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Abstract

There is great interest in the use of ultracold polar molecules confined in op-
tical lattices for quantum simulation of complex many-body problems. The
objective of our work is to realise a system of ultracold fermionic °K?3Cs
molecules in a 1D optical lattice consisting of an array of 2D pancake traps.
Such a system will enable a wide range of future investigations, including
the study of novel regimes of interlayer superfluidity [1]. To create polar
molecules we will employ magnetoassociation on an interspecies Feshbach
resonance followed by transfer to the rovibrational ground state using STIm-
ulated Raman Adiabatic Passage (STIRAP). This thesis reports the progress
towards this ambitious goal focusing on the initial laser cooling stage.

We present a simple single cell vacuum system that can be used to locate the
interspecies Feshbach resonances essential for magnetoassociation. We give a
description of the laser setups for both species, including details of the laser
spectroscopy used for frequency stabilisation. We then present results on the
optimisation of the magneto optical trap (MOT) for each species (focusing
on the most abundant 3K isotope). The effects of the intensities and detun-
ings of both the cooling and repump light and the magnetic field gradient are
investigated in order to maximise the number of trapped atoms. Finally, we
present preliminary observations of simultaneously loading overlapped MOTs
for both species.
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Chapter 1

Introduction

1.1 Motivation

Ultracold gases offer the possibility to research a wide range of fundamental
applications such as ultracold chemistry [2], many-body physics [3], preci-
sion measurement [4] and quantum simulation [5]. Our research focuses on
quantum simulation of many-body problems. The control with which we can
manipulate ultracold gases allows us to engineer and simulate simple models
in condensed matter physics [6], e.g., spin model in optical lattices [7], and
quantum magnetism [8]. Additionally, we can also explore many-body phe-
nomenon such as the superfluid-Mott-insulator quantum phase transition [9],
and the BEC-BCS crossover using Fermi condensates [10]. The prospect of
achieving bosonic and fermionic degeneracy of ultracold dilute gases is suited
to manifest less complicated systems and investigate new phenomena because
of the capability to control over their internal degree of freedom. One can
essentially transform a Hamiltonian of an interacting physical system into a
simpler Hamiltonian associated with atoms, ions and molecules, that can be
used as samples to simulate such system. Then by measuring their quantum
states, one can elucidate mechanisms underlying the more complex physical

phenomenon.
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1.2 Why Ultracold molecules?

Ultracold polar molecules provide a promising platform to explore condensed
matter systems thanks to their long range anisotropic dipole-dipole interac-
tion. For a polarised dipolar gas, in which all electric dipole moments point
in the same direction, the energy due to the dipole-dipole interaction, Vyq, is

given by [11]:

Caa (1 — 3cos?6)
1.1

- SR (1.1)

where 7 is the interparticle distance and 6 is the angle between the inter-

vdd =

atomic separation and the dipole orientation varying from 0 to 2w. The
factor 1/r3 exhibits the long range character of the dipole-dipole interaction.
The constant Cyq is d?/eq for particles with permanent electric dipole mo-

ment d and ¢; is the permittivity of vacuum.

Our ultimate goal is to realise ultracold fermionic polar °K**3Cs molecules in
an array of two-dimensional pancake traps effectively obtained from a one-
dimensional optical lattice as demonstrated in fig 1.1. This configuration
is suitable to investigate many physical phenomenon, for example, within a
single pancake layer topological superfluid phases can be realised, which is
a promising candidate for quantum information processing [12]. By apply-
ing an external electric field and dressing with a microwave field it offers
tunable intermolecular attractive dipole-dipole interactions resulting in su-
perfluid pairing as well as suppression of two-body inelastic losses through
chemical reactions. Furthermore, a system of heteronuclear molecules in op-
tical lattices enables interlayer superfluid formation [3]. When considering
multilayers, Cooper pairs can be formed between layers; thereby one can also
explore the BEC-BCS crossover [1, 3].

1.3 Why KCs?

There are many feasible bi-alkali polar molecules that are of interest and
have been successfully studied in laboratory such as RbCs [13] and KRb

[14]. Ultracold KCs molecules are interesting to explore because of three key
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Figure 1.1: Ultracold fermionic #°K!33Cs molecules confined in a one-
dimensional optical lattice of two-dimensional pancake traps. The green
spheres represent “°K and the red spheres represent 133Cs. The trap is con-
structed by interfering two counter-propagating laser beam having identical
wavevector kr,. The dipole moments of the molecules are aligned by applying
an external electric field Epc. Such a system may be used to explore a bilayer
superfluidity which the dashed line represents an interlayer Cooper pair.

features. First of all, KCs molecules can be produced as both bosonic and
fermionic molecules owing to the existence of three stable potassium isotopes
in nature: two bosonic *K (93.258 %); *'K (6.730 %); and one fermionic
isotope 1K (0.012%) [15]. Secondly, they have a permanent dipole moment
of 1.906 Debye. More importantly, they are stable against reactive collisions,
leading to low trap losses. In other words, the reaction 2KCs — Ky + Cs,

cannot take place when there is collision between a pair of KCs molecules.

1.4 Objectives and scope

Our specific objectives are to perform interspecies Feshbach resonance spec-
troscopy for all K isotopes and compare to theoretical predictions by the
group of J. Hutson [16]. As bosonic isotopes *K and *'K have the highest
abundance, we will first focus on identifying the spectrum of interspecies Fes-
hbach resonances of 3*KCs. In order to do this, we must develop the vacuum
chamber and laser systems necessary for the production of ultracold mixtures

of K and Cs. To measure the Feshbach spectrum, we have developed a simple
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single-cell chamber based upon the design described in [17], and briefly de-
scribed in section 2.1. Pre-cooling a large number of both species is essential
before other cooling stages, i.e., magnetic trapping and evaporative cooling.
The laser cooling and trapping technique we use is a magneto-optical trap
(MOT). Therefore, this dissertation mainly contains theoretical background
(chapter 1), MOT setup (chapter 2) and MOT optimisation (chapter 3 ) to
maximise the collection of atomic clouds of both species: 3°K and !33Cs in-
dividually. We discuss in chapter 4 an outlook for the experiment and the

prospect of trapping single KCs molecules in an optical tweezer.

1.5 How do we make ultracold polar molecules?

There are two routes to make cold molecules: a direct; and an indirect ap-
proach [18]. The first method to make molecules relies on directly cooling sta-
ble molecules. Owing to complex energy level structure, which the molecules
in the excited state can possibly decay to various vibrational ground state,
it is challenging to determine the cyclic cooling transition. Moreover, sam-
ples are difficult to cool to a high phase-space density. Nevertheless, several
experimental techniques to cool molecules have been successfully developed;
for instance, Stark deceleration [19]; sympathetic cooling [20]; laser cooling
[21, 22]; and buffer gas cooling [23]. The second, indirect method to make
molecules starts from preparing ultracold atoms at a high phase-space den-
sity (PSD) and then associating them to form diatomic molecules via photo-
association [24] or magneto-asso ciation [2]. In our experiment we intend to

exploit the latter, indirect, technique to make ultracold KCs molecules.

