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Abstract

This thesis describes an experiment to produce the first laser cooled mixtures of atoms
and polar molecules in magneto-optical and magnetic quadrupole traps. Inelastic colli-
sion processes between “°Ca'°F molecules and 8"Rb atoms are studied in both trapping
arrangements. When molecules occupy the first rotationally excited state it is found that
loss from either trap occurs at near the universal rate due to collisions with co-trapped
atoms. When the molecular sample is transferred to the ground rotational state the loss
rate is suppressed by at least an order of magnitude. The experimental results are com-
pared to a quantum scattering model based on quantum defect theory and the results seem
to be encouraging for observing a high ratio of elastic to inelastic collision rates in this
system. In addition, improvements to the experimental apparatus are presented which
led to the first measurements of the elastic cross-section for collisions between CaF and
Rb. Although at the currently attainable number densities no thermalization is observed,

an upper bound on the value of the cross section is placed.
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1 | Introduction

The advent of laser cooling and trapping of neutral atoms [1, 2, 3| led to a wealth of
ground breaking experiments and created vast new areas of research in quantum science.
Fundamentally, cooling a physical system towards absolute zero reduces the disorder and
reveals the quantum nature of matter and interactions which at room temperature are
typically absent. In addition, today it allows experimentalists to manipulate both the
internal and external degrees of freedom of single atoms [4]- a feat which for the fathers of
modern physics was only ever possible in thought experiments. Amongst the vast range of
other achievements that the capability of producing ultracold atomic gases has led to are
the creation of Bose-Einstein condensates [5, 6], Fermi degenerate gases |7, 8|, platforms
for quantum computation [9] and simulation [10], extremely precise atomic clocks [11, 12]
and experiments for exploring fundamental physics [13, 14].

Due to their much larger complexity, bringing diatomic molecules into the ultracold
regime presents many challenges. On the other hand, these same challenges that make
molecules so hard to work with bring exciting new opportunities. Some of the current
and future applications of ultracold molecules and the methods of producing them are

discussed in some detail throughout this chapter.

1.1 Applications of ultracold molecules

The two key differences between polar molecules and neutral atoms is that molecules have
electric dipole moments which may lead to long range interactions and they have a much
richer internal structure due to the rotational and vibrational degrees of freedom. These
features are compared and discussed below in the context of applications in quantum

science and precision measurements.

Quantum simulation

Problems in quantum many body physics are typically prohibitively expensive to solve
using classical computers. Instead of writing down and trying to numerically solve the
equations which govern the complicated dynamics of such systems, a quantum simulator

physically mimics that system and allows to control and observe the specific interactions
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CHAPTER 1. INTRODUCTION

of interest. Ultracold atomic gases confined in periodic optical potentials are used today
as a platform for exploring various phenomenon in condensed matter and many body
quantum physics [15, 16]. For example, fermionic atoms in optical lattices were used to
simulate quantum magnetism [17] and show great promise in furthering our understand-
ing of room temperature superconductivity [18]. However, neutral atoms interact only via
the short range contact interaction which limits the range of many-body quantum sys-
tems that may be simulated. The two exceptions to this are highly magnetic atoms and
electronically excited Rydberg atoms. The highly magnetic Cr [19], Dy [20] and Er [21]
atoms were successfully cooled to quantum degeneracy and the latter species was used to
implement an extended Bose-Hubbard model [22| in a 3D optical lattice. However, even

these systems exhibit only relatively short range interactions. For example, a pair of Er

atoms separated by 250 nm have an interaction energy of only V,,, ~ 2% > = (40 - h) Hz.
On the other hand, Rydberg atoms may be made to interact via the resonant dipole-dipole
interaction. For example in [23| interaction energies of V. = (50 - h) MHz between a pair
of Rydberg atoms separated by 4 um were demonstrated. Even though Rydberg atoms
have typical lifetimes of only a few hundred microseconds and are extremely sensitive to
external electric fields their strong and long range interactions make them a very attractive
platform for quantum simulation and computation. Today Rydberg atoms are routinely
produced in reconfigurable arrays of optical tweezers and are used to probe many body

quantum dynamics [24, 25|.

When it comes to long range interactions and long coherence times of internal quan-
tum states, diatomic polar molecules offer a very attractive alternative. Polar molecules
have an electric dipole moment in their own frame of reference, typically of several Debye
(1 Debye ~ 3.335-1073Y C-m) and exhibit long range electric dipole interactions. For ex-
ample a pair of CaF molecules with an electric dipole moment of 3.1 Debye and separated
by 0.5 pm will have an interaction energy on the order of Vyq ~ % ~ (12 - h) kHz,
which is easily resolvable using radio-frequency or microwave spectroscopy. Moreover,
these interactions may be tuned by controlling their rotational states, which conveniently
have long coherence times. For example, a coherence time of 6.4(8) ms of a transition
between two rotational states in CaF was demonstrated [168] and methods to extend it
to 1 s were proposed. Quantum simulators with polar molecules are very much within
reach and [26, 27| have already detected dipolar spin exchange interactions between KRb
molecules in a sparsely filled optical lattice. These types of platforms have been pro-
posed as good candidates for simulating quantum magnetism [28], which is believed to be
closely connected with high temperature superconductivity [29]. Moreover, by controlling
the spin and rotational degrees of freedom of polar molecules trapped in an optical lattice
a complete toolbox for simulating various spin lattice models can be obtained [30]. Such

spin models are often used to describe the behaviour of condensed matter systems.
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CHAPTER 1. INTRODUCTION

Quantum computation

The quest to find the ideal platform for a universal quantum computer is still ongoing.
Amongst the outstanding challenges are the management of decoherence, implementation
of effective error correction protocols and scalability of the particular architecture in
order to perform useful computations. Polar molecules offer long coherence times and
can be made to interact over practical distances- two key building blocks of a quantum
gate. The use of polar molecules as quantum bits for an information processing task
was first proposed by DeMille [31]. In this seminal proposal, polar molecules are held
in a 1D optical lattice in the presence of a spatially varying electric field. The strong
electric dipole-dipole interaction induced by the electric field can be used to implement
a CNOT gate while molecules at different lattice sites may be addressed individually
owing to their different resonance frequencies. Following a more recent proposal [32],
the electric dipole interaction may also be induced by the application of a microwave
frequency field which couples two rotational states of a molecule. As a particular example,
the work showed how to implement a CNOT gate using a pair of CaF molecules trapped
in optical tweezers separated by 0.8 pm. It may be possible to couple polar molecules to
superconducting quantum devices [33], providing a robust quantum memory for this well
established technology. Proposals of quantum error correction codes using the rotational

states of molecules [34] now also exist.

Precision measurements

Ultracold atomic gases are used today to build the most precise clocks and test fun-
damental physics. For example a Sr optical lattice clock with a 5 - 107! measurement
stability after 1 hour of integration time has been realized by the JILA group [35] and
is amongst the most accurate clocks in the world. Large research collaborations have
recently been established [36, 37| to build networks of atom interferometers to detect
gravitational waves.

The benefits of molecules for precision measurements stem from their rich internal
structure. Vibrational energy levels in a molecule depend on the electron to proton mass
ratio which has been probed using ultracold KRb molecules [38]. Optical lattice clocks
based on ultracold molecules may be used to probe interatomic forces and test Newto-
nian gravitation at extremely small length scales [39]. Proposals to use cold molecules
for the search of dark matter candidates also exist [40]. In addition, the large internal
electric fields present within polar molecules enabled the most precise measurements of
the electron’s electric dipole moment [41, 42, 43]. The precision of these measurements
is limited, amongst other things, by the available coherence time of the internal states
being probed in the experiment and by the available number of molecules. Producing

cold molecular beams, or even better, large samples of trapped molecules [44] promises
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CHAPTER 1. INTRODUCTION

to greatly enhance the sensitivity.

Quantum chemistry and control of chemical reactions

For many years most studies of quantum chemistry and low energy collisions were per-
formed using the molecular beam method [45, 46| (see more about the production of
molecular beams in the following section) or in superconducting magnetic traps [47].
Typically, these methods are suitable for studying quantum state resolved collisions in
the regime where many partial waves contribute to the scattering process. An exception
being the merged molecular beam method [74|, which enables the study of collisions at
a relative collision energy in the mK regime. On the other hand, when molecules are
cooled to ultracold temperatures and the control of internal quantum states is achieved,
the steps in a chemical reaction may be monitored [48] and the final outcomes could be
controlled [49]. The last couple of decades saw rapid development of methods for produc-
ing molecular gases at uK temperatures which have enabled experiments to access this
regime.

At first sight it is surprising that a chemical reaction could proceed at temperatures
close to absolute zero at all as the available energies are many times lower than typical
reaction barriers. Nevertheless, seminal theoretical work by Balakrishnan [50] has shown
that chemical reactions may occur between light molecules at considerably high rates
even at ultracold temperatures'. In this regime, the long collision times and the large de
Broglie wavelengths allows tunnelling through potential barriers. In addition, individual
partial waves which contribute to the collisional dynamics may be resolved. For example,
in the work by the JILA group [51] the reaction rates in a gas of ultracold KRb molecules
were controlled by changing the spin state purity of the constituent molecules. Because
KRb has total integer spin it obeys Fermi-Dirac statistics and the lowest partial wave
(see section 2.3.1) which contributes to the collision is [ = 1 for a pair of molecules in the
same quantum state. Under such conditions the molecules are prevented from reaching
short range by a centrifugal barrier. On the other hand, when half of the molecules were
transferred to a different spin state head-on collisions (I = 0) were allowed which increased
the reactivity by two orders of magnitude. The same system was also used to study for
the first time the role of dipolar interactions in collisional dynamics [52]. More recently,
the group has transferred samples of ultracold KRb molecules to a 2D optical lattice
and used external electric fields to tune the electric dipole interaction between colliding
molecules [53]. By choosing a precise value and direction of the applied electric field they
were able to change the collisional dynamics and shield molecules from unwanted chemical

reactions. In another experiment by the Harvard group [54|, CaF molecules were shielded

!The quantum mechanical tunnelling probability falls of as ~ exp(—+/m) thus the discussion in [50]

is relevant only for light particles.
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CHAPTER 1. INTRODUCTION

from inelastic collisions using off-resonant microwave fields, demonstrating yet another
method of controlling collisional processes.

Controlling and understanding the collision dynamics was crucial for the development
of experimental methods to produce quantum degenerate gases of a wide range of different
atomic species. Although there has recently been some outstanding success in producing a
quantum degenerate gas of polar molecules [55], the topic of ultracold molecular collisions

is still a very active research area both experimentally and theoretically [56, 57, 58, 59].

1.2 Methods for producing and trapping cold and

ultracold molecules

Methods to produce cold and ultracold molecules are typically separated into two different
classes depending on whether molecules are cooled directly or assembled out of individ-
ual ultracold atoms. While indirect methods are still leading the way in producing the
coldest and densest samples of diatomic molecules, the direct class of methods are rapidly
catching up. In this section the basic principles that underlie both of these approaches

are described.

1.2.1 Indirect methods

The indirect methods for producing ultracold molecules rely on being able to cool the
constituent atoms. As mentioned in the above, a wide range of different atomic species
with varying physical properties have been cooled all the way down to quantum degeneracy
and thus are ideal building blocks of ultracold molecules. Starting from such mixtures
of ultracold atoms, diatomic molecules are created using either a magnetic Feshbach
resonance [60] or precisely tuned laser light to transfer colliding atoms into a bound state.
By coherently transferring these bound pairs to their vibrational ground state, a sample
of diatomic molecules with a temperature equal to that of the constituent atoms may be

produced.

Magneto-association

The detailed theoretical understanding of quantum scattering in ultracold atomic gases
guides experimentalists in designing experimental protocols to produce ultracold diatomic
molecules. In particular, the accurate knowledge of interatomic interaction potentials
allows very accurate predictions of the locations of magnetic Feshbach resonances. A
Feshbach resonance corresponds to the appearance of a closed molecular channel which
supports a loosely bound state with an energy close to that of the free atom state. The

energy difference between the closed and incoming channels may in some atomic systems
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be tuned using an external magnetic field. By sweeping the magnitude of a magnetic
field, a pair of atoms may thus be adiabatically transferred into a loosely bound state.
From here the loosely bound molecule is coherently transferred using a process known
as stimulated Raman adiabatic passage (STIRAP) [61]. The STIRAP method prevents
spontaneous emission and thus produces ground-state molecules at the same translational
energies as that of the constituent atoms.

The JILA group were the first to successfully use these two methods to produce a
sample of KRb molecules at a temperature of 350 nK and a density of 10*? cm~3. Following
this work several other heteronuclear species were produced at ultracold temperatures and
high densities: 8"Rb'33Cs 62|, 2*Na’lLi [63], *Na®"Rb [64], 2*Nal’K [65]. Reaching the
quantum degenerate regime using this approach is challenging due to the immiscibility of
some degenerate atomic gases [66], which depends on the scattering length, and due to
light induced or three body losses [67].

Photo-association

Atoms with closed electronic shells are less suitable for magneto-association as they do
not have an electronic spin in their ground state. Instead, such atoms could be bound into
molecules using photo-association as was recently demonstrated for Cs and Yb atoms [68,
69]. In the photo-association process a colliding atom pair is transferred to a bound state
using light which is red-detuned from an electronic transition of an individual atom. The
produced electronically excited molecule occupies a high vibrational state and can either
dissociate into the constituent atoms or decay to some other vibrational ground electronic
state. The relative decay probabilities are given by the overlap of the two wave functions
corresponding to the vibrational levels. By carefully selecting the detuning of the photo-
association laser, the atoms may be transferred to an electronically excited state which
has a large wavefunction overlap with the lowest vibrational level in the ground electronic
state thus producing a substantial fraction of ground state molecules. This method was
used to produce a number of different molecular species |70, 71, 72]. In the recent work
by the Kang-Kuen Ni group [73] NaCs molecules were assembled from single atoms held
in optical tweezer traps using photo-association- a fascinating example of the exquisite

level of control achieved in state of the art experiments.

1.2.2 Direct cooling methods

The class of direct cooling methods has a longer history and consists of many more different
approaches. As the name suggests, a particular cooling method is applied directly to the
molecular sample and proceeds after the production of molecules. Some of these methods

are described below.
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Supersonic expansion

The supersonic molecular beam is amongst the oldest method of producing cold molecules
for collisional studies. In this method, a gas held at a pressure of ~ 10% mbar is suddenly
allowed to expand through a nozzle into a much lower pressure region (~ 10~7 mbar).
This isentropic expansion converts energy corresponding to random translational motion
into kinetic energy corresponding to the forward motion of the molecular beam. The
temperature of the gas is thus reduced at the expense of an increased forward velocity,
producing a narrow velocity distribution with a supersonic mean velocity. Moreover, the
internal degrees of freedom of the constituent molecules are also cooled via molecule-
molecule collisions near the exit aperture. In contrast, effusive beams are formed when
the mean free path of a molecule is larger than the size of the exit aperture of the nozzle
so that no collisions occur before it is extracted into a beam. This method produces a
much broader distribution of velocities and internal states.

By merging two supersonic beams, the narrow velocity distributions enable precise
control of the relative collision energies simply by controlling the angle between the two
beams. The level of control of this angle determines the obtainable energy resolution in
collisional studies [74]. In addition, using external fields specific internal states could be
selected [75].

Buffer gas cooling

Buffer gas cooling of a particular molecular species relies on elastic collisions with particles
from a much colder gas. The buffer gas must be inert, such as helium or neon, so that it
does not react with the target molecules. This technique has been used to cool CaH [76|
molecules to millikelvin temperatures and load them into a superconducting magnetic
trap. A molecular beam [77] may be produced by mixing the target molecules with the
buffer gas in a small cell with an exit aperture. Provided that molecules have sufficient
time to collide with the buffer gas, the spread in the velocity distribution will be reduced
and a cold and slow molecular beam will form. Buffer gas beams have a similar intensity
as those produced by supersonic expansion but have a substantially lower forward velocity

which makes them an ideal starting point for further deceleration and cooling.

Deceleration using the Zeeman and Stark effects

Molecules may be decelerated by making use of either the Stark or Zeeman effects. In
an external field the internal energy of a molecule will be shifted by an amount which
depends on both the magnitude of the field and the internal state of the molecule. By
applying a periodic spatially varying magnetic field, a moving molecule may be forced

to climb potential hills and each time lose kinetic energy. Provided the external field is
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switched on and off so that the molecules only ever climb hills in potential energy, a beam
of molecules can be brought to a standstill. The first decelerator using the Stark effect
was demonstrated by [78] to decelerate CO molecules from an initial velocity of 225 m/s
to 98 m/s. Recently, the Narevicius group [79] has demonstrated deceleration of oxygen
molecules using a travelling magnetic trap and subsequent loading into a superconducting
magnetic trap at a density of 10!° cm™3. These methods have a large appeal in that they
only require the molecules to have a non-zero interaction energy with applied electric and
magnetic fields. An interesting approach to produce ultracold trapped molecules would
be to use the magnetic decelerator to load a magnetic trap together with a sample of laser

cooled atoms. The atoms could then be used to cool molecules via elastic collisions.

Laser cooling

Laser cooling is the method used in this work to produce ultracold samples of molecules
and atoms. It will be described in detail throughout the rest of this work and only a
brief introduction is given here. Laser cooling relies on continuous scattering of laser light
to remove kinetic energy from atoms or molecules. Thus the basic requirement for this
method to work is to find sufficiently closed optical transitions- a daunting challenge for
diatomic molecules. Nevertheless, the work by Di Rosa [80] identified certain molecules
which have closed optical transitions and are thus amenable to laser cooling. In 2010 the
group of DeMille demonstrated laser cooling of a beam of SrF molecules. Today several
different molecular species have been laser cooled and captured into conservative traps
(much more on this in the following chapter) although with number densities still several
orders of magnitude below those obtained using the indirect class of methods. On the
other hand, there is no physical reason why densities of laser cooled molecules could not
be increased and there already exists a number of proposals of how this could be achieved.

Some of these will be described and investigated in this work.

Sympathetic cooling

The sympathetic cooling method uses elastic collisions between two ultracold species to
cool another, warmer species. It has been already applied to reduce the temperature of
laser cooled atoms, especially in situations when the collisional properties of one species are
not suitable for evaporative cooling [81]. For example, fermionic atoms can not undergo
s-wave collisions in the ultracold regime due to the Pauli exclusion principle and thus
can not be evaporatively cooled to quantum degeneracy. A successful route around this
obstacle is to use co-trapped bosonic atoms as a coolant for the fermionic species [82].
Because laser cooled molecules are currently produced at densities which are too low
for collisional cooling, co-trapping them with substantially denser and colder samples of

atoms offers an alternative route to drive down the temperature further.
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1.3 This thesis

In this work, a new experimental apparatus for studying collisions between laser cooled
samples of molecules and atoms was built. The long term goal is to use this system for
identifying the conditions under which sympathetic cooling of molecules using atoms as
a coolant is feasible. In this work the first steps towards this goal are taken. A dual
species magneto-optical trap of Rb atoms and CaF molecules is built, which traps and
cools both species to milikelvin temperatures. Atom-induced losses of molecules from
this trap are studied in detail and the underlying mechanisms are determined. Next, the
mixture is transferred to a magnetic trap where sympathetic cooling could proceed. By
controlling the quantum states of both atoms and molecules, state dependent inelastic
collision processes are investigated empirically.

This thesis is structured as follows. In chapter 2 some of the basic theory related
to atomic and molecular structure, light-matter interactions and quantum scattering is
presented. Chapter 3 details the construction and characterization of the experimental
apparatus. In chapter 4 characteristics of magneto-optical traps of atoms and molecules
are presented. Chapter 5 contains the results of inelastic collision measurements in the
dual species magneto-optical trap of atoms and molecules. Chapter 6 describes how both
species are prepared in pure quantum states and are used to study collisions in a magnetic
trap. Transverse cooling of the molecular beam is explored in chapter 7 and finally in
chapter 8 the results of the first attempt to observe elastic atom-molecule collisions in

this system are presented.

1.3.1 Publications

Some of the work presented in this thesis has been reported in the following journal

publications:

e S Jurgilas, A Chakraborty, C J H Rich, L Caldwell, H J Williams, N J Fitch,
B E Sauer, Matthew D Frye, Jeremy M Hutson and M R Tarbutt. Collisions
between ultracold molecules and atoms in a magnetic trap. Physical Review Letters,
126(15):153401, 2021.

e Sarunas Jurgilas, Arijit Chakraborty, Caleb Rich, Ben E Sauer, Matthew David
Frye, Jeremy M Hutson, and Mike R Tarbutt. Collisions in a dual-species magneto-

optical trap of molecules and atoms. New Journal of Physics, 2021.
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2 | Background theory

In this chapter the basic theory required to understand some of the experimental results
presented in this work is laid out. First, the energy level structures of an alkali atom
and a diatomic molecule are reviewed and the spectroscopic notation used to label the
different energy levels is introduced. The details of the 8"Rb atom and *°Ca'*F molecule
energy level structures are provided. Then, the interaction of a two-level atom with a
monochromatic light field is discussed and applied in deriving the radiation pressure and
dipole forces which are used to cool and manipulate atoms and molecules. In addition,
these results come in handy when describing absorption imaging and coherent control of
internal quantum states. Finally, basic concepts in quantum scattering and their relevance

to describing collisions at very low temperatures are introduced.

2.1 Atomic and molecular structure

An atomic or molecular species is considered to be amenable to laser cooling if it has a
sufficiently closed optical transition. Finding such species is not a simple task, especially
when it comes to diatomic molecules due to their internal complexity. In addition, it is
important to consider practical aspects such as the availability of a monochromatic source
to be used to address the internal structure. In this work 8"Rb atoms and CaF molecules
are chosen primarily due to their suitability for laser cooling. Here the energy level
structures of the two species are presented. Selection rules for electric dipole transitions
are stated with a more detailed discussion of the light-matter interaction postponed to

section 2.2.

2.1.1 Alkali atoms

The outermost electronic shells of alkali metal atoms are occupied by a single electron.
This makes the internal energy structure of an alkali very similar to that of a hydro-
gen atom- the outermost electron orbits an effective positively charged nucleus which is
composed of the protons and neutrons at the core shielded by electrons from the inner
shells. The reduced complexity makes alkali atoms particularly suitable for manipulating

them using laser light. Just a pair of different laser frequencies are required to achieve
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continuous optical cycling which is necessary for applying laser cooling. Indeed, the first
demonstrations of deceleration of an atomic beam [83] and slightly later cooling in an opti-
cal molasses [84] were performed using Na atoms. Today laser light is used to manipulate
and cool atoms with more complex internal structures such as Yb [85], Er [86], Dy [87]-
all of which have a pair of electrons in the outermost shells and thus a substantially more
complicated internal energy level structure.

In alkali atoms, the relevant angular momentum operators are the total orbital angular
momentum L ! the total electron spin g, and the nuclear spin I. It’s also convenient to
introduce the sums J = L+ S and F = J +1. The magnetic moment associated with the
electron spin S interacts with the magnetic field produced by the motion of the electron
through the electric field of the atom. This coupling splits the energy levels by an amount
which depends on J, which takes values in the range of |L — S| < J < |L + S|. Due to
the spherical symmetry of the interaction potential all three operators introduced above
commute with each other and with the total electronic Hamiltonian for the atom?. Each
combination of L and S corresponds to a unique level which by convention is written

using the term symbol

n? L, (2.1)

where n is the principal quantum number which indicates the electron shell and 25 + 1
is the spin multiplicity. The angular momentum quantum numbers are assigned letters
{S,P,D,F...} depending on their magnitude {0, 1,2,3...}.

In atoms which have a non zero total nuclear spin I the interaction with the electrons
spin leads to the hyperfine structure- each level is further split into components determined
by F, which takes values in the range |J — I| < F < |.J 4 I|.

Structure of ¥ *Rb and optical transitions

The fine and hyperfine structures of 8’Rb are shown in figure 2.1. The P state is split
into a pair of levels: transitions to 52P; /2 are known as the D; line while transitions to
5?P3/ are known as the D, line. The total nuclear spin is / = 3/2 and the energy levels
are further shifted by an amount which depends on F'.

Optical transitions on the D; line may be driven using 795 nm light while the D line
corresponds to a wavelength of 780 nm. Selection rules which govern the allowed electric
dipole transitions are AF = 0,—1,+1. From these it is evident that the 5%S;,(F =
2) = 5°Py/5(F = 3) transition is closed and thus meets the fundamental requirement of

laser cooling. In practice, the laser light addressing the closed hyperfine transition may

Here and in what follows E, S and J are vector operators. The eigenvalues of I:Q, S? and J? are
R2L(L + 1), h2S(S + 1) and A%J(J + 1) respectively.
2As will be discussed below, diatomic molecules have cylindrical symmetry and the set of commuting

operators are not always straightforward to identify.
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Orbital Fine Hyperfine
THz GHz
F=3 0.5
52p
3 I 384.2 F=2 0.23
F=1 0.07
5P D F=0 0
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F=2 0.82
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A
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55 SZS1/2 0
F=1 0

Figure 2.1: Energy level diagram of 8’Rb indicating the structure which is arises due to
the fine and hyperfine interactions. The splitting energies are from [88]| and the hyperfine

splittings are given relative to the lowest hyperfine level in a given fine structure level.

off-resonantly drive atoms to F' = 2 which can then decay to the F' = 1 level in the ground
state. This leak rate is typically quite small but requires an additional light component
tuned to drive the 52S;5(F = 1) — 5?Pjo(F = 2) transition.

In an external magnetic field the hyperfine levels are further split into 2F +1 levels due
to the Zeeman effect. Each magnetic sub-level is labelled as mpr and the electric dipole
selection rules between these sub-levels are Ampg = 0, —1,+1. The ground electronic state
has a substantial magnetic moment, so atoms can be trapped magnetically in certain mpg

states.

2.1.2 Diatomic molecules

In addition to the electronic energy level structure found in an atom, a diatomic molecule
has the additional degrees of freedom corresponding to vibrations and rotations of the
two nuclei. Using the Born-Oppenheimer approximation® the dynamics corresponding to
each of these three degrees of freedom may be considered separately and the total energy
is

Erot = Ec + Ey, + ERot (2.2)
with F., E, and Egy the electronic, vibrational and rotational energies respectively.
Electronic energies are typically F./h ~ 500 THz, vibrational energies E,/h ~ 10 THz
and rotational energies Eroi/h ~ 10 GHz. These three energy scales are discussed in

more detail below.

3The main assumption of the Born-Oppenheimer approximation is that the motion of the electrons is
much faster than the motion of the two nuclei. The electronic wavefunction may be parametrised and the

Schrédinger equation solved to find the electronic energies for a set of different inter-nuclear separations.
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Electronic structure

In a diatomic molecule the pair of nuclei enforce cylindrical symmetry around the inter-
nuclear axis. The total angular momentum operator defined for an alkali atom no longer
commutes with the total electronic Hamiltonian and instead the projections of angular
momentum onto the internuclear axis z are used to label different levels. The term symbol

defined for atoms is replaced with a similar one of the following form
letter]> 1AL/ ) (2.3)

Here the letter in front denotes the electronic state of the molecule and typically follows the
convention of using letters {X, A, B, C,...} to label the {ground, second, third, fourth,...}
electronic levels. The quantum number A is the projection of the angular momentum
onto the internuclear axis and is labelled using capital Greek letters {3, II, A, ...} which
correspond to absolute values of the angular momentum projections {0, 1,2,...}. The
quantum number €2 is the projection of the total angular momentum and finally the
symbol (4/—) is used to indicate the sign of the electronic wavefunction under reflection

relative to a plane which contains the internuclear axis.

Vibrational structure

The second largest energy scale in a diatomic molecule corresponds to vibrations of the
two nuclei relative to an equilibrium internuclear separation Ry. Up to first order, the
internuclear potential is harmonic and the vibrational energies correspond to the eigenen-

ergies of the quantum harmonic oscillator

E, = w, (u + %) , (2.4)

where w, = h\/k;/—mR is the vibrational constant® and v is the vibrational quantum
number. The harmonic approximation holds for internuclear separations close to Ry. As
the vibrational energy is increased the two nuclei explore increasingly more of the in
general anharmonic potential. For higher vibrational levels a better approximation to the

vibrational energies is given by

£ 41 42 2+ 41 3 (2.5)
L =we (V4= —wexe [V + = Wele |V + =) — ..., .
9 2 Y 2

with x., ¥y, ... the anharmonicity constants. The constants of the first couple of terms in

the above expansion for the X, A and B states of CaF may be found in [89].

4With k and mg the nuclear spring constant and reduced mass of the nuclei respectively
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Hund'’s case (a) Hund'’s case (b)

Figure 2.2: Hund’s cases (a) and (b) described in more detail in the main text.

Rotational structure

Last but not least is the energy scale corresponding to rotations of the pair of nuclei
around their centre of mass. As a first approximation the rotational motion is described
well using the quantum rigid rotor model. The energy of a rigid rotor with moment of
inertia [ is given by

Frot = BR(R+1) |, (2.6)

where B = h?/21 is known as the rotational constant and R is the rotational quantum
number. Again, in reality the situation is more complicated. Because of the vibrational
motion of the nuclei the bond length is not fixed and this affects the moment of inertia.

The rotational energy is better approximated by
Erot = BJR(R+1) — D,R* (R +1)* + ..., (2.7)

where D, is the centrifugal distortion constant and the subscripts v indicate that the

constants depend on the vibrational quantum number.

Angular momentum structure

The various ways angular momenta and the rotation of the nuclei may couple lead to
additional electronic structure that spans energies in the range of E/h ~ 10° — 10'% Hz.
These different coupling modes are typically described using a set of five rules known as
Hund’s coupling cases. The structure of most diatomic molecules including that of CaF

is described well using Hund’s cases (a) and (b).
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Hund’s case (a) is depicted in figure 2.2. The angular momentum L strongly couples to
the electron spin S via the spin-orbit interaction, which is much larger than the rotational
energy. In this case L and S couple to the internuclear axis due to the electrostatic
interaction of the chemical bond and together with the total angular momentum J =
L + S + R have well defined projections labelled by the quantum numbers A, ¥ and {2
respectively. More formally the good quantum numbers for this case are defined by the

following equations

L.|A) = hA|A) | (2.8)
S%19,%) = B2S(S+1)1S,%) | (2.9)
S.|S,%) =h%|S, %) , (2.10)
JJ,Q) =R2JJ+1)|,Q) , (2.11)
3. |J,Q) =hQ|JQ) . (2.12)

Here L., S, and J, are the operators which project the momenta onto the internuclear
axis z.

In Hund’s case (b) the coupling between L and S is very weak or vanishes completely
for X state molecules. In this case the rotational angular momentum R first couples to
L to form N = R + L which then interacts with the electrons spin S to form the total

angular momentum J. For this case the good quantum numbers are defined by

L.|A) = A |A) | (2.13)
N2|(N,S),J) = B*N(N + 1)|(N, S), J) , (2.14)
S%|(N,S),J) = h2S(S +1)|(N, S),J) , (2.15)
J2|(N,S),J)y = h2J(J + 1)|(N,S),J) . (2.16)

2.1.3 Structure of CaF

The CaF molecule has an ionic bond: a “°Ca atom gives away one of its outer shell
electrons to a F atom with the remaining unpaired electron mostly localised around
the Ca atom. The unpaired electron thus does not contribute to the bond. As will be
discussed in section 2.1.4 this fact is responsible for the desirable property of CaF that
after electronic excitation the molecule relaxes to the same vibrational level most of the
time. The molecule has a nuclear spin of / = 1/2 due to the fluorine atom which gives
rise to hyperfine structure in the ground and excited electronic states. Figure 2.3 shows
a diagram of the relevant energy levels of CaF. Below is a description of each of these

electronic states and the interactions which lead to the various energy splittings.
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The XX state

The ground electronic state of CaF is described by the term symbol X237 and is usually
called a doublet-sigma state. It has an electron spin of S = 1/2 while the projection of the
angular momentum onto z is zero. This state is best described using Hund’s case (b) as the
spin-orbit interaction completely vanishes. The total angular momentum is J=S+Rand
each rotational level, except N = 0, is split into two with quantum numbers® J = N 41/2
due to the spin-rotation interaction. Each of these pairs of states couples to the nuclear
spin and give rise to the hyperfine structure with /= N + 1, N, N=, N — 1 levels. The
hyperfine interaction mixes the two states that have FF = N so that they are each a
mixture of the J = 1/2 and J = 3/2 levels. Because the spin-rotation and hyperfine
interactions are of similar strength the different levels which arise due to both of these
interactions are typically thought to all be a part of the same hyperfine manifold. To
distinguish between the levels with equal F' the superscripts + /- are used, with the +
state being the higher energy one. The electronic ground state has a substantial magnetic
moment which can be used to trap the molecule magnetically. The parity of the rotational

states alternates: N =0 is even, N =1 is odd, and so on.

The A2H1/2 state

The first excited electronic state in CaF is A%Il, 2. Because this state has a non-zero
angular momentum the spin-orbit interaction dominates over the rotational energy and
Hund’s case (a) is best suited for describing how the momenta couple. The spin-orbit
interaction splits the electronic states into a pair of levels corresponding to projections
of the total angular momentum of Q = 1/2 and Q = 3/2. These pair of states couple
to the rotation which splits the levels into components with J=0+R. Opposite
parity states can be formed from the different angular momentum projection states |+) =
A =1) £ |A = —1). In the absence of any other interactions the opposite parity states
are degenerate but here the II states is mixed with the second electronically excited state
B2Y* to remove the degeneracy. This effect is known as A-doubling and for the term
Q4+ R = 1/2 leads to the pair of states labelled here as J = 1/2,— and J = 1/2,+. In
this work the positive parity state which lies 1.36 GHz above the negative parity state is
addressed with a laser. Finally, the J = 1/2, + level is further split due to the interaction
between the electron and nuclear spins which gives rise to the pair of hyperfine levels
F = 0,1 separated by around 5 MHz.

5Because the electron orbital angular momentum is zero, N = R.
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Electronic Vibrational Rotational Hyperfine
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Figure 2.3: Energy level structure of the X, A, B electronic states of CaF relevant for
work described in this thesis. The different energy scales corresponding to electronic,
vibrational, rotational and hyperfine levels are separated out into different panels. All
energies are expressed in frequency units and are indicated relative to the lowest lying

level in each of the manifolds.

The B2X T state

The second electronically excited state in CaF is B2X" and has a similar structure to the
X state described above. For this state Hund’s case (b) can be used to describe the angular
momentum structure. In this work only the N = 0 rotational level is addressed which is

split by the hyperfine interaction into a pair of levels separated by around 20 MHz.

2.1.4 Transitions in CaF

With the detailed energy level structure of the CaF molecule at hand methods of accessing

the different quantum states will be looked at here.

Optical transitions and rotational branching

The CaF molecule may be excited to the A and B states by driving electric dipole tran-
sitions with laser light at wavelengths of 606 nm and 531 nm respectively. The A state
decays to the X state at a rate of 27 x 8.3 MHz while the B state has a decay rate of
271 x 6.3 MHz. In addition the B state may decay to the ground state via the A state but

the branching ratio for this two-photon route is only around 107°. Allowed transitions
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are given by the electric dipole selection rules

AP =41, (2.17)
AF = 0,41 (not F =0 — F' =0) , (2.18)
Amp =0,%£1 (not Amp =0if AF =0) . (2.19)

To sustain optical cycling on any pair of these transitions care must be taken to address
the correct rotational/total angular momentum levels. A CaF molecule excited to the
A2H1/2(1/’ = 0,J = 1/2,+) state will only be able to decay to the X*<*(v = 0, N = 1)
state due to parity and angular momentum (A.J = 0, £1) selection rules. Thus by tuning
the laser frequency to drive the A’Il; (v = 0,J = 1/2,+) «+ X°SF (v = 0,N = 1)
transition rotational branching to states with other values of R is eliminated. Finding
such transitions in a diatomic molecule is a key step towards successful application of laser
cooling and was first reported in [90]. Similarly, the second electronically exited state is
accessed by driving the B*X* (v = 0, N = 0) - X*2*+ (v = 0, N = 1) transition.

Vibrational branching

The allowed transitions between different vibrational levels are not restricted by selection
rules. Instead, a molecule excited from the ground electronic level with vibrational quan-
tum number v to some higher electronic level with ¢/ will decay back to any vibrational

level v in the ground state with a probability given by the Franck-Condon (FC) factor

2
Py = ' [ xor ) a) aR| (2.20)

This quantity corresponds to the square of the overlap between the vibrational wavefunc-
tions of the ground and excited electronic states. To sustain optical cycling when driving
a transition between a pair of vibrational levels it is desirable to have P,/ ,» ~ 1 which
means finding a molecule where the matrix of all FC factors is highly diagonal. Physically
this implies that excitation of the electron should not affect significantly the internuclear
bond length or strength. For the CaF molecule this turns out to be the case: the in-
ternuclear potentials for the A and B states have very similar equilibrium bond lengths
Ry and harmonic frequencies w, to that of the ground electronic state. The vibrational
wavefunctions with v/ in the two excited states have a large overlap with the vibrational
functions in the ground state with v = v/. The excited electronic states A and B have
FC factors Py = 0.97 and Py = 0.998 respectively [91] and with the addition of only a

few vibrational repumpers allow to scatter many photons.
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2.2 Interaction with light

In the previous section the detailed energy level structures of a Rb atom and a CaF
molecule were presented. In situations when a laser beam frequency is tuned to interact
with only a pair of internal states the complexity reduces to that of a two-level quantum
system. Here the attention is focused towards describing how such a system interacts

with monochromatic light.

