is further discussed in the following

sections.

7.2.2 Near-resonant AC Stark shifts

We have seen in previous chapters that the scalar contribution to the AC Stark
shift is adequate to describe the optical potential of far detuned dipole trapping
beams. However, for low detunings from atomic transitions, the vector and tensor
contributions, and their dependence on the hyperfine structure substates, must also
be considered. In this case, we use these dependencies advantageously to create

state-dependent attractive or repulsive potentials and hence state-dependent forces.

The AC Stark shift per unit intensity of light field, Vp, of an atom in state |F, mp)

is given by
1 mp 3lé,| —13mp? — F(F +1)
Vo=—— | a® =F @ z 2 73
0 2eoc<0‘ Tt T For—n ¢ )0 (@3
where o(®12) are the scalar, vector, and tensor polarizabilities respectively, ¢ is

determined by the polarisation of the light satisfying
q = —1, for circular polarisation driving ¢~ transitions
q = 0, for linear polarisation (7.4)

g = +1, for circular polarisation driving ot transitions
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and €, is the projection of the polarisation vector on the quantisation axis. The
three polarizability components for an atom in state |F') with allowed transitions

to state |F') are given by [248]

2 WEr
0 _N~2_ WFE o ipdlE) 1P
(6%
;3h(wF,F2_w2)|< | ") |
, 1 1 1 :
o = Y (-pyFrera, [T D )
7 F+1 F F F/ E(UJF/F —OJ)
/ 40F(2F + 1)(2F — 1 11 2 /
- 3F+1)Q2F+3) |p p prf Mwrr?—w?)

(7.5)

where wg/p is the transition angular frequency, w is the angular frequency of the
light field,{-} is the Wigner-65 symbol, and (F|d|F") is the reduced dipole matrix

element of the transition.

From equation 7.3, it can be seen that V[ is dependent on the mpg state at low
detunings due to both the vector and the tensor polarizability. The vector contri-
bution can be eliminated by choosing linearly polarised light (as with the tuneable
lattice in section 5.8.3), but can be maximised by choosing a circular polarisation
of either handedness. The tensor light shift also contributes, and can be maximised
by choosing linearly polarised light with the axis of polarisation aligned parallel to
the quantisation axis. Figure 7.1 shows the variation of Vj for the different mp
states of 1™YD, in the region of the 1Sy — 3P (|F = 5) — |F’)) transition, using
)

circularly polarised light driving o transitions (¢ = 1).

Table 7.1 shows the contribution from each polarizability component to the AC
Stark shift experienced by each mp state, at a detuning of +0.9 GHz from the
(|F =3) — |F' = 1)) transition (the choice of detuning is further discussed in
section 7.2.4). It can be seen that for all states, the vector contribution exceeds

the tensor contribution for circularly polarised light.
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Figure 7.1: Spin-dependent AC Stark shift in 173Yb. The AC Stark shift
for all mp states in '™®Yb, using circularly polarised light driving 0T transitions
(¢ = 1), around the 'Sy — 3P; transition at 556 nm. The hyperfine transitions are

located at the solid vertical lines and are (L-R): [F = 3) — |[F' = 1), |[F=3) —
|[F'=35),|F=3) - |F'=3). The detuning axis is relative to the |[FF = 5) —

|F' = §> transition.

I 1 3 5

2 2 2 2
Scalar [kHz/(Wem™2)] | 10.9 | 10.9 | 10.9 | 10.9 | 12.2 | 14.8
Vector [kHz/(Wem™2)] | -18.9 [ -11.4 [ -3.79 [ 3.79 | 10.2 | 15.9
Tensor [kHz/(Wem=2)] | 3.53 | -0.71 | -2.82 | -2.82 | -0.83 | 2.65
Total [kHz/(Wem~—2)] | -4.46 | -1.12 | 4.34 | 11.9 | 21.6 | 33.4

ol

5
mpg ) -

Table 7.1: The scalar, vector and tensor polarizabilty contributions to the AC
Stark shift for each mp state of 1"Yb, at a detuning of +0.9 GHz from the 'Sy —
3Py (|[F = 3) — |F/ = 1)) transition, using circularly polarised light driving o
transitions (¢ = 1).
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7.2.3 The optical Stern-Gerlach effect

The optical Stern-Gerlach (OSG) effect takes advantage of the spin-dependent force
of light blue detuned by the order of ~100s of MHz from an atomic transition
to separate and resolve the mp states. It was first implemented in the group
of Yoshiro Takahashi for both "'Yb and "Yb [105], before subsequently being
implemented in 87Sr [247]. This Fermionic isotope of Sr has a nuclear spin I = %,
and hence 10 mp states, which were fully resolved. The method has subsequently
been used in multiple Fermionic Yb experiments [89; 249; 250] using 556 nm light
blue detuned from the 1Sy — 3P; transition. An OSG experiment typically consists
of a circularly polarised, blue-detuned beam whose waist is chosen to be large
compared to that of the atom cloud (typically, optically trapped Yb with an in-
trap size of a few 10s of pm). The OSG beam is aligned off-centre such that the
gradient of the intensity, and hence the spin-dependent force, is at its greatest at
the position of the atoms in-trap. For a Gaussian beam of waist wg and power P,

the light shift Vac(r) at radius r is given by

2P -2
Vac(r) = Vo—ge “0, (7.6)

where V{y is the AC Stark shift per unit intensity at the beam centre, given by

equation (2). Hence, the radial dipole force F(r) is given by

F(r) = jgvAc<r>. (77

The maximum force is therefore experienced by the atoms at

r:i%. (7.8)

A small magnetic bias field, typically a few G, is applied parallel to the OSG
beam, providing an axis of quantisation and ensuring the OSG beam couples to

o* transitions only.
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Figure 7.2: Choice of detuning for the OSG beam. The AC Stark shift for all
mp states in "3Yb, using circularly polarised light driving o transitions (g = 1),
for detunings up to 2GHz from the 1Sy — 3P (|[F = 3) — |F' = 2)) transition.
Vertical dashed lines show the experimental detunings used for the OSG beam
in references [89] (red), [250] (black), [105] (green) and [249] (blue). Note that
for all of these examples, the OSG beam results in an attractive potential for the
mp = —g and mp = —% states, and a repulsive potential for all other states.

7.2.4 Choice of OSG beam parameters

The OSG beam waist, power, and detuning must be chosen carefully to ensure the
mp states are separated sufficiently to be resolvable by absorption imaging after
time of flight. Figure 7.2 shows V; for detunings above the 1Sy — 3Py (|F = 3) —
|F' = %>) transition and compares the experimental detunings used by various Yb
experimental groups [105; 249; 250; 89] which have employed an OSG beam. Table
7.2 further summarises the parameters chosen by the same groups [105; 247; 249;

250; 89).

At low detunings, there is high variation of Vj for the different mg states. However,
the heating of the atoms due to near-resonant photon scattering must be considered.
Figure 7.3a shows the photon scattering rate across the three hyperfine transitions,

using an OSG beam with power 45 mW and waist 100 pm. Figure 7.3b shows the
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| Experiment | [105] | [247] ] [249] | [250] | [89; 251] |
Atom 171Yb, I3vhH 8781" IBvyhH [ I8YH I73vh
Number of beams 1 2 1 1 1
Beam waist (pum) 100 80, 60 100 100 100
Beam power (mW) 4 4, 0.5 45 40 -
Detuning (MHz) +1000 4100, -100 | +1400 | +900 4860

Table 7.2: Comparison of OSG beam parameters used by other experimental
groups.

region of detunings used by other experimental groups. Photon scattering prevents
the effective use of an OSG beam for detunings less than ~0.5 GHz. At these
detunings, for a 45 mW beam with waist 100 pm, the scattering rate exceeds 10 kHz.
This equates to 10 photon scattering events for a 1 ms OSG pulse. This precludes
the use of the narrow region between the |F = 3) — |[F/=3) and |[F = 3) —
and |F = 2) — |F = 2) transitions is better suited to application of an OSG beam.
Here, there is a high variation of V| for the different mp states. The scattering
rate, meanwhile, is low with less than 10 photon scattering events per OSG pulse

for the beam parameters described above. This is sufficient for the heating of the

atoms to not affect the OSG measurement.

Furthermore, a quantity which can be used for to interpret the efficiency of the
OSG beam is the AC Stark shift between neighbouring mp states, divided by the
scattering rate. This is shown in figure 7.4 for an OSG beam of the same parameters
as in figure 7.3. This quantity is reduced at low detunings due to the high scattering
rate. It is optimised for various pairs of mp states at various detunings between
1.5 GHz and 2.5 GHz. The ability to access these detunings is limited by the ability

to efficiently shift the OSG beam frequency, see below.

7.2.5 Implementation of OSG

Typically, a horizontal OSG beam and bias field are used. The focus of the OSG

beam is positioned above the position of the atoms by approximately % to max-
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Figure 7.3: Photon scattering in the OSG beam. (a) The scattering rate
for 1”3Yb around the 1Sy — 3P; transition at 556 nm, using an OSG beam with
power 45 mW and waist 100 pm. (b) The scattering rate at detunings up to 2 GHz
from the 1Sy — 3Py(|F = 3) — |F' = 3)) transition. Vertical dashed lines show
the experimental detunings used for the OSG beam in references [89] (red), [250]
(black), [105] (green) and [249] (blue).
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Figure 7.4: ‘Efficiency’ of the OSG beam. The AC Stark shift between neigh-
bouring mp states in 1”®Yb, divided by scattering rate, plotted for detunings up
to 4GHz from the 'Sy — 3P| (|F =3) — |F/ = 3)) transition at 556nm. The
OSG beam parameters used are a power of 45 mW and a waist of 100 pm. Vertical

dashed lines show the experimental detunings used for the OSG beam in references
[89] (red), [250] (black), [105] (green) and [249] (blue).
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Figure 7.5: Separation of nuclear spin substates using the optical Stern-
Gerlach effect. Schematic of an OSG setup: optically trapped Yb atoms (black)
are exposed to a pulse of the OSG beam (green), which is aligned with the focus
above the atoms. The magnitude and direction of the resulting potential Va¢
depends on the nuclear spin substate mp — depending on the detuning chosen,
some states may be pulled upward towards the beam focus (blue arrows), whereas
others may be pushed downward (red arrows). For sufficient OSG beam powers
and pulse durations, the mp states can be sufficiently spatially separated to resolve
with absorption imaging after time of flight.

imise the force experienced by the atoms, in accordance with equation 7.7. The
atoms thus experience an upward or downward force. All other optical traps are
extinguished immediately prior to applying the OSG beam. The OSG beam is then
usually applied for short pulse of a few ms with the atoms in free space. The pulse
duration is limited therefore by the time in which the free-falling atoms are in the
region where the gradient of the OSG beam intensity is high (recalling from section
7.2.1 that magnetic levitation of Yb is not practically achievable). We note from
figure 7.2 that detunings are often used where V¢ is positive for some mp states
and negative for others; hence those states will be pushed towards and away from
the focus of the OSG beam respectively, see figure 7.5. The positioning of the atoms
above the focus means the states which are pushed away experience this force in
the same direction as the force due to gravity. We also note that the difference
in force between neighbouring states is reduced for lower mp and indeed in most
experiments those states could not be resolved. If the experimentalists wished to
resolve these states, they could simply reverse the direction of circular polarisation

of the OSG beam. This effectively ‘flips’ the vector polarizability contribution to
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Vac.

The success of the OSG method relies on being able to observe and resolve the
mp states after time of flight imaging. As a hard limit, the Yb falls out of our
absorption imaging system’s field of view after 25ms of time of flight. However,
we must also consider the spatial expansion and reduction in optical depth of
the falling atoms. For the typical thermal Yb atom clouds used in our Feshbach
spectroscopy measurements, the optical depth of the cloud is ~0.7 for 10 ms time
of flight. The width of the atom cloud is ¢ ~600m in the vertical direction for
this time of flight. This therefore is the lower limit for the splitting of neighbouring
mp states we consider in subsequent calculations. Improving the Yb evaporative
cooling process can further lower this constraint. Considering our previous studies
of Fermi degenerate gases of ™3Yb [140], a cloud width of 200 pum is achievable for

a similar time of flight.

The choice of OSG beam waist determines the uniformity of the force experienced
by the atoms in each mp state across the atom cloud. Figures 7.6a and 7.6b show
the radial dependence of the combined potential from the OSG beam Vpgg and
the gravitational potential Vgray, and the resulting force, using an OSG beam with
power 45 mW, waist 100 pm and detuning 0.9 GHz. For this choice of beam waist,
there is a 32 pm region around the initial position of the atoms where the force is
uniform to within 10 % (17 pm below the initial position and 15 pm above). As this
region is of the order of the bichromatic trap beam waist, initially the atom cloud
should experience a sufficiently uniform force. Atoms free-falling under gravity
will fall out of this region after 1.9ms. Therefore applying OSG pulses longer
than this time duration may affect the uniformity of the force experienced by each
state. The uniformity may also be affected by thermal expansion of the cloud. The
temperature of the cloud should therefore be sufficiently low that expansion over
the 1.9 ms time period keeps the spatial extent of the cloud within the region of

uniformity.
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Figure 7.6: The radial dependence on the OSG potential and force. (a)
The combined potential from the OSG beam Vpgg and the gravitational potential
Verav for all mp states in 13YD, using an OSG beam with power 45 mW, waist
wo = 100pm and detuning 0.9 GHz from the 1Sy — 3P(|[F=3) — |F' =3))
transition at 556 nm. (b) The resulting force on each mp state. The magnitude of
the force is normalised to the minimum force experienced by the |mp = —%) state.
The OSG beam should be aligned such that the centre of the Yb atom cloud is
initially 0.5wg below the beam focus (dashed vertical line). The red shaded region
shows the region in which the force on each state varies by less than 10 % from the
maximum/minimum at —50 pm.

7.2.6 Predicted mp state splitting in '™>Yb

A critical quantity is the expected spatial separation of neighbouring mpg states
after both the pulse and the time of flight. The OSG pulse will be performed while
the atoms are falling in free space, immediately after release from the bichromatic
trap. We must therefore consider the effect of the OSG potential Vogag, and also
the gravitational potential Vg, on each mp state during the pulse. As atoms
move away from the area of the OSG beam where the intensity gradient is highest,
the effect of Vg is reduced. For states initially pushed downwards by the beam,

this would result in Vgray eventually becoming the only significant potential. States
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Figure 7.7: Dependence of the OSG effect on detuning and pulse duration.
Calculation of the separation of neighbouring mp states in 1™®Yb for detunings

of up to +9 GHz from the 1Sy — 2P(|F = 5) — |F' = 3)) transition, for pulse

durations of (a) 0.25ms, (b) 0.50ms, (c) 1.00ms, and (d) 2.00ms, and 10ms of
time of flight. The calculation is for an OSG beam with power 45 mW and waist
wo = 100 nm, focused 50 pm above the atom cloud. Horizontal dashed lines show
the approximate widths of the '™Yb atom cloud at 0.8 pK (600 pm, black) and of
a degenerate Fermi gas of 1™Yb (200 um, red), in our optical dipole trap.

pulled towards the beam focus may eventually perform dipole oscillations around

the position of the focus. After the pulse Vgray is the sole potential.

Figure 7.7 shows calculated spatial separations between neighbouring m g states for
OSG pulses of up to 2ms and 10ms time of flight, for an OSG beam with power
45 mW and waist wg = 100 pm. The separations are calculated by calculating the
displacement and velocity of atoms in each state during the pulse, in time incre-
ments of 10 pus. The displacement in each increment is due to the potentials Vogg(r)
and Vgray, and the velocity at the beginning of the time increment. Following the
end of the pulse, the subsequent displacement during time of flight is calculated.

This displacement is due to Vgrayv, and the velocity at the end of the OSG pulse.

The effect of the pulse duration can be interpreted differently for the different

mp states. We first consider spacings between states for which Vpgq is always
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repulsive in this detuning range (green, red and purple circles). For short pulses
(figures 7.7a and 7.7b), as the pulse length increases the difference in Vpgg for
neighbouring states allows them to spatially separate. However, for longer pulses
(figures 7.7c and 7.7d), states which initially experienced a greater force are now
further from the centre of the OSG beam, and Vogq is reduced. Other states which
are closer to the beam centre now experience a greater force and the separation is
reduced. There is hence an optimal pulse duration for maximising each value of
3

separation. For example, the separation between |mp = 5) and |mp = %) (purple

circles) appears to be optimised for a 0.5 ms pulse (figure 7.7b).

There is a different interpretation for separations between mp states which experi-
ence a crossing in Vogg from a repulsive to an attractive potential in this detuning
range (blue and orange circles). For short pulse times, separation is low as |Vosg|
is comparatively low for these states. However, a 2ms pulse (figure 7.7d) is suf-
ficiently long for states which experience an attractive force to be pulled towards
the OSG beam focus. In the detuning range up to ~ 0.75 GHz, the separation
between [mp = —3) and [mp = —3) (blue circles) is the greatest out of any separ-
ation between states, as the former state is attracted to the beam focus while the
latter is repelled. At ~ 0.75 GHz, Vosg becomes attractive for |mp = —%), so the
separation between |mp = —3) and |mp = —1) (orange circles) is the greatest for

detunings above this value.

For a 1 ms pulse (figure 7.7b), we predict that at higher detunings, all states except

mp = —% and mp = —% would be resolvable. This is on the condition, however,
that the atom cloud size is > 200 pm after time of flight expansion. This would
be in agreement with the typical distributions seen after OSG pulses in other Yb
experiments. We cannot expect the states to be resolvable if the atom cloud size
is ~ 200 pm. Hence, we may have to develop a more effective evaporative cooling

routine for 1™Yb for the OSG pulse to be an effective means of measuring its spin

distribution.
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7.2.7 Other experimental considerations

The 556 nm light for the OSG beam can be derived from the current 1112nm +
SHG setup used for the Yb MOT. When accounting for efficiencies of all optical
components in this system, the full 200mW output of the SHG is required for
generation of the three MOT beams, as well as the beam for frequency stabilisation
by fluorescence spectroscopy. We therefore cannot split off any of the output power
for a dedicated OSG setup. However, the Yb MOT and OSG beam will not be on
simultaneously during any experimental routine. We can therefore use the zeroth
order of the Yb MOT AOM (AOM 12 on spectroscopy table) as our input beam
for the OSG setup. The zeroth order can be split from the MOT beam setup using
a D-shaped mirror. With AOM 12 off and maximum power in the zeroth order,
and accounting for expected efficiency of the AOM in double-pass configuration
and fiber coupling, we predict the available power for the OSG beam in the science
chamber to be 45 mW. We also note that as we will upgrade to a different 556 nm
source in the near future, see chapter 8. This would give us scope to develop a
dedicated OSG setup independent of the MOT setup, and to increase the beam

power if necessary.

For the OSG setup a frequency shifter will be needed to generate the blue detunings
of up to 1 GHz required. This is achievable with an AOM in double-pass configur-
ation, although for higher detunings a quadruple-pass configuration [252] may be
considered. This would also allow us to pulse on and off the OSG beam on the ms
timescale. There is space on the spectroscopy table adjacent to the other Yb spec-
troscopy setups to implement this. The OSG beam light would then be coupled to
the main experimental table using polarisation-maintaining fibers similar to those
used for the Yb MOT beams. On the experimental chamber, the beam will need to
be collimated and then focused through the centre of the chamber, with the beam
waist aligned above the centre of the Yb dimple trap. The beam would propag-

ate through one of the horizontal Yb MOT beam viewport pairs, as these have
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most appropriate antireflection coating for 556 nm light. A beam waist of ~100 pm
should be an appropriate size in relation to the in-trap atom cloud size of ~ 20 pm.
A quarter-wave plate will be required to modify the light polarisation to the correct
circular polarisation; it may be advantageous to mount this waveplate in a motor-
ised rotation mount so the direction of the circular polarisation can be reversed
automatically if required. The shim coils can be used to generate a horizontal bias

field sufficient to define the quantisation axis.

7.3 Optical pumping of Fermionic Yb

Once we have developed and tested an optical Stern-Gerlach setup to measure
the spin distribution of Fermionic Yb, we will be able to manipulate the spin
distribution and subsequently quantify its efficacy. For Alkali atoms such as Cs,
different mp states can be selected and prepared using the hyperfine coupling
within the ground state manifold and driving transitions with rf or microwave
radiation. However, this is not possible in ground state Yb, as J = 0 and there is
no hyperfine splitting. We instead propose to use the method of optical pumping,
using the 1Sy — 3Py transition as other experimental groups using Yb have [105;
253; 254; 89] (we note the 1Sy — 1P transition has also been used [105; 251])).
The following sections describe the potential options for implementation in our

experimental setup.

7.3.1 Optical pumping with degenerate and non-degenerate

excited states

Here, we discuss two distinct scenarios for optical pumping. The first, shown in
figure 7.8(a), involves optical pumping on a transition where the mp states of the
excited states are degenerate [105; 247]. Circularly polarised light driving o or o~
transitions pump atoms towards either |F,mp = +F) or |F,mp = —F) state (the

‘spin-stretched’ states). An advantage of using this method of pumping is that only
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Figure 7.8: Hyperfine transitions in '"3Yb for optical pumping The spin
distribution of Fermionic Yb atoms can be manipulated by driving transitions
between mp states, namely o* transitions (blue) and o~ transitions (red). =
transitions are also shown in green. (a) Hyperfine pumping transitions on the
1Sy — 3P (F = % — %) transition at 556 nm, with degenerate excited m/, states

can spin-polarise a sample to mp = :l:%. (b) Hyperfine pumping transitions on the
18y — 3P (F = § — I) transition with an applied bias field to lift the degeneracy
in the excited m/, states. The transition to each m/, state hence has a unique
resolvable frequency. A sequence of optical pumping pulses on ¢ transitions, driving
atoms from unwanted mpg states, can hence be used to prepare Fermionic Yb in

one or more chosen mpg states.

modest magnetic bias fields of a few G are required to define the quantisation axis.
Additionally, the pumping can be performed with single-frequency light source
tuned to the relevant atomic transition. The ¢ transitions driven can be changed
by changing the direction of polarsiation of the light or reversing the direction of the
magnetic field. The disadvantage, however, is the control over which desired mp
states the atoms are distributed into following pumping. For a sufficiently long time
period of optical pumping, all atoms will end up in either stretched state, depending
on whether o or o~ transitions are being driven. Shorter pumping times can also
result in a modified distribution of mg states if the original distribution is well-

known.