In this section, we will describe the experimental techniques in general for
the production of degenerate quantum gases followed by the ground state
molecules formation. There are mainly two stages for producing degenerate
ultracold atoms: laser-cooling and trapping, in particular using magneto-

optical trap (MOT), and evaporative cooling.

Once quantum degenerate gases of two species is achieved, weakly bound

molecules are created by ramping the magnetic field. Theses molecules can
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1.Absorption of a photon. 2.Momentum kick in
the direction of photon.

o m——
-

4.Momentum kick in the direction 3.Emission of a photon
opposite to an emitted photon. in a random direction.

Figure 1.2: The mechanism of how an atom is decelerated by the radiation
pressure force from light. An atom absorbs a photon and is jumped to an ex-
cited state shown in (1). To preserve the total momentum of the system, the
atom recoils in the direction of the incoming photon shown in (2). Momen-
tum change causes a force exerting on the atom. Thanks to a short lifetime
of the excited state, the atom spontaneously decays to its initial state and
simultaneously emit the photon shown in (3). As the matter of fact that the
photon is emitted in a random direction, the momentum kick obtained from
many spontaneous emission processes average to zero. This is the cyclic pro-
cess of momentum transfer and the atom is eventually slowed down. (Figure
adapted from [26]).

then be transferred into the lowest rovibrational ground state via STImulated
Raman Adiabatic Passage (STIRAP) [25].

1.5.1 Laser cooling and trapping

The mechanism underlying laser cooling is an atom-light interaction used to
cool down an ensemble of atoms. It can be understood by the semi-classical
approach where an atom, a quantum mechanical two-level object, interacts
with the classical coherent field. Consider a total system of one atom and one
photon as shown in fig 1.2. Each time the atom absorbs (or emits) a photon,
the internal energy of the atom has changed jumping from the ground state to

the excited state due to the conservation of energy. Furthermore, to preserve
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the momentum of the system the atomic velocity changes by recoil speed in
the direction of light propagation. The recoil velocity originating from the
photon’s momentum can be determined as: vy = h/AM, where h is the
Planck’s constant, A is the wavelength of the laser, and M is the atomic
mass. This momentum transfer creates a force exerted on the atoms in the
direction of the laser beam. Thanks to a finite lifetime of the excited state,
the atom spontaneously decays back to the initial state and the photon is
emitted in a random direction together with atomic recoil against it. Over
many absorption and emission cycles there is no net force from the emission
process and therefore the mean radiation pressure force from the laser with
wavevector Ky, frequency w and intensity I exerts a force on the atom in the

same direction as the laser beam given by:

F I
F. ([, A)=hky—— D=t 1.2
pr(L,A) LM+A+%; (1.2)

where A = w — wy, I' is the natural linewidth of the excited state thus the
inverse of its lifetime, Iy, is transition saturation intensity and i = h/2m,
which A is the Planck’s constant. It vitally implies that the atom at rest will
remain at rest because there is no net force acting on it. However, in reality
the atoms moves with velocity v; as a result, the Doppler effect has to be
taken into account and will be discussed in sec 1.5.1. Therefore, atoms with
different velocities seeing different frequencies of the light, leads to non-zero

radiation pressure force exerting on them.

Doppler cooling

Consider a situation in one dimension as shown in fig 1.3: an atom with ve-
locity v is exposed to two counter-propagating laser beam having the same
angular frequency w and whose wavevectors kj, align along the atomic mo-
tion. According to the Doppler effect, in the atomic rest frame the atom sees
the laser frequencies shifted up (or shifted down) for the counter-propagating
(or co-propagating) beam, resulting in a force imbalance. Atoms can be de-
celerated if they interact with a red-detuned laser beam, where its frequency

is slightly below resonance, on the order of the natural linewidth (typically
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. A
Radiation pressure

Downstream Upstream
beam beam
atom
S

kL, w

Real frequency

Doppler shif)t/
Pl Frequency
detuning

“Downstream” “Upstream”
laser detuning  laser detuning

Figure 1.3: Illustration of Doppler cooling in one dimension. Radiation pres-
sure as a function of frequency detuning (w — wp, where w is the laser fre-
quency and wy is the atomic resonance frequency) is illustrated. An atom
with non-zero velocity v encounters the shifted up (down) frequency of the
counter (co)-propagating beam in its rest frame. As a consequence, there are
force imbalances acting on the atom if both beams have the same frequency.
In this case, the real frequency is red-detuned from resonance thereby the
higher restoring forces from the upstream beam push the atom against the
direction of travel. [27]

several MHz). However, there is the force fluctuation thanks to the stochas-
tic nature of spontaneous emission and the laser intensity fluctuation. This
leads to heating in the system. As a result, in thermal equilibrium, where
the cooling rate is equal to the heating rate, the atomic ensemble can be
cooled to a limited finite temperature, named the Doppler temperature (1)
which is expressed as kgTp = Al'/2. This mechanism is the basic principle

of a magneto-optical trap (MOT) as explained in the next section.

Magneto-optical trap (MOT)

The Doppler cooling mechanism is generally valid for any arbitrary direction
in space, therefore three orthogonal pairs of red-detuned counter-propagating

beams creates velocity dependent radiation pressure force on atoms. This
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configuration is called optical molasses because a frictional force is exerted
on the atoms: this causes the atoms to slow down when they enter a region
where all the laser beams intersect. However, atoms can diffuse out of the
molasses, which limits the number of pre-cooled atoms, therefore trapping is
needed. Aiming to trap atoms at the centre of the trap, the frictional force
acting on atoms needs to be spatially-dependent. This can be achieved by
adding the quadrupole field, which creates the zero magnetic field at the trap
centre and the Zeeman energy shift as a function of position. The field is
produced by two current coils in the anti-Helmhotz configuration and char-
acterised by the linear magnetic field gradient.

