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Patrick Tierney

Abstract
This thesis reports on the realisation and characterisation of a magnetically
trapped ultracold atomic mixture of ¥’Rb and '**Cs in the F' =1, mp = —1

and F = 3, mp = —3 hyperfine states respectively.

A compact two-species double magneto-optical trapping (MOT) apparatus
is constructed in which a pyramid MOT acts to provide an independent
flux of both atomic species for capture in the ultra-high vacuum science
region of the apparatus. For the two-species science MOT in which this
atom flux is captured, interspecies light assisted inelastic collisions are found
to be a highly significant loss mechanism. A novel optical pressure spatial
displacement technique is developed to minimise such losses, allowing near
independent simultaneous loading of up to ~ 8 x 10® 8’Rb and ~ 3 x 10°
133Cs atoms into an Ioffe-Pritchard ‘baseball’ magnetic trap at magnetic bias
fields of 166.70(6) and 165.50(6) G respectively.

At the loaded 8"Rb and '3Cs atom number densities of 1.78(6) x 10° and
2.53(6) x 10° cm™3 respectively the magnetic trap lifetime of each atomic
species is shown to be 100(10) s and independent of the presence of the
second atomic species. Radio-frequency evaporative cooling trajectories for
87Rb and '*3Cs of 129 s duration are separately optimised under single species
magnetic trap operation to achieve phase-space densities of 6(1) x 10~7 and
3(1) x 10~ respectively at temperatures of 7.6(1) uK and 520(10) nK.
133Cs Feshbach resonances at 118.06(8) and 133.4(1) G are characterised
through the measurement of magnetic field dependent losses at the increased
phase-space density. Implementation of simultaneous evaporative cooling
following the single species trajectories is found to be ineffective below =~
10 K due to the increased thermal load imposed upon the "?Cs atoms
as the ®”Rb single species elastic collision cross section approaches the low
energy limit. Following simultaneous evaporation to ~ 15 u K thermalisation
of the mixtures axial and radial temperature components suggests a 8"Rb-
133Cs interspecies elastic collision rate 3(1) and 7(1) times greater than the-
calculated single species '33Cs and ®"Rb elastic collision rates respectively.
An interspecies Feshbach resonance search is undertaken by measuring the
number of atoms of each species remaining in the magnetic trap as a function
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of applied magnetic field following simultaneous evaporation. The absence
of magnetic field dependent losses in conjunction with analysis of the mea-
surement sensitivity demonstrates that no interspecies Feshbach resonances
wider than 1 G with two-body inelastic collision rate constants greater than
5 x 107'° cm?® s~! are present over the magnetic field range 166 < B < 370
G in the trapped states. The sensitivity of this measurement is found to be
highly dependent upon the magnetic field induced differential gravitational
sag of the mixtures components.
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Chapter 1
Introduction

The phenomenon of Bose-Einstein condensation, first predicted in 1924 (1, 2]
was observed over 70 vears later in dilute vapors of 8Rb, “Li and **Na
alkali atoms [3-5] through the combined application of laser-cooling [6-8]
and forced evaporative coolihg techniques [9, 10]. This new state of mat-
ter, analogous to superfluid liquid helium, provided a macroscopic window
through which exotic quantum behavior could be investigated. Initial work
to probe these novel quantum systems was accompanied by an expansion
in the number of elements and isotopes successfully condensed. The ability
to magnetically tune atomic scattering lengths via Feshbach resonances [11]
provided unprecedented control of atomic interactions, allowing the produc-
tion of stable condensates of #°Rb [12] and efficient. condensation of '**Cs
[13]. Whilst the range of disciplines in which atomic condensates were
breaking new ground broadened into areas including investigation of soli-
tary waves [14], matter wave interferometry [15] and molecular spectroscopy
[16], the potential rewards offered by the emerging field of atornic mixtures
also became apparent. Many experiments with mixtures utilised a ‘buffer
gas’ species to sympathetically cool a second species with less favorable
prospects for direct evaporation [17, 18]. This technique proved essential to
the realisation of quantum degeneracy in Fermionic ensembles [19, 20], from
which the first molecular Bose-Einstein condensates were engineered [21, 22].
Mixtures with tunable interactions have been utilised to investigate phase
separation and interpenetration of superfluids [23] and crucially to cre-

ate ultracold heteronuclear molecules in ro-vibrationally excited states [24].
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The transfer into ro-vibrational ground states of "Li'**Cs molecules [25]
through photoassociation and “°K® Rb [26] molecules using the two photon
stimulated Raman adiabatic passage (STIRAP) technique [27] in 2008 her-
alded a new dawn in quantum physics, the era of strongly interacting dipolar
gases. Bringing Bosonic dipolar molecules to quantum degeneracy is eagerly
anticipated to revolutionise the fields of precision measurement [28-30}, ul-
tracold chemistry [31], and quantum information processing [32]. Access to
this rich seam of quantum physics is the motivation behind the long term goal
of this project: The realisation of a dipolar molecular Bose-Einstein conden-
sate. This chapter describes the nature of Bose-Einstein condensation before
discussing the additional physics afforded by quantum degenerate mixtures
and the proposed route to create molecular condensates from such systems.
Attention is then focussed upon the scope of the work carried out by myself

towards this goal, encompassing an overview of this document.