2.2.1 Optical Bloch equations

Consider a two-level atom at position z = 0 with ground and excited state energies equal
to Ep = 0 and E; = hw;. The atom interacts with the electric field of a laser beam which

is propagating along the z-axis. The field has a frequency w, an amplitude &, and is given
by

E(t) = é&ycos(kz — wt) (2.21)

with k& = 27/X the wave vector and € the polarization of the electric field. The two level
atom is described by a 2x2 density matrix p. The diagonal entries pgg and p;; correspond
to the atomic populations in the ground and excited states respectively while the off-
diagonal elements py; and pjo are known as the coherences which describe the interaction
with light. The electric field of the laser beam induces an electric dipole moment in the

atom which may be written as
<d> = —Do(ﬁ(ne_iwt + ﬁloeth) s (222)

with po1 = pmeim and p1o = proe "2, the frequency detuning A = w — w; and the dipole
matrix element Dy = (0| d|1). Here d is the electric dipole moment operator. The matrix
elements of p for a two-level system which is damped at a rate I' are found by solving the

optical Bloch equations in the rotating wave approximation:

poo = L'p11 — i%(ﬁw — po1) , (2.23)
pu=—Lpn + i%(ﬁlo — po1) (2.24)
501 = - (g + iA) por + g(ﬂoo —pi1) (2.25)
Pro=— (g - ZA) pro — g(poo —pu1) - (2.26)

Here Q2 = Dy&y/h is the Rabi frequency which describes the strength of the interaction
between the driving field and the induced dipole moment. It takes a time ~ 1/T" for the

system to reach a steady state. By setting the time derivatives to zero and remembering

29



CHAPTER 2. BACKGROUND THEORY

that Tr{p} = 1, the steady state solutions for the density matrix elements are obtained:

b =1-p7 (2.27)
s 02
Py = (2.28)

2+ 4A2 + 2027
Lo QT = 2iA)

Por = e AA? 202
e =p" (2.30)

(2.29)

The star in the last equation above denotes the complex conjugate. The relaxation con-
stant ' is known as the spontaneous decay rate and is given by

wi| Dol?

I' = )
meghc?

(2.31)

An important observation from the equation above is that the decay rate is a strong func-
tion of the resonance frequency wg. For closely spaced levels the decay rate of the excited
states becomes small and the driving field sustains long periodic oscillations between the
ground and excited state populations. The time evolution of the population in the excited

state when I' = 0 is given by

pn(t) = m Sin 9 (232)

Q. <\/§22 + A t)

This effect is known as Rabi flopping. A resonant laser beam will transfer all of the
population into the excited state in a time ¢, = 7/ and is commonly called a 7 pulse.
A pulse of duration ¢/, = m/2€) will create a coherent superposition of the ground and

excited states.

2.2.2 The scattering and dipole forces

It is insightful to decompose the steady state induced dipole moment into parts which
oscillate in phase and out of phase with the driving field. Expanding the complex expo-

nentials in eq. 2.22 into their real and imaginary parts gives

<J(s)> = —-D, [u(s) coswt + v® sin wt] ; (2.33)

where
u® =58 + 5 (2.34)
v® = (5 — 59 (2.35)

are found using the steady state solutions of the optical Bloch equations. The response
of a dipole to an electric field £ of a laser beam propagating along the z-axis may be

characterized via the linear relation (d®)) = a&, where « is called the polarizability. The
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induced dipole interacts with the driving field itself [92] and this interaction energy is

given by
1
Because of this interaction the atom experiences a force along the z-axis given by
ou o)y OE
F, = ——= = (d¥)y=— | 2.37
5, = (475 (2.37)

Inserting eq. 2.33 into the above and taking the spatial derivative of the electric field, the

time averaged force which the atom experiences may be written as

5= _ Do 9%
F, = 5 (u 5, Y Eok | . (2.38)

In the above the relations cos?(wt) = W = 1/2 and cos(wt) sin(wt) = 0 were used to
obtain the average over several periods of the laser field. The total force depends on both
the in-phase and out of phase components of the induced dipole. By inserting eqs. 2.34
and 2.35 into eq. 2.38 and using Q = Dy&y/h the force experienced by the atom may be
written in a more useful form

r 02/2 _h AQ 0
2A24+Q2/24T2/4 2A24+Q02/24+T12/40z

F, = hk (2.39)

The first term in the above equation is the force which arises due to the interaction with
the out of phase component of the induced dipole and is called the scattering force Fi..
The scattering force saturates when 2 >> T" at a value of F,, = hkI'/2 and, as will be
demonstrated below, may be used to decelerate and cool atoms. On the other hand,
the force corresponding to the second term in the equation above does not saturate. It
vanishes when A = 0 or when the laser field has no spatial variation. This force is

commonly known as the dipole force Fy;, and for [A| >> Q may be written as

0 [ hQ?
Fdip - _a (E) . (2.40)

The term in brackets in the equation above corresponds to a shift in the ground state
energy of the atom due to the interaction with the laser field. This change in energy is
commonly known as the light or AC Stark shift. For A < 0 the dipole force acts in the
direction of increasing light shift and since the laser intensity I o< ? the dipole force may
be used to confine atoms in the focus of an off-resonant laser beam. In addition, as will

be discussed below, the light shift plays an important role in laser cooling.

2.2.3 Doppler cooling

Intuitively, the scattering force arises when an atom absorbs and subsequently emits
photons. Each absorbed photon imparts a momentum Ak along the direction of the laser

beam while spontaneously emitted photons propagate along random directions. After
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many absorption-emission cycles, the photons transfer a net momentum to the atom
along the direction of the laser beam. On the other hand, the net momentum due to
spontaneously emitted photons averages out to zero. Thus F,. depends on the photon
scattering rate Ry = Fpﬁ) and may be written as F,. = hkRs. Using eq. 2.39 an atom

will scatter photons out of a laser beam with intensity I = 1ceo&3 at a rate of

r I/ Lay

Ry = = : 2.41
21 +4A2)T2 4 /Iy ( )
Here I, is the saturation intensity given by
whel®
Iy = —— 2.42
= (242)

The scattering force may be used to reduce the velocity and ultimately the temperature
of a collection of atoms. Consider an atom moving with velocity v along the z-axis and
interacting with two counter-propagating laser beams of detuning A. In the reference
frame of the atom the frequency of the laser beam which is propagating against the
direction of the atoms motion is shifted higher by an amount Ap = kv due to the Doppler
effect. The frequency of the second beam appears to be smaller in the reference frame of
the atom by an amount —kwv. In the low intensity regime where stimulated emission may

be ignored, the total force experience by the two-level atom is given by
Fros = EGF(A — kv) — FC(A + ko) . (2.43)

For low velocities, the total force may be found by expanding the above expression around
v =0 in a Taylor series
Froo = —pv , (2.44)

with the damping constant given by

8sAhk?

P = T s 1 anrToye - (245)

Here s = I/l is the saturation parameter. For a negative frequency detuning the total
force opposes the motion of the atom and it is cooled towards v = 0. A positive frequency
detuning results in a total force which pushes the atom along the direction of its velocity
and thus results in heating. The damping force arises for A < 0 is used to cool atoms and
molecules and is, rather intuitively, known as the optical molasses technique. In practice
the scheme is extended to 3D by adding two additional pairs of counter-propagating beams

along the other pair of orthogonal directions.

Doppler cooling limit

The randomness of momentum kicks imparted to the laser cooled particle due to photon

absorption and emission events will increase the average kinetic energy at a rate of

dE  (hk)?Ry
Pheas = —— = 1= 2.46
heat = —- - (2.46)
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where dE = (hk)?(Rgs.dt)/m is the kinetic energy gained by a particle in a time dt which
scatters photons at a rate R,.. On the other hand, the optical molasses cools the particles
at a rate of

Peool = %BE : (2.47)
with # the damping constant which for the case of a two-level system was defined in
eq. 2.45. In the steady state the heating and cooling powers are equal. Assuming the
velocities of laser cooled particles are described by a Maxwell-Boltzamann distribution
the average kinetic energy may be linked to temperature via the equipartition theorem
and the equilibrium temperature may be found by equating eqs. 2.46 and 2.47. This is

known as the Doppler temperature

(hk)*Rge

TN = —~—— >
D 3BkB )

(2.48)

which quantifies the lowest achievable temperature when laser cooling relies only on the
scattering force. Using the definitions of the damping constant (eq. 2.45) and the scat-
tering rate (eq. 2.41) the Doppler temperature may be rewritten as

hT? AA?
T = — 1 el 2.4
D SkBA( e rz) ’ (249)

with the minimum temperature obtained when using a laser frequency detuning of A =
—1(14 )?T. In the limit of s — 0, for 8"Rb atoms cooled on the D, transition 7" =
145 pK while for CaF molecules cooled using the A-X transition 75" = 199 uK.

2.2.4 Sub-Doppler cooling

Soon after the first laser cooling experiments using Na atoms, temperatures far below the
Doppler limit were obtained [93]. The experimental observations suggested the presence
of new cooling mechanisms and the first theoretical explanations were provided by Jean
Dalibard and Claude Cohen-Tannoudiji [94]. The authors identified two novel laser cooling
schemes which do not rely on the scattering force but rather arise in multi-level systems
interacting with laser light with spatial polarization gradients.

In the first sub-Doppler scheme an atom with J = 1/2 in the ground state and J' = 3/2
in the excited state is exposed to a pair of counter-propagating red-detuned laser beams
which have orthogonal linear polarizations. The polarization varies spatially from linear to
circular with a period of A/2. The coupling strength of the laser field to the atom depends
on the local polarization and is quantified by the Clebsch-Gordan coefficients. Thus the
pair of ground state levels will experience a different (negative) light shift which will
oscillate in magnitude as the atom moves through the polarization gradient. Figure 2.4
illustrates this arrangement: the m; = +1/2 magnetic sub-level at a position where the

local polarization is ot will have a greater light shift than the m; = —1/2 level. When
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Figure 2.4: Sisyphus cooling mechanism. (a) Energy levels of an atom with J = 1/2 in
the ground state and J' = 3/2 in the excited state. Numbers next to the dashed lines
are the relative transition strengths. (b) Polarization dependent light shifts of the ground
magnetic sub-levels. The dashed line is the field free energy. An atom climbs a potential

hill and close to the top is optically pumped into a state with a more negative light shift.

the atom moves in either direction the kinetic energy is converted into internal energy
as the light shift becomes more positive. At the position where the local polarization is
reversed to ot the atom may be excited to m/;, = —1/2 and due to a higher branching
ratio it will be optically pumped into m; = —1/2 where it will again experience a more
negative light shift. In this idealised case the atom loses kinetic energy proportional
to the light shift By oc i22/A. Provided that optical pumping occurs on a similar time
scale compared to the motion of the atom through the polarization gradient, the atom will
carry on climbing potential hills and thus continue to lose kinetic energy. This mechanism
of energy dissipation is widely known as Sisyphus cooling. If the frequency detuning is
reversed to positive, the atom will instead go down the potential hills and on average gain
kinetic energy.

In the second sub-Doppler cooling scheme the two beams have opposite circular po-
larizations. It requires at least 3 magnetic sub-levels in the ground state. This situation
is encountered more frequently in practice as circularly polarized light is required to form
a magneto-optical trap (Chapter 4). In this case the polarization is linear everywhere
thus the light shift is the same for all of the ground state sub-levels. An atom at rest will
scatter photons at the same rate from each laser beam because the m; = —1, +1 levels are
equally populated. On the other hand, an atom moving towards the beam which drives
o™ transitions will have its population biased towards mj; = +1 due to an effect known
as motion-induced orientation. Because o™ light couples more strongly to an atom in the
my = +1 than the counter-propagating beam which drives ¢~ transitions, a net damping
force is experienced by the atom.

In practice the temperature of atoms is first reduced with the help of Doppler cool-
ing. When the atom velocity is sufficiently low sub-Doppler mechanisms described above

become effective. From eq. 2.39 the scattering force is Fi, o< I/A? for large A while
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Figure 2.5: Laser cooling in the presence of dark states. (a) The cooling light is blue-
detuned so that the light shift is positive for bright states. Molecules make non-adiabatic
transitions from dark to bright states where they climb potential hills and lose kinetic
energy. Close to the top of the hill a molecule is optically pumped to the dark state.
(b) The cooling light is red-detuned. In this case non-adiabatic transitions have a higher

probability close to the top of the potential hills and the molecule gains kinetic energy.

the dipole force Fy, o< I/A. Thus after cooling in a regular optical molasses the laser
detuning is commonly increased further to the red in order to reduce heating due to spon-
taneous scattering while still retaining a substantial light shift to sustain sub-Doppler

cooling mechanisms.

Sub-Doppler cooling of molecules

In systems with an angular momentum structure J’ > J there always exist dark states [95].
Dark states are internal states of the molecule which do not couple to the cooling light for
a given polarization. As discussed in section 2.1.4, laser cooling of molecules works using
transitions which have a larger total angular momentum in the excited state in order to
avoid leakage to other rotational states not addressed by the laser light. Because dark
states do not experience a light shift it is interesting to consider how sub-Doppler cooling
using this type of transition may proceed.

Figure 2.5(a) illustrates the key concept behind sub-Doppler cooling in the presence
of a dark state. A pair of counter-propagating laser beams which are now blue-detuned
are linearly polarized at an angle ¢. For 0 < ¢ < 7/2, both polarization and intensity
gradients are present. The bright state couples to the light and due to the intensity
gradient experiences a position dependent light shift. Because the polarization varies in
space a molecule may make a non-adiabatic transition from a dark to a bright state. It
turns out that the probability of these transitions is maximum when the difference in the
bright and dark state energies is minimum, which also corresponds to locations where the
light shift of the bright state is smallest. A molecule will climb a potential hill before being

optically pumped back into the dark state °. Provided the motion occurs at a timescale

5The molecule is more likely to be optically pumped in regions with high intensity as the scattering

rate Rg. o< I.
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similar to the time it takes to optically pump the molecule, it will continue to climb
potential hills and lose kinetic energy. In figure 2.5(b) the cooling beams are red-detuned
and the bright state has a negative light shift. Molecules will on average gain kinetic energy
and thus be heated. Laser cooling in the presence of dark states was first demonstrated
for atoms [96] and more recently applied to diatomic molecules [97, 98, 99, 100] to obtain
temperatures of around 5 pK.

It is worth mentioning here that there exists another scheme which works when the
pair of beams have the same polarizations (¢ = 0). In this case there is only an intensity
gradient and dark states are destabilized using a magnetic field. Choosing a magnetic
field such that the precession from a dark to a bright state occurs on the time scale
for a molecule to move through half a period of the standing wave again ensures that
the molecule continues to climb potential hills and lose kinetic energy. Sub-Doppler
cooling mechanisms which rely on a magnetic field to destabilise dark states are known
as magnetically assisted Sisyphus cooling [101, 102].

The topic of Doppler and Sisyphus cooling of molecules will be revisited again in

Chapter 7 in the context of transverse cooling of a beam of CaF molecules.

Recoil temperature

The sub-Doppler cooling mechanisms described above do not rely on the scattering force;
thus, a different limit may be placed on the minimum achievable temperatures using laser
cooling. It corresponds to the energy gained by an atom when it spontaneously emits a
photon and is known as the recoil temperature
H2k2
" Omkg

(2.50)

For 8 Rb atoms cooled on the D, line, T, = 181 nK while for CaF molecules cooled using
the A-X transition 7, = 442 nK.

2.2.5 Scattering rate for a multi-level system

A system with multiple ground states will require more than one laser frequency to keep
on cycling photons. For a number f, of ground states coupled to f. excited states the

total scattering rate is given by’ [103]

.
(ot £+ 50, (14 5E) &2

where the indices j indicate the transition which is being driven by the laser component

Re.=T : (2.51)

with intensity /; and detuning A;. The saturation intensities for each individual transition

“This result is derived by solving a set of rate equations which do not include quantum mechanical

coherences.
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Figure 2.6: Real(a) and imaginary(b) parts of the complex polarizability of a two-level

atom plotted as a function of laser frequency detuning A.

are labelled as I ;. In the case where each laser component has the same intensity I and
detuning A the scattering rate may be written in the same form as for the two-level

system
Fe €
Ry = L S (2.52)

2 1+ sep+ 2807

with the effective decay rate I'eg = 2I'f./(f, + fe) and the effective saturation parameter
Seft = 21 (fg+ fe)/Is ng. Thus a multi-level system will have a scattering rate which is lower

than for a two-level system and will typically require a larger laser intensity to saturate
Rs..

2.2.6 Light absorption and refractive index

A laser beam propagating through a gas will induce dipole moments in the constituent
particles. These dipoles oscillate at the same frequency as the driving field and contribute
to the excitation field with a frequency detuning dependent phase. When working with
multiple waves it is easier to use complex notation and it is common to define a complex

polarizability. For low laser light intensities when 2 << T' it may be written as

D1 (2.53)
o= --——-—, .
h A+il'/2
The induced dipole moment ((f(s)> = a&p is then a complex quantity. The real and
imaginary parts of the polarizability are given by
D2 A
=_Z0_ = 2.54
D? /2
oy = =2 / (2.55)

h A2 4 (T/2)2°

To understand how the induced dipole moments affect the incident field consider a

plane wave &e!**~Y propagating through a medium with an atom number density of
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N(z,y,z). It may be shown [104] that the total field (incident plus the field due to the
induced dipoles) is given by

E(x,y, 2) = Eexp (2/ <1 + %XR) k dz'> exp (—%/ xrk dz’) , (2.56)

with xyr and x; the real and imaginary parts of the complex susceptibility defined as
N(z,y,z2)

- (g +iay) . (2.57)

x(z,y,2) =

Two important observations can be made from eq. 2.56. Firstly, the electric field of the
propagating wave is attenuated at a rate proportional to xk, also known as the extinction

coefficient. Secondly, the wave accumulates a total phase given by

(2,1, 7) = </oo (1 + %XR) dz’) k. (2.58)

which allows to define the refractive index of the medium as

1
n=1+ EXR . (2.59)

Thus the imaginary part of « is responsible for attenuation of the beam while the real
part is responsible for refraction. For A = 0 the phase of the input wave is left unchanged
ikz)

(except for the propagation phase ¢”*#). In figure 2.6 the real and imaginary parts of the

polarizability are plotted as a function of laser detuning.

2.3 Scattering theory

The collisional properties between atoms and molecules at low temperatures are important
in understanding the limitations of sympathetic and evaporative cooling. For collisional
cooling to be efficient, the rate of elastic collisions must be much larger than the rate of
inelastic collisions. In this section some basic concepts relevant to elastic scattering at
low temperatures are briefly described. The single-channel loss model [105] is introduced,
which is used later in this work to describe the inelastic scattering properties of the CaF-

Rb system.

2.3.1 Elastic scattering: partial waves and s-wave regime

Consider two structureless particles with masses m; and ms interacting via a potential
V(r). In practice, the internal structure may be ignored when the colliding particles are
in their ground states and the collision happens at ultralow temperatures. An inelastic
process which excites a particle is then energetically forbidden®. The relative motion
between the two particles is described by the time-independent Schrodinger equation

(L4 V() i) = Bt (2.0

T

8Exothermic chemical reactions may still occur.
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where m, = (mymy)/(my + ms) is the reduced mass, F = h?k?/2m, is the energy of the
relative motion and k£ the wave number of the incident wave. Because the collision is
elastic, the magnitude of k is a conserved quantity. For an isotropic potential, the radial

and angular motion may be separated and the wavefunction written as

() = Ri(r)Y;"(0,9) , (2.61)

where R;(r) is the radial wavefunction and Y;™(6, ¢) are the spherical harmonics. This
reduces the 3D problem to 1D

(o2 + Vialr)) Autr) = ER1). (262

with the effective interaction potential

(2.63)

Vet = (V(r) + m) .

2m,r?
The consequence of the separation of variables is to introduce a centrifugal barrier which
is added onto the interaction potential as shown in figure 2.7(a).

In general, the wavefunction () is a superposition of solutions with different values
of [. The physical quantity of interest, which determines the rate of elastic collisions is

the elastic cross-section

o = % (20 + 1) sin?(3(k)) (2.64)

with §;(k) the phase shift between the incoming and scattered waves. The equation above
is the result of the so called partial wave expansion of (7).

The partial waves involved in a collision are determined by the relative energy of the
colliding pair. Partial waves for which the barrier height is larger than the relative energy
will not penetrate sufficiently close to experience the interaction potential. For a van der

Waals interaction potential, the barrier occurs at an internuclear separation of

GC'Gm,, 1/4
= 2.
m= () (2.65)
which corresponds to a barrier height of
2 (RAI+1)\?
T, = 7 ( G ) , (2.66)

in temperature units. At long range the interaction between a Rb atom and a CaF
molecule may be approximated by a van der Waals potential. Using the value’ Cy =
3084FEyaS estimated in [106], the p-wave barrier, which is the lowest non-zero partial

wave, corresponds to a temperature of 134 pK. For substantially lower temperatures,

9Here Ey, is 1 Hartree and aq is the Bohr radius.
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Figure 2.7: (a) Sketch of van der Waals ~ —1/R% and centrifugal ~ 1/R? potentials. The
sum of the two lead to an attractive potential with a repulsive barrier of height T3. (b)

The scattering length as a function of the phase integral ®.

when the p-wave barrier is much greater than the collision energy, the scattering cross-
section reduces to

oo = 4ma’® | (2.67)

where the parameter a is known as the scattering length and is related to the phase shift

by do(k) = —ka. It has units of length and the result is equivalent to the one found
for scattering off a hard sphere potential. The scattering length has the following [107]
definition

a=— ki_r% w : (2.68)

The value of a depends on the interaction potential. For the case of a van der Waals

potential [108], it is given by

a:&(l—tan (@—g)) : (2.69)

with @ = 0.477988...(2m,Cs/h?)'/* the mean scattering length [109]. For the CaF-Rb
system using the value of Cy from above it is equal to @ = 35.7 A. The phase ® is given

by the WKB integral
< 2m,
cp:/ oy (R) R (2.70)
Ro

where the integration is carried out between the classical turning point Ry and infinity.

Figure 2.7(b) shows how the scattering length varies as a function of the phase integral. It
is clear that a is very sensitive to the shape of the potential. Calculating the anisotropic
interaction potential for a molecule-atom collisions is complicated and it is this fact that
makes theoretical calculations of the elastic cross-section very challenging. For simple
atom-atom collisions accurate interaction potentials are in some cases possible to be de-
termined from first principles [110] although in general experimental data is frequently

required to guide these theoretical calculations.

40



CHAPTER 2. BACKGROUND THEORY

2.3.2 Inelastic collisions

In an inelastic collision, the colliding particles may undergo a chemical reaction or a change
of the internal state. In either scenario, energy may be released which can lead to heating.
For state sensitive traps a collision which alters the quantum states may eject the particles
out of the trap. To check whether a chemical reaction of the form AB+C — CB + A
is allowed it is sufficient to compare the bond dissociation energies of AB and CB. At
ultracold temperatures the relative kinetic energy is negligible compared to the bond
strengths so that only exothermic reactions are allowed. The reaction CaF 4+ Rb —
RbF + Ca is endothermic by 0.53 eV [111] and the reaction CaF + Rb — RbCa + F is
endothermic by 5.32 eV [112]. Thus two-body Rb-CaF collisions are chemically stable.

2.3.3 Single-channel loss model

To answer whether a collision which changes the internal state is likely, quantum scat-
tering calculations are required. As mentioned above, these are challenging for a system
such as Rb-CaF. Instead, a single-channel loss model based on quantum defect theory
(QDT) [105, 113] is used. A more familiar application of QDT is in determining the
energy levels of multi-electron atoms. In the case of alkalis, the single outer electron
experiences an effective Coulomb potential. For higher electron orbitals, the potential
is very similar to a hydrogen atom. For lower orbitals, interactions with other electrons
become significant. Instead of analysing the complicated interaction potential explicitly,
the energy dependence is parametrized using a single quantity known as the quantum
defect. In this particular example, the quantum defect is subtracted from the principal
quantum number. In a similar fashion, this method may also be applied to a quantum
scattering problem where a complicated interaction potential is involved.

For a molecule-atom collision the long range interaction potential is modelled by
—Cs/RS. At low energies, a large flux of incoming particles may be reflected by the
long range potential and never reach short range where the interaction becomes much
more complicated. The scattering of particles which do reach short range are character-
ized using two parameters, y and §°. The parameter y is the loss parameter which may
vary between 0 (no loss) and 1 (complete loss) and ¢° is the scattering phase shift at short

range. The phase shift may be related to the scattering length by

QI

=1+ cot (55 - g) , (2.71)

The loss parameter is related to the probability of loss at short range by
4y

e (2.72)

Ploss =

In the limiting case when y — 1 the probability of loss p,ss — 1 and there is no dependence

of pross on 05, This is known as the universal loss regime. If y << 1, the loss depends
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strongly on the scattering length and is not universal. At zero temperature, in the limit

of universal loss, the loss rate coefficient is given by [113]
; 2gha
pUnv (7 = ) = 2200 (2.73)

my

where g = 1 for distinguishable particles and g = 2 for indistinguishable particles. For
the Rb-CaF system, ky™V(T = 0) = 8.11- 107 cm? - s7!. Away from this zero energy
limit higher partial waves begin to contribute and lead to a strong energy dependence.
In this thesis, the single-channel loss model is used to help interpret the experimental
results obtained for Rb-CaF collisions, both in the magneto-optical and the magnetic

quadrupole traps.
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3 | Setting up the experiment

The first generation apparatus for making a molecular MOT in our group was built to
demonstrate and investigate direct laser cooling of CaF. The final outcome of this work
was a sample of molecules cooled to below 10 K [98] and subsequently transferred into a
magnetic quadrupole trap [114]. Implementing a dual atom-molecule MOT and transfer-
ring both species into a conservative trap to study atom-molecule collisions required the
addition of a cold atom source. The key requirement was to create a high number den-
sity atomic sample with a good spatial overlap with the molecular cloud. Large atomic
MOTs are typically realized by loading the trap from a slowed atomic beam or a pre-
cooled cloud of atoms. Due to the experimentally demonstrated performance [115, 116|
and simplicity a 2D MOT of 8"Rb was chosen as the source of cold atoms for experiments
described here. In addition, earlier theoretical work [106| has investigated sympathetic
cooling of CaF using Rb atoms and found that Rb has promising collisional properties as
a potential coolant for molecules. Moreover, this particular isotope of Rb may be cooled
evaporatively without substantial obstacles in reaching quantum degeneracy and today
many cold atom experiments choose to work with it for this reason. Indeed, record low
temperatures of around 50 pK were obtained [117] by evaporatively cooling a gas of ¥’Rb
atoms. Furthermore, with both species having similar masses is beneficial for two reasons.
First, it helps to improve the spatial overlap in conservative traps where the gravitational
pull is significant. Second, it requires a lesser number of elastic collisions for the two gases
to thermalize (more on this could be found in chapter 8).

To implement the cold atom source a new vacuum system had to be installed in place
of the original one to extend the available optical and mechanical access. In addition, a
laser system to trap Rb atoms had to be integrated together with the diagnostic tools used
to characterize the atom and molecule clouds. These new additions and other essentials

bits of the experimental hardware are described in this chapter.

3.1 Overview of apparatus

Figure 3.1 gives an overview of the apparatus. Each part of the experiment will be
described in more detail in the sections that follow. A pulsed beam of CaF molecules is

produced by a cryogenic buffer gas source. The molecules exiting this source typically
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Figure 3.1: Overview of the experimental apparatus used to load a dual species MOT
of atoms and molecules. The vacuum chamber at the top right corner is for the optical

tweezer experiment which is not described in this thesis.

have a mean speed of about 160 m/s. They are slowed to about 10 m/s by frequency
chirped radiation pressure slowing using a counter-propagating laser beam that primarily
addresses the B2X+ — X2+ transition of the molecule. They are captured in the 3D
magneto-optical trap using laser light that addresses the A%II; /2 —X?%* transition. A cold
beam of Rb atoms is extracted from a 2D MOT and captured into the 3D MOT located
at the same position as the molecular MOT. To detect both species, the fluorescence
from the atomic and molecular MOTs is imaged onto a CCD camera. The atoms can
also be detected by absorption imaging. The MOT chamber is connected to a second
chamber and the atoms and molecules can be transported to this second chamber using
a translatable magnetic trap. The second chamber houses an experiment for capturing

molecules in optical tweezer traps; this experiment is not described in this thesis.

3.2 Science chamber assembly

The science chamber together with all the key components are shown in figure 3.2. The
chamber was designed in house and was machined by Kimball Physics. 1t is made out of
stainless steel with electro-polished walls to reduce adsorption of background gasses and
thus the load on the pumping system.

In-vacuum coils are used to generate the magnetic quadrupole field for trapping
molecules and atoms in the dual species magneto-optical and magnetic quadrupole traps.

The current to the coils is delivered using a pair of high current (up to 30 A) electrical
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vacuum feedthroughs connected to the chamber via two DN16 ports. A set of 3 pairs of
coils are used to control the magnetic field important for cooling atoms and molecules to
the lowest temperatures and the quantum state preparation steps.

A turbomolecular pump is connected to the system away from the main body of the
chamber to reduce the vertical extent of the chamber assembly. This provides with space
for a set of coils (not shown here) used to magnetically transport molecules to another
chamber where the optical tweezer experiment will take place. No other details of this
experiment will be provided in the rest of this thesis.

For fluorescence imaging, a high numerical aperture lens is mounted inside a custom
made lens holder clamped down to the bottom flange of the chamber. Having the lens
inside the chamber increases the light collection efficiency by at least a factor of 4 compared
to a lens with the same size aperture placed outside the chamber at the closest possible
position from the region where the molecules are trapped.

A cylindrical aluminium shield is clamped down to the bottom flange and serves as
a light baffle that helps to reduce background and scattered light reaching the detection
system. Most of the in-vacuum components are covered in black paint to further reduce
light scatter as will be described in some detail below. Optical access through the light
baffe is provided for all the CF16, CF40 and the CF63 ports as well as along the extension
tee where the molecule slowing laser light propagates.

A separate and modular assembly to create a 2D MOT of Rb atoms is connected to the
chamber using one of the CF16 ports. The atom trap is formed in a glass cell connected
to the science chamber via a differential pumping stage. An aluminium cage protects the
fragile glass cell and holds the 2D magnetic quadrupole coils. The optical assembly to

deliver the trap light attaches to this aluminium cage.

3.2.1 Magnetic quadrupole coils

The magnetic field required to capture the molecules and atoms in a MOT and later in a
magnetic quadrupole trap is generated by a set of coils inside the vacuum chamber. In the
first iteration of the CaF MOT experiment it was found that having large coils outside
the vacuum chamber produces a fringing magnetic field at the region of the incoming
molecular beam which significantly impedes the laser slowing and thus the obtainable
flux of molecules below the capture velocity of the MOT. Since rapid current switching
of coils with a large inductance is technically challenging [118] it was decided to install
smaller coils inside the vacuum chamber. The reduced size of the coils eliminates the large
fringing field, enables fast switching of current and minimizes the eddy currents induced
on the surfaces of the chamber. The challenge then becomes to design these coils such
that they are UHV compatible when in operation with currents required for the MOT

and magnetic trap.
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Figure 3.2: The science chamber assembly. In-vacuum coils generate the magnetic
quadrupole field and a set of 3 coil pairs outside the chamber are used to cancel the back-
ground magnetic field and apply small, well-controlled fields. A high NA lens inside the
chamber collects the light induced fluorescence from the trapped molecules. A cylindrical
light baffle reduces the amount of background and scattered light reaching the fluorescence
detection system. The assembly to create a 2D MOT of atoms is attached to the main

chamber via a differential pumping stage.

Figure 3.3 shows the in-vacuum coil assembly. Two pairs of copper spirals are laser
cut out of 2 mm thick copper sheets and act as the electromagnets. Each spiral has 14
turns with a wire thickness of 0.8 mm. The spacing between each turn is only 0.4 mm.
While the spirals are being laser cut thin bridges of material must be left between the
adjacent turns so that the spiral does not spring out. These bridges have to then be
carefully removed to ensure that consecutive windings of the spiral are not in electrical
contact with each other. As the number of turns increases it becomes significantly harder
to maintain the original shape of the spiral once the retaining bridges are removed. Laser
cut steel combs (with 0.4 mm width teeth) are used to aid the assembly of the coils and
to prevent the spirals from deforming while the retaining bridges are being removed. The
clamping alumina plates have small slits so that the spiral may be secured in place without
first removing the steel combs. To remove the retaining copper bridges a scalpel knife is
used. In the future this process may potentially be simplified by annealing the copper

sheets before the spirals are cut. This would reduce the stress in the copper sheets while
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Figure 3.3: The in-vacuum MO'T coils consist of two pairs of copper spirals each with 14
turns. The spirals are clamped between alumina and aluminium nitride plates both of

which are bolted onto a copper spacer. Spirals in each pair are interconnected.

it is shaped into a spiral.

Aluminium nitride is used for the base plates since it has a high thermal conductivity,
is UHV compatible and is reasonably rigid. Aluminium nitride can not be laser cut and
may only be machined using specialized tooling. For this reason these were subcontracted
to an external company (Precision Ceramics) while the rest of the coil assembly was made
in house. The clamping plates are laser cut out of 2 mm thick alumina (aluminium oxide)
sheets. Each spiral pair is connected in series with small screws and then secured on the
aluminium nitride base plates by sandwiching them between the alumina clamps. Because
alumina is brittle and breaks easily under mechanical stress each spiral is held down using
a pair of alumina clamps. The connections to the electric current vacuum feedthroughs

are made using a UHV compatible electrically insulated copper wire.

Field gradient and switching time

When the coils are operated in an anti-Helmholtz configuration they produce a magnetic
field gradient of 3 G-ecm™!-A~! in the axial direction. The magnetic field is mapped out
using a Hall probe prior to installing the coils into the science chamber. The gradient is
found to be uniform over a region of at least 20 mm in the axial and radial directions.
The typical current used for creating a dual species MOT is 10 A. Given that a single
copper spiral is 2.26 m long the total dissipated power at this current is around 9.5
W. Although the temperature of the coil assembly in UHV conditions is not measured
separately it is found that for a current of 15 A the background pressure in the science

chamber jumps up by more than an order of magnitude 10-20 s after switching on the
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Figure 3.4: Calibration of the three pairs of shim coils by driving a magnetically sensitive
transition in CaF. (a) Along the y-axis; (b) along the x-axis; and (c) along the z-axis. The
measured shift in transition frequency is converted to an absolute value of the magnetic
field.

coils. This is most likely due to the paint which covers the coil assembly (section 3.2.3)
heating up and beginning to outgas. Luckily, at a current of 10 A no change in background
pressure is observed over an hour of continuous operation.

A power supply delivers up to 35 A of current to the MOT coils. To control and
rapidly switch the current flow a feedback circuit is used. The 1/e current rise/fall time

is measured to be around 500 us.

3.2.2 Shim coils

Three pairs of coils set up in Helmholtz configuration are used to control the magnetic field
at the centre of the science chamber. To calibrate the coils the [N = 1, F = 0, Mp = 0) —
IN=0,F =1, Mp = +1) rotational transition in CaF is driven and the resonance fre-

quency is measured!. The total magnetic field at the position of molecules is given by

B = [ (By 4 bo)? + (B + by )2 + (B + bo)? (3.1)

T

with {Bg, By, B} the applied magnetic field components along the three orthogonal di-
rections and {bgg, boy, by } the stray magnetic field components along the same directions.
Due to the Zeeman effect the transition frequency is shifted by an amount f = pgBro/h-
Starting with the shim coils along the y-axis, the magnetic field is varied along all three
orthogonal directions independently and the transition frequencies are measured. The
magnetic field generated by each set of shim coils is proportional to the current and may
be expressed as Bro, = (;1;, with i € {z,y, z}.

Figure 3.4 shows the calibration curves for all three shim coil pairs. The measured
transition frequencies are converted to the absolute value of the magnetic field By, at the

position of the molecule cloud. When the applied field from one coil is small compared to

!The experimental sequence used to drive microwave transitions in CaF is described in detail in

section 6.3.
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the background in the orthogonal directions, the total field varies quadratically with the
applied field. Once the applied field is much larger than the background in the orthogonal
direction, the scaling becomes linear. In these experiments, the x and y backgrounds were
zeroed first. The field then scales linearly with the current applied to the coils in the z-
direction. Fits to these data give the following calibration coefficients 5,=599(1) mG/A,
p,=766(1) mG/A and /5,=2202(22) mG/A.

3.2.3 Reducing light scatter

Capturing large numbers of molecules in a MOT is not yet possible. Typically up to
2 - 10* molecules may be captured into the MOT and significantly less than that before
the alignment of the trap beams and laser frequencies are fully optimized. Because CaF
molecules are detected by collecting their light induced fluorescence by the main cooling
light the smallest detectable signal is usually limited by the background scatter of these
laser beams. For a 100 mW trap beam traversing an AR coated viewport with 99.9 %
transmission roughly 10!* photons may be scattered by the viewport surface in 1 ms. By
comparison, with a detection efficiency of 1 % and a scattering rate of 2 MHz a thousand
molecules would give a signal which corresponds to only 2 - 10* photons. Thus even a
small fraction of the scattered laser light reaching the detector could be comparable or
far larger than the detected signal from fluorescing molecules.

There are two ways in which the background scatter may obscure or limit the de-
tectable signal from fluorescing molecules. Firstly, for extremely small signals an exces-
sively large background may simply saturate the detection instrument due to its finite
dynamic range and thus make the discrimination of the signal from the background im-
possible. Secondly, even if the background level is comparable or smaller than the signal
from molecules, the shot noise will enforce a limit on the smallest detectable signal. For
low light applications in microscopy an effective and commonly used tool for increasing the
signal-to-noise ratio is to spatially filter out the background light with the aid of a small
aperture placed at the Fourier plane of a 4f imaging system. To image CaF molecules a
field of view of around 1 cm is required due to the rather large size of the cloud, making
spatial filtering ineffective.

To reduce light scatter reaching the CCD camera the cylindrical light baffle and all
other parts within the science chamber are coated with a vacuum compatible black paint
MH2200 from Alion Science. This paint should absorb >98 % of visible light. To ensure
the paint will not compromise the vacuum all coating and paint curing procedures must
be followed carefully. Two layers of paint are applied immediately one after the other
using a spray gun. The paint is then allowed to dry in air for 72 hours. The parts
are then baked in an oven at a 200 °C temperature for 8 hours. Once cooled down the

quality of the coating is tested under UHV conditions at a temperature of 150 °C. A
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Figure 3.5: Reducing scattered trap light from AR coated view ports using (a) apertures
of 23 mm diameter inserted into the chamber ports. In (b) the blackened science chamber
assembly is shown. (c) An image of the CaF MOT through the in-vacuum collection lens

and the CF63 detection view port taken with an amateur camera.

separate chamber is used for this purpose where a pressure of 10~7 mbar is maintained by
a turbomolecular pump while the chamber is hot. A dummy glass view port is attached
to this chamber and thoroughly investigated for any suspicious deposits after baking the
parts over night. Using this procedure, one can asses whether the paint cured properly
and all coated components can safely be installed into the science chamber. The base
solvent of this paint is xylene so it may be used to wipe off erroneously coated spots
although it becomes ineffective after the paint has been cured. For multiple uses of the
paint it must be kept refrigerated. In the first iteration of the spray painting procedure a
batch of paint close to its expiry date and kept at room temperature for several months
was used. After curing the paint large parts of it peeled off while others where hard to
remove intentionally. This, of course, required to repeat the procedure from the start.
The cylindrical light baffle primarily helps to reduce the background lab light that
enters the chamber through all of its viewports and reflects off its shiny concave walls.
The viewports themselves are indeed found to scatter a significant amount of the trap light
into the detection system and are the dominant source of unwanted background signal.

To mitigate this, the 4 viewports in the horizontal plane are connected to the science
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Figure 3.6: Evolution of the background pressure in the science chamber during bakeout.
A maximum temperature of 150 °C is obtained. Once cooled down the pressure in the

chamber falls to below 5 - 10719 mbar.

chamber via extension pieces which increase the distance from the detection optics. To
block light scattered from the viewports apertures coated with MH2200 are inserted into
the chamber ports as shown in figure 3.5(a). The complete blackened assembly is shown
in figure 3.5(b) with an image of molecules fluorescing in the MOT shown in figure 3.5(c).
Quantitative measurements of the background scatter and the achieved signal to noise

ratio are postponed to section 3.7.2.

3.2.4 Reaching and maintaining UHV

UHV conditions in the science chamber are reached and maintained using a turbomolec-
ular pump (Twiss Torr 804 FS) with a pumping speed of 240 1/s. The backing pressure
for this pump is maintained at 5- 1073 mbar using a Leybold ScrollVac Plus scroll pump.
At this pressure the compression ratio for pumping all gases is completely saturated?.
After assembly, the chamber is leak checked using a helium leak checker and a leak rate
of below 107!° mbar-1/s is found.

Figure 3.6 shows the evolution of the background pressure in the science chamber
measured using a Leybold IONIVAC I'TR 90 ion gauge. After a day of pumping a pressure
of roughly 10~7 mbar is reached. At this point the chamber is heated up to 100 °C over
the course of several hours. The temperature is increased further up to a maximum of
150 °C. Subsequently, over about 90 hours, the temperature of the glass cell is monitored
in several different locations and ensured to be uniform during the bakeout within a few
degrees. This is important for avoiding temperature gradients which, due to different
thermal expansions of steel and glass, could damage the cell. Heating of the chamber

speeds up the removal of gases adsorbed by the chamber walls and other vacuum parts.

2The mean free path of air molecules is larger than the distance between the pump blades so that
there is no back flow of gas towards the UHV side. In this regime, the compression ratio depends only

on the blade rotation speed and the mass of molecules being pumped.
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Figure 3.7: The energy level structures relevant for laser cooling of CaF molecules and
8TRb atoms. Light used to slow the molecule beam is denoted as L5, and is tuned to drive
the B2t (v = 0,N = 0) + X?%F (v = 0, N = 1) transition. The MOT and cooling
light, denoted as L§,, is tuned around the A2H1/2(1/ =0,J =1/2,+) «+ X2 (v =
1, N = 1) transition. In total 3 vibrational repumpers are used to maintain molecules in
the cooling cycle and these are labelled as L1, L£o1, L£32. All these frequency components
have sidebands added to them to address the 4 hyperfine levels in each of the ground
electronic state vibrational levels. To cool 8Rb atoms the F = 2 — F’ = 3 transition is
used, atoms that leak into F' = 1 are brought back to the cooling cycle with light tuned to
drive the F =1 — F’ = 2 transition. These lasers are labelled as E%b and Egb respectively.
Light tuned to drive FF = 2 — F’ = 2 is used to optically pump atoms and is denoted
as £%€3 . The wavy arrows indicate spontaneous decay channels. The decay probabilities

from v/ =0 to v =0, 1, 2, 3 vibrational levels are also shown.

Once cooled down, a pressure below 5 - 1071Y mbar is reached, which is the lowest value

the ion gauge can register.

3.3 Laser systems

A total of 8 narrow linewidth laser systems are used in this work. Laser slowing and cooling
of CaF molecules requires 5 different wavelengths while to cool and trap Rb atoms only
two wavelengths are needed. The last laser is used as a frequency reference. Towards
the end of my work in the lab an additional laser was added for transverse cooling of the

molecular beam as described in chapter 7.
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Relevant CaF structure

The energy level structures of CaF and Rb relevant for laser cooling are shown in figure 3.7.
Light used to decelerate the molecular beam (L) is tuned to drive the B*YT (v = 0, N =
0) «+ X?2* (v =0, N = 1) transition. A molecule excited to B*Y (v = 0, N = 0) will
decay back to v = 0 with a 0.999 probability so that roughly 1000 photons will be
scattered before the molecule decays to another vibrational level and is lost. The laser
(L£5,) which returns the population leaked to v = 1 back into the cooling cycle is tuned to
the A%IL; (v = 0, N = 0) < X?Y"(v = 1, N = 1) transition and increases the number
of scattered photons up to ~ 3-10* [119]. The CaF MOT and cooling light (L§,) is
tuned around the A%l )p(v = 0,J = 1/2,+) < X?°S*(v = 0, N = 1) transition. The
Franck-Condon matrix for this transition is not as diagonal as the one used to slow the
molecular beam thus a total of three repump lasers (L9, £21 and L3) are required to
retain molecules within the cooling cycle. Only the £ laser is used to repump molecules
via v/ = 0 while the repumpers for retrieving population from v = 2 and v = 3 do not use
the v/ = 0 state. This allows to substantially increase the scattering rate [119]. The A®II; 5
and B2Y* excited states have decay rates of I' = 27 x 8.3 MHz and I' = 27 x 6.3 MHz
respectively. Each vibrational level in the ground state is split into 4 hyperfine levels.
The frequency components required to address these are generated using electro-optic

modulators (EOM’s) and the necessary sidebands are added onto all 5 laser frequencies.

Relevant Rb structure

Atoms are trapped and cooled on the D, line of 8"Rb. Trapping and cooling light is tuned
around the F' = 2 — F’ = 3 transition and is denoted as £%;. This is also the transition
used to image the atoms. For a typical light intensity and detuning used to create a MOT
the £&, light will off-resonantly excite the F' = 2 — [’ = 2 transition at a rate of roughly
30 kHz. From there the decay channel to F' = 1 is open and thus all of the atoms will
quickly be pumped into a state not addressed by the cooling light. To circumvent this a
repumping laser (£%,) drives the F' = 1 — F’ = 2 transition and ensures that the cooling
transition may always be driven. The F' = 2 — F’ = 2 transition is used to optically

pump atoms into a dark state and spin polarize the atom cloud for magnetic trapping.

3.3.1 CaF laser system

Light at 606.3 nm , labelled as L§,, and 628.6 nm, labelled as Lo, are derived from
two very similar systems: the output of an infra-red laser diode (Toptica DL PRO) is
amplified by a Raman fibre amplifier (MPB VRFA-P) and then frequency doubled in a
non-linear crystal to produce the desired frequency. The two laser diodes produce light

at wavelengths of 1212 nm and 1256 nm. After amplification and frequency doubling, the
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available L5, and L, laser powers are 1.0 W and 1.8 W respectively. The frequencies
of these lasers are tuned by varying the angle of the feedback diffraction grating in the
master lasers. Slowing light at 531 nm L3, is generated by amplifying the output of a
distributed feedback (DFB) laser (Koheras from NKT Photonics) which is then frequency
doubled in a non-linear crystal. The output frequency may be tuned by varying the length
of the DFB fibre in the seed laser. This laser system produces a maximum of 1 W of laser
power® at 531 nm.

To repump molecules from the v = 2 and v = 3 vibrational levels a pair of lasers,
labelled as L£57 and L35, at wavelenghts of 628.1 nm and 627.7 nm are used. In the MOT,
populations of molecules in these two levels are low. It is found empirically that peak laser
intensities of 30 mW-cm~2 for repumping from v = 2 and 2 mW-cm~?2 for repumping from
v = 3 are sufficient. A distributed Bragg reflector (DBR) laser diode (Ferdinand Braun
Institute) with an output power of around 5-7 mW is used to seed a free-running higher
output power laser diode (Ushio HL63263DG or HL63163DG). The output power of the
bare DBR would not be sufficient, especially when losses through the optical setup are
taken into account. The output frequency of the DBR laser may conveniently be tuned
by varying the current and temperature of the diode with an in-built Peltier element.
The diode is thermally connected to a two-stage water and electrically cooled platform
housed in a home-built enclosure. The diodes are operated below the dew point of air
at atmospheric pressure to obtain the desired lasing wavelength. Because of this, the
enclosures are maintained at rough vacuum to avoid condensation of water vapour. The
output of the DBR laser diode is fed into the higher output power diode operated with
a current of around 100 mA. The specified output wavelengths for the HL63263DG and
HL63163DG diodes are 638 nm and 633 nm respectively at room temperature. To shift
the laser gain profiles towards the required wavelengths the diodes are cooled down. The
HL63263DG laser diode is used to amplify Lo light and is cooled down to around -20 °C
while the HL.63163DG diode is used to amplify the L35 light and is cooled down to around
-5 °C. In practice any of the two models may be used to produce the desired wavelength
though the particular mentioned order leads to a longer life span of the diodes. Provided
that the operating current does not significantly exceed 100 mA the average life span
is around 3-6 months. The DBR laser diodes last much longer and do not have to be
replaced over a couple of years of continuous operation.

Figure 3.8 shows a simplified schematic of the CaF laser system. A small fraction
of the output of each laser is used to monitor the frequency using a wavemeter. The

wavemeter has an accuracy of only 100 MHz so it is used for coarse adjustment of the

3Tn practice a maximum of 0.7 W is used in the experiment. This is because the light inside the fibre
amplifier creates an effective grating and when the seed frequency is changed rapidly the amount of back
reflection from this effective grating increases. Luckily, the laser unit detects this back reflection and

automatically switches off the amplifier to prevent damage.
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laser frequencies. The different wavelengths required to make the MOT are combined in
a fibre cluster (Schéfter and Kirchhoff ) which has a single fibre as its output. The Lo,
L3> components must have the same polarization due to the optical layout of the cluster
and are thus combined into a single input fibre using a 90:10 beam splitter. Since less L35
optical power is required most of the power at this frequency is sacrificed on the beam
splitter. There is a dedicated input fibre for all other wavelengths and a typical coupling
efficiency of 70 % is obtained in each port.

Frequency components to address the hyperfine levels in each of the vibrational levels
of the ground electronic state are generated using home built EOM’s. An EOM driven
at 72 MHz modulates L, to generate sidebands which address the F=1~, 0, 2 hyperfine
components while an AOM is used to obtain the frequency to address the F=1" com-
ponent. The L,, L10, L21, L32 beams are modulated using EOM’s driven at 24 MHz.
The drive amplitudes are chosen to extinguish the 1st order sidebands and to create 2nd
and 3rd order sidebands. This addresses all of the hyperfine components. A chain of
three EOM’s driven at 8 MHz, 24 MHz and 72 MHz is used to frequency broaden the
L3, light so that it addresses a wide range of molecule velocities. The sideband structures

generated by each EOM are monitored with a pair of dedicated Fabry-Perot cavities.

The CaF MOT requires two orthogonal circular polarizations. To produce these, two
separate fibre inputs into the fibre cluster are used. Fine control of the Ly frequency
is obtained using a double-pass AOM which simultaneously shifts the detuning of all 4
sidebands.

3.3.2 Rb laser system

The main atom cooling light £%, and hyperfine repumper L%, are derived from two
separate commercial tapered amplifier systems from Toptica. Each laser can produce
up to 3 W of output power although only around 60 % of the available power may be
coupled into a single mode fibre. Both lasers are kept on a separate optical table. The
LS, light is delivered to the light distribution system with a pair of optical fibres while
L% is delivered with a single fibre. The larger fraction of the cooling light is used for
the 3D MOT, push beam and absorption imaging while the smaller fraction is used for
the 2D MOT and optical pumping. The frequencies of these components are finely tuned
using AOM’s. The repumper light is combined both with the 2D and 3D cooling light
into single beams before being coupled to the optical fibres which deliver the light to the
experiment. A pair of 1-3 fibre splitters from Fuvanescent Optics are used to deliver the
trap light to the science chamber and make a six beam 3D MOT. The splitting ratio is

balanced to within a few percent.
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Figure 3.9: Simplified schematic of the Rb light distribution system. The hyperfine re-

A

pumper, 2D and 3D MOT cooling, absorption imaging, push beam and optical pumping

component frequencies are controlled independently using AOM’s.

3.3.3 Frequency stabilization

The reference laser is locked to the F' = 2 — F’ = 2,3 cross-over feature of the 3'Rb D,
line produced using Doppler-free saturated absorption spectroscopy. The stability of this

laser is transferred to all of the laser systems used in this work as described below.

Frequency offset lock

The Rb cooling and repump lasers are stabilized using electronic offset locks. Figure 3.10
shows a schematic of the offset lock setup. Laser beams from the laser to be stabilized
(slave) and the reference (master) are combined onto a beam splitter and coupled into
a single PM optical fibre ensuring that both polarizations are aligned along a common
axis. The fibre delivers the combined light (roughly 200 pW of optical power for each
frequency component) onto a fast photodiode (Hamamatsu G4176-03) that produces a
signal at a frequency equal to the difference between the master and slave (beat note).
The signal is first amplified and then mixed with the output of a frequency tunable local
oscillator. The mixed down signal is equally divided into two and fed into the error signal
circuit. The first part passes a low-pass frequency filter and a passive -3 dB attenuator.

The second branch is used as a reference and is attenuated by -6 dB. Both signals are then
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Figure 3.10: The Rb frequency offset lock setup described in detail in the main text. The
graph shows traces of the saturated absorption spectrum corresponding to transitions from

F=2 in purple and the error signal used to lock the cooling laser in grey.

rectified to produce a DC signal, the reference is inverted and finally added to produce
an output voltage proportional to the frequency of the input signal. When the frequency
of the input signal coincides with the -3 dB point of the low-pass filter the two input
branches will have equal powers thus producing 0 V at the output of the error signal
circuit which serves as the laser frequency lock point. The power ratio of the two signals
may be changed by using different attenuators to adjust the zero-crossing of the error
signal. To change the lock point, the frequency of the tunable local oscillator is varied.
The error signal is fed into a proportional-integral controller which servos the slave laser
frequency around the 0 V set point. Figure 3.10 shows the offset lock error signal used to
stabilize the cooling laser as it is scanned through the F' = 2 transitions. Two symmetric
features are produced corresponding to the same absolute value of the frequency difference
between the optical beat note and the local oscillator. Either one of the features may be

chosen as the lock point by simply switching the sign of the gain on the PI controller.

Transfer cavity lock

Light from each of the CaF lasers is coupled into one of a pair of scanning Fabry-Perot
cavities. The transmission of each component through these cavities is monitored by
a computer programme which fits a Lorentzian function to the transmission peak and
determines its location on the voltage ramp supplied to the cavity. The length of both

cavities are locked to the reference laser: the offset ramp voltage is actively adjusted to
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maintain a constant position of the reference peak on the voltage ramp. The error signal
used to lock the experiment laser is thus generated by measuring the difference between
the reference and slave laser transmission peaks. When locked the LS, £5,, Lo lasers
have an RMS frequency noise of around 1 MHz while the noise of the £15 and L3 lasers

is in the range of 2-3 MHz.

3.4 The 2D MOT assembly

The 2D MOT chamber assembly is shown in figure 3.11(a). The glass cell is from Triad
Technologies and is made out of Pyrex. The cell has no AR coating. It is bonded onto
a CF40 flange and has dimensions of (30x30x100) mm. A hollow steel tube of 125 mm
length and an inner diameter of 8 mm connects the glass cell and science chambers via
a custom 4-way CF cross. The end of this tube facing the glass cell has a thin facet
welded onto it and a 2 mm diameter hole drilled through it. The total conductance of

the differential pumping stage is given by
1 1 1

= + , 3.2
CTot C1Aperture CVTube ( )
with the conductances of the aperture and tube given by
wd%v

CAperture - A h (33)

7T'UthD3
e = 3.4
e = 70 (3.4

Here d is the diameter of the aperture, D is the diameter of the tube and [ is the length.
The mean thermal velocity of atoms is given by
8kgT

= 3.5
Uth JE, ) ( )

with T' the temperature of the gas and m the mass of the constituent atoms or molecules.
From the above equations, the total conductance is equal to 0.12 1/s for Rb vapour at room
temperature. The turbomolecular pump which maintains UHV in the science chamber
has a pumping speed of 250 1/s thus the pressure will drop by more than three orders of
magnitude between the glass cell and science chambers. The Rb vapour pressure in the
glass cell does not exceed 107% mbar so that a pressure of around 5 - 107!° mbar in the
science chamber should be possible to maintain. The tube length is chosen so that the
2D MOT may be formed next to the exit aperture. This reduces the amount of time a
laser cooled atom must travel from the cooling region to the exit aperture and minimizes
losses due to divergence of the atom trajectories and collisions with background gas.

A pair of current feedthroughs on each side of the 4-way cross are used to deliver

electrical current to the Rb dispensers. In total 4 Rb dispensers are installed. Each
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Figure 3.11: (a) Glass cell and differential pumping arm assembly. (b) The setup to make
a 2D MOT of atoms. The cooling and repumper light are combined into a single beam
which is split into two and wrapped around the cell. Two CCD cameras are used to observe

the 2D MOT.

dispenser resides within the tube of the 4-way cross so most of the active surface area
does not have a direct line of sight to the trap region and a large fraction of the dispensed
atoms may stick onto the surrounding walls. Ideally these should be closer to the trap
region which would enable to use lower current to obtain the same Rb vapour pressure in

the glass cell.

Optics assembly

A schematic of the setup used to deliver the cooling light to the glass cell and form a
2D MOT is shown in figure 3.11(b). Two pairs of rectangular coils in anti-Helmholtz
configuration produce a magnetic quadrupole field: the field is zero along the z-axis and
varies linearly in x-y plane. A single beam with a 1/e? radius of 7 mm contains the cooling
and repumper light. The beam is split into two on a PBS cube to address the x and y trap
axes. Fach beam is then again split into two beams of equal intensity using a PBS cube
and prism pair. Before entering the chamber both beams are circularly polarized using a
pair of quarter wave plates. Finally, after passing the cell both beams are retroreflected
with a mirror which has a A\/4 phase retarder integrated onto its surface. Because of the
small gap between the pairs of beams traversing the glass cell two distinct trap regions
are formed. A push beam with a 1/e? radius of 3 mm propagates along the z-axis and is
used to accelerate the cooled atoms out of the glass cell. Two CCD cameras are used to
observe the 2D MOT and aid the initial alignment of trap light.
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Figure 3.12: Schematic cross-sections of the buffer gas cell used to produce cold CaF

molecules.

3.5 Molecule source

The design and characteristics of the buffer gas source of CaF molecules are described in
detail in [120] and here only a brief review is given. Based on some of the rather painful
experiences while working with this source a new cell was designed (but not yet tested).
The new design is presented in appendix B.

A schematic cross-section of the buffer gas cell used in this experiment is shown in fig-
ure 3.12. It is machined out of deoxygenated copper and has dimensions of 30x30x40 mm
and an inner bore diameter of 10 mm. The cell is bolted down to a cryostat cooled to
a temperature of 4 K using a cryocooler. A laser pulse with an energy in the range of
5-10 mJ and a spot size of roughly 1 mm ablates a solid Ca rod inside the cell. New
areas of the rod may be exposed to the ablation laser by rotating and advancing it via a
vacuum feedthrough. The ablated Ca atoms react with SFg to produce CaF which then
thermalise with the cold He atoms via elastic collisions. The flow of He and SFg gas into
the buffer gas cell is controlled using a pair of mass flow controllers. Flow rates of 0.3 sccm
and 0.05 sccm are found to work best in terms of the long term consistency in the number
of molecules captured into the MOT. A beam of cold CaF molecules is extracted out of
the cell through a 3 mm diameter aperture and propagates towards the science chamber.

A copper cylindrical shield with its inner surfaces delicately coated with coconut char-
coal is bolted down to the cold head and also cools to around 4 K. At temperatures below
8 K charcoal starts to absorb He gas efficiently [121] and thus reduces the background
pressure in the vicinity of the buffer gas cell. When the source is running the background
pressure rises from around 3 - 10~® mbar to 1-2-10~7 mbar.

After a day of running the source, the He compressor is switched off, after which the
background pressure spikes up to 107! mbar and quickly falls back down. This large
spike in pressure happens when the charcoal temperature rises by a few Kelvin and the
absorbed He gas is suddenly released. It is found that a warm up and subsequent cool

down cycle over the night helps to maintain more consistent performance of the source.
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This may be due to SFg gas freezing? on the cell walls and affecting the thermalization
process.

The source used to produce up to 5-10'° molecules/steradian in the v = 0, N = 1 state
with a mean pulse velocity of roughly 160 m/s though since its inception the performance
has degraded substantially. Amongst the many small changes made to this source the
two which made the biggest improvement were: (i) renewing the charcoal shields and (ii)
swapping out the Ca rod with a new one. When the new Ca rod was installed it was
slightly too large and when the cell was cooled to 4 K it would get jammed. Under such
circumstances the molecular beam had a 20-30 % lower forward velocity and a substantial
increase in the number of molecules captured into the MOT was observed. Again, one can
only speculate about the reasons for this improvement but this would intuitively suggest
that a better thermal contact of the Ca rod with the cell improved the source performance.
After various such small changes throughout a couple of years the source now allows to

capture 50-60 % of the previously recorded numbers of molecules into the MOT.

3.6 Science chamber optical setup

The complete optical setup around the science chamber is shown in figure 3.13. The CaF
MOT vibrational repumpers Lo, Lo1, L35 are combined with the CaF cooling light L,
into a single beam. The available laser powers for L1 and L, light are not sufficient’® to
make a molecule MOT using three independent beams thus the optical power is recycled
by wrapping a single beam around the chamber. At the output of the collimator, the CaF
trap beam has a 1/e? radius of 8.2 mm. Losses in optical power as the beam traverses
the various optical components causes a significant intensity imbalance in the counter-
propagating beam pairs. The loss in power is compensated to some extent by slightly
focusing the beam.

The Rb MOT is made using six independent laser beams. Each beam contains up to
20 mW of cooling and around 3 mW of repump power. The beams are collimated to a
1/€? radius of 10 mm and may each be steered using dedicated mirrors. The CaF and Rb
beams are combined on dichroic mirrors: the CaF light is reflected while the Rb light is
transmitted. Before entering the chamber both beams are circularly polarized with the
appropriate handedness using dichroic quarter wave plates. For certain linear polarization
orientations it was found that the dichroic mirrors may act as quarter wave retarders for

the Rb light in transmission, producing circularly polarized light. In general, a laser beam

4The melting point of SFg is at 209 K
®The maximum output power of the L5, used to be 600 mW throughout most of my PhD although

the laser was specified for 1 W of output power. This turned out to be due to a laser controller software
issue which was recently fixed enabling to run the laser at full power. Making a three beam MOT which

captures the same number of molecules as the single beam MOT may now be possible.
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Figure 3.13: Science chamber optical setup. The various beams are indicated using the
following notation. Egb: Rb 3D MOT cooling; £Eb: Rb 3D MOT repump; L%]])D: Rb 2D
MOT; Egb: Rb absorption imaging probe beam:; Egg : Rb optical pumping beam:; Egoz
CaF MOT cooling; L19, L£21, L32: CaF MOT repumps; EgO: CaF slowing; E?O: CaF slowing
repump; L’gaPF: CaF B-X optical pumping beam. For clarity, the vertical trap beams are

not. Also indicated are the frequency spectra of the lasers for CaF. A microwave horn is

used to couple 20 GHz microwaves into the science chamber.

which is not polarized either parallel or orthogonal with respect to the plane of incidence
will have its polarization altered. For this reason half wave plates are used to set the

linear polarization of the Rb beams before they go through the dichroic mirrors.

The weakest point of the current setup is the way the CaF trap light is coupled into the
science chamber. The beam traverses a total distance of 6-7 m which makes it particularly
sensitive to small mirror misalignments. In practice it is found that the first and retro-
reflecting mirrors need to by adjusted very slightly every several days to maintain a similar
molecule MOT performance. The standard procedure is to align the beam through the
centre of each of the vacuum view-ports which typically produces a somewhat distorted
cloud shape. Small adjustments are then made to the first and last mirror while observing
the shape and brightness of the trapped cloud. In the future the plan is to try a three

beam MOT which would make the standard alignment procedure more reproducible and
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would enable better control of the trap beams.

The CaF slowing light £3, is combined with a frequency broadened vibrational repump
L1y into a single beam and is coupled through the science chamber along the molecule
beam line. The beam is slightly focused in order to provide some cooling force to the
molecules along the transverse direction.

The optical pumping beam L& used to prepare atoms in a single quantum state is
combined with the slowing light on a dichroic mirror. The B-X optical pumping beam
L8P used to pump molecules into the spin stretched state is coupled into the chamber
using a CF16 viewport. Finally, a microwave horn is used to couple 20 GHz microwaves

into the science chamber.

3.7 Fluorescence imaging

The molecule cloud is imaged by collecting the light induced fluorescence (LIF) by the
LS, trap beams®. Figure 3.14 shows the fluorescence imaging setup. A plano-convex lens
with a back focal length of 50 mm and a clear aperture of 50.8 mm is situated inside the
science chamber. The lens is positioned such that the collected LIF is focused to infinity.
An aspheric lens outside the chamber images the collected light onto an interline transfer
CCD camera (Hamamatsu Orca R2). Background and laser light from the vibrational
repumpers is blocked by a band-pass interference filter centred around 605 nm with a
bandwidth of 4 nm. When using the fluorescence imaging system to image the atom
cloud the interference filter is swapped for a neutral density filter.

The total magnification of the imaging system is measured by releasing a molecule
cloud from an optical molasses and allowing it to drop freely under gravity. By tracking
the position of the cloud as a function of time and using the pixel size of the CCD array
it is possible to estimate the magnification. For this fluorescence imaging system the

magnification is found to be 0.47, which is very close to the design value of 0.5.

3.7.1 Imaging molecules

The geometrical light collection efficiency of the imaging system is found using numerical
optical ray tracing. The mathematics of ray tracing is described in detail in appendix A.
The molecule cloud is modeled by a Gaussian spatial distribution of 1.2 mm radius in all
three dimensions. In total 2000 particles are used in the simulation. A bundle of optical
rays sampled from a uniform spherical distribution of angles represents the photons a
molecule scatters in random directions. These rays are propagated through the optical

system and the fraction of rays hitting the detector of a given size is calculated.

6Note that the £i¢ light also causes the molecules to fluoresce.
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Figure 3.14: Fluorescence imaging setup. An in-vacuum high numerical aperture lens
collects the LIF from the molecules. The light is focused to infinity and coupled out
through an AR coated CF63 vacuum view port. An aspheric lens is used to image the
LIF onto an interline CCD camera. A band-pass interference filter blocks background and

vibrational repumper light.

In figure 3.15(a) the fraction of rays ng imaged onto a square detector of length dges
is plotted. It is evident that the collection efficiency saturates at around ng = 0.02 for

a detector size of 6x6 mm?

. The rather slow convergence of the collection efficiency is
due the large amount of spherical aberrations present in this optical system. Because the
exact shape of the imaging lens is not specified by the manufacturer in the simulation it
is replaced by a plano-convex lens with an equivalent focal length and clear aperture. An
aspheric lens reduces the amount of spherical aberrations thus the result of the simulation
gives a conservative estimate of the detection efficiency and in reality it may be somewhat
larger.

A charge amplifier in the readout register of the CCD camera converts the electrons
generated in each pixel into an analogue voltage. Then, a digital-to-analogue converter
converts the voltage associated to a specific pixel into an integer pixel count number N.

The number of photons corresponding to N may be found from

Np _ (N—b)X

= N—MaXGnQE , (3.6)

where b, x, NM* G nqp are the electronic camera offset, full well capacity, pixel bit
depth, readout amplifier gain and quantum efficiency respectively. Within an exposure
time texp, a molecule will scatter Rytey, photons of which a fraction nrng will be imaged
onto the CCD. Here Rj is the scattering rate which is a function of the laser intensity and
detuning and nr is the transmission of the LIF through the various optical components.

In terms of these and previously defined quantities the total number of molecules is given
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Figure 3.15: (a) Results of numerical ray tracing through the fluorescence detection setup.
The detection efficiency ng is plotted as a function of a square detector size of length dget.
(b) Measured total camera detection noise for variable background levels. The background
is varied by changing the trap light intensity Ipg. The line is a fit to the model described

in the main text.
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with A} and A% the counts in pixel ¢, due to the LIF from the molecules and laser

scatter respectively. The sum runs over the entire array of pixels.

3.7.2 Smallest detectable signal

The smallest detectable signal will be limited by the detection noise which has three
independent contributions: the detection shot noise from counting both the signal and
background photons, the camera readout and thermal noise. To measure the total noise,
the camera is exposed for 10 ms to a variable intensity background. The background level
is varied by simply changing the Ly, intensity. For each background level 524 images
are recorded and the standard deviation of the total pixel counts within a region of
interest corresponding to where the molecule cloud is trapped is computed. For these
measurements a 10 ms exposure time is used.

Figure 3.15(b) shows how the total detection noise varies with the background light
level. The noise added by the laser scatter is small compared to the readout noise, even at
the highest laser intensity used, so the smallest detectable signal is limited by the readout

noise. Fitting this data to the following model

A-/\/’Tot = \/QIOO + A-/\/r + Dtexp ) (38)

with AN, and Dty the readout and dark noise respectively, and extrapolating to zero
intensity gives a detection noise of 600 pixel counts. This corresponds to the signal

generated by roughly 20 molecules. At full intensity, the detection noise is 750 pixel
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Figure 3.16: The apparent size of a cloud of atoms acquired using fluorescence imaging.
Images are acquired using a variable detuning of the trap beams which illuminate the atom

cloud.

counts which corresponds to 25 molecules- the smallest number of molecules that may be

detected within a single image of a 10 ms exposure time.

3.7.3 Imaging atoms

In some of the experiments described in this work it was necessary to know accurately
the relative positions of the trapped molecule and atom clouds; thus the fluorescence
imaging system described above was also used to image atoms. Fluorescence imaging of
large and optically thick atom clouds presents several challenges. First, the laser beams
(typically the trap beams) will be attenuated as they penetrate through the cloud of
atoms. Atoms further away from the cloud centre will interact with more intense light
and thus scatter more photons in a given time compared to atoms near the dense core
which will scatter photons from an attenuated laser beam. The cloud will thus appear
larger than it actually is and this effect will be exacerbated for light with a frequency
closer to the atomic resonance. This effect is investigated empirically: atoms are imaged
for 100 ps by illuminating them with all 6 MOT beams detuned from resonance by a
different amount. Figure 3.16 shows how the apparent size of an atom cloud varies with
the trap light detuning. As expected, the cloud appears to be larger when atoms are
illuminated with laser light closer to the resonance frequency. For laser detunings below
-60 MHz the apparent cloud size becomes roughly constant because the attenuation of
the trap laser beams is reduced. When using fluorescence imaging to get the atom cloud
size a detuning of -60 MHz is used.

Secondly, photons may be rescattered multiple times within the cloud. This will again
effect the apparent size of the cloud and in addition make it complicated to determine
the atom number. For this reason the fluorescence imaging system is employed only to

determine the atom cloud size using far red-detuned trap beams while the atom number
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is found using absorption imaging as described below.

3.8 Absorption imaging

The number of atoms in a cloud is determined using absorption imaging. The absorption
of a weak probe beam was discussed in section 2.2.6. The change in intensity of the probe
beam as it propagates through a cloud of atoms with a spatially varying number density
N(z,y,z) is commonly written as

“+00

I(x,y) = Ip(x,y) exp (—U(A) N(z,y, z)dz) : (3.9)

—o0
where Iy(z,y) is the incident beam intensity, A is the frequency detuning and o(A) is
known as the absorption’ cross section. The integration bounds are chosen assuming that
the extent of the laser beam is much larger than the size of the atom cloud.

The probe beam is typically set up in a way so that it drives a closed transition
reducing the complexity of the atom to a two-level system. In this case the absorption
cross section has the simple form

g0
1+ 4877

o(A) (3.10)

with I" the spontaneous decay rate. The resonant absorption cross-section is given by

3\?

=

(3.11)

00

with A the transition wavelength. For a real atom the scattering cross-section will depend
on the initial state distribution, magnetic field and the imaging light parameters. All of
these parameters must therefore be carefully controlled and calibrated in order to obtain
a reliable estimate of the number of atoms.

The atom column density defined as

+oo
Na(z,y) = N(z,y,2) dz (3.12)

—0o0

is determined by measuring the amount by which the probe laser beam is attenuated

o 1 n Io(l',y)
Nei(z,y) = =N 1 <I(:p,y) ) : (3.13)

The logarithm of intensities in the above expression is commonly called the optical depth.

The total number of atoms is found by integrating the column density

+o0 +oo
Nat :/ Na(z,y) do dy . (3.14)

[e.o] —0o0

"Strictly speaking this is a scattering cross section because photons are removed from the probe beam
due to spontaneous scattering of the probe beam photons. In an experiment the attenuation of the laser

beam is measured which leads to the more intuitive notion of absorption.
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Figure 3.17: Absorption imaging system. Light emerging from a single mode polarization
maintaining fibre is collimated using a 50 mm focal length doublet lens to a waist radius
of 5 mm. Before entering the science chamber the beam is circularly polarized using a
quarter wave plate. The shadow cast by the cloud of atoms in the path of the beam is
imaged onto a CCD camera using a 4-f optical relay composed of 300 mm and 125 mm
focal length doublet lenses. An aperture placed in the Fourier plane (in between the two

lenses) blocks most of the fluorescence light from the atoms.

If the density distribution of the cloud is known the measured distribution of the column
density may be used to extract directly both the size of the cloud and the atom number.
To measure the column density distribution the shadow cast by the atom cloud is imaged
onto a CCD camera and compared to the probe intensity in the absence of atoms. For an

arbitrary density distribution the integral of eq. 3.14 may be replaced by a discrete sum

A Iy’
Nae = ) > In (m) , (3.15)

’

with A the area in the object plane represented by one pixel. Here [é’j and I/ are the
measured probe intensities in pixel 7, 7 in the absence and presence of atoms respectively.
Atom numbers in this work are found by evaluating the sum in eq. 3.15 as it is simpler

to compute for any arbitrary density distribution.

3.8.1 Imaging system

The absorption imaging system is shown in figure 3.17. The shadow cast by atoms in the
path of a probe beam with a 1/e? radius of 5 mm is imaged using a 4-f optical relay onto a
CCD camera. A pair of doublet lenses form the optical relay system with a magnification
of fo/fi = 0.42, which is confirmed empirically by dropping the atom cloud released from
the MOT and measuring the rate of change in its position. In situations where the cloud
contains many atoms the bright fluorescence may saturate the CCD camera and produce
unwanted artefacts in an absorption image. This is because the camera may not be able
to clear the excess charge accumulated due to the bright fluorescence light impinging on
the camera before the trap beams are turned off and an absorption image is acquired.
This effect is observed when imaging large clouds right after releasing from the MOT and
is eliminated by placing an aperture in the Fourier plane of the 4f optical relay.

To extract information about the atom cloud a set of three images in quick succession
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is acquired: probe images in the presence and absence of atoms and a background image
with the probe switched off. Each image is acquired by turning on the absorption probe
beam using an AOM for 100 ps and simultaneously triggering the CCD camera. The
intensity of the probe beam is 0.02/g.

Probe polarization

The probe beam is circularly polarized and propagates along the direction of a uni-
form magnetic field of 400 mG. For a right-hand circular polarization of the probe only
transitions which change the Zeeman level by Amp = 41 are driven (0% transitions).
Equation 3.10 for the absorption cross-section becomes valid when atoms populate the
|F' =2, Mp = +2) state as the probe beam then connects only to the |F’ = 3, Mp = +3)
state. The coupling between these two states is strongest and so the absorption cross-

section is maximized.

To confirm that the probe beam drives only " transitions a spin polarized cloud
of atoms released from a magnetic quadrupole trap (described in detail in chapter 6) is
imaged using a variable resonant probe beam polarization. Imaging atoms released from
the magnetic trap eliminates the uncertainty of the initial state distribution® and enables
a comparison of the measured probe beam absorption with a rate equation model which
describes the interaction of light with the multi-level atom. In this experiment the angle
of the QWP fast axis relative to the direction of the input linear polarization is varied.
Figure 3.18 shows how the total relative absorption varies with the QWP angle. When
the angle is at 45° the probe beam is circularly polarized to drive o™ transitions and the
absorption is maximum. At QWP angles of -45° and 135° the probe is polarized to drive
o~ transitions. For this polarization it takes a finite amount of time for atoms to be
pumped into the |F' = 2, Mp = —2) state where the absorption is again maximized. Thus
the time averaged absorption cross-section will be smaller. For wave plate angles of 0°

and 90° both ¢ and o~ transitions are driven with an equal intensity.

The solid line in figure 3.18 is the solution to a rate equation model which describes the
interaction of the probe with atoms prepared in the |F' = 2, Mp = +2) state. The model
accurately predicts the contrast in absorption between the two extreme polarizations and
matches the measured variation with the QWP angle reasonably well. Deviations from

the model may be explained by imperfect intermediate polarizations produced using the

QWP.

8The magnetic field gradient for the trap is chosen such that only atoms in the |F = 2, Mp = +2)

state are levitated against gravity.
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Figure 3.18: Absorption of a resonant probe beam as a function of the QWP angle which
sets the polarization of the beam. The absorption is plotted relative to the peak absorption
for light polarized to drive the |F' =2, Mp = +2) — |F' = 3, My = +3) transition. The
solid line is obtained by solving the system of rate equations which describes the time

dependence of atomic populations for a variable probe polarization.

Probe detuning

To find the resonance frequency, the probe frequency is scanned and the absorption by a
small cloud of atoms released from the magnetic trap is measured. Figure 3.19(a) shows
how the relative probe absorption varies with detuning. Because the cooling, push beam
and optical pumping light are derived from the same laser and shifted in frequency using
dedicated AOM’s the absorption profile is also used to accurately determine the frequency
detuning of all these light components. The absorption profile will be a convolution of the
natural transition line shape and a Gaussian distribution which takes into account the
broadening due to the finite laser line width and the stability of the frequency offset lock.
The natural line width is described by a Lorentzian function so that the absorption profile
will be described by a Voigt profile. The data is fitted to a Voigt profile with the transition
line width set to I' = 6.065 MHz. The fit gives a Gaussian width of 1.08(7) MHz. At a
temperature of 300 uK, the transition is Doppler broadened by 300 kHz, which adds in

quadrature with the frequency noise of the laser.

Due to the limited dynamic range of a CCD camera there will be a maximum number
of atoms that may be measured by recording an absorption image. The dynamic range of
the camera is defined as the ratio of the maximum number of photo-electrons that may
be accumulated within a single pixel and the readout noise. The CCD camera used in
this work has a dynamic range of 3000 and thus a maximum optical depth of In(3000) ~ 8
may be measured. A spherically symmetric cloud of radius 0.22 mm and a peak number
density of 5 - 10! cm™3, typical for atomic MOT’s, contains roughly 107 atoms. Probing
such a cloud with resonant light would lead to a peak optical depth of around 8, which
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Figure 3.19: (a) Absorption of the probe beam by a small cloud of atoms as a function
of laser frequency detuning. The line is a fit to a Voigt profile. (b) Apparent number of
atoms Ny, as a function of the probe beam frequency detuning Ags for clouds containing

three different atom numbers.

is the maximum the CCD camera can measure. In this work atom clouds containing
more than 10° atoms are routinely produced. In order to image these clouds the probe

frequency is detuned so that the absorption is reduced.

The optical depth saturation effect in absorption imaging is demonstrated experimen-
tally by imaging clouds containing different atom numbers using a variable probe detuning.
Figure 3.19(b) shows how the apparent number of atoms varies with probe detuning for
three clouds containing a different number of atoms. Atom numbers are computed using
eq. 3.15 and the two-level absorption cross section adjusted for the different probe detun-
ings. As the absolute value of the detuning is increased there appears to be more atoms.
For a sufficiently large detuning the apparent atom number becomes constant and at this
point the true value is revealed. Clouds with a larger spatial extent and containing more
atoms at a fixed peak number density will lead to a higher peak optical depth. For this
reason the apparent atom number saturates at a larger frequency detuning as is evident
from the figure. In this work a detuning of -14.2 MHz is typically used to image the atom
clouds. Depending on the size of the cloud, the peak optical depth varies in the range of
1-3.

3.8.2 Systematic errors in absorption imaging

A total of three sources of systematic error are identified when inferring properties of the
cloud from an absorption image. The first two affect the atom number estimates while

the last one affects estimates of cloud size as described below.
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Figure 3.20: Sources of systematic error in absorption imaging. (a) Absorption images are
acquired after a delay time ¢4 after switching off the MOT coils. (b) Atoms are pumped
for a duration t, using the probe beam before the absorption is measured. The solid lines

are fits to a single exponential decay model.

Decaying magnetic field

The scattering cross section is sensitive to the direction and magnitude of the magnetic
field at the position of atoms relative to the probe beam propagation direction and its
polarization. The field direction will determine the allowed transitions that the probe may
drive while a large field magnitude may significantly shift the transition frequency due to
the Zeeman interaction. It takes a finite time for the current flowing through the MOT
coils to be switched off. In addition, rapid switching of current induces time varying Eddy
currents in the surrounding electrically conducting surfaces. These in turn produce a time
varying magnetic field at the position of the atom cloud. The additional contributions to
the applied bias field along the probe beam lead to a poorly defined total magnetic field
direction and magnitude shortly after switching off the MOT coils.

This effect is investigated empirically by imaging atoms released from the MOT for 100
ps after a variable delay time t4 after the coils are triggered to switch off. Figure 3.20(a)
shows how the total absorption of the probe beam varies with t4. At t; = 0 the absorption
is highest because the MOT magnetic field tends to shift the atoms closer to resonance
with the light. An exponential decay fit to these data gives a decay time constant of
0.73(9) ms. Imaging of atoms is performed with ¢; = 1 ms where the cross section is
about 19 % smaller than its value at zero field. This reduced cross section is used when

estimating the number of atoms.

Initial state distribution

Because atoms in the MOT are distributed across all the Zeeman sub-levels in the F=2
state and the probe beam perturbs this distribution very weakly it will take a finite amount
of time for the absorption cross section to reach a steady state. For the chosen probe

polarization the steady state corresponds to cycling photons between the spin stretched
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states |F = 2, Mp = +2) — |F' = 3, M}, = +3) and the resonant absorption cross-section
in this case is o9 = 3\?/27.

To find the initial MOT state distribution and how it affects the absorption of the
probe beam the following experiment is performed. The probe beam is turned on 1 ms
after switching off the MO'T coils for a variable amount of time ¢, before the CCD camera is
triggered to acquire the absorption image. Figure 3.20(b) shows how the total absorption
of the probe beam varies with ¢,. Fitting the data to an exponential model gives an
optical pumping time constant of 1.54(13) ms. By solving rate equations describing the
light-atom interaction we find a similar time scale of around 1 ms for the atom population
to reach a steady state. The discrepancy may be explained by the increasing Doppler
shift. As the atoms interact with the probe beam they are being pushed by it which
gradually shifts them further from resonance and thus reduces the amount of absorption.

The instantaneous absorption cross-section for atoms distributed equally over the 5
ground states Zeeman-levels is equal to 7oy/15 if only o™ transitions are driven. From
the fit to the data in figure 3.20(b) it is found that at ¢, — oo the absorption of the probe
light is a factor of 2.10(4) higher than at ¢, = 0. This result is consistent with an initial
equal distribution of atoms over the ground state sub-levels. Since the absorption image
is acquired with ¢, = 0 the number of atoms will be underestimated by a factor of 15/7.
This correction is applied to all atom number estimates when imaging clouds released
from the MOT. Atoms in a magnetic trap are all in the |F = 2, Mp = +2) state thus this

effect is absent.

Lensing effect

For a frequency detuned probe beam the real part of the complex susceptibility xz # 0.
The refractive index defined in eq. 2.59 is n > 1 for a negative detuning and n < 1
for a positive detuning. Thus an atom cloud behaves as either a diverging (A > 0) or
converging lens (A < 0) with a focal length fa which is derived below.

Using eqs. 2.54 and 2.54, the real and imaginary parts of the complex susceptibility

are related as

2A

Using eq.2.56 the intensity of a laser beam will be attenuated as

—+00

Iz, ) = oz, y) exp ( /

—00

x1(x,y, 2)k dz) . (3.17)

By comparing the equation above with eq. 3.9 it is evident that the integral in the exponent

is simply the optical depth measured in an absorption image

0.D.(z,y) = (/jm xi(z,y, 2)k dz) . (3.18)

o
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Figure 3.21: Lensing effect of the atom cloud. The cloud appears to be smaller for a red

detuned probe compared to a blue detuned probe.

The field corresponding to the laser beam traversing the cloud accumulates a total phase,

which using eqs. 3.16 and 3.18 is given by

ste= [ (1- Stk

o0

A
= ¢y — FO.D.(x,y) )

(3.19)

where ¢ is a propagation phase. The cloud typically has a Gaussian spatial distribution
and so the optical depth also takes the form of a Gaussian. Up to 2" order, the optical
depth is given by

2 2
O.D.(x.y) ~ (1 _2 y_) | (3.20)
z Y

with o, and o, the 1/ radii of the cloud along x and y directions and 7 the peak optical
depth

It may be shown [122] that a thin lens with focal length f will impart a phase given
by
k(2? +y°)
Op(z,y) = BT

By comparing this result with eq. 3.19, and using the approximation of eq. 3.20, the

. (3.21)

effective focal length of an atom cloud may be written as

2rlo?

Ia= =7

(3.22)

Using optical ray transfer matrices, the total magnification of the absorption imaging

system, including the atom acting as a thin lens, is given by

_ O fy N f2(6ly — fa)
Jafa fifa ’

with dl; and dly the positioning errors of the two lenses. For a perfectly aligned optical

M (3.23)

system the total magnification is M = f;/f> and the refractive index of the atom cloud

does not affect the apparent size. On the other hand, for a resonant probe f4 — o0,
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and the total magnification is robust to misalignments. Because atom clouds are probed
using A < 0 it is important to consider potential misalignments. For this purpose, the
atom cloud is imaged using a range of positive and negative detunings and the sizes at
both ends are compared. Figure 3.21 shows the measured cloud size as a function of
probe detuning. This cloud contains 1.5-10° atoms. As expected from eq. 3.23, the cloud
appears to be smaller for a red detuning and a measurement here underestimates the size
by 5%. For the smallest clouds used in magnetic trapping experiments, this systematic

error is around 3%.

3.8.3 Temperature measurements

The temperature of a cloud of atoms or molecules is measured via ballistic expansion.
A cloud which is in thermal equilibrium will have a Gaussian spatial distribution with

radius op in the trap. As the trap is turned off and the cloud is allowed to freely expand

kg T
ot) = /o2 + %tQ : (3.24)

with 7" the temperature and m the mass of the constituent particles. A series of absorption

its size will change as

or fluorescence images are recorded at variable free expansion times to find the rate of

expansion and thus the temperature of the cloud.
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4 | Magneto-optical trapping of Rb and
CaF

This chapter introduces the basic working principle of the magneto-optical trap (MOT)
and the characteristics of the Rb and CaF MOT’s produced in this work. Experimental
procedures used to load both species into the trap are described in some detail together

with the optimization of key experimental parameters.

4.1 Basics of magneto-optical trapping

The optical molasses technique damps the motion of atoms or molecules but does not
spatially confine them. Particles with sufficiently low initial velocities accumulate around
the intersection region of the cooling laser beams and slowly diffuse out with typical
diffusion times of around a second. On the other hand in a MOT atoms or molecules
experience both cooling and trapping forces, which create dense and cold clouds. Atomic
MOTs today are the starting point of probably any ultracold atom experiment. On the
other hand MOT’s for diatomic molecules are still a novelty and confinement in all 3
dimensions was thus far been demonstrated for only 3 different species: SrF at Yale [123],
CaF here at Imperial College [97] and Harvard [124], and YO at JILA [125]. More
recently the magneto optical force was used to compress in 1D a beam of polyatomic

molecules [126].

4.1.1 MOT force in 1D

To understand how the magneto-optical force arises consider a toy 2-level atom in a
spatially varying magnetic field in 1-D depicted in figure 4.1. For simplicity ' =0, F' =1
and the Landé g-factor is gz = 1. The magnetic field points along the z-axis for z > 0
and in the opposite direction for z < 0. The magnitude of the field increases linearly from
z = 0 along both directions with a gradient b, and shifts the transition frequency of the
atom by an amount mgupb.z/h due to the Zeeman effect. A pair of counter-propagating
right-hand circular polarized laser beams detuned to the red from the zero field resonance

by an amount A interact with the atom. An atom which scatters photons from the beam
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Figure 4.1: Operating principle of a MOT. Top: an atom moving in a spatially varying
magnetic field interacts with a pair of counter-propagating laser beams detuned to the red
by an amount A. The beams are left-hand circularly polarized. Bottom: an atom with
a non-zero magnetic moment has its energy levels shifted by an amount A, due to the
Zeeman effect. Each beam drives transitions for which the change in magnetic quantum
number is Amg = +1, denoted as 7 /o~. Depending on the position of the atom the
radiation pressure force Fy, arising from the beam propagating from the left will be smaller
or larger than the force Fr exerted by the beam propagating from the right. A net restoring
force is thus exerted on the atom which pushes it towards the field zero. See main text for

a more detailed discussion.

propagating from left to right experiences a force Fy, along the direction of propagation of
the beam. Similarly, an atom which scatters photons from the counter-propagating beam
experiences a force Fr in the opposite direction. The scattering rate and thus the force
depends on the position of the atom. Consider, for example, an atom displaced to the
left, at z = —zy. Setting the local direction of the magnetic field as the quantization axis
of the atom it is evident that the left beam will drive transitions for which Amp = —1
(o~ transitions) while the right beam will drive transitions for which Amp = +1 (o7
transitions). Because of the Zeeman shift the o~ transitions will be closer to the laser
frequency and the atom will scatter mostly from the left beam which will push it towards
the field zero. The same arguments apply for an atom at z = +2z7 and a net restoring
force on the atom is produced. In experiments, this scheme is extended to 3-D by using
anti-Helmholtz coils to generate the quadrupole field and 3 pairs of circularly polarized

laser beams.

The simple equation used to describe the damping force produced in the optical mo-

lasses can be extended to describe the MOT. The total force experienced by the atom in
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a 1-D MOT may be written as’
Fhe' = Fo(A=Az) = F(A+Ag) (4.1)

where Ay = mppupb,z/h is the Zeeman shift at position z. For small displacements from
the field zero the force may be approximated using a Taylor series expansion up to first
order. The total magneto-optical force is then

2A /T
(1+s+4A2/T2)2" "

FYOT = 4kppb, s (4.2)

and for A < 0 is indeed a restoring force. Combining this result with the radiation

damping force gives the total force experienced by an atom in the MOT
Fry = —fv — kz, (4.3)

with the damping constant [ defined in eq. 2.44 and the MOT spring constant given by

2A/T

(145 4AZ T2 (44)

k = —4kugb,s

In the MOT the presence of a spatially varying magnetic field disturbs sub-Doppler cooling
and precludes obtaining the lowest temperatures. Thus in practice, after loading the MOT
with atoms or molecules, the magnetic field is switched off to initiate the stronger sub-

Doppler forces and achieve lower temperatures.

4.1.2 Type I and II MOT’s

It is common to classify MOT’s into two different types depending on the angular mo-
mentum structure of the ground and electronic states addressed by the trapping light.
The trap described above and illustrated in figure 4.1 employs the transition for which
F > F" and is classed as a type-I MOT. Almost all atomic MOT’s are formed using the
type-I transition.

Confining molecules using a rotationally closed transition requires states where F' <
F'. This is classed as a type-Il MOT and in general may lead to dark states and no
net trapping force. To understand the complications of a MOT formed using a type-II
transition consider a molecule with F' = 1 and F’ = 0 interacting with two counter-
propagating laser beams depicted in figure 4.2(a). A molecule which is displaced to the
right (magnetic field points along the z—axis) and starts in the state mp = +1 will scatter
a photon from the right beam. After only a few scattering events the molecule will decay
to the mprp = —1 state which is dark to the right beam. On the other hand, the left beam
will eventually drive the transition and push the molecule away from the field zero. In

this case no net restoring force is exerted on the molecule.

Note that here the Doppler shift and effects due to stimulated absorption are ignored.
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Figure 4.2: (a) In a type-II MOT there are states which are dark to the restoring laser
beams and no net confining force is generated using the trapping scheme of the type-I
MOT. (b) A dual-frequency MOT with two different laser frequencies which have opposite
handedness polarizations generates a net restoring force. (c) In an RF-MOT the trap laser
polarization and magnetic field direction are switched rapidly to create a net restoring
force. See main text for a detailed explanation of the schemes in (b) and (c). Solid arrows
indicate the laser frequencies of laser beam propagating from the right together with the
transition types. Wavy arrows indicate the decay of the molecule after excitation. Energy
levels indicated by purple lines are bright to the trap light while black lines indicate states
which are dark to the trap light. Note that the mp = 0 state is also dark to the trap
light for this particular choice of ground and excited state hyperfine structures although

molecules will be pumped out from this state by the orthogonal beams in a 3D MOT.

Two methods exist to get around the problem of optical pumping into dark states
using the type-II transition. The first method uses two different laser frequencies with
opposite circular polarizations to form the trap. This scheme is depicted in figure 4.2(b).
Continuing with the example above, an additional blue-detuned component which prop-
agates along the same direction as a red detuned component with opposite polarization
will push a molecule which decays to mpr = —1 towards the trap centre. A net restoring
force is exerted on the molecule and this scheme is know as the dual-frequency MOT.
The second method uses only a single laser frequency but the polarization of the beams
together with the field direction are rapidly reversed to maintain photon cycling. This
scheme is depicted in figure 4.2(c). When a molecule decays to the state mp = —1 the
direction of the field is reversed so that the Zeeman shift changes sign and the mp = —1
state is now closer to resonance. In addition the polarization is reversed to an opposite
handedness- the molecule will scatter a photon from the right beam which pushes it to-
wards the trap centre. By switching the polarization and field direction at a rate similar
to the time it takes to pump the molecule into a dark state a net trapping force is exerted.
This scheme is known as the RF-MOT and was employed to create MOT’s of SrF [127]
and CaF [124].

In this work the type-I transition is used to trap 8"Rb atoms while the difficulties of

using the type-II transition to confine CaF molecules are circumvented using the dual-
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frequency MOT.

4.2 The Rb MOT

The Rb 3D MOT is formed using 6 independent laser beams. To obtain a high loading
rate without compromising the background pressure in the experiment chamber, a 2D
MOT is formed in a glass cell attached to the main chamber via a differential pumping
stage. A high vapour pressure of Rb can be maintained in the glass cell where the 2D
MOT produces a beam of transversally cold and longitudinally slow atoms which is then
captured into the 3D MOT. The design of both traps was described in chapter 3 and this
section is devoted to the characteristics of the 2D-3D MOT system realized in this work.

4.2.1 Operating principle of the 2D MOT

A 2D MOT is formed using two pairs of counter-propagating laser beams in the x-y plane
which intersect at right angles. Atoms traversing the intersection region of these beams
are cooled towards the z-axis. An exit aperture with a diameter similar to that of the trap
ensures that only transversally cooled atoms are extracted into a beam. In addition, the
finite amount of time it takes to transversally cool an atom restricts the range of forward

velocities v, in the atomic beam.

To understand how the 2D MOT filters the longitudinal velocities, consider the case of
an atom with longitudinal and transversal velocities v, and v, entering the trap volume
a distance Az from the exit aperture. The edge of the trap coincides with the position
of the exit aperture. This atom will spend a time 7, = Az/v, in the cooling region.
The time it takes to transversally cool an atom towards zero velocity is 7, = vy /a with
a the deceleration of the atom due to the strong laser cooling force. For an atom to
contribute to the atomic beam it must spend a sufficient time in the cooling region so
that its transversal velocity is reduced to close to zero. This means that 7, > 7, which
limits the longitudinal velocity to v, < Az/7,. Setting Az equal to the trap length, which
in this experiment is around 3 cm and taking an average transversal cooling time of 1
ms, the average longitudinal mean velocity is very roughly equal to 30 m/s. This is much
smaller than the mean velocity of a thermal vapor at room temperature and is below the

capture velocity of a 3D MOT.
The 2D MOT thus provides a bright beam of atoms which may be loaded into the 3D

MOQOT. It is rather simple to construct and is very compact compared to, for example, a
Zeeman slower. Also, it does not require a resonant laser beam to decelerate atoms to

below the capture velocity of a 3D MOT which may affect the trap itself.
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Figure 4.3: (a) The absorption of a 5 uW probe beam traversing the 2D MOT cell as its
frequency is scanned. The transmitted intensity is normalized to the intensity of the beam
before it enters the cell. The dispenser current is 3.2 A. (b) Image of the 2D MOT with a
phone camera. A pair of brighter strings are just about visible and correspond to the two

intersection regions of the trap beams where the atoms accumulate.

4.2.2 First signal from the 2D-3D MOT’s

Because of the high differential pumping, the Rb vapour pressure will be very low in the
experiment chamber and very little signal is expected from a 3D MO'T loaded from this
background vapour. For this reason the basic optimization begins from the 2D MOT.
Once the 2D MOT is detected the loading rate of the 3D MOT is used as a diagnostic for
further fine tuning. Methods for characterizing the flux of the atomic beam as a function
of v, extracted from a 2D MOT may be found in other work [115, 116].

Detecting Rb in the glass cell

Before starting to look for a MOT it is important to check whether Rb atoms are present
in the cell when electrical current is flowing through the metal dispenser. A weak probe
beam is directed through the glass cell onto a photo-diode positioned on the other side.
The frequency of this probe is continuously scanned. Provided that atoms are being
dispensed, the probe beam traversing the cell will be attenuated by an amount which
depends on the laser frequency. Because the amount of absorption will be low for typical
Rb vapour pressures, it is important to use a probe intensity which is much smaller than
I,. For high probe intensities the absorption signal may easily be obscured by the intensity
noise of the laser or the shot noise. Figure 4.3(a) shows the recorded absorption of a probe
beam traversing the glass cell as its frequency is scanned.

Another simple method to detect the presence of Rb is by viewing the traversing probe
beam with an IR viewer. With a sufficiently slow frequency scan the path of the probe

will light up periodically provided Rb is being dispensed.
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Initial alignment

First, the beams to form the 2D MOT are aligned through the glass cell and made to
intersect at right angles. A CCD camera is positioned close to the face of the glass cell
and pointed at the position where the trap beams intersect. A zoom lens attached to the
camera is used to focus this intersection region on the CCD sensor. Provided the trap
beams have the correct polarization for the chosen direction of the magnetic quadrupole
field and are detuned by roughly A = —2I"; a bright string of fluorescing atoms becomes
visible. For higher Rb vapor pressures in the cell, fluorescence from the trapped atoms
may be obscured by the fluorescing background atoms as may be seen in figure 4.3(b).
A simple and effective method to check whether the observed brighter region is indeed a
2D MOT rather than light scattered from the face of the cell is to reverse the direction of
the quadrupole field. Provided the localized fluorescence disappears the presence of the
2D MOT may be confirmed with confidence.

Next, the six beams which form the 3D MOT are aligned through the centre of the
main chamber. The same laser detuning is chosen. A lens is used to collect light from
the centre of the chamber which is then focused onto a photo-diode. After turning on
the 2D MOT, the signal recorded by the photo-diode will increase provided the atoms
cooled and confined in the 2D MOT are efficiently extracted towards the 3D MOT. Tight
mechanical constraints of the glass cell assembly and the MOT optics ensures that this is
the case. Once the signal is visible on the photo-diode it is useful to repeatedly load the
3D MOT for a second or so and make fine adjustments to the 2D MOT beam alignment
and intensity balance. By maximizing the fluorescence, the alignment of the 2D MOT
beams may be optimized. The fine tuning of the laser detunings and the magnetic field

are done by acquiring absorption images of the 3D MOT as described below.

4.2.3 Rb dispenser

The Rb vapor pressure in the glass cell is controlled by adjusting the current through the
dispenser. Figure 4.4 shows how the number of atoms loaded into an optimized 3D MOT
varies with dispenser current. At a threshold current of about 3 A, the number starts
to rise rapidly as more and more atoms are available to be cooled by the 2D MOT and
extracted into the beam. The number of atoms loaded into the 3D MOT starts to saturate
for a current of 4 A. For even higher currents the mean free path of an atom becomes
comparable or smaller than the length of the cooling region and atoms are knocked out
from the trap due to collisions with hot atoms in the background vapour.

These characteristic currents will be different depending on the positioning of the
metal dispenser relative to the trapping region. In this setup most of the active length of
the dispenser resides within the tube of the 4-way cross. Because Rb sticks to walls very

easily, a higher dispensing rate will be required to reach a sufficiently high number density
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Figure 4.4: Number of atoms loaded into a 3D MOT for a fully optimized system using
different Rb dispenser currents. The measurement is performed starting with the lowest
current. Roughly 10 minutes are allowed before measuring the number of atoms at a higher
current using absorption imaging. The shaded region corresponds to the range of currents

typically used in the experiment.

of atoms at the position of the trap. For example, in a 2D MOT formed in a glass cell
from Cold Quanta, the dispenser is positioned right in front of the trapping region. The
current at which the loading rate saturates for such a geometry is only 2.8 A as measured
in [128].

Running the dispenser with currents in the range of 3.5-3.8 A shows no apparent
deterioration in the number of atoms captured into the MOT over a year of daily operation.
To maintain the longevity of the dispenser the current is turned off for the night or over
the weekends when not in use. It takes about 10-15 minutes for the dispenser to warm
up and produce a steady flux of atoms after the current is turned on. If an activated
dispenser is exposed to air, for example when breaking vacuum, it is considered unusable
and is replaced.

Over the range of electrical currents explored in figure 4.4, the pressure in the exper-
iment chamber remains at 5 - 107° mbar, which is the lower limit of the ion gauge used

to monitor the pressure.

4.2.4 Basic characteristics of the 2D MOT

A CCD camera is positioned by the side of the glass cell and is used to image the 2D MOT.
The camera axis is at an angle of roughly 45° relative to the axis of the atomic beam and
thus affects the apparent length of the trapped cloud. As is visible from figure 4.3(b) two
separate traps are formed of similar dimensions due to the geometry of the trap beams.
The camera is focused on to one of these traps and is used to extract information about

the cloud size and the loading time. These images are acquired in the absence of the push
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Figure 4.5: (a) Fluorescence image of one of the two 2D traps formed in the glass cell. (b)
The cross-section of the cloud along the trapped axis, the line is a fit to a sloping Gaussian
function. (c) The light induced fluorescence from the 2D MOT region detected at variable
times after turning on the trap light. Points are averages of 6 experiments and error bars
are the standard errors. The line is a fit to an exponential model. These data corresponds
to the fully optimized double MOT system which produces a loading rate of 3-10° atoms /s

at a dispenser current of 3.8 A.

beam.

Figure 4.5(a) shows a fluorescence image of atoms trapped in the 2D MOT. The trap
extends by roughly 10 mm. In (b), the cross-section along the confined axis of the trap
is shown together with a fit to a sloping Gaussian function. The fit gives an RMS radius
of 0.76 mm. Because the exit aperture diameter is 2 mm, most trapped atoms should be
extracted out of the cell. There is a large offset in these images due to the fluorescing Rb
background vapour.

Figure 4.5(c) shows the loading of the 2D MOT. The CCD camera is exposed for 100
us at variable times after the 2D MOT light is turned on to detect the light induced
fluorescence. A fit to an exponential function gives a loading time of 2.68(9) ms, which is
3 orders of magnitude shorter than the time it takes to load the 3D MOT.

4.2.5 Optimum 2D MOT parameters

The powers and detunings of the cooling and push beam lasers are optimized by maxi-
mizing the number of atoms loaded into the 3D MOT in 1 s. Absorption imaging is used

to determine the number of atoms Nyp.
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Figure 4.6: Optimum 2D MOT parameters using the number of atoms Mgy, loaded into
an optimized 3D MOT in 1 s. (a) Ngp for different 2D MOT cooling light detunings Asp
at 2D MOT magnetic quadrupole field gradients of 11.6 G/cm (4A), 23.2 G/cm () and
34.8 G/cm (o). (b) Ngp for different 2D MOT cooling light powers Pyp. (c) Ngp for
different push beam detunings Apysh and (d) beam intensities Ipusn. Data in (a) and (b)

are recorded using an optimized push beam.

Cooling light

Figure 4.6(a) shows how Ny, varies with the 2D MOT cooling light detuning Ayp for
a set of three different 2D magnetic quadrupole gradients. The highest loading rate is
obtained using Asp = —14 MHz at a field gradient of 23.2 G/cm. Figure 4.6(b) shows
how Mgy, varies with the total cooling light power for Ayp = —14 MHz. A power of 100
mW saturates the loading rate. The true power at the position of atoms is 20-30 % lower
due to losses on the various optical components and the non AR coated walls of the glass

cell.

Push beam

Figures 4.6(c)-(d) show how Ny varies with the push beam detuning Ap.q, and intensity
Iush Tespectively. In (¢) Apug is varied at a push beam intensity of 2 mW-cm™2. The
initial expectation was that a red detuned push beam will increase the 3D MOT loading
rate as it will turn around the trajectories of the atoms cooled in the 2D MOT which
move away from the 3D MOT. For the push beam intensities explored here no effect

on the loading rate was observed using a red detuned push beam. As may be seen in
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figure 4.6(c) the loading rate is maximized for a blue detuned push beam which could
be explained with the following argument. The mean longitudinal velocity of the atomic
beam emerging from the glass cell is small enough so that the transverse divergence of
the beam is important. Since a blue detuned push beam interacts with atoms which are
already moving towards the 3D MOT it gives them an additional push, shifting the mean
longitudinal velocity to a higher value. This then reduces the loss due to beam divergence
and increases the flux of atoms passing the capture volume of the 3D MOT.

The measured dependence of the loading rate with Ay, may be used to make a rough
inference about the properties of the longitudinal velocity distribution. Assuming that the
mean longitudinal velocity of the atomic beam (without the push beam) is significantly
lower than the capture velocity of the 3D MOT, the push beam will have the largest
effect on the loading rate when it is tuned to interact with this velocity class. For a
fixed value of Ay, atoms resonant with the beam will be rapidly accelerated and shifted
away from resonance. The highest loading rate is achieved with Ay ~ 16 MHz. This
corresponds to a velocity of 12.5 m/s at which the atoms are resonant with the beam.
The range of Ap., values for which the loading rate is increased is roughly +15 MHz
which corresponds to a range of velocities of roughly +12 m/s, assuming the longitudinal
velocity distribution is symmetric. These values compare very well with more rigorous
measurements [116] of the longitudinal velocity distributions of an atomic beam produced
using a 2D MOT of 8"Rb atoms.

4.2.6 Optimum 3D MOT parameters

There are two main requirements for the 3D MOT of atoms: (i) the cloud should both
be large and have a high number density so that the spatial overlap with the molecule
cloud is as large as possible and (ii) the trap has to work well with an axial magnetic field
gradient of around 30 G/cm, which turns out to be the optimum value for the molecule

trap.

Cooling and repump light

Figure 4.7(a) shows how the number of atoms loaded into the 3D MOT varies with the
cooling light detuning A, .3. Here, the 2D MOT is fully optimized to give the largest
loading rate and a total cooling light intensity of 211, is used (with I,,; = 3.6 mW-cm™—2).
Each trap beam also contains around 3 mW of repump light. The frequency of the repump
is tuned to be resonant with the /' =1 — F’ = 2 transition. For Ay_,3 = —10 MHz the
MOT loading becomes unstable and for As_,3 = 0 MHz no atoms are loaded as there is
no net trapping force. The 3D MOT is robust to both the frequency and the magnetic
field gradient and accumulates a similar number of atoms using a wide range of different

parameters.
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Figure 4.7: (a) Atom number Ngyp, in the 3D MOT versus the detuning of cooling light
Ag_,3 from the F = 2 — F’ = 3 transition for axial magnetic field gradients of 5 G/cm (o),
15 G/cm (0) and 30 G/cm (A). (b) Mgy, for different total cooling light peak intensities
with Ay_,3 = —26 MHz and an axial field gradient of 30 G/cm.

In figure 4.7(b) the total intensity of the cooling light is varied. The number of atoms
captured into the trap saturates for intensities greater than 7ly,. Although the number
of atoms loaded into the 3D MOT within 1 s saturates well below the available laser
intensity in this experiment, using a higher intensity trap accumulates more atoms in a

stable MOT loaded for longer durations.

Trap loading and stability

The loading of the 3D MOT is investigated by recording the trap beam LIF with a photo-
diode. Figure 4.8(a) shows loading curves of the 3D MOT using a set of four trap beam
intensities. For s = 6.8 the trap loading becomes unstable beyond loading times of ¢ = 8 s.
This kind of unstable MOT behaviour was observed in other experiments [129, 130] and
attributed to the interplay between the confining MOT force and the repulsive force due
to photon rescattering. As more atoms are loaded into the trap, the radiation pressure
force due to rescattered photons increases and at some point become comparable to the
trapping force itself. The sudden drops in LIF for s = 6.8 may be attributed to atoms
being ejected out of the trap when the repulsive force due to photon rescattering suddenly
becomes significantly larger than the trap force. As the trap is loaded continuously from
the 2D MOT it is periodically being replenished with new atoms to again reach this
critical number where a portion of the atoms are ejected.

For higher trap beam intensities this behaviour disappears and instead a much faster
Figure 4.8(b) shows

The oscillation occurs at a

periodic oscillation in the detected LIF becomes clearly visible.
a close-up view of the observed oscillation when s = 21.

frequency of roughly 50 Hz?, very similar to the behaviour observed in [129]. It may be

2 Although this is suspiciously close to the mains frequency, no 50 Hz noise was observed on either the
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Figure 4.8: (a) Loading curves of the Rb 3D MOT for a set of 4 different peak cooling light
intensities. The solid lines are fits to an exponential model. The Rb trap light induced
fluorescence is recorded with a photo-diode. For these data As_,3 = —30 MHz and the
axial field gradient is 30 G/cm. (b) Periodic oscillations in the detected LIF. (c) LIF at
t = 1 s for the different trap beam intensities. The solid line is the LIF expected from the
scattering rate model of a two-level atom. The model is normalized to the detected LIF

using an intensity of 6.85¢.

speculated that the observed oscillation of the detected LIF is due to rapid expansions
and contractions of the trapped cloud. When the density of the cloud is reduced more
photons are able to escape the then less dense cloud. The MOT force then compresses the
cloud again and thus leads to a periodic oscillation in the size of the cloud. In this regime
the dynamics of the cloud become particularly sensitive to the trap beam alignment and

the cooling laser frequency detuning.

Figure 4.8(c) shows the detected LIF after a trap loading time of 1 s using different
beam intensities. Because the atom number, measured by absorption imaging, is the
same for the intensities used, the LIF should be proportional to the scattering rate and
depend only on intensity. The solid line in the figure corresponds to the scattering rate
for a two-level atom given by eq. 2.41 normalized to the LIF detected using 6.81,.. The
measured fluorescence is below the expected values which may be viewed as an indication
of radiation trapping within the atom cloud. This demonstrates why fluorescence imaging

of large atom clouds is not suitable when trying to infer the atom number.

The total trap beam intensity is maintained at around 20/[y; and makes the cloud
shape and centre of mass position less sensitive to drifts in the trap beam polarizations

and intensities.

MOT coils current supply or the intensity of the laser. The noise of the laser lock was not investigated.
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4.2.7 Size of the Rb 3D MOT

In the absence of inter-atomic interactions the size of the cloud is determined by its
temperature. For a damped harmonic trap the size o; of the cloud along one of the three

orthogonal trap axes i € {z,y, z} may be found from the equipartition theorem

1 1

7

with x; the trap spring constant defined in eq. 4.4 and T; the temperature of the cloud.
In this regime the cloud radius does not depend on the number of atoms and the peak
number density is determined by the cloud temperature

k3PN
22 (kg T

Ny = (4.6)

In the above, the fact that for a MOT k, = k, = k,/2 = k was used and the temperatures
in all three dimensions were set equal T, = T, = T, = T'. Thus adding more atoms into
the trap increases the peak density linearly. For clouds containing A" > 10 two additional
forces become important [131]. The first one is an extra confining force which arises due
to intensity gradients in the trapping beams as they propagate through the cloud and are
attenuated. This force becomes more important in traps formed by three retro-reflected
laser beams. The second force was alluded to in the above discussion of the 3D MOT
instabilities and arises due to photon rescattering. This force opposes both the trap and
absorption forces and ultimately limits the attainable number density. In fact it was
shown both theoretically and experimentally in [132] that the density of the cloud reaches
a maximum value determined by the trap spring constant and laser intensity.

In this work the MOT operates far beyond the temperature-limited regime. Fig-
ure 4.9(a) shows a measurement of how the cloud size varies with atom number. These

data are fitted to the following model
i (Nrp) = g, (4.7)

with ¢ € {y,z}. The fit gives 7, = 0.35(2) (radial size) and v, = 0.26(1) (axial size).
Assuming that the cloud is radially symmetric the coefficient corresponding to the third
orthogonal direction not visible to the imaging system is v, = 7,. The number density
is constant if 2v, + v, = 1, decreases with Ny, if 27, + 7. < 1 and increases when
27, + 7, > 1. For this measurement 27, + 7, = 0.96(4) implying a constant peak number
density of 5 - 10'° cm™3 over the range explored here. These results are similar to the
ones obtained in a more detailed experiment on the behaviour of large atom clouds in a
MOT [133].

Figures 4.9(b)-(c) show the radial and axial cloud distributions respectively and fits to
Gaussian distributions. These distributions correspond to a cloud containing the largest

atom number used in the experiment and fit reasonably well to 1D Gaussian functions.
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Figure 4.9: (a) Rb MOT size for different atom numbers along the radial (o) and axial
(0) directions. The dashed lines are fits to the power law model described in the main
text. (b) and (c) show the integrated cross sections of the measured distributions along the

radial and axial directions respectively. The solid lines are fits to Gaussian distributions.

4.2.8 Temperature of the Rb MOT

The temperature of atoms in a MOT determines the atom-molecule collision energy and
thus is an important parameter to measure in relation to collision measurements described
in chapter 5. Photon rescattering is also anticipated to affect the final cloud temperature

and so this is investigated briefly in the experiment.

Figure 4.10 shows the temperature of the Rb MOT determined via ballistic expansion
measurements of clouds containing different numbers of atoms. In these data T, is the
geometric mean temperature defined as T, = T23TY? with T, and T, the radial and axial
temperatures respectively. The temperatures along the two orthogonal radial directions
are assumed to be equal. The temperature of a smaller cloud with Ny, = 3 - 107 is
450 pK which is close to the Doppler temperature of Tp = 650 pK for the cooling laser
parameters used in this experiment. The temperature rises to around 1 mK for clouds
containing Ngp > 3 - 10° atoms. The apparent dependence of the temperature on Ngp
may be due to a combination of trap light attenuation and multiple scattering effects.

Larger clouds will have a higher optical depth thus attenuating the trap light more and
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Figure 4.10: Temperatures of the Rb MOT containing different atom numbers. Error bars
correspond to the standard error on the mean of 6 repeat measurements. Where not visible,

they are smaller than the sizes of the point.

leading to variable cooling/heating rates across the cloud. In addition, the absorption of

scattered photons by other atoms in the cloud may further increase the heating rate.

4.3 The CaF MOT

A beam of CaF molecules is produced in a He buffer gas source and is decelerated to below
the capture velocity of a dual frequency MOT. The laser slowing scheme is described in
detail in [119] and here only a brief description of the slowing sequence is given. The rest
of this section is dedicated to describing some of the basic characteristics of the molecule
MOT while more details may be found in [97, 91, 134, 135, 136].

4.3.1 Frequency chirped laser slowing

Molecules emerging from the buffer gas cell have a mean forward velocity of around vg =
160 m/s which is well above the capture velocity of the MOT of around v, ~ 13 m/s [91].
The molecule beam is decelerated by applying resonant light L5, (see figure 3.7) which
is linearly polarized at a 45° angle relative to a uniform magnetic field of 5 G applied
perpendicularly to the molecular beam. This destabilizes ground states which are dark to
the slowing light [137] and thus increases the number of photons a molecule can scatter. In
addition, a vibrational repumper beam propagates along the same direction and repumps
molecules which decay into the v = 1 vibrational level. To account for the changing
Doppler shift as the molecules are decelerated, the slowing laser frequency is chirped
while the repumper light is spectrally broadened by about 300 MHz. The random walk
of the molecule’s momentum as it scatters photons leads to transverse heating which
increases the beam divergence. The gain in transverse velocity is vy = \/WUr, with

N, =~ 10* the number of photons a molecule scatters while it is being decelerated and
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Figure 4.11: (a) ToF profiles of the molecular beam recorded 0.8 m downstream from
the source with and without laser slowing. The signal in each case was averaged over 64
experiments. The molecules are produced inside the buffer gas source by laser ablation at
t = 0. (b) The linear and exponential frequency chirp ramps. Zero frequency does not
correspond to the slowing light being resonant with molecules at rest. (c) Signal in the

MOT for variable EOSO powers using an optimized exponential chirp.

v, = 1.27 cm/s is the recoil velocity. To minimize this transverse heating, the £5, beam
is focused towards the source and has a 1/e? radius of roughly 3 mm at the exit aperture
of the cell. The converging beam applies a small transverse scattering force component
and reduces the divergence of the molecular beam.

A probe beam tuned to drive the A-X transition traverses perpendicular to the molec-
ular beam 0.8 m downstream from the exit aperture of the buffer gas cell. Molecules
passing through the probe beam scatter photons which are detected with a photomul-
tiplier tube (PMT). Figure 4.11(a) shows example time of flight (ToF) profiles recorded
with and without the slowing sequence applied. The effect of slowing manifests itself as
an increase in the ToF amplitude at later arrival times. In addition, the total number of
molecules traversing the probe region increases because of the small transverse scattering
force applied by a converging £5, beam®. Although molecules have more than 0.5 m left
to travel to the MOT region from where the ToF profiles are recorded, the effect of laser

slowing is clearly visible and serves as a useful diagnostic when tuning the laser frequency

on a daily basis.

3Note that the ToF signal was averaged over 64 experiments. Because the signal amplitude typically

decays in time, it is not possible to make a direct comparison between the number of molecules in the

detection region with and without the slowing applied.
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Two different frequency ramps were explored and optimized using the number of
molecules captured into the MOT as a figure of merit. The linear ramp, used in all
prior work in our group, is shown in figure 4.11(b). The slowing light is switched on 2.4
ms after the ablation of the Ca rod and is kept on at a constant detuning for 2 ms. This
initial hold time cools molecules longitudinally and slightly compresses [97] the velocity
distribution. In practice it is found that when the holding time is varied by +2 ms it is
simply enough to slightly change the initial laser frequency to produce the same number
of molecules in the MOT. In fact, the holding time may be eliminated altogether without
a significant change in the number of molecules captured by the MOT. This signifies that
there exist many combinations of the slowing sequence parameters which lead to a similar
number of molecules captured into the MOT. After the initial constant frequency hold,
the frequency of the laser is ramped linearly to a new value over 11.6 ms and immediately
switched off. The linearity of the frequency chirp is confirmed by coupling the slowing
light into a very low finesse Fabry-Perot cavity with a wide transmission bandwidth. At
the end of each frequency chirp the laser frequency is kept at a constant value for 2 ms
before being chirped back to the initial value. This is to avoid sudden changes in fre-
quency (especially changes in the sign of the applied chirp) which may damage the fibre
amplifier due to back reflections. During the time it takes to chirp and bring back the
frequency, the feedback to the laser from TCL is disabled.

Throughout this work an exponential frequency ramp, suggested by the Harvard
group [138], was used instead and is shown alongside the linear ramp in figure 4.11(b).

To generate the ramp, the exponential is approximated by a 4" degree polynomial

8/t 1t 1 1!
t) = T
SO = Jit Jog <tc 22 613 24153) ’

(4.8)
with fs the chirp amplitude, f; the start frequency, and t. the duration which also sets
the chirp rate. The parameters t. and f; are scanned to optimize the number of molecules
captured into the MOT while f5 is kept constant. For ¢. and f; the same as used for the
linear chirp, the number of molecules captured into the MOT was reduced. Varying only
f1 led to an increase in the number of molecules captured into the MOT by 60 — 80 %
compared to a linear chirp.

To try to understand the reason for this dependence on the chirp parameters, the 1D
trajectories of particles which scatter light at a rate given by eq. 2.52 are computed by
integrating the equation of motion®. In the simulation a constant slowing light intensity
is assumed with a saturation parameter of s = 5. Molecules are propagated for 40 ms and
the slowing light is on only for the duration of the chirp. In the experiment molecules are
decelerated over a distance of ~ 0.9 m. Figure 4.12(a) shows the simulated trajectories

in phase space for a linear frequency chirp with f; set to be resonant with molecules at

4The deceleration force is modelled as F' = hkR, and since the simulation is constrained to 1D, the

transversal heating due to spontaneous scattering is ignored.
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Figure 4.12: (a) and (c) show simulated trajectories of molecules which are decelerated
using a linear frequency chirp. (b) and (d) show trajectories of molecules decelerated using
an exponential frequency chirp. wv; and vy are the initial and final molecule velocities
corresponding to the initial and final laser frequencies. The red line indicates the capture

velocity of the CaF MOT. z = 0 corresponds to the position of the MOT.

a velocity of 150 m/s, a ramp duration of £, = 13 ms and a chirp rate which sets the
final frequency to be resonant with molecules at a velocity of vy = 24 ms. In (b) the
parameters are kept the same but an exponential chirp is used instead. In this case,
the molecules reach low velocity too far from the MOT. They will then take a long time
to reach the MOT, and so will have spread too much in the transverse direction. In
addition, faster molecules are not decelerated sufficiently. In figures 4.12(c) and (d) the
slowing parameters are changed to v; = 157 m/s and vy = 31 ms for the linear and
exponential frequency ramps respectively. In this case, the linear chirp protocol does not
decelerate sufficiently while the exponential chirp protocol interacts with a wider class
of velocities than in any of the other three cases. Although it is hard too draw general
conclusions, these simulations agree qualitatively with the experimental observation that

an exponential frequency chirp produces more slow molecules compared to a linear chirp.
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Finally, figure 4.11(c) shows how the number of molecules captured into the MOT
(proportional to the detected LIF) varies with £, power. Although the slowing perfor-
mance seemingly saturates for powers above 250 mW, it is conceivable that at higher
powers the optimal frequency ramp is different. Due to the complexity of this multi-
parameter experimental sequence, in future campaigns attempting to optimize it, the use

of an evolutionary algorithm [139, 140] could be explored.

4.3.2 Loading and optimization of the CaF MOT

The polarization and frequency scheme used to form the CaF MOT is shown in fig-
ure 4.13(a). Each of the four frequency components driving the A — X transition has
roughly the same optical power and a total L, intensity of 1000 mW-cm~2 at the posi-
tion of the MOT. The opposite polarization components which address the F' = 2 and
F =1 hyperfine levels constitute the dual frequency scheme which provides with most of

the confining force [141].

The molecule MOT is formed only when the £, £5), L10, £21 laser frequencies are all
tuned to within £10 MHz of their optimal values. The frequency of L3; is less sensitive
and is always optimized last. In addition, the trap beams must be well aligned through
the centre of the science chamber. Very small adjustments of the beam steering mirrors
affect both the number of molecules and the cloud shape dramatically. The MOT is not
particularly sensitive to the laser beam polarizations- changing the QWP angles by 4+10°
doest not affect the MOT noticeably.

Measurement of MOT loading

Figure 4.13(b) shows how the molecule MOT loads. In this experiment fluorescence images
of the MOT are acquired using a 1 ms exposure time at variable times after the Ca rod
is ablated. The MOT coils are turned on at ty = 0 at an axial field gradient of 30 G/cm
and kept on throughout the duration of the experimental sequence. An initial pulse of
molecules arriving at the position of the intersecting trap beams around 5 ms after the
ablation pulse is visible. The longitudinal velocities of most of these molecules are far
above v, and the trap light does not have sufficient time to turn around their trajectories.
The signal recorded at times between ty = 10 ms and ¢ty = 20 ms corresponds to the LIF
from the stream of molecules which are still too fast to be captured by the MOT. At around
ty = 20 ms a visible cloud forms indicating the arrival of molecules with longitudinal
velocities which are below v.. The MOT continues to load up until ty = ¢, = 40 ms
when complete trap loading is assumed and further steps in the experimental sequence

may proceed.
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Figure 4.13: (a) Dual frequency MOT scheme with the polarizations of all four components
used to address the ground state hyperfine structure indicated. (b) Loading of the CaF
MOT: fluorescence images with an exposure time of 1 ms are acquired at variable times

after the ablation of the Ca rod.

Optimal laser detuning and field gradient

With the vibrational repumpers tuned to their optimal frequencies the detuning Agy of
L, is scanned and the LIF in the MOT is measured with the CCD camera exposed for
10 ms at ty = 40 ms. Due to the multiple frequencies and hyperfine transitions involved
in making a MOT the definition of Agg is somewhat arbitrary. For the purposes of this
measurement Agg = 0 when the MOT is barely visible. Figure 4.14(a) shows how the LIF
depends on Agg. The signal is maximized for Agg = —7 MHz and this is the detuning at
which the MOT is always loaded. The size of the cloud does not change for Ay in the
range of -15 MHz to -5 MHz. The temperature of the cloud also does not vary for this
range of detunings.

In figure 4.14(b) the radial field gradient b, for the MOT loading phase is varied. The
detected LIF is maximum for b, = 15 G/cm and begins to slowly fall for higher values.
The scattering rate in the MOT is both a function of Ay and b,, thus, the number of
molecules is not directly proportional to the measured LIF. Nevertheless, since the signal
is maximized and the cloud size begins to saturate using b, = 15 G/cm, this is the value
used to load the molecule MOT throughout this work. Moreover, the current required to

generate this gradient is at a value which does not cause significant heating and outgassing
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Figure 4.14: (a) The LIF detected in the MOT region as a function of the Loy laser
detuning Agg. The lower two panels show fluorescence images of the trapped cloud for the
optimal and critical values of Agg. (b) LIF in the MOT as a function of radial magnetic
field gradient b,. (c) The radial cloud size o, for different values of b, with the solid line a
fit to a oy o by /% model. For (b) and (c¢) Agp = —7 MHz.

from the coil assembly over extended periods of operation. Figure 4.14(c) shows how the
radial cloud size varies with b.. These data fit reasonably well to the expected temperature
limited behaviour where the size is o, o by 2 The slight apparent deviation from this
model may likely be explained by imperfect trap beam alignment and intensity imbalance
both of which lead to a deformed trapping potential. Indeed, the axial cloud size for these
data is very similar to the radial size while in the temperature limited regime the radial
size should be /2 times larger. It is found that the cloud size and shape varies from
one week to another thus for experiments where knowledge of the cloud shape is critical,

measurements of it are performed on the same day.

4.3.3 Temperature of the CaF MOT

The temperature of the CaF MOT is measured by taking fluorescence pictures of the
freely expanding cloud. The cloud is imaged by turning on the L£§, light at full intensity
at Agg = —7 MHz for an exposure time of 1 ms. The first image is acquired after 1 ms
of free expansion in order to ensure that the quadrupole field has decayed to negligible
values such that turning on the imaging light does not apply a trapping force to the
molecules. Systematic shifts in the measured cloud temperature due to a rather long
exposure time were investigated in previous work [97]. It was found that the temperature
of a 12 mK cloud is overestimated by 0.3(5) mK while the temperature of a 50 uK cloud
is overestimated by only 0(3) uK.

Figure 4.15 shows the measured cloud temperatures as a function of the peak L,
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Figure 4.15: Temperature of the CaF MO'T for different cooling light intensities. Ipg is the
total peak intensity of Lgg light.

intensity. At a peak L, intensity of 1000 mW-cm~2 the geometric mean temperature
is around 9.5 mK. The Doppler temperature for the molecule MOT may be found by
replacing the saturation parameter in eq. 2.49 with an effective saturation parameter
defined in eq. 2.52. For A = —7 MHz and s = 20 the Doppler temperature is Tp =
1.37 mK which is almost 7 times smaller than the measured temperature. This indicates
the existence of sub-Doppler heating mechanisms in the dual frequency MOT. Because the
Doppler cooling and sub-Doppler heating rates have different dependencies on the laser
intensities the final temperature may be controlled by changing the £, intensity. Once
the MOT is fully loaded the intensity is linearly ramped down to a new value over 5 ms
and held at this value for another 2 ms before the molecules are released from the trap.
Lowering the intensity by an order of magnitude reduces the temperature to 3.5 mK, still
far above Tp.

The minimum temperature which may be obtained by lowering the light intensity is,
again, sensitive to the trap beam alignment. Depending on the quality of this alignment
it is possible to achieve temperatures as low as 1 mK by reducing the intensity by another
factor of 5. If the alignment is not optimal, reducing intensity does not lower the temper-
ature further but only reduces the trap depth. Thus the lifetime of molecules in the MOT
under such circumstances becomes smaller- an undesirable effect for all experiments that
follow. A final intensity of 100 mW-cm~2 is found to reproduce the temperature of the

cloud from one month to the other and leads to a trap lifetime close to 200 ms.
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5 | Collisions in a dual species MOT

After the successful demonstration of laser cooling, a natural starting point for experi-
mental studies of cold atom-atom collisions was the MOT, where atoms could be confined
with high densities and temperatures below 1 mK. These studies found that the rate
of inelastic collisions is typically sensitive to both the trap light intensity and detuning.
Three main mechanisms leading to inelastic loss of atoms out of the trap were identified:
fine structure changing collisions (FCC), hyperfine structure changing collisions (HCC)
and radiative escape (RE), which are briefly described below.

For FCC a pair of atoms which are both initially in the 25} /o ground electronic state
are transferred to a long range attractive molecular potential when one of the atoms in the
colliding pair absorbs a photon. The pair of atoms now in the 2S; 5 +2Ps 5 states' interact
via the long range attractive potential® and may undergo a collision which changes the
internal states to 2Sys + 2Py/2. In this process the two atoms gain kinetic energy equal
to the separation between the fine-structure levels. This excess energy is distributed
equally between the two atoms and may be much larger than the trap depth leading to
the ejection of the pair out of the trap. The FCC process has been studied extensively
both theoretically [142, 143] and in a wealth of different experiments [144, 145, 146]. Loss
rate coefficients up to ~ 1071% cm? - s7! were measured and were observed to depend
strongly on the trap light intensity. In addition to the FCC process, after excitation
the pair of atoms may accelerate towards each other before emitting a photon with an
energy which is lower than the trap photon. The atoms gain kinetic energy equal to the
difference between the absorbed and emitted photons. Provided this gain in energy is
larger than the trap depth, both atoms are able to escape. This is the RE process and
is commonly found to contribute strongly to trap loss. Finally, when the colliding atoms
are both in the ground electronic state, the dominant inelastic process is typically HCC

which involves a change in the hyperfine state of one of the colliding atoms. Because the

L Alkali metal atom MOT’s are most commonly formed using the D5 line thus the trap light excites

the 2P3/2 state.
2When the colliding atoms are of the same species the interaction potential has the ~ +C5/R? form

due to the resonant dipole-dipole interaction. The sign of the interaction is determined by the frequency
of the excitation laser and it is negative (attractive) for red-detuned light and positive (repulsive) for
blue-detuned light. Because atomic MOTs are typically formed using red-detuned light the interaction is

attractive.
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hyperfine splitting is smaller than the fine structure, loss due to the HCC process becomes
dominant at lower trap beam intensities where the trap depth is greatly reduced. The loss
processes described here may be controlled by the experimenter. For example, in [147|
a blue detuned laser beam was used to excite ’Rb atoms confined in a low intensity
MOT to a repulsive C3/R? molecular potential. In this case the two colliding atoms repel
each other and never reach the required short range where a collision which changes the
hyperfine level may occur. Similar methods are used today to enhance the loading of
optical tweezer traps with single atoms [148].

In dual species atomic MOTs, which are more relevant for this work, similar processes
were observed. In these traps the main difference is that an excited heteronuclear atom
pair will interact via a much shorter range ~ +Cg/R® Van der Waals potential [149]
compared to the long range dipole-dipole interaction potential of an excited homonuclear
pair. The sign of the interaction is determined by which of the atoms in the colliding pair
is excited by the trap light. When the atom with a higher (lower) transition frequency
absorbs a photon the pair is transferred to a repulsive (attractive) molecular potential.
Atoms interacting via the attractive potential may again undergo either an FCC or RE
process and be lost out of the trap. Despite the weaker internuclear interaction, similar loss
rate coefficients to those typically found in homonuclear systems were reported [149, 150].
Ground state collisions in dual species MOTs are also dominated by the HCC process and
lead to trap loss when the trap light intensity is lowered.

More recently, in experiments with non-reactive ultracold molecules confined in an
optical dipole trap, rapid two-body losses were observed [151, 65]. It was explained
theoretically [152] and demonstrated experimentally [56] that the loss occurred due to
excitation of short lived molecular complexes by the trap light. Because the dual species
MOT uses several different wavelengths of light the presence of this type of process may
not be excluded.

No experimental (or theoretical) studies of inelastic loss in a dual species MOT of
molecules and atoms existed until this work. Nevertheless, all of the loss processes de-
scribed above may in principle also occur in the molecule-atom MOT and serve as a useful
guide in designing experiments to investigate this novel system. In addition, the more
complicated internal structure of a molecule may give rise to new mechanisms of inelastic
loss. For example, in a collision involving an excited CaF molecule and a ground state Rb
atom, the molecule may relax to the negative parity state of the J = 1/2 level releasing
1.36 x h GHz of energy which corresponds to a 4.3 m/s gain in the velocity of the CaF
molecule. Although this is well below the capture velocity of the molecule MOT at full
laser intensity, a molecule in the J = 1/2, — state will decay to the N = 0 state which is
not addressed by the trap lasers and will thus be lost from the trap. Other processes of
inelastic loss may involve collisions between ground state molecules and atoms. Because
the ground electronic state of CaF in the MOT is the first rotationally excited N = 1
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level, a collision with an atom may transfer the molecule to N = 0 again leading to trap
loss. Provided all of the internal energy of the molecule is transferred to the motional
energy of only the CaF molecule it will correspond to a gain in velocity of 16.5 m/s- above
the measured capture velocity of the molecule MOT.

The methods described in the previous two sections are applied to confine CaF molecules
and Rb atoms in a MOT simultaneously. A rapid loss of molecules due to collisions with

atoms is observed and the origins of this loss are investigated experimentally.

5.1 Experimental Sequence

The experimental sequence to load the dual species MOT and measure the trap lifetimes
is illustrated in figure 5.1. At ¢ = 0 the 2D MOT cooling light £3} and the push beam
LE, are turned on for a duration Ty, to load a variable number of atoms Ngy, into the
trap. After a time Tgy, both £ and L, are extinguished to interrupt the loading of the
3D MOT and the sequence to load molecules into the trap begins. A pulse of molecules is
created in the buffer gas cell at Ty, and the slowing light £5,, £, is pulsed on for 12 ms.
For Txy, > 1 s the ablation laser is fired every 0.5 s to maintain a more uniform flux of
molecules emerging from the source and reduce shot-to-shot fluctuations. It takes a time
Tcar = 40 ms to fully load the trap with molecules after which the trap light intensity is
linearly ramped down to 20% of its initial value over 4 ms to cool the molecules from an
initial temperature of around 10 mK to roughly 3.5 mK.

With both species loaded into the trap, a burst of TTL pulses triggers a CCD camera
to collect the LIF of CaF molecules. A 10 ms exposure time is used with each camera
frame separated by 18 ms and in total 32 fluorescence images are recorded. This sequence
of images is used to measure the trap loss rate I' within a single experimental realization of
the MOT. After the last camera image is acquired, the MOT coils are turned off together
with the Rb trap light £S,, LR, and the atoms are exposed to a 100 us pulse of absorption
imaging light £k, .

The sequence to measure the loss rate of molecules in the absence of atoms is identical
to the above except that the repump light £F, for both the 2D and 3D MOTs is turned
off throughout to prevent atoms accumulating in the trap. This maintains the same

experimental conditions for both the dual and single species trap loss measurements.

5.1.1 Measuring Loss Rates

In the absence of atoms, molecules are lost from the trap at a rate I';. Provided that
molecules collide with atoms inelastically, the natural loss rate will increase by an amount
I'Rp-car Wwhen atoms are introduced into the trap. For all experiments described here

the spatial density of the molecule cloud is around 6 orders of magnitude smaller than
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Figure 5.1: Experimental sequence to load the dual species MOT. A 2D MOT (a) of Rb
is kept on for a variable time Tgry, to supply atoms to the 3D MOT. After a time Ty a

pulse of molecules is created in a buffer gas cell and is laser slowed (b) to load them into

the trap within a time Tc,r. Both species are held in the trap and a CCD camera records

the molecule fluorescence (c¢) to measure the trap loss rate. At the end of the sequence the

atom trap light and the MOT coils are turned off (d) to acquire an absorption image of

the Rb cloud.

dN CaF
dt
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the density of the atom cloud, thus both molecule induced loss of atoms and molecule-
molecule collisions may safely be ignored. In addition, the atom loss rate in the MOT is
around 50 times smaller than I'y, so a constant atom density and cloud overlap over the
duration of the measurements is assumed. With these considerations the loss of molecules

from the dual species MOT is modelled using the rate equation

(5.1)
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Figure 5.2: Decay of molecules in the single (A) and dual (o) species MOTs. The number
of molecules in each image is normalized to the number detected at ¢ = 0. Lines are fits of
the single exponential decay model with the loss rate set as the only free parameter. The

bottom two panels show the fitting residuals.

which has a single exponential decay solution
Necar(t) = Ny exp(—tTs) | (5.2)
with the dual species loss rate given by
Iy =T'1 + I'rb-car - (5.3)

The quantity of interest I'gp.car may thus be extracted from measurements of the single
species I'1 and dual species I'; loss rates. The single species loss I'y is also modelled as a
single exponential decay.

Example measurements of I'; and I's are shown in figure 5.2. The fluorescence detected
in each image is normalized to the signal detected in the first camera frame and the data
is fit to the model of eq. 5.2 with Ny = 1. For this measurement the loss rates extracted
from fits to the single exponential decay model are I'; = 6.39 s~ and I'y = 8.6 s™1. The
bottom two panels in the figure show the fit residuals while the dashed lines indicate their
average. In both cases the fit residuals are randomly spread around the mean value which
are very close to zero indicating a good fit to the model.

Each measurement of I'y and I's is repeated 15 times and the mean values are used
to obtain an estimate of I'ry.car. The statistical uncertainties in both measurements are

propagated to find the errors A(T'rp.car)-
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5.1.2 Natural loss

At the highest laser intensity used for the MOT, the natural loss rate of molecules exceeds
10 s~%. Because the cooling transition is rotationally closed, the only leak out of the cooling
cycle comes from transitions to higher vibrational levels in the ground electronic state.
In the experiment, vibrational levels v > 3 are not optically repumped. By solving rate
equations with the Frank-Condon factors taken from [153], it is found that it takes 400 ms
for 70 % of the molecules to decay to vibrational levels with v > 3. This corresponds to

L and is considerably smaller than the measured values. Thus

a natural loss rate of 2.5 s~
leakage to vibrational levels not addressed by the repump lasers is insufficient to explain
the observed loss.

In general, molecular MOTs demonstrated thus far are relatively hot and exhibit
weaker confinement compared to typical atomic MOTs. Because of these two reasons it
was proposed in [123] that significant loss may occur due to hot molecules slowly boiling
out of the shallow trap. This process is not conservative as the trapped molecules always
interact with the cooling light which maintains the cloud at a constant temperature.
Thus there is a constant fraction of molecules which have sufficient energy to overcome
the trapping potential and escape the MOT. Assuming a harmonic trap of radius ryor,

the loss rate corresponding to this process may be modelled [123]| using the following

equation
2 2,.2
r= e (_m) | (5.4)

with w and T the trap frequency and the molecule cloud temperature respectively. The
trap frequency at an intensity of 1 W - cm™2 was previously measured [91] to be around
90 Hz. Taking ryor to be equal to the 1/e? radius of the trap beams, the loss rate
for a cloud at a temperature of 9.5 mK due to this process is negligible. Similar loss
rates to those which are measured experimentally are reproduced when ryor ~ 5.5 mm.
Although quantitatively the agreement of this model with experimental observations is
poor, it seems to explain the observed trend qualitatively- the trap lifetime tends to grow
when the laser beam intensity is reduced. The molecular cloud temperature drops faster
than the trap depth as the intensity is lowered, thus reducing the number of molecules

which have sufficient energy to escape the trapping potential.

5.1.3 Background calibration

The model of eq. 5.2 is valid only for background subtracted data, so that when ¢t — oo
the signal and thus the number of molecules detected Nc,r — 0. In the experiment the
dominant background is found to be the scatter of trapping light from the surrounding
vacuum components and windows. For each trap loss measurement a set of 15 background

images is recorded with the ablation laser turned off so that no molecules are captured into
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Figure 5.3: Effect of excess background on loss rate estimates. In (a) a set of 10 measure-
ments of the dual species loss rate is fitted to an exponential decay model with an offset.
The estimated offset values are expressed as percentages of the signal detected at t = 0,
the error bars represent the standard errors and the dashed line is the mean of the 10
measurements. In (b) the effect of an excess background on the estimate of I'y is modelled
by introducing a non-zero offset (solid line). The dashed line corresponds to the estimate

for a zero excess background.

the MOT but with all trap lasers kept on. The signal detected in these images is averaged
to estimate the background and is then subtracted from the images corresponding to the
trap loss measurements. To confirm that the correct background is subtracted an offset b
is added to the model of eq. 5.2. This model is then used to fit to a set of 10 measurements
of the trap loss. Figure 5.3(a) shows the estimates of the offset expressed as the percentage
of background signal relative to the detected LIF from CaF at ¢t = 0. Most estimates of
excess background are consistent with zero indicating correct background calibration.

Careful calibration of the background is crucial to measurements described here as the
dual and single species loss rates are similar: an incorrect estimate of either loss rate may
have a large effect on the estimates of I'gy,.cap. The effect of an excess background on the
estimate of I'rp.car is modelled using the data in figure 5.2. A variable offset is added
to the dual species data and a non-linear least squares fit performed using the model of
eq.5.2, which has no offset. Figure 5.3(b) shows how the estimates vary with the amount
of uncorrected background. It is found that an excess background which is only 1 % of
the signal at t = 0 would change the estimate of I'ry,.car by around 10 %. Comparing to
the findings of (a), the shift in the estimates are less than 5 % and in most cases much
smaller. The mean value corresponding to the data in (a) is 0.03 % which leads to a
systematic shift in the estimate of I'gy.car of only 0.3 %.

These considerations originate from the first experiments on the dual species MOT. As
the CCD camera to detect molecule fluorescence has a band-pass filter in front of it and
attenuates light at 780 nm by at least 8 orders of magnitude (according to manufacturers
specification) it was assumed that the same background image could be used for both
dual and single species measurements. Background images were recorded always in the

presence of Rb atoms and it was later discovered that a non-negligible amount of Rb
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Figure 5.4: Statistics of the natural loss I'y measurements over 210 realizations of the
experiment. In (a) the estimates of I'y obtained from each experiment are plotted. The
dashed line is a linear fit to the data and gives a shift in the estimate by less than 5 %.
(b) Shows how these measurements are distributed while the solid line corresponds to a fit

to a normal distribution.

fluorescence was transmitted through the filter. This results in an incorrect background
being systematically subtracted from single species measurements and leads to incorrect
estimates of the loss rates. Fitting the data to a model that includes a background offset
removes this systematic error but inflates the statistical uncertainties of the measurements
of I'rp_car. For this reason, it is better to ensure that the correct background is subtracted
and then fit to a model without a background. For all measurements described here, two
measurements of the background are acquired, in the presence and absence of Rb atoms,

and subtracted from the dual and single species loss measurements respectively.

5.1.4 Measurement statistics

A single experiment to measure a trap loss rate takes several minutes and is dominated
by the time it takes to load Rb atoms into the MOT. To obtain an estimate of I'rp.car
takes around 2 minutes and the measurements are repeated multiple times under different

experimental conditions.

Figure 5.4(a) shows estimates of the natural loss rate I'y over 210 measurements. The
shot-to-shot fluctuation remains roughly constant but the estimate shifts by 4.5(9) %.
Although this shift is small, measurements of I'y and I's are always interleaved so that
the effect on I'y from unexpected changes in experimental parameters is eliminated. Fig-
ure 5.4(b) shows how the data in (a) is distributed: as expected the distribution is slightly

skewed due to the systematic shift in estimated values of I'y.
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5.2 Measurement of the loss rate coefficient

To find the two-body loss rate coefficient, ks, corresponding to the observed atom induced
loss of molecules from the dual species MOT, the spatial overlaps and the density distri-
butions of both clouds must be measured accurately. Due to limited optical access the
molecule cloud may only be imaged in 2D, thus, displacement between the two clouds in
the third direction cannot be obtained directly from fluorescence images. By measuring
how I's varies with atom number and using several basic assumptions about the cloud

shapes, it is possible to find this displacement empirically as well as the value for ks.

Numerical estimate of cloud overlap

The measured loss rate is related to ks by
Trb-car = ko NrpF (5.5)

where Ny, is the atom number and the overlap between the spatial distributions, F, is
given by
F= /be(F)fCaF(f) d°r . (5.6)

The spatial distributions frp(7), fcar(7) are both normalized such that [ fry(F) d&*F =
[ foar(F) d*F = 1. Using fluorescence images of each cloud acquired with the same camera
the overlap integral in 2D may be found directly by integrating over the product of the

two images

1 a.
T = D PP (5.7)
7.k

where A is the camera pixel area and Pj, is the normalized pixel count recorded in a
fluorescence images of species s. The pixel area AA is adjusted for the magnification of

the imaging system and P;, are given by
Pk

s _
ik = S i
pl,m
I,m

with pj, the raw counts recorded in pixel j, k.

(5.8)

To acquire fluorescence images of the CaF cloud, a band-pass filter centred around
606 nm is placed in front of the camera. With the camera in the same position, the
606 nm filter is replaced with a neutral density filter to acquire an image of the Rb cloud.
Both clouds are assumed to be radially symmetric (o5 = o7) and described well by 1D
Gaussian spatial distributions along the blind direction, taken here as the x — axis. Thus

the overlap integral may be approximated by

Fr Fy = TP . GID(GRb 5CaF Ay (5.9)

Tr V7
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Figure 5.5: (a) Numerical estimates of the effective density overlap Y2P (A) for a variable
number of atoms in the trap together with overlaps of the normalized spatial distributions
(o). (b) The normalized CaF distribution; (c) the Rb distribution; (d) the resulting overlap.
Both Rb and CakF distributions are obtained from fluorescence images as described in the

main text.

with G'P the overlap integral along the blind direction and A, the unknown displacement
between the cloud centres.

In the experiment, a variable number of atoms are loaded into the trap and the cor-
responding I'gy.car are measured. The numerical 2D and analytical 1D overlap integrals
are calculated using the acquired fluorescence images for each Ngy,. The model of eq. 5.5
is then fit to these data with ks and A, set as free parameters. Figure 5.5 shows how the
overlap integral T2?P varies with atom number loaded into the trap. The overlap between
the normalized spatial distributions becomes smaller for clouds containing more atoms as
the number density of the atom cloud remains roughly constant. On the other hand, the
effective density overlap, T?P - Mgy, increases as more atoms are added into the trap and

leads to higher observed loss rates.

Analytical estimate of cloud overlap

Assuming that both the atom and molecule clouds are described by radially symmetric
Gaussian distributions the overlap integral may be written as

1 1 A2
fA = (27-()3/2 H — eXp (-2512> s (510)

. 0;
ie{z,y,z}

where 77 = (UZRb)Q + (UfaF)2 and A,; are the displacements between the two cloud centres.

In addition, the power law dependence of the atom cloud size on Mgy, given by eq. 4.7,
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Figure 5.6: Atom induced loss rate of molecules (o) measured for a variable number of
atoms in the trap. The diamonds represent the best fit of the numerical overlap model to
this data. The black line is the best fit using the analytical overlap model. The lower three
panels show the CaF and Rb spatial distributions integrated over x and z and demonstrate

how the overlap along y varies with atom number.

may be used to express ['rp.car in terms of the atom number.

The relative cloud positions and widths are again extracted from the fluorescence
images and radially symmetric spatial distributions are assumed. The value of k5 is then
extracted using the model of eq. 5.5 with the numerical overlap replaced by eq. 5.10. The
analytical model is defined at all values of ARy, whereas the numerical model is only

defined at the values of Ny}, where measurements were made.

Values of ks using the numerical and analytical overlap estimates

Measured values of I'gy,.car for variable Mgy, are shown in figure 5.6. Using the numerical
overlap model only discrete values of the overlap integral may be obtained and the values
which fit the data the best are represented by diamonds. The fit gives a loss rate coefficient
ko = 1.43 +£0.29 - 107'% ¢cm?/s and a displacement between the cloud centres along the
blind direction A, = 0.13 + 0.07 cm. The displacement in the blind direction is similar
to the measured radial displacement of 2 mm. Uncertainties on estimates of ko and A,
include the statistical measurement errors of I'gry.cap and the uncertainties in the atom

numbers. The shot-to-shot variation in the measured cloud overlaps is negligible and
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there is no reason to believe that it varies significantly on the time scale of the experiment
to measure I'grp.car. To include the uncertainties in Mg, and I'gy.car Simultaneously, both
values are sampled from the measured distributions and a fit to the model of eq. 5.5
performed several thousand times. The standard deviation of the estimated values of ks
and A, are taken as the uncertainty of the best estimates.

In addition, the data of figure 5.6 is used to extract ko using the analytical overlap
model. The best fit is represented by the solid black line and the best estimates in this
case are ky = 1.29 £ 0.21 - 1071 cm?®/s and A, = 0.13 £ 0.07 cm. Both values are close
to the ones found using the numerical overlap model. It seems reasonable to take the
estimates obtained using the earlier approach to be more reliable as it better accounts for

the spatial atom and molecule distributions.

5.3 Looking for loss channels

In the dual species MOT, atoms are in either the ground (25 2) or excited (2Ps2) states
while the molecules are in either the ground (*X) or excited (*II;/2) states. The relative
populations between all these levels depend on the trap light intensity and detuning
and the observed loss of molecules may be due to inelastic collisions between atoms and
molecules when they are in any combination of these states. In this section the value of
ko is measured under varying experimental conditions in order to determine the dominant

loss mechanisms.

5.3.1 Rb MOT light

To investigate whether light used to trap Rb atoms affects the loss rate coefficient, it
is modulated between on and off cycles at a frequency of 10 kHz using an AOM. The
modulation frequency is faster than the trap oscillation frequencies (roughly 1 kHz) but
much slower than the rate at which atoms scatter the trap light (>1 MHz). Varying
the modulation duty cycle thus has two effects: (i) the excited state fraction of atoms
will change proportionally to the duty cycle and (ii) the average amount of time atoms
and molecules spend in the presence of 780 nm light changes in proportion to the duty
cycle. Effect (i) probes the dependence of ky on the relative population between excited
and ground states while effect (ii) allows to investigate processes such as the potential
formation of short lived molecular complexes.

The experiment proceeds in a similar way to as before: first around 3.8-10° atoms are
loaded into the trap followed by the much faster sequence to load molecules. The Rb trap
light is then modulated between on and off cycles with a duty cycle, . The loss rate of
molecules is measured during this modulation in the presence and absence of Rb atoms

to find I'gy.car. Lowering n%P reduces the effective spring constant of the trap and thus
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Figure 5.7: (a) Measured loss rate coefficient, ko, versus the Rb trap light duty cycle, n2P.
Error bars represent statistical measurement errors , dashed line is the best straight line
fit, and the shaded regions are the 95% confidence bands. The inset shows how the natural
(8) and dual species (o) loss rates vary with n. (b) The variation of the Rb cloud size
with n3P along the radial (o) and axial (A) directions. (c) The detected LIF from Rb
atoms as a function of the Rb trap light duty cycle. The solid line is a linear model fit.

significantly increases the atom cloud size while the position is found to vary very little.
For each value of the duty cycle, the fluorescence images together with the analytical
model were used to determine the overlap integral. The displacement in the x-axis was
fixed at 1.5 mm throughout. Since the position of the cloud in the other two dimensions
hardly changes with the duty cycle, this approximation is reasonable. Figure 5.7(c) shows
how the detected LIF from Rb atoms varies with n®. A linear fit to these data gives
a gradient of 1.1 which is in good agreement with the assumption that the excited state
fraction is directly proportional to n%. The number of atoms is again determined using
absorption imaging and is found to not change over the entire range of 7" values used
in the experiment. Here and in the following experiments the analytical overlap model is
used to extract the loss rate coefficient.

Figure 5.7(a) shows how ky varies with nXP. The dashed line is the best fit to a linear
model which has a gradient of, (2.4+3.0) x 107! ¢cm? /s, consistent with zero. Because the
intercept of the linear fit is 9.50 above zero, the hypothesis that the observed loss is due
entirely to collisions with excited-state atoms can be rejected with very high confidence.
The hypothesis that the presence of 780 nm light is responsible for the observed loss may
be rejected at the same confidence level. If both ground and excited state atoms are

involved in the inelastic process the loss rate coefficient may be written as
ke = k5 fe + k3(1 = fo) = kg + [ oy (ks — K5) (5.11)

where k5 and kS are the loss rate coefficients due to collisions with ground and excited
state atoms respectively. The excited state fraction of Rb is labelled as f., whose value

for nR> = 1 is fm. Using results of [154], the maximum excited state fraction of Rb
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Figure 5.8: (a)Dependence of ko on the CaF trap light duty cycle, n52F. Error bars

represent statistical loss rate measurement errors, dashed line is the best fit straight line,
and the shaded regions are the 95% confidence bands. The inset shows how the natural

(8) and dual species (o) loss rates vary with 752F. (b) The dependence of the CaF cloud

on
CaF

size on 72" .

for the given trap parameters (detuning of —3T', intensity of 72.5 mW - cm™2) is fMX «
0.15. The loss rate coefficients are again obtained from a linear fit and are equal to
k$ = (1.3340.14) x 10719 cm? - s7! and k§ = (2.9 £ 1.9) x 107'% cm? - s71. Because

is low and the loss rate coefficient is observed to vary slowly with nf

b the error on the
estimate of k§ is large. Nevertheless, the measured value of k5 is consistent with the value
of k§, suggesting that the observed loss process occurs at a similar rate when atoms are

excited to the Py 5 level.

5.3.2 CaF MOT light (duty cycle)

Next, the CaF trap light is modulated also at a frequency of 10 kHz with a variable
CaF

on

duty cycle, n and the loss rate coefficients are measured. The Rb light is kept on
continuously for these experiments. As shown in figure 5.8(b) the molecule cloud expands
as the duty cycle is reduced due to a reduced effective spring constant. The values of ko

at each duty cycle are determined using the same method as described in section 5.3.1

CaF

-2 A linear model fit to these data gives

above. Figure 5.8(a) shows how ks varies with 7
a gradient of, (74 5) x 107'* cm?®/s, which is consistent with zero. The best estimate of
the intercept is (0.76 4+ 0.38) x 1071° cm - s™! and is above zero by 20, suggesting that
the observed loss is not likely to be purely due to collisions with molecules in the excited
(*I1;») state.

From the inset of figure 5.8(a), it is evident that the natural loss rate is reduced for
CaF

on

lower values of <2

F but begins to grow again for 7 < 0.6. Lowering the amount of
time the trap light is kept on reduces both the average scattering rate and the trap depth.

A lower scattering rate leads to smaller loss but, as the temperature of the cloud does not
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Figure 5.9: (a) Dependence of ks on the CaF trap light intensity. The dashed line is a fit
to a linear model with the shaded region representing 95% confidence bands. The inset
shows how the natural (e) and dual species (o) loss rates vary with light intensity. (b) The
radial (o) and axial (A) molecule cloud size as a function of trap light intensity. (c¢) The
LIF from CakF for different trap light intensities. The line is a fit to the effective scattering

rate model described in the main text.

CaF
on ’

vary significantly with 7 the reduced trap depth will enable more molecules to escape

the trap. At n$2F = 20%, all molecules are lost from the trap within the first 20 ms or so.
These observations are consistent with there being two loss channels, one that increases
with scattering rate and another that increases as the trap depth is reduced. When the
duty cycle is low the trap is shallow and the "boil off" dominates; when the duty cycle is

high this effect is small but loss due to scattering into an unaddressed state dominates.

5.3.3 CaF MOT light (intensity)

To consolidate the findings from the experiment where the duty cycle of the CaF trap
light is varied, an additional measurement was performed. After both species are loaded
into the dual MOT, the molecule trap light is ramped down to a variable intensity and
held at that value for the duration of the loss rate measurement. In all the experiments
described above the L§, light was kept at an intensity of 200 mW - cm™2 and here both
higher and lower values were explored. In figure 5.9(b) the variation of the molecule cloud
size with light intensity is shown. The cloud becomes slightly smaller in both the radial
and axial directions as the intensity is reduced to 200 mW - cm ™2, whereas begins to grow
for lower intensities. For intensities down to 200 mW - cm ™2 the temperature of the cloud
drops, thus reducing its size. For lower intensities the temperature stops varying and the
cloud becomes larger due to a reduced trap spring constant.

Figure 5.9(a) shows how ks varies with the trap light intensity. The values of ky for
each trap beam peak intensity are computed using the same methods as above with the

variation in cloud size and position as a function of Lf, intensity taken into account.
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A linear fit to these data gives a gradient of (0.8 £2.7) x 107'* cm® - s~! - mW ™', again
indicating that the trap light does not affect the observed loss. The intercept is found to be
equal to (1.39 4 0.21) x 1071% cm - s71, which is above zero by 6.7¢. Thus the hypothesis
that the observed loss is entirely due to the presence of 606 nm light may be rejected
with high confidence. In addition, lowering the intensity significantly changes the excited
state fraction of CaF. Figure 5.9(c) shows the LIF detected in the first camera frame as
a function of intensity. The detected LIF is directly proportional to the scattering rate
which determines the fraction of molecles in the excited electronic state. The excited state
fraction for this experiment thus dropped by around a factor of 5 for these measurements
when reducing the trap light intensity from 1000 mW - cm~2 to 50 mW - cm~2. Because no
significant variation in ko with intensity is observed, the results of this experiment agree
with the conclusions of section 5.3.2.

The solid line in figure 5.9(c) is a fit to the model of eq. 2.52. The fit gives I .4 =
73(5) mW - cm™2, which is 46 % larger than the expected value (see section 2.2.5) of
7—72]S = 50 mW-cm~2. Because the frequency detuning is somewhat poorly defined relative

to the multi-level structure of CakF, this discrepancy is reasonable.

5.4 Discussion

For the measurements described above, the effective temperature of the relative motion
is 2.4 mK. At this temperature, the results of the single-channel model have almost no
dependence on the scattering phase shift §°, because the shape resonances corresponding
to the different partial waves are washed out by thermal averaging. The loss rate can be
approximated as

ko(T) = ui—yy)zkglaxm , (5.12)
with y the loss rate parameter defined in section 2.3.3. The thermally averaged universal
loss rate coefficient £5"**(T") depends only on the reduced mass p = (mgrpmcar)/(mgp +
mecar) and the asymptotic interaction potential —Cg/ RS. In this system, the universal
loss rate coefficient is estimated to be equal to A¥* = 1.32 x 107! cm™ and is in
agreement with the experimentally measured value of ky = (1.43 4 0.29) x 1070 cm—3.
In addition, the measurement results in the MO constrain the loss rate parameter to
be y > 0.46. This corresponds to a probability P > 0.86 that each time the pair reaches
short range a molecule will be lost from the trap. The loss rate parameter y is expected
to be independent of energy, so this constraint should apply to collisions at ultracold
temperatures. As will be discussed in detail in the following chapter, collisions between
molecules in the ground electronic N = 1 state and ground state atoms lead to loss

which is close to the universal rate. When the molecules are in N = 0 the loss is highly

suppressed. Because molecules are in the N = 1 state in the MOT and the measured
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loss rate coefficient is consistent with £3***, rotation-changing collisions are sufficient to
explain the experimental observations. Contributions from collisions with excited state
molecules or atoms, or light induced processes may not be ruled out, although they are
insufficient to explain the experimental results.

At a temperature obtained in the experiments described here, a total of 4 to 7 partial
waves may contribute to the inelastic scattering process. In this regime, the universal loss
may be approximated by the Langevin capture model [105]. In this model, all classical
particle trajectories with energies higher than the centrifugal barrier are assumed to result

in loss. For an asymptotic potential —CgR ™%, the Langevin model gives a loss rate [155]
2\ 12
k™ (T) = 2151 (2/3) <-) Oy (knT)'/S (5.13)
i

where I'(2) is the gamma function. For Rb+CaF at a temperature of 2.4 mK, the universal
loss rate evaluates to A3®* = 1.34 x 107!° cm - s, which is in very good agreement
both with the measured value and the quantum-mechanical universal rate. The T/6
temperature scaling in the Langevin model remains valid down to temperatures of around
~ Egs/kg [105]°, where Eg = h?/+/813Cs, which is 124 K for the Rb+CaF system. The
measurement results in the mK and pK regimes will be compared in the next chapter.

In the MOT, molecules in all hyperfine states of the N = 1 rotational level are trapped.
The maximum energy released for a molecule relaxing from the F = 2 to /' = 1~ hyperfine
level is roughly 7 mK in temperature units. This corresponds to a gain in velocity of
1.4 m/s which is below the capture velocity of the MOT. In a collision which involves
a relaxation of the atoms hyperfine state, a molecule would emerge with a velocity of
7.4 m/s. This is close to the capture velocity of the MOT, thus lowering the trap depth
by reducing the duty cycle could lead to an increased loss rate. However, as argued
above, rotational relaxation causes loss that is already at the universal limit. In this
limit, adding an additional collisional loss mechanism, no matter how strong, does not
increase the loss rate. The same argument applies to the RE process, but not to processes
involving excited-state atoms and/or molecules since they form distinct populations with
their own distinct values of the universal loss rate.

The results presented here are important for designing future experimental protocols
to transfer both species into a conservative trap where collisional cooling may be per-
formed. The high loss rate of molecules observed in the dual species MOT will limit
the achievable number densities in a conservative trap, especially when the two cloud
centres are better overlapped and the size is compressed using a compressed-MOT [156|
or DARK SPOT MOT [157, 158]. To circumvent this limitation, the molecules could be

loaded into the trap first. As will be shown in the next chapter, the atom induced loss

3In the non-universal case when the loss rate parameter y << 1, the T'/¢ temperature scaling can

break down even at temperatures well above Eg/kp.
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rate of molecules prepared in N = 0 is highly suppressed. Thus, losses can be avoided
by preparing molecules in a conservative trap and in the ground rotational state, before

introducing the atoms.
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6 | Collisionsin a magnetic quadrupole

trap

Sympathetic cooling of molecules using an ultracold gas of atoms must proceed in the
absence of near resonant trap light, which usually limits the lowest achievable tempera-
tures. Such cooling was for the first time demonstrated only very recently [159], when
23Na’Li molecules where shown to thermalize with an ultracold gas of ?*Na atoms, both
confined in a 1D optical lattice. In addition, the authors were able to perform evaporation
of the Na atoms to lower the temperature of both the atoms and the molecules to 220 nK
and obtain a molecular phase space density of 2 - 1072. Contrary to theory predictions,
sympathetic cooling turned out to be surprisingly efficient in this system, with an elastic
to inelastic collision rate ratio of 62(12). Inelastic losses due to the presence of trap light
or due to chemical reactions were not found to limit the collisional cooling process. Other
molecular species are not so fortunate [160, 56| and require additional care to prevent
losses due to trap light induced processes or chemical reaction processes. Thus a natu-
ral trap to perform collisional cooling is the magnetic trap where all laser light may be
extinguished. In this trap the inelastic collisional processes are limited to spin-changing
collisions as the molecules may not be confined in their lowest ground state. Such spin-
changing collisional processes are expected to have a relatively small cross section [161].
If this is considerably smaller than the elastic cross section, sympathetic cooling in the

magnetic trap becomes feasible.

In this work CaF molecules and Rb atoms are transferred to a magnetic quadrupole
trap. To investigate the feasibility of sympathetic cooling, inelastic processes are studied
first. In addition to these studies being of practical importance, it also contributes to the
currently scarce available experimental work where atom-molecule collisions [162, 163,

164, 165] at ultracold temperatures were studied.

This chapter details the experimental sequence used to prepare the atoms and molecules
in the magnetic trap. Quantum state dependent loss of molecules out of the trap due to
inelastic collisions with atoms are observed and the loss rate coefficients are measured.

Experimental findings are compared to theory predictions.
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6.1 Dynamics in the magnetic trap

First, the working principle of the magnetic trap is reviewed and the dynamics of trapped
particles are described using numerical trajectory simulations. A particle with a magnetic

moment /i will experience a force in a spatially varying magnetic field B (x,y, z) given by

For a magnetic moment pointing along the direction of the local magnetic field the particle
will be pulled towards the direction of decreasing magnetic field. When the magnetic
moment is anti-aligned with the magnetic field it will experience a force towards regions
of higher field. It is thus possible to spatially confine particles using a magnetic field with
a local minimum. Both Rb and CaF have an unpaired electron in the ground electronic
state, thus making it possible to trap both particles magnetically.

In the magnetic trap, trapped particles precess around the pointing direction of the
local magnetic field. Initially particles are spin-polarized along a bias field of 200 mG
but the direction of the field in the trap is not uniform in space. Thus it is important to
consider whether the orientation of the particle spin will be able to adiabatically follow
the changing direction of the magnetic field as the trap is turned on. The relevant time-
scales to compare here are the Larmor precession period in the applied bias field with the
time it takes for the trap to turn on. The Larmor period is given by 47;% and is equal to
3.6 us for both Rb and CaF prepared in spin-stretched states for a bias field strength of
200 mG- much faster than the time it takes to switch on the trap.

The most basic configuration which produces a spatially varying magnetic field with
a local minimum is the magnetic quadrupole, also used to make the MOT. Close to the

field zero the magnetic quadrupole field may be approximated by

B(z,y,2) =b. (“w + 2 z@) , (6.2)

2 2
with b, the field gradient along the axis of the anti-Helmholtz coils, which is here chosen as
the z—axis. The motion of a particle of mass m prepared in a spin state with total angular
momentum projection mp moving in a quadrupole field is described by the following

equations of motion

M

= _“Bgi rbs - (6.3)
m % + %+ 22

. puBgrMrb, Yy

y=- 4m 2 y? 2 o4

4 + T + z
. usgrMpb, z
Z=— - —-g. (6.5)

x2 2
y + yz + 22
Here up and gp are the Bohr magneton and Lande g-factor respectively, and the approxi-

mation that the Zeeman shift is linear in the magnetic field was used. In this case, thisis a
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Figure 6.1: Numerically simulated dynamics of a gas loaded into a magnetic quadrupole
trap. The top row shows how the cloud sizes of Rb and CaF vary for the first 0.85 s after
turning on the trap. The bottom row shows the transient motion of the cloud centres. The
dashed lines indicate roughly the time it takes for the dynamics of both gases to reach a

steady state.

good approximation when the Zeeman shift is small compared to the hyperfine structure.
The gravitational force, mg, exerted on the particle along the z—axis is also included. In
the following, these equations are solved numerically for a gas of particles loaded into the

magnetic trap with variable initial conditions.

6.1.1 Macroscopic properties of a gas in a magnetic trap

The dynamics of a gas in a magnetic quadrupole field are simulated by randomly drawing
particles from a thermal distribution and propagating their trajectories using eqgs. 6.3-6.5.
The initial position of a particle in the gas is drawn from a normal distribution with width
o; and mean displacement from the trap centre d;, where ¢ € {x,y, z}. The initial particle
velocity is drawn from a thermal distribution with a given characteristic temperature.
For a given set of initial parameters, the trajectories of 5 - 10% particles are simulated to
approximate the macroscopic properties of a bulk gas. The size of the cloud at any given
time is given by the standard deviation of the particle positions while the trap centre is
given by the mean position. To extract the temperature, the velocity distribution after a
fixed hold time in the magnetic trap is fitted to a thermal distribution.

Figure 6.1 shows the transient dynamics of clouds of Rb and CakF loaded into a mag-
netic trap with b, = 0.3 T/m. Both particles are assumed to be in the spin stretched
states with magnetic moments of 1ug. The initial geometric temperature of the atom and

molecule gases are 40 pK and 100 K respectively. Because of the lower mass of CaF it
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will be accelerated more than Rb and the individual trajectories of the particles will be
dephased faster. It takes roughly 300 ms for the size and position of the Rb gas to reach
a steady state while the CaF cloud settles within 200 ms. Due to the gravitational sag
the spatial distributions of the clouds along gravity become asymmetric and their centres
of mass are shifted below the trap centre. The shift is approximately proportional to the
mass of the particle thus the Rb cloud sags more than the CaF cloud. The widths of
both clouds are smaller along the axial direction because the magnetic field gradient is
two times larger than along the radial direction.

One curiosity of the magnetic quadrupole trap is that even in the absence of collisions
or other dissipative processes the dynamics of the gas reaches a steady state. For example,
the centre of mass of a gas of atoms loaded into a harmonic trap® with an initial displace-
ment from the trap centre would oscillate indefinitely without a means to dissipate the
extra potential energy. In contrast, the dynamics of a gas displaced from the field zero in
a quadrupole field will reach a steady state within hundreds of ms. The anharmonicity
of the magnetic quadrupole potential dephases the trajectories of individual particles and

pushes the bulk gas towards a quasi-thermal equilibrium.

Magnetic field gradient (sudden ramp)

The force experienced by a particle in the magnetic trap is proportional to the mag-
netic field gradient. It is thus interesting to investigate to what extent the gas may be
compressed by simply increasing the field gradient. Assuming the cloud in the magnetic
trap has a thermal distribution and neglecting the gravitational sag it follows from the
equipartition theorem that the size of the cloud is o, o< T'/b,. Increasing the field gradient
changes the momentum distribution of the particles in a non-trivial way as the trajec-
tories along along the radial (z, y) and axial (z) direction are coupled. The numerical
simulation of particles trajectories is thus useful for understanding how both the cloud
width and temperature change as a function of b,.

Figure 6.2(a-b) shows how the size and temperature of the CaF cloud vary with the
magnetic field gradient. In the simulation, the magnetic field is switched on instantly at
t = 0. The initial cloud dimensions are 1.6 mm and 1.2 mm along the radial and axial
directions, similar to the size obtained in the experiment. According to the results of
the simulation the size ceases to decrease above axial gradients of 1 T/m. Fitting these
simulation data to a power law model o = oy + hb] gives v, = —1.3, h, = 0.016 for
the axial direction and ~, = —1.68, h, = 0.0064 for the radial direction. As the gradient
is increased the temperature continues to rise due to the additional magnetic potential
energy added to each molecule and limits further compression. The temperature increases

two times faster along the axial direction as the gradient along this direction is two times

IThis could be an Ioffe-Pritchard magnetic trap or an optical dipole trap.
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Figure 6.2: Numerical simulation of the cloud (a) size and (b) temperature as a function
of the axial magnetic field gradient. The initial axial cloud temperature is 120 pK, the
radial is 90 pK. In (a) the solid lines are fits to a power law model described in the main
text. (c) and (d) the cloud size and temperature as a function of initial displacement from
the trap centre along the radial direction. (e) Cloud size in the MQT as a function of the
initial geometric mean temperature at a field gradient of 0.3 T/m. (f) The phase space

density as a function of the field gradient.

higher. For experiments described in this work a 0.3 T/m gradient is used thus there is
scope to substantially reduce the size of the cloud. Unfortunately, the electrical current
required to achieve higher gradients in the present experimental setup causes too much
ohmic heating of the coil assembly and thus an increase in background pressure. In the
future, the magnetic quadrupole field provided by the in-vacuum coils may be combined
with a quadrupole field from a set of external coils and a gradient close to 1 T /m should

be attainable.
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Figure 6.3: Numerical simulation of cloud compression in the magnetic trap. The size of
the molecular cloud is plotted as a function of hold time in the trap using a linear 100 ms
ramp (left) and a sudden ramp (right) to a final axial magneic field gradient of 2 T /m.
The ramp starts at ¢ = 0.3 ms from an initial field gradient of 0.3 T /m.

Magnetic field gradient (slow ramp)

Increasing the magnetic field strength gradually rather than suddenly jumping it to the
final value has a different effect on the dynamics of the trapped cloud. Figure 6.3 shows
how the size of the molecule cloud changes with time when the field is suddenly ramped
up to 0.3 T/m at ¢ = 0 followed by a 100 ms linear ramp at ¢t = 0.3 s up to an axial
gradient of 2 T/m. Using a linear ramp gives a cloud which is ~ 30% smaller along
the axial direction and ~ 10% smaller radially compared to the size obtained when the
field is suddenly jumped to the final value. This suggests that even in the anharmonic

quadrupole trap the cloud may be compressed adiabatically to some extent.

Initial cloud displacement and temperature

A molecule cloud displaced from the trap centre will reach a steady state size and tem-
perature within ~ 200 ms. Figures 6.2(c-d) show how the size and temperature of the
cloud vary with initial radial displacement from the magnetic field zero. The additional
magnetic potential energy added to the molecules leads to a larger cloud size and increases
the temperature. Even though the initial displacement is along the radial direction, the
axial dimension is also affected because the equations of motion in a magnetic quadrupole
trap are coupled in both dimensions.

Figure 6.2(e) shows how the size of the cloud varies with the initial geometric tem-
perature, Tgo. The size scales roughly linearly with T, go. Thus another route to increase
the number density in the trap is to load a colder cloud. At a temperature of 5 uK the
cloud size in the radial direction would be reduced to ~ 0.13 cm, which corresponds to an
increase in number density by a factor of three. This temperature has been demonstrated
experimentally for laser cooled CaF molecules [98, 166].

The results of these simulations compare very well with measured properties of the
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CaF cloud loaded into the magnetic trap. The simulation predicts that a cloud with radial
and axial dimensions of 1.6 mm and 1.2 mm displaced from the trap centre by 2 mm will
expand to 2.3 mm along the radial direction once loaded into the trap. This is indeed
observed in the experiment. The cloud temperature predicted by the simulation for these
initial conditions is around 130 pK while in the experiment a temperature of 175(37) uK

is measured.

Phase space density

Finally, it is interesting to look at how the phase space density of the gas varies with the
magnetic field gradient. The phase space density of a gas at temperature T" and density
N = N/((27)*?0,0,0.) is given by

orh2 \ ¥/
s=N . 6.6
pp (kaT) ( )

For a Bose condensed gas pps > 1. From the equipartition theorem, the magnetic field

gradient for which the phase space density of the cloud is matched with the phase space
acceptance of the quadrupole trap is b = 21%/{BT o/ 0gpin, with T, and o, the geometric
mean temperature and size of the cloud respectively. For the initial parameters of the
cloud in the simulation, b = 0.22 T/m. Figure 6.2(f) shows how pps changes with the
loading gradient. At a field of around 0.45 T/m the phase space density is maximized,
which is a factor of two larger than predicted using the equipartition theorem. Because the
motion in a quadrupole trap is coupled in all three dimensions, the use of geometric mean
quantities may not give the correct estimates. In addition, the gravitational potential
energy was excluded from the above. The optimum pys/N =~ 1.7-107'% in the trap is
about ~ 30 % lower than the initial phase space density.

6.1.2 Spatial distribution in a magnetic trap

A particle confined in a magnetic quadrupole trap has potential energy

2 2
U(%y,z):ubz\/x Zy + 22+ mgz (6.7)

where 1 = grMpug and the gravitational potential energy is also included. Using the

equipartition theorem, the corresponding density distribution of a cloud in thermal equi-

N(z,y,z) =Ny (5;22)3 exp (—prz <\/ v 1_ v + 22+ mgz)) , (6.8)

where 8 = 1/kgT and N is the total particle number. Integrating along the radial

librium is

directions,  and y, gives the axial distribution

oz = 1 (1 + L—i’) exp (_M) , (6.9)

4z 20
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Figure 6.4: Measured spatial distributions of molecules and atoms in the magnetic
quadrupole trap. (a,c) Axial distributions for (a) Rb and (c¢) CaF, integrated over the
radial direction. (b,d) Radial distributions for (b) Rb and (d) CaF, integrated over the
axial direction. The solid lines are fits to the axial and radial distributions described in

the main text.

with v = mg/ub, and zy = kgT/ub,. There is no analytical expression for the ra-
dial spatial distribution but it is found that a Gaussian distribution, h(z), fits well
the experimentally measured distributions. The 3D distributions are thus modelled as
fs(x,y,2) = hs(x)hs(y)gs(2), with s € {Rb, CaF'}. Figure 6.4 shows the measured Rb
and CaF distributions, together with fits to ¢g(z) and h(x). Both species were held in the
trap for 300 ms, then released and imaged in free space.

The overlap integral between the two distributions is then given by

Az AZ - (C? (420% — 320, Rb20,car) — 4207 (4207 + 20,.Rb20.CaF))
A (ofy, + 08.r) (220 + C)? (Dcarzo.rb + Drozo.car)’

Y

/ Foo(F) foar (F) & =

(6.10)
with the various constants defined as
A, =721, (6.11)
Dy=~,—1, (6.12)
C = YRb20,CaF + YCaF20.Rb (6.13)
Z0 = 5 (20.mb + 20,CaF) - (6.14)

This analytical expression for the overlap integral is used to find the effective density and

accounts for the differential gravitational sag between the two species in a natural way.
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Figure 6.5: Preparing molecules and atoms for the magnetic trap. Molecules are cooled

in a blue-detuned optical molasses while atoms are cooled in a red-detuned molasses.

The quantum state of the molecule is prepared using a sequence of optical pumping and

microwave transfer steps while atoms are pumped into the spin-stretched state just before

turning the magnetic trap on.

6.2 Preparing molecules and atoms for magnetic trap

After loading the dual species MOT, molecules and atoms are cooled in an optical mo-

lasses and are prepared in magnetically trappable quantum states. Figure 6.5 illustrates

these steps. Molecules are cooled in a blue detuned molasses for 12 ms?, while atoms

are cooled in a red-detuned molasses. Then, the molecules are optically pumped into the

IN =1,F =0, Mp = 0) state followed by microwave transfer to the magnetically trap-

pable [N =0, F = 1, Mr = +1) state. Remaining molecules in the N = 1 state are blown

2Tt takes around 1 ms for the molecules to reach their final temperature in the blue molasses but they

are held longer to allow the magnetic field due to induced Eddy currents after switching off the MOT

coils to decay to the 1 mG level. This is important for the subsequent microwave transfer steps.
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away using resonant light which drives the B-X transition. In the meantime, atoms
are optically pumped into the spin stretched |F' = 2, Mp = +2) state. At this point the
magnetic trap may be turned on or an additional MW pulse may be applied to trans-
fer molecules to either the [N =1, F =2, Mp = +2) or [N =1, F =1, Mp = +1) states,
which are both magnetically trappable. When molecules are trapped in N = 0, a second
MW pulse is necessary to bring the population back to N = 1 for recapturing into the
MOT and imaging. The time the magnetic trap is turned on coincides with the end of
the state preparation steps for both CaF and Rb. The rest of this section describes each
of these steps in detail.

6.2.1 Blue-detuned molasses for molecules

Typical magnetic trap depths are on the order of a few mK, which is also the temperature
of molecules in the dual species MOT. To load a large fraction of these molecules into the
magnetic trap, the temperature must thus be lowered. The temperature of molecules is
reduced by cooling them in a blue-detuned optical molasses prior to the quantum state
preparation steps.

By lowering the Ly intensity in the MOT molecules cool to roughly 3 mK. Because
the cooling light drives type-II transitions, a red detuning leads to sub-Doppler heating of
molecules with low velocities, preventing further reduction in temperature. The situation
is reversed for blue-detuned light: in this case the slower molecules become cooled while
the faster ones are heated by Doppler forces.

After cooling in the red-detuned MOT, the cloud is released from the trap and the
laser frequency is jumped up by an amount Agy. The light is switched off during this
jump for 1 ms to allow the AOM drive frequency to settle to the new value. The capture
velocity of the blue-detuned molasses is higher for larger cooling light intensities and is
in theory [167] on the order of several m/s. Using a sufficiently high laser intensity most
molecules released from the MOT will thus experience the sub-Doppler cooling forces. To
investigate how the temperature varies with laser intensity, the following experimental
sequence is applied. After jumping the laser detuning, the molecules are held in the blue
molasses at full intensity for a duration of 2 ms. The intensity is then ramped down to a
new value over 2 ms and held at that value for 9 ms. The cloud is then released from the
molasses and allowed to expand. Figure 6.6(a) shows a ballistic expansion measurement of
a cloud released from a blue molasses which is optimized to give the lowest temperature.
The external lab field is zeroed using a set of 3 Helmholtz coils for this and the following
measurements. Molecules are imaged after a variable free expansion time by exposing
them to the cooling light at full intensity using the MOT detuning. The geometric mean
temperature of this cloud is found to be 53(3) pK.

In figure 6.6(b) the laser frequency is jumped up by a variable amount Apy; from the
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Figure 6.6: Cooling CaF in the blue-detuned molasses. (a) Ballistic expansion of the
cloud released from the molasses along the radial (A) and axial (o) directions. The laser
parameters are chosen to give the smallest cloud temperature in this measurement. A fit to
a linear model gives radial and axial temperatures of 57(3) uK and 47(6) uK respectively.
(b) The geometric mean temperature of the cloud for different laser frequencies at full
intensity. Agy is the amount by which the frequency is jumped upwards from the optimal
MOT frequency. (c) The geometric mean temperature as a function of the total blue

molasses intensity with Agy = 26 MHz and I55%® = 800 mW-cm 2.

optimal MOT frequency. The measurement is done using full Ly, intensity for the blue
molasses and shows a minimum in the geometric mean temperature at around Agy = 26
MHz. Lowering the intensity of Ly should cool the molecules further because heating due
to spontaneous scattering and sub-Doppler effects are reduced. Figure 6.6(c) shows how
the temperature varies with laser intensity. Indeed, the molecules cool down further and
the minimum temperature is reached at an intensity of 150 mW-cm™2 at the cost of losing
a substantial number of molecules. Measurements of temperature using lower intensity

cooling light are difficult because of the rather mysterious sharp drop in signal.

Loss of molecules in the blue molasses

Figure 6.7(a) shows how the number of molecules remaining after cooling in the blue
molasses varies with the cooling laser intensity. A sharp drop in the number of molecules
occurs for intensities lower than 0.1I3** and 80 % are lost after holding in a molasses at

an intensity of 0.2I{"*. Because the capture velocity of the molasses is reduced at lower
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Figure 6.7: Loss of molecules in the blue-detuned molasses. (a) The LIF collected from
molecules after 1 ms of free expansion for various molasses intensities. (b) Fraction of
molecules recaptured into the MOT after the blue molasses as a function of the laser

frequency used to cool the cloud.

intensities it is reasonable to expect that the faster molecules simply do not have sufficient
time to cool and are lost. To investigate this, the laser intensity is ramped down more
slowly or gradually stepped down. In both cases the observed loss in molecule number is

similar.

Figure 6.7(b) shows how the fraction of molecules recaptured into the MOT varies
with Agy. The loss is minimized at laser detunings which also cool the cloud to the
lowest temperatures. Still, only 60 % of the molecules remain. Given the experimental
sequence length to lower the temperature of the cloud is 30 ms, the cloud lifetime which
would be consistent with the observed loss is only 60 ms. The lifetime of the MOT at full
intensity is above 80 ms while at 0.2I{** it is around 150 ms. Although the lifetime of the
molecules in the blue molasses was not measured explicitly, it is reasonable to conclude

that it is significantly smaller than in the MOT.

It was noticed on several occasions that the temperature obtained after cooling in the
molasses is particularly sensitive to the laser beam alignment. Similarly, the loss out of
the molasses may be sensitive to alignment and more so at lower cooling light intensities.
The present optical setup makes it extremely challenging to ensure good intensity balance
between the counter-propagating beams. Provided that in the future lasers with higher
output power will be available, it will be possible to make a trap using 3 independent

laser beams and have much better control over the intensity balance.

Because a temperature of 100 uK is low enough to load the cloud into the magnetic
trap and no signal may be spared, for measurements described in the rest of this work a

blue molasses at full intensity is used.
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Figure 6.8: (a) Rb cloud temperature as a function of the cooling laser end frequency
detuning. (b) Temperature dependence on magnetic field applied along the z—axis with
the line a fit to the quadratic model described in the main text. (c) Ballistic expansion
of the coldest cloud along the radial (A) and axial (o) directions, which was cooled in an
optical molasses at zero magnetic field. The bottom three images are absorption images of

the cloud after various expansion times, indicated by the dashed lines.

6.2.2 Red-detuned molasses for atoms

After switching off the MOT the detuning of Rb cooling light is linearly ramped down
further to the red over 10 ms. Figure 6.8(a) shows how the temperature of the Rb
cloud varies as a function of the final frequency detuning. As discussed in section 2.2.4,
the temperature of the cloud is reduced for a larger detuning due to a reduction of the
spontaneous scattering rate. In addition to ramping down the frequency detuning, the
cooling light intensity is ramped down by an order of magnitude to further reduce heating
due to spontaneous scattering. The lowest temperature is obtained using a laser detuning

of 60 MHz and is equal to 40(1) pK.

The red molasses was optimized in the presence of a 200 mG applied bias field used for
the subsequent quantum state preparation steps. This field is applied along the y—axis.
Zeroing the field at the position of the atoms allows to reach even colder temperatures.

Figure 6.8(b) shows how the temperature varies with magnetic field. In this experiment
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the field components along x and y are cancelled while the z component is varied using
shim coils. The presence of a magnetic field leads to Larmor precession of the atomic state.
If the precession period, T' = h/ugB, is comparable to the time ¢ = \/v it takes for an
atom with velocity v to move along one period A of the polarization gradient,® then sub-
Doppler cooling will become ineffective. The mean velocity for which sub-Doppler cooling
becomes inefficient then amounts to v &~ ugBA/h and is equivalent to a temperature of
T ~ % (%)2. Based on these considerations, the temperature of the cloud will be a
quadratic function of the magnetic field, with a coefficient of about 4200 K - G™2. The
data of figure 6.8(b) are fit to T' = aB? and gives a = 1650 uK - G2 as the temperature
sensitivity to the magnetic field. In practice, it is found that the sensitivity to the magnetic
field also depends on the direction of the field. This is about 2.5 times smaller than
the rough estimate made above. The lowest measured temperature of 7' = 13.6(1) uK
coincides with the stray fields being cancelled in all three dimensions. Figure 6.8(c) shows

the ballistic expansion measurement corresponding to this ultracold cloud together with

absorption images at three different free expansion times.

6.3 Sate preparation of CaF

Following the blue molasses step, molecules are distributed over all of the 12 Zeeman
sub-levels in the v = 0 and v = 1 vibrational states. The first step to purify the sample
of molecules is to optically pump them into the |N =1, F = 0, My = 0) state. The L,
light is reduced to around 1 % of the initial value and the RF power to the EOM which
generates the frequency sidebands is increased to extinguish the carrier. The carrier
addresses the F' = 0 hyperfine component thus the absence of it forces most molecules to
be rapidly pumped into the F' = 0 state. It is found that it takes less than 100 us for the
population in F' = 0 to reach a steady state. The efficiency of optical pumping is found

using microwave (MW) spectroscopy as described in the following section.

6.3.1 Microwave spectroscopy of CaF

Transitions between the N = 1 and N = 0 states are driven using a MW source. The
output of a MW synthesizer (Gigatronics 7100) is passed to a frequency doubler (Paster-
nack PE8603) via a fast switch (Analog Devices HMC641ALC4) and the signal is coupled

to free space via a microwave horn (Pasternack PE9853/SF-15 15), positioned in front of

3In the molasses the counter-propagating beams have opposite circular polarizations. When the
counter-propagating beams have the same intensity, the superposition of all 6 beams leads to a po-
larization gradient which is linear everywhere but rotates with a period of A. In the more general case,
for non-equal intensities, the polarization is elliptical and has the same ellipticity everywhere but also

rotates with a period of A.
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a vacuum view port. The polarization of the MW field at the position of the molecule
cloud is poorly defined and it is found that all, AMpr = 0, £1, transitions may be driven.

The fraction of molecules remaining in the N = 1 state after a MW pulse? is measured
by recapturing them into the MOT and recording the LIF in the usual way. The number
of molecules recaptured into the MOT after the MW pulse, N, divided by the number of
molecules captured into the MOT at the beginning of the experimental sequence, Ny, is
the fraction remaining. Normalizing the signal in such a way largely eliminates shot-to-
shot fluctuations in the flux of molecules produced in the buffer gas source. Each image
has an exposure time of 10 ms and this measurement method is used throughout the rest

of this chapter.

Single pulse spectroscopy

First, the [N =1,F =0,Mr =0) — |[N =0, F =1, Mp = 0) transition is driven, which
is insensitive to the magnetic field at the position of molecules. Figure 6.9(a) shows
the number of molecules recaptured into the MOT as a function of MW frequency after
a m-pulse. The measured line shape may be modelled using eq. 2.32. Setting the Rabi
frequency to Q2 = 7 /t,, the number of molecules recaptured into the MOT may be written

as

1/2
) (j—f +(w— w0)2) tr
2 )

N(W—WO,A(),A> .
N, = Ay + —1 N g St

T2

(6.15)

where £, is the duration of a m-pulse, Aq is the fraction of molecules remaining when no
microwaves are present and A is an amplitude. Setting ¢, = 70 us and fitting the model
above to the data of figure 6.9(a) gives Ay = 0.54, which is consistent with the combined
loss of molecules due to the MOT lifetime and the observed losses in the blue molasses.
The optical pumping efficiency may then be found by comparing A, with the number
recaptured using resonant microwaves. It is found that the optical pumping efficiency is
at least 50 %, assuming that the efficiency of the MW pulse is 100 %. The efficiency is
limited by off-resonant scattering and imperfect extinction of the carrier which addresses
the target F' = 0 state. The duration of the m-pulse implies that the microwave power in
the relevant field polarization is 256 nW - cm 2.

Next, the magnetically sensitive [N =1, F =0, Mp =0) — |[N =0,F =1, Mp = +1)
MW transition is driven. To reduce the sensitivity to stray magnetic fields this transition
is driven with a somewhat shorter MW pulse of ¢, = 50 us, which leads to a broader
line width. Figure 6.9(b) shows the measured line shape of this transition. Evidently,

this pulse is less efficient than the one which drives the magnetically insensitive transition

4Only molecules which are in the N = 1 state are resonant with the trap light while molecules in the

N = 0 state are > 20 GHz off-resonance and do not contribute to the detected LIF signal.
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Figure 6.9: Microwave transitions between the N = 1 and N = 0 rotational levels. (a,b)
Depletion of molecules in the [N =1, F =0, Mp = 0) state as a function of microwave

frequency. (c,d) Driving the population back into the N = 1 state. Solid lines are fits
to the Rabi lineshape described in the main text. The diagram below shows the detailed
hyperfine structure of the N = 1 and N = 0 states and indicates which transitions are

driven. Each point is an average over at least 7 experiment runs.
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Figure 6.10: Decay of stray magnetic fields measured using microwave spectroscopy. The

shift in the transition resonance frequency is plotted as a function of the time after switching

off the MOT coils. Solid line is a fit to an exponential decay model.

and produces a line shape which is slightly broadened for the given pulse length. The
magnetic field at the position of molecules is inferred from the shift in resonance frequency
and is equal to 240 mG in this case. To check whether the magnetic field due to induced
Eddy currents after switching off the MOT coils has decayed to sufficiently small values,
the MW line shape is measured at different delay times after switching off the coils. In
figure 6.10 the positions of the depletion dips relative to the position of the dip recorded
12 ms after the coils are switched off are plotted against the delay time. Between 10 ms
and 12 ms the dip moves by 1.8 kHz, which corresponds to a change in magnetic field of

only 1.3 mG. An exponential fit to these data gives a 1/e decay time of 3.1 ms.

Two pulse spectroscopy

Following the first MW pulse, a substantial number of molecules remain in the N = 1
rotational level, some of which are also magnetically trappable. To purify this sample,
the remaining molecules are pushed away by turning on the B-X light for 3 ms. The MW
pulse tuned to drive the [N =0, F =1, Mp = +1) — |N = 1, F' = 2, Mp = +2) transition
is applied immediately after, in free space. This transition is magnetically insensitive’
and may be driven while the molecules are magnetically trapped. Figure 6.9(c) shows
the fraction of molecules recaptured into the MOT following the second MW pulse of a
t, = 70 us duration as a function of the MW field frequency. The baseline is consistent
with zero, indicating that molecules remaining in N = 1 after the first pulse are all
removed with the B-X light. The maximum fraction of molecules driven up to the N =1
state is N'/Ny = 0.18, which implies a second MW pulse efficiency of 72 %. It is found

5The magnetic field sensitivity of this transition was previously measured in our group and was found
to be Au/h = —104(4) Hz - G~ [168].
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Figure 6.11: Rabi flopping on the [0,1,+1) <— |1,2,+42) transition. The dashed line is a
fit to the model described in the main text. The solid line is a fit to a model which also

takes into account the expansion and motion of the cloud during the microwave pulse.

that this transition may also be driven with similar efficiency while the magnetic trap is
turned on at an axial field gradient of b, = 30 G/cm.

Figure 6.11 shows Rabi flops on the |0, 1, +1) <— |1,2, +2) transition. The oscillations
have a coherence time of roughly 500 ps and are limited primarily by microwave field
gradients. Reflections of the MW field from the chamber walls set up a standing wave
with a period of A/2 ~ 7.3 mm, which is comparable to the size of the molecule cloud.
Molecules in different parts of the spatial distribution will thus experience different Rabi
frequencies. To take this into account, the Rabi oscillations are averaged over a Gaussian

spread of Rabi frequencies and the data are fit to the following model

400 (Q o QO)2

Ap11(t, Q) exp <_2(A—Q)2) ), (6.16)

N(t, Ag, A, AQ, Q) A 1 /
No 0 V2TAQ J_ o

where AQ) is the spread in Rabi frequencies. The fit is improved when a linear time
dependence is added to {2y and a quadratic time dependence is added to A€). The former
accounts for motion of the cloud centre during the MW pulse while the later accounts for
the cloud expansion. The cloud may be moving after being released from the blue molasses
if the molasses beam intensities are not perfectly balanced while the expansion is due to
the finite cloud temperature of ~ 100 pK. Fits using both models give AQ/Qy ~ 0.1,
which is reasonable considering that the cloud radius is around ~ 1.5 mm. On the other
hand, the best fit parameter which accounts for the cloud expansion is equivalent to a
fractional change in the frequency spread of AQ)'/AQ ~ 0.33 for a ¢ = 800 us pulse. This
is far greater than the fractional change due to the ballistic expansion of a 100 K cloud
within this time and suggests the presence of other mechanisms of decoherence at longer

MW pulse durations.
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Finally, the population may also be transferred to the [N =1, F = 1, Mp = +1) state
following the first MW pulse, which transfers the population to [N =0, F = 1, Mg = 0).
Figure 6.9(d) shows the measured line shape corresponding to the transition between the
two states. This transition is magnetically sensitive and leads to a substantially smaller

MW pulse efficiency.

6.4 State preparation of Rb

After cooling in the red-detuned molasses, Rb atoms are distributed over the five Zeeman
sub-levels in the F' = 2 state. Provided the state distribution is uniform, only 20 %
of these atoms will be captured by the magnetic trap when the axial field gradient is
b, = 30 G/cm. To prepare more atoms in the |F = 2, Mp = 42) state, they are optically
pumped using a laser beam which is tuned to drive the F' = 2 — F’ = 2 transition. The
optical pumping beam is combined with the molecule slowing light on a dichroic mirror
and propagates along the same direction. It has an intensity of ~ 0.5/;. A magnetic field
of 200 mG applied along the direction of propagation sets the quantization axis. The
beam is ¢ polarized using a combination of A\/4 and \/2 wave plates. This provides
full control of the polarization and compensation of the additional phase retardation
imparted by the dichroic mirror in transmission. The polarization is analysed using a
polarimeter just before the beam enters the vacuum chamber to confirm that it has o™
polarization. Provided the beam indeed drives only o transitions, the atoms will reach
the |F' = 2, Mp = +2) state after scattering a few photons on average. This state is dark to
the pumping light thus photon scattering ceases once it is reached. It is important to note
here that optical pumping on this transition must be done in the presence of repumping
light since atoms excited to the F” = 2 state may spontaneously decay directly to F' = 1.
In the experiment, the repump light used for the MOT is kept on during the time it takes
to optically pump the atoms.

Optical pumping time

To estimate the optical pumping efficiency, the number of atoms captured into the mag-
netic trap is measured following the optical pumping pulse. The efficiency is defined here
as the number of atoms in the magnetic trap, Muqr, divided by the number of atoms in
the MOT, Myor. To measure Myqr, the atoms are held in the trap for 300 ms before
being released and exposed to the absorption imaging beam.

Figure 6.12(a) shows the optical pumping efficiency, nop, as a function of pumping
duration. Without optical pumping, less than 10 % of atoms are captured into the
magnetic trap. This suggests that following cooling in the optical molasses atoms are

not equally distributed over the five Zeeman levels. An exponential model fit to these
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Figure 6.12: Optical pumping of Rb atoms. (a) Optical pumping efficiency, 7o, =

Muqr/Muqr, as a function of pumping time. Solid line is a fit to an exponential mode.
(b) nop as a function of the magnitude of a magnetic field applied along the optical pump-
ing beam direction. (c) nyp as a function of the final cooling light frequency detuning in
the optical molasses. (d) nop for different initial atom numbers loaded into the MOT. In
(a-c) the MOT was loaded with 3 - 10° atoms.

data gives a pumping time of 0.42 ms. The average scattering cross section for atoms
distributed equally over the five levels is %ao. Since after scattering a photon, an atom
may decay to the ' = 1 state with equal probability the cross section is reduced to
~ %00. Thus, during the observed optical pumping time, atoms will scatter several
thousand photons from an optical pumping beam which has an intensity of 0.5I;. This
is clearly many more than are required for an atom to reach the dark |F' = 2, Mp = +2)
state. The slow optical pumping time scale is attributed to the large optical thickness
of the cloud, which leads to photon rescattering. Because each rescattered photon has a
random polarization, even an atom which ends up in the dark state may be depolarized
while the optical pumping light is still present. Reducing the pump beam intensity by an

order of magnitude gives the same 7,, using a very similar pumping duration.

137



CHAPTER 6. COLLISIONS IN A MAGNETIC QUADRUPOLE TRAP

Direction and magnitude of bias field for optical pumping

Figure 6.12(b) shows how nop changes as the magnitude of the quantization field is varied.
The fields along the other two dimensions are cancelled using the calibrated values from
MW spectroscopy. For negative values of the field, 0~ transitions are driven which pump
the atoms into the untrappable |F' = 2, Mp = —2) state and reduce the number of atoms
captured into the trap to 3.5 %. When the field crosses zero and is positive, atoms are
pumped into the |F =2, Mp = 42) state. In the experiment a bias field of 200 mG is

used.

Trap depth and initial temperature of the cloud

The magnetic trap potential reaches its maximum value at a radial distance of Ar =
2.2 cm. For an atom in the |2,2) state, the trap depth, in temperature units, is approxi-
mately pgb.Ar/k = 1.5 mK. Any atoms remaining in the |F' = 2, Mr = +1) state after
the optical pumping pulse are not trapped because the axial magnetic field gradient does
not provide a sufficient force to levitate them against gravity.

Figure 6.12(c) shows how 7, depends on the temperature of the cloud before the trap
is turned on. The range of final cooling light detunings for the molasses corresponds to
a range of temperatures from 40 pK to 210 uK (see section 6.2.2). As the temperature
of the cloud is reduced, the pumping efficiency changes from 7., = 0.36 to 1., = 0.45.
For the range of temperatures explored here, the mean velocity of atoms is below the
trap depth. Because optical pumping heats the atoms, starting with a lower temperature
increases the number of photon scattering events required to push the atoms above the

capture velocity of the trap and hence increases 7.

Pumping efficiency versus atom number

Figure 6.12(d) confirms the hypothesis that photon rescattering limits the achievable 7.
As the number of atoms in the MOT is increased so is the optical depth. It thus becomes
harder to pump more atoms into the dark state due to the depolarizing effect of photon
rescattering. For an atom number of ~ 108, the efficiency increases to Nop = 0.88.

It is worth mentioning another useful method for preparing atoms for the magnetic
trap, which could be used in future experiments. By simply turning off the repump light
close to the end of the optical molasses phase, most atoms will decay to the F' = 1
state due to off-resonant scattering. Around 1/3 of these atoms should accumulate in
the |F' =1, Mp = —1) state, which is magnetically trappable. If in addition atoms are
transferred to a DARK SPOT MOT [157] before loading the magnetic trap, the number
density of the cloud may be increased substantially. On the other hand, the magnetic

moment of the |FF= 1, Mp = —1) state is two times smaller and thus a two times larger
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Figure 6.13: (a) Natural loss rate of Rb in the magnetic trap. Line is a fit to single
exponential decay model. Each point is an average over 5 experiment runs and error bars
are the standard errors of the mean values. (b) Four measurements of I'gp, over 40 minutes.

The error bars correspond to the fitting errors.

field gradient should be used to obtain the same cloud properties as when trapping atom

which are prepared in the |F' = 2, Mp = +2) state.

6.5 Loss rate measurements

With the tools for controlling the quantum states of molecules and atoms at hand, state
selective inelastic collisions in the trap may be studied. Because the atom density greatly
exceeds that of the molecules, only atom-induced losses of molecules from the trap could
be investigated in this work. The experimental method is the same as used for studying
collisions in the dual species MOT": the trap loss rate of CaF is measured in the presence
and absence of atoms, then the two are compared to extract the Rb induced loss rate
of CaF. Measuring the spatial distributions of each cloud determines the density overlap
and the loss rate coefficient.

To measure a molecule loss curve in the presence of Rb atoms, the molecules are held
in the trap for a variable time and then recaptured back into the MOT. The LIF from the
MOT is collected for 10 ms to measure the number of molecules remaining, Ncar(t). The
signal is normalized to the number of molecules initially captured into the MOT to get
the fraction of molecules remaining, rc.r(t) = Near(t) /NESQT. After an image to measure
Necar(t) is acquired, the quadrupole field is switched off and an absorption image of the
atom cloud is acquired 1 ms later. Figure 6.13(a) shows an example measurement of how
the atom number decays in the trap. The loss is attributed to collisions with background
gas and the data fit well to a single exponential decay model. In this case the measured

loss rate® is T'rp, = 0.310(5) s™'. The background pressure and its variation with time may

61t is worth noting here that loss rates below I'gj, = 0.1 s~ were measured earlier in this apparatus.

The loss has increased due to loss of UHV due to several power outages in the lab, following which the
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be affected by the He gas flow originating from the source chamber and the outgassing
from the MOT coils. In figure 6.13(b) the results of four measurements of I'g;, are shown.
These measurements were carried out over a total time of ~ 40 minutes and indicate no
significant variation in I'gy,. Thus it may be assumed that the contributions from He gas
and potential outgassing from the MO'T coils to the background pressure do not vary over
time and thus do not affect the measurements. In addition, no change in the background

pressure is registered by the ion gauge throughout these measurements.

6.5.1 Loss rate without atoms

Molecules are lost from the magnetic trap due to various different contributions which are

discussed and quantified below.

Loss due to vibrational and rotational excitations

In addition to loss due to collisions with background gas particles, the molecules are lost
due to vibrational excitation by thermal radiation. The thermal radiation energy density
spectrum may be modelled using the blackbody radiation spectrum at temperature 7'
The loss rate due to thermal excitation [169, 170] from v = 0 to v = 1 is given by
win gy 1

Fvib -
hw 9
3meghc? cfat _ 1

(6.17)

where wq; is the spacing between the first two vibrational levels and

/| h du
doy = - 6.18
01 2mrw01 |:dR:| R=R. ’ ( )

is the transition dipole moment expressed in terms of the gradient of the dipole moment

evaluated at the equilibrium nuclear separation and the reduced mass m,.. Using the value
from [170] for the gradient of the dipole moment for CaF, the loss rate is I'yy, = 0.21 s7! at
a temperature of T' = 293 K. A similar loss rate was measured experimentally when the
background pressure in this apparatus was below 5 - 1071 mbar. The loss rate increases
by ~ 40 % when the surrounding surface temperature is increased by 100 K. It is also

noted here that loss due to rotational excitation by thermal radiation is negligible [170].

Loss due to Majorana transitions

Atoms or molecules passing through regions of space where the magnetic field is close to
zero may undergo a spin flip (Majorana) transition and thus be lost from the trap. These
transitions become important when the Larmor precession frequency becomes similar or

lower than the rate of change of the field direction [171]. For atoms moving with velocity,

vacuum system was not baked again and thus the background pressure was ~ 3 times higher.
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1/2

v, the width of the region where loss occurs is ~ (vhi/ugb)'/*. The loss rate is proportional

to the rate at which atoms enter this volume and is given by

2
ppb h
r ajorana — ) 6.19
oo = (£27) 2 (6.19)

where a is a proportionality constant and b is the magnetic field gradient. For 8"Rb atoms
the measured constant of proportionality a = 0.9 [172]. For atoms at a temperature of
T = 70 pK trapped using a field gradient of 0.3 T/m, the loss rate is 5.4 - 1073 s7! and
is thus negligible compared to loss due to collisions with background gas particles. At a
temperature of 10 uK the loss rate rises dramatically to 0.27 s=! and spin flip transitions
dominate the overall loss. Taking a = 1, the loss rate of CaF molecule at a temperature
of T'=170 uK is only 1.5- 1073 s71.

6.5.2 Loss rate with atoms

In the presence of atoms, the loss of molecules out of the trap is described by the following

rate equation

Foar(t) = — (Tap + TRb-care ™) rear(t) | (6.20)

where re,r(t) = Near(t)/NMQT is the fraction of molecules, Ne,r(t), remaining in the
trap, both in the presence and absence of atoms, normalized to the number of molecules,
NMOT “initially captured into the MOT. Division by NMOT makes the measurement im-
mune to shot-to-shot fluctuation in the number of molecules captured into the MOT.
F%aF is the measured loss rate of molecules in the absence of atoms and I'rp.cap is the
atom-induced loss rate of molecules at ¢ = 0. The exponential factor takes into account
the decay in atom number, which occurs on the same timescale as the natural loss of

molecules, T . The differential equation above has the solution

reue(t) = reus(0)exp Tt = T (1 - o)) (6.21)
Rb

Figure 6.14 shows example measurements of the loss rate of molecules in the absence and
presence of atoms. In the absence of atoms the data fit well to a single exponential decay
model with an estimated loss rate of T2, = 0.35(1) s™'. Using experimental estimates
of T, and T'gy, the dual species data is fit to the model of eq. 6.21 with rc,r(0) and
Irb.car Set as free parameters. For these data, at ¢ = 0 there are Ny, = 1.5 - 10° atoms
at a peak density of ngy, = 5(1) - 10! cm™ and the measured atom induced loss rate is
Crp-car = 0.368(38) s™'. The statistical measurement uncertainties in the natural trap
loss rates 'y, and T'Y, are not taken into account here. A method which includes these

uncertainties is described below.
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Figure 6.14: Loss of molecules prepared in the |1,2,+2) state from the magnetic trap
in the presence (o) and absence (o) of Rb atoms. The single species decay is modelled
by a single exponential, while the dual species decay follows a double exponential decay
model described in the main text. Each point is an average over 6 experiment runs and
the error bars are the standard errors on the mean. The histogram shows the statistics of
the re-sampling method used to estimate I'gp.car and the solid line is a fit to a normal

distribution.

Estimating ['gp-car and the associated uncertainty

The values for T2, and T'g;, are measured separately and have their own associated sta-
tistical uncertainties. To account for these uncertainties a re-sampling technique is used.
Values of r¢,r(t) are drawn from the set of measured values randomly with replacement
at each hold time ¢. For each of these random sets of values, 'Y and Ty, are drawn
repeatedly from their measured distributions and the re-sampled data is then fit to the
model of eq. 6.21. Repeating this procedure several thousand times gives a distribution
of I'rp-car values. The distribution of estimates is shown in the inset of figure 6.14 to-
gether with a fit to a normal distribution. The mean and width of this distribution are
the best estimate and the associated uncertainty, which for the data of figure 6.14 are
Irp.car = 0.368(44) s~!. This method gives values for I'ry.car Which are very similar
to the ones obtained from a single fit to the measurements but lead to a slightly larger
uncertainty since both measurement uncertainties in 'Y, and I'gy, are included. Because

these uncertainties are small, they have a marginal effect.
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Figure 6.15: Atom-induced loss rate of molecules prepared in the |1,2,+2) state in the
magnetic trap as a function of effective atom density. The line is a fit to a linear model.
Insets show radial density distributions, ¢s = [N fs(z,y, ) dydz, of atoms and molecules

for small and large values of the effective atom density, (.

6.5.3 Determining the loss rate coefficient

The loss rate coefficient ko corresponding to the observed atom-induced loss process is

related to the measured I'gp.car by I'vb.car = k2(, with

¢ = Niw(0) [ (7 feur () 7 (6.2

an effective density of Rb which accounts for the spatial overlap between the two clouds.
To obtain ( in the experiment, the number density of atoms in the trap is inferred from an
absorption image (see section 3.8) while the spatial distribution of molecules is measured
by releasing the cloud from the trap and acquiring a fluorescence image (see section 3.7.1)
using an exposure time of 1 ms. Because the MOT coils are turned off for this measurement
and there is no trapping force, the estimate of the size is affected negligibly even when
using this rather long exposure time. For molecules in the |1,2,+2) state the measured
cloud size in the radial direction is 2.30(7) mm, which is in excellent agreement with the
result of numerical trajectory simulations described in the beginning of this chapter.
The loss rate measurement of CakF is repeated for a set of 5 different Rb atom numbers
loaded into the trap. The natural trap loss measurement is also repeated multiple times,

in a random order and is found to vary negligibly. As ARy, is increased, the effective
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Figure 6.16: Loss of molecules prepared in the |1,1,41) state from the magnetic trap in
the presence (o) and absence (o) of Rb atoms. The inset shows how estimates of I'gry,_cap

are distributed using the re-sampling method.

density, ¢, grows and so does the observed atom-induced loss rate. Figure 6.15 shows how
the measured I'rp.carp changes as ¢ is increased, for molecules prepared in the |1,2,+2)
state. A linear model fit to these data gives a gradient of ky = (6.6+1.5) x 107" cm?-s71.
The uncertainty in the above value takes into account the uncertainties in atom number
and the size of both clouds’. The insets in the figure show how the overlap between the

two clouds in the radial dimension changes as more atoms are added into the trap.

Loss of molecules in the |1,1,+1) state

The above measurements were performed with both molecules and atoms prepared in spin-
stretched states, which is an arrangement that often suppresses inelastic loss [159, 47]. In
addition to these measurements, the loss rate coefficient is also measured when molecules
are prepared in the |1,1,41) state, which is not a spin-stretched state. Figure 6.16
shows the single and dual species loss measurements for molecules in this state. The g
factor is 20 % smaller for this state thus for the same magnetic field gradient the cloud
is found to be slightly larger. The loss rate coefficient in this case is measured to be
ko = (5.7 4+ 1.8) x 107! cm? - s, similar to the value measured for molecules in the

|1,2,+2) state. This indicates that there is no strong dependence of the observed loss on

“To take into account the uncertainties in atom number and measured cloud dimensions, the linear
model fit to the data is performed many times with randomly drawn values of the parameters required
to calculate ¢ from their measured distributions. The mean and width of the distribution of k5 estimates

are then taken to be as the best estimate and error respectively.
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Figure 6.17: Loss of molecules from the magnetic trap for molecules in the |1,2, +2) state
(o) and the |0, 1, +1) state (). Solid lines are fits to eq. 6.21 using the re-sampling method.
Also shown is the decay of molecules in the |0,1,+1) state in the absence of atoms (A).

Inset shows the estimate distribution of I'gp-car for the N = 0 and N = 1 measurements.

either the hyperfine or Zeeman levels.

6.5.4 Suppression of loss for molecules in N =1

Finally, the loss measurements were repeated with molecules prepared in the ground
rotational |0,1,41) state, which is the only magnetically trappable state in N = 0. Here
the only available loss channel is spin changing collisions. Figure 6.17 compares the
measured loss for molecules prepared in N = 1 and N = 0, in the presence of 1.2 - 10°
atoms. For these data the estimated loss rate is I'rp.car = 0.30(5) s~! for molecules in
11,2, 42) and is reduced to Trp.car = 0.013(36) s™' when molecules are in the |0,1,+1)
state. The loss rate coefficient is estimated from an average of four such measurements
and is found to be ky = (—0.054+2.9) x 1072 ¢cm?-s~!. This result is consistent with zero
loss and gives an upper bound on the loss rate coefficient ko < 5.8 x 107! c¢m? - s71 at
the 95 % confidence level. This upper bound is an order of magnitude smaller than the

measured value of ks when molecules are in the N = 1 state.

6.5.5 Discussion and comparing results with theory

The experimental observations above suggest that the loss is due to inelastic atom-
molecule collisions where the rotational level of the molecule is changed. Such collisions

result in loss for two reasons: (i) only molecules which are in the N = 1 state are re-
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Figure 6.18: Thermally averaged loss rate coefficient obtained using the single-channel
model plotted as a function of the parameters y and 65. The experimentally measured
value of k9 and its associated uncertainty for molecules in the |1,2,42) state are shown by
black lines. The upper 95 % confidence bound on the value of k2 for molecules in |0, 1, +1)
is shown by the red dashed line.

captured into the MOT and thus detected; (ii) the collision is exothermic by 1 K, which
releases an amount of energy many times larger than the trap depth of ~ 1.5 mK.

The single-channel loss model described in section 2.3.3 is used to calculate the loss-rate
coefficient as a function of the parameters y and §°. These and the following measurements
are performed with Rb atoms at a temperature of Tg, = 70(1) K and the molecules at
Tear = 175(35) pK. The temperatures of each cloud are inferred from a separate ballistic
expansion measurement. Because the relative motion energy is finite, the computed loss
rate coefficients are thermally averaged as

~ 2 "
o VT

where v = E/kgT. Figure 6.18 shows how the calculated® k, varies with y and §° at a

ko (T) = (E)x? exp(—z) dz | (6.23)

temperature 7' = 133 pK. The measured value of ky for molecules in |1,2,42) and the
associated uncertainty are indicated by black lines. The upper limit on the measured ko
for molecules in |0,1,+1) is indicated by the red dashed line. Due to the rather high
temperature, the calculated values of ky; show strong peaks around 65 = 37/8 and 57/8

and a weaker peak around 77 /8; these correspond to contributions from the p—, d— and

8These calculations were done by our theory collaborators Matthew Frye and Jeremy Hutson.
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f—waves respectively. The peak at 6° = /8, which corresponds to s—wave scattering
and is very prominent at lower temperatures [173], is relatively weak here due to increased
transmission past the long rate potential and thermal averaging.

At this temperature, the universal loss rate (y = 1) for molecules in N = 1 is equal
to kYMV(T) = 8.2 x 107 em™3s~!. It is above but consistent with the experimentally
measured value of ky = (6.6 £ 1.5) x 107! cm? - s71. The most likely range of parameters
have y > 0.4 although values of y as small as 0.03 are not ruled out if §° happens to
be at a resonance. The spin state of the colliding molecules is found to have little or no
influence on the experimentally measured loss rate. In addition, the molecular complex
lifetime due to sticky collisions is estimated as 60 ps using the expression from [174], which
is too short to cause loss due to excitation by a resonant photon or collisions with a third
body. It is thus safe to conclude that the observed loss is dominated by rotation-changing
collisions. The measured loss for molecules in N = 0 is consistent with loss parameters in
the range y < 0.04.

The experimentally measured value of ko for molecules in the N = 1 state in the
magnetic trap is a factor of 2.17(66) smaller than the rate coefficient measured in the
MOT, where the relative motion temperature was at 2.4 mK. This is consistent with the
T'/ temperature scaling obtained using the Langevin model (see section 5.4).

These results are promising for the future prospects of collisional cooling. The nat-
ural next step is thus to investigate elastic atom-molecule collisions. At the time the
experiments described here were performed, the available molecule number was too low
to enable a systematic investigation of thermalization in these mixtures. The next two
chapters describe how the number of molecules was increased and present the preliminary
results of thermalization measurements.

In future experiments it would also be interesting to investigate inelastic collisions
when atoms are prepared in the non spin-stretched |F' = 1, Mr = +1) state. As mentioned
above, in this setting high loss rates were observed in other experiments [159]. The atoms
and molecules may be loaded into optical tweezers, where collisions at the single particle
level may be studied [57]. The trapped mixtures may also be used to form ultracold

triatomic molecules either via photoassociation or magnetoassociation [165].
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beam

The transverse divergence of the molecular beam greatly limits the available flux of slow
molecules that reaches the capture volume of a 3D MOT. There are several proposed meth-
ods to increase the collimation of a laser decelerated buffer gas beam though no successful
experimental realizations have been reported yet. One may be able to use either a 1D or
2D MOT [175, 176] which both confines and cools the molecules although the rather high
temperatures obtained in a molecular MOT may quickly limit the degree of collimation.
A promising proposal which was conceived and is still pursued in our group [177] is to
use a magnetic field to guide molecules and optical pumping to remove kinetic energy and
thus decelerate. Transverse cooling- yet another obvious method to collimate a molecular
beam was already successfully demonstrated in one or two dimensions [178, 175, 176] but
has never been shown to substantially increase the flux of molecules which are available
to be captured into a MOT. In our group earlier attempts to reduce the divergence of
the CaF beam by transverse cooling in 1D also proved fruitless. Because each gain in the
number of molecules opens doors to potential new experiments, this topic was revisited
in this work.

In this chapter experiments on transverse cooling of a beam of CaF molecules are
presented. Transverse cooling both in 1D and 2D is investigated. Although this is still
very much work in progress, cooling the molecular beam in 2D increased the number of
molecules captured into the MOT by a factor of ~ 3 after optimizing all available ex-
perimental parameters. As this work was done towards the very end of my research and
for the sole purpose of increasing the signal to enable systematic temperature measure-
ments of the cloud in the magnetic trap, the complete understanding of the observations

presented here is postponed to future work.

7.1 Cooling in 1D

For the transverse cooling experiments described here a new 5 W laser system from
Azurlight Systems operating at a wavelength of 531 nm was installed. First, transverse

cooling was attempted in 1D. Figure 7.1(a) shows the experimental setup used to cool the
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molecular beam along the z-axis. The cooling light is tuned to drive the B-X transition and
the frequency of the laser beam is modulated with an EOM which is driven at 72 MHz.
The 1% order sidebands with roughly equal amplitudes to that of the carrier address
primarily the F' = 2 and F' = 1= ground hyperfine levels! when the carrier is tuned to
address F' = 0. The transverse cooling beam is delivered to the experiment using a single
mode optical fibre and collimated to a 1/e? diameter of 3.7 mm. It is then expanded along
the direction of the molecular beam propagation using a pair of cylindrical lenses with
focal lengths of f; = 30 mm and f, = 300 mm. The beam enters the chamber 170 mm
away from the exit aperture of the buffer gas cell and propagates along the x-axis. The
entrance viewport is circular and has a diameter of 32 mm. After passing the beamline,
the transverse cooling light is retro-reflected by a silver mirror placed at the opposite end
of the chamber. To repump molecules from the v = 1 vibrational level, the frequency
broadened Lo laser beam used to repump the laser slowed molecules is kept on. The
slowing beam itself is blocked for all experiments described in this section.

Molecules are detected at two different regions by collecting their light induced fluo-
rescence. The first camera (CCD1) is positioned perpendicularly to the transverse cooling
viewport and collects the cooling light scattered from the molecules. This is used as a
diagnostic of the laser frequency relative to the hyperfine transitions on the B-X line. The
second detection region (CCD2) is in the science chamber and here the MOT beams at
606 nm are used to image the molecular beam. In particular, the LS, laser frequency is
tuned so that the vertical beams along the r—axis are resonant with the molecules that
reach the chamber. The two pairs of horizontal MOT beams are at a 45 ° angle to the
molecular beam and for molecules travelling at a velocity of 150 m/s are Doppler shifted
out of resonance by £175 MHz. The MOT beam contains all the usual vibrational repump
components and is apertured down to a diameter of a few mm.

In figures 7.1(b) and (c) the ToF profiles recorded using CCD1 and CCD2 are shown.
An exposure time of 1 ms is used to detect molecules with CCD1 while the exposure
time for CCD2 is set to 5 ms. Thus in both cases the real ToF profiles are convolved
with a rectangular pulse which has a width comparable to that of the molecular pulse.
It is worth noting here that the laser slowing light used to decelerate molecules and load
them into the MOT is switched on at ty = 2.4 ms. In experiments where the effect
of transverse cooling on the number of molecules loaded into the MOT is investigated
this ensures that the laser slowing light does not interact with the molecules while they
traverse the transverse cooling region. For the results presented in the remainder of this
section CCD2 is triggered at ty = 5 ms and is exposed for 5 ms to record an image of the

molecular beam.

!Note that for the B-X transition the hyperfine structure of the excited level is resolved. In particular,
the F = 1= — F' = 0 transition is resolved. The FF = 1* — ' =0 and F = 2 — F’ = 1 transitions
differ only by 5 MHz and are thus not resolved.
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MOT Beams

CCD 2 I

10

Figure 7.1: (a) Experimental setup for transverse cooling of the molecular beam in 1D.
Molecules produced in the buffer gas source travel for ~ 170 mm before they reach the
transverse cooling region. The transverse cooling beam has an elliptical shape. It passes the
molecular beam along the z-axis and is retro-reflected by a mirror placed on the opposite
end of the chamber. CCD1 is used to detect the fluorescence induced by the transverse
cooling light. CCD2 is used to image the molecular beam in the science chamber using
the vertical 3D MOT beam as a probe. Note: the MOT beams drawn along the z—axis
make an angle of 45° with the z and y axes and do not contribute to the signal due to the
Doppler shift. Molecules which leak to v = 1 are repumped using the frequency broadened
L1 light. (b) The detected LIF by CCD1 a time ty after the ablation pulse using the
transverse cooling beam tuned to be resonant with molecules as a probe. (c¢) The detected
LIF by CCD2 in the MOT chamber with the transverse cooling light switched off and using
the vertical MOT beams as a probe.

7.1.1 Evidence of cooling in 1D

The transverse cooling laser frequency is scanned and fluorescence images of the molecular
beam with CCD2 are recorded. For these measurements, the transverse cooling beam

had a peak intensity? of 250 mW - cm™2. The light was linearly polarized relative to the

2This was the maximum power the optical fibre used to deliver the light to the experiment could
handle.
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detected with CCD2 in a central region of size 3.1 x 12.4 mm
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Figure 7.2: Evidence of cooling of the molecular beam in 1D. (a) Blue trace: number

2 size normalized

of molecules detected with CCD2 in a central region of 3.1 x 12.4 mm
to the total number of molecules as a function of the transverse cooling laser frequency.
Black trace: LIF detected with CCD1. A = 0 is defined as the laser frequency for which
the fluorescence detected with CCD1 is maximum. FEach data point is the average of 6
experiments. Error bars are not included. (b) Image of the molecular beam cross section
acquired with CCD2 when the transverse cooling light is blocked. (c) and (d): images
of the beam when transverse cooling is applied using A = 7 MHz and A = —7 MHz

respectively.

direction of propagation of the molecular beam?®. In figure 7.2(a) the number of molecules

2

number of molecules, is plotted as a function of the cooling laser detuning. This figure

of merit quantifies the effect of transverse cooling on the transverse spatial distribution

, normalized to the total

3The stray magnetic field at the position of the interaction region along the direction of the molecular

beam was later measured to be ~ 200 mG.
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Figure 7.3: (a) Energy level diagram relevant for transverse cooling. The numbers indicate
the relative transition strengths. (b) Laser cooling frequencies relative to the frequencies

of allowed transitions for A =0, A > 0, A < 0. Not to scale.

of the molecular beam and eliminates the effect of longer term drifts and fluctuations in
the flux of molecules produced by the buffer gas source. Here A = 0 is defined as the
laser detuning for which the LIF detected with CCD1 is maximum. The signal detected
by CCD1 is shown in the same figure by the black points.

Two prominent dispersive features appear in figure 7.2(a) when the laser frequency
is tuned around A = 0 MHz and A = —70 MHz. To aid in orienting between the rel-
ative laser and transition frequencies, figure 7.3(a) shows the allowed transitions while
(b) shows the positions of the laser frequencies when A = 0, A > 0 and A < 0. The
fluorescence image of the beam for A = 7 MHz is shown in figure 7.2(c): the transver-
sally slow molecules are collimated by the cooling light while the faster ones are heated
out from the beam. This is a feature of simultaneous Sisyphus cooling and Doppler
heating. Molecules which have sufficiently low transverse velocities are damped by the
blue-detuned light while molecules above the capture velocity of this blue-detuned mo-
lasses are heated. Because the polarization of the retro-reflected cooling beam is the same
as that of the incoming beam, there are no polarization gradients. In this case, there is
a gradient in the light intensity and the molecules are likely cooled by the magnetically
assisted Sisyphus mechanism which was first demonstrated for SrF molecules [178] and
subsequently demonstrated for several other species, e.g. YbF [179]. Because at the time
of these experiments no control over the magnetic field at the position of the molecules

was available, the dependence on the magnetic field was not investigated systematically.

The situation is reversed when A = —7 MHz. In this case, the Sisyphus mechanism

heats transversally slow molecules while Doppler cooling collimates the faster ones. Fig-
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ure 7.2(d) shows an image of the beam at this laser frequency: molecules are removed from
the central part of the beam with more molecules present on either side*. For reference,

figure 7.2(b) shows an image of the molecular beam when the cooling light is blocked.

To measure the transverse temperature of the beam it needs to be imaged at two
different locations along the direction of its propagation. By measuring the amount by
which the collimated feature expands during the time it takes the beam to travel between
the two detection regions, the temperature may be inferred [179]. This measurement was

not attempted here.

7.1.2 Effect on number of molecules in the MOT

Figure 7.4(a) shows cross sections of the fluorescence images recorded with CCD2 when
the cooling laser detuning is A = 7 MHz and A = —7 MHz. The total signal detected
when the cooling light is blue-detuned turns out to be 20 % lower than when the light
is detuned to the red. In figure 7.4(b) the cross sections without the cooling applied
and with the cooling light detuned to the blue are compared. The total signal detected
without cooling is 11 % higher than with cooling, but the cooling clearly increases the

number of molecules in the central region.

Next, the effect of 1D transverse cooling on the number of molecules loaded into the
MOT is investigated. The detuning of LS, is set to optimize the MOT loading and laser
slowing is applied to the molecular beam. The transverse cooling light frequency is set
to A = 7 MHz. It is found that when transverse cooling is applied®, the number of
molecules captured into the MOT is consistently reduced by ~ 20 %. This result is not
unexpected when compared with the findings of figure 7.4(b). The total flux of molecules
through the detection region is reduced when the beam is cooled transversally. Molecules
are redistributed spatially, with an enhancement in signal only over a short range away
from the molecular beam axis. The MOT beams have a 1/e* radius of 8.2 mm, which is
much larger than the width of the feature in figure 7.4(b). Thus the molecules which are
cooled transversally may reach the capture volume of the MOT even when cooling is not
applied. On the other hand, because the transversally faster molecules are heated, the
total effect is to slightly reduce the number of molecules which arrive within the capture
volume of the MOT.

4Because the performance of the molecular source degrades with time, the images of the molecular

beam shown in the figure are normalized to the maximum pixel values in each individual image.
5Here, only a detuning of A = 7 MHz was investigated systematically. No obvious improvement in

the MOT number was observed while scanning the frequency by £20 MHz
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Figure 7.4: Molecular beam cross sections for different transverse cooling laser frequency
detunings integrated along the z-axis. (a) Integrated cross sections of the molecular beam
for a red and blue frequency detuning. (b) Cross sections of the beam with blue detuned

laser cooling light and with the cooling light blocked.

7.2 Cooling in 2D

Because no positive effect on the number of molecules captured into the MOT was ob-
served after the application of transverse cooling in 1D, the setup was extend to 2D.
Applying cooling in both dimensions increases the capture velocity of the blue-detuned
molasses and rather unsurprisingly increases the brightness of the molecular beam com-
pared to cooling just in 1D as was recently demonstrated for YbF molecules [180].

To implement 2D transverse cooling, several changes to the previous setup were made.
The diagnostic CCD1 camera had to be removed. The transverse cooling beam was made
slightly wider along the shorter axis by expanding it® to a waist diameter of 5.3 mm.
The size of the beam along the longer axis was reduced to 31.8 mm compared to the 1D
cooling setup described earlier. The cooling light was delivered to the experiment with
an optical fibre that has a higher input power threshold and was wrapped through the
beamline chamber to recycle optical power. Referring back to figure 7.1(a), the light was
first passed along the x-axis, then along y and retro-reflected onto itself. Several different
frequency sideband structures were investigated as will be described below. For these
experiments, a pair of coils which produce a magnetic field along the z-axis were installed
to apply a field of up to several Gauss along the propagation direction of the molecular

beam.

7.2.1 Increasing number of molecules captured into the MOT

Since the laser lock set points drift from one month to another, the cooling laser was

calibrated once more relative to the allowed transitions for the experiments that follow.

6Tn fact, the same beam size as for cooling in 1D was also tested but with visibly worse results as will

be briefly described later in this section.
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Figure 7.5: Calibration of the transverse cooling laser frequency by pushing molecules
out of the MOT. The MOT is pushed using only a single frequency component with an
intensity of 8.2 mW-cm™2 (A) and 80 mW -cm ™2 (o). The red dashed lines indicate rough

estimates of the laser detuning A corresponding to the 5 allowed transitions (F' — F').

To do this, some of the cooling light was picked off before being modulated with an EOM
and coupled into the science chamber to interact with molecules trapped in the MOT.
The laser beam is passed through the molecules in only one direction, so pushes them
out of the MOT when resonant with one of the hyperfine components of the transition.
Figure 7.5 shows the LIF from the MOT as a function of the cooling laser frequency using

2 and 80 mW - cm~2. The dips in signal at

beams with peak intensities of 8.2 mW - cm™
different laser frequencies correspond to the different transitions between the ground and
excited hyperfine levels”. The red dashed lines indicate these transitions and are roughly
matched with the observed dips in the MOT LIF®. Here A = 0 is defined as simply the
initial laser frequency and has no particular meaning relative to the hyperfine structure.

To see the effects of 2D transverse cooling on the molecular beam directly, it is required
to image the beam head on. Because the viewport on the opposite end of the beamline
is too far from the centre of the science chamber to collect enough light, the number of
molecules loaded into the MOT was used as a figure of merit. For these experiments, a

measurement of the number of molecules captured into the MOT with transverse cooling

applied Mg was each time followed by a measurement of the number captured with the

"The estimates of the laser frequency relative to the allowed transitions should be taken with a pinch
of salt here as the light is applied in the presence of a quadrupole magnetic field and all of the MOT
light. The presence of a magnetic field shifts the transition frequencies due to the Zeeman effect while

the MOT light dresses the ground electronic states and may significantly shift the resonance frequencies.
8In hindsight, a better method of calibrating the laser frequency would be to push molecules released

from the MOT when both the cooling light and magnetic field are switched off.
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Figure 7.6: (a) Effect of 2D transverse cooling on the number of molecules captured into the
MOT as a function of the cooling laser frequency. The number of molecules in the MOT
N¢ with transverse cooling applied is normalized to the number of molecules captured
Nxc with no transverse cooling. Points are averages of 6 experiment runs and error bars
are the standard errors on the mean values. (b) Finer laser frequency scan around the
left most largest feature. (c¢) The cooling light frequency structures relative to the allowed

transitions for a set of three different laser detunings indicated by dashed lines in (a).

cooling light blocked Ny¢ using a mechanical shutter.

Figure 7.6(a) shows how N¢/Nyc varies with the laser frequency using three frequency
components of equal intensity (total peak intensity of 350 mW - cm~2) and separated by
63 MHz. The number of molecules in the MOT is increased at three different laser
detunings separated by 55 — 60 MHz. To the right of each of these features, the number
of molecules is reduced. This observation hints that the molecular beam is collimated
using red-detuned light and thus a Doppler cooling process while for blue-detuned light
Sisyphus cooling heats out molecules which would otherwise be within the capture volume
of the MOT. The panels in figure 7.6(c) show the estimated positions of the three laser
cooling frequency components relative to the allowed transitions. In configuration (i) the
MOT number is enhanced the most. Interestingly, there is no laser frequency close to
the 17 — 1 transition which should lead to rapid optical pumping into the F' = 1~ state
and thus produce no cooling force. A possible explanation to why this is not the case
could be that the modulator produces a non-zero 2nd order frequency sideband which
has sufficient intensity to prevent optical pumping. In configuration (ii) there are two

frequency components which are closer to being blue detuned from the 17 — 1 and 0 — 1
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transitions. In configuration (iii) all three components are red detuned though at this

laser frequency the MOT number enhancement is somewhat lower.

7.2.2 Dependence on various parameters

The frequency structure, size and intensity of the transverse cooling beam are varied
to further investigate the cooling process which is responsible for the observed gain in

number of molecules captured into the MOT.

Intensity of cooling beam

For a Sisyphus cooling mechanism the capture velocity of the molecular beam is expected
to continue to increase as the cooling light intensity is increased. On the other hand,
because Doppler cooling relies on scattering as many photons as possible, its effect on
the collimation of the molecular beam is expected to saturate for sufficiently high laser
intensity. Figure 7.7(a) shows how N /Ny varies with the intensity of the cooling light”
when the laser frequency is set to A = 60 MHz. The beam is linearly polarized at
¢ = 45° relative to a 1 G magnetic field applied along the direction of the molecular beam
propagation. At an intensity of ~ 150 mW - cm~2 the effect begins to saturate, which
is another indication that Doppler cooling is likely to be responsible for the observed

enhancement in the MOT number.

Polarization of cooling beam

Figure 7.7(b) shows how N¢/Nyc changes with the orientation of the cooling beam po-
larization relative to the applied magnetic field, which points along z. The effectiveness
of transverse cooling is reduced substantially as the polarization is made perpendicular
to the applied magnetic field. This suggests that a magnetic field and a linearly polar-
ized beam at an angle to this field are required to prevent optical pumping into dark
states which limits the number of photons that may be scattered. No strong dependence
is observed on the magnetic field amplitude, but a broad optimum is found near 1.5 G

(figure 7.7(c)).

Different frequency structures

The experiments described above were also repeated using a set of two different frequency
sideband structures for the cooling light. The EOM resonant circuit was retuned to
frequencies of 79 MHz and 72 MHz. In each case, the amplitudes of the 1st order sidebands

were made equal, as before. Using both of these arrangements increased the number of

9The total peak intensity is 4 times the value indicated on the graph as the same beam is recycled for

each pass through the chamber.
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Figure 7.7: (a) MOT number enhancement as a function of the transverse cooling beam
intensity with laser frequency set to A = 60 MHz and a magnetic field of 1 G. (b) and
(¢) MOT number enhancement for varying polarization orientation, relative to the applied
magnetic field, and magnetic field amplitude respectively. At B = 0 there is a residual

magnetic field of several hundred mG.

molecules in the MOT at three different cooling laser frequencies but by somewhat lesser

amounts and at different laser frequencies.

Size of cooling beam

Reducing the diameter of the cooling beam along the short axis from 5.3 mm to 3.7 mm
made the transverse cooling a factor of ~ 2 less effective. This is most likely because of
the reduced cooling volume. Since the MOT beams have a diameter of around 16 mm, in-
creasing the transverse cooling beam width may further enhance the number of molecules
captured into the MOT.

7.3 Conclusions and future improvements

Transverse cooling of the CaF beam was demonstrated both in 1D and 2D. The beam
was collimated in 1D using blue detuned light although it did not lead to an increase in
the flux of molecules arriving within the capture volume of the MOT. By extending the

setup to cool in two dimensions, a factor of 3.5 improvement in the MOT number was
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observed. Although the exact process responsible for this improvement is still somewhat
uncertain, the experiments performed so far suggest that the beam was collimated by
Doppler cooling.

If Doppler cooling is indeed responsible for the observed enhancement, further gains
may be obtained by simply extending the cooling region to increase the number of photon
scattering events. A new vacuum chamber with rectangular windows of size 30 x 120 mm
was designed and is currently being built in the workshop and will be integrated into the
experiment in the nearest future. To extend the total cooling length, a multipass config-
uration will be used, similar to the one described in [180]. With this configuration, the
cooling beam may be expanded more along the direction perpendicular to the molecular
beam and thus increase the total cooling volume. In addition, full magnetic field control
at the position of the molecules will be implemented to investigate both Doppler and

sub-Doppler cooling mechanisms in a more systematic way.
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8 | Towards sympathetic cooling

The improvements to the experiment described so far increased the number of molecules in
the magnetic trap so that temperature measurements could be made without requiring too
much averaging. In this chapter a new optical pumping scheme, which was implemented in
the experiment to pump molecules directly into the spin stretched state is also presented.
The first systematic temperature measurements of the molecule cloud in the presence
of a colder atom cloud are discussed. Although no thermalization was observed at the
effective density used, the measurement places an upper bound on the elastic scattering
cross-section. The chapter concludes with a discussion of near term future improvements
to the experiment which should enable collisional cooling of molecules either in a magnetic

or optical dipole trap.

8.1 Two-frequency optical pumping of CaF

The optical pumping scheme used in the experiments described above relied on eliminat-
ing the frequency component of light which addresses the target state. This scheme can
only pump into the |F' = 0, Mr = 0) state, which is not magnetically trappable. Although
a microwave transition from this state to a magnetically trappable state can be driven,
this transition is highly sensitive to background magnetic fields which broaden the transi-
tion and drift from one day to the next. Instead, an optical pumping scheme which relies
on the polarization of light to select the target state may be used. This scheme was first
demonstrated for laser cooled SrF molecules [118], which have a similar internal structure
to CaF. The scheme is illustrated in figure 8.1(a): a pair of beams propagate at right an-
gles and have ot and 7 polarizations relative to the direction of an applied magnetic field
of 200 mG. The frequency component tuned closer to the F' = 1~ state propagates per-
pendicular to the applied field and drives 7 transitions while the component tuned closer
to the F' = 2 level propagates along the applied field and drives o™ transitions. Here the
B?Y*t —X?%7 electronic transition is used. The only state which is dark to the two beams
is |2,42) and thus is the state molecules are optically pumped into. This is very conve-
niently a magnetically trappable state and connects to the [N = 0, F = 1, Mr = +1) state
through a magnetically insensitive microwave transition. The scheme is very sensitive to

the purity of polarization- any component remaining in o— will drive the molecules out
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Figure 8.1: (a) Two-frequency optical pumping scheme of CaF. In the first version of this
scheme, indicated by green arrows, two beams with ¢ and 7 polarizations propagate at
right angles relative to an applied magnetic field. In the second version, indicated by pink
arrows, both frequency components have the same elliptical polarization and propagate
along the same direction. (b) Optical setup used to realize the second version of the two-

frequency optical pumping scheme.

of the target state and limit the optical pumping efficiency.

Finding the required optical access for coupling two optical pumping beams into the
science chamber with near perfect polarizations proved challenging. Instead, a slightly
different arrangement was used. The two frequency components were both polarized ellip-
tically and made to propagate along the same direction. Provided the elliptical polariza-
tion is chosen such that it has no component which drives ¢~ transitions, the population
should end up in the target |2, +2) state. Figure 8.1(b) shows a schematic of the optical
setup used to create the required frequencies and polarization. The beam passes an AOM
driven at 70 MHz and both the -1%* and 0" orders are reflected and combined into a single
beam for the 2"? pass. The frequency difference is then w; — wy = 27 x 140 MHz. An
additional AOM is used as a fast switch to control the duration of the optical pumping
pulse. The beam is delivered to the experiment with a single mode PM fibre and col-
limated to a waist radius of 2.5 mm. It then passes a linear polarizer which fixes the
input polarization. A combination of a HWP and QWP is used to set the polarization of
the optical pumping beam. Both wave plates are mounted in motorized rotation mounts
so that an automatic scan of angles may be performed to optimize the optical pumping

efficiency.

Calculations using optical Bloch equations show that, when perfect, this scheme can
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pump all molecules into the target state. The calculations also show that by choosing
the power of the lower frequency (ws) beam to be much less than the power of the higher
frequency (w;) component allows for some imperfection in the chosen polarization. In the
experiment P, /P, ~ 10 while the total power is 7 mW. The optical pumping parameters
are optimized by measuring the number of molecules captured into the magnetic trap
following the optical pumping pulse. A grid and differential evolution search are performed
to find the optimal wave plate angles, which produces the largest sample of molecules in
the magnetic trap. Both algorithms give the same final result.

Figure 8.2(a) shows the fraction of molecules captured into the trap as a function
of the optical pumping duration. The efficiency is measured relative to the number of
molecules captured into the MOT. It is noted here that this method of measurement does
not allow to directly infer the fraction of molecules pumped into the target state as there
are two other states which are magnetically trappable. This issue will be addressed later.
In the first measurement, the optical pumping beam was passed through the chamber
once. The 1/e pumping time in this case is found to be 91(5) us and a maximum of
47.9(6) % of molecules are captured into the trap. In another iteration of the experiment
the optical pumping beam was retro-reflected. The 1/e pumping time in this case was
found to be 89(4) us and a maximum of 53.5(7) % of molecules where captured into the
trap. The higher optical pumping efficiency using a retro-reflected beam may be explained
by imperfect polarization which increases the number of photons a molecule must scatter
to reach the target state, and therefore increases the push the molecules receive from the
optical pumping light. By retro-reflecting the pumping beam this push may be reduced.

Figure 8.2(b) shows the optical pumping efficiency as a function of the common two
frequency detuning. Zero detuning corresponds to the w; component being near resonant
with the ' =17 — F’ = 1 transition. When the detuning is close to 25 MHz the number
of molecules in the target state is reduced dramatically. The origin of this dip is currently
under investigation.

Due to the lifetime of the MOT and losses when transferring to the molasses, the
fraction of molecules remaining just before the optical pumping pulse is applied was
~ 60 % for the above measurements. Taking into account the loss of molecules during the
300 ms hold time in the magnetic trap, the results suggest that the efficiency of optical
pumping to a magnetically trappable state is close to unity. As alluded to above, this
does not necessarily mean that the optical pumping efficiency is perfect since molecules
in the |1,41) and |2,+1) states are also captured by the magnetic trap. To investigate
the efficiency further, a microwave pulse which drives the |1,2,+2) — |0,1,+1) transition
is applied. For these measurements the molecules are not captured into the magnetic
trap but simply recaptured into the MOT following the microwave pulse. Figure 8.2(c)
shows the measured line shape using a 50 us long pulse and (d) shows the resonant

Rabi flops corresponding to this transition. From the Rabi flopping data it is evident
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Figure 8.2: (a) Fraction of molecules captured into the magnetic trap as a function of optical
pumping duration using a single-pass (A) and retro-reflected (o) beams. (b) Pumping
efficiency versus common two-frequency detuning. Zero detuning corresponds to the w;
component being near resonant with F/ =1~ — F’ = 1. (c¢) and (d) microwave line shape
and Rabi flops corresponding to the |1,2,+42) — ]0,1,+1) transition driven following
the optical pumping pulse. Here molecules are recaptured into the MOT following the

microwave pulse.

that a 7 microwave pulse has an efficiency very close to 100 %. This pulse transfers
~ 70 % of the molecules into N = 0 and thus sets an upper limit on the optical pumping
efficiency. Because the [1,2,—2) — |0, 1, —1) transition may also be driven by this pulse,
the efficiency may be slightly smaller.

The two-frequency optical pumping scheme has increased the fraction of molecules
transferred to the magnetic trap, shortened the state preparation sequence, and eliminated
the need to drive a magnetically sensitive microwave transition. After two microwave
pulses on the |1,2,42) «— |0, 1, +1) transition, with a blow away pulse in between, the
number of molecules captured back into the MOT was ~ 40 % of the initial number of
molecules in the MOT. This is double the number of molecules available compared to
using the state preparation scheme of section 6.3 and substantially improved the signal

to noise ratio.
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8.2 Temperature measurements in the magnetic trap

The experimental sequence to prepare dual species mixtures in the magnetic trap for
thermalization measurements is the one described in chapter 6. The only difference is
the optical pumping scheme. Due to the high observed loss rate of molecules in the
N = 1 state, the measurements presented here were performed with molecules in the
ground rotational state. As usual, the temperature of the molecule cloud is inferred
from a ballistic expansion measurement. For each expansion and trap hold time, the
images are integrated over 4 experimental realizations. Figure 8.3 shows an example of
a ballistic expansion measurement of a molecule cloud released from the magnetic trap
after a 0.6 s hold duration in the presence of a Rb cloud at 90(2) pK temperature. Each
point corresponds to 5 repetitions of the cloud size measurement for a given hold duration.
The widths are estimated by fitting 2D Gaussian distributions to the integrated images.
The error in the size becomes larger for longer expansion times due to a decreasing signal
to noise ratio as the cloud expands. For this measurement, the radial temperature is
estimated as T, = 210(31) pK and the axial temperature is 7, = 196(20) uK.

Next, measurements of the molecule cloud temperature are repeated after holding
both species in the trap for a variable duration. The rate of change in the temperature
difference AT = Tc.r — Ty, between the two species may be modelled using the following
equation [159]

d(AT) 6]

di = _g(AT><Ue1Urel y (81)

where ( is the effective density and o) is the elastic scattering cross-section for the colliding

molecule-atom pair. The mean relative velocity v, depends on the temperatures Tg;, and

Tcar of each species and is given by

8k T; Tca
Urel = \/ & ( Rb + c F) . (82)
™ MRy Mmcar

For Try, = 90 puK and Te.r = 200 pK the relative velocity is v = 31 cm/s. It requires

3/p collisions per particle on average for the mixture to thermalize, where

AmpRyMmcar
- . 8.3
& (mrp + Mcar)? (8:3)

For a mixture of hotter molecules and colder atoms it will thus require ~ 3.1 collisions
on average for the molecule temperature to equilibrate. For a high rate of thermalization
equation 8.1 must be integrated numerically as the relative particle velocity will be a

1

function of the changing cloud temperature'. Here a single exponential decay model is

used to fit to the experimental data. Because the number of Rb atoms is overwhelmingly

!Note also that the effective density  is in general time dependent due to finite life times of each species
in the trap. In addition, provided the temperature of the cloud changes significantly, more molecules will

congregate closer to the trap centre.
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g2 (mm?2)

t2 (ms?)

Figure 8.3: Ballistic expansion of a molecule cloud released from the magnetic quadrupole
trap along the radial (o) and axial (A) directions. Error bars: standard errors on the mean
values estimated from 5 measurements. The bottom panels show fluorescence images of
the cloud (from shortest to longest expansion times), which where integrated over four

experimental realizations.

larger than the number of molecules, the atom cloud temperature Ty, is constant and the

temperature of the molecule cloud will change as
Tear(t) = (Tur — Tro) exp (—Twnt) + Try , (8.4)

where T¢,p is the initial temperature and Ty, is the thermalization rate. If the decaying

number density of atoms in the trap is taken into account the solution becomes

T
Tear(t) = (T¢ap — Thb) exp (F_th (e7tmet — 1)) + Tk (8.5)
Rb

with ', the decay rate of atoms.

Figure 8.4 shows temperatures of the molecule cloud in the presence of atoms for
variable trap hold durations. These data are fit to the exponential model of eq. 8.5 with
the final temperature fixed to Tgy, = 90 K and the atom decay rate I'gp, = 0.305(5) s+
while Ty and T'yy, are set as free parameters. The fit gives I'y, = —0.16(21) s~!, where
only the errors in temperature estimates are included. The thermalization and elastic
collision rates are related by I'q =~ %Fth and the elastic cross-section is thus given by
O = %Fth /Crel. For the measurement above ¢ = (4.0 £0.4) x 10° cm™ and the value for
the elastic cross-section has an upper bound of 1.3 x 107! cm? at the 95 % confidence level.

It is worth noting here that because of the somewhat high relative motion temperature
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Figure 8.4: Temperature of the molecule cloud as a function of the time it is held in the
magnetic trap in the presence of Rb atoms. Each data point corresponds to the best
estimates of temperature and the error bars correspond to the fitting errors. The solid
line is a fit to the thermalization model described in the main text, which accounts for the
decaying atom number density in the trap. The dashed line indicates the temperature of

the atoms.

higher order partial waves contribute to the scattering process and in general o, depends
on the temperature. A well known example of strong o, dependence on the collision
energy in ultracold atomic gases is 8*Rb [181, 182] for which o, decreases by some three

orders of magnitude in the temperature range of 10 nK — 350 uK.

Earlier theoretical work [106] estimated a typical elastic cross-section of o ~ 2.5 X
1072 c¢m? for the Rb-CaF system at the temperature obtained in the experiment?. This
value is well below the estimated upper bound from the temperature measurements. It is
interesting to compare these results to the elastic scattering measurements in the NalLi-
Na system [159]. In that experiment the temperature was sufficiently low so that mostly
s—wave scattering was important and the authors estimated a cross-section of oo =
(2.5 4+ 0.5) x 107! ¢m?. This result is particularly favourable for using Na atoms to

evaporatively cool NaLi molecules.

2Values of 0. were calculated using a range of different scattering lengths and for the value quoted
here an s-wave scattering length of a = 4+1.5a was used, where the mean scattering length a was defined

in section 2.3.1
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8.2.1 Future improvements

The measurements described in the previous section do not provide sufficient information
to accurately estimate the ratio between elastic and inelastic collision rates. The main
technical difficulty in observing thermalization is the currently attainable effective density
¢, which is primarily limited® by the rather large size of the molecule cloud in the magnetic
trap. In this final section some of the pathways open to increase ( are explored. Assuming
an elastic cross section ¢ = 2-107'2 cm™2, a tenfold increase in ( is required to achieve

thermalization rates of a second.

Increasing the effective density in the magnetic trap

As discussed in section 6.1.1, the molecule density in the magnetic trap is limited by
the initial cloud temperature and a displacement from the trap centre. The temperature
may in principal be reduced to 5 uK using the single frequency molasses cooling method
described in [98] although in this case the temperature of the molecules would be similar
to that of the co-trapped atoms. Assuming the cloud is initially of the same size as in
the measurements described thus far, the numerical trajectory simulations suggest that
reducing the temperature to 5 uK would lead to a cloud size of {o,,0,} = {1.3,1.0} mm
when the trap is loaded at the usual axial gradient of 30 G/cm. This corresponds to an
increase in ( by a factor of ~ 2.5 compared to all previous measurements. The initial
size of the cloud may be reduced in a compressed MOT (CMOT)*. For an initial circular
cloud of 0.9 mm radius and a temperature of 5 K, the simulations give a cloud size
in the magnetic trap of {o,,0,} = {0.8,0.7} mm at a temperature of 7T, = 55 pK.
This corresponds to nearly a fourfold increase in ( although the temperature becomes
smaller or very close to the atom temperature obtained in the experiment making it more
challenging to observe thermalization. Instead, by increasing the trap loading gradient
to 100 G/cm and compressing in the CMOT, a T, = 100 K cloud will have a size of
{ov,0.} = {0.9,0.68} mm once loaded into the magnetic trap. At this point it becomes
beneficial to also decrease the atom cloud size. Reducing it by a factor of 2 in all three
dimensions would lead to a tenfold overall gain in (. As already mentioned several times
before in this work, such gains in atom density may be obtained by using a DARK SPOT
MOT and preparing atoms in the |[F' = 1, Mp = —1) state for confinement in the magnetic

trap.

3Since the molecule cloud is substantially larger than the atom cloud, increasing the atom number

density increases the effective density marginally.
1A CMOT for molecules was investigated in this work and the size of the cloud was reduced to

~ 0.9 mm along both dimensions at the cost of a substantial loss in molecule number. Because the size

of the cloud in the magnetic trap was limited by its temperature, the compressed MOT was not used.
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Loading an optical dipole trap

The optical dipole trap [183] typically provides much tighter confinement and is a popular
trap for ultracold collision experiments. It relies on the optical dipole force and in its
simplest form consists of a single tightly focused laser beam with a Gaussian intensity
profile, tuned far away from an atomic or molecular resonance. For temperatures much
lower than the depth of the trapping potential, the particles accumulate close to the
intensity maximum and undergo simple harmonic motion with radial frequency w, =
\/W and axial frequency w, = ﬁwr/kwo. The trap depth Uy = aP/mceqw?
depends on the polarizability o and the waist radius wy of the trapping beam. Using
a 30 W beam at A = 1064 nm focused down to wy = 40 um, the trap frequencies® for
CaF are w, = 27 x 2 kHz and w, = 27 x 12 Hz. For Rb atoms the trap frequencies®
are w, = 21 X 4 kHz and w, = 27 x 24 Hz. The cloud size in the trap is given by
o; = (kT;/mw?)'/?, where i € {r,a} and is many times smaller along the radial direction
because the light intensity gradient is much larger than along the direction of the trapping
beam. Neglecting the gravitational sag, loading such a trap with T, = 40 puK and
Tcar = 100 uK would lead to a spatial density overlap of (/Ngy, = 3.8 -10° cm™3. Even
when only 1 % of the atoms initially loaded into the MOT are transferred into the optical
dipole trap, the effective density ¢ > 10'2 cm~3, which is far greater than what could
be achieved in the magnetic trap with the considerations above. In addition, combining
two dipole trap beams which intersect at a shallow angle would increase the confinement

along the weak trap axis and increase the density even further.

®The trap frequencies are calculated using results from [100] and rescaled to match the different trap

beam parameters.
6The polarizability value for 8"Rb at 1064 nm is taken from [184].
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9 | Conclusions

In this work the first laser-cooled mixtures of atoms and molecules were prepared and
confined in magneto-optical and magnetic quadrupole traps. Inelastic atom-molecule
collisions were studied both experimentally and theoretically and the conditions under
which sympathetic cooling of molecules should be feasible were identified. In particular,
an inelastic atom-induced loss rate coefficient of ky = (1.43 £0.29) x 107'% cm? - s7! was
measured in the dual species MOT. Although high, the typical time-scale of subsequent
experimental steps to prepare molecules in a single quantum state in the ground rotational
level are fast so that this loss is tolerable. When molecules occupy the N = 0 state, the loss
rate coefficient is at least an order of magnitude smaller and in the magnetic quadrupole
trap was measured to change from ky = (6.6 + 1.5) x 107 cm? - s71, for N = 1, to
ky = (—=0.05 £2.9) x 107'2 cm?® - s71, when the molecular sample is prepared in N = 0.

With several realistic near term improvements to the existing apparatus, the density
overlap between the two species may be improved substantially which will allow to ex-
plore elastic atom-molecule collisions in the magnetic trap. Successful implementation
of transverse laser cooling of the molecular beam and a new optical pumping protocol,
described in the previous chapter, enhanced the number of molecules in the magnetic
trap by a factor of 7-8 compared to the available number in experiments described in
chapters 5 and 6. These improvements enabled the first proof of principle thermalization
measurement. Although no evidence of thermalization was discovered, an upper bound
of 1.3 x 10~ cm? at the 95 % confidence level was placed on the scattering cross-section.

In addition, the existing apparatus is capable of accommodating an optical dipole
trap or a 1D optical lattice. The enormous increase in the number density of both the
molecular and atomic samples provided by the optical trap will lead to many exciting new
experiments.

Finally, findings from these studies will feed into the design of future experiments

aiming to produce a quantum degenerate gas of strongly interacting polar molecules.
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A | Geometric ray tracing

Geometric ray tracing is a useful tool for investigating the imaging performance of a
particular imaging system. Although many commercial software packages to perform
numerical ray tracing exist it is useful and reasonably simple to set up a custom ray tracer
from first principles to gain access to a larger variety of optical system characteristics that
one would like to investigate in greater depth. In particular, one of the main goals was
to determine the light collection efficiency of the CaF imaging system. Here a derivation,
without going into too much algebraic detail, of the relevant equations for geometric ray
tracing are presented.

To find the trajectory of an optical ray traversing an optical system two key ingredients
are required: finding the intersection points of rays with spherical or planar surfaces
(surfaces described using conic sections are not considered here) and determining how the
direction of an incident ray is modified by these surfaces. The direction of an optical ray
will change either due to refraction or reflection and equations describing each process are

derived below.

Ray-surface intercepts

First, consider a spherical surface (figure A.1) with radius of curvature R centred at
position z. on the optical axis (defined as the z-axis). The intersection point of an optical
ray originating from a point described by a position vector py along the direction k may
be expressed as
=m0+ Mk (A.1)
The problem of finding the intersection point given the pair of vectors py and ko is reduced
to simply finding the value A for which the (z,y, z) components of 7 all lie on the spherical
surface described by
24y 4 (2 — 2)? = R? (A.2)
Defining an origin vector o' = [0,0, z — 2. the solution for A may be written in compact

vector form

=~ — ) o+ \J[(G5 — ) 2 — 5o — o2 + R? (A.3)
There are 3 scenarios to consider. If the square root in eq. A.3 is negative then there

are no solutions to the posed problem and the ray does not have an intercept with the
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Ray-sphere intersection Ray-plane intersection

o
=]

Figure A.1: Graphical representation of the vectors (defined in the text) used to calculate

optical ray intercepts with a spherical (left) and planar (right) surfaces.

specified surface, if it is equal to zero there is only one intercept point and if it is greater
than zero there are two intersection points. The correct point is chosen by considering
the radius of curvature of the surface. For positive R the smaller A of the pair is selected
and for negative R the larger A is retained.
To find the intersection point with a planar surface consider the equation describing
a 3-D plane
n-(P—0)=0 (A4)

The vectors p and o are defined identically as above and define two points lying in the
same plane on the z-axis at position z.. The dot product of the difference of these two
vectors with the unit normal vector n thus must be equal to zero as the two vectors are
always orthogonal if they describe a planar surface in 3-D.

Substituting the definition of p into the above equation leads to the following solution

for the coefficient A that determines the intersection point
n - (06— po
A= % (A.5)

Having found the intercept points with spherical and planar surfaces all that is left to do

is find how the ray direction vectors are modified due to refraction and reflection.

Snell’s Law in vector form

Consider a ray incident on an arbitrary surface with an angle 6, relative to a unit normal
vector pointing towards the direction of the incoming ray. The incoming ray (figure A.2)

propagates in a medium with refractive index n; and is refracted by a surface which
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Refraction Reflection
K,

Figure A.2: Refraction and reflection of optical rays. The graphs define the relative vectors
used in the text to derive Snell’s Law in vector form and the change in the ray direction

due to specular reflection.

separates a medium with refractive index ny. The angle 6, of the refracted ray is found
from Snell’s Law

ny sin(y) = ny sin(6,) (A.6)

The unit vector kg describing the incident ray is changed to k, upon refraction by the

separating boundary. The vector k, is decomposed into a superposition of two vectors:

one parallel to the surface (/Zﬁ) and the other orthogonal (k)
Fr = K+ K (A.7)

Similarly the incident vector ko is decomposed into the sum of vectors k! and lgf Since

k| = 1 and |k,| = 1 the angles 6, and 6, are simply given by
sin(f) = [Fy

sin(g,) = |k .

Using Snell’s Law and the fact that the vectors l%‘ and k! both point in the same direction
the parallel component of the refracted vector may be written as
pl— M ;
k) = — (ko + cos 6yn) (A.9)
n2
The magnitude of the perpendicular component is found using Pythagoras theorem and

since it points in a direction opposite to the unit normal vector it is given by

L= —ny/1— K2 (A.10)

Using eqs. A.6 and A.8 this may be expressed more conveniently in terms of known

quantities

. 2
kr = —ﬁ\/l — n—;[l — cos?(6p)] (A.11)

ny
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Using the fact that cosfy = —n - ko the final expression for the refracted vector may be

written compactly as

zsr:@éo—{@ﬁ-/éo—\/ -4 —m-i%o)?]}ﬁ (A12)

The above equation gives the direction of the refracted ray given the incident ray direction

relative to the unit surface normal vector. This equation is general and suitable to model

refraction by any surface provided that n may be determined.

Reflection

For specular reflections the angle of incidence is equal to the angle of reflection. As before,
the incoming and outgoing ray directions are defined relative to the surface normal. A
similar procedure to the one above is used to find the reflected ray vector k.. From
figure A.2 it is easy to see that the two orthogonal components of the incident and reflected

rays are related in the following way

B,
- - (A.13)
ky = —k:
The reflected ray may now be written as
feve = ko — 2k (A.14)
The perpendicular component is equal to
kb = (ko - )n (A.15)
And finally the reflected ray direction vector may be written as
kve = ko — 2(ko - A1 (A.16)

As before the outgoing ray direction is expressed as a function of the incoming ray and

its direction relative to the surface normal.
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B | Design of a new buffer gas cell

Molecular MOTs with the largest number of molecules have been reported by the Harvard
and JILA groups. Both groups have reported numbers exceeding 10° molecules in their
traps [99, 124|, which is roughly an order of magnitude higher than the number trapped
using the apparatus described in this work'. These differences may arise due to several
reasons including the design of the buffer gas source. Motivated to increase the flux of
molecules a new buffer gas cell was designed (and already machined though not tested)
based on our findings and those of other groups.

The design of the new cell is shown in figure B.1. The dimensions of this cell were kept
very similar to the original cell used in this work so that it stayed compatible with the
cryostat and vacuum chamber assembly. The design has two key new features introduced.
It was found by chance on several occasions that a Ca target in contact with the cell walls
would produce a slower molecular beam and lead to an increase in the number of molecules
captured into the MOT. For this reason the new cell has a fixed target in the shape of
a 15 mm diameter cylinder glued to a copper plate which attaches to the side of the
cell. In the old design a new surface area on the target was exposed to the ablation laser
by turning the target using a rotary vacuum feedthrough. In this new design the cell is
entirely thermally decoupled from components at ambient room temperature while the
diameter of the snorkel via which the ablation laser pulse enters the cell is made sufficiently
wide such that any spot on the Ca target may be exposed. Both groups also seem to use
fixed targets in their cells. The second difference is the method of delivering the He gas into
the cell. Both JILA and Harvard found that a flow of He along the propagation direction
of the molecular beam works best. In addition, a diffuser plate sandwiched between the
He inlet and the cell itself, prevents the stream of gas from directly reaching the Ca target.
The JILA group in particular have reported that a diffuser plate substantially improves
the flux of molecules at lower forward velocities.

The new cell has the same inner diameter bore and length as the original one. Ex-
tension pieces of different lengths and exit apertures with different diameters were also
machined and may easily be swapped to test which arrangement works best. Because
these are tedious tasks it has never been experimented with before, especially using the

number of molecules in the MOT as a figure of merit.

With transverse cooling of the molecular beam this difference was reduced to a factor of ~ 3.
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Figure B.1: Design of a new buffer gas cell.

Other observations

The JILA group have reported the use of a Y503 powder to dramatically increase the
number of molecules exiting their buffer gas cell. By coating the inner walls of the cell
with just the correct amount of powder the peak signal was enhanced by a factor of 4.
Although the reasons for this observed enhancement are unclear? it would be interesting
to coat the cell walls with a CaFy powder.

It was found on multiple occasions that depositing a new layer of coconut charcoal
would very substantially improve the MOT number and the longer term stability of the
source. This suggests that in the current setup there may not be sufficient pumping of He
gas especially in the vicinity of the exit aperture where the rate of collisions with emerging
CaF molecules is high. Although the current source chamber and cryostat assembly would
not accommodate larger sorb shields it should be possible to add additional fins coated
with charcoal to the top lid of the radiation shield.

Several experiments working with buffer gas cooled hydroxides [185] have found that
electronically exciting the metal atoms with laser light substantially increases the yield of
molecules. No such experiments have been reported for molecules containing a fluorine
atom. It would thus be interesting to excite the Ca atoms produced in the buffer gas cell

to the 3P, state using light at 657 nm and search for an effect on the reaction yield.

2A speculative guess is that the powder coating reduces the reaction rate of molecules with the cell

walls and thus allows to extract a larger number of molecules into the beam.
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