To understand the principle of the mechanism, we can simply consider a
two-level system in one dimension as illustrated in fig 1.4. Note that, the
quantisation axis and the polarisation of the light is represented relative to
the magnetic field direction. From the diagram the magnetic field breaks the
degeneracy of the hyperfine level in which the energy levels are linearly pro-
portional to the magnetic moment quantum number mg and the magnitude
of the magnetic field |B|. Both beams are right-handed circularly polarised
light. In the case of red-detuned beams, atoms moving against the direction
of the laser beam are more likely to jump into the mp = —1 excited state.
In other words, the ¢~ transition is driven. Eventually, atoms experience the
restoring force and are pushed towards the centre of trap where the MOT is

collected.
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M= (0 F'=
me—_l
mp=0 F=0

Figure 1.4: Schematic of the principle of a simplified one-dimensional
magneto-optical trap (MOT): Energy level splitting of an atom having F' = 0
ground state and F’ = 1 excited state in the presence of a linear magnetic
field gradient. The magnetic moment quantum number is denoted as mpg.
The atomic resonance frequency and the laser frequency are represented by
wp and wy, respectively. The atom interacts with two red-detuned counter-
propagating laser beams having the same circularly polarisation. Note that
the polarisation is defined according to the direction of the magnetic field,
hence the right-handed circular polarised light is shown here. In addition, the
magnitude of the quadrupole fields |B| as a function of position is presented
along with arrows indicating the direction of the fields.
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Figure 1.5: Scheme of hyperfine features of *3Cs energy level. Thanks to
selection rules of electric-dipole-allowed transitions, AF = 0,+1 as well as
a finite linewidth of the excited state, atoms in F' = 4 can feasibly jump to
the excited state F’ = 4 and spontaneously relax to the F' = 3 state leading
to leaving the cyclic cooling. Therefore, we cool atoms on F' =4 — F' =

and to recycle the atoms out of the F' = 3 ground state we use repump laser
light on ' =3 — F' = 4. [2§]

However, in reality an atom has a multi-level configuration. All the alkali-
metal atoms have a hyperfine structure presenting in both ground and excited
state on the order of tens or hundreds MHz, for example, the energy level
structure of Cs is shown in fig 1.5. Ideally, the cooling transition should be
a closed transition, however due to neighbouring open transitions, there is a
finite probability that the atom will spontaneously decay to another hyperfine
level ground state called the dark state, in which atoms no longer interact
with the cooling beam. As a consequence, repump light is required so as to
pump atoms back into the cooling cycle. In the case of Cs atom in fig 1.5, the
closed transition is 6°Sy /s F' =4 — 6°P3/2 F” =5 and the repump transition
is 6°Sy/2 F'=3 — 6*P3)p F' = 4.
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1.5.2 Evaporative cooling

Once the pre-cooled atoms are captured in the MOT, they are then trans-
ferred to a conservative trap where evaporative cooling can be used to pro-
duce colder atoms at a high PSD. The requirement of this technique is the
confinement along with long storage time. As a consequence, the use of
magnetic traps is introduced. It is typically an inhomogeneous magnetic
quadrupole field. In the presence of a magnetic field, the Zeeman mp energy
level is shifted by grmpupB(r) [11]. According to classical electromagnetic
field, in free space only a magnetic field minimum can be produced as a
trap and there is no magnetic field maximum [29]. Therefore, trapped atoms
have to be in a low-field seeking state associated with the states having
grmp < 0, which corresponds to being anti-aligned with respect to the mag-
netic field. To illustrate this, for ¥3Cs the magnetically trapped state of
|F =3, mp = —3) is aimed to be prepared. From MOT loading, this can be
achieved by a compressed MOT (cMOT), optical molasses and optical pump-
ing respectively. During the cMOT the atomic density increases and in the
optical molasses phase the atoms are further cooled. Once the optical pump-
ing stage is optimised, atoms can be accumulated in the |F = 3, mp = —3)

state ready for magnetic trap loading.

In the magnetic trap, the evaporation is forced by application of energy-
selective radiofrequency (RF) that excites trapped states to untrapped states
[11]. The spatial Zeeman shift of the atomic energy level occurs thanks to
the presence of inhomogeneous magnetic field. The procedure is illustrated
in fig 1.6 where the RF is iteratively chosen in such a way that its energy
matches the energy separation between the trapped and untrapped states of
atoms around the tail of the velocity distribution. In other words, hot atoms
are removed towards untrapped states and rethermalisation repeatedly oc-
curs leading to lower temperature of the ensemble. By ramping the magnetic
field gradient and simultaneously decreasing the energy of RF photons, cold

atoms at high PSD can be successfully prepared.

In the ultracold regime especially during evaporative cooling, atoms mainly

interact via collisions whose cross section is largely determined by an s-wave
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_——forced evaporation—__  _——rethermalisation—__
E E
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Figure 1.6: RF evaporative cooling is simplified by considering two Zeeman
states mp = +1/2 (low-field seeking state/ trapped state) and mp = —1/2
(high-field seeking state/ untrapped state). The top row demonstrates spatial
dependence of the potential energy of the atoms, while the bottom ones
are corresponding Maxwell-Boltzmann velocity distribution at each stage.
The evaporation is forced by selectively exciting the trapped state into the
untrapped state via ramping down the RF in which its energy matches the
energy difference between two states starting from the tail of the distribution.
Subsequently, atoms rethermalise via elastic collisions thereby reaching a
lower temperature. (Figure adapted from [11]).

scattering length (a), typically expressed in the unit of Bohr’s radius, aq,
where ap = 0.0529 nm. As a consequence, the understanding of the scattering
length behaviour as well as Feshbach resonances will be critically discussed
in the next section. Moreover, this supports why we aim to locate both
intraspecies and interspecies Feshbach resonances, as selecting appropriate

values of magnetic fields will be able to attain efficient evaporation.

Scattering length

In neutral ultracold gases, a short-range contact interaction dominates that
is described by molecular potentials, an example depicted in fig 1.7(a). This
is called the van der Waals (VAW) interaction that is a function of inter-
atomic separation R, proportional to 1/RS. Tt has a repulsive feature at
zero interatomic separation and an attractive feature at larger distances. An
important parameter that quantifies the binary interaction strength is the
s-wave scattering length particularly in the near zero energy collision regime.

Its signs determine the interaction’s character whether it is repulsive corre-
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sponding to the positive scattering length or attractive corresponding to the

negative scattering length.

Evaporative cooling relies on elastic collisions allowing rethermalisation.
However, in a high density inelastic collisions also play a crucial role, es-
pecially three-body collisions which result in trap loss. In this mechanism
a molecule is formed and the binding energy is converted into kinetic en-
ergy of both the molecule and the third atom and all are expelled out of
the trap. Quantitatively, the elastic collision rate is proportional to a? [30],
while three-body losses rate scales as a* [31]. Therefore, the optimal scat-
tering length need to be carefully selected to efficient allow cooling of the
atoms, while three-body losses are suppressed, e.g., a window for effective
Cs evaporation is between acs 200ag — 400ay according to the previous work
[32], corresponding to the magnetic field of 22-25 G.

Feshbach resonances

As mentioned in the previous section each molecular potential is for a par-
ticular internal state and when atoms are in the presence of an external
magnetic field, the Zeeman shift happens. This leads to the separation of
different molecular states as shown in fig 1.7 (a), associated with different
angular momentum quantum numbers (F, mpg) of two colliding atoms, often
called channels. A Feshbach resonance is a scattering resonance happening
when the energy of the molecular bound state in a closed channel is mag-
netically tuned in such a way that its energy simultaneously equals that of
the open channel potential energy. Interestingly, the scattering lengths varies
around a Feshbach resonance as a function of the magnetic field B as shown

in fig 1.7 (c¢) and is given by:

a(B) = an, (1 -3 _ABO> , (1.3)

where ay, is the background scattering length associated with the open chan-
nel, By is the magnetic field at the resonance where the scattering length di-
verges to oo, and A is the resonance width corresponding to the difference

between B, and the magnetic field at zero-crossing (a = 0).
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Figure 1.7: (a) An example of molecular potentials E(r). Each channel is
associated with the interaction between different hyperfine mp states of two
colliding atoms. A Feshbach resonance occurs when the energy of incoming
atom pair (F) in the open channel is resonant with the energy of a molec-
ular bound state (F¢) in another channel, denoted as the closed channel.
The energy can be controlled by tuning the magnetic field. (b) The avoided
crossing between an atomic and molecular state at the Feshbach resonance
enable the association of atoms into weakly bound molecules through adi-
abatically sweeping the magnetic field across from high to low values. (c)
The schematic shows the scattering length a in the neighbourhood of the
Feshbach resonance as a function of the magnetic fields B, where ayg is the
background scattering length, By is the magnetic field at the resonance, and
A corresponds to the width between By and the magnetic field value at zero
scattering length. (d) The bound state with the binding energy F; with re-
spect to the zero energy of a free atom pair existing at the positive scattering
length side of the resonance. (Figure adapted from [33]).
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Since exceptionally large scattering lengths enhance both elastic collisions
and inelastic collision, we can identify Feshbach resonances location by ob-

serving an enhancement of atom losses at some specific magnetic fields.

1.5.3 Magneto-association

At a Feshbach resonance, an avoided crossing is formed because of the cou-
pling between a two-free atom colliding state and a weakly bound molecular
state. Here we hope to locate interspecies Feshbach resonances in regions
of near zero positive background scattering length offering the possibility to
create weakly bound polar molecules with low three-body losses [34]. By
adiabatically ramping the magnetic fields in fig 1.7(b) from high to low val-
ues across the magnetic field at the Feshbach resonance, ultracold degenerate
mixtures can be associated into weakly bound heteronuclear molecules [2].
This is an intermediate step to prepare the lowest rovibrational ground state

molecules.

1.5.4 STImulated Raman Adiabatic Passage (STIRAP)

Feshbach molecules are produced in a very high vibrational excited state,
easily undergoing inelastic collision and hence escaping the trap. This is pre-
vented by optically coherent transfer via STIRAP [25] in order to populate
the molecules to the lowest rovibrational molecular state. STIRAP is ba-
sically a two-photon transition mechanism in a configuration involving two
lasers. One couples the weakly bound Feshbach molecular state to an excited
state whilst the other couples the excited state to a deeply bound ground state
[35]. Eventually, ultracold polar molecules can be further loaded into optical
lattices to explore some physical phenomena. In our experiment we aim to
load ultracold KCs molecules in a two-dimensional pancake trap. The trap
is a one-dimension optical lattice simply formed by two counter-propagating
laser beams. Due to their polarisability, the molecules can be trapped at the
minima of periodic potentials. Each trap depth can be adjusted by varying
the laser intensity. The barriers suppress the collision between molecules at

different sites, leading to a stable system and the capability to manipulate
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individual molecules.



Chapter 2
Experimental Setup

This chapter describes an experimental apparatus designed specifically for
the search for interspecies Feshbach resonances of 3*K!33Cs and 4'K!?3Cs.
However, it will be interesting to investigate whether we can use this vac-
uum system for production of ultracold fermionic rovibrational ground state
molecules also. First of all, a brief description of the vacuum system is stated
and followed by a description the laser systems for both species in details.
Secondly, the MOT optics and sequence are explained, as well as a discussion
on the trap and shim coils calibration. Finally, the detection scheme and how

to quantify the number of atoms in the MOT are analysed.

2.1 Vacuum system

The apparatus is based around a single-chamber, ultra high vacuum (UHV)
system maintained by a single ion pump (NEXTorr D100-5 NEG and ion
pump). The vacuum assembly is shown in fig 2.1. For a single chamber
there are two requirements to balance: the high alkali vapour pressure for
initial MOT loading; and subsequent low pressure during evaporative cooling
to achieve high phase space density (PSD). We use a dispenser to provide the
atomic vapour for the experiment. Previous work in [17] demonstrates that
it is possible to modulate the alkali vapour pressure on a 100 ms timescale
in a single-chamber system by pulsing the dispensers on and off during the

experimental cycle. By designing a dispenser mount that acts as a heat

17
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sink, we can increase the heat transfer rate after the dispenser is switched
off. The vapour pressure is manipulated by controlling the current through

a computer-controlled power supply.

Feed-through for dispensers

Glass cell
(Experiment chamber)

Viewport

Figure 2.1: Schematic of the vacuum system. The electrical feed-through is
used to supply the current to dispensers inside the chamber. The imaging and
optical pumping beam will be aligned along y-axis and x-axis respectively.

Our dispenser mount is designed to hold three dispensers: Rb; K; and Cs
as shown in fig 2.2. We have included the Rb dispenser because there is
a working RbCs molecules experiment in our group that we might use to
test our chamber. The K, Cs, and Rb vapour is sourced from commercial
dispensers (SAES). As we plan to pulse the dispenser at a high current of
around 20 A based on the work in [17], a water-cooling system in fig 2.2
(b) has been added which cools the tip of the electrical feed-through outside
the chamber. The water-cooling system consists of four brass blocks labelled
A-D as shown in fig 2.2, which are connected to another two brass blocks
(E & F) having the water running through. The brass blocks (E & F) are
in thermal contact with two thermo-electric cooler (TECs). Also, there is a
cross-shaped nylon part hanging in between blocks A to D in order to prevent
stress between blocks A-D when we tighten the locking screws (without the

nylon cross we risk breaking the electrical feed-through during assembly).
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(a) (b)

Dispenser

TEC
Locking screws

Feed-throug§

Dispenser
mount

'« System support

<—Vacuum chamber
Flange

Figure 2.2: (a) The drawing of the copper dispenser mount inside the vacuum
chamber. Here, the dispensers are configured in such a way that one power
supply can run both K and Cs dispensers. (b) The assembly of a water
cooling system. It composes of four brass blocks (A - D) connected to the
end of electrical feed-throughs. The next layer is two TECs (depicted in
grey) for cooling attached with the E & F brass blocks. Each of these have
the copper tubes, which water passes through. All components are in place
by locking screws as illustrated in the figure. A nylon block is placed in the
middle of side AB and CD to support any compression during assembling,
which may crack the feedthroughs.
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2.2 Laser system

For Cs, the laser system consists of a commercial laser and a home-built
laser, which produces the cooling and the repump light, respectively while
the K light is all derived from the commercial laser. We use the Dy transition
for both Cs and K MOTs. The atomic energy levels on the D, lines of both
133Cs and 3K are shown in figure 2.3. It highlights all transitions needed in

the experiment.

133 ; F'=5 e
39K —F =3 -x- Cs 251.1 MHz _
" 14.4MHz cooling
cooling ,
12P. Y- 5 £ = reireageenns
V2N 67MHz Y 0
D P/ = 2 wieegeees S 2013 Mz
9.4MHz 3 F'=3
W o | 151.2 MHz
s , B R F'=2
Dy line % 3‘3MHZFI -0 Dy line
767 nm repump 852 nm repump
A
F= 2meee
‘ 7 173.2MHz
P81y 6°S1/ A
" 288.6 MHz % 0.1926 GHz
\ F — 3 eeeemensbonens

Figure 2.3: Energy level structure of the Dy transition of 3°K and '33Cs (the
diagram is not to scale) [28, 36]. The arrows indicates all transitions needed
for cooling and repump in the magneto-optical trap stage.

2.2.1 Caesium

The cooling light is provided by a Toptica DL pro laser (100 mW) working
at 852 nm operating on the Dy transition 62S;,2(F = 4) — 6°P3/o(F' = 5).
The laser setup is shown in fig 2.4. We stabilise the laser frequency using
saturated absorption spectroscopy [37] and the built-in locking electronics.
The light used for locking is double-passed through an acousto-optical mod-
ulator (Crystal Technology 3110-120), labelled as AOM1 in fig 2.4, so that
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we can tune the MOT detuning using AOM1 without misaligning the setup.
The laser is locked to the peak of F/ =4 and F’ = 5 crossover resonance as
indicated in fig 2.5. The remaining laser light not used in the stabilisation
is aligned through a single-pass AOM (AOMZ2) before being coupled into a
fibre splitter. Figure 2.4 shows the optical setup and light paths.
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— ;\’;RFE;PEL\T[ER 1 g é ﬂ ] | I [
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N4 f—lSmm N2 v
L1p t—H—
Ty sy IMAGING
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N N V.
v, 0 U /nl
<I>F=150 mm V; Vi
l I FIBRE SPLITTER O
A f=50 mm
/2
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N Spectroscopy = PUMPING FJ »
>
A MOT > A I & V4
Repump
0p. pumping | MOT SPECTROSCOPY
F'=3 ECDL F'=4 DL PRO F'=5

Figure 2.4: Schematic of the Cs laser setup. The cooling light is derived from
a Toptica DL Pro and is split into three main paths: spectroscopy; cooling
light and imaging light. The repump light is provided by the home-built
ECDL laser and is also split into three main paths: spectroscopy, repump
light and optical pumping light. The cooling beam is locked to the transition
from F =4 — F' = 5. The repump beam is locked to ' =3 — F' =4
Crossover resonance.

The repump light (fig. 2.4) is placed on the same optical table as the cooling
light and produced by a home-built external cavity diode laser (ECDL).
The light is split into three paths: spectroscopy; MOT repump; and optical
pumping light. Although we do not discuss or employ optical pumping light
in our experiment during this thesis, we do intend to use it in the near future.
The laser is frequency stabilised to 623, =3 62P5 /2F" = 3 : 4 crossover
resonance using saturated absorption spectroscopy (SAS). The stabilisation
(locking) scheme we use is a phase-sensitive detection. The SAS signal is sent
to a home-built lock box designed by Oxford University, which dithers the

laser current to produce an error signal. The output of the photodiode passes
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Figure 2.5: Laser locking position of the saturated absorption signal of 133Cs
cooling light together with associated energy levels of the excited state [28].

through a low pass filter to remove the high frequency (dither) component of
the signal, which then goes to an integrator PID feedback circuit to correct
the laser diode current and piezo.

To tune the repump laser on transition with 6281/2F =3 — 62P3/2F’ =4
transition, the MOT repump light is aligned through a single pass AOMS3,
as shown in fig 2.4. The MOT repump light is overlapped with the MOT
cooling light and aligned down a fibre, which is attached to a one-to-three
way splitter. Furthermore, a mechanical shutter is placed in front of the
fibre to ensure that no resonant light, which might leak through the AOMs,
reaches the atoms during post-MOT stages of the experiment. Note that
two lenses before each optical fibre are aligned as a telescope for beam waist

matching with the fiber and thus yielding the maximum coupling efficiency.

2.2.2 Potassium

The 767 nm light necessary to produce a potassium MOT is generated by
a Toptica TA pro laser consisting of a grating-stabilised master laser and
a tapered amplifier (TA). There are two output ports: the front port, pro-
viding an output power up to 2 W, is responsible for both cooling and re-
pump beams; while the back port produces a 5 mW output, used to lock

the laser via modulation transfer spectroscopy (MTS) [38] on the transi-
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Figure 2.6: Laser locking position of the saturated absorption signal of 133Cs
repump light together with the associated energy levels of the excited state
[28].

tion 4%S;pF = 2 — 4°P3,,F’ = 1,2,3 using the built-in Toptica locking
electronics. The setup design in fig 2.7 and 2.8 (a) is able to produce the
frequencies suitable for making both 3K and 'K MOTs. Since the work-
ing frequency of the laser is not exactly resonant with the cooling transition
42S1)5(F = 2) — 4*P35(F’ = 3), an AOM is needed to shift the frequency
down to resonance frequency labelled as AOM2 in fig 2.7. Additionally, three
AOMs are necessarily used to shift the frequency for cooling beam and re-
pump beams of both bosonic isotopes 3K and *'K. The laser is locked on
the closed transition of F =2 — F’ = 1,2,3 in K. The fig 2.8 (b) indicates
the locking point of an error signal (red) produced by MTS together with its
associated SAS signal (black).

2.3 MOT setup

The setup for both species is basically a six-beam counter-propagating con-
figuration. The cooling and the repump light for each species are combined
and transported to the experiment table through a fibre splitter. However,
the K MOT light and Cs MOT light are collimated to a different 1/e? radius.
The beam waist of Cs light is 3.0(5) mm obtained from the fibre collima-
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Figure 2.7: Schematic of the K laser setup.
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Figure 2.8: (a) Schematic of the modulation transfer spectroscopy (MTS),
optics and electronics setup for laser stabilisation of potassium. (b) MTS
error signal (red) together with its associated SAS signal (black) is shown.
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tor F260APC-B. For K, the fibre collimator F810APC-842 together with a
position-adjustable convex lense f = 75mm assembled in a cage system pro-
duce a beam with a waist of 6.3(6) mm on average. In the horizontal plane
along x and y axis as shown in fig 2.1 the 852 nm and 767 nm beam paths
are aligned independently. In the vertical plane along z axis as shown in fig
2.1 both beams are aligned along the same path using a two-inch dichroic
mirror, which provides 96.0% transmission for 767 nm and 95.8% reflection
for 852 nm. Figure 2.9 presents the top-view of the arrangement, the vertical

axis is not shown here.

— K
Cs
CELL =  MIRROR
a

FIBRE SPLITTER

Figure 2.9: Schematic of the magneto-optical trap setup in the horizontal
plane. K and Cs alignments are independent. It is basically three pairs of
counter-propagating beams with the quarter waveplates to make all beams
have circular polarisation.

2.4 Magnetic trap

There are five pairs of coils used at different stages of the experiment. In the
MOT process two coils are needed. The quadrupole coils (green in fig 2.10)
generate a quadrupole field with the gradient of 1.0(0) Gem™'A~!. They
are designed to trap atoms from the background vapour and also used as a
magnetic trap. Three-axis shim coils are used for compensating the Earth’s
magnetic field. They provides uniform magnetic field in the Helmholtz con-
figuration. Shim coils (shown in orange in fig 2.10) in the z-axis are assembled

with other coils. To compensate stray fields along the x — &y- axes, two parts
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of shim coils are used (not shown in the figure). Fig 2.11 shows the shim
X and Y calibration. The blue curves are generated by fitting to the equa-
tion of magnetic field on any axis perpendicular to the coil in the Helmholtz
configuration described by [39] :

Lo NIR? Lo NIR?

B. =75 ((z + 5/2)% + R2)3/2 t5 (= s/27 1+ TP (2.1)

where the Helmholtz pair consists of two coils of radius R, separated by a
distance s and z is the axial distance from the centre of the coil. Each of the
coil has N turns and a current [ is flowing through in the same direction.

The pg = 47 x 1077 N A2 is the magnetic permeability of free space.

The properties of the shim coils are summarised in the table 2.1.

S
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e 0
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Quadrupole Trap Levitation I K
Bias 1 Transport v
Bias 11 Shim Z Z

Figure 2.10: Cross-section of the coil assembly around the glass cell. Coils
are in Helmholtz (Bias I, Bias II and Shim Z) and anti-Helmholtz (Quad,
Levitation, Transport) configuration. The quadrupole coils are used for MOT
and magnetic trapping in the evaporation stage. An additional bias field
produced by Bias I Bias II might be used to accomplish efficient evaporation.
Since we acquired the magnetic coil mount from our soliton experiment [39],
there are other two coils in the mount (levitation and transport coils) not
currently in use as we now run the experiment in a single chamber. In
future, the setup will be more complicated and we might implement having
two separated chambers, i.e., a MOT chamber and a science chamber and
thus they are needed.
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Figure 2.11: Calibration of shim coils along the x- and y- axis using a current
of 2.(0) A. We measured the field four times and calculated an average and
standard errors. The blue curves are fitted by the equation 2.1 for a pair
of Helmholtz circular coils. For shim X(Y) it results in a radius of r = 37.8

(35.0) mm with a separation of s = 117 (121) mm.

Specification shim X | shim Y | shim Z
Width (mm) 50(1) | 50(1) | 79(1)
Length (mm) 50(1) 50(1) 79(1)
Inner separation (mm) | 117(1) | 117(1) | 35(1)
Outer separation (mm) | 134(1) 134(1) 100(1)
Number of turns 20 20 44
Field gradient (GA™!) | 1.2(5) 1.0(5) 6.2(1)

Table 2.1: Measure specification of shim X, Y and Z coils.

Now we use quadrupole coils as MOT coils. In the MOT experiment the field
at the centre of the MOT coils is supposed to be zero. However, the Earth’s
magnetic field causes the residual field of roughly 0.5 mG. In order to null
the magnetic field with shim coils, the commercial magnetic sensor is used to
probe it. It is a triple magnetometer HMC5883L from Honeywell company,
which can measure the magnetic field up to 4 G with sensitivity of the order
of a few mG. The probe is controlled by Arduino SMD A000073 interfaced
with Labview so that the field can be real-time monitored. It is mounted on

the nylon post holder to avoid additional stray magnetic fields.



Chapter 2. Experimental Setup 28

2.5 Fluorescence imaging for diagnostics

The efficiency of the MOT stage can be quantified by the number of trapped
atoms via different approaches such as fluorescence imaging and absorption
imaging. The simplest way is the fluorescence imaging in which the fluores-
cence light emitted randomly from atoms is detected by a photodiode. For
a linear detector the voltage signal from the photodiode is directly propor-
tional to the trapped atom number. A MOT fluorescence signal captured
within the solid angle of a convex lens with diameter 25.4 mm of a 40 mm
focal length lens is focused on a photodiode (Thorlabs PDA100A-EC). The
transverse magnification of the system is given by: My = —s;/s, = 1.0.
The photodiode generates a current proportional to the fluorescence power
incident on it with responsitivity 7(852nm) = 0.5(5) and 7(767nm) = 0.5(1)
AWt This current produces a voltage across a 2.3 MS oscilloscope input

resistance which is proportional to atom number.

Sy =80 mm S; =80 mm
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d=254mm f=40mm

Figure 2.12: Schematic of one species fluorescence imaging. The imaging
solid angle is limited by the lens by a 25.4 mm diameter aperture d place
at a distance s, from the MOT cloud. Currently, the detection is set up
separately for two species, yet in the same configuration.

The fluorescence signal is related to the number of MOT atoms as follows.
The power P, radiated by N atoms illuminated by the laser of intensity

is :

0.5C ot
@-FSC:N-@-P Ittlfsat m—
A A T+ o +4(5)?)

Iéat

Ptotal =N-

(2.2)

where h is the Planck constant and C7,Cy (C7; = 0.7,Cy = 0.73 in our
analysis) are the Townsend coefficient [40], which are determined from the
fluorescence emission investigation, correcting for the fact that the MOT

atoms are in an unknown distributed mp states. Ii. is assumed to be six
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times the single average beam intensity and Iy, = 1.10 (1.75) mW cm ™2 for
Cs (K).
The power detected Pyt within the solid angle € limited by the convex lens

[41]):
Q 1 w(d/2)? d?
Pdet_ 'Ptotal_ : (/)

* Ltotal — : Ptotal
4 47 s2 1652 ’

(2.3)

incident on a photodiode of responsitivity r(\) produces a voltage across the

oscilloscope terminal resistance R:
‘/sig = Isig R = T(/\)Pdet ‘R (24)

Substituting Py and rearranging to obtain atom number as a function of

the measured voltage:

168(2) A2 Clltot]sat

N =V Az
*rRA hel (1+ Cylet 1+ 4(2)2)

(2.5)

All parameters of Cs and K MOT are listed in the table 2.2.

13305 (6281/2 — 62P3/2) 39K (4281/2 — 42P5/2) units
Tt | 6 x53(1 6 x 25(1) | mW cm 2
I 1.10(4§ : 1.75%03 mW cm 2
A | 2m x —7.8(8) 2m x —18(1) | rad s7*
so | 80(1) 80(1) | mm
d | 25.4(1) 25.4(1) | mm
r | 0.55(1) 0.50(1) | A W1
R 12300 2.400 | MQ
N | 1.8(2) x107 3.2(9) x107 | Atoms

Table 2.2: Experimental parameters for Cs and K fluorescence imaging.
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Furthermore, not only a MOT loading curve derived from a fluorescence
signal can indicate a saturated trapped atom number, the MOT loading rate
and its lifetime can also be extracted from this curve. The loading rate as a
function of N trapped atoms is given by [22]:

dN N

p7a L — g (2.6)
where L is the loading rate, 7 is the MOT lifetime that is inversely propor-
tional to the loss rate (y = 1/7) owing to collisions with background gas.
Here the two-body light-assisted inelastic collisions between cold atoms is
neglected due to low density in the MOT stage. Solving this equation, the

number of trapped atoms as a function of time is characterised by:

N =Lr(1 —e7 ). (2.7)

To demonstrate this, fig 2.13, one of the *3Cs loading curves, is fitted to the
equation 2.7. It shows that the atoms are captured at the rate 0.48(6) x 107

atomss™! and the loss time is 1.6(9) s.
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Figure 2.13: An example of the MOT loading curve for Cs. The black line is
the number of trapped atoms calculated from the photodiode voltage of the
fluorescence light. The data is best fit to the equation (2.7) as indicated as
the red solid curve. We found that the atom loading rate (L) and the decay
time (7) are 0.48(6) x107 atomss™ and 1.6(9) s respectively.



Chapter 3
Results and Discussions

This chapter describes the MOT optimisation of individual species, Cs and K
respectively. In order to achieve the maximum number of atoms captured in
the MOT, there are various parameters to be optimised which are dependent
on one another. Those are the \/4 waveplate angle, the null field position,
the magnetic field gradient, the detuning of the cooling beam, the intensity
of both the cooling and the repump beams, and the alkali vapour pressure
via the dispenser current. We monitor the MOT using the camera and detect

the fluorescence signals.

To start with, an optical alignment is tweaked until the beam crossing is at
the position where the magnetic field is zero, i.e. the centre of the quadrupole
coil. Secondly, thanks to the residual Earth’s magnetic fields we ensure that
the magnetic field gradient at the centre is null by applying additional con-
stant fields to compensate it. They are produced by all three-axis shim coils
characterised in section 2.4. The optimised shim fields result in the uniform
free expansion of the MOT after switching the dispenser current off. Then,
the angle of the \/4 waveplates are all set correctly. In other words, the A/4
waveplates are rotated in such a way that two horizontal beams become the
circularly polarised light that drives the same transition. In contrast, ones
for the vertical beam must be rotated in the opposite direction according
to the direction of the quadrupole fields. After that, once all the setup has
optimised the fluorescence signals, we start varying the detuning, the power,

and the magnetic field gradient. Note that the dispenser current runs at 6 A

32
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because the photodiode can detect a good amount fluorescence signal from
0.5 to 1 V corresponding to a significant number of atoms (on the order of

107 sufficient for the later stages of the experiment).

3.1 Cs Optimisation

The MOT loading was investigated as a function of the intensity. The dis-
penser current is initially driven at 6 A and the MOT field gradient of 10.2(6)
Gem™! s used. The cooling light is set to 27 x7.8(8) MHz red-detuned from
the cooling transition and the resonant repump light has the power of 0.6(2)
mW per single beam. As can be seen in fig 3.1(a), the greater the power
of the cooling light, the more atoms are trapped. We can trap on the order
of 6 x 107 atoms. Eventually, we set the cooling light to maximum peak

intensities of 6.5(1) mW cm~? for each beam.
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Figure 3.1: (a) Cooling light intensity optimisation of a Cs MOT. The black
squares show the atom numbers at a given cooling beam intensity, whereas
the red solid curve is a line to guide the eye showing the exponential growing.
(b) repump light intensity optimisation for Cs.

The impact of the intensity of the repump laser is shown in fig 3.1 (b). The
experiment is performed with the initial condition of the dispenser current,
the MOT field gradient, the cooling light detuning as the cooling beam in-
tensity investigation. Also, the cooling power is on average 9.0(6) mW per
beam according to the first optimization of the cooling light intensity. From
the plot, we can infer that the repump light provides at least 2.2(1) mW cm 2

is sufficient to drive atoms back into the cooling cycles.
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Figure 3.2: Dependence of the number of atoms trapped on the magnetic
field gradient. We started to run the MOT coils at a low current of 5 A
corresponding to the magnetic field gradient of 5.1(3) G cm™!. The maximum
number of atoms occurs at around 10 G cm~!. The black squares are the data
and the solid red line is a guide to show the trend of atom number at different
magnetic fields. These data are taken with the cooling light detuning of 7.8(8)
MHz and the single beam intensity of 19/g,.

The next parameter to consider is the magnetic field gradient associated with
the trapping size and hence the MOT size. All parameters remain the same
values (Peoor= 9.0(6) mW, Prepump = 0.6(2) mW, Agoqp = —27 x 7.8(8) MHz),
except the magnetic field. The experiment was performed by varying the
current to the quadrupole coils from 5 to 25 A, corresponding to the approx-
imate magnetic field gradients from 5 Gem™ up to 20 Gem™!. In fig 3.2
it is apparent that as the magnetic field gradient increases, the number of
captured atoms also rises until it reaches the optimum value and then falls
down. From the fact that the Zeeman energy shift is proportional to the
magnetic field gradient, as the position relative to the centre of the trap in-
creases, the energy shift changes significantly. Therefore, the energetic atoms
located further away from the trap centre hardly scatter with photons be-
cause it becomes far-off resonance to the cooling laser, and thus a smaller
number of atoms are captured at higher magnetic field gradients. In addi-
tion, it can be observed that the MOT strongly depends on the detuning of
the cooling beam as shown in fig 3.3. It also demonstrates the dependence

between the field gradient and the cooling detuning. Finally, we can con-
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Figure 3.3: The cooling light detuning is varied for the magnetic field gradi-
ents of 5.1(3) Gem™! (black), 10.2(6) Gem™ (red) , 15.3(9) Gem™! (green)
and 20.5(2) Gem™! (blue). The Cs atom numbers were measured via fluores-
cence detection. The graph shows the dependence between the detuning of
the cooling beam and the magnetic field gradient. The working detuning is
approximately 2I" where the anti-Helmholtz coils runs at 10 A corresponding
to gradient 10.2(6) G em™!.

clude that at the optimum magnetic field gradient of around 10.2(6) G cm ™!
the red-detuning of 27rx7.8(8) MHz from resonance for '¥3Cs can trap the

highest atom number up to 9.0(1) x 107 can be achieved.

3.2 K Optimisation

For 3K, we are using the magnetic field gradient and dispenser current values
that are optimum for a Cs MOT: 10.2(6) Gem™, 6 A respectively. We
investigated the effect of varying the intensity and the detuning of the cooling
light. We iteratively optimised the shim fields in such a way that both 3K

and 133Cs MOT are loaded while maintaining the maximum number of atoms.

Unlike 133Cs, the hyperfine splittings of the 3K excited state as shown in fig
2.3 are small compared to its linewidth of the order of tens MHz leading to dif-
ferent behaviours of the cooling and the repump dependence. Consequently,
the atoms cannot be purely driven on the cycling transition. In other words,

off-resonance excitation is common. Figure 3.5(a) illustrates that by varying
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Figure 3.4: Optimisation of the cooling beam intensity for 3°K. The cooling
beam has been working at 14I; (I =1.75(0) mW cm™—2), which is the
maximum intensity obtained from the laser system.

the cooling light detuning, the atom number has dropped within -4.5I" and
- 3.5I" detuned from resonance and then increased. It might be because the
laser frequency is resonant with the next hyperfine transition. Currently, the
optimal detuning of the cooling at -27x18(1) MHz is set. This value is in
accordance with the previous numerical study by [42] that Doppler cooling
occurs in this region. At this detuning along with the repump detuning of

27x15.0(1) MHz the number of atoms reaches an optimal value as shown in
fig 3.5(b).

In conclusion, we can routinely start loading the '33Cs and *°K MOTs by
setting laser powers, laser detunings, and the magnetic field to the following

values as summarised in the table 3.1.

Parameters 133Cs MK units
Acooling -78(8) —18(1) MHz
Arepump 0.5(5) 16(1) MHz
Prooling (per beam) 9.0(6) 22(1) mW
Prepump(per beam) 0.6(2) 18.3(1) mW
Magnetic field gradient | 10.2(6) 10.7(7) Gem™!
Typical atom number | 7(2) x107 | 1(1) x107 | Atoms

Table 3.1: A summary table of optimised values of all parameters set in the
MOT phase.

Once both species MOTs have been independently optimised, we investigate
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Figure 3.5: (a) Optimisation of the cooling beam detuning. A repre-

sents a detuning and the natural linewidth (') of Dy transition equals to
27x6.035 MHz. The number of atoms is maximised at far red-detuned
around 5 times of its linewidth. The atom number drops at —4I', where
the laser frequency is far-off the cooling transition. (b) Optimisation of the

repump beam detuning. The optimal repump detuning is approximately
2.51.

significant losses in one species in the presence of the other species as pre-
liminarily illustrated in fig 3.6. Since the number of atoms in the K MOT
is larger than of the 3Cs cloud, a roughly 4.7 % rapid reduction of ¥3Cs
atom number is clearly observed when the *°K cloud is subsequently loaded
after full 133Cs MOT loading for 1.5 s. This loss process in the two species
MOT is caused by light assisted interspecies inelastic collisions [41]. For this
reason the MOT parameters may need to be modified to reach the ideal per-
formance, where it is allowed to load the two species MOT independently
with the smallest reduction in atom number. The investigation of losses will

help us to figure out how the inelastic collision losses can be suppressed.
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Figure 3.6: Loading and loss of 133Cs atoms. We initially trap only !33Cs
atoms. After ~ 2.5 s of ¥3Cs MOT loading, the cooling light and repump
light of 3°K are unblocked. It is clearly seen that the '33Cs trapped atoms
are rapidly decaying by about 4.7 % of the fully loaded value when the 3°K
MOT is present.



Chapter 4
Conclusions and outlook

This thesis has contributed to MOT optimisation results for both 3K and
133Cs atoms. Significant optimised parameters are summarised in section 4.1

and an outlook towards future work on the experiment is discussed in section
4.2.

4.1 Summary

During this thesis we have developed an understanding and experimental
skills about laser systems and MOT setup as well as techniques of laser sta-
bilisation necessary in ultracold gases experiments. My work is to investigate
the effect of laser detuning, MOT beam intensity and the magnetic field gra-
dient of the quadrupole field on the number of individual 3K and !33Cs atoms
collected via the MOT technique. The experimental results indicates that
all parameters are dependent upon one another. To summarise, at an opti-
misation stage the vapour dispenser of both species is continuously run at
the current of 6 A providing sufficient background vapour for the collection
of atoms in the MOT. The optimum magnetic field gradient is around 10
Gem™!. For ¥K, we can trap 2.5(1) x 107 atoms by using the cooling de-
tuning at —5I" with the intensity of 14/, and the repump detuning at 2.5I",

2 and

where Iy, is the saturation intensity having a value of 1.75(0) mW cm™
[" is the natural linewidth of the excited state equal to 27 x 6.03(5) MHz. In

the case of 133Cs; the atom number can be maximised up to 7(2) x 107 in

39
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our MOT. This is achieved by using the -1.5I" detuned cooling light with a
single beam intensity of 20/,; and the resonant repump light with the inten-

sity around the saturation intensity, where I' = 27 x 5.234 MHz and [y =
1.10(4) mW cm™2.

4.2 Project Outlook

Once both %K and '33Cs MOT are optimised, the atoms will be loaded into
a magnetic trap for evaporation. By doing so efficiently, optical molasses and
cMOT are performed and followed by optical pumping to the magnetically
trapped state in a magnetic trap. The forced evaporative cooling using ra-
dio frequency (RF) is exploited to cool atoms further. However, the cooling
process is ceased near the centre of the trap due to Majorana losses caus-
ing spin-flip towards untrapped states. Following this the atoms are loaded
into an optical dipole trap. By decreasing the trap depth associated with
reduction of the dipole trap power, atoms can rethermalise to a lower tem-
perature. This stage takes advantage of magnetic moment quantum number

independence and thus all states can be optically trapped.

Furthermore, the idea of pulsing the dispenser instead of running contin-
uously need to be revisited. The current, the pulse duration and the time lag
between pulses will be optimised by observing the evolution of the modulated
vapour pressure in a single cell when turning the dispenser on and off and

see how all parameters have an impact on the MOT lifetime.

After both species reach the degeneracy, Feshbach resonance spectroscopy
of individual K and '33Cs will be investigated in order to understand the
scattering properties of them. Additionally, interspecies Feshbach resonances
of 39K'3Cs will be located when the ultracold mixtures of **K and *3Cs is
produced.

Another prospect of ultracold 3°K and '33Cs molecules production is via opti-
cal tweezers. This technique offers a single molecule formation and realisation
of small molecules array by controlling molecule-molecule interaction. It also

provides the possibility to study surface science by bringing molecules close
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to the surface and inducing the strong coupling.

The idea is to demonstrate single atom of 3K and '33Cs loading of sepa-
rated optical tweezers. Then, overlap the tweezers and associate them into a
single molecule. This approach is adventurous that the atomic samples are
not necessary cold as one loading in optical lattices, resulting in the reduc-
tion of timing sequence. More importantly, we can perform the experiment

in our current apparatus.

The combination of magneto association and STIRAP has been proved to
successfully prepare ultracold polar ground state molecules such as **K8"Rb
and 8"RbCs. This work makes the possibility to create another species that
are bosonic **K and !3*Cs and maybe fermionic 'K and '*3Cs molecules.
Thanks to the fact that they are inactive against reactions, it opens a win-
dow to be able to manipulate them to explore exciting aspects in fundamental

physics as we proposed to use them simulate condensed-matter problems.
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