The second method, shown in figure 7.8(b), uses a larger bias magnetic field to
liftt the degeneracy of the mpg substates of the excited state manifold using the
Zeeman effect, see section 7.3.2. With such a bias field applied, the allowed o* and

7 transitions from each mpg state in the ground state manifold occur at different
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frequencies that can be addressed separately. This allows the implementation of
optical pumping routines where any mp state in the ground state manifold can
be isolated as the target for optical pumping. Alternately, routines can be devised
to pump to a mixture of two or more mp states. One potential application of
this is to prepare the majority of the atoms in the state desired at the end of the
evaporative cooling process, with the addition of a small fraction of another state.
This ‘sacrificial’ state can act as a sympathetic coolant to the other state. It is
subsequently either heated out of the trap during evaporative cooling, or removed
by a resonant, state-selective pulse of light after evaporative cooling[89]. Many
experiments employ this method of pumping on the 'Sy — 3P (F = g — F = %)
transition in '"3Yb [253; 254; 89]. The mp state splitting must be sufficient to
resolve the different transitions and avoid excitation to multiple states. However,
the narrow linewidth of this transition means that bias fields of < 100G is sufficient
to achieve this. The method requires a light source capable of tuning to the multiple
frequencies necessary to address all transitions, as well as the ability to change the

o transitions driven, again by changing the light polarisation or bias field direction.

7.3.2 The Zeeman shift of the excited state

This second method uses magnetic fields up to ~100 G, where the Zeeman shift
can be approximated as linear and mp is the relevant quantum number. The linear

Zeeman shift Agl) in a bias field B is given by

Al = /%BQFWLFB, (7.9)

where pp is the Bohr magneton, h is Planck’s constant, and g is the Landé factor

for an atom in state 2°t1L; and with nuclear spin F, given by

 F(F+1)+JJ+1)—-I(+1) FIF+1)4+I(I+1)—J(J-1)
gr = 4gJ — 91

9F(F + 1) 2F(F +1) ’
4D+ LI 41— S(S+1) J(J+1)+S(S+1)— L(L+1)
97 = 9L 2J(J +1) +s 27(J 1 1) :

(7.10)



7.3.2. The Zeeman shift of the excited state 176

2004 —— mr=-7/2 —— mp=+1/2
mp=-5/2 —— mp= +3/2
— mp=-3/2 mp= +5/2

— mp=-1/2 —— mp=+7/2

100

Linear Zeeman shift (MHz)

200 \

-100

Zeeman shift (linewidths)

0 50 100
-200 Magaetic field (G)

20 40 60 80 100
Magnetic field (G)

Figure 7.9: Zeeman splitting of the 3P (F = I) state of 173Yb. The Zeeman
shift for all mp states for bias fields of up to 100 G. The inset shows the splitting

between neighbouring mp states over the same range, given in units of the 'Sy —
3Py transition linewidth (182.2 KHz).

Due to state mixing between the ' Py, and 2P, states, we use a modified orbital

Landé factor gf] for the 3P, state, given by
g9 =a’g;CP)) + B2, (" PY), (7.11)

where 3P, 1 P) are the bare (unmixed) states and the mixing angles 8 and a are
given by
ﬁ . F3p1 1/3(15() — 1P1)
a? Flpl V3(1S0 — ?’Pl)7

(7.12)

using experimentally determined values for the transitions’ frequencies and linewidths

[255; 256] gives

B = —0.1295(6),

a=4/1— 32 =0.99157(8).

For 1™YD in the 3P (F = %) state, this results in a linear shift between neigh-

(7.13)

bouring mp states of 597.1kHzG~!. Figure 7.9 shows this linear shift for all mp
states, with the inset showing the shift magnitude between neighbouring states in
units of the 1Sy — 3Py transition linewidth (182.2kHz). We expect the limitation

on the resolution of the states to be greater than the natural linewidth due to
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power broadening, although by how much depends on the intensity of pumping
beam used. For the ground state, J = 0, F' = I and equation 7.10 reduces to

gF = —gr = +207.30(1)i HzG™ 1, (7.14)

KB

the nuclear Landé factor g; having been experimentally determined through mpg
state-resolved optical pumping experiments [257]. Hence, the linear Zeeman shift
of the ground state is three orders of magnitude weaker than that of the 3P state.
For higher magnetic fields >100 G, we would also have to consider the effect of
hyperfine coupling, but the linear Zeeman shift gives a good enough approximation

at fields where the mp states can be resolved.

7.3.3 Implementation of optical pumping into the experiment

Optical pumping may be, in the degenerate case, feasible with one of the exist-
ing beams. The Zeeman slower beam or the probe beam could be used for the
1Sy — 1P, transition. Alternatively, one of the MOT beams could be used for the
1Sy — 3Py transition. The problems associated with use of these beams include
that their circular polarisations are fixed, meaning the transitions to be driven
must be determined by the orientation of the magnetic field. During our Feshbach
spectroscopy measurements, we attempted to implement optical pumping using
some of these beams tuned to resonance. However, without any diagnostic meas-
urements of the spin composition, we could not prove the efficacy of this pumping.
It may prove beneficial, therefore, to implement a separate optical pumping beam
setup. This would be particularly true for the non-degenerate case, as an optical
setup with a variable-frequency AOM could be used to provide the frequency shifts
to the resolved hyperfine transitions, and to switch the beam on and off at the
science chamber. In terms of available laser power, we again may be limited by the
current 556 nm output from the SHG. However, the addition of a new laser may
provide sufficient power for a dedicated optical pumping setup at this wavelength,

see chapter 8. Light for the optical pumping beam will again have to be coupled
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over to the main experimental table, and an optical setup devised to allow the beam
to propagate through the chamber. A beam size must be chosen such that laser
intensity is approximately uniform across the Yb atom cloud. As with the OSG
beam, the pumping beam should propagate through the chamber using one of the
same viewport pairs as the Yb MOT beams, for the most efficient transmission. In
terms of the experimental routine, optical pumping should be implemented after
atoms have loaded into the bichromatic trap, and while the trap is still sufficiently
deep that atoms will not be lost from the trap due to resonant scattering. The
bichromatic trap will induce a light shift on the transition, although that will not
affect the relative splitting of the mp states. Trap-loss experiments can be used
to effectively determine the AOM detunings required for each pumping transition.
The duration of the optical pumping pulse depends on both the intensity in the
optical pumping beam available, and in the non-degenerate case, the relative line
strengths of the transitions, but would be no more than the order of ~100s of ms.
In the non-degenerate case, multiple pulses can be implemented to polarise the

sample in the desired mp state.

7.4 Conclusion

In this chapter we have discussed the applications of measuring and manipulating
the nuclear spin state distribution of the Fermionic isotopes of Yb, with particular
emphasis on application to our ongoing Feshbach spectroscopy experiments. We
have described the application of an OSG beam in the experiment to measure
the spin distribution. We have discussed methods of optical pumping in order to
prepare the Yb into the desired mp state or states, which could then be verified
with the OSG beam. We conclude that both experimental methods can be feasibly
added to our experimental setup and carried out with minimal modifications and

in conjunction with planned experimental upgrades.
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Chapter 8

Conclusion and outlook

8.1 Summary

In this thesis, we have developed new methods of control of ultracold and quantum
degenerate gases of Cs and Yb. This has enabled us to produce the first dual
degenerate mixtures of Cs and Yb, and to detect interspecies Feshbach resonances

in mixtures of Cs and Yb for the first time.

We have realised a bichromatic optical dipole trap (BODT) by the addition of a
532nm dipole trapping beam to our existing 1070 nm dipole trapping apparatus.
This experimental upgrade has allowed us to produce dual-degenerate mixtures in

the experiment for the first time.

We have produced dual BECs of Cs and 7 Yb with typical atom numbers Nyy, ~
5 x 10* and Ncs ~ 5 x 103. We have investigated the attractive interspecies
interactions in this degenerate mixture by exciting centre-of-mass oscillations and,
by mediating dual-species collapse by changing the balance between the interspecies
and intraspecies interactions. We have also produced dual BECs of Cs and '"°Yb
with typical atom numbers Ny, ~ 4 x 104 and Ngg ~ 1x10%. We have investigated
the immiscibility of this degenerate mixture and its dependence on the relative atom

numbers of the Cs and Yb gases.
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To extend our study of degenerate gases into reduced and mixed dimensions, we
have developed a tuneable optical lattice with A ~ 460nm. The lattice can ac-
cess ‘tuneout’ wavelengths, where Cs experiences no optical potential, as well as
wavelengths where both species experience either equal trap depth or trap fre-
quency. To better quantify the tuneability of the lattice, we have performed meas-
urements of the Cs polarizability using Kapitza-Dirac diffraction. Our measure-
ments indicated that our simple theoretical model of the atomic polarizablity, in-
corporating only scalar polarizability, was not sufficiently accurate for our choice
of experimental geometry. We further investigated by using an extended model of
polarizability and by considering the full hyperfine structure of Cs. We conclude
that changing the geometry of our lattice beam to be perpendicular to our bias
magnetic field, will be necessary to make a precision measurement of the tuneout

wavelengths of Cs.

We have identified two sets of interspecies Feshbach resonances in an ultracold
mixture of Cs and '"Yb at 622G and 702 G, which gives a promise of the pos-
sibility of formation of CsYb molecules using magnetoassociation. Our Feshbach
spectroscopy measurements were able to resolve resonances between Cs and indi-
vidual nuclear spin substates of Yb. The ability to measure and manipulate the
spin composition of fermionic Yb will further extend our Feshbach spectroscopy
studies, and we present a detailed plan for the future application of an optical

Stern-Gerlach (OSG) beam and optical pumping techniques.

8.2 Outlook

Here we give a brief summary of other short and medium-term upgrades to the
experimental apparatus. We discuss future research directions both in terms of
the study of degenerate mixtures, Feshbach spectroscopy and molecule formation.
We discuss some of the planned and possible upgrades specific to reaching these

research goals.
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8.2.1 New 556 nm light source

In recent years, the Menlo Orange One 1112nm fiber laser system, which is fre-
quency doubled to generate the 556 nm Yb MOT beams, has become increasingly
unreliable, with the power amplifier stage of the laser sporadically shutting off while
the laser is operational. Although in the last year we have been supplied with a
replacement for a faulty power supply unit for the power amplifier, the cause of
this issue remains unknown. The laser is operated at its maximum power output,
which provides adequate power for the MOT beams and frequency stabilisation.
However there is no surplus laser power for further applications. For the poten-
tial OSG and optical pumping applications discussed in chapter 7, the necessary
laser power could be redirected from the MOT beams when needed. However, the
potential plan to cool multiple isotopes of Yb in one experimental sequence (in
order to, for example, facilitate sympathetic cooling between isotopes), poses an
experimental challenge. Re-stabilising the laser to a second isotope’s transition
mid-sequence is not possible with the current frequency stabilisation hardware and

would be challenging to implement.

Fortunately, we are at the time of writing awaiting delivery of a new 556 nm light
source. This is a DLC TA-SHG pro system from Toptica, consisting of 1111.6 nm
DL pro diode laser, tapered amplifier, and second harmonic generation cavity in a
single module, generating 2 W of 556 nm output power. This significant enhance-
ment in the available power means we could potentially have independent optical
setups for each of the applications described above. Upon delivery, we will likely
install the new system on the same laser table as that of the Ti:Sapphire laser, and
fiber-couple the majority of the output to the existing 556 nm optics adjacent to the
Yb beam machine. This will allow us to continue this optical setup with minimal
modifications. We intend to retain the Menlo laser system in parallel for as long as
it remains operational. One example of a new purpose for the Menlo system is to

use it as the MOT beam for a second isotope, by stabilising its frequency to that
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of the Toptica system and applying the necessary frequency shift.

8.2.2 Dual-degenerate mixtures

Our realisation of dual-degenerate mixtures opens up the possibility of many dif-
ferent areas of research. The experimental focus in the immediate future will be
the formation and observation of quantum droplets (see below). However, the
versatility of the system may allow studies of a range of research areas including
impurity physics, collective dynamics, binary fluid dynamics, and two-component
quantum turbulence. As well as the droplet-BEC phase transition discussed be-
low, the miscible-immiscible phase transition [182; 183] could be studied in the

Cs—1YDh mixture.

As discussed in chapter 5, a Cs-blind lattice can be used to create a mixed-
dimension system [110]. It could also be used for investigations of how the dy-
namics and temperature of Cs are affected by transport through Yb confined by
a lattice. A Cs-blind lattice may also have applications in impurity physics [258],
where the lattice-confined Yb atoms take on the role of impurity particles immersed
within a Cs BEC. Lattice cooling schemes [259], where the lattice-confined Yb is
cooled through collisions with the Cs superfluid, could be investigated. This could
be a useful method for reducing the accessible temperature of Yb isotopes such as
171y, Even if full lattice loading is not achieved, the lattice beam may be useful
for modifying the relative densities of the atom clouds of the two species. This

could prove to be particularly useful in quantum droplet formation.

We have also considered development of an accordion lattice [260]. This would
require development of an optical lattice setup where the angle between the in-
terfering light beams can be varied. This would enable a continuous variation of
the lattice spacing, allowing efficient loading of two-dimensional samples in the
optical lattice [261]. It would also allow us to explore the transition from a three-

dimensional gas to a two-dimensional gas as the lattice spacing is changed. It is
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likely that the lattice wavelength would be that of a far off-resonance dipole trap,
making an attractive potential for both species. However, a Cs-blind accordion
lattice, or a balanced-potential accordion lattice, could be realised by using the

460 nm tuneable lattice light source.

8.2.3 Formation of quantum droplets

In the experiments using the Cs—'74Yb degenerate mixture, we have seen the com-
bined effects of the attractive interspecies interaction and the tuneable intraspecies
interaction in Cs. It is therefore possible to tune the mixture to a magnetic field
where the interactions are balanced. Here, the mean field effects generally used
to describe quantum degenerate gases are cancelled out, and beyond-mean-field ef-
fects, described by the Lee-Huang-Yang (LHY) correction to the Gross-Pitaevskii
equation, become detectable. Attractive interspecies interactions are balanced by
quantum fluctuations described by the LHY model. This leads to the formation
of atoms in a self-bound droplet phase within the gas, known as quantum droplets
[8]. This phase of matter has previously been observed in dipolar BECs [262; 263],
K spin mixtures [9; 264] and Rb-K mixtures [10]. For Cs—!7™Yb, the weak and at-
tractive net mean-field interaction d¢g required to support the droplet phase arises
for Cs scattering lengths below and in the vicinity of acs = 54.3 ag. Observation
of a quantum droplet-BEC phase transition in our experiment would be the first

such observation in an alkali+alkaline-earth-like mixture.

8.2.4 Quantum droplets: relevant experimental upgrades

The current absorption imaging techniques will be insufficient to observe and re-
solve the formation of quantum droplets. We therefore aim to move to a new ima-
ging system arranged in the vertical axis. This will be a dual-wavelength imaging
system, which will give effective imaging of Cs and Yb on the transitions currently

used at 852nm and 399nm respectively. Observation of quantum droplets will
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require ~ 1 — 2pm resolution of both wavelengths, which will require an imaging
objective with a numerical aperture of approximately 0.43. Integrating an imaging
objective system into the apparatus will be an experimental challenge given the
existing optical access constraints. However, at the time of writing, progress has

been made on developing an effective design of objective for the setup.

We also wish to improve the BODT apparatus. Of particular concern is the spatial
stability of the trap and variations in beam pointing towards the end of evaporat-
ive cooling sequences. This limits the temperature and stability of the ultracold
gases at the low temperatures required to observe droplet formation. We will there-
fore complement the existing setup with vertically-oriented dipole trapping beams,
which will spatially stabilise the trapping potential at lower powers. Light for these
beams will be provided by an additional 20 W laser operating at 1064 nm, and the
surplus of power available from the 20 W 532nm IPG laser, which at present is

only operated at 5 W.

8.2.5 Feshbach resonances and molecules

A longer-term overview of our future Feshbach resonance studies, and various op-
tions for formation of molecules using these resonances and other methods, is given
in the outlook of chapter 6. To summarise, in the short-term, work is ongoing to
experimentally prepare a sufficiently cold Cs—'"'Yb mixture to search for promising
interspecies Feshbach resonances in this mixture. Various methods, such as conven-
tional sympathetic cooling and in-trap laser cooling, are being trialled, but it may
be concluded that experimental upgrades may be required before such a mixture
can be realised. Moving to the longer-term, in order to utilise Feshbach resonances
already observed for magnetoassociation, we will have to predict and achieve the
necessary PSD, and apply the necessary magnetic field ramps, for efficient produc-
tion of Feshbach molecules. It may yet be concluded that production of the mixture

in a Mott insulator state will first be required to achieve this long-standing goal
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of the experiment. This would tie in well with our planned development of optical

lattices to study degenerate gas mixtures.

8.3 Concluding remarks

The work in this thesis has demonstrated observation of the first dual-degenerate
mixtures of Cs and Yb. This provides scope for further studies, including realisation
of novel degenerate mixtures, exotic phases of matter, and studies of mixtures in
reduced and mixed dimensions. The improvements in the phase space density of
the mixtures are also promising for efficient loading of atoms into optical lattices,
for further such studies, including potential molecular association routes. The work
in this thesis has also demonstrated the first observation of interspecies Feshbach
resonances between Cs and Yb atoms, realising one of the key initial goals of the
experiment. These results are complimentary to the theoretical predictions of the
resonances, and are an important step towards the production of paramagnetic

CsYDb molecules.
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Appendix A

Atomic transition data used in

the polarizability calculations

Transition A A

(nm) s!
6s 251/ — 6p 2P jp | 894.59296 | 28.62x10°
6s 251 /5 — 6p 2P3)5 | 852.3472759 | 32.79x10°
6s 251 /5 — Tp 2Py o 459.4459 793%103
6s 251 /5 — Tp %P3 o 455.6557 1.84x 106
6s 251/ — 8p 2Py )5 | 388.9710415 | 89.9x 107
6s 251/ — 8p 2P3)o | 387.72473 | 386x10°
6s 2512 — 9p 2Py o 361.834 22.3%10°
6s 2519 — 9p 2P3js | 361.25014 143x103
6s 251/ — 10p 2Py | 3481057 6.33x103
6s 251/ — 10p 2Py/y | 347.7805 62.7x103
6s 251/ — 11p 2Py /5 | 340.0955 2.36x103
65 2819 — 11p 2Py | 339.8941 36.1x103

Table A.1: Cs transitions, wavelengths and Einstein A-coefficients used in the
calculation of the Cs ground state scalar polarizability, shown in figures 3.2 and
5.1. Wavelengths and A-coefficients are taken from references [160]. Vacuum
wavelengths are calculated from the differences in energy level given in the ref-
erence, given to within the uncertainty of the measured wavelengths for the same
lines in the reference.
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Transition A A

(nm) s
4f14 62 1Sy — 4f14 6s6p 3P, 555.80236 | 1.15x10°
4f14 62 1Sy — 4f14 6s6p ' P 398.91142 | 192x10°
4f14 682 1Sq — 4f14 5d 6s2 (7/2,5/2)1 | 346.5362 | 68.3x10°
4f14 652 1Sy — 4f14 5d2 6s 267.2754 | 14.3x10°
4f14 62 1Sy — 4f14 6s7p ' Py 246.5242 | 100x10°6

Table A.2: Yb transitions, wavelengths and Einstein A-coefficients used in the cal-
culation of the Yb ground state scalar polarizability, shown in figures 3.2 and
5.1. Wavelengths and A-coefficients are taken from references [161]. Vacuum
wavelengths are calculated from the differences in energy level given in the ref-
erence, given to within the uncertainty of the measured wavelengths for the same
lines in the reference.
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Appendix B

Tuneable lattice light source

The lattice light source is the frequency-doubled output of a Ti:Sapphire laser sys-
tem. The Ti:Sapphire laser used in this setup is the SolsTiS system from MSquared.
The Ti:Sapphire laser had been previously used in the lab in CsYb photoassoci-
ation spectroscopy experiments. It consists of a Ti:Sapphire crystal within a bowtie
cavity configuration. The cavity is pumped by a 532nm pump laser (Lighthouse
Sprout), operating at 10 W. One of the cavity mirrors is mounted on fast and slow
piezo actuators. Coarse tuning of the output frequency is achieved by rotating the
orientation of a birefringent filter within the cavity. An etalon within the cavity en-
sures a narrow linewidth output. Fine tuning of the output wavelength is achieved
by adjusting the etalon spacing. Transmission on a single longitudinal etalon mode
is achieved by locking the etalon to peak transmission on the nearest mode. The
slow piezo actuator allows the cavity length to be adjusted to match the longitud-
inal mode. Further frequency stabilisation and reduction in the linewidth to less
than 50kHz can be achieved using a reference cavity, also provided by MSquared,
which some of the output of Ti:Sapphire is directed to. The SolsTiS output fre-
quency is locked to a cavity fringe, using the fast piezo actuator. The frequency can
then be scanned or offset by adjusting the cavity length. Control of the birefringent
filter angle, and monitoring, scanning, and locking of the etalon, Ti:Sapphire cavity

piezo mirrors and reference cavity, is performed using MSquared control software
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through the MSquared ICE-Bloc interface.

The SolsTiS in its current configuration has two free-space outputs. These outputs
are split off at right angles from a polarising beam splitting cube (PBS) and have
orthogonal linear polarisations. The relative power in each output can be con-
trolled by a half waveplate before the PBS. The horizontally polarised component
is used for frequency doubling. We therefore usually maximise the power in this
output. Typically, when operating the Ti:Sapphire around 920 nm we have 1.7 W
of power in the output for doubling, and 60 mW in the vertically polarised output.
This output is normally dumped at the shutter on the SolsTiS module. We note
however that this output could be used for future applications involving the tune-
able fundamental output of the SolsTiS, without having to make any changes to
the tuneable lattice setup described below. There is also an output on the SolsTiS
of approximately 10 mW power designed for coupling to an FC-PC fiber. We use

this output to monitor the SolsTiS frequency by fiber coupling to a wavemeter.

The horizontally polarised free-space output is realigned and focused into a doub-
ling cavity. This an ECD-X cavity from MSquared, and is shown in figure B.1.
It consists of an LBO doubling crystal within a bowtie cavity configuration. The
doubling crystal is efficient over the frequency range 457.5nm to 461 nm. The angle
at which the crystal is most efficient is sensitive to wavelength of the input light.
The crystal angle therefore can be controlled by a micrometer screw. This screw
can only be accessed by opening the lid of the cavity. The frequency of the lattice
should therefore be changed as infrequently as possible to avoid contamination of
the cavity optics. The output of the cavity is optimised by an error signal generated
from a pickoff from one of the cavity mirrors which feeds back to a piezoelectric
transducer crystal mounted to one of the cavity mirrors (mirror M2 in figure B.1),
which controls the cavity alignment. If the cavity output is not optimised, the
crystal angle can be adjusted manually, as well as the alignment of the two mirrors
either side of the crystal in the bowtie (mirrors M3 and M4 in figure B.1). Scanning

and stabilisation of the cavity, as well as monitoring of the error signal and output
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Figure B.1: The ECD-X doubling cavity. Input light from the SolsTis is aligned
in a four-mirror bowtie cavity. The LBO frequency doubling crystal is situated on
the beam path between mirrors M3 and M4. The angle of the crystal relative to
the beam can be adjusted by the micrometer screw. The M3 and M4 mirror pair
can also be adjusted to optimise the frequency-doubled output.

(through a pickoff onto a photodiode) is also performed using MSquared control

software through the MSquared ICE-Bloc interface.

For a 1.6 W input of light from the SolsTiS tuned to 919.0 nm, we have been able
to get a maximum output of 800 mW of light at 459.5 nm from the doubling cavity.
We have found, however, that output power reduces by the order of 100 mW to
200 mW per month. Once the output power decreases below ~ 350 mW, we can
no longer stabilise the doubling cavity and produce a stable output. We have
found the power loss is due to degradation on the surfaces on the LBO crystal.
This is despite the cavity being housed in a sealed module and with laminar flow
present above the optical table. In the short term, the surfaces of the crystal can
be cleaned with high purity (> 99.9 %) methanol, which restores the output to
full power. We typically find this needs to be performed approximately every 3

months when the system is in regular use. Regular optimisation of the crystal



B. Tuneable lattice light source 191

angle and the manually controlled cavity mirrors can also help maintain output
power. However, a permanent solution to the output problem may be to return

the ECD-X to MSquared to either repair or replace the crystal.
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Appendix C

Tuneable lattice alignment

C.1 Coarse alignment to Cs MOT

For initial alignment of the lattice beam, we blocked the retroreflection beam and
only considered the alignment of the beam in single-pass configuration. We took
advantage of the Cs transitions within our laser tuning range to use loss of Cs due
to resonant heating as our signal to optimise. We tuned the beam wavelength to
459.57nm, as close as possible to the 65% — 7P% transition 459.45 nm where the
cavity could be continuously locked. The beam power was set to 174 mW. We then
ran the Cs MOT continuously with the beam on. The shim coils were set so that
the Cs MOT was centred at the approximate position of the Cs DRSC beams (and
hence the BODT beams). The fluorescence of the MOT was monitored in real-
time on the usual monitoring photodiode. Figure C.1 shows the reduction of the
MOT fluorescence with respect to the beam position, as controlled by the mirror
above the chamber. For optimal alignment, the MOT fluorescence is reduced by
approximately 50 %. The full width half maximum of the loss curves is 0.6(1.3) mm
in the east-west (north-south) axis. This implies the Cs MOT has an asymmetric
shape. We attribute this to imperfect alignment or imbalance of powers in the MOT

beams. We left the mirror at the position where the fluorescence was minimised.
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Figure C.1: Aligning the lattice beam to the Cs MOT. Reduction in the Cs
MOT fluorescence with adjustment of the beam focus in the (a) east-west and (b)
north-south axis. The beam was tuned near to the 6S1 — 7P1 Cs resonance. The

2 2
black line in each plot is a Gaussian fit to the data, used to find the centre of the
alignment.

C.2 Alignment to optically trapped atoms

A more precise alignment can be performed by turning the lattice beam (with
retroreflection blocked) on incident to either Cs or Yb atoms in the BODT. This
is the exact location in the science chamber where the BECs are produced. We
started this alignment procedure by observing transfer of "Yb atoms from the
dimple trap to the beam. This was performed at the end of a Yb-only evaporative
cooling routine. The beam was ramped on in 300 ms to a power of 174 mW, and
held for 1650 ms during the Yb evaporation. In the final 1s of evaporation, dimple
beam 2 was ramped off to allow atoms to expand along the dimple beam 1 axis.
Figure C.2 shows absorption images of the Yb atom cloud along this axis without

(a) and with (b) the beam intersecting and providing additional confinement.

The two adjusters on the deflector mirror adjust the beam parallel and perpendic-
ular to this axis. Therefore, we were first able to align the beam to this axis by

optimising the atom number in the crossing, while adjusting the position of the
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Figure C.2: Trapping 174YDb in the lattice beam. '"Yb trapped and allowed
to expand along the axis of dimple beam 1, without (a) and with (b) the vertically
intersecting lattice beam providing additional confinement.

‘perpendicular’ adjuster. This is shown in figure C.3(a). Once this was optimised,
we could use the ‘parallel’ adjuster to ‘track’ the position of the intersection along
the dimple beam 1 axis, as shown in figure C.3(b). In this way, the atom cloud
was shifted to the axial position where the atoms in the BODT were observed if

dimple beam 2 was not ramped off.

Final fine-tuning of the beam was performed by returning to near resonant heating
of Cs in the BODT. The beam was left on throughout a sequence loading Cs
only into the BODT. The beam power was 2.36 mW, with a dithered detuning of
+1.00040.375 GHz from the 65’% — 7P% transition, dithered at a rate of 5 Hz.
This detuning required re-locking of the reference cavity at regular intervals, but
the cavity could stay locked over the course of several experimental runs (each run
taking approximately 20seconds). A lower detuning is used here compared to the
MOT alignment. Figure C.4 shows Cs loss curves when adjusting either deflector
mirror axis. The 8% width of the fits to the data in figure C.4 are 91(3) pm in the
east-west axis and 155(4) pm in the north-south axis. These equate to -27(3) %
and +23(3) % deviations from our predicted waist of 125.92(17) pm. This implies
that the beam focus at the atoms is elliptical or astigmatic. This could be due

to imperfect alignment through the focusing lens, or the propagation through the
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Figure C.3: Aligning the lattice beam to optically trapped 74Yb. (a)
Optimisation of the 1™Yb atom number trapped in the intersection of the lattice
beam and dimple beam 1, with adjustment of the beam focus in the east-west axis.
The black line is a Gaussian fit to the data, used to find the centre of the alignment.
(b) Moving the focus position of the lattice beam along the dimple beam 1 axis.
Position of 1™Yb trapped in the intersection of the lattice beam and dimple beam
1, with adjustment of the beam focus in the north-south axis. The black line is a
linear fit to the data.

chamber viewports.

C.3 Alignment of retroreflected beam

Provided the lattice beam is recollimated sufficiently well, the back-coupling of the
retroreflected beam through the optical fiber should be as efficient as the initial
pass through the fiber. Therefore, having first performed coarse alignment to ensure
the retroreflection was incident on the fiber output, a non-polarising beam splitter
cube was placed on the optical table in the beam path before the fiber input. The
power of the component of the retroreflected beam split from the main beam was
subtracted from that split from the first pass of the beam. This power was then
optimised for the adjustment of the retroreflection mirror, and for fine-tuning the
axial position of the recollimation lens. This method of lattice realignment was

used regularly while taking measurements which required regular changes to the
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Figure C.4: Aligning the lattice beam to Cs in the BODT. Reduction in the
Cs atom number with adjustment of the beam focus in the (a) east-west and (b)
north-south axis. The beam was tuned near to the 651 — 7P1 Cs resonance. The

2 2
beam displacement is calculated using the calibration in figure C.3b and re-centred
at zero. The black lines are Gaussian fits to the data, used to find the centre of
the alignment.

lattice frequency. We note that any changes to the alignment of the outgoing beam

will in turn require realignment of the retroreflected beam.
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Appendix D

Analysing data from
Kapitza-Dirac diffraction

experiments

In experiments involving a single atom cloud, image analysis software is used in
parallel to absorption imaging for fitting and analysis of the cloud. Kapitza-Dirac
diffraction, however, inherently requires the simultaneous analysis of multiple dif-
fracted orders of a BEC. Therefore, a process for analysing the data to quickly
determine quantities such as lattice depth was developed. This would allow us to
analyse Cs diffraction data and measure the Cs polarizability in parallel to further

data being taken. A schematic of the process is shown in figure D.1.

D.1 Absorption imaging

All information regarding the atom cloud is derived from absorption images cap-
tured on the camera, with a fluorescence count per pixel of the camera plane. The
absorption imaging light is resonant to a closed transition of frequency A and has an
intensity profile Iy(x,y) which is low relative to the saturation intensity, Iy < Isat.

In this case, the absorption cross section is given by o7otar = % [265]. The reduc-
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tion in intensity through an atom cloud of density profile n(x,y) is described by

the Beer-Lambert law [265]:
I(z,y) = Io(x,y)e " @V)oTotal (D.1)

Hence, the density profile can be calculated as

1 I(z,y) ) 1
s P l < = — OD 3 5 D2
n(x y) OTotal . Io(x,y) OTotal (x y) ( )

Where OD(z,y) is the optical depth profile of the atom cloud.

An optical depth per pixel is calculated using the method of background subtrac-

tion. In practice, three camera images are captured per experimental run:

Acam = Imaging light and atoms,
Bcam = ‘Light background’; Imaging light and no atoms, (D.3)
Clam = ‘Dark background’; No imaging light or atoms.

The Acam, Bcam and Ccoam images are captured by the imaging camera at the end
of each experimental sequence. The Aca.m image is captured after time of flight
expansion of the atoms, and the Bgam, and Coan, images are subsequently taken
after the atom cloud has fallen from the camera’s field of view. The same camera
exposure time of 100 ps is used for each image exposure. From these images a single

image Apop can be calculated pixel-by-pixel using

Aop = In (g_g) : (D.4)

The numerical value of each entry of the array Aop is the value of optical depth

of the corresponding pixel in the camera field of view.

D.2 Extracting diffracted orders

The resulting absorption image contains all the diffracted orders (provided an ap-
propriate time of flight was chosen) as well a large ‘dark’ region of no experimental

interest. Further .csv files are created which cover smaller regions of interest within
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the original absorption image. There are 2n + 1 files, where n is the highest order
of diffraction observed in the experiment. If the range of pixels each diffracted
order falls within is known for one absorption image, the regions of interest for
all subsequent images in a data set can be unambiguously defined as the same,
provided the time of flight is not changed during the experiment. For our size of
BEC and choice of lattice spacing and time of flight, the spatial separation between
neighbouring orders of diffraction is sufficient to unambiguously define a boundary
between the two. For the purposes of fitting the diffracted orders, the regions of
interest must be defined with a sufficient area of dark background surrounding the

atom cloud itself.

D.3 Calculating atom number

We then calculate atom number in each diffracted order using the method of one-
dimensional integration. The two-dimensional array of optical density values is
converted into a one-dimensional array by summing the optical density values in one
dimension. Either each row can be summed to give an integrated one-dimensional
column, or each column sum to give one integrated row. If an appropriate region of
interest has been chosen, this one-dimensional array gives the density distribution
of the atom cloud. Atom number can be calculated from fitting a function to this

distribution and calculating the area under the fitted function.

We perform a Gaussian fit f(z) to the density distribution of the form

(z—m0)?

fla) = Age™ 2% +yp. (D.5)

The atom number N is then calculated as

Y 2w Agp’o

OTotal

N (D.6)

where Ag is the magnitude of the Gaussian curve, p is the pixel size, o is the 6%

width of the atom cloud, and oo is the total absorption cross-section. As the
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Cs gas is quantum degenerate in this experiment, a Thomas-Fermi fit would be a
more appropriate choice to determine atom number in each order more precisely.
However, it was decided a Gaussian fit was sufficient for determining the relative
populations of each order in the diffraction pattern. The atom number calculated
should be the same if either the integrated row or integrated column is calculated.
Whether the fitting from these two permutations agree to within error is a good
method of determining the goodness of fit, and how appropriate the fitting function
is. Initial fitting parameters had to be chosen carefully to ensure a good fit of the

data.

An alternative method is to calculate the number from the optical depth of each
individual pixel, and sum over the entire region of interest. In this case, the number

Npx is given by
Ap?
Npx = E (D.7)

)
OTotal

Pixels

where A is the optical depth per pixel, p is the pixel size and oroia is the total
absorption cross-section. Although this method is a useful alternative if no function
can adequately be fitted to the density distribution, it is prone to overcounting the
atom number if the region of interest incorporates a large area of background
noise outside the atom cloud itself. In this case, a dark region equivalent to the
background noise area can be analysed, and the calculated atom number can be

subtracted from the number calculated from the image of the atoms.

D.4 Fitting a simulation to the data

The atom number for each diffracted order is calculated for every absorption im-
age in a data run. The pulse duration, atom number of each order, and relative
population percentage of each order, is tabulated and outputted in the appropriate

format for inputting into the Kapitza-Dirac simulation code.

The code [215] has been used effectively to fit Kapitza-Dirac simulations to the data

with very little modifications. The lattice spacing must be specified in pm. This is
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one half of the lattice wavelength, and therefore one quarter of the undoubled light
which is monitored and logged by the wavemeter for each experimental run. The
maximum and minimum values for [ in the simulation was found to not significantly
affect the fitting result for |I| > 10, however | = +30 was used in each simulation
for consistency. To provide an ‘initial guess’ simulation, the lattice depth could
be estimated using the pulse power (monitored on the photodiode), the estimate
of the beam waist from the optical design, and the expected polarizability of the
lattice wavelength based on the atomic data. As the normalised data set was used,

the ‘initial guess’ for atom number was 1.
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Convert ascii files (image, light
'convert _raw_images background, dark background) into .csv
_to_OD_csv'.py files containing OD per px

Import .csv file

The position of the ROIs for each diffracted order are well-
separated enough and located in reproducibly enough the same
place, that an ROI can be easily defined for each diffracted order
for the entire data set. Rotation of the lattice axis is not an issue

for the integration method of determining atom number.

v Define (2n+1) ROIs where n
‘Numbers and is the maximum diffracted

populations by
integration v5’.py order observed

For each ROI, Integrate OD along both axes
and perform 1D-Gaussian fit. (OD (z-

integration) vs x and OD (x-integration) vs z)

Atom number = Area under the 1D-Gaussian fit

Areas under two plots should be ideally the same.

Save data in two .csv files. 1. Raw data of atom number of each
diffracted order. 2. Normalised population of each diffracted order for

KD-fitting. (File no; pulse duration in us ; -2nd ;-1st ;0th ;1st ;2nd )

A

D fit to extract lattice
main.py depth

Figure D.1: Schematic of the data analysis process for Kapitza-Dirac dif-
fraction experiments.
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