1.1 Bose-Einstein Condensation

A Bose-Einstein Condensate is a state of matter in which a large fraction
of an ensemble of identical atomic or molecular species occupies the lowest
energy quantum state. The indistinguishable nature of the constituent com-
ponents results in the ensemble displaying collective quantum behavior on a

macroscopic scale.

1.1.1 What is a Bose-Einstein Condensate?

For an ideal (noninteracting) gas of Bosons at thermodynamic equilibrium,
the mean number of particles occupying a state 7 with energy e; as a function

of temperature T is given by the Bose distribution [33]:

1

n; = ——e(ﬁi—u)/kBT 1 , (11)

where kg is the Boltzmann constant and g is the chemical potential (the
energy required to add a particle to the system). As the temperature is
reduced, there is a corresponding reduction in the mean occupation number

of each excited state. When the mean occupation numbers are reduced to the
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extent that the total density of particles is no longer accommodated within
the excited states alone, particles begin to accumulate in the ground state.
The particles condensed into the lowest energy quantum state constitute
a Bose-Einstein condensate, whilst the excited state population retains a
thermal distribution. One parameter with which the onset of Bose-Einstein

condensation may be quantified is the phase-space density (PSD):
PSD = nAgs® (1.2)

where n is the particle number density of the ensemble and Agp the particles

thermal de Broglie wavelength, which is:

h2
AdB = QﬂkaT 3 (13)

for particles of mass m in an ensemble at temperature 7. Planck’s constant
is denoted h. In the case of a uniform ideal Bose gas confined in three
dimensions, the phase transition to a Bose-Einstein condensate occurs when

the phase space density excéeds ~ 2.612 [34].

1.1.2 Interactions in a BEC

As the particles within a BEC are indistinguishable the condensate may be
described by a single wave function % (r) normalised to the total particle
number. To first order collisions between weakly interacting particles within
the condensate are included in the time independent Schrodinger equation
using & ‘mean field’ treatment, from which the Gross-Pitaevskii equation
(GPE) is obtained [35]:
[ 2
5 VAV gl (O v () =pp () (1.4)

where m is the particle mass, p the chemical potential and A the reduced
Planck’s constant. Here the first two terms account for the wave function’s
kinetic energy and the influence of an external potential (e.g. the presence
of a harmornic trap) respectively. Interactions between the particles are ac-

counted for by the nonlinear g |¢ (r)|* term, where:

_ 4drh2a

g=—— (1.5)




Chapter 1. Introduction 4

is the energy of the condensate due to interactions between its constituent
particles. Both the magnitude and sign of this interaction term are deter-
mined by the value of a, the scattering length (see section 2.3.1), the mag-
nitude of which characterises the length scale over which particles interact,
are attractive, limiting the atom number for which the condensate is stable
against collapse, for a > 1 collisions are repulsive, and there is no correspond-
ing limit. This influence of the scattering length upon the collective behavior
of a condensate makes tunability of the scattering length a highly desirable
feature within an ultracold system: Varying the magnetic field applied to a
133Cs BEC for example, allows the scattering length to be tuned from —oo to
+00 via a Feshbach resonance (section 2.4). This feature has been utilised to
optimise the production of **3Cs condensates [36] and enabled the creation

of 1*¥Csy molecules [37].

1.1.3 Realisation of Bose-Einstein Condensation

As. there is a wealth of excellent literature detailing the experimental tech-
niques with which BECs are created, I shall present only a brief overview
of the generalised route to atomic Bose-Einstein condensation in the alkali
metals, referring the reader to already published works which best encompass

the wider material.

Laser Cooling

The phase-space density at which the phase transition to BEC occurs of
PSD~ 2.612 is most readily approached through reducing the temperature
of an atomic ensemble. In order to effect significant cooling it is essential
to isolate the atoms being cooled from all thermal sources. For this reason
all atom cooling experiments take place within a vacuum system. Predom-
inantly the alkali atoms to be cooled are placed in the vacuum chamber
upon construction in either elemental form or in the form of a salt contained
within alkali-metal dispensers. In both cases release of atoms is instigated
upon heating, in an oven or through dissipation of electrical power respec-

tively. Atoms from the low energy tail of this ‘thermal’ distribution are then
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subjected to laser cooling (38, 39] in, for example, a Zeeman slower, