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Abstract

Ultracold molecules can be used for a wide range of applications, including quantum chemistry,
tests of fundamental physics, and quantum simulation. These goals hinge on the ability to
produce a gas of polar molecules at high phase-space density. Sympathetic cooling offers a

promising route to bring laser-cooled molecules into this regime.

In this thesis, we make progress towards sympathetic cooling of CaF molecules with ultracold
Rb atoms. Both species are loaded into a magnetic trap and we study collisions between them.
Rotationally-excited molecules are found to collide inelastically with the atoms with a rate
coefficient close to the universal limit. In the rotational ground state, no inelastic collisions are
observed but an upper bound is placed on the inter-species inelastic loss rate coefficient. An
attempt was made to observe thermalization between the two species is observed, which places

an upper limit on the elastic cross section.

Transverse cooling of the molecular beam used for loading the MOT is implemented, increasing
the number of molecules captured by a factor of 3.5. Benefiting from this, both species are
loaded into a 1D optical lattice - demonstrating the first mixture of atoms and laser-cooled
molecules in an optical trap. We observe rapid loss of molecules when cotrapped with the
atoms, even for molecules in the rotational ground state. This is attributed to elastic collisions
with the atoms, which have a temperature close to the trap depth for molecules. To circumvent
this, it is necessary to cool the atoms further in a deep optical trap. Cooling of Rb atoms in a
lattice and an optical dipole trap (ODT) is demonstrated using a A-enhanced gray molasses and
we succeed in cooling the atoms down to 18 pK in an ODT of depth 1 mK. At this temperature,
sympathetic cooling of the molecules in the ODT should be observable.
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Chapter 1

Introduction

1.1 Why ultracold molecules?

The unprecedented level of control offered by ultracold atoms has led to a wide range of applic-
ations, from precision measurements [1] to quantum simulation [2] and information processing
[3]. By extending the techniques used for cooling atoms, in recent years it has become possible
to cool molecules down to ultracold temperatures. Due to their rich internal structure and
large permanent electric dipole moments, ultracold molecules can extend and supplement the

applications offered by ultracold atoms in many areas [4].

1.1.1 Quantum chemistry

At the temperatures accessible by conventional chemistry experiments, reaction dynamics ne-
cessarily involve averages over many degrees of freedom, such as the rotational, vibrational and
hyperfine states of the reactant molecules. In contrast, ultracold molecules can provide a highly
controllable system where the initial states of the reactants can be precisely selected, opening
up whole avenues of research into the role that these initial quantum states play in the outcome

of potential chemical reactions [5].

From a classical perspective, working at ultracold temperatures would seem to pose a problem.

23



24 Chapter 1. Introduction

As the temperature decreases, the speed of the reactants also falls leading to vanishing rates
of collision [6]. However, this is not the full picture. At ultracold temperatures, the de Broglie
wavelength becomes comparable to the scale of the interaction potential and the system has to
be treated quantum mechanically. In this case, the rate of inelastic collisions for distinguishable
particlesﬂ instead becomes independent of the collision energy at very low temperatures, as

shown by Wigner [7].

Detailed calculations have shown that in addition to being finite, rates of chemical reactions can
be large at ultracold temperatures, even in the presence of a potential barrier [§], due in part to
quantum tunnelling. Reaction rates are also drastically impacted by other quantum effects such
as resonances with quasi-bound states [9] and geometric phases [10], which are very sensitive to
the form of the interaction potential. By studying these behaviours in the ultracold regime, new
light may be shed on the fundamental processes behind chemical reactions which can help shape
our understanding of chemistry. In addition, the profound impact of the interaction potential
on the chemical properties of ultracold molecules opens up another possibility. External fields
can be used to influence chemical reactions by altering the potential, allowing unprecedented

control of chemical reactions [11].

1.1.2 Many-body physics and quantum simulation

Since the first Bose-Einstein condensation of atoms almost three decades ago |12} 13|, there have
been many interesting developments in the field of quantum gases. Bose-Einstein condensates
and degenerate Fermi gases of many different atomic species have been produced [14H17] and
rich non-linear phenomena such as superfluidity 18|, quantized vortices [19], and solitons [20]
have been observed. In most cases, the interactions between atoms in these quantum gases are
dominated by the short-range and isotropic contact interaction. However, the development of
quantum gases of highly magnetic atoms (such as Cr [21], Dy [22], and Er [23]) with magnetic

dipole moments of several g has led to a whole new range of behaviours such as roton excita-

IFor indistinguishable particles, quantum statistics plays a role and the behaviour depends on whether the
particles are bosons or fermions.
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tions [24] and the formation of quantum droplets [25] and supersolids [26], due to the relatively

large magnetic dipole-dipole interactions between these atoms.

Polar molecules, on the other hand, have permanent electric dipole moments on the order of

eag, which lead dipole-dipole interactions that are stronger by a factor of

foph

Ceanle] ™ 10 (1.1)

in comparison to those found in magnetic atoms [27]. Furthermore, by manipulating the internal
states of the molecules with external fields, the strength and even the shape of the interaction
potential between the molecules can be tailored [28]. This strength and flexibility allows vast
new regimes to be explored with quantum gases of molecules, thus testing our fundamental

understanding of many-body physics.

Quantum gases have also been used to study models applicable to condensed matter physics.
This was initiated by the observation by Jaksch et al. [29] that atoms in optical lattices can be
used to probe the Bose-Hubbard model, which is important across condensed matter physics,
including in the field of superconductivity. The experimental realization of this, as well as the
quantum phase transition from Mott insulator to superfluid which is a feature of the model,
paved the way for quantum simulation of condensed matter systems with ultracold atoms
[30]. Due to their long-range dipole-dipole interactions and rich internal structure, ultracold
molecules trapped in optical lattices [31] or arrays of optical tweezers [32] offer to extend
the range of models that can be simulated. This includes many models relevant to quantum

magnetism such as the XXZ model |33, |34].

1.1.3 Quantum information processing

Ultracold molecules have also been put forward as a promising platform for quantum inform-
ation processing. A seminal proposal by DeMille [35] envisages a quantum computer made up
of ultracold molecules trapped in a 1D array, with the qubits encoded in the orientation of

the molecules relative to applied electric field. The strong dipole-dipole interactions present in
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molecules can then be leveraged to perform fast two-qubit gate operations. By applying an
additional linear field gradient across the array, the varying Stark shifts of the molecules permit
site-selective one-qubit gates to be executed with microwaves. Readout of the final state is then

done with state-selective ionisation of the molecules.

There are many advantages to the proposed scheme, a large number of which have been demon-
strated experimentally. Long coherence times have been measured in ultracold molecules -
around 100ms in rotational states [36] and over 5.4s in nuclear spin states that have been
proposed as qubit storage states [37]. Two-qubit gates have been implemented with molecules
trapped in optical tweezers, with gate times on the order of tens of milliseconds [38], 139] and tens
of thousands of molecules have been trapped in optical lattices showing the potential scalability

of this method of quantum computing [40].

Many interesting theoretical proposals have been developed following DeMille’s lead that strengthen
the appeal of ultracold molecules for quantum information processing. These include using more
than two levels in molecules to encode information in the form of qudits thus increasing scalab-
ility [41], the use of rotational states to implement quantum error correcting codes [42], and

the addition of Rydberg atoms to mediate faster quantum gates between molecules [43, |44].

1.1.4 Tests of fundamental physics

While the Standard Model of particle physics has had great success in predicting and describing
countless physical processes, it is far from its goal of being a so-called ‘theory of everything’
Various phenomena such as dark matter, dark energy and matter-antimatter asymmetry still
remain unexplained, which prompts the search for new physics beyond the Standard Model.
Many proposed extensions to the Standard Model have effects that can be measured with high
precision spectroscopy of molecules [45, 46]. Thus, these experiments can be used to either

probe physics beyond the Standard Model or put constraints on the proposed extensions.

For example, extensions to the Standard Model that seek to explain matter-antimatter asym-

metry generally do so by introducing additional sources of CP-violation [47]. This leads to much
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larger predicted values of the electron electric dipole moment (eEDM), which would cause a
potentially measurable shift in transition frequencies of atoms or molecules in an applied elec-
tric field [48]. This effect is magnified in polar molecules, as their larger polarizability leads
to much larger effective fields experienced by the electrons [49]. As a result, the most precise

measurements to date of the eEDM have been performed with molecules |50, |51].

Molecules have also been used to measure the possible variation of fundamental constants such
as the electron-proton mass ratio p and the fine-structure constant o, which is a feature of some
theories proposed to explain dark energy [52, [53]. The different sensitivities to p and « offered
by transitions in molecules compared to those in atoms, as well as the varied effect of different
systematic uncertainties, mean that measurements with molecules allow more stringent bounds

to be placed on these variations than with atoms alone [54].

The tests of fundamental physics laid out above would benefit greatly from the use of ultracold
molecules [55]. Lower temperatures lead to increased coherence times and, if trapped, ultracold
molecules can be interrogated for much longer compared to experiments on molecular beams.
This will increase the precision of these measurements, boosting their sensitivity to new physics

beyond the Standard Model.

1.2 Producing cold and ultracold molecules

There are two routes towards producing cold and ultracold molecules: indirect methods, where
ultracold atoms are bound together to produce molecules, and direct methods, which proceed
by cooling of pre-formed molecules. In the following section, a brief introduction to both

approaches is given.

1.2.1 Indirect methods

Ultracold molecules produced by indirect methods have been the centrepiece of many pioneering

experiments. Starting with a sample of ultracold atoms, molecules are formed by either photo-
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or magneto-association [56, 57]. The resulting molecules are in highly-excited vibrational states
and thus very weakly bound but can be transferred by stimulated Raman adiabatic passage

(STIRAP) to lower lying states [58] and even to the absolute ground state [59].

The range of molecules that can be produced by indirect methods is naturally limited to those
containing atoms that can be laser cooled. The first molecules produced in this way were
homonuclear molecules of alkali atoms |60} 61]. By expanding to mixtures of alkali atoms, the
first ultracold polar molecules were formed |62} |63] and, since then, molecules involving closed-
shell atoms have come into reach, first as homonuclear molecules [64] and then as heteronuclear

molecules with alkali atoms [65, |66].

In recent years, association of degenerate mixtures of atoms has allowed the production of
the first quantum gas of polar molecules [67]. However, further collisional cooling of polar
molecules has faced the issue of rapid losses by inelastic collisions [68-71], even in non-reactive
molecules [69-71]. This has led to the application of various schemes for shielding molecules
from inelastic collisions by using strong electric fields in quasi-2D geometries [11] or by resonant
shielding with DC electric fields |[72] or microwaves [73]. Recently, these techniques have allowed
direct evaporative cooling of molecules to below quantum degeneracy |74, [75]. In parallel to
this, sympathetic cooling of polar molecules with ultracold atoms has been demonstrated [76],

offering a potential alternative pathway to quantum degeneracy.

1.2.2 Direct methods

Direct methods of producing ultracold molecules have their origins in cold molecular beams.
These were produced either by supersonic expansion [77] or later with cryogenic buffer gas
sources |78|. Various techniques to decelerate these molecular beams have also been developed
using electric and magnetic fields, allowing many molecular species to be trapped [79]. More
recently, by extending the laser cooling techniques first applied to atoms, molecular beams have
been decelerated using radiation pressure and the molecules captured in magneto-optical traps

- a great starting point for many further experiments [30].
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Supersonic expansion

For close to 50 years, supersonic expansion has been used to create cold beams which have
formed the basis of countless experiments with molecules [77]. To produce a cold beam by
supersonic expansion, an inert gas (such as He or Ne) at high pressure is allowed to expand
rapidly into a vacuum through a small nozzle. Collisions during the expansion cause the thermal
motion of the atoms to be transferred to forward velocity, producing a fast beam with a small
spread of velocities. A species of interest can be seeded into the beam and will be cooled by

the same mechanism.

Cryogenic buffer gas cooling

Early successes in trapping cold molecules were achieved using buffer gas cooling. This works by
injecting or producing a molecule of interest inside a cryogenically-cooled cell in the presence of
an inert cold buffer gas. Thermalization with the buffer gas via elastic collisions then cools the
molecules down to low temperatures whilst removing energy from the rotational and vibrational

degrees of freedom [81].

Using this technique, Weinstein et al. [82] succeeded in trapping CaH molecules in a magnetic
trap at a temperature of 400 mK. Since then, several other molecular species have been trapped
at temperatures below 1 K [83]. These traps can contain up to 2x 10® molecules at peak densities

3

approaching 1 x 108cm™ in some cases. Trap lifetimes were initially less than a second but

have since risen, with a lifetime of over 20's observed in an experiment with NH molecules [84].

Cryogenic buffer gas cooling can also be used to create cold beams of molecules. If the buffer gas
cell has a small aperture, then some of the molecules will escape. Depending on the dimensions
of the cell and the density of buffer gas within it, the flow of molecules out of the cell can be
enhanced by hydrodynamic entrainment [85]. The mean speeds of beams from cryogenic buffer
gas sources are generally much lower than those created by supersonic expansion [78]. Moreover,
for many molecules, the flux of buffer gas beams is much larger than in supersonic beams. These

properties make buffer gas beams highly favourable for many applications including for laser
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slowing and cooling.

Deceleration of molecular beams

The forward speed of molecular beams limits the amount of interrogation time achievable in an
experimental apparatus. Furthermore, for all but the slowest buffer gas beamﬂ directly loading
molecules into traps from molecular beams is not possible. To allow molecules to be trapped
or to simply extend the interrogation time possible in an experiment, various techniques have

been developed to decelerate molecular beams.

This goal was first achieved in 1999 with the development of the Stark decelerator for molecules
[87]. In an applied electric field, polar molecules will experience a shift in energy depending
on their internal state due to the Stark effect. This shift is positive for some states (known
as low-field-seeking states) and negative for others (known as high-field-seeking states). If the
electric field is inhomogeneous, as a molecule in a low-field-seeking state moves to a region of
higher field, its kinetic energy will be transferred to potential energy. By switching the field off
at this point, the potential energy will be removed. This process can be repeated many times,
slowing the molecule further with each iteration. A Stark decelerator employs this method to
slow molecules by applying electric fields that are synchronously switched at the correct rate

so that the molecules will be constantly decelerated.

Molecular beams slowed using Stark decelerators have been used to load traps, starting with
ammonia molecules confined in an electrostatic trap [88] and expanding to a large variety of
other traps and storage rings [79]. Modifications of this method have allowed molecules in high-
field-seeking states to be decelerated [89]. Zeeman deceleration, an analogous method using
magnetic fields instead of electric fields, has been used to slow a molecular beam of non-polar
paramagnetic molecules [90] and load them into a magnetic trap [91]. Many other methods
have also been used to decelerate cold molecular beams, such as optical Stark deceleration [92]

and rotating electrostatic guides [93].

2Direct magnetic trap loading of CaF from a beam of mean speed ~ 30 ms™! with optical pumping has been
reported [86].
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Further cooling of these trapped molecules has been demonstrated by direct evaporative cooling
[94] and by opto-electric Sisyphus cooling [95]. Sympathetic cooling with co-trapped atoms has
been suggested as an alternative approach and good progress has been made towards this with

the confinement of both atoms and molecules in the same magnetic trap [96].

Laser cooling

Spurred on by the resounding successes of laser cooling as applied to atoms, many wondered
whether these techniques might be applied to molecules. Here, the complex energy level struc-
ture that underlies many of the potential applications of ultracold molecules becomes a double-
edged sword. In order to successfully apply laser cooling to molecules, the almost inevitable
branching to various rotational and vibrational states during excitation must be tamed without

requiring a prohibitive number of laser frequencies.

One leap forward was made by Di Rosa [97], who noted that, for certain classes of molecules,
there are transitions where, once excited, the molecule is highly likely to return to its original
vibrational state when it decays. A cooling scheme was proposed based on this that would
allow an estimated 10* photons to be scattered without significant loss of molecules from the
cooling cycle. Further developments followed with a proposal for a magneto-optical trap of TiO
molecules [98] which utilised selection rules to eliminate rotational branching, thus reducing the

number of lasers needed for repumping.

Experimentally, the first successes came when Shuman et al. demonstrated deflection [99] and
transverse cooling [100] of a beam of SrF molecules. Soon after, the technique was extended
to repump more vibrational levels, allowing enough photons to be cycled to slow the beam
[101]. Another molecular species was brought into the fold when cooling of a beam of YO
was demonstrated, along with the first magneto-optical compression of a molecular beam [102].
This paved the way for the first 3D magneto-optical trap (MOT) of molecules, achieved with
SrF in 2014 [103]. CaF was the next molecular species to be loaded into a MOT, which was
achieved by our group in 2017 [104] and by researchers at Harvard in the same year [105]. Since

then the set of molecules that have been trapped in 3D MOTs has widened to YO molecules
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[106] and even a polyatomic molecule, STOH [107]. Further cooling of molecules after the MOT
has brought laser-cooled molecules to temperatures below the Doppler limit for the first time
[104], allowing the loading of magnetic traps [108, |109], optical dipole traps [110, [111] and

arrays of optical tweezer traps [32].

1.3 This thesis

In this work, our progress towards sympathetic cooling of laser-cooled CaF molecules with
Rb atoms is detailed. For this purpose, we study collisions between CaF and Rb, both in a
magnetic trap and in a 1D optical lattice. The thesis is structured as follows. In chapter 2, the
background theory relating to atomic and molecular structure and laser cooling is developed
which will serve as a foundation of the rest of the thesis. Chapter 3 describes the setup that
was used to carry out the experiments detailed in this thesis. In chapter 4, our investigation
of collisions between Rb and CaF in a magnetic trap is presented, including the effect of
different molecular states on the rate of inelastic collisions. A first attempt is made to observe
sympathetic cooling of the molecules with the atoms. The subject of chapter 5 is transverse
cooling of the CaF molecular beam with the aim of increasing the number of molecules we are
able to trap. Both CaF and Rb are loaded into a 1D optical lattice in chapter 6. The lattice
is characterized and collisions between the two species are observed. Chapter 7 presents our
implementation of A-enhanced gray molasses cooling of Rb, both in a 1D optical lattice and a
focussed beam dipole trap. This can be used to bring the temperature of the Rb atoms to very

low temperatures and may allow sympathetic cooling of CaF to be observed.

1.4 Contributions of the author and others

The complexity of the CaF-Rb experiment often demands that work be done as a team. There-
fore, it is important to indicate where others have contributed to the results presented in this

thesis. The experimental setup as described in chapter 3 was already assembled before I joined
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the experiment but an overview is included here to give context for the rest of the thesis.

The experimental results presented in chapter 4 were obtained by Sarunas Jurgilas, Arijit
Chakraborty and me. In chapter 5, the various setups for transverse cooling were designed
and constructed by me; the experimental data was taken by Sarunas, Arijit and me; and the
simulations were done by me. In chapter 6, the dark SPOT for Rb was implemented by me;
the setup for optical trapping was built by Sarunas and me; and all experimental results were
obtained by Sarunas and me. In chapter 7, the setup was assembled by me; the experimental
data in free space and in the optical lattice were taken by Sarunas and me; and all further data

was taken by me.



Chapter 2

Background theory

This chapter details the essential theory that underpins the experimental results presented in
the later chapters of this thesis. The first section is a description of the structure of the atom
(" Rb) and the molecule (*°Ca'F, hereafter CaF) that are central to this work. Then, we set
out the dynamics of a two-level atom interacting with monochromatic light and the scattering
force that results. Armed with this, we examine Doppler cooling in optical molasses and the
magneto-optical trap. We then extend the theory to multi-level atoms to understand various
sub-Doppler cooling mechanisms that will be used throughout this thesis. Finally, a summary

of the theory of ultracold collisions is given.

2.1 Atomic and molecular structure

To apply laser cooling to an atom or molecule, it is necessary to find a ‘closed’ transition, where
many photons may be scattered before the atom or molecule is transferred to a state that is
not addressed by any laser. In this section, I will present the energy level structures of 8"Rb

and CakF, as well as the transitions used to cool both species down to ultracold temperatures.

34
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2.1.1 Structure of 8"Rb

As with other alkali atoms, the ground state electron configuration of 8Rb ([Xe] 5s) consists of a
single unpaired valence electron in the outer shell. To a first approximation, the inner electrons
simply shield the valence electron from the charge of the nucleus, so we have a hydrogen-like

system with a single electron around a nucleus with charge +e.

The lowest lying electronic states above the ground state are those where the single valence
electron has been excited to a higher orbital. The energy of these states is largely determined
by the orbital of the excited electron, labelled by nl where n is the principal quantum number
and [ is the azimuthal quantum number. For Rb, the lowest lying orbital above the 5s is the

5p, as shown in figure [2.1

The spin-orbit interaction cause the splitting of these energy levels into what is known as the
fine structure. To a good approximation, the electronic states are eigenstates of the operators
f;Q, SQ, and jQ, where L is the orbital angular momentum, S is the electron spin angular
momentum, and J = L + S is the total electronic angular momentum. The eigenvalues of I?,
SZ, and J° are RPL(L+1), R*S(S+1), and h?J(J + 1) respectively and we label each electronic

level by the orbital of the outer electron and its term symbol, conventionally written asﬂ:
n25LL (2.1)

where the value of L is indicated by a letter from the sequence {S, P, D, F, G, ...} corresponding
to values of L ={0,1,2,3,4,5,...}.

If relativistic effects were neglected, each configuration would be degenerate with respect to S
with degeneracy (25 + 1), known as the spin multiplicity. However, the spin-orbit interaction
couples L and J and lifts this degeneracy, splitting each term into levels labelled by J, where

J takes values from |L — S| to L+ S.

In 8Rb, we have a single electron sitting outside closed shells and so S = 1/2 and L is simply

1Since the inner electrons form closed shells, L is just the orbital angular momentum quantum number [ of
the outer electron and we drop [ from the configuration, as it is redundant.
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determined by the orbital of the single electron. The 5s ground state term is thus 25/, and
each term with L > 0 splits into two levels with J = L + 1/2. For the 5p, this leads to terms

P /2 and 2p, /2, with the former being lower in energy.

Finally, we consider the hyperfine structure which arises from the interaction between the spin
of the nucleus and the electrons. This couples I and J to form the total angular momentum
F =1+ J and splits each of the terms into hyperfine levels labelled by F' where F' ranges from
I —J| to I+ JP| In ®Rb, the nucleus has spin I = 3/2, so the ground state (525,2) splits
into two hyperfine components with F = 1,2, as does the 52P, /2. The 52P3/2, however, has

four components with F'=0,1,2, 3.

Each hyperfine state is (2F + 1)-fold degenerate but will split in an external magnetic field into
magnetic sublevels due to the Zeeman effect. Each sublevel can be labelled by its value of mp,
where mp is the eigenvalue of the F, operator, corresponding to the component F along the

magnetic field direction, z.

Transitions

The transitions from 525, 205 ’p 2 and 5 2Py /2 are known as the Dy and D, line, respectively.
The transitions can be driven by light with a wavelength of around 795 nm on the D; line and

around 780 nm on the Dy line [112].

The electric dipole transitions between the hyperfine levels of each state follow the selection
rules AF = 0,41 and Ampr = 0,+1. From these we can see that the transition 5251/2 (F =
2) = 52P3)5 (F = 3) is closed and therefore amenable to laser cooling with a single laser. In
reality, when driving this transition, there is a non-negligible chance of exciting the atom to
52P3; (F = 2) which can decay to the F' = 1 level in the ground state. As a result, it is

necessary to repump atoms from the F' = 1 level using a secondary laser.

2] and F are defined such that the eigenvalues of I and B~ are #21 (I +1) and h?F(F + 1) respectively.
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Figure 2.1: Energy level structure of the D1 and D2 lines of 8Rb, showing the fine and hyperfine
structure. The energy spacings of the hyperfine levels are given in units of h x MHz.

2.1.2 Diatomic molecules

Molecules have a richer and more complex energy level structure in comparison to atoms.
In addition to the electronic state, the vibrational and rotational state of the molecule also
contribute to the energy. By making the Born-Oppenheimer approximation, we can separate
out the contribution of the electronic, vibrational and rotational states and write the total

energy as

E = Eelec + Evib + Erot- (22)

The terms are in order of their relative magnitude; in diatomic molecules, we typically have

Eelec ~ 102E’Vib ~ 104Evrot;'

Electronic structure and molecular term symbols

Unlike in atoms, the potential seen by the electrons in molecules lacks spherical symmetry. This

)
means that the operator L does not commute with the Hamiltonian and L is no longer a good
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quantum number. In diatomic molecules, the spherical symmetry is replaced by cylindrical
symmetry around the inter-nuclear axis. To take advantage of this symmetry, we define a
body-fixed coordinate system with the axis 2’ fixed to the inter-nuclear axis. The projection
of the orbital angular momentum along this axis, L., commutes with the Hamiltonian and we

can identify A as a good quantum number where iA is the eigenvalue of L.

In analogy with atoms, each electronic state of a molecule can be ascribed a term symbol which

is written in the form

[Letter] @StV |A[/~. (2.3)

The first part denotes the electronic state with a unique letter from the sequence { X, A, B, C, ...}
where X labels the ground state, A the first excited state, B the second excited state and so
on. The value of |A| is denoted by a symbol from the sequence {3, I, A, ®...} corresponding
to {0, 1,2,3...}, respectively. Finally, the superscript +/— is used to label states with A = 0

according to their reflection symmetry through any plane containing the nuclear axis.

Vibrational structure

After the electronic motion, the next biggest contribution to the energy is from the vibrational
energy of the nuclei. The nuclei move in an effective potential, V'(r), that depends on their
separation, r, due to the electrostatic interaction between the two nuclei and the energy of the
electronic state. Since the molecule is bound, there exists an equilibrium separation, rq, at
which the potential is minimized. Expanding around this minimum to second order, we obtain
the well-known Schrodinger equation for the harmonic oscillator with energy eigenvalues given
by

E, = hw, (I/ + %) , (2.4)
where w, = \/W , k =V"(ro), and p is the reduced mass of the nuclei. This is a reasonable
approximation for lower vibrational states where the wavefunction is localized close to rg,

however for higher vibrational states the anharmonicity of the potential is more apparent. One



2.1. Atomic and molecular structure 39

function that has been used to model this effect with some success is the Morse potential
_ —a(r—ro) 2
V(ir)=D (1-e ). (2.5)
Solving the Schrodinger equation with this potential leads to energy eigenvalues given by

1 1\°
E, = hw, (1/ + 5) — hwyx, (1/ + 5) (2.6)

where

Wy , L= : (2.7)

Rotational structure

As well as vibrating, the nuclei in the molecule can also rotate. The rotational Hamiltonian

can be written as
)

H = R
2pur?

(2.8)

where R is the rotational angular momentum of the nuclei. To a first approximation, we can
replace the separation r with its equilibrium value rg and the Hamiltonian becomes that of a

rigid rotor

H = BR (2.9)

with B = 1/2ur2. This forms a rotational ladder of levels with energies given by

Er=BR(R+1). (2.10)

This is a reasonable approximation for lower rotational levels however as the rotational energy
increases so does the centrifugal force between the two nuclei. This causes the equilibrium
separation 7y to increase with increasing R. A better approximation to the rotational energy

can then be found from the expansion

Er=B,R(R+1)— D,R*(R+1)*+ ... (2.11)
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where the added terms are known as the centrifugal distortion corrections and the subscripts

v indicate that the factors depend on the vibrational state as

1

BV:BB—Oée (V+§> +, (212)
1

V:D€+/Be (V‘f‘g) — .. (213)

Hund’s cases

As with the atomic case, it is useful to identify the angular momenta present, the relative
strengths of the couplings between them, and the good quantum numbers that result. The
possible coupling schemes are known as Hund’s cases (a)-(e). The structure of CaF, and indeed

of most diatomic molecules, is well described by Hund’s cases (a) and (b).

(a) (b)

.
‘.
wn

Figure 2.2: Schematics of the coupling schemes in Hund’s case (a) and (b), described in the
main text

In Hund’s case (a), L is strongly coupled to the inter-nuclear axis by electrostatic forces. The
total electronic spin S is then coupled to L by the spin-orbit interaction and so is also coupled
to the inter-nuclear axis. The electronic motion is weakly coupled to the angular momentum
from the molecular rotation R and so we form the total angular momentum J = L+S+R. In

this case, the basis states are |A) |S, X) |J, ) which have good quantum numbers defined by

L.|A) = hA|A), (2.14a)

§% 15,3 = B2S(S + 1) |8, 3) (2.14b)
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S.18,%) = h2|S, %), (2.14c¢)
P10 = 2J(J+1)|7,5), (2.14d)
J.|J,Q) = h2 |, Q). (2.14e)

For diatomic molecules, we have the relationship 2 = A + ¥ as R must be perpendicular to

the inter-nuclear axis.

In Hund’s case (b), the spin-orbit interaction is weak compared to the rotational energy of the
molecule. Thus, although L is still strongly coupled to the inter-nuclear axis, S is not and X
is no longer a good quantum number. Instead, L first couples to the molecular rotation R to
form N = L + R, and then S couples with N to form the total angular momentum J. The

basis states in this case are |A) |N, S, J) with good quantum numbers defined by

L.|A) = BA|A), (2.15a)
N*|N, S, J) = B2N(N + 1) |N, S, J) (2.15b)
§* N, S, J) = B2S(S + 1) N, S, J) , (2.15¢)
JIN,S,Jy = i2J(J +1)|N, S, J). (2.15d)

In states with A = 0, there is no spin-orbit interaction and therefore this case is most appro-

priate.

2.1.3 Structure of CaF

The electronic states of CaF relevant for this work are the ground state X 2%, the state AZII

and the state B2X*, as shown in figure [2.3]

The state X 22+ has A = 0 and so is well-described by Hund’s case (b). Since there is no
orbital angular momentum L, the total angular momentum is just the sum of the spin and
the nuclear angular momenta, so N = R and J = S + R. Each rotational level with N > 0

is split into two components that have J = N + 1/2, due to the spin-rotation interaction.
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Figure 2.3: Energy level diagram of the X 2%, AZ2II, and B2II states in CaF, showing the
electronic, vibrational, rotational and hyperfine structure of relevant states. At each stage, the
sub-levels most relevant to the work in this thesis are selected. The energy of each state is
given relative to the lowest energy state in each manifold and expressed in frequency units.
The symbols (+/-) show the parity of the rotational levels in the A2II;, (v = 0) state.

The hyperfine interactions further mix these states to produce hyperfine states labelled by F',
where F = I + J. The calcium nucleus has no total spin and the fluorine nucleus has a spin
of I = 1/2, giving CaF a total nuclear spin of I = 1/2. Both the spin-rotation and hyperfine
interactions are of similar strength, and so the energy levels produced by the combination of
the two are generally said to form the hyperfine structure. The hyperfine states in the N = 1
manifold, which are the ones utilized for laser cooling, are labelled by F = 17,0,1",2, in order
of increasing energy. The superscripts +/— are used to distinguish the two levels with F' = 1,
where the +(—) denotes the state with higher (lower) energy. The ground rotational state,
N = 0, is split into two hyperfine states with F' = 0 and F' = 1. The parity of each state is
determined by the value of N: states with even N have positive parity (p = +) and states with

odd N have negative parity (p = —).

The state A 211 is the first excited electronic state. In this state, the orbital angular momentum
is non-zero and the spin-orbit interaction is strong, which makes Hund’s case (a) most appro-

priate. The spin-orbit interaction splits the states into those with |Q2] = 1/2 and those with
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Q| = 3/2, labelled as A I, , and A?Il3/,, respectively. However, both the rotational part and
the spin-orbit part of the molecular Hamiltonian cause coupling of these states to the nearby
B?2%T state [113]. This lifts the degeneracy of states with Q = 4+1/2 and Q = +3/2, splitting
them into pairs of states with opposite parity. This effect is known as A-doubling. For the
rotational level J = 1/2, that is most relevant for this work, the state with p = + lies 1.36 GHz
above the p = — state [113]. For laser cooling of CaF, we excite the molecule to the positive
parity state, which is further split into two hyperfine components with /' = 0 and F' = 1. These
two states are not well resolved as they are only separated by approximately 5 MHz [114]. The

ATl state decays to the X 22T at a rate I' = 27 x 8.3 MHz [114].

The next highest electronically excited state B2X" has a similar structure to the ground state
X 23T and so is also best described by Hund’s case (b). The states relevant to this work are
located in the N = 0 manifold, which contains two hyperfine states with /' = 0 and F' = 1,
separated by 20 MHz [115]. The B2%* state has a decay rate of I' = 27 x 6.3 MHz [116] and
decays almost entirely to X 22+ with the branching ratio to the A state being less than 1 x 1076
[117]).

Transitions

For electric dipole transitions that change the electronic state, the relevant selection rules are

AJ = 0,41 but J =0 J' =0, (SR1)
p=++p =7 (SR2)

Amp = 0,£1 but mp =0 «» mfp =0 if AF =0, (SR3)
AF = 0,41 but F =0 F' =0. (SR4)

If we consider the decay of state ATy, (J = 1/2,p = +) to states in X ?5* and recall that
for each value of N there are two spin-rotation components with J = N + 1/2, rule [SR]]
restricts the value of N = 0,1,2. Taking into account the parity rule (SR2) further reduces

this to N = 1, since this is the only one with negative parity. Therefore, the transition
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A%y (J =1/2,p=+) < X ?2T (N =1) is rotationally closed. The same two selection rules

ensure that the transition B2X1 (N = 0) < X 22T (N = 1) is also rotationally closed.

Since the effective nuclear potential is different for different electronic states, there are no selec-
tion rules governing the vibrational quantum numbers in electronic transitions. The branching
ratio for transitions from vibrational state v in the excited state A/B to vibrational state v/ in

the ground state X is instead largely determined by the Franck-Condon factors

2

PP = ‘ / Faypur(r) fxn(r)dr| . (2.17)

where f;,(r) is the nuclear vibrational wavefunction within the electronic level i = X, A, B,
labelled by v. In order to sufficiently close the transition, it is necessary to use a molecule
that has transitions for which the matrix of Franck-Condon factors is highly diagonal so that
leakage to other vibrational levels is small. For CaF, the A «+— X and B <+ X transitions are
largely associated with excitations of the unpaired electron, which is largely localized around
the Ca nucleus. Therefore, the effective nuclear potential is almost identical and the nuclear
vibrational wavefunctions are very similar. As a result, the Franck-Condon factors for the

A(V' =0) + X(vr=0) and B(v' = 0) - X (v = 0) transitions given by [118} |119]
Pgly =0.964, Py =0.999 (2.18)

are very close to unity. This means that many photons can be scattered without losing molecules
from the cooling cycle and adding vibrational repump lasers can further close the transition,

allowing even more photon scattering events.

2.2 The two-level atom interacting with light

To understand the atom-light interaction, we start by considering an atom with a ground level

lg) and an excited level |e), separated in energy by fuvy, interacting with an electric field given
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by E(t) = £€cos(wt). The Hamiltonian for this system is
H = hwg |e)e| —d - E(t), (2.19)
where d is the dipole operator, which has matrix elements
(gld|g) = {e[d|e) = 0, (2.20)
(gldle) = (eld|g) = dg. (2.21)
By moving to the rotating frame defined by:
g) = 1), le) = e [e) (2.22)
and making the rotating wave approximation, we obtain the transformed Hamiltonian
- h$2
H = —hAle)e| + —~(Ig)e| + [e)g]), (2.23)

where we have defined the detuning A = w — wy and the Rabi frequency 2 = —€(dg « €)/h.

If we write the state as

V) = ce(t) [g) + ce(t) [e) (2.24)

and substitute it into the Schrodinger equation

— )y = —H¥), (2.25)

Cg(t) = _7Ce(t)7 (226&)
eo(t) = —gcg(t) +ile(t). (2.26D)

If the atom is initially in the ground state (cg(0) = 1, c.(0) = 0), then these equations have the
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solution

. Ot A Ot
_ LiAt/2 I et
() =e |:COS<2) zQsm<2)} :

Q Ot
co(t) = —ie M7 sin <7) ’

where ) is the modified Rabi frequency given by
Q=vQ2+ A2

The probability of finding the system in the excited state at time ¢ is then
2
Qt
P.(t) = |co(t)] = (_) sin? (?> .
2.2.1 The optical Bloch equations

The time evolution of the density operator p is given by

5] (5),

(2.27a)

(2.27D)

(2.28)

(2.29)

(2.30)

where the last term describes the effect of spontaneous decay on the system. From this, we

obtain the optical Bloch equations given by

dbee ZQ s 7 0

= 5 (Pes — Pye) — Thec;

dp 1) - ~

Dt T g Puc) + T

dﬁ o . - ZQ ~ ~
d_f = —(F/2 + zA)pge - 7(pee - pgg)7
dpeg — ; 7 ZQ

dt _(F/2 - ZA)peg + ?(ﬁee - ﬁgg)7

(2.31)
(2.32)
(2.33)

(2.34)

where we have defined the spontaneous decay rate I' = 3mohc3| (g|d|e)|*. The dissipation due

to the spontaneous decay terms means the density matrix will reach a steady state, which we
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find by setting dp/dt = 0, leading to

(s5) — o (2.35a)
Pee” = T2 002 1 4A2 '
(ss) _ —iQ(T" 4+ 2iA) 5 35k
pe) =1-p%), (2.35¢)
P8 = (o))" (2.35d)
We can define dimensionless units
s=20%/T? §6=A/T (2.36)
and write equations [2.35a] and [2.35b] as
G 2.37
Pec 2(1 + s+ 462)’ (237)
o —V2s(142i0
pl) = ( . ), (2.38)
2(1 + s+ 46?)

Since the Rabi frequency 2 is proportional to the electric field, the saturation parameter is

proportional to the intensity of the radiation and therefore we can write
s =1/lsx, (2.39)

where I, is the saturation intensity given by

ceo2h?

Al {gld - ele)f” 2

sat

2.2.2 Scattering force

We now consider a two-level system interacting with a plane wave. The electric field is given

by E(r,t) = £écos(k-r —wt). Following the same procedure as before we can write the
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transformed Hamiltonian as

1= A Je)el + 52 (e el + e e} (2.41)

We now introduce the operator for the force on the atom:

. _ihkQ), .
F = —VH = ——(c""[g)c| — ¢ " [e){g]). (2.42)

By taking the expectation value, we get

- ik} iker ~ —iker~
F= <F> = T(e 8 Peg — € 8 pge)' (243)
If we consider a stationary atom at the origin, we see that the Hamiltonian is identical to that

in equation [2.23] As a result, we can use our results from the previous section to evaluate the

force on the atom in the steady state:

1hk() hQ’Tk
— H8) _ pls)y —
F 2 (Peg” = Pec”) 2 4202 + 4A%° (244)
This can be written as
o UK ceopp (2.45)

2(1+ s+ 46?)

This last expression has a intuitive explanation. By absorbing a photon from the beam and
emitting a photon by spontaneous decay, the atom gets a net momentum kick of th| The rate

of this scattering is given by:

r S
Re=pT=-—" 2.46
pee 2 1 +3+452 ( )

The force is the rate of change of momentum which is Rs.hk, giving us the same expression as

in equation

3The spontaneous decay does not contribute as the probability of emission P(R) along a particular direction
given by the unit vector k has inversion symmetry P(—k) = P(k). Thus, the net momentum change is
[ P(k)kdQ = 0.
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2.3 Doppler cooling

2.3.1 Optical molasses

Consider an atom moving in 1D between two counter-propagating plane waves with equal
intensity. In the low-intensity regime and ignoring interference between the two beams, the

force on the atom can be written as the sum of the force from each beam:

sThk sThk
F=F F_ = — . 2.4
vt o[l +s+4(6 —kv/T)?  2[1+s+4(5 + kv/T)2] (247)

where the terms involving kv have been added to the detuning to account for the Doppler shift
due to the motion of the atom at a velocity v. To find the force at low velocities, we can expand

equation to first order in v to get

8hk?ds ;
(14 s+402)2

~
~

(2.48)

If we choose § < 0, then we can see that the force acts in the opposing direction to the velocity

and will tend to damp the velocity of the atom towards zero. We can write the force as
F =~ —aw, (2.49)

with the damping constant « given by

87ik2|0] s
- 2.
a (1 1s+ 1027 (2.50)

This arrangement with counter-propagating beams red-detuned from a transition is known
as an optical molasses. This is easily extended to three dimensions with one set of counter-

propagating beams along each dimension. In this case, the force can be generalized to

F=—av. (2.51)
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2.3.2 The Doppler limit

Following [120], the minimum temperature achievable by Doppler cooling alone can be determ-

ined by considering the change in the mean energy of the atoms due to the cooling force:

(%) — (Fv) = —afo?). (2.52)

As well as this, scattering of photons by the atom causes random momentum kicks which lead
to heating. At zero velocity, the probability of scattering a photon from each beam is the same
and so this can be thought of as a random walk in momentum space. Each scattering event
consists of an absorption from a random direction and a subsequent emission again in a random

direction, therefore this causes the mean square momentum to increase according to:

(dfﬁ >)heat — 2R, (k). (2.53)

The increase in energy due to these fluctuations is given by

2 2
() L () et -
de heat 2m de heat m

At equilibrium, the rate of cooling and the rate of heating should be balanced and so we can

set the sum of equations and to be equal to zero, which gives the following relation:

Ry(hk)2 AT 1+ s+ 45
am

(V) =" = o 8] (2.55)

This can be converted to temperature using 7' = m(v?)/kg:

A 1+ s+ 462
Tp =
2kp 84|

(2.56)

So, the temperature of atoms subjected to Doppler cooling is minimized for light with low

intensity (s — 0), detuned by A = —I'/2, which gives a minimum temperature of

hI'

D,min — 57 -
2kp

(2.57)
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Soon after the first demonstration of optical molasses, it was noted that atoms were being
cooled to much lower temperatures than Tp i, [121]. This quickly led to the proposal of new
so-called sub-Doppler cooling mechanisms and the development of the theory underlying them

[122] 123], which will be outlined in section

2.4 Magneto-optical trapping

An optical molasses provides a cooling force to the atom but no confining force. In order to add a
confining force, the idea of a magneto-optical trap (MOT) was developed [124]. This introduces
a spatially-varying magnetic field to the optical molasses. By adjusting the polarization of the
light, the atom can be made to preferentially absorb photons from the beam that will force it

back to the centre of the trap.

To demonstrate the principle of a MOT in more detail, consider an atom with a ground level
with no angular momentum F' = 0 and an excited level with F” = 1, as shown in figure 2.4, The
excited level is three-fold degenerate at zero magnetic field. When a magnetic field B = B, Z is
applied, the excited level splits into its Zeeman sublevels labelled by mpr = —1,0, 1 with energy
shifts given by

AFE = grmpughB., (2.58)

where gr is the Landé g factor for the F' = 1 level and we have taken the quantization axis
to be fixed in the direction of Z, regardless of the direction magnetic field. In the MOT, an
inhomogeneous magnetic field, B(r), is applied to the atom so that shift of the Zeeman sublevels
varies with position. As before, for simplicity we will take the 1D case as an example and then
generalize to 3D. If we take the field to have a zero at the origin, then in the vicinity we can
expand the field to first order as

B(z) ~ bz. (2.59)

In a similar fashion to the optical molasses, we again have counter-propagating beams that
are red-detuned of the transition at zero field but now we choose the beams to be circularly

polarized. Taking b > 0 as shown in figure [2.4] both beams are right-hand circularly polarized,



52 Chapter 2. Background theory

so that the beam travelling along the positive z direction drives ot transitions (Amp = +1)

and the beam travelling in the negative » direction drives o~ transitions (Amp = —1)[f
E F'=1
mpg A mpg
-1 +1
0 0
+1 -1
o o~
hw C C hw
B B
- —>
F=0
> 2

Figure 2.4: Schematic of the MOT mechanism in 1D. The magnetic field B depends linearly
on the position z. The black lines show the energy E of the Zeeman levels of the ground and
excited state as a function of z. The counter-propagating light beams, labelled ot and o,
have circular polarizations with the correct handedness to drive the transition with Ampr = +1
and Amp = —1 respectively. The light in both beams has frequency w which is red-detuned
from the resonance at zero magnetic field.

For an atom at rest at the origin, the net force from the two beams cancel, as they are equally
detuned from the transition. If the atom is displaced in the positive z direction, then the
mp = —1 state is shifted downwards bringing the transition to this state closer to resonance
with the red-detuned light. Only the beam propagating towards —z can drive this transition.
Conversely, if the atom is displaced in the negative z direction, the transition to mp = +1
comes closer to resonance and this transition is driven by the beam propagating towards +z.
As a result, the atom will scatter more photons from the beam propagating in the opposite
direction to its displacement, which we will label the restoring beam, and will experience a net

force back towards the origin.

The force on the atom in the low intensity regime can be modelled by adding a position

4Again, this is with the quantization fixed along 2. Alternatively, one can take the quantization axis to be
along the direction of the local magnetic field. In this case, the Zeeman energy shift is AE = grpmpup|B.| and
so for negative z in figure the Zeeman sublevels would instead be labelled mp = +1,0,—1 in decreasing
energy and the positive z beam would drive ¢~ transitions and the negative z beam would drive oT.
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dependent term to the detuning of each beam in equation due to the Zeeman shift:

e STk B STk 2.60)
Tl +54+4(0 —kv/T — gpupbz/hD)?]  2[14 s+ 4(0 + kv/T + gpugbz/hT)?2] 7

As above, we can expand this to first order in v and z to find

F=—av-—pz, (2.61)
where
_ grupb
f==r (2.62)

The MOT can be straightforwardly extended to 3D by adding two more sets of opposing
circularly polarized beams. The magnetic field gradient is often produced using a pair of coils
in the anti-Helmholtz configuration, which generates a quadrupole magnetic field. Near the

centre of the pair of coils the field can be expanded as:
b

Note that the field is cylindrically symmetric around the z axis and the gradient at the centre

is twice as large along the z direction as it is in the x and y direction since the field must satisfy

V.-B=0.

2.4.1 Adapting the MOT for molecules

The MOT as described in the previous section works well for many atomic species, however,
when attempting to apply this to CaF, we run into two problems. Firstly, the excited state
(A7) of the main laser cooling transition in CaF has a very small Zeeman splitting, due
to the contributions of the spin and orbital angular momentum to the magnetic moment being

almost equal and opposed [125]. If we consider the effect of having no Zeeman splitting in the
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excited state on the MOT described in the previous section, we can see that the MOT force
disappears in this case. This is because it is precisely the Zeeman splitting that means that
photons are preferentially absorbed from the confining beam and not the anti-confining beam.
Furthermore, it can be shown more generally that for transitions with any value of F' and F”’
where the Zeeman splitting is small in the excited state, the trapping force will be greatly

reduced [126].

In the previous section, we also assumed that the angular momentum for the upper state is
larger than that of the ground state (F' = F' 4+ 1). As a result of this, if the atom is excited
by the restoring beam, it will necessarily decay to a state where it can again be excited. This
means that many photons can be scattered and the confining force can be very large. MOTs
that operate on transitions with F” = F' 4+ 1 are known as type-I MOTs and make up the vast

majority of atomic MOTs including the Rb MOT described in this work.

For CaF, the angular momentum selection rules that are leveraged to rotationally close the
transition mean that we will in general be exciting transitions with F’ < F. MOTs that
operate on these types of transitions, known as type-II MOTs, have been used to trap atoms
[127] but were found to have much weaker confining forces. When the restoring beam excites
the molecule on these transitions, it will eventually be pumped into a dark state and will no
longer be able to scatter photons from the beam. The molecule will then have to be repumped
by the anti-restoring beam or the orthogonal beams and the restoring force will be greatly

reduced.

In order to circumvent both these problems, two techniques have been used. The first, known
as the dual frequency MOT, adds a second laser frequency blue-detuned of the transition
with opposite polarization. An example of the dual-frequency MOT mechanism is shown in
figure2.5a], for a transition with ' = 1 and F” = 1 and no Zeeman splitting in the excited state.
If the molecule is in the sublevel mpr = +1 then it will scatter photons from the red-detuned
restoring beam until it is transferred to the mp = —1 sublevel. In this state the blue-detuned
beam will be able to excite the molecule and scatter more photons. Any molecules in the state

mp = 0 will be quickly transferred to mp = £1. The presence of the blue-detuned light with



2.4. Magneto-optical trapping 25

opposite polarization thus destabilizes any dark states. Care must be taken however as the
blue-detuned component can also lead to Doppler heating. This can be mitigated by having
the red-detuned beam closer to resonance than the blue-detuned beam, in which case Doppler

cooling dominates over Doppler heating.

E FE E
A F' =1 A F'=1 A F =
(a) mrg (b) mpg mpg
A —1,0,+1 —1,0,+1 —1,0,+1
) RS
\——/
o_| o+ 0— 0+
mpg mpg mpg
+1 +1 -1
0 0 0
B ~ B 1 B +1
—_— - —> -
> 2 > 2 > 2

Figure 2.5: Methods of disrupting the dark state in @ the dual-frequency MOT and @ the
RF MOT on an F =1 —F’" = 1 transition. In @, a second blue detuned beam of opposite
polarization is added to repump the dark state mp = —1. In @ the magnetic field B and
the polarization are synchronously reversed at high frequencies, flipping between the two cases
shown.

The first molecular MOT in 3D used the dual frequency approach to trap SrF molecules |103].
Following on from this, MOTs of CaF [104} |105, [128] and YO [129] were produced based on the
dual-frequency effect. In this work, the dual-frequency MOT is used for confining and cooling

CaF molecules.

The second technique is known as the RF MOT. In this case, both the polarization of the beams
and the direction of the magnetic field gradient are switched, as shown in figure [2.5b, This
must be done fast enough that the molecule does not follow the change in the magnetic field
adiabatically but instead remains in the same mp state (relative to the quantization axis fixed

along z) when the field reverses.ﬂ If a molecule is pumped to the dark state of one polarization,

5If the quantization axis is taken to be along the magnetic field, then the molecule must diabatically transfer
from mp to —mp as the field reverses.
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when the polarization is switched it will be able to be excited once more. The magnetic field
must be switched simultaneously so that the confining beam is again closer to resonance to

provide a net force back to the centre.

The principle of the RF MOT was first demonstrated on a beam of YO molecules, allowing
them to be compressed in 2D by magneto-optical forces [102]. It has since been applied in 3D
to trap molecules of SrF [130], CaF [105], YO [106], and, more recently, CaOH molecules [107].

2.4.2 Scattering in multi-level systems

In CaF, the ground state has relatively closely spaced hyperfine levels that will all be populated
during the cooling cycle. By solving the rate equations for a multi-level system, an expression

for an estimate of the scattering rate can be derived |55, |130]. This has the form

Ng

RSC - F n
(ng +me) + 2375 (1+ A2/T?) I /I

(2.64)

where ng, (ne) is the number of ground (excited) states, /; is the intensity of the laser driving the
transition from the jth ground state, A; is its detuning from resonance and Iy ; = whel'/ (3)\?)
is the saturation intensity of the transition in an equivalent two-level system with wavelength

A

In the CaF MOT detailed in this thesis, the laser driving each transition has the same intensity
(I; = I/ng), each laser is equally detuned from resonance with the transition it is driving
(A; = A) and all the lasers are of a similar wavelength so that I ; = L. In this case, the

scattering rate can be rewritten in the same form as the scattering rate of a two-level system

Feﬂ Seff

Ry =——""— 2.65
2 1+ Seff T 462 ( )
where
2N, I 2(ng +ne) I
Ty = T, s = — 2\l . 2.66
! Ng + e Selt [sat,eff ng Isat ( )
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For the A%IL 5 (J = 1/2,p = +) < X ?S% (N = 1) transition, the ground state has n, = 24
sublevels and the excited state has n, = 4 sublevels. This means that the maximum scattering
rate is reduced by a factor of 2/7 and the intensity needed to saturate the transition is increased

by a factor of 72/7, compared to an equivalent two-level system.

2.5 Sub-Doppler cooling

As mentioned in section [2.3.2] atoms in optical molasses routinely reach temperatures well
below the Doppler limit. To explain this, two distinct sub-Doppler cooling mechanisms were
proposed: Sisyphus cooling and orientation-based cooling [122] [123]. Both schemes share very
similar properties. Firstly, they rely on the atom having multiple levels in the ground state.
This introduces two new effects, namely optical pumping and differential AC stark shifts, which
are essential for both cooling schemes. Secondly, the polarization gradients that result from
the interference of cooling beams of different polarization play a vital role. For this reason,
both schemes are also referred to more generally as polarization gradient cooling. Both cooling
mechanisms are present in the MOT and red-detuned molasses of Rb that is described in this
work. In the following section, we will restrict our scope to Sisyphus cooling, as this captures

all of the important aspects of polarization gradient cooling.

Polarization gradient cooling was originally applied on transitions of the form F — F' = F'+1.
However, a new method of sub-Doppler cooling was later developed [131}, |132] which utilized
transitions with F’ < F. For these transitions, there is always at least one dark state formed
from a superposition of Zeeman sublevels in the ground state that is decoupled from the field
for a fixed polarization, as encountered in the previous section. Under certain conditions, the
presence of dark and bright states can be leveraged to provide a sub-Doppler cooling force.
Since both dark and bright states are involved, this is known as gray molasses cooling and is

used in this work for cooling both CaF molecules and Rb atoms.
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2.5.1 AC Stark shifts and polarization gradients

The effect of the AC stark shift on a two level system can be found by diagonalizing the two-
level Hamiltonian in equation|2.23| In the presence of the field, the energy eigenstates are found

to be

|+) = sin(0) |g) + cos(8) |e) , (2.67a)
|—) = cos(0) |g) —sin(@) |e) , (2.67b)

where 0 is defined as
tan(20) = —% (2.68)

for 0 < 6 < 7/2. These states have well-defined energies given by

RA | hVQ2 4 A2 RA | RS

In the limit where /A < 1 we can expand () as

_ 02
O~ A (1 + E) (2.70)

so the energies of the two states become

hQ? hQ?
E. =—— FE, . =—-hA——. 2.71
In the limit of zero field, |—) adiabatically connects to the ground state and |+) connects to the
excited states and so we can consider the effect of the field is to introduce equal but opposite
AC stark shifts to the ground and excited states given by
hQ? hQ?

AEg —_ — AEG — —E

T (2.72)

The AC Stark shift is proportional to the intensity of the light but also depends on its po-

larization via the Rabi frequency. If the intensity or polarization of the light varies in space,
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then there can be a spatial dependence of the AC Stark shift and a force can be exerted on the
atom, known as the dipole force. It is this force that is exploited in Sisyphus and gray molasses

cooling.

This result can be extended to atoms with multiple Zeeman sublevels in the ground state. In
this case, each sublevel will still be shifted in energy by an amount proportional to the intensity
of the light. However, for a given polarization, the sublevels will not couple equally well to the
light, resulting in different AC stark shifts. These differential AC stark shifts are essential for

both Sisyphus and gray molasses cooling.

2.5.2 Sisyphus cooling

The origin of the damping force in Sisyphus cooling can best be understood by taking the
example of an atom with a ground state with angular momentum F' = 1/2 and an excited state
with angular momentum F’ = 3/2. The atom moves in one dimension along the direction of
two counter-propagating beams that are linearly polarized at right angles to each other (known
as linLlin). The interference between the two beams causes the polarization to vary in space
periodically, from one handedness of circular polarization to the other and back again over a

period of A/2 where \ is the wavelength of the light.

If the atom is in the region where the polarization drives only o transitions, it is clear from
figure , that it will be pumped to the mp = +1/2 level in the ground state. Because it has
a larger Clebsch-Gordon coefficient, this state couples more strongly to this polarization than
mp = —1/2; and so the AC stark shift will be larger for mp = +1/2 than for mp = —1/2.
Thus, the atom will be pumped into the state with the larger AC stark shift and the same
is true for light driving o_ transitions. For red-detuned light (A < 0), the AC stark shift is
negative and this means that the atom is always preferentially pumped to the state with lower

energy.

Now consider an atom moving slowly through the changing polarization gradient, as illustrated

in figure[2.6b, The atom starts in the mp = +1/2 level in the ground state, having been optically
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pumped there. As the atom moves, the changing polarization means it will be travelling up
a potential hill and so its kinetic energy will be transferred to potential energy by the dipole
force. At the top of the potential hill the polarization will change to o_. At this point the
atom will be optically pumped to the state mp = —1/2 and so be transferred again to the
bottom of the potential hill and the process continues. The potential energy is dissipated due
to the difference in energy between the absorbed and emitted photon. In this way, the atom

will gradually lose kinetic energy and be cooled.

(a)
Fr=3/2  od S
mp —3/2 -1/2 +1/2 +3/2 me = —1/2
1 2/3 1/3 2/3 1
mp = +1/2
> Z

mp —1/2 +1/2

e A~C / C 1 ¢

>
<]
%)
>~
~
N
w
>
~
%)
>
~
o

3
8
Q
|
3
N
Q

Figure 2.6: Sisyphus cooling: @ Zeeman structure of an atom with a ground state with
angular momentum F' = 1/2 and an excited state with angular momentum F’ = 3/2. The
relative strength of each transition is given. @ The two solid lines show how the energy of
the mp = —1/2 (green) and mpr = +1/2 (blue) states varies due to the AC Stark shift in a
standing wave formed by two red-detuned beams with orthogonal linear polarizations at +45°
to the x axis. The red arrows show how the resultant polarization varies along the standing
wave. The black circles show an example trajectory of an atom, which illustrates the Sisyphus
cooling mechanism explained in the main text.

This simple model demonstrates the origin of the mechanism, but, in reality, the optical pump-
ing does not happen instantaneously at the top of the potential hill as described. Instead, it

happens gradually with a rate that is proportional to the scattering rate
I'p o< R (2.73)

The rate of optical pumping can be compared to the rate at which the polarization of the light
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changes as the atom moves through the light field given by

I « kv. (2.74)

Sisyphus cooling works best when these two rates are roughly equal, thus we can define a critical

velocity for Sisyphus cooling given by
Ve & Rg./k. (2.75)

For high velocities (v > v,.), the polarization changes too rapidly and there is not enough
time for the atom to be sufficiently optically pumped to the lower state before the polarization
changes and the cooling becomes inefficient. For low velocities (v < v.), the polarization
changes slowly and the optical pumping happens while the atom is climbing the hill instead of

at the top of it so the cooling force is reduced.

At low velocities, we can assume the damping force is linear so F' = —av. We can derive an
order of magnitude estimate of the damping coefficient of Sisyphus cooling, based on simple

arguments. As before the cooling power of a linear damping force is given by
— ~ —av”. (2.76)

From our simple model, when the atom is optically pumped it loses an amount of energy
proportional to the Stark shift AE, and this happens at a rate proportional to Rs. Thus, the

cooling power can be written as
dE
— ~ —R,. AFE,. 2.77

The cooling is most effective when v &~ v, and so combining this with equations to [2.77)
we can estimate
2AE,
RSC

o (2.78)

In the limit of large detuning (6 > 1) and small intensity (s < 1), this can be simplified further
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since
AE, ~ RF%, (2.79a)
s
R ~ F(S_?’ (2.79Db)
and so
o ~ hk?|d]. (2.80)

A more in-depth analysis |[122] shows that this is indeed the form of the damping coefficient at
low velocities. This raises two important points. Firstly, if we compare this expression to the

damping coefficient for Doppler cooling under optimum conditions

o = hk?*s, (2.81)

it is clear that the damping due to the Sisyphus cooling can be substantial compared to that
of the Doppler force at large detunings and low intensities. However, it should be noted that

the critical velocity scales according to

I's

~ (2.82)

v

and so, in this regime, the range of velocities over which the Sisyphus force is effective becomes

very small.

Secondly, the damping coefficient is independent of intensity and proportional to the detuning
but the heating rate from scattering is proportional to intensity and inversely proportional to
the detuning in this regime. Thus, by reducing the intensity and increasing the detuning, it

seems this mechanism would allow cooling to arbitrarily low temperatures.

There is a natural limit to the cooling, however. Our treatment relies on the ability to treat
the motion of the atom classically. For a small enough velocity, the atom becomes sufficiently
delocalized that it becomes necessary to quantize the motion. This is important when the de

Broglie wavelength of the atom \ = % approaches the wavelength of the light A, which is true
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for velocities on the order of the recoil velocity

hk

P~ —. 2.83
o (28)
This corresponds to a temperature given by
h2k?
T, = , 2.84
2ka ( )

known as the recoil temperature.

2.5.3 Gray molasses cooling

To illustrate the mechanism of gray molasses cooling, we consider an atom moving through a
light field with varying intensity and polarization. The light addresses a transition with F’ < F’
so there will be at least one dark state and one bright state but we consider only one of each
for simplicity. The bright state will experience an AC Stark shift in the light field that depends
on the position of the atom. As shown in figure , for blue-detuned light (§ > 0), the
bright state (|b)) sits at higher energy than the dark state (|d)), which is completely decoupled
from the field and so has no AC stark shift. The bright state will have its maximum energy
where intensity is highest, which is also where the rate of optical pumping to the dark state
is maximized. Thus, an atom that has climbed to the top of a potential hill is more likely to
be optically pumped to the dark state. The kinetic energy of the atom that was transferred to
potential energy by climbing the hill is then lost during the transfer to the dark state and so

the atom is cooled.

Once in the dark state, however, the atom needs to be transferred back into the bright state
for the cooling to continue. Since the polarization of the light field varies in space, the make-up
of the dark state varies as well. An atom that is moving very slowly through the field will

adiabatically follow the dark state but, for finite velocities, there is a chance that the atom will
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make a non-adiabatic transition to the bright state with probability [133]:

2
hw (d| 5 [b)

2.
B, L, (2.85)

Py, =

where Ej, and Ey are the energies of the bright and dark state respectively. Thus, the transition
back to the bright state is most likely wherever the energy difference between the dark and
bright states is smallest, which occurs at the regions of lowest intensity. For ¢ > 0, this
corresponds to the bottom of a potential valley in the bright state. So, after the transition the

atom can then ride up another potential hill and the cooling process continues.

Figure 2.7: (a) Gray molasses cooling: the solid line shows the AC Stark shift of the bright
state (blue) and the dark state (green) in a blue-detuned light field with varying polarization
and intensity. The atom rides up the potential hill in the bright state, losing kinetic energy
before being optically pumped to the dark state. The atom is non-adiabatically transferred
back to the bright state with a probability P4}, that is largest when the two states are closest
in energy. (b) Heating due to a similar mechanism at red detuning. The atom rides down the
potential hill, gaining kinetic energy and is optically pumped near the bottom of the valley.

If the light is red-detuned from resonance (6 < 0), the bright state sits below the dark state.
In this arrangement, shown in figure 2.7 the atom will ride down a potential hill before
being optically pumped preferentially at the bottom of a potential valley. The non-adiabatic
transitions occur from the dark state to the bright state near the top of a potential hill and so

the atoms will be heated.

It is clear, then, that gray molasses cooling has the opposite detuning dependence than Doppler
cooling and there will always be competition between these two forces. For red-detuned light,

Doppler cooling dominates at high velocities but is outweighed by sub-Doppler heating at low
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velocities [134]. This is exactly the situation in molecular MOTs and leads to temperatures

that are generally higher than those of conventional atomic MOTs [135].

2.6 Ultracold collisions

In this section, the theory of scattering at low temperatures will be briefly summarised.

2.6.1 Elastic scattering of distinguishable particles

We consider two distinguishable particles with no internal structure located at r; and ry that
interact via a potential V' (r) that only depends on their displacement r = ry — ry. By ignoring
the centre-of-mass motion and working in the centre-of-mass frame, the wavefunction of the

two particles is given by the solution to the Schrodinger equation
. p?
() = | &+ vin)| v = Botn. (2:86)

where py = 2™ ig the reduced mass of the two particles with masses m; and my and p is the
mi+ma

momentum operator corresponding to r. The kinetic energy operator can be expanded as

~2

) ~2
L
> _ & (2.87)

2 2u * 2pr?’
where D, is the radial momentum operator and L is the angular momentum operator.

If we assume the potential between the two atoms is isotropic (V(r) = V/(r)), then the Hamilto-

N ~92 ~ ~
nian H commutes with both L and L,. The eigenstates of H can therefore be written as

RLT(T) Y (0, ). (2.88)

Yoy (r,0,¢) =

Here, Y7(0, ¢) are the spherical harmonics which are eigenstates of f;2 and L,

]:2YLM(‘97 ¢) - th(L + 1)YLM(87 ¢)7 izYLM(ea ¢) = hMYLM(ev ¢)7 (289)
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and Ry (r) are solutions to the equation
__T + %ff(?“) RL(T) = ERL(T). (2.90)

Thus, we have reduced the problem to a 1D Schrodinger equation with an effective potential

given by
R*L(L +1)

Verlr) = V) + =5

(2.91)

For L > 0, we see that there is a term added to the potential, which causes a so-called centrifugal

barrier that increases with higher values of L.

As the separation between the particles increases towards infinity, the interaction potential
must decrease towards zero. Therefore, if the particles approach each other with well-defined

momentum hk, the radial wavefunctions must be the sum of plane waves, which we write as
Rp(r) — eZoLk)gikr 4 (—D)EHe " as r — oo, (2.92)

where 0, (k) is the scattering phase shift. The wavefunction can be decomposed into a sum over

the eigenstates of H as

7"9¢ ZLM

YLM(9 ). (2.93)

In the limit of r — oo, we can also write the wavefunction as a sum of incident and scattered

waves. Taking the momentum to be along the z axis, this has the form

ikr

Unlr6,8) = 0 4 f(k, 6, 6)— (2.94)
The elastic scattering cross-section is then given by
salk) = [ 1£(10,0) a2, (2.95)

where df is the element of solid angle in the direction defined by 6 and ¢.

By applying a partial wave expansion, the elastic scattering cross-section can be broken down
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into a sum

a(k) =Y on(k), (2.96)

L

where terms in the sum can be shown to be related to the scattering phase shifts by the

expression
47

3 (2L + 1) sin? o, (k). (2.97)

UL(l{)

The s-wave regime

If the energy of the colliding particles is very low, then the centrifugal barrier will prevent
particles with L > 0 from reaching the region where they will be significantly affected by the
potential. In this case, only the part of the wavefunction with L = 0 will contribute to the

scattering and the sum will reduce to a single term

am
ca(k) = 2 sin? 6o (k). (2.98)
By solving the Schrodinger equation for £ — 0, it can be shown [136] that at very low energies

this becomes independent of k and can be written as
oa(k — 0) = 4ma®, (2.99)

and so the elastic scattering cross section is determined wholly by the the scattering length a
defined by
1
lim & cot §g (k) = —

lim - (2.100)

This is known as the s-wave regime.

For Rb atoms colliding with CaF molecules, the long range part of the potential can be ap-

proximated by a van der Waals type interaction

V(r)~ ——2. (2.101)
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By finding the maximum of Vig(r), it can be shown that the height of the centrifugal barrier

in this case is given by

2 3/2
Eb — ?/2 (h L(L + 1)) . (2.102)
C, 6p

Using the estimated value of Cs = 3084E,a$ for the interaction between an Rb atom and
CaF molecule found in [137], the height of the potential barrier for L = 1 can be found to
be EP/kg ~ 134 pK. At temperatures below this, the scattering cross section is dominated by

s-wave scattering.

Gribakin and Flambaum [138] show that the scattering length for this potential can be well

approximated by
a=a [1—tan (<I>— g)] (2.103)

Here, @ is the mean scattering length given by

9 C 1/4
i= < a 6> x 0.477988... (2.104)

and ® is a phase found from the WKB integral

o= /:O N 2“;;(7“) dr, (2.105)

where 7 is the position of the classical inner turning point in the potential V(r). For the

CaF-Rb system, the mean scattering length is 35.7 A [137].
From equation [2.103] it is clear for values of ® given by

5
o= % Yoam, n=1,23., (2.106)

the scattering length diverges. This corresponds to the appearance of a new bound state at the
threshold of the potential well, leading to a scattering resonance. Furthermore, the scattering
length as a function of ® is periodic with a period of 7 and varies between negative and positive
infinity between these divergences. As a result, the scattering length can be seen to depend

sensitively on the energy of the last bound state. This is very hard to predict from ab initio
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models and thus experimental data is needed to steer theoretical calculations of scattering

properties.

2.6.2 Elastic scattering of indistinguishable particles

For elastic collisions involving indistinguishable particles, the scattering properties depend on
whether the particles are bosons or fermions. The Pauli exclusion principle demands that
the two-particle wavefunction W(ry,ry) be symmetric under exchange of the two particles for

identical bosons and anti-symmetric for identical fermions. Thus, we must have

\I](I'l,rg) = :l:\Ij(I'27I'1), (2107)

where the upper sign corresponds to bosons and the lower sign to fermions.

In the centre-of-mass frame, exchange of the two particles is equivalent to the transformation

r— —r. (2.108)
Therefore we must demand that
P(r) = (—r). (2.109)
In spherical coordinates, this becomes
U(r.0,¢) = xd(r,m— 0,6+ m). (2.110)

It follows from the definition of the spherical harmonics [139] that

Yiu(m — 0,6 +7) = (—=1) Y50(0, 9). (2.111)

Thus, in equation for identical bosons only terms with even L contribute to sum, whereas

for identical fermions only the terms with odd L contribute.
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Applying the same symmetry considerations, the asymptotic wavefunction defined in equa-

tion 2.94] must be rewritten as

ikr
Yi(r, 0, ¢) = % (ereos? - gmikreosty 4 % [f(k,0,0) % f(k,m —0,¢ + )] er . (2112)

and so the elastic scattering cross-section becomes

oga(k) = %/ |f(k,0,0)+ f(k,m— 0,0+ 7r)|2 dQ. (2.113)

After applying the partial wave expansion, the elastic scattering cross-section can then be

written as

ga(k) = > ou(k) (2.114)

for identical bosons and

ca(k) =Y op(k) (2.115)

for identical fermions, where

o (k) = i—Z(QL + 1) sin? 6y, (k). (2.116)

Thus, in the s-wave regime the elastic cross-section for collisions between identical fermions
will vanish at low temperatures, as the first partial wave to contribute is the p-wave. However,
for identical bosons, such as 8”Rb atoms prepared in the same state, the elastic cross-section is
given by

oa(k) = — sin® 6y (k), (2.117)

which, in the limit, £ — 0 tends to

oa(k — 0) = 8ma®. (2.118)
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2.6.3 Inelastic and reactive collisions

In addition to elastic collisions, atoms and molecules can undergo inelastic and reactive colli-
sions. In inelastic collisions, the internal states of the colliding particles can change, releasing
or absorbing energy. This can cause loss from a trap if the energy liberated during the collision
is large enough or if the particle is transferred to a state that is not confined by the trap.
For atoms or molecules prepared in their absolute ground state, inelastic collisions are greatly

suppressed at ultracold temperatures due to the conservation of energy.

Reactive collisions are those that change the chemical make up of the colliding particles. For
instance, in a collision between a CaF molecule and a Rb atom, the reactions CaF + Rb — Ca +
RbF or CaF + Rb — CaRb + F can take place. Both these reactions are endothermic, requiring
0.53eV [140] and 5.32eV [141] of additional energy, respectively. At ultracold temperatures,
this is far above the total kinetic energy of the two collision partners and so reactive collisions

between CaF and Rb are not energetically allowed.

For collisions between CaF molecules, the situation is quite different as the reaction CaF + CaF
— CaFy + Ca is barrierless and exothermic releasing 0.53eV of energy [142]. Thus, reactive

collisions can lead to loss even when the molecules are prepared in the ground state.

As we reach higher densities in our experiment, it may become necessary to avoid the loss
due to these reactive collisions. For this purpose, techniques for shielding the CaF molecules
reactive and inelastic collisions have been investigated using microwaves [143] and DC electric
fields [144]). Microwave shielding was successfully used by Anderegg et al. to reduce the loss

rate of CaF molecules in merged optical tweezers by a factor of 6 [73].

At very high densities, losses via three-body collisions start to become non-negligible. In our
experiment, the densities of CaF molecules currently obtained are relatively low and so three-
body loss does not need to be considered. For Rb atoms prepared in the ground state, the
three-body loss rate coefficient for thermal clouds has been measured to be Ly = (4.3 £ 1.8) x
1072 cmSs™! [145]. This means that, except for the densest clouds of Rb trapped in the dipole

and optical lattice in chapters [6] and [7], three-body loss of Rb atoms can be neglected.
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Experimental setup

3.1 Introduction

In this chapter, the apparatus used for all the experiments detailed in later chapters will be
presented. An overview of the experiment is shown in figure 3.1l A cold molecular beam of
CakF is produced from a cryogenic buffer gas source in the source chamber. The beam initially
travels towards the main chamber with a mean forward velocity of around 140ms~' but is
subsequently decelerated by radiation pressure from a counter-propagating laser beam that
addresses the B <— X transition. This slows some of the molecules to velocities low enough to

be captured in a MOT in the main chamber.

Attached to the main chamber is a small glass cell, in which a 2D MOT of Rb atoms is formed.
A push beam is then used to load the atoms from the 2D MOT into the main chamber,
where they are captured in a 3D MOT. Both the atoms and molecules can be loaded into a
translatable magnetic trap, which allows them to be transferred to the tweezer chamber. The
tweezer chamber was not used for any experiments in this thesis, but work is underway to

capture molecules and atoms in optical tweezers in this chamber in future.

72
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Gate

/ valve

Source
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Tweezer

Figure 3.1: Overview of the experiment

3.2 Molecular source

The cryogenic buffer gas source is presented in detail in and so is only briefly summarised
here. CaF molecules are produced inside a copper cell, shown in figure [3.2l The cell sits atop
a cold head, which is cooled to 4K by a two-stage cryocooler. A rod of calcium is mounted
inside the cell and two inlets allow cold helium and room temperature SFg to flow into the cell.
The flow rates of the helium and SFg are controlled by two flow controllers and are usually
maintained at 0.3 sccm and 0.05 scem, respectively. The capillary through which the SFg flows
is insulated from the rest of the cell by a small Vespel spacer to prevent the SFg from freezing

within the capillary[l

The process of forming a cold molecular beam is started by ablating the calcium rod with a
laser pulse from a Nd:YAG laser. This releases calcium atoms into the cell, which react with
the SF¢ gas to produce molecules of CaF. The molecules then thermalize with the cold helium
and exit the cell through a 3mm aperture. The calcium rod can be rotated using a vacuum

feedthrough, which allows new areas of the rod to be exposed to the laser ablation.

!The melting point of SFg is around 222K at 1 atmosphere.
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Figure 3.2: Schematic of buffer gas cell (left) and horizontal cross section (right). Adapted
from [146)].

The cell is almost entirely surrounded by a copper cylinder that is also bolted to the cryostat.
The entire inside surface of the cylinder is coated with coconut charcoal, which acts as an
efficient cryopump of helium when cooled to temperatures below 8 K [147]. This reduces the
background pressure of helium in the source chamber. During normal experimental operation,

the pressure in the source chamber rises to about 2 x 10~7 mbar.

The copper cylinder is enclosed by an aluminium radiation shield connected to the 40 K stage
of the cryocooler, which reduces the radiative heat load onto the 4 K cold head. In both the
copper cylinder and the radiation shield, there is a circular cut-out that is aligned with the cell
aperture, allowing the molecules to pass through. The molecules exit the source chamber into
the slowing chamber through an in-vacuum shutter (Uniblitz LS6S2Z0-EC-105), at a distance
of 35 cm from the cell exit aperture. After the pulse of CaF molecules passes through, the

shutter is closed to stop helium flowing into the rest of the vacuum system.

Over the course of a day, the performance of the source gradually declines. The source signal
can be restored to its original level by heating the source to room temperature before cooling
it down again. This is done by turning off the cryocooler and switching on a heater mounted
on the cold head. When the source temperature increases by a few Kelvin, the pressure rises
sharply to around 0.1 mbar due to the release of helium adsorbed by the charcoal. To ensure
consistent performance, the temperature of the source must be increased further to around
room temperature. This might be due to the accumulation of frozen SFg in the cell, which

impedes thermalization of the helium with the cell wall.
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3.3 Lasers

The experiment requires many lasers, each of which must be stabilized to an external frequency
reference. For the slowing and cooling of CaF, light with five different wavelengths is required.
On top of this, frequency sidebands must be added to address the hyperfine structure of the
molecule. As discussed in section [2.1.1] only two lasers are needed for laser cooling of Rb and

light for other purposes, such as optical pumping, is then derived from these two lasers.

3.3.1 CaF

The relevant transitions for slowing and cooling CaF are shown in figure [3.3. The main lasers
used are L5, for slowing and L, for cooling in the MOT. The other lasers are for repumping
the leaks to other vibrational levels in the ground state. For the slowing, only one vibrational
repumper (L£,) is required, but for the MOT three repumpers are needed (L%, Lo, and Ls,).

The two v = 1 vibrational repumpers (£$, and £5,) are both derived from the same laser.

B2t v=20
(N =0)
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Figure 3.3: Simplified structure of CaF with laser transitions relevant for slowing (dashed lines)
and the MOT (solid lines) highlighted. The wavy lines show the branching ratio of each excited
states into the different vibrational levels. Adapted from [12§].
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The main cooling light (L) and the light for the v = 1 repumpers (£$, and £3,) are generated
from two very similar laser systems. In both, infrared light (at 1212nm and 1257 nm, respect-
ively) is generated by an external-cavity diode laser] (ECDL). This is amplified in a Raman
fibre amplifier (MPB VRFA-P), before being frequency doubled by second-harmonic generation
in a non-linear crystal. The frequency of both laser systems can be finely tuned by adjusting

the length of the external cavity of the ECDL with a piezoelectric actuator.

The main slowing light, £5,, is also derived from frequency-doubling of infrared light. In this
case, a Quantel Eylsa Yb fibre laser seeded with a distributed feedback (DFB) lasetﬂ is used
to provide light at 1062 nm for doubling. The DFB laser is tunable by a piezoelectric actuator
which allows fast frequency modulation by applying tensional strain on the DFB laser cavity

[148).

The laser systems that provide the £,, and L, light are leader-follower setups. The leader in
each case is a distributed Bragg reflector (DBR) laser diode from the Ferdinand Braun Institute.
On their own, each of these DBR lasers produce a maximum 20 mW of power at the correct
wavelength, however this is insufficient for our needs once all the losses from the rest of the
optical setup are taken into account. To increase the output power, light from each of the DBR

lasers is used to seed a higher power laser diode.

For the DBR diodes to operate at the correct wavelengths, their temperatures must be carefully
controlled. Each diode is placed inside a hermetically-sealed box, which is water cooled to
(15 £ 1)°C and held at rough vacuum. The mount of each DBR diode is further cooled
with a Peltier element to its operating temperature of around 12°C and regulated at this
temperature by a Wavelength Electronics MPT-2500 temperature controller using feedback
from a thermocouple mounted close to the diode. Finer temperature stabilization is achieved
by using an internal temperature control system within the diode which is driven by a Thorlabs
TED200C temperature controller, allowing stabilization within a range of 4+0.002°C. The
frequency of the DBR lasers can be coarsely controlled by adjusting the diode temperature.

For finer control, the diode current can be varied, which is used for locking.

2Toptica DL Pro
3Koheras from NKT Photonics
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The high power diodes used in the follower setups are Ushio HL63263DG for £5, and HL63163DG
for £,,, which operate at 638 nm and 633 nm, respectively, at room temperature. To tune the
operating wavelengths to those needed for the experiment, the diodes must be cooled to —5°C
for L4, and —20°C for £,,. Similarly to the DBRs, the diodes are each placed in a hermetically-
sealed and water-cooled box. A stack of two Peltier elements are used to cool the diodes further,
the bottom one mantained at constant current and the top one regulated using feedback from

a thermocouple close to the the diode.

The output beam of each DBR diode is shaped with an anamorphic prism pair and coupled to a
polarization-maintaining (PM) fibre before being delivered to the follower for injection locking.
Optical isolators are placed at the output of the leader and the follower to eliminate unwanted
feedback that would otherwise make them unstable. Light from the leader is injected into the
follower via the rejection port of the follower’s output isolator and the output of the follower is

monitored on a Fabry-Perot cavity to detect whether the injection lock is functioning correctly.

For all of the lasers, sidebands must be added to address all of the hyperfine components in the
ground state of CaF. The sidebands added to each laser are shown in figure [3.4]and the optical
setup needed to generate these sidebands using a number of acousto-optic modulators (AOMs)
and electro-optic modulators (EOMs) is shown in figure 3.5 Pick-offs along the beam paths
allow a small fraction of the light of each laser to be split off so that the sideband structure can

be monitored with an optical cavity.

The main slowing light (£3,) has sidebands added with a 24 MHz EOM. It then passes through
a single-pass AOM which is used for switching the light off after slowing so as not to disturb the
MOT. The laser is chirped to account for the changing Doppler shift of the molecules as they
slow (described in more detail in section . The slowing repump light (£3,) is not chirped
but instead broadened in frequency over the entire range of Doppler shifts by passing through
a chain of three EOMs driven at 72 MHz, 24 MHz, and 8 MHz. This spreads the power of the
laser over a range of frequencies with a width of a few hundred MHz. The double-pass AOM
acts as a switch, so that the full laser power can be diverted to L, for slowing before being

redirected to LS for the MOT stage. The main slowing light (£5,) and the slowing repump
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Figure 3.4: Hyperfine structure of the X X1 (N = 1,v = 0) state of CaF and stick spectra
showing the frequency sidebands added to the lasers to address the hyperfine levels. The slowing
repump L3, is not shown but is frequency-broadened over the entire range. Adapted from [12§]

(L5,) are each coupled into PM fibre and delivered to the experiment.

For the main cooling light £, it is necessary to have sidebands of orthogonal polarization
to generate the correct arrangement for the dual-frequency MOT scheme, described in sec-
tion 2.4.1. First, the beam is directed through a double-pass AOM operating at 110 MHz,
which is used for fast switching and for fine control of the detuning and intensity. The output
is split into two orthogonal polarization components with an intensity ratio of approximately
3:1. The stronger beam is sent through a EOM driven at 72 MHz to produce first order side-
bands of roughly the same intensity as the carrier. This arm will address the F' = 17,0, 2
hyperfine levels in the ground state. The remaining F' = 17 level is addressed by the weaker
beam, which is shifted in frequency by a single-pass AOM operating at 48 MHz. Each arm is

then coupled into a PM fibre.

For the MOT vibrational repumps (L%, Lo, and Ls,), the sidebands are generated by mod-
ulating the light with a single EOM placed in each beam. The EOMs are driven at 24 MHz
with enough power so that second order and higher sidebands are present but the first order
is extinguished. The v = 1 repump, L, is coupled into its own optical fibre. The other two
repumps, Lo, and Ls,, are combined on a 90:10 beamsplitter before being coupled into a PM

optical fibre. Although 90% of the L, light is lost in this arrangement, only a very small
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amount of power is needed at the experiment to effectively repump the v = 3 level. The light
that exits through the other port is used for checking the status of the injection locking. All
the light needed for the MOT (LS, LS, £y, and Ls,) is combined in a Schéfter & Kirchhoff
fibre cluster which uses an arrangement of dichroic waveplates and polarizing beamsplitters to

mix all the components into a single PM fibre which is sent to the experiment.

A small part of the output of each laser is picked off and used to lock the laser with a transfer

cavity lock system which is described in section [3.3.3|

3.3.2 Rb

The laser frequencies needed for cooling, manipulating and imaging the Rb atoms are shown
in figure . These are produced from a pair of tapered amplifier (TA) systems from Toptica.
One TA provides the 2D and 3D MOT cooling light (Lg%c and L§,) and all the other light
that addresses the F' = 2 hyperfine level: the optical pumping light (£&F), the 2D MOT push
beam (£F,) and the absorption imaging light (£41). The other TA provides the 2D and 3D
MOT repump light (Eé%R and L), which addresses the F' = 1 hyperfine level. We label these
the cooling and repump lasers, respectively. Fach TA has an auxiliary output where a small
part of the beam is picked off for diagnostics and locking. The main output of the cooling laser
is split into two unequal components: the stronger one being used for £S,, £, and £ and
the weaker one for EI%L]?)’C and LY}, The two cooling beams and the repump beam are coupled

separately into three high power optical fibres to be taken to the experiment.

Figure [3.7] show the optical setup at the experiment table. Light is picked off from the stronger
cooling beam (labelled Cooling 1) for the absorption imaging probe beam and the 2D MOT
push beam and a small amount of power from weaker beam (labelled Cooling 2) is split off for
optical pumping. AOMs are used to switch the beams and allow fine control of the frequency
of each component. The repump light is divided on the table and mixed with the 2D MOT and
3D MOT light. The 3D MOT and repump light is further divided into two and coupled into
a pair of 1-3 fibre splitters from Evanescent Optics (labelled 3D MOT A and B in figure ,

which deliver the light to the chamber for a six-beam MOT.
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Figure 3.6: Scheme of laser frequencies for Rb. The purpose of each laser frequency from left
to right is: 3D MOT cooling light (£S,), push beam (£E,), absorption imaging light (£a1),
2D MOT cooling light (ﬁ;%c), optical pumping (£3F), 3D MOT repump (£L,), and 2D MOT
repump (E;%R). The numbers to the right are the spacings between the energy levels given in

units of h x MHz.
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Figure 3.7: Schematic of optical setup for cooling, imaging and optically pumping Rb atoms.
The number next to each AOM gives its central frequency.
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We find that the number of Rb atoms loaded into in the 3D MOT is optimized for Asp =
—15MHz, Asp = —25MHz and Ap = 16 MHz and these are the values used for loading the

MOT in all further experiments.

3.3.3 Frequency stabilization

Reference laser

The reference laser is a 780 nm ECDL locked to the F' = 2 — F = 2.3 crossover resonance
of the Dy line in 8"Rb using a sub-Doppler dichroic atomic vapor laser lock (DAVLL) setup
described in detail in [149]. When locked, the reference laser has a linewidth of around 200 kHz
with long-term drifts on the order of 1 MHz per day. All of the other lasers are locked to this
reference laser, either by offset locking in the case of the Rb lasers or by transfer cavity locking

for the Cal' lasers.

Offset locking

Electronic offset locks are used to lock both the cooling and repump lasers for Rb. For each
offset lock, the light from the reference laser and the laser to be locked are coupled into the same
optical fibre so that their spatial modes are well-matched. The output of the fibre is incident
on a fast photodiode and the interference between the two beams leads to a low-frequency
optical beat note, which is detected by the photodiode. The beat note is amplified and mixed
down with the output of a Voltage Controlled Oscillator (VCO), which generates frequency

components at the sum and difference of the beat note frequency and the VCO frequencyﬁ

The frequency of the mixed down beat note must be converted to a DC signal to be fed back to
the laser. To do this, a side-of-filter technique is used, as illustrated in figure [3.8] The signal is
split by a power splitter into two arms. One output is attenuated with a fixed 6 dB attenuator

and the other arm is attenuated by a fixed 3 dB attenuator and passes through a low-pass filter

4A filter may be added to remove one of these signals but, if they are well separated, this is not necessary.
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Figure 3.8: Schematic of electronic setup used for offset locking, described in detail in the main
text. Adapted from [149].

&2

(the reference filter). In each arm, a diode followed by a second-order low-pass filter converts
the RF signal to a voltage that is proportional to its amplitude. The components are identical

for each arm but the direction of the diode is swapped, giving the voltages opposite polarities.

The voltages are then added on a resistive divider.

When the frequency of one of the components of the mixed down beat note is at the 3dB point
of the reference filter, then the attenuation of each arm is equal and the voltages sum to zero.
At higher or lower frequencies, the attenuation of each arm will be unbalanced leading to a
non-zero voltage, with its sign depending on the direction of the deviation from the 3 dB point.
Thus, this setup creates a feedback signal (V) with a zero crossing which can be used to lock
the laser. This is fed to a PI controller which stabilizes the laser based on the feedback. The

lock point of the laser can be controlled by varying the tuning voltage of the VCO (Viupe)-

Transfer cavity lock

The CaF lasers are stabilized using a transfer cavity lock (TCL) system. A small amount of
light from each of the lasers is coupled into one of two scanning Fabry-Pérot cavities along
with light from the reference laser. The cavity is scanned and the transmission spectra of all
the lasers are recorded with photodiodes and sent to the computer. The spectra are fitted

with Lorentzians to determine the cavity voltage at which the transmission is maximized. The
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position of the transmission peak of the reference laser is used to lock the length of the cavity
by feeding back to the offset of the scan ramp. The other lasers can then be locked based on

the positions of their transmission peaks, relative to the reference peak.

3.4 Rb 2D MOT

The 2D MOT is formed in a glass cell attached to the main chamber by a 4-way cross, as shown
in figure 3.90 Rb atoms are loaded from thermal vapour maintained by dispensers located in
the other arms of the cross. The dispensers are operated by applying a current, typically in the
range of 3A—4.5A. A differential pumping tube sits between the 2D MOT cell and the main
chamber, which prevents the Rb vapour from affecting the background pressure in the main
chamber. Once cooled in the 2D MOT, the atoms are loaded through the differential pumping

tube into the main chamber by a push beam that propagates along the axis of the trap.

Electrical
feedthroughs

f=75mm A/2 2-y PBS A/2 PBS Prism

Differential
m O H ‘ H [\ pumping tube
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Figure 3.9: Schematic of the the 2D MOT: Rb atoms from the dispensers are trapped in a 2D
MOT in the glass cell. The 2D MOT light (£2R%C and £2R]?)’R) is split between the x and y MOT
beams on the x —y PBS. The optics for producing the MOT light in the x direction is shown.
A similar setup produces the beams in the y direction. The CCD is used for monitoring the
fluorescence of the 2D MOT as a diagnostic.

The 2D MOT light is collimated to form a beam with a 1/e? radius of 7mm, before being split
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into two beams, one for each dimension. The beams are split again to increase the volume of the
cooling region so more atoms can be captured. Quarter-wave plates are used to set the correct
polarization for the MOT. After propagating through the glass cell, the beams are retroreflected
by a mirror which is coated with a layer that acts as a quarter-wave plate, producing the correct

polarization for the counter-propagating beams.

3.5 Main chamber

3.5.1 MOT coils

The quadrupole magnetic field necessary for the MOT is generated by a pair of coils inside
the main chamber, shown in figure [3.10f The design and operation of these coils is detailed
in [150] and summarised here. Each coil is made up of two laser-cut copper spirals. A layer
of aluminium nitride (AIN) is sandwiched between the two spirals and the whole assembly is
secured by two alumina (Al,O3) clamps on the top and bottom. Electrical connection between
the two spirals is made with a small screw that traverses the AIN layer. The coils are supplied
with current through vacuum-compatible insulated copper wires that are connected to electrical
feedthroughs and slots in the alumina layers allow the gaps between the coils to be pumped

out efficiently. The AIN layers are bolted to a copper spacer, which fixes both coils in place.

The coils are driven by a home—builtﬂ power supply that allows the direction of current in each
of the coils to be controlled. In anti-Helmholtz configuration, the coils produce an axial field
gradient of 30 G em™! when operated at 10 A, which is sufficient for our needs. Although the
supply can provide up to 35A to the coils, we find that even after increasing the current to
15 A, the pressure in the chamber increases by an order of magnitude within 20s of operation.
This is likely due to heating and out-gassing of the black paint applied to the coils to reduce
scattered light. The current in the coils can be switched rapidly with a 1/e rise/fall time of
500 ps.

5Designed and built by Noah Fitch.
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Figure 3.10: MOT coils: @ Full assembly of the coils including copper spacer. @ Exploded
view showing the individual layers making up each coil. The top and bottom spirals are
connected in series. Close-up of coils showing dimensions of the laser cut spiral.
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3.5.2 Optical setup

The optical setup around the main chamber is shown in figure [3.11} Once combined in the fibre
cluster and brought over to the experiment, the light for the CaF MOT is roughly collimated
with a Schifter and Kirchhoff beam expander to a 1/e? beam radius of 8.1 mm. The MOT
beams contain up to 120 mW of L, power. To maximize the intensity, the CaF MOT is formed
by a single beam which is folded through the chamber three times before being retroreflected.
The beam is adjusted to be slightly convergent to mitigate any intensity imbalance caused by

imperfect transmission through the many optical elements in the beam path.

For the Rb MOT, the light comes from six separate beams. FEach beam is expanded to a
1/e? radius of 10 mm and contains up to 10mW of cooling laser power and 2mW of repump
power. These beams are combined with the CaF MOT beams on dichroic mirrors, as shown
in figure [3.11] Dichroic quarter-wave plates are used to ensure the polarization of the light is

correct for the CaF and Rb MOT beams.

The CaF slowing light (£5,) and slowing repump (£%,) are combined on a PBS and mixed with
the Rb optical pumping beam (E%E ) on a dichroic mirror before entering the chamber. The
Rb absorption imaging light enters through a CF16 viewport angled at 21° to the horizontal

plane.

3.5.3 Imaging

Fluorescence

The CaF MOT is imaged using fluorescence imaging. A lens of diameter 50.8 mm and focal
length 60 mm is placed in the vacuum chamber so that the light collected from the MOT is
focused to infinity. Outside of the vacuum chamber, the light passes through a bandpass filter
with a centre frequency of around 606 nm to filter out scattered light of other wavelengths.
Finally, an aspheric lens with focal length 28.6 mm is used to focus the light down onto a

CCD camera (ORCA-R2). The magnification of the imaging system can be determined by
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Figure 3.11: Optical setup around the main chamber: the CaF MOT light is wrapped around
the chamber and combined with the Rb MOT beams on dichroic mirrors. The polarization of
the MOT beams for both species are controlled with dichroic quarter-wave plates (D-QWP)
positioned in front of each viewport. Adapted from [151].
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letting the cloud drop and comparing the apparent acceleration of the cloud under gravity with
the accepted value. This leads to a measured magnification of 0.47(1), consistent with the

calculated value of 0.48.

The camera electronics converts the number of incident photons Ny, to a number of counts,

N.. This can be used to recover the number of photons by using the expression

C' (N.— Nog)

N, =
oh GT]Q Nsat

(3.1)

where C' is the full well capacity, G is the amplifier gain, nq is the quantum efficiency, Nog
is the camera offset and Ny, is the number of counts at saturation. Ng, is related to the bit

depth b by N, = 2° — 1 and the values of the other constants can be found in [152].

Some of the photons detected by the camera come from background scatter in the chamber. To
address this, two measures are taken. Firstly, the inside of the vacuum chamber is blackened
using ultra-high vacuum compatible black paint to reduce scattering. Secondly, we take regular
images of the background under identical conditions but without any molecules present. By
subtracting these background images from the MOT images, we effectively isolate the fluores-
cence emitted by the molecules. If the scattering rate of the molecules is known, the number of
photons in the background-subtracted image can be used to determine the number of molecules
present. When the camera is exposed for a time .y, the total number of photons scattered
will be Rgctexp. However, only a small fraction of these scattered photons reach the camera.
To account for this, we introduce the collection efficiency, 7., which accounts for the geomet-
ric efficiency (the fraction of the total solid angle where the scattered photons can reach the
detector) and the transmission of the optical elements between the molecules and the camera.

The number of molecules is then

N, — NO
sclexp!/c

where Ngh is the number of photons recorded in the background image.

The scattering rate in the MOT can be measured by turning off £,, and observing the rate of

decay of fluorescence as the molecules are optically pumped into the v = 2 vibrational state.
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The scattering rate found using this method is Ry = 2.08(13)s™! [128]. For our system, the
collection efficiency has a value of n. = 2.3(1) %, which is found by measuring the transmis-
sion and calculating the geometric efficiency by ray tracingﬁ [153]. The uncertainty in this
value comes from the measurements of the transmission of all of the optical elements in the
imaging system. The systematic errors due to these two factors leads to an uncertainty on all

measurements of the number of molecules of +7.6%.

Absorption

The Rb atoms can be imaged using the same fluorescence imaging system by replacing the
bandpass filter with a suitable neutral density (ND) filter to avoid saturating the camera.
However, to get a reliable measure of atom number for the denser Rb clouds, it is necessary
to use absorption imaging. As shown in figure [3.12] the absorption probe light is brought to
the experiment in a PM fibre and the output is collimated to form a beam with waist radius
S5mm. The light is then circularly polarized before entering the chamber. During absorption
imaging, the shim coils (described in section zero the background magnetic field and
apply a 400 mG field in the direction of propagation of the absorption light, ensuring accurate
circular handedness relative to this axis. As the light propagates through the atom cloud, it is
absorbed and the density profile is imprinted as a shadow in the beam. The 4-f system shown

in figure |3.12] is then used to image the absorption of the atoms onto a CCD.

For a Weakﬂ probe beam propagating along the z direction through the atom cloud, the intensity

will vary as
0l(z,y,z)

5 = —n(z,y,z)ol(z,y,2) (3.3)

where n(x,y, z) is the number density of the atoms and o is the absorption cross-section of an

5The geometric efficiency could also be measured by introducing an aperture into the imaging system between
the two lenses. As the size of the aperture is increased, the signal from the molecules should initially increase
before saturating. The aperture diameter at which the signal saturates can then be related to the geometric
efficiency by simple ray optics.

"More precisely, for a beam with I < I.
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Figure 3.12: Optical setup for absorption imaging: the absorption imaging light is collimated
and circularly polarized with a quarter-wave plate, before being sent into the chamber. The
absorption profile of the atom cloud is then imaged onto a CCD using a 4f-system. A large
1 cm diameter aperture was placed in the Fourier plane to block out excess background scatter.
This aperture is optional and, since it reduces the spatial resolution of the imaging system,
should be removed when imaging smaller clouds.

atom. After traversing the atom cloud, the intensity profile of the beam will be

o) = 1o 0 exp (<o [ ntep2)s) = 1(o,,0) P (3.4)
0

where in the last step we have defined the optical density

OD(z,y) = U/OOO n(z,y,z)dz. (3.5)

This is often written as

OD(z,y) = o na(z,y) (3.6)

where nq(z,y) is the column density. The total number of atoms in the cloud is then

N —/ / na(z,y)dedy = / / OD(z,y)dxdy. (3.7)

The absorption cross-section is in general a function of the detuning and polarization of the
light and the relative population of the Zeeman sublevels of the atoms. However, if a small
magnetic field is applied along the beam and the probe beam is circularly polarized to drive only
o' transitions, the atoms will be optically pumped into the stretched state |F = 2, mp = +2).
The atoms in this state will be only be excited on the cycling transition |F' = 2, mp = +2) —

|F" = 3, m}p = +3). Thus, we have an effective two-level system and the absorption cross-section
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becomes
7= 1+4A2/T? (3.8)

where 0y = 3A?/27 is the resonant absorption cross-section of a two-level system coupled by a

transition with wavelength .

The optical density is measured by taking three images: one with the atoms present and the
probe beam on, labelled I,¢(x,y); one with no atoms present and the probe beam on, labelled

I, (x,y); and one with no probe beam and no atoms, labelled Iy(x,y). The OD is calculated by

Li(z,y) — Io(z,y)
p(xv y) - ]0($, y)

OD(z,y) = —1In (3.9)

The probe beam used for the imaging has an intensity of 0.02/,; and is switched on for 100 ps
for each image. During the imaging, the repump beam is also switched on so that any atoms
in the F' = 1 hyperfine level are also imaged. The systematic uncertainties of our absorption

imaging setup are treated in detail in [150].

Size and temperature

In addition to the number of atoms or molecules captured, the density distribution of the cloud
can also be measured by imaging. Since the images obtained are 2D, the entire 3D density
distribution cannot be reconstructed. However, by making certain assumptions, we can deduce
the 3D distribution. For instance, in the MOT we assume that the cloud has a cylindrically-

symmetric Gaussian distribution given byﬂ

n(z,y,2) = (; exp <—x2 Y 2—2) . (3.10)

2m)3/2020, 202 202
Under this assumption, the unknown widths o, and o, can be determined from the images.

We measure the temperature of the clouds by ballistic expansion. If the cloud is at thermal

equilibrium and is released from the trap, then the size of the cloud should increase from its

8 At thermal equilibrium in a cylindrically-symmetric harmonic trap, this assumption is also valid.
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kpT
o(t)::\/08+——5;¢2 (3.11)

Therefore, by taking a series of images at different times after the release and measuring the

initial size oy as

size of the cloud, the temperature T of the atoms or molecules can be inferred by fitting to

equation [3.11]

3.5.4 Microwaves

Microwaves with frequency of around 20 GHz are used for coherent control of the rotational
states of the CaF molecules. The microwaves are generated by a Gigatronics 7100 synthesizer
and then frequency-doubled and controlled with a fast switch. A microwave horn transfers the

microwaves into the experiment through one of the viewports.

3.5.5 Shim coils

Around the outside of the main chamber, shim coils in Helmholtz configuration for each of the
three dimensions are used to provide bias fields at the centre of the chamber. To calibrate
the shim coils, we drive a magnetically-sensitive transition between the rotational states of the
CaF molecule using microwaves. The full experimental sequence is given in section [1.1.1} The
transition [N =1, F =0, Mr =0) <+ |[N =0, F = 1, Mp = +1) is driven which has a frequency
shift due to the magnetic field B of ug|B|/h. The magnetic field along each dimension is

proportional to the current in each shim coil so we can write

|&=¢w%WA¥+w%wwy+w%ﬁAy (3.12)

where BY is the component of the background field without the shim coils, 3; is a constant of
proportionality and I; is the current running through the shim coil that generates field in the

direction of i € {z,vy, z}.

In figure the calculated magnetic field |B| is shown as a function of the current in each
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of the shim coils. After each scan, the current is set to the value that minimizes |B|, which
corresponds to zeroing the field in that direction. By fitting equation |3.12|in each case, we find
the calibrations 8, = 766(1) mG A~!, 8, = 599(1) mG A~!, and 3, = 2202(22) mG A~'. These
calibrations can be used to calculate the currents needed in each coil to produce a field in an

arbitrary direction.
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Figure 3.13: Calibration of the shim coils: for each point a magnetically-sensitive transition in
CakF is driven and the magnitude of the magnetic field is deduced from the measured frequency
shift. By varying the current flowing through the shim coils that generate a field in the @
y, x and z directions and fitting to equation , all of the unknown variables can be
deduced. After each iteration, the current is chosen which minimizes the magnitude of the
magnetic field to zero the field in each direction.

3.6 Loading a dual-species MOT

In this section, the experimental sequence used to load a dual-species MOT of Rb and CaF
will be summarized. This forms the starting point for the results presented in this thesis. We
have also studied collisions between the two species in the MOT [151] but those results are not

presented here.

The MOT of Rb is loaded first. Atoms are accumulated in the 2D MOT and transferred
to the main chamber by the push beam. This loads atoms into the 3D MOT at a rate of
2 x 10%atomss™!. The loading continues until the 2D MOT beams (£LhyC and Lay™) are
turned off. In this way, the initial number of atoms in the MOT can be be varied by controlling

the load time.
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Immediately after this, the loading process of the the CaF MOT begins. The ablation laser fires
and a pulse of CaF molecules is created in the source chamber. The slowing (£5,) and slowing
repump (L£$,) beams are turned on 2.4 ms after the ablation pulse to decelerate the molecules.
For the first 1ms, £5, is held at a constant frequency, resonant with molecules travelling at
140ms~!. It is then chirped linearlyﬂ by 240 MHz over 11.6 ms to follow the changing Doppler
shift of the molecules. The slowing light is turned off 15ms after the ablation pulse and CaF
molecules begin to be captured in the MOT. Within 40 ms of the ablation pulse, the MOT is

fully loaded, as shown in figure [3.14]
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Figure 3.14: Loading of the CaF MOT: The points show the amount of fluorescence detected
in the MOT region as a function of time after the ablation. The dashed line indicates when
the slowing light turns off. Any fluorescence detected before this time comes from unslowed
molecules, which cannot be captured by the MOT. After this, the loading begins and the
fluorescence increases until the MOT is fully loaded.

9From chapter |§| onwards, an exponential frequency ramp was used. More detail on this can be found in
1150].



Chapter 4

Collisions between Rb and CaF in a

magnetic trap

Sympathetic cooling of molecules with ultracold atoms provides a promising route to molecular
samples with very low temperatures and high phase space densities. This was recently demon-
strated in the work of Son et al. [76]. In the experiment, NaLi molecules were trapped with Na
atoms in a 1D optical lattice. The Na atoms were then evaporatively cooled and, by thermal-
ization with the atoms, the molecules were sympathetically cooled down to a temperature of
220nK with their phase space density increasing by a factor of 20. Although the molecules
were not prepared in the ground electronic state, the low rate of loss compared to the rate of

thermalization was sufficient to allow highly efficient sympathetic cooling.

Many other molecular species [69-71] have been plagued with high loss rates in optical traps.
This occurs even when the molecules are non-reactive and are prepared in the absolute ground
state so that there appear to be no inelastic loss channels. This puzzling observation has been
attributed to the formation of long-lived complexes which lead to loss, either by excitation of
the complex by trap light [154, [155] or by another process that has not been fully explained
theoretically [156]. By performing experiments in a magnetic trap where no light is present,
it is likely that this loss process will be eliminated. On the other hand, molecules cannot be

trapped magnetically in their absolute ground state and so there is always an open loss channel

96
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through the process of spin relaxation. However, theoretical work [157] 158] suggests that loss

through this mechanism should be slow.

This chapter gives a summary of experiments carried out in the magnetic trap to investigate
collisions between ultracold CaF molecules and Rb atoms. This includes measurements of the
inelastic loss rate coefficient, analysis of the dependence of the loss on the quantum state of the

molecules and an attempt to measure thermalization between the two species.

4.1 Loading the magnetic trap

The starting point for the following experiments is the dual-species MOT of CaF and Rb,
loaded with the protocol described in section [3.6] In the following section, I will detail the
steps taken to load the atoms and molecules into the magnetic trap, where collisions between

the two species will be investigated.

4.1.1 CaF

To reduce the temperature of the molecules in the MOT, we lower the intensity of the CaF
MOT cooling laser, £3,, over 4ms to 20% of its original value. The intensity remains at this
value for 10 ms, during which we acquire an image of the molecule cloud. From the image, the

initial molecule number in the MOT, NMQT, is calculated.

Sub-Doppler cooling

After cooling in the MOT, the molecules are transferred into a blue-detuned optical molasses.
The laser L§, is turned off and its frequency is shifted 20 MHz to the blue by changing the
drive signal of the double-pass 110 MHz AOM. After a wait time of 1ms, during which the
frequency of the drive signal settles, £, is turned back on at full intensity. The quadrupole
field necessary for the MOT is also switched off. The molecules cool to 100 pK in the molasses

and are held for 10 ms while any residual fields from eddy currents die away.
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Optical pumping

To optically pump the molecules, we reduce the intensity of £, to 1% of its initial value and
increase the RF power delivered to the 72MHz EOM modulating £§, such that the power
in the carrier is reduced to zero, as in [108]. Since the carrier is meant to address the state
N, F, M) = |1,0,0), in its absence the molecules will accumulate in this state. Using this
scheme, up to 60% of the molecules can be pumped to the target state, with the efficiency

limited by off-resonant excitation due to the remaining sidebands.

Microwave transfer

To transfer the molecules in the state |1,0,0) to a magnetically trappable state, the rotational
transitions shown in figure [4.1al are driven using microwave 7 pulses. In the N =0 and N =1
manifolds, there are four magnetically trappable states - for our study of collisions, we focus
on three of these: [0,1,1), |1,2,2), and |1,17,1). This allows us to investigate the effect of
the rotational state of the molecules (N = 0 or N = 1) on the collisional properties, as well
as the influence of being in a spin-stretched state (]|0,1,1) and |1,2,2)) or non-spin-stretched

state (|]1,17,1)).

To prepare the molecules in each of these three states, we start by driving a 7 pulse on a
downwards transition either to [0,1,1) or |0,1,0) (indicated by the blue and red arrows in
figure respectively). Then, by applying a ‘blow away’ pulse, a pure sample of molecules
in a single state can be produced. The slowing light, £5), is turned on for 3ms at resonance
with the molecules in N = 1, pushing them out of the MOT region whilst leaving behind the

molecules that have been transferred to N = 0.

After the blow away pulse, if the molecules were prepared in |0, 1, 1), they can be left in this
state or transferred to the state |1,2,2) with a 7 pulse (green arrow in figure {4.1a)). If the
molecules were prepared in the state |0,1,0), they are then transferred to |1,1%,1) (purple

arrow in figure [4.1al).

In order to find the correct frequency to drive all these transitions, we perform microwave
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20.5 GHz

Figure 4.1: Microwave spectroscopy of CaF: (a) hyperfine and Zeeman structure of the N =0
and N = 1 rotational levels in the X 23* state of CaF. The coloured arrows show the microwave
transitions driven to prepare the molecules in the desired state. (b-e) fraction of molecules
recaptured into the MOT after a m pulse addressing the colour-coded transition as a function
of microwave frequency. For (b & c), the molecules are optically pumped into |1,0,0) prior
to the microwave pulse. For (d & e), this is followed by a resonant 7 pulse on the red or
blue transition, respectively and a blow away pulse to prepare a pure sample of molecules in
the addressed N = 0 state before the measurement. Each point is the average of at least 7
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spectroscopy on the molecules after the blue molasses. We apply a known magnetic field of
240mG to separate the transitions with AMp = 0,4+1. Due to multiple reflections of the
microwaves within the chamber, the polarization is not well-defined and all of these transitions

can be driven.

First, we drive the transition |1,0,0) <> |0,1,0), which is not sensitive to the magnetic field.
The microwaves are turned on for a duration of ¢, = 70 ps, which drives a 7 pulse between the
two states at resonance. After this, the molecules are recaptured into the MOT by turning on
the MOT field and switching on the red-detuned cooling light. Since this light only addresses
molecules in the N = 1 manifold, any molecules that have been transferred to N = 0 will not
return to the MOT. The number of molecules recaptured, Nc,r, is measured by fluorescence
imaging. To reduce the effect of shot-to-shot fluctuations in the number of molecules loaded
into the MOT, we normalize this to the initial number of molecules in the MOT, NMQT. This
also eliminates the uncertainty due to the systematic error introduced by imperfect knowledge

of the collection efficiency and scattering rate.

Figure[4.1b|shows the fraction of molecules recaptured as a function of the microwave frequency,

w. The data are fitted with a modified version of the Rabi lineshape (equation [2.29) given by

Ncar Tom . 9 77\/ (w — wp)?
— = /14— 4.1
ANOT ro + T (0 — wo) 2 sin” | + 02 (4.1)

where 7q is the fraction of molecules remaining when no microwaves are applied, 7 is the overall

efficiency of the optical pumping and the microwave transfer, and wy is the resonant frequency
of the transition. The Rabi frequency, €2, is fixed to be 7/t, and all the other variables are
kept as free parameters in the fit. We find an overall efficiency of n = 52(1) %, which is likely

dominated by the efficiency of the optical pumping.

Figure shows the result of the same experiment but now driving the magnetically-sensitive
transition |1,0,0) <> |0,1,1). More microwave power is used which broadens the transition,
making it less sensitive to small changes in the magnetic field. This leads to a reduced 7 pulse

time of ¢, = 50ps. The fit gives an efficiency of n = 44(1) %, slightly lower than for the
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insensitive transition. This may be due to a small residual magnetic field gradient over the

cloud of molecules, which would reduce the coherence time.

Next, we drive the transitions back to N = 1 after the blow away pulse. With the molecules
prepared in the state |0,1, 1), figure shows the fraction of molecules recaptured into the
MOT after a 7 pulse on [0,1,1) <> [1,2,2) as a function of the microwave frequency with
t. = 70ps. On resonance, 17.9(3) % of the molecules in the initial MOT are transferred to the
state |1,2,2). Comparing this to the fraction of molecules that are transferred in the first pulse,

we can see that the second microwave transition has an efficiency of 76(2) %.

Finally, with the molecules prepared in the state |0,1,0), we drive the transition |0,1,0) <>
|1,17,1) after the blow away . The fraction of molecules recaptured into the MOT is shown in
figure as a function of the microwave frequency for a 7 pulse of length ¢, = 50ns. This

transition is magnetically sensitive and so has a smaller efficiency.

4.1.2 Rb

The Rb atoms are loaded into the magnetic trap in a two step process. First the atoms are
held in a red-detuned optical molasses. Over a period of 10ms, the detuning of £, is ramped
to —48 MHz and the intensity is decreased by a factor of 10. At the end of the ramp, the

temperature of the atoms is 40 pK.

To prepare the atoms in a magnetically trappable state, we use the laser L4, which is resonant
with the transition F' = 2 — F’ = 2, to optically pump the atoms. A 230mG field is applied
along the direction of propagation of the beam to define the quantization axis. By using a
combination of a half-wave plate and quarter-wave plate, the polarization of the beam is fixed
so that only o transitions can be driven. The repump light, LY, is kept on to repump any
atoms that decay into the F' = 1 level in the ground state. After scattering a few photons, the

atoms should be transferred to the stretched state |[F' = 2, mp = 2).
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4.1.3 Magnetic trapping and imaging

Once the atoms and molecules are prepared in the desired state, the MOT coils are turned back
on, with all light turned off, to create a magnetic quadrupole trap with an axial field gradient
of 30 Gem™!. The atoms and molecules remain in the trap for a variable time, ¢, after which
the field is turned off. The final step is to measure the number of molecules that remain. This
is done by recapturing the molecules in a MOT. For experiments with molecules in N = 1,
we simply turn the MOT back on. For experiments done with molecules in N = 0, we first
transfer them back to N = 1 using a microwave 7 pulse, and then turn the MOT back on.
Fluorescence imaging is then used to determine the number of molecules remaining, Neag(t).
We also record the number of atoms remaining, Ngy(t), by absorption imaging. In the following
measurements, we load up to around 1.5 x 10? atoms and 1 x 10® molecules into the magnetic

trap.

4.2 Collision measurements

To reduce the shot-to-shot fluctuation in the number of molecules trapped in the MOT, we
normalize our measurements of molecule number after the magnetic trap by calculating the
ratio

o NCaF (t)

rear(t) = “VMOT (42)
CaF

Since the density of atoms in the trap is six orders of magnitude larger than that of the
molecules, we can neglect the loss of molecules due to inelastic molecule-molecule collisions.

Under this approximation, we can write the evolution of the ratio rc,r(t) as

Fear(t) = (—T0ap — Dcar-rbe ™) rear(t) (4.3)

where the first term in the brackets accounts for the single-body loss of molecules from the trap
in the absence of atoms and the second term comes from the loss of molecules due to inelastic

collisions with the atoms. The exponential factor in the second term models the loss of atoms
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over time in the magnetic trap. This is motivated by our observation that the number of atoms
in the trap fits well to an exponential decay, suggesting that the loss of atoms is dominated by

single-body loss due to collisions with background gas.

We also find that in the absence of atoms the number of molecules decays exponentially, due
to both collisions with background gas and vibrational excitation by blackbody radiation. The
single-body decay rates of both species, I'ry, and I'd i, vary negligibly between experiments.
These rates are calculated by fitting exponential decays, as shown in figure [4.2] and are found

to be T'rp, = 0.313(5) s and I',» = 0.35(1) s~

o
o
=}
o
o
=}

Figure 4.2: Loss of @ CaF and @ Rb in the magnetic trap in the absence of the other species.
Lines are fits to single exponential decays.

The solution of equation {4.3|is given by

I'Rb-ca
rcar(t) =7rcar(0) exp <_F(C])aFt - P;)i - (1 - e_FRbt)) : (4.4)
R

By fitting dual-species data to this model, we can extract the loss rate of CaF due to Rb,
CRrb-car, With this and rc.p(0) as free parameters. An example for the state |1,2,2) is shown

in figure where we determine the loss rate to be I'rp.car = 0.368(44)s™ L.

4.2.1 Loss rate coefficient measurement

The collision-induced loss rate of CaF, I'rp.car, can be written as

I'rb-car = k2Ngp(t = 0) / frn(r) foar (v) d®r = konth | (4.5)
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Figure 4.3: Fraction of CaF molecules left after hold time ¢ in the magnetic trap in the presence
of Rb (green) or alone (blue). Each point is the mean and standard deviation of six measure-
ments. The solid lines are a fit to a single exponential decay for CaF only and a fit to equation
for CaF in the presence of Rb. The molecules are in state |1,2,2) while the atoms are in
state |2, 2).

where the factor ks is the inelastic loss rate coefficient and fs(r) is the density distribution of

species s normalized such that

/ fo(r)d’r = 1. (4.6)

In equation 4.5 we have defined the quantity

nfiy, = Nrp(t = 0) /be(r)fCaF(I') d’r, (4.7)

which is a measure of the effective density of Rb, taking into account the overlap of the two
clouds. Some care must be taken to calculate this overlap integral. In thermal equilibrium in
a trap with potential U(r), the distribution of each species will be distributed according to the

Boltzmann distribution

£(r)  exp (-%) (4.8)

In the magnetic quadrupole trap, the potential experienced by an atom or molecule with mag-

netic moment y, including gravity, is given by

x2 492

Ulz,y,z) = pb + 22+ myz, (4.9)
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where b is the axial field gradient and g is the acceleration due to gravity which acts in the —z

direction. With this potential, the spatial distribution is given by
b 2 1 2
f(:v,y,z)ocexp(—kiT\/z Zy +z2—g—%z>. (4.10)

kgT mg
(= == = 4.11
lj/b ) fy lj/b ) ( )

We can then define

and normalize the distribution to find

2 2 2 2 2
v —1 e +y z z
f(z,y,2) = %exp (— T + 2 —7Z>. (4.12)

Integrating this along x and y, we get the profile along z

9(z) = %}1)2 (1 + LZ’) exp (#) (4.13)

We find experimentally that the axial profiles of the atoms and molecules after the magnetic
trap fit reasonably well to this model, in spite of the fact that the molecules are unlikely to have
thermalized in the trap. The equivalent profile for the radial direction has no known analytical

form, however we find that the radial profiles fit well to Gaussian distributions given by

2ro

1 x?
hiz) = —— . 4.14
(@) () (414
We therefore approximate the distribution of each species as
fs(xaya 2) = hs(x)hs(y)gs(z) (415)

Figure shows the images of the CaF and Rb clouds after 300 ms in the magnetic trap, along

with the profiles along x and z and fits to hg(x) and gs(z) respectively. This allows us to
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compute the overlap integral analytically:

A% A2, T [02(422 3l lowr) — AP (AP + ERbKCaF)]

1) foar(r) Pr = - 4.16
/be( Jfcar(r) Am (o, + 0d,r) (20 + C)3(Brovloar + Boarlrp)? (4.16)
where
— App +Llca
A;=92-1, Bi=7%-1, C=9mler +ycarlpp, (=" 5 Cal (4.17)

In the following measurement, the value of the overlap integral varies in the range 3.1cm™2 to

4.2cm™3.

Figure 4.4: Fluorescence images of @ CaF and @ Rb after 300 ms in the magnetic trap. Plots
are profiles in x and z directions. Solid lines are fits to hs(z) and gs(z) from the main text.

To determine the inelastic loss rate coefficient ko we perform loss rate measurements for different
loading durations of the Rb MOT. This varies both the number of Rb atoms loaded into the
trap (IVgp) and the size of the cloud in the magnetic trap, leading to different values of the
effective density (n¢). For each measurement, we measure Ng;, and fit the axial and radial
distributions of the atom and molecule clouds with the functional forms given in equations 4.13
and[4.14] Using the values of the fit parameters (75, {5, 05 with s € {Rb, CaF}), we calculate the
overlap integral using equation which allows us to determine the n using equation @
The result of plotting the loss rate [I'gp.car for different values of neRff) is shown in figure

for molecules in the state |1,2,2). By fitting a straight line to the data we find the loss rate
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coefficient to be ky = (6.6 = 1.5) x 107" cm?®s™!. The uncertainty in this value is found using

a bootstrapping procedure detailed in |159].
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Figure 4.5: Loss rate, I'rp.car, of CaF molecules in the state |1,2,2) due to Rb versus effective
density of Rb, nfl . The dashed line is a linear fit. Insets show radial distributions of CaF and
Rb clouds, ¢s = [ fs(x,y, z) dy dz, for the points indicated.

4.2.2 Loss rates in different molecular states

In our measurement of the loss rate above, both the atoms and the molecules were prepared
in spin-stretched states. Previous studies have found inelastic collisions between molecules and
atoms can be greatly suppressed in this arrangement [76, [160]. To test whether this is the
case here, we initialize the molecules in the state |1,17,1) which is not spin-stretched and
measured the loss rate as before. From the data presented in figure [4.6] we find that the loss
rate coefficient for this state is ky = (5.7 & 1.8) x 107 em3s™!, close to the value found for
|1,2,2), which suggests that the inelastic loss does not depend strongly on the hyperfine state

in the N = 1 manifold.
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Figure 4.6: Loss of CaF molecules prepared in the state |1, 1", 1) with and without Rb present.

A clear difference in behaviour is seen when the molecules are prepared in the state |0, 1,1), as
shown in figure 4.7 The loss rate coefficient in this state is found to be consistent with zero
and has an upper limit of ky < 5.8 x 1072 cm3s™!, with 95% confidence. This is at least an

order of magnitude lower than for the states in the N = 1 rotational manifold.
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Figure 4.7: Loss of CaF molecules prepared in different states. Red and blue solid lines are fits
to equation in the main text and the gray dashed line is a fit to a single exponential.

The far larger inelastic collision rates in the N = 1 manifold compared to the N = 0 manifold
suggest that collisions which change the rotational state of the molecule are the dominant
collisional loss mechanism. For states in the N = 1 manifold, these collisions are energetically
allowed and release ~ 1K of energy, which is far greater than the trap depth of 1.5 mK. In
addition, at the end of the collision the molecule will end up in the N = 0 manifold, which
will not be detected by our imaging procedure. For both these reasons, molecules involved in

rotation-changing collisions will be lost. Conversely, in the N = 0 manifold rotation-changing
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collisions are energetically forbidden and so the only open loss channel from the state |0, 1, 1)
is spin relaxation. Thus, our results show that loss by spin relaxation is at least an order of

magnitude slower than by rotation-changing collisions.

4.2.3 Looking for thermalization

The relatively small inelastic loss rate in the state |0,1,1) is promising for the prospect of
sympathetic cooling. However, to further investigate the potential of this approach, we need to
measure the rate of thermalization due to elastic collisions. Since the atoms and molecules are
loaded into the trap with temperatures Tgry, and Tc.r respectively, we can expect the difference
in the temperatures of the two species AT = Tear — TRy, to change according to |76, |161]:

d(AT)
dt

= T AT, (4.18)

where I'yy, is the rate of thermalization. This can be related to the rate of elastic collisions

between the two species ['¢ by

Ty = grel. (4.19)

The quantity n is a dimensionless constant that parameterizes the average amount of energy

transferred by each collision and is defined to be

AmRyMmcar
- , 4.20
1 (mrp + Mcar)? ( )

such that 3/n ~ 3.1 is the number of collisions per particle needed for thermalization. The

elastic collision rate can be further broken down into

Fel = n%{fi)geﬂjrela (421)

where n$l is the effective density of Rb defined as before, o4 is the elastic collision cross-section

and v, is the mean relative velocity. Assuming the distribution of velocities of each species is
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close to a Boltzmann distribution, v, is given by

Sky [ Ty Tea
Urel :\/ = < 4 ¢ F) (4.22)
™ MRb mcar

The experimental procedure is the same as outlined before for the inelastic collision measure-

mentsﬂ except now we measure the temperature of the atoms and molecules when they are
released from the trap by ballistic expansion. An example measurement for CaF is shown in
figure after a hold time of 0.6s in the magnetic trap. From the linear fits to the radial and

axial sizes, we find temperatures of 216(41) pK and 172(13) pK, respectively.

o?(mm?)

0 20 40 60 80 100
t*(ms?)

Figure 4.8: Temperature measurement of CaF molecules by ballistic expansion after the mag-
netic trap: @ points and error bars are from 4 repeat measurements; solid lines are linear fits.
@ shows images of the cloud after different expansion times, integrated over the 4 experimental
runs.

Figure |4.9| shows an attempt to observe thermalization between the two species. For CaF
molecules alone in the trap, the heating rate is consistent with zero, as found in a similar setup
in our group [108]. When trapped in the presence of colder Rb atoms, the temperature of the

molecules remains constant within the uncertainties.

Although no thermalization is observed, it is instructive to calculate the maximum value of the

LA new optical pumping scheme was implemented prior to this measurement which resulted in more efficient
loading of the magnetic trap. Further detail can be found in [150].
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Figure 4.9: Temperature of CaF molecules alone (blue) and co-trapped with Rb atoms (green)
in the magnetic trap as a function of hold time. The points and error bars are mean and
standard error from 4 experimental runs. The dotted red line shows the temperature of the Rb
atoms which remains constant throughout.

elastic cross-section (o) that would be consistent with this data, assuming that there is no
heating in the trap. Since the change in temperature difference is small, we can assume that
the mean relative velocity v, remains roughly constant. As before, the effective density of
Rb changes due to the loss of atoms from the trap and we again model this as an exponential
decay, giving

d(AT)

— —TY exp(—Tgpt) AT (4.23)

where '), is the initial rate of thermalization. Solving for the temperature of the molecules, we
obtain
1o
TCaF(t) = (T(O)aF - TRb) exXp —F—th(e_FRbt - 1) + TRb- (424)
Rb
With T'rp, and Tgy, fixed to their separately determined values of 0.313(5)s™! and 90 pK, re-
spectively, the largest value of T'}, consistent with the data in figure [4.9|is T'), = 0.05s™!. This

would correspond to a elastic cross-section of approximately 1 x 10712 cm?.

For comparison, the elastic cross-section used in [137] for modelling sympathetic cooling of
CaF with Rb atoms is roughly o & 3.6 x 10712 cm?. We can also compare our estimate to the
value found for collisions of NaLi with Na given by o &~ 2.4(5) x 107!t em? [76]. This, coupled

with the low inelastic rate coefficient of ky = (4.0 +1.3) x 107" cm3s™!, was sufficient for very
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effective sympathetic cooling.

However, since no thermalization was observed in our experiment, it is impossible to determine
anything about the elastic collisions between the two species with confidence. As a result,
further work is needed in order to be able to study inter-species elastic collisions. In order to

do this, there are two main way that our experiments could be improved.

Firstly, the number of molecules trapped could be increased. This would allow us to make
measurements at longer hold times with acceptable accuracy due to a better signal-to-noise
ratio. One technique to increase the number of trapped molecules is transverse cooling of the

molecular beam which will be explored in chapter [5]

Secondly, the effective density of Rb, n$l = can be increased, which will speed up the rate of
collisions, both elastic and inelastic. Due to the relative sizes and differential gravitational sag
of the two clouds in the magnetic trap, ndl is largely limited by the overlap between the two
species. This would be improved in a trap with greater confinement, such as an optical dipole

trap, which is implemented in chapter [6]



Chapter 5

Transverse cooling of CaF

The beam of CaF molecules that exits the cryogenic buffer gas source diverges as it travels
towards the main chamber. This divergence reduces the total flux of molecules that reach the
capture region of the MOT. By reducing the spread of transverse velocities, transverse cooling
produces a collimated beam of molecules, which increases the fraction of molecules that can be

captured.

Transverse cooling was originally applied to atoms to increase the radiant intensity or ‘bright-
ness’ of atomic beams |162, |163]. Later it was extended to molecules, with the first demonstra-
tion of laser cooling of molecules being transverse cooling of a beam of SrF [100]. Since then
transverse cooling has been adapted to a wide range of molecules including YbF in 1D [164]

and 2D [165] and polyatomic molecules such as SrOH [166] and YbOH [167].

In this chapter, we present the results of applying transverse cooling to the beam of CaF mo-
lecules that is used to load the MOT. Transverse cooling of the molecules is first demonstrated
in 1D, however no increase in molecules captured into the MOT is observed in this case. The
transverse cooling setup is then extended to cool the molecules in 2D, and the number of mo-
lecules captured in the MOT is increased by a factor of 3.5. The cooling process is simulated

by solving the optical Bloch equations to gain an understanding of the underlying mechanisms.

113
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5.1 1D cooling

5.1.1 Setup

The light used for transverse cooling is derived from a 5 W laser from Azurlight Systems oper-
ating at 531 nm, close to the B < X transition in CaF. An electro-optic modulator (EOM) is
used to add sidebands to the light to address the hyperfine components of the ground state.
The EOM is driven at 72 MHz with enough RF power to produce 1st order sidebands with
the same intensity as the the carrier and a scanning Fabry-Perot cavity is used to monitor
the modulation. The light is then coupled into a polarization-maintaining single mode fibre to

bring it over to the experiment.

At the experiment, the light from the fibre is collimated to produce a beam with a 1/e* diameter
of 3.7mm. The beam passes through two cylindrical lenses (with focal lengths of f; = 30 mm
and fo = 300mm) in a telescope configuration to expand the beam in one dimension. After
this, the beam is elliptical with 1/e? axes of 37 mm and 3.7mm. The beam is then directed into
the molecular beam through a circular viewpoint located 170 mm away from the aperture of
the buffer gas source and retro-reflected with a mirror. The major axis of the intensity profile
is aligned along the direction of the beam, as shown in figure [5.1] so that the time spent by the

molecules in the cooling region is maximized.

The slowing beam is turned off for these experiments to allow us to see the effect of transverse
cooling on the beam without any additional effects due to slowing. However, the slowing
repump laser (L5,) is kept on to repump any molecules that may be transferred to the v = 1

level during transverse cooling.

To detect the molecules, two CCD cameras are placed along the beam. The first (CCD1) is
positioned at the transverse cooling region and collects the fluorescence of the molecules due to
the transverse cooling light. This is used to perform spectroscopy to deduce the frequency of
the cooling light relative to the transition. The second CCD (CCD2) images the fluorescence

of the molecules in the MOT beams, allowing us to measure both the number of molecules
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reaching the MOT region and the transverse profile of the beam.

MOT beams

CCD2

Source

T N CCD1

Mirror

170mm

Figure 5.1: Schematic of transverse cooling setup: The CaF molecules exit the source as a
diverging beam and travel a short distance to the transverse cooling region. They interact
with the transverse cooling light and the fluorescence is collected by CCD1. The molecules
then proceed to the main chamber where they are imaged in the MOT beams by CCD2. The
slowing repump, £3,, remains on during the transverse cooling stage to repump any molecules
that decay to v = 1.

All of the laser frequencies used to repump the vibrational levels detailed in chapter [3|are present
in the MOT beams and the beams are apertured down to a diameter of a few millimeters. The
frequency of the MOT beams are tuned so that the vertical MOT beam is resonant with the
molecules. The high longitudinal velocity of the molecular beam of around 140ms~! ensures

that the other MOT beams, which propagate at 45° to the molecular beam, are Doppler shifted

out of resonance by approximately +£163 MHz.

Figure [5.2| shows the fluorescence detected from CCD1 and CCD2 as a function of time after
the YAG pulse. In the results that follow, CCD1 is triggered at ¢ = 1 ms with an exposure time
of Ims and CCD2 is exposed at t = 5ms for 5ms. The green dashed line in figure shows
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the time at which the slowing light would usually turn on. This means the vast majority of
the molecules would have passed through the transverse cooling region by the time the slowing
turns on and there should be no effect of the slowing beam on the molecules while they are in

the cooling region.
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Figure 5.2: Integrated fluorescence at @ CCD1 and CCD2 at time t after the YAG pulse.
Each point and error bar is the mean and standard error of 10 iterations. The green dashed
line shows when the slowing light would ordinarily be turned on for loading the MOT.

5.1.2 Results

Figure shows the profile of the fluorescence of the molecular beam in the MOT beams with
the transverse cooling laser off, as imaged by CCD2. The width of the transverse distribution
without cooling is very broad and fills up the entire field of view vertically. When the trans-
verse cooling laser is on, we see the distribution change as the frequency is tuned. At certain
frequencies, we see a depletion of molecules at the centre of the beam and increased flux on
either side of the central region, as shown in figure [5.3b, and at others we see a concentration

of molecules in the centre of the beam, as seen in figure

In order to quantify this effect, we calculate the fraction of the total fluorescence (N./Nio)
contained in an area of 4.13mm x 9.66 mm at the centre of the image, indicated by the white
dashed lines in figures [5.3b] and This is shown in figure [5.3d] along with the total fluor-
escence detected at the cooling region, measured with CCD1. The detuning, A, was chosen
relative to the frequency of maximum fluorescence in the cooling region. Around the peaks in

fluorescence at A = 0 MHz and A = —75MHz, we see that the fraction of molecules in the
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central region is depleted when the light is red-detuned relative to the peak and increases when

the light is blue-detuned.
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Figure 5.3: Transverse cooling of the beam in 1D: (a) Image of the beam at CCD2 with no
cooling light applied. (b,c) Images of the beam at CCD2 with transverse cooling light at
A = —7MHz and 7 MHz, respectively. (d, blue) Integrated fluorescence in the region indicated
by the white dashed lines in (b-¢) normalized by the total fluorescence at CCD2 as a function
of detuning. The blue dashed line shows the value of this ratio when no cooling is applied. (d,
green) Total fluorescence at the transverse cooling region, as measured by CCDI1, as a function
of detuning.

As shown in figure the hyperfine structure of both the X and B states leads to a number
of transitions displaced from each other by frequencies on the order of a few natural linewidths
(I' = 27 x 6.4 MHz). This makes it difficult to disentangle the mechanisms involved with the
cooling, as, at different detunings, a single frequency component may be red-detuned of one
transition but similarly blue-detuned of another. Nevertheless, we see from the figure that
when A is just a few MHz, the frequency components of the light are blue-detuned from their

nearest transition for A > 0 and red-detuned for A < 0. Thus, figure |5.3| suggests that we
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see enhancement in the central region for blue-detuned light and a depletion for red-detuned
light. In order to better understand the effects of our cooling scheme, it is necessary to perform

simulations to model the effects of the light on the cooling.
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Figure 5.4: Energy levels and frequency structure of the cooling transition (a) Hyperfine struc-
ture of the X and B states labelled by the total angular momentum F'. The allowed transitions
are indicated with the arrows and the energy spacing between the levels is given in units of
h x MHz (b) Frequencies of the six allowed transitions and the frequency components of the
transverse cooling light at detunings of A = —7MHz (red), 0 MHz (green) and 7 MHz (blue).

5.1.3 Simulations

To simulate the effect of the transverse cooling, we solve the optical Bloch equations (OBESs)
for a molecule being dragged through the appropriate laser field at a constant velocity, v,
as described in [135], following the treatment of Gordon and Ashkin [168] and Ungar et al.

[123]. The Hamiltonian of the system (ignoring the centre of mass motion which will be treated
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classically) is given by

H = Hyo + H + Hi, (5.1)
where
Hyor = Y _ Tuy [i)i], (5.2)
1 B
H; = —/ <EOE2 + —) d?r (5.3)
2 Ho
and

Hy=—d-E—p-B. (5.4)

Here |i) are the internal states of the molecule each with energy hw;, E and B are the electric and
magnetic field operators and d and p are the electric and magnetic dipole moment operators.

The magnetic field is taken to be constant and we expand the electric field as

E(r,))=Y (Ek(r)e—wkt + EL(r)eWkt> . (5.5)

k

It is convenient to work in the Heisenberg picture and define the molecular operators
0ij = e (5.6)

The operators d and g can be written in terms of the molecular operators as

d=> " (i|d|j) o; ')t (5.7)
,J
and
p=Y_ (ilplj) oy @ ", (5.8)

0]

The OBEs can be found from the Heisenberg equation of motion

dO'ij 1

dt h

[H, Uij]a (59)
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where the decay terms are introduced via the radiation reaction approximation by adding a
reaction field to the electric field operator given by

1 dd_ ik?

E = ~
RR 6meged i3 67eg

(5.10)

In the final step, we have replaced the wave vectors for the individual laser fields by a single

wave vector, k.

The OBEs derived in this way can be found in [135] in full. We then round the transition
frequencies (w;) and the laser frequencies (wy) to multiples of wy,;, and the components of the
velocity to multiples of wpin/k, where wyi, = 1072T. This ensures the equations are periodic
with period T, given by T = 27 /wpin. As a result, it can be proven that the solutions to these
equations will reach a periodic quasi-steady state with the same period 7T, after any transients

relating to the initial conditions die away [169).

We solve the rounded OBEs, starting with the molecule in the maximally mixed state over the
ground sub-levels. After propagating our solution for a long time (¢ = 2000 !), the system
should reach the periodic quasi-steady state. The operator corresponding to the force can be
shown to be given by

F=—-VH=V][d E(,1). (5.11)

To find the average force experienced by the molecule, we take the expectation value of this
operator on the state and average this over one period. By doing this over a further period and
checking the agreement of the two results, we can confirm whether the system has evolved into

the periodic steady state.

We do this for a random selection of initial positions and laser phases and average the values
obtained to find a mean value for the force. Repeating this for a selection of velocities, we can

find the form of the velocity-dependent forces that lead to heating and cooling.

For the 1D cooling setup, we only need to consider the component of the velocity parallel to
the cooling beams. Due to the symmetry of the situation, the force is always parallel to the

velocity. The acceleration due to this force as a function of speed is shown in figure for light
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detuned by A = —7MHz and 7 MHz.
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Figure 5.5: Simulation results of transverse cooling in 1D: The average acceleration is calculated
at different speeds for molecules in the transverse cooling light with intensity I = 129/, and
detunings of A = —7MHz (red) and A = 7MHz (blue). EOM frequency sidebands spaced by
72MHz are included up to second order. The magnetic field is 200mG at 45° to the linear
polarization of the light. Each point is the average of 20 iterations and the shaded bands are
the 67% confidence interval.

The behaviour for the two different cases can be explained by the presence of Doppler and
sub-Doppler forces which act in opposition to each other. For red-detuned light, we expect the
Doppler force to act in the opposite direction to the velocity and to be dominant at higher
velocities. The sub-Doppler force, on the other hand, acts in the direction of the velocity and
is only appreciable at lower velocities. For blue detunings, the situation is similar but with the

directions reversed]

In both cases, we can define a critical speed, v., at which the sub-Doppler and Doppler forces
are balanced and the acceleration is zero. For A = —7MHz, molecules below this speed are
accelerated until they reach v, or they leave the cooling region. Molecules above this speed are
decelerated towards the critical speed. This leads to a bimodal transverse velocity distribution
in the direction of cooling with molecules bunched near +v.. As the beam propagates onward
from the cooling region this causes the two-lobed beam profile with a depletion of molecules in

the central region and an enhancement in density on either side of the central region that is

!For an equal and opposite detuning, one might expect to get symmetric acceleration curves with the same
magnitude but opposite direction, as in [134]. This is the case for isolated transitions but the closely spaced
hyperfine structure and the sidebands of the laser mean that this symmetry is broken.
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seen in figure [5.3b

For A = 7MHz, molecules with speeds below the critical speed are decelerated towards rest,
whereas those above are accelerated to higher speeds. As a result, the transverse velocity
distribution of the beam will become more peaked around zero, which explains the increased

density of molecules in the central region of the profile, seen in [5.3al

5.2 2D cooling

Although we saw the effects of transverse cooling in the main chamber, we were not successful
in increasing the number of molecules that were captured in the MOT with 1D transverse
cooling. This may be due to the relatively low critical velocity of the cooling which only allows
a small range of transverse velocities to be cooled. We decided to move on to 2D cooling, which
in [165] has been shown to have a much larger critical velocity and to produce a much brighter

beam of YbF molecules than in the 1D case.

5.2.1 Setup

To extend the transverse cooling into 2D, we wrapped the transverse cooling beam around the
chamber, as shown in figure [5.6 The beam passes through the chamber horizontally and then
again vertically before being retroreflected. Care was taken to align horizontal and vertical
beams so that their intersection was along the line from the source aperture to the centre of

the main chamber.

A number of modifications were made in addition to wrapping the beam around the chamber.
Firstly, the transverse cooling beam was made larger along its smaller axis to a waist diameter
of 5.3mm and the larger axis was shrunk to 31.8 mm. The light was brought over to the
experiment through a fibre with a higher input power damage threshold to reduce intensity
fluctuations at higher power. Finally, a pair of coils were added to produce a controllable

magnetic field along the direction of the molecular beam.
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MOT beams

Figure 5.6: Schematic of the extension of the transverse cooling setup to 2D: Molecules are
transversely cooled in two dimensions before being slowed and loaded into the MOT. The
MOT fluorescence is then measured with a CCD.

We also took the further step of calibrating the detuning of the laser by diverting some light
before the EOM into a fibre going to the main chamber. This single-frequency beam was
collimated and directed into the MOT. As the frequency is scanned and the laser comes into
resonance with one of the transitions, molecules will scatter photons from the beam and be
pushed out of the MOT. By identifying the detunings where this happens, we can deduce the
relative detunings that correspond to transitions between different hyperfine levels. The results

for beam intensities of 80 mW /cm? and 8.2mW /cm? are shown in figure [5.7a

The absorption features of the molecules in the MOT measured in this way may be broadened
and shifted by the Zeeman effect due to the quadrupole magnetic field and by AC stark shift
from the trapping light. Assuming the MOT forms at the magnetic field zero, the range of fields
experienced will be AB = bo, where b is the field gradient at the centre and o is the size of the
MOT. Typically, we have 0 = 1mm and b = 30 Gem ™! so AB =~ 3 G. If the Zeeman substates

of each F' level were evenly populated, this would lead to a broadening of the transitions by
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around pupAB/h ~ 4MHz but no overall shift. However, the MOT light likely results in an
uneven population of the Zeeman substates, causing a small shift, but this should be no larger
than the broadening. We estimate the AC stark shifts due to the MOT light to be on the
order of a linewidth. In hindsight, it would be better to perform such a calibration in free
space before recapturing in the MOT. This would mean any shifts and broadening due to the

magnetic field and MOT light would be avoided.

5.2.2 Results

After the calibration, we scanned the frequency of the transverse cooling light and measured
the ratio of the number of molecules captured in the MOT with transverse cooling applied
(NgSr) to the number captured in the absence of transverse cooling (N{jor). With the EOM
modulating the light at 72 MHz to produce three equal sidebands, an increase in MOT number
by a factor of two was measured. This increase was found to be optimized at an EOM frequency

of 63.5 MHz. The full scan at this frequency is shown in figure [5.70]

We see an enhancement in the MOT number at several different values of the laser detuning
with peak values separated by around 60 MHz. At A = 7MHz (indicated as (i) in the diagram),
where we saw an increase in the central region in the 1D case, there is in fact a decrease in the
MOT number by at least a factor of two. On the other hand, at —30 MHz < A < —10 MHz
and —100 MHz < A < —70 MHz where we saw a lack of molecules in the central region, we see
an increase in the MOT number. This is maximized locally at (ii) with A = —17MHz, where

the MOT number is more than doubled by transverse cooling.

The global maximum enhancement, however, occurs at a much lower detuning - around A =
—T73 MHz, signified by (iii) in the diagram. In this case it is important to note that the 2nd
order sidebands of the light are not neglible, and, as shown in figure[5.7d, one of these sidebands
is close to the two transitions from F' = 1~ preventing the molecule from being pumped out of

the cooling cycle into this state.

The fact that we see an enhancement in MOT number in the ranges of detuning where we saw
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Figure 5.7: (a) Number of molecules trapped in the MOT in the presence of light of a single
frequency from the transverse cooling laser at two different intensities. Approximate estimates
of the detunings of the transitions between different hyperfine levels are shown by the grey
dashed lines and labelled above in the form F' — F’. (b) Effect of 2D transverse cooling on
MOT number. The ratio of the MOT number with transverse cooling (NES;) to the MOT
number without transverse cooling (Nyjor) is shown as a function of laser frequency. Each data
point is the average of 6 experimental runs and the error is derived from the standard deviation
of these measurements. (c) The frequency of the fundamental and 1st order sidebands for the
detunings (i-iii) indicated in (b) are shown relative to the transition frequencies. The dashed
line in (iii) represents the 2nd order sideband.



126 Chapter 5. Transverse cooling of CaF

a depletion of the central region in the 1D setup suggests that Doppler cooling is responsible for
the enhancement. This is counter-intuitive as one would expect that, by reducing the divergence
of the molecular beam as much as possible, sub-Doppler cooling should lead to an increase in
MOT number. The depletion in MOT number we see when applying sub-Doppler cooling could
be explained if the critical velocity, v, is lower than the maximum transverse velocity of the
molecules that make it to the MOT region. In this case, the Doppler heating that dominates
above the critical velocity will accelerate some of these molecules to higher transverse velocities
and they will no longer enter the MOT region. Conversely, when the light is red-detuned,
although molecules with low transverse velocity will be accelerated towards the critical velocity
by sub-Doppler heating, they will still reach the MOT region. Molecules at higher velocities,
which would not normally be trapped by the MOT, will be decelerated towards the critical

velocity, allowing some of them to make it to the MOT region.

In the previous experiments, the cooling light was linearly polarized at an angle of ¢ = 45°
relative to the applied magnetic field which is directed along the molecular beam and has a
magnitude of 0.8 G. Figure shows how the enhancement of the MOT number depends on
the angle ¢ between the magnetic field and the linear polarization of the cooling light, when
the magnitude of the magnetic field is 0.4 G. We see that the enhancement is reduced at ¢ = 0.
In this arrangement, the cooling light can only drive 7 transitions, taking the quantization axis
to be along the magnetic field. The molecules will then be pumped to either of the dark states

| =2, mp = £2), which reduces the scattering rate and inhibits the cooling.

When the angle ¢ is non-zero, two effects disturb any potential dark states. Firstly, since the
horizontal and vertical beams have different linear polarization (although both have the same
angle to the magnetic field), this leads to spatially-varying polarization throughout the cooling
region. Molecules moving through the cooling region can be non-adiabatically transferred
between the dark and bright states. Secondly, the dark states for non-zero ¢ are generally
superpositions of different Zeeman sub-levels. In this case, the magnetic field will cause dark

states to evolve into bright states.

Figure [5.8b| shows the effect of the magnetic field with ¢ = 45°. We can see the enhancement
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due to transverse cooling increases with increasing magnetic field, as expected due to remixing
of dark states, up to a maximum around 1.2 G. Above this value, the enhancement decreases
with increasing magnetic field. As shown in [170], if a magnetic field is used to destabilize dark
states, the maximal scattering rate is found when the rate of evolution from a dark to a bright
state 04,5 =~ upB/h is roughly equal to the Rabi frequency 2. When 64, > €, the Zeeman
broadening leads to a decrease in the scattering rate. This is likely the origin of the decrease

in enhancement at larger magnetic fields.
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Figure 5.8: Enhancement in MOT number versus transverse cooling parameters: @
NESL/NEC versus ¢ with B = 0.4G and I = 1590 mWem 2, |(b)| NS /NS versus B with
¢ = 45° and I = 1590 mWem 2, and [(c)] NG /NJ© versus I with ¢ = 45° and B = 1.56 G.

Points and error bars are mean and standard error from 15 experimental runs.

Figure [5.8¢ shows the enhancement of molecule number in the MOT as a function of intensity

of the transverse cooling beam. The effect of the cooling increases with intensity initially but

2

starts to saturate at around 600 mW /cm®. This points to Doppler cooling as the source of

the enhancement, since the capture velocity of Doppler cooling depends on the rate of photon
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scattering, which saturates at high intensities. For sub-Doppler cooling, the capture velocity
increases with increasing intensity so the enhancement should increase without saturating as

more and more molecules are cooled.

5.2.3 Simulations

In order to adapt the previous simulations to the 2D case, for each iteration we choose a
direction of motion by uniformly sampling the angle of the velocity relative to a fixed axis.
We then average over this as we do with the other parameters such as laser phase and initial

position.

In figure[5.9] we can see the results for the detunings (i) A = 7MHz and (ii) A = —17 MHz and
(iii) A = —73MHz. The acceleration curves have roughly the same shape as in the 1D case,
again reflecting the opposing Doppler and sub-Doppler forces. For the case of A = 7MHz the
critical speed is higher than in the 1D case with a value of v, of about 2.75ms™!. This is the
same as the critical speed for A = —17 MHz. However, for A = —73 MHz the critical speed is

lower at approximately 2ms~!.
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Figure 5.9: Simulation results of transverse cooling in 2D: The average acceleration is calculated
at different speeds for molecules in the transverse cooling light with intensity [ = 129/,; and
detunings of A = 7TMHz (blue), A = —17MHz (red) and A = —73MHz (brown). EOM
frequency sidebands spaced by 63.5 MHz are included up to second order. The magnetic field
is 1 G at 45° to the linear polarization of the light. Each point is the average of 100 iterations
and the shaded bands are the 67% confidence interval.
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To try to understand how the cooling leads to an increase in MOT number, it is important
to know the range of transverse velocities for which a molecule will be captured in the MOT.
From the data in chapter [3] we can see that loading of molecules into the MOT begins at
around 20 ms after the YAG pulse. The exact capture volume of the MOT is unknown but we
can estimate it by assuming that a molecule is captured if it enters the region where the MOT
beams intersect within their 1/e? radius. For the MOT beams, the 1/e? radius is 8.2 mm and
since they propagate at an angle of 45° to the molecular beam, the area of the projection of
this region along the direction of the molecular beam can be approximated by a circle of radius
1

V2 x 8.2mm =~ 11.6 mm. Thus, any molecules with transverse speeds above Ve, ~ 0.58 ms™

should not be captured in the MOT.

This seems to be at odds with the results of the simulations, since for the detunings where we
see an enhancement in the MOT number (A = —17 MHz and A = —73 MHz), the force curves
suggest that the molecules below v, will all be accelerated towards higher velocities. This
should lead to a decrease in MOT number instead of an enhancement. Along the same lines,
light at A = 7MHz should increase the number of molecules that make it to the capture region

of the MOT, but this is not seen in the experiment.

The reasons for this discrepancy are not known for certain. It is possible that the simulations
do not accurately capture the dynamics and the actual critical velocity is in fact lower than the
transverse capture velocity of the MOT. Also, the effects of slowing on the transverse velocity
distribution of the beam have not been considered. These include transverse heating due to
scattering of photons from the slowing light and additional transverse cooling due to the slight

convergence of the slowing beam.

We can obtain an estimate of the impact of transverse heating due to the scattering of photons
during the slowing. If we assume that, on average, each time a photon is scattered the lon-
gitudinal velocity decreases by the recoil velocity v, = hk/m = 1.27cms™ !, then it takes
approximately N = 10° scattering events for a molecule to be decelerated from the mean speed
of 140ms™! to the capture velocity of the MOT given by 11ms~! [128]. Each time a photon

is scattered, it gives the molecule a momentum kick of mwv, in a random direction. This is
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a random walk in velocity space and leads to a root mean squared spread of the transverse

2N
Av?) =1/ =v, ~3.3ms .. 5.12
+ 3

Thus, the effect of the transverse heating cannot be ignored. Further modelling of the influence

velocity given by

of the slowing, as well as a more detailed treatment of MOT loading might explain why we see

an improvement in the MOT number with Doppler cooling.

5.3 Outlook and conclusion

To increase the length of the cooling region, we modified the source chamber by adding a
new transverse cooling chambei shown in figure [5.10al This has windows with dimensions
125 x 34 mm, increasing the available length of optical access by a factor of 3. In addition, coils

were added for controlling the magnetic field in all dimensions.

With this new chamber in place, we tried several different optical setups to try to improve the
enhancement of the MOT number. This could be done by raising the capture velocity of the
sub-Doppler cooling so that it starts to increase the number of molecules captured instead of
decrease or by increasing the interaction time with the Doppler cooling light so that molecules

with higher transverse velocity can be brought down to the critical velocity.

To increase the capture velocity of sub-Doppler cooling, we implemented a multi-pass setup,
similar to that in [164], where smaller beams are used but these are retroreflected many times
through the cooling region. This increases the intensity of the cooling light, which should
increase the capture velocity of the sub-Doppler cooling. However, in this setup we again found

that the enhancement was maximized at the detunings where Doppler cooling is present.

Finally, we increased the cooling length of the region in a setup similar to the one described in
section [5.2.1] except that the beam is wrapped around again to form another identical cooling

region next to the first, as shown in figure Although this increased the cooling length

2Designed by Jonas Rodewald



5.3. Outlook and conclusion 131

by a factor of two, no increase in the enhancement due to Doppler cooling was found. Thus,

there appears to be another unknown factor limiting the effectiveness of transverse cooling.

The Doppler cooling force could potentially be increased with a different choice of sidebands.
The optimal frequency structure of the light is likely to have the same frequency spacing as
the transitions. Applying this light with a red-detuning should give the largest Doppler cooling

force but these sidebands are difficult to generate.

(b)

§<y

T

Source

Figure 5.10: @ New transverse cooling chamber with larger optical access. @ Modified beam
path to increase cooling length. This is the arrangement currently used on the experiment.



Chapter 6

CaF and Rb in a 1D optical lattice

6.1 Introduction

To further investigate elastic collisions between CaF molecules and Rb atoms, it is necessary
to increase the effective density of the atoms. One way of doing this is by loading both species
into an optical trap, which can have a much smaller trapping region than a typical magnetic
trap. This is especially true in optical lattices where the sub-wavelength scale of the trapping

potential leads to very strong confinement.

This chapter focuses on our experiments with CaF and Rb in a 1D optical lattice. The experi-
mental procedure for loading both species is discussed. This is followed by characterization of

the trap and the observation of collisions between the two species inside the lattice.

6.2 Theory

Optical traps work by exploiting the AC Stark shift of atoms and molecules. As shown in

chapter 2] for a two-level atom this is given by

hQ? 3rc’l 1
AE, = —— = — —. s
5 4A 2wi A (6.1)
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where the last expression follows from the definition of 2 and I'. For light that is far-enough
detuned, the rotating wave approximation is no longer valid and a term must be added to the

shift giving

3rc’T 1 1
AE, = — I. 6.2
& 2w} (w—w0+w+w0) (6.2)
This is often written in the form
a(w)
AE, = — I 6.3
& 2¢pc (6.3)

where a(w) is known as the AC polarizability of the trapped species. For a multilevel atom,
the contributions to the AC stark shift due to all of the allowed transitions must be included.

Nevertheless, equation [6.3| still holds but with a more complicated dependence on w.

If a(w) is positive, as it is for light red-detuned from any nearby transitions, the atom or
molecule will be attracted to regions of higher intensity. In this case, an optical trap can be
created by focusing a Gaussian beam. Although this provides tight confinement of the atoms or
molecules in the direction transverse to the beam, the trapping forces are a lot weaker along the
longitudinal direction. One way to remedy this is by implementing an optical lattice by retro-
reflecting the beam. This creates a standing wave, where the intensity is spatially modulated
with a period of A/2. As a result, the atoms or molecules are very tightly confined in the

longitudinal direction, near the antinodes of the standing wave.

The shape of the potential can be calculated by considering the electric field of the incident

and reflected beams (ignoring the wavefront curvature and Gouy phase) which are given by

Wo —7"2 .
E, = ELOM exp W exp (—ikz), (6.4)
2
Wo -T .
E, = ET’OM exp <W) exp (ikz), (6.5)
with
2\? Tw?2
w(z) = w1+ (—) . Zp= —2, (6.6)
ZR A

for an incident beam with waist radius wy and wavelength A propagating along z. The intensity
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distribution of the lattice is given by

I(r,2) = LI, + E,* =

€oC
2

2

(wzzz)):)(p (%;) B, o exp (—ikz) + E, g exp (ikz)|*. (6.7)

For a perfectly reflected beam, E,, = E; ; and so we can write the intensity distribution as

2 2
-2
I(r, z) = 2¢pc (ﬂ> exp (—T) |E; o cos?(kz). (6.8)

w(z) w(z)?
The total power of the incident beam is given by

Twaeoe

4

P = |Ei’0‘2 (69)

SO we can write

I(r,2) = oL (w—o))QeXp (%j) cos?(kz). (6.10)

The trap potential is then given by

Ulr, ) = —Up (w“(ji))Q exp (;(2;) cos2(kz), (6.11)

where we have defined the trap depth U, as

4aP

€ocTws

6.3 Loading the atoms

6.3.1 Dark SPOT

To load the highest density of Rb atoms into the optical lattice, we used a dark spontaneous-
force optical trap (dark SPOT). First developed by Ketterle et al. [171], this trap is similar to
the MOT but has a central region where there is no repump light. In this region, atoms are

pumped to the F' = 1 ground state which is effectively dark to the trap light thus reducing the
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rescattering and attenuation of the trap light that limits the density of standard MOTs.

In addition to increasing the density prior to loading the lattice, Kuppens et al. [172] find that
a dark SPOT also reduces losses due to hyperfine-changing collisions during the loading of the
lattice, as the atoms mostly populate the lower hyperfine state. This allows more atoms to be

loaded into the lattice.

To transfer the atoms into the dark SPOT, we first load the Rb MOT as before. After loading,
we turn the usual repump beams off and turn on two ‘hollow’ repump beams. These beams
have a ring-shaped intensity distribution with a dark central region, in order to produce an
area in the centre of the MOT where there is no repump light present. The setup for producing

these ‘hollow’ beams and introducing them into the main chamber is shown in figure |6.1

(a)

< >f=100mm

—<_ > f-75mm

Glass plate
+ spot

- f=75mm

Figure 6.1: Setup for the dark SPOT: @ the arrangement for producing both the ‘hollow’
repump beams the two ‘hollow’” beams are mixed with the MOT cooling light on the two
PBSs shown. At the intersection of the two beams, a small dark region is formed where there
is no repump light. The optical lattice trapping light £ is also shown. Not to scale.

The two dark SPOT repump beams are collimated before passing through a 1:1 telescope. A
glass plate with a small opaque dot in the centre is positioned near the focal point between the

two lenses. This creates a dark spot in the centre of the beam, which is imaged into the cloud.
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By moving the glass plate, the size and position of the dark region can be controlled.

Absorption images of the cloud can be used to examine the effects of the dark SPOT. By turning
the repump light off when imaging on the |F =2, mpr = 2) <> |F = 3, mp = 3) transition, the
number of atoms in the F' = 2 ground state, Ny, can be measured. The total number of atoms,
Np can also be obtained as usual. We can then deduce the number of atoms in the F' = 1 state
by using the relation Ny = Ny — N,. Figure shows the fraction of atoms in each state
at time t after transfer to the dark SPOT. The fraction of atoms in the F' = 1 state increases
until a new equilibrium is reached after around 5ms. During this time, we also see the cloud
decrease in size by almost a factor of 3 in the radial direction and a factor of 2 in the axial
direction, as shown in figure[6.2b] As a result, the density of the cloud increases by a factor of

15 from 4 x 1019 cm™3 to 6 x 10" em 3.
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Figure 6.2: Dark SPOT: @ fraction of atoms in ground state levels F' =1 and F' = 2 @ size
of the atom cloud and cloud density as a function of the time t after the switch to the dark
SPOT. Each point is the average of 5 experimental runs and the error bars are the standard
deviation of the results.
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Figure 6.3: Lattice trapping light optical setup for switching, controlling the polarization and
collimating the beam.

The trapping light for the lattice, Ly, is derived from a fibre laser from Azurlight systems,
which can produce 45 W of light at 1064 nm. As shown in figure[6.3] the beam passes through a
high-power AOM that is used as a switch. To avoid thermal drifts, the RF power to the AOM
remains constant but the frequency of the signal is used to control the direction of the light.
By switching between two frequencies, f,, and fog, the beam can be directed to the experiment
or onto a beam block, respectively. The polarization of the beam can be controlled with a
combination of a half-wave plate and a quarter-wave plate. Finally, the beam passes through a
1:1 telescope and the distance between the two lenses is adjusted to collimate the beam before

it is delivered to the main chamber.

At the main chamber, the light is focused by a lens with focal length 175 mm, which can be seen
in figure|6.1bjabove. This is placed so that the focus is at the centre of the main chamber. When
the beam exits the chamber, an identical lens collimates the beam which is then retroreflected

to produce the lattice.

To load atoms from the dark SPOT into an optical lattice, we turn on the lattice trapping
light, L5, at the same time as switching to the dark SPOT. The number of atoms loaded
as a function of the overlap time between the dark SPOT and the optical lattice is shown in
figure[6.4] measured by absorption imaging of the cloud after release from the trap. After about
40 ms, the trap is fully loaded. To get an accurate measurement of how many atoms are loaded,
it is necessary to wait at least 50 ms after the dark SPOT turns off so that the atoms that are

not loaded have time to fall out of the imaging region.
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Figure 6.4: Loading of Rb atoms into the optical lattice: The number of Rb atoms remaining
after being held in the trap for 70 ms is measured as a function of the overlap time t,,,q4 between
the dark SPOT and the optical lattice. The points and error bars are the mean and standard
error of 6 iterations. Where not visible, error bars are smaller than the points.

6.4 Loading the molecules

6.4.1 Compressed MOT

As with the atoms, it is beneficial to increase the density of the molecule cloud prior to transfer
to the optical lattice. For this, we add a compressed MOT (CMOT) stage, where the magnetic
field gradient is ramped up linearly over 10 ms. The size of the MOT as a function of the final
field gradient is shown in figure For field gradients up to 75 G cm™!, the size of the MOT

decreases in both the axial and radial dimensions, leading to an increase in density by a factor

of 2.4.
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Figure 6.5: Compressed MOT of CaF: Size of the molecule cloud as a function of the final axial
field gradient.
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6.4.2 Sub-Doppler cooling

After the CMOT, we transfer the molecules to a blue-detuned molasses, similar to that described
in section |4.1.1, However, during our investigations, it was found that lower temperatures
could be reached by removing the sideband addressing the F' = 17 level in the ground state, as
illustrated in figure . This has also been demonstrated by Anderegg [173]. By turning off

the single-pass AOM, this sideband can be extinguished and the molecules reach a temperature

of 75 kK.

After this step, we move to a single-frequency molasses, as described in [174]. The laser LS, is
again switched off and the modulation due to the EOM is turned off by switching the RF drive.
The laser frequency is increased by around 200 MHz so that the remaining single laser frequency
is blue-detuned by & fspy &~ 146 MHz from the F = 1~ transition, as depicted in figure [6.6b]
The laser is switched on again and the molecules cool in the single frequency molasses down to

around 10 pK.
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Figure 6.6: Schematic of laser frequencies and hyperfine energy levels for @ three-frequency
molasses and @ single-frequency molasses.

The lattice is switched on at the start of the single-frequency molasses and molecules begin to

load into trap. To examine the loading, we vary the duration of the single-frequency molasses,
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before holding the molecules in the lattice for 150 ms with no cooling light present. The number
of trapped molecules is then measured by returning the molecules to the MOT and imaging
the fluorescence. As shown in figure [6.7, the number of molecules in the trap increases rapidly
at first, but it takes around 150 ms to reach the maximum number loaded, after which there
are approximately 200 CaF molecules in the trap. The two timescales suggest two different
loading mechanisms - molecules that happen to overlap with the lattice when it is first turned
on are loaded immediately, while other molecules in the molasses diffuse into the lattice on a

much slower timescale.
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Figure 6.7: Loading of CaF molecules into the optical lattice: The overlap time t,,,q between
the single-frequency molasses and the optical lattice is varied and the number of molecules is
measured after 150 ms in the trap. The points are the mean of 16 iterations and the error
bars represent the combined uncertainty of the standard error and the systematic error in the
number measurement.

6.5 Lattice characterization

6.5.1 Trap frequencies

We can expand the lattice potential given in equation [6.11| around the origin to second order

Ulr,z) = —Up {1 - (w%) r? — (% + k;Q) 22} : (6.13)

as
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Since we have wy > A, this means that k£ > 1/zg and so we can approximate this as

Ul(r,z) = —U [1 — (%) r? — k:Qz?] . (6.14)

Wy

Thus, the trap is approximately harmonic near the origin with trap frequencies given by

1 [4u,
= 0 6.15
" o mw3 (6.15)
1 [2Upk?
1 , 6.16
Y 2m m ( )

As a result, we can determine the parameters that characterize the potential by measuring
the trap frequencies. To do this we modulate the trap depth by a small amount, so that the

potential now varies periodically in time as

U(r,z,t) = (1 4+ ecos2mvt)U(r, z) (6.17)

with € < 1. When the modulation frequency, v, is set to double the trap frequency, parametric

heating occurs which causes loss of atoms from the trap [175].

In the experiment, the trap depth is controlled by varying the intensity of the optical lattice. To
add a small intensity modulation to the optical lattice beam, the RF drive to the switching AOM
was split into two parts. One part of the signal was modulated by a variable frequency generated
by a direct digital synthesizer (DDS). This was then combined with the other unmodulated part

of the signal to produce a small amplitude modulation, as shown in figure

From =~ ~—r

DDS
RF ) N A A To
in N AOM

WV

Figure 6.8: Parametric heating setup: A small intensity modulation of variable frequency is
added to the RF signal to the AOM by mixing part of it with a sinusoidal waveform generated
by a DDS.
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The number of atoms left in the optical lattice after 200ms of amplitude modulation with
varying frequency is shown in figure [6.9 We see two broad resonances: one at v ~ 10 kHz and

one at v ~ 1.7 MHz, corresponding to radial and axial parametric heating, respectively.
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Figure 6.9: Loss of atoms due to parametric heating: The trap depth is modulated for 200 ms
at variable modulation frequency, v. We see loss features corresponding to the @ radial and
@ axial parametric resonances. Each point is the mean of 3 measurements and the error bar
is the standard deviation.

If we take slices along the axial direction of the trap and fit inverted Gaussian distributions to
the resonances, we can see a variation in the central frequency of the radial resonance for each
section as shown in figure [6.10] This is due to the variation in waist size along the beam. By
expanding the potential around the centre of a lattice site located at z;, we find that near the

bottom of the lattice site

U() 27’2
Ur,z;) = — 1— 6.18
)~ =13 (25/2R)? < w(zj)Q) (618)
which leads to a reduced radial trap frequency of
(0
v (25) vr(0) (6.19)

"1+ (5/20)%

We cannot resolve each lattice site individually so we fit the central resonance frequency for
each slice to the average radial trap frequency over that slice. From the fit we can deduce the
Rayleigh range of the trapping beam to be zg = 4.1(1) mm and the radial trap frequency at
the focus to be, v,.(0) = 5.60(1) kHz.
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Figure 6.10: Variation of radial trap frequency with axial distance along lattice: Each point is
the result of fitting an inverted Gaussian profile to the parametric heating curve of each slice,
as shown in the subplots on the right, and extracting the central frequency of the Gaussian.
Error bars represent the error on the central frequency from the fit. The solid line is a fit to
equation [6.19] Below is an image of the atoms in the lattice, showing the slices used for each
point.

We also expect a variation in the axial trap frequency along the axial direction. However,
since the heating in this case causes the atoms to move along the lattice in the axial direction
rather than escape radially, this means that atoms at any point along the beam may be lost by
elastic collisions with the parametrically heated atoms. As a result, we see similarly broadened
parametric heating resonances at any slice along the trap. So, we roughly estimate the maximal

trap frequency from the data to be v,(0) ~ 0.9 MHz.

The lattice beam has a measured power of P = 18 W and using equations and we can
estimate the beam waist to be wy = 38.5 pm. This is consistent with measurements performed
on a test setup using a lens identical to the one focusing the beam into the chamber. This waist

size is compatible with the Rayleigh range measured above with the inclusion of an M? factor

of 1.07.
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6.5.2 Temperature measurements

The temperature of the atoms and molecules can be measured by ballistic expansion. The

trapping laser L is turned off and the atoms or molecules are allowed to expand, as shown

in figure We find a linear relationship between the trap laser power and the temperature

of the atoms and molecules, which can be seen in figure For Rb, loading into a trap that

is deeper by 1 mK increases the temperature of the trapped atoms by 78(3) nK. For CaF, a

similar increase in trap depth for loading would lead to a temperature increase of 32(7) nK.

Figure 6.11: Temperature measurement of (a) Rb and (b) CaF

0 1 2 3 4 5

t? (ms?)

pansion at a trap laser power of 24.5 W

600

Figure 6.12: Temperature of @ Rb andl@' CakF as a function of trap laser power, P.

UO (mK)

trap depth is also shown on the top axis.

1K)

~—

&~

140

120

100

2 3 4 )

t? (ms?)
in the lattice by ballistic ex-

U() (mK)

1.5 2.0

Calculated



6.6. Collisions in the optical lattice 145

6.5.3 Lifetime

We also measured a lifetime of both species in the optical lattice at 36 W, as shown in figure|6.13|
As in chapter [d] to reduce the effect of shot-to-shot number variations, we normalize the number

of molecules and atoms to the number of each species in the MOT. We define

rro(t) = Neo(t) /Ny ' rear(t) = Near(t)/Neag (6.20)

NMOT i5 the number

where Ng(t) is the number of species s after time ¢ in the lattice and and
in the initial MOT. Exponential fits to the data yield a lifetime of the Rb atoms in the lattice of

1.12(2) s. This is similar for the CaF molecules where the lifetime is measured to be 1.07(6) s.

0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 2.0

Figure 6.13: Loss of @ Rb and @ CaF in the optical lattice: Solid lines are fits to an
exponential decay. Points and error bars are mean and standard error of 6 experimental runs
for Rb and 9 experimental runs for CaF.

6.6 Collisions in the optical lattice

6.6.1 Collisions in N =1

Since the Rb MOT takes up to 1s to fully load, it would be beneficial to load the atoms into the
lattice first so that molecules are not lost unnecessarily from the trap. However, the molecules

that are loaded into the lattice are in states in the N = 1 manifold and, bearing in mind the
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results from chapter |4, we expect a large inelastic loss rate of the molecules in this state when
Rb atoms are present in the trap. To test this hypothesis, we attempt to load the molecules in
these states into the lattice with the atoms. First, the Rb MOT is loaded as described above
and the atoms are transferred to the optical lattice. Directly afterwards, the CaF MOT is

loaded and then we attempt to transfer the molecules into the lattice, as before.

In figure [6.14] we see the result of this attempt to load both species. Figure shows
the distribution of Rb atoms in the optical lattice. Figure shows the distribution of
CaF molecules loaded into the lattice in the absence of Rb. Finally, figure shows the
distribution of CaF molecules after being loaded into the lattice in the presence of Rb atoms
and held for 50 ms while the remaining molecules fall out of the imaging region under gravity.
No molecules are present in the region where the cloud overlaps with the distribution of the
Rb atoms, due to inelastic collisions between the atoms and molecules. In these experiments,
the molecules are being lost about 100 times faster than in the magnetic trapping experiments,
implying that the effective density is about 100 times larger. This makes us optimistic that
the atoms and molecules will thermalize if we can eliminate the loss. To do this, it is necessary
to load the molecules first before loading the atoms into the trap. The molecules must then
be prepared in a state in the N = 0 manifold, where the inelastic collision rate is much lower,
before the atoms are loaded. Figure also demonstrates that the atoms and molecules
are confined to the microscopic traps formed by the standing wave. If they were free to move
through the lattice, we would expect molecules to be lost throughout the distribution, but we

see that they are only lost in the region where there are atoms.

Imm

Figure 6.14: Loss of molecules in the N = 1 manifold from the lattice: The distribution in the
lattice of @ Rb alone, @ CaF alone and CaF in the presence of Rb. In all three images,
the atoms and/or molecules are held in the lattice for 50 ms prior to imaging.
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6.6.2 State preparation

After loading the CaF molecules into the lattice, we prepare the molecules by optically pumping
to the state [N = 1, F' = 0, Mp = 0) using the scheme detailed in sectionm However due to
the AC Stark shift of the molecules in the optical lattice, the frequency of the optical pumping

light must be shifted from the optimal frequency in free space.

After optically pumping the molecules, we can transfer the molecules in |1,0,0) to the state
|0,1,0). Figure shows a Rabi flop on the |1,0,0) < |0,1,0) transition driven with
resonant microwaves. The ratio of the number of molecules recaptured into the MOT with the
microwaves applied, Ncar, to the number recaptured in the absence of microwaves, N2, is
measured as a function of the duration of the microwave pulse. The time needed to drive a

pulse is found to be ¢, ~ 50 ps.

Figure shows the fraction of molecules remaining in the N = 1 manifold after a 7 pulse as
a function of microwave frequency. The central frequency is shifted from the free-space value,
wo/2m = 20481942 GHz, by —5.4(4) kHz, due to the differential AC Stark shift between the
two levels. By fitting the modified Rabi lineshape given in equation for a 7 pulse with
a duration of 50 ps, we find an overall efficiency of 25(1) % for preparing the molecules in the

state |0, 1,0).

After transferring to |0,1,0), the molecules remaining in the N = 1 manifold are removed
with a resonant blow-away pulse, as described in section [4.1.1L At the end of the sequence, the
molecules are then transferred back to the state |1, 0,0) with a 7w pulse on the |1,0,0) <> |0, 1,0)

transition for detection. Figure shows Rabi flops on this transition after the blow-away.

6.6.3 Collisions in N =0

Once the molecules are prepared in the state |0,1,0), the atoms are loaded into the lattice.
Figure shows the loss of molecules prepared in this state from the trap after being held

for time ¢ with the atoms. We see rapid loss from the trap and measure a lifetime of 37(4) ms.
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Figure 6.15: Driving the microwave transition [1,0,0) < ]0,1,0) in the optical lattice: @
Rabi flops between the two states after optical pumping. @ number of molecules remaining
in the N = 1 manifold after a 50 ps pulse as a function of microwave frequency. Rabi flops
between the two states after the blow-away. In @, the solid line is from a fit to the modified
Rabi lineshape given in equation for a m pulse with a duration of 50 ps

This might be explained by inelastic collisions between the atoms and the molecules. How-
ever, the molecules are in the rotational ground state, so the only possible inelastic channels
are hyperfine-changing collisions and light-assisted collisions. Given the upper bound to the
hyperfine-changing rate coefficient found in the magnetic trap, this is not a likely cause. Colli-
sions assisted by the lattice light also seem unlikely because the frequency of the light is very
far below any electronic resonances. Instead, we consider another possible cause. Since the
atoms are hotter than the molecules at a given trap depth and the trap depth for the molecules
is smaller by a factor of 3.7 than the trap depth for the atoms, we must also consider possible
loss due to elastic collisions. The data here were taken at a laser power of 10.5 W, which corres-
ponds to a temperature of 199 pK for the atoms and about 100 K for the molecules. This is a

considerable fraction of the trap depth for the molecules of 750 pK and so elastic collisions with
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Rb atoms could transfer enough energy to allow molecules to escape the trap. To eliminate
this as a potential mechanism of loss and to see sympathetic cooling, it is necessary to cool the

atoms well below the temperature of the molecules. That is the subject of the next chapter.
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Figure 6.16: Loss of molecules in state |0, 1,0) from the lattice with and without Rb: The solid

line is a fit to a single exponential decay. Points and error bars are mean and standard error of
10 iterations.



Chapter 7

A-enhanced grey molasses of Rb in

optical traps

7.1 Introduction

We have previously used red-detuned molasses to cool Rb down to temperatures of around
40 nK. We find that this method becomes ineffective in the presence of deep optical traps and
the atoms are very rapidly lost from the trap when the molasses is applied. To avoid this loss
and reach lower temperatures, we decided to implement a A-enhanced grey molasses (AGM).
This technique has been used to cool ' Rb atoms down to temperatures of around 4 uK in free
space [176] and to load them into an optical dipole trap [177], suggesting that it may not be

affected by the higher density clouds and AC stark shifts that could interfere with the cooling.

7.2 Cooling in free space

To implement a AGM, we need to generate the light to coherently address the F' = 1 and
F = 2 hyperfine states. We do this by modulating the light from the cooling laser, LS, , with
an EOM (Qubig PM-Rb 6.8). The EOM is driven at a frequency from = Enrs/h + J, where

150
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Furs/h = 6.834682 GHz is the hyperfine splitting in the ground state of 8"Rb.

To verify that our AGM setup works effectively, we first investigated the cooling in free space.
For the following experiments, we first load the Rb MOT, then transfer the atoms to a red-
detuned optical molasses as described in section [£.1.1, where they are held for 10 ms. After
this, both the cooling and repump lasers (L’gb and L},) are switched off and Egb is detuned to
the red over 3ms by sending a voltage ramp to its offset lock. The frequency is set so that it is
blue-detuned by A from the F' = 2 — F = 2 transition, as shown in figure LS, is turned
back on and the EOM is switched on to provide the coherent repump light that addresses the
F =1 hyperfine state. The intensity of the light addressing F' = 1 is set to 10 % of the intensity
of the light addressing F' = 2. This is done by adjusting the RF power delivered to the EOM

whilst monitoring the sidebands with a Fabry-Perot cavity.
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Figure 7.1: Schematic of relevant energy levels in 3’Rb and the laser frequencies used for AGM.

The temperature of the atoms after the AGM is measured by ballistic expansion. Figure
shows the temperature of the atoms, T, as a function of AGM duration, tygy. Fitting an
exponential decay to these data gives a 1/e time of 236(7) ps. We then set tpgy = 5 ms and

vary the other experimental parameters. Figure [7.3al shows the temperature of the atoms as
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Figure 7.2: Temperature of atoms as a function of hold time in the AGM: Points are average of
4 experimental runs and error bars are smaller than the points. Solid line is fit to exponential
decay.

a function of the detuning A. The temperature initially decreases with increasing A, as the
light is detuned further to the blue of the FF = 1,2 — F’ = 2 transitions. However, as the
frequency of the cooling light approaches the F' = 2 — F’ = 3 resonance, the temperature
increases rapidly. This is due to excitation on the transition F' = 2 — F’ = 3 destroying the

Raman coherence between the states in the F' = 1 and F' = 2 manifolds.

In figure [7.3b, the dependence of the temperature on the two-photon detuning, ¢, is shown.
Around the Raman resonance condition at § = 0, the temperature is sensitive to very small
changes in the two-photon detuning. Similar to [176], we find the temperature of the atoms to

be minimized just below the Raman resonance, at 6 = —0.2 MHz.

Figure shows the dependence of the final temperature of the atoms on the intensity of
the cooling light expressed as I/ where I, = 1.669mW /cm? is the saturation intensity of
8"Rb. We see that for intensities such that 101, < I < 201, lower intensity leads to lower
temperature. The initial decrease is likely due to lower scattering of the cooling light which
would cause heating. However, decreasing the intensity of the cooling light also decreases the
capture velocity of the molasses. If this is too low, then there will be a large fraction of the
atoms with velocities lower than the capture velocity. In this case, the AGM would cause

heating of these atoms. This might explain the increase in temperature for intensities below

101,

For optimal cooling in the AGM, the magnetic field in all directions must be zeroed. Figure
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Figure 7.3: Temperature of atoms after being held in the AGM for 5 ms as a function of various
parameters: @ T vs A, with 6 = —0.2MHz and I = 19.21,, @ T vs §, with A = 65.2 MHz
and I = 19.21;, T vs I, with A = 65.2MHz and § = —0.2MHz, and @ T vs B,,
with the magnetic fields in the x and y direction already zeroed. The other parameters are
§ = —0.2MHz, A = 65.2MHz and I = 19.2[,. Solid line is fit to T' = Ty + aBB?, with T and «
as free parameters. Points are average of 4 experimental runs and error bars are smaller than
the points.

shows the temperature as a function of the magnetic field along z, B, with the field in the
other two axes already set to zero. The effect of the magnetic field on the molasses can be
elucidated by a simple model. The gray molasses relies on optical pumping from bright states
into dark states at regions of high intensity, followed by non-adiabatic transfer back to a bright
state at a region of low intensity. If a magnetic field is present, it will cause Larmor precession
of the state of the atom with period tg = h/uBB where p is the magnetic moment of the atom.
This will disrupt the cooling process if the period of the precession is comparable to the time
taken for an atom to move from an intensity minimum to an intensity maximum (given by
A/4v where X is the wavelength and v is the speed of the atom). Therefore, we can expect that
the cooling will not work effectively at speeds below v = Aul3/4h. If we take this as the mean

speed of our atoms, this corresponds to a temperature of T' = Z(AuB3/4h)*. Assuming that
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i & g, we have the relationship 7' = aBB? with a ~ 300K /G?2. The solid line in figure
is a fit to the model T' = Tj + 32, from which we find o = 229(3) nK/G?, remarkably close to

our model given its simplicity.

7.3 Cooling in the optical lattice

After optimizing the AGM in free space, the cooling was then applied to atoms trapped in the
1D optical lattice. The Rb atoms are loaded into the lattice as detailed in chapter [6] After
the end of the dark SPOT, the cooling laser is chirped and the EOM is switched on as in
the previous section. The AGM is applied for a time, tygy, before the cooling light is turned
off. The atoms are then held in the lattice for an additional 100 ms before being released for

imaging.

Figure|7.4a]shows the final temperature of the atoms as a function of the duration of the AGM.
An exponential decay is fitted to the data giving a 1/e time of 4.6(8) ms. As well as having
a much slower timescale than in free space, the AGM in the lattice also causes loss, as shown
in figure , which was not observed in free space. The 1/e time from the fitted exponential

decay is 5.3(3) ms.
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Figure 7.4: Cooling and loss in the AGM applied in the optical lattice: @ temperature of
the atoms and @ fraction of atoms remaining after AGM of duration tygy. Parameters for
the cooling are A = 35MHz, § = —0.2MHz and I = 19.2[,;. The lattice beam has power
P =7.78 W. Points and error bars are mean and standard error of 4 iterations.

To optimize the cooling in the lattice while still retaining a large fraction of the trapped atoms,
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we limit the AGM duration to tygy = 2ms. The atoms are held for 100 ms in the lattice before
imaging. In figure [7.5al, we see the temperature of the atoms as a function of the detuning A.
The cooling is most effective over a small range of detunings from A = 80 MHz to 120 MHz
with an optimum temperature at A = 92 MHz of 155(1) pK, much higher than the lowest

temperature attained in free space.

To explain the different behaviour observed when applying the AGM in the lattice, the impact
of the AC Stark effect on the transition frequencies must be taken into account. In the ground
state manifold (525 /2), there is no tensor part of the AC polarizability and, since the lattice
trapping light is linearly polarized, the vector part of the AC polarizability is also zero. Only

the scalar part remains, which causes all of the hyperfine states to shift in energy by

AE(528) ) = _%o@)lr (7.1)

2ceq

where ag(w) is the AC scalar polarizability and I7 is the intensity of the lattice trapping light.

In the excited state manifold (52 Ps /2), both the scalar and tensor parts of the AC polarizability
contribute, leading to a more complicated response. A full treatment of the AC Stark effect in
this state is given in appendix [A] The tensor part of the AC Stark Hamiltonian causes mixing
of the hyperfine states with different values of F but with the same value of m’.. As a result,
m’e is still a good quantum number but F” is not. We label each of the eigenstates according
to the state they adiabatically connect to in the limit of zero intensity, so that ‘F = F , m},>
is the state that connects to |F’,m/.). Within each group of states with the same F /, the
pairs of states with the same value of |m/;| are degenerate. Figure shows the detuning
Ag of the frequencies of all transitions |F' = 2, mp) — ’F/, m’F> as a function of the trapping
light intensity, relative to the transition |F' = 2, mp) — |F’ = 2, m/) at zero intensity. Since all
levels in the ground state are shifted equally, this is also the shift in detuning for the transitions

|F=1,mp) — ’F/,m’F>, relative to |F' = 1,mp) — |F' = 2,m/.) at zero intensity.

The range of detunings accessible in the experiment is roughly between the |F =2 mg) —

|F" = 2,mp) and |F = 2,mp) — |F" = 3, m/z) resonances marked by the horizontal dashed lines
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Figure 7.5: Temperature of atoms in an optical lattice after the AGM as a function of @ the
detuning A with I = 19.21,, and the intensity I of the cooling light with A = 92 MHz. In
both cases, 6 = —0.2 MHz and the lattice beam has power P = 15.6 W. The horizontal dashed
lines labelled T show the temperature without cooling applied. Points and error bars are mean
and standard error of 4 points.

600 F —— |mp|=0

— |mpl=1
— |mp[=2

Im| =3
400

200

AS (MHZ)

—200

et u & et it Tk T it Tttt

0 5 10 15 20 25 30
Ir (GW/m?)

Figure 7.6: Shift in the detuning Ag of the transitions |F = 1,mp), |F = 2,mp) — ‘Fl,m%>
due to the AC Stark effect, given relative to the |F =1, mpg),|F =2,mp) — |F' =2,m/)
transition at zero intensity. The horizontal dashed lines give the approximate range of detunings

of the cooling light accessible in the experiment. The vertical dashed line is the peak intensity
in the lattice with P = 15.6 W.
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in figure [7.6| The vertical dashed line indicates the peak intensity of the lattice trapping light
experienced by the atoms for P = 15.6 W. Here, we can see that the Stark shifts of the trans-
ition frequencies mean that cooling light is red-detuned from the |F' = 1,mp), |F =2, mp) —
‘F ' = 2, m},> transitions for A < 250 MHz, which is likely to lead to heating. The range of de-
tunings where the the cooling was found to be most effective (A = 80 MHz to 120 MHz) corres-

ponds to being blue-detuned by up to 40 MHz from the transition |F' = 1,mp), |F =2, mp) —

‘F/ =1,mhp = j:1>, which is marked with a vertical dashed line in figure |7.5a, This sug-

gests that effective cooling is limited to this small range of detunings because this is where the
gray molasses cooling due to being blue-detuned of the transitions |F' = 1,mp), |F =2, mp) —
‘F/ =1, m’F> is dominant over the heating due to being red-detuned from |F' = 1,mpg) , |F =2, mp) —
‘F/ = 2,m’F>. The cooling may also work between |F' =1, mpg),|F =2, mp) — ‘F/ = 2,m’F>
and |F' = 1,mpg),|F =2,mp) — ‘F, = 3,m’F> but the range of detunings needed for this was

not accessible in the experiment.

The effect of the intensity of the cooling light on the temperature of the atoms is again different
to that found in free space. As shown in figure [7.5D] the temperature of the atoms after the
molasses decreases with increasing intensity. This could be due to the increasing capture
velocity with intensity. Since the atoms start at a higher temperature compared with the free
space molasses, a higher capture velocity is required to effectively cool the atoms and as a result
higher intensities are needed compared to free space. No change in the optimum value of the

detuning ¢ was found compared to its free space optimum, § = —0.2 MHz.

7.3.1 Heating

Although we can successfully reduce the temperature of the atoms in the lattice with the
application of AGM, we find that the temperature of the trapped atoms increases slowly over
time after the initial cooling period. Figure shows the temperature after a hold time of t,41q
in the lattice for atoms cooled for 20 ms compared with atoms that have no cooling applied. We

speculate that the gradual increase in temperature is due to parametric heating of the atoms
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caused by phase fluctuations of the lattice laser which shake the lattice sites. The laser used
to seed the 1064 nm amplifier has a large broad peak in its phase noise density between 1 MHz
to 2 MHz and the parametric resonance corresponding to the axial lattice frequency sits in this
range. We were not able to investigate this hypothesis quantitatively. Instead, we decided to
study cooling in the optical dipole trap where phase noise does not lead to position variation of

the the trapping potential as it does in the lattice, allowing us to avoid this source of parametric

heating.
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Figure 7.7: Heating in the lattice: blue points show temperature after AGM followed by a
hold time in the lattice of ty4q, green points show the temperature after being held in the
lattice for ty,q With no cooling applied. Points and error bars are mean and standard error of
4 experimental runs.

7.4 Cooling in the optical dipole trap

The ODT is formed using the same setup as the optical lattice but with a beam block replacing
the retroreflecting mirror. For the following experiments, the power of the ODT beam was set
to P = 15.6 W, unless stated otherwise. The atoms are loaded into the ODT with the same

procedure used for loading the lattice.

For a beam with power P and waist size wy, the trap frequencies of the ODT are given by

1 4a P 1 2aP
Wr = —5 y  Wp =
Wq mepgcm WoZR megcm

(7.2)
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where 2z = mw2/A. With P = 15.6 W and wy = 38.5um, the trap frequencies are w, =
21 x 2.6kHz and w, = 27 x 16 Hz.

We apply the AGM for 4 ms in the ODT and then hold the atoms in the ODT for an additional
14ms. The final temperature of the atoms as a function of detuning A is shown in figure
figure . The peak intensity of the trap light experienced by the atoms is I+ = 6.7 GW /m?
and at this intensity at the cooling light will be resonant with the |F' = 1,mpg),|F =2, mp) —
‘F’ =2, ) at A = 59 MHy for mly = 0, at A = 58.5 MHz for mf. = £1, and at A = 56.5 MHz
for m, = £2. As expected, we can see that the temperature of the atoms is higher when the
light is close to resonance with or red-detuned from these transitions, which are marked by
the dashed vertical lines in figure [7.8, The cooling is optimized for A = 72 MHz, yielding a
temperature of 40 pK. For A > 72MHz, the cooling becomes less efficient as the detuning
increases. This is similar to the dependence on frequency we find in free-space, although the
cooling works effectively over a smaller range and the optimal detuning is much closer to
resonance with |F' =1, mp), |F =2,mp) — ‘F/ =2, m’F> than the optimal detuning in free-

space relative to |F' = 1,mp),|F =2,mp) — |F' =2, ml).
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Figure 7.8: Temperature of atoms in the ODT after AGM of duration 4 ms and then held for
14ms. Ty shows the temperature of the atoms with no cooling applied. Parameters for AGM
are 0 = —0.2MHz and I = 19.21 ;. Points and error bars are mean and standard error of 4
experimental runs.

Figure [7.9| shows the axial and radial temperature of the atoms in the ODT as a function of
the duration of the cooling t)yqn, measured directly after the AGM. The solid lines are fits to

exponential decays which give 1/e time constants of 390(10) ps for the axial temperature and
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1.2(1) ms for the radial temperature. From these data, we can see that the timescale for cooling
is about 3 times longer in the radial direction compared to the axial direction where the cooling

rate is slightly slower than for AGM in free space.
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Figure 7.9: Temperature in the @ axial and radial direction directly after AGM applied
for a duration of tyqy. Parameters for AGM are A = 49 MHz, § = —0.2 MHz, and I = 19.21,;.
Points and error bars are mean and standard error of 4 iterations.

To understand the difference in timescales for cooling, it is instructive to consider the damped
harmonic motion of the atoms in the trap. For each direction, the equation of motion is given
by

i+5i+wir =0, (7.3)

where z is the displacement, v is the damping coefficient, and wy is the frequency of the oscillator
in the absence of damping. The solution to this equation for the underdamped case (wy > v/2)

is well-known:

x(t) = Ae 2 cos(wt + @) (7.4)

where w = y/wg — (7/2)? and A and ¢ are constants determined by the initial conditions. To

get the velocity, we differentiate this:
1
v=x(t) = —§Ae_7t/2 [y cos(wt + ¢) + 2w sin(wt + ¢)] . (7.5)

The kinetic energy of the oscillator is given by:

1 1
By = gmi® = cmA% " [y cos(wt + ) + 2wsin(wt + 0)]*. (7.6)
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Ignoring the periodic variation with period w, we can see that the damping causes the kinetic

energy to decrease with a timescale given by 7 = 1/7. The potential energy, given by

1 1
E, = §mw2x2 = Qmw2A2e_7t cos? (wt + ¢), (7.7)

also decays on the same timescale.

The situation is very different for the overdamped oscillator, however. In this case, the solution
to equation [7.3]is
z(t) = Ae /2 4 Be1-1/2 (7.8)

where A and B are determined by the initial conditions and v = v £ /7% — 4w3. We can see
that the motion decays on two different timescales. In the limit of heavy damping (v > wy),

we find

ViR 2y, o A 2wh [y < Yy (7.9)

and so one timescale is much faster than the other. The fast timescale leads to a decay of the

energy with a timescale given by 7 = 1/27 - twice as fast as in the underdamped case.

Assuming the radial motion is underdamped, from the exponential fit in figure [7.9D] we find
that the damping coefficient is v = 800(50)s~!. Comparing this to the axial trap frequency,
it is clear that the axial motion it is strongly overdamped (w, < 7/2). Therefore, we expect
the cooling to take twice as long in the radial direction compared to the axial direction. This

explains some of the discrepancy between the cooling timescales in the two directions.

A large fraction of the kinetic energy in the axial direction is removed by the cooling, however
the potential energy of the atoms has hardly changed. When the cooling stops, the atoms will
start to move towards the centre of the trap converting the potential energy back into kinetic
energy. Since the atoms are not in thermal equilibrium during this process, we cannot assign
a temperature to the cloud. However, from the time-of-flight measurement we can deduce the

spread of velocities o,, in each direction and from this we define an effective kinetic temperature
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(EKT), given by

mo;.
0, =—>=, ie{ar} (7.10)
Once the cloud reaches thermal equilibrium, this quantity will give the true temperature.

In figure [7.10, we see the EKT of the atoms held in the ODT for a variable time #,,q after the
AGM has been applied for 4 ms. Over a quarter period of the axial motion (~ 15ms), the EKT
of the atoms increases, eventually settling at around 70 pK as the cloud thermalizes. Further
oscillations in the EKT due to the harmonic motion are damped away either by collisions or
anharmonicity of the trapping potential. The radial EKT of the cloud also increases but at a
slower rate, reaching a steady state at 50 uK. This is likely due to thermalization between the
axial and radial directions either by collisions or by mixing of the two directions due to the

inseparability of the potential.
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Figure 7.10: Effective kinetic temperature in the @ axial and @ radial direction after 4 ms of
AGM cooling followed by a variable hold time of ty,,q in the ODT. The dashed line labelled Ty
shows the (true) temperature of the atoms with no cooling applied. Parameters for AGM are
A = 69MHz, § = —0.2MHz, and I = 19.2],;. Points and error bars are mean and standard
error of 4 iterations.

7.4.1 Cooling protocols

In order to reduce the temperature even further, it is necessary to intersperse pulses of AGM
with intervals of free evolution in the ODT. We investigated two different approaches to this.
The first, which we will refer to as strobed cooling, involves quickly switching between short

pulses of cooling and periods of free evolution. The aim of this method is to effectively reduce
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the average damping due to the AGM so that the axial motion becomes underdamped and the
axial potential energy can be removed. Figure [7.11|shows a schematic of the pulsing sequence,
where we have shown the cooling time per pulse t., the free evolution time per pulse ¢;, and
the number of pulses NN,. The damping will be reduced by a factor of D =t./(t. + ts), where
D is the duty cycle. Taking v ~ 800s™! and w, ~ 27 x 16 Hz, the axial motion should be

underdamped for D < 25%.
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Figure 7.11: Schematic of the protocol for strobed and pulse cooling, with the cooling time per
pulse ., the free evolution time per puse t;, and the number of pulses N, labelled.

Figure shows the resulting radial temperature of the cloud after applying the strobed
cooling and holding the atoms in the ODT for a further 50 ms to allow them to equilibrate.
As shown in figure [7.12a} the temperature decreases as more pulses are added to the sequence,

tending towards a minimum temperature of around 30 nK.

The importance of the periods of free evolution can be seen in figure [7.12b| The duration of
free evolution after each pulse of cooling, ¢, is varied. We see a clear increase in temperature
as the duty cycle approaches D = 25%, which is consistent with the prediction based on the

model of the overdamped axial motion.

In figure|7.12¢, the cooling time per pulse £, is varied. As expected, decreasing t. leads to higher
temperatures. Therefore, it is not possible to reduce the overall cooling time by reducing both

t. and t; proportionately thus keeping the duty cycle D the same for a fixed number of pulses.

The second approach is to intersperse longer periods of AGM with periods of free evolution
comparable to the settling time of the axial temperature. We will refer to this as pulsed cooling.

Figure[7.13[shows the radial temperature after equilibration after pulsed cooling. As the cooling
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Figure 7.12: Strobed cooling: radial temperature as a function of pulse parameters. @ varying
N, whilst holding ¢, = 0.1ms and ¢; = 1.9ms, @ varying t; whilst holding ¢, = 0.1 ms and
N, = 24, and varying t. while holding ¢ty = 3.9ms and N, = 24. Atoms are held for 50 ms
in the ODT after cooling. Points and error bars are mean and standard error of 4 experimental
runs.
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Figure 7.13: Pulsed cooling: radial temperature as a function of pulse parameters. @ varying
N, whilst holding ¢, = 0.5ms and ¢; = 9.5ms and @ varying t¢ whilst holding ¢, = 0.5ms
and N, = 24. Atoms are held for 50ms in the ODT after cooling. Points and error bars are
mean and standard error of 4 experimental runs.
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time per pulse, t., is larger than for the strobed cooling, the decrease in temperature per pulse
is initially larger as shown in figure . By extending the number of pulses IV,,, we can reach
lower temperatures. Figure shows the temperature after 24 pulses for various values of ;.
The temperature decreases as ty increases as for the strobed cooling. A minimum temperature

of 18 pK was reached by applying 24 pulses with ¢, = 0.5ms and t; = 7.5 ms.

7.5 Density effects

We find that the effectiveness of the cooling in the ODT depends on the number density of
atoms in the trap. To investigate this, the number of atoms loaded into the ODT was varied.
The atoms were held in the trap for 500 ms before the cooling was applied. After 4ms in
the AGM, the atoms were held in the trap for 14 ms to equilibrate, before being released. In
addition to measuring the radial temperature by ballistic expansion, the number of atoms was
measured with absorption imaging after 2 ms of free expansion, to reduce diffraction effects due

to the small size of the cloud in the ODT.

To estimate the number density before cooling, we assume the trap is harmonic with radial trap
frequency w, and axial trap frequency w,. At thermal equilibrium, the density distribution of

the atoms in the trap is given by

24yt 22
n(x,y, z) = ngexp (— 207 Tf%) : (7.11)
where
kgT
i =\ —=, L€ T, %}, 7.12
o g {r, z} ( )

)

The integral of this over all space should give the total number of atoms N so we have

N = / / / n(z,y, ) drdydz = ngo’o, (2m)%/2 (7.13)
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and thus the peak density is given by

N

(27m)3/%2020,

(7.14)

Ng =

In figures [7.14a] and [7.14b] we see the temperature of the atoms with and without the cooling

applied for different peak number densities. Although there is some positive correlation between
the peak number density and temperature of the atoms in the ODT without the cooling applied,
as shown in figure [7.14a] the temperature after cooling depends more strongly on the peak
number density, which can be seen in figure [7.14Db]

The effect of the density is made clearer when the cooling is applied in a deeper ODT. Fig-

ures [7.14c and [7.14d] show a similar measurement but with the ODT beam power increased to

35.0 W. At this trap depth, there is no clear trend in the temperature with increasing number
density without cooling applied, as shown in figure When the cooling is applied, we see
that the atoms are cooled to a higher temperature compared to the shallower trap and that

there is a stronger dependence on density.

This effect could be due to heating by rescattering of photons. At higher densities, photons
emitted by the atoms are more likely to be reabsorbed by another atom in the trap causing
heating. Although the dark states set up by the AGM are supposed to reduce the scattering
rate, these dark states may be disturbed by the trapping light from the ODT which causes

differential AC stark shifts for the different Zeeman levels.

7.6 Outlook

We have demonstrated that we can cool atoms in the ODT down to temperatures of 18 pK at a
trap depth of 1 mK by applying pulsed cooling in the AGM. For the CaF molecules, this would

correspond to a trap depth of around 44 pK.

The low trap depth for molecules is due to the effect of gravity. Since the beam is oriented at

21° to the horizontal, there is a component of gravity along the axis of the beam where the
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Figure 7.14: Effect of density on cooling: (a) radial temperature of atoms in ODT after being
held for 518 ms with no cooling applied. (b) radial temperature of atoms in ODT after being
held for 500 ms, followed by AGM for 4 ms and then held for 14 ms. (c,d) the same experiment
with the ODT power increased to P = 35W and the detuning A increased to 145 MHz to
account for the increased AC stark shift. Error bars are from average and standard error of 5
experimental runs. Uncertainty in density is dominated by the uncertainty in estimating the
number by absorption imaging.
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confinement is weaker. This causes the trap to ‘tilt’ as shown in figure [7.15a, By having the
beam along the horizontal direction, gravity acts along the radial direction which has much
stronger confinement, so the ‘tilt’ is less significant. As shown in figure [7.15b| this increases

the trap depth for the molecules by around a factor of 6 for a beam with power 15.6 W.
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Figure 7.15: @ profile of the trap potential for CaF molecules along the axis of the beam,
including the effect of gravity. The profile is shown for ODT beam powers as function of the
axial distance along the beam z with the focus at z = 0. @ trap depth for CaF molecules as
a function of the ODT beam power for the current setup (f = 21°) and for a horizontal beam

(0 = 0°).

We are able to load CaF molecules into the ODT with the trap laser power at 35 W, which
corresponds to approximately the same trap depth as a horizontal ODT operated at 15.6 W,
and we measure their temperature to be approximately 75 puK. As we saw in the previous
section, however, the AGM is less effective at this ODT beam power, and we cannot reduce the
temperature of the atoms below that of the molecules. Work is currently underway to move the
the ODT beam into the horizontal plane so the trap depth can be increased without increasing
the trap laser power. By splitting the ODT laser into two and intersecting the two beams, we
can produce a crossed ODT. This solves the issue of weak confinement along the axial direction

and would make the pulsed cooling schemes unnecessary, hopefully allowing quicker cooling.

Finally, we are working to implement AGM on the D; line of ¥Rb at 795nm. This has been
shown to work more effectively for alkali atoms where the hyperfine levels of the excited state
of the D, transition are not well separated [178]. Although this is not the case for Rb, AGM

on the D; line has been successfully used for loading ®"Rb into optical tweezers [179] and, since
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there is no tensor AC Stark shift in the excited state for the D; transition, this should make

the application of the cooling simpler and hopefully more robust.



Chapter 8

Conclusion

In this work, we have made progress towards sympathetic cooling of CaF molecules with ul-
tracold Rb atoms. First, we studied inelastic collisions between the molecules and atoms in
the magnetic trap. In the first rotationally excited state, we measured an inelastic loss rate
coefficient of ko = (6.6 &= 1.5) x 10~ cm?/s, close to the universal limit. By transferring the
molecules to the rotational ground state, the inelastic collisions are greatly suppressed by at
least an order of magnitude. An attempt was made to observe thermalization between the two
species but this was limited by the effective density of Rb atoms and the number of molecules

trapped.

To boost the number of molecules captured, transverse cooling of the beam of CaF was im-
plemented. By studying the effect of the cooling in 1D and 2D, we were able to infer which
cooling mechanism was responsible - namely, Doppler cooling. After optimization, the number

of molecules captured in the MOT was increased by a factor of 3.5.

The improvement in molecule number brought about by transverse cooling helped us to load
CaF molecules into a 1D optical lattice along with the Rb atoms, where the effective density
of Rb atoms is orders of magnitude higher than in the magnetic trap. We characterized the
trap with the atoms and showed that we could coherently control the trapped molecules with
microwaves. When the molecules were prepared in the state |N = 1, F = 0, Mr = 0), we found

that the molecules were rapidly lost when the atoms were loaded. This is consistent with the
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large inelastic loss rate measured in the magnetic trap for states in the N = 1 manifold. In
the state [N = 0, F = 1, M = 0), the lifetime of CaF molecules in the trap was longer but still
well below the lifetime of molecules alone in the trap. We attribute this loss to elastic collisions

with the atoms, which have a temperature similar to the trap depth of the molecules.

Finally, we applied A-enhanced gray molasses cooling to Rb atoms, first in a 1D optical lattice
and then an optical dipole trap. By employing pulses of cooling followed by free evolution, the
temperature of the atoms was reduced to 18 uK in an ODT with a trap depth of 1mK. We
expect this to be far below the temperature of molecules confined in a horizontal trap with the

same trap beam power, which should allow sympathetic cooling to be observed.

For further cooling, it will likely be beneficial to evaporatively cool the atoms. To do this, it
may be necessary to overcome the issue of the trap being deeper for the atoms than for the
molecules. Figure shows the polarizability of CaF and Rb as a function of wavelength. In
the range shown, except for near the Rb resonances at 780 nm and 795 nm, there is no single trap
wavelength that will result in a deeper trap for Rb than for CaF. Instead, this problem could
be remedied by adding a second optical trapping laser to the experiment with a wavelength
that is red-detuned for the molecules but blue-detuned for the atoms. This would increase
the trap depth for the molecules but would be anti-trapping for the atoms thus leading to a
reduced trap depth [180]. For this purpose, the wavelength of this laser should be chosen to be
somewhere in the centre of the the grey region shown in figure far removed both from the
CaF A «+ X transition at 606 nm and the D, line of Rb at 780nm so that any heating due

to scattering of trap light is minimized.

Another potentially simpler way to selectively reduce the trap depth is to prepare the atoms
in a state that is sensitive to a magnetic field (e.g. |F'=1,mp = +1)) and the molecules in
an insensitive state (e.g. |V =0, F =1, Mp = 0)). By applying a magnetic field gradient, the
trap could be ‘tilted’ for the atoms without affecting the trapping potential for the molecules.

This has been successfully done to accelerate the evaporative cooling of Cs atoms [183].

Once the molecules are sympathetically cooled by the atoms and the phase space density of

the molecules increases towards degeneracy, it will be necessary to shield the CaF molecules
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Figure 8.1: Scalar AC polarizability («p) of Rb and CaF given in atomic units as a function
of wavelength (A). The data for Rb comes from and the data for CaF comes from |182].
The grey shaded band shows the range of wavelengths most suitable for an additional second
trapping/anti-trapping laser as mentioned in the main text.

from reactive bimolecular collisions. Work is underway on a new CaF experiment in our group

which aims demonstrate shielding using resonant DC electric fields, as proposed in [144].

The mixture of atoms and molecules in the ODT could also be used to investigate interspecies
Feshbach resonances which are predicted to exist at magnetic fields below 1000 G and
may be employed to control collisions between the two species. These resonances could also be
harnessed to form polyatomic molecules, which are an excellent platform for quantum simulation
, quantum computing , , and tests of fundamental physics . All of
these applications benefit from presence of closely-spaced states of opposite parity that allow

polyatomic molecules to be fully polarized with relatively small electric fields.

Finally, CaF molecules confined alone in the 1D optical lattice can be used as a molecular clock
for probing the fundamental variation of physical constants , 190]. As such, our experiment
will serve as a node in a network of atomic and molecular clocks searching for physics beyond

the standard model.



Appendix A

AC Stark effect in the 5°P;/, manifold
of Rb

We write the total Hamiltonian as

H = Hy + Hg (A.1)

where H is the field-free Hamiltonian of the atom and Hg the Hamiltonian describing the AC
Stark effect. For the intensities we are using, the AC Stark shift is much less than the fine
structure spacing so we only need to consider the effect within the subspace of the hyperfine

structure of each state. The field-free Hamiltonian is given in the coupled |F, my) basis by

Hy= Y Ep|F,mp)F,mp|. (A.2)

Fomp

For linearly polarized light, Hg is given in the decoupled |I,m;, J,m ) basis by [191]

1
HS = _feo |:Oéo(w) + OéQ(CU)
mr,m.j

3m% — J(J +1)
T2 —1)

:| |],m[,J,mJ><I,mI,J,mJ|. (AS)
where [ is the intensity of the light and ag(w) and as(w) are the scalar and tensor AC polariz-

abilities, respectively. We choose to work in the coupled basis and the matrix elements of Hg

can be written in this basis as

173



174 Appendix A. AC Stark effect in the 5% Py, manifold of Rb

I
<F, mp|HS|F',m’F> = __266 |:(l/0(w) +a2(w)
0
mr,mj

3m% — J(J +1)
J(2J — 1)

(Fymp|l,mp, Jymy) x (I,mg, J,mg|F',ml) . (A4)

The last two factors in the expression are Clebsch-Gordan coefficients, which are only non-zero
if

mp =m;+my=mb. (A.5)

Therefore, Hg is diagonal in mp and so mp remains a good quantum number. In addition, Hg

is invariant under the transformation
my— —mjp, My — —Mmy, (A-6)

so degenerate states at zero intensity with the same value of |mp| will experience the same
Stark shift and remain degenerate. The tensor polarizability term in the Hamiltonian mixes

states with the different values of F' and so this is no longer a good quantum number.

The eigenstates and energy shifts can be found by diagonalizing the full Hamiltonian. We label
the eigenstates as ‘F ,m F> where F is the value of F of the hyperfine state that the eigenstate
adiabatically connects to in the limit of zero intensity. For states in the 52P;/, manifold in Rb,
the scalar and tensor polarizabilities are given by ay = —1149(29) and s = 563(24) in atomic
units, respectively [191]. The resulting energy shifts due to the AC stark effect are shown as a
function of the intensity in figure
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Figure A.1: AC Stark shifts of the hyperfine states in the 52P;/5 manifold of Rb as a function
of intensity. The states are divided into panels according to their value of F' and for each
panel the energy shift of the levels are given relative to the hyperfine state with F' = F' at zero
intensity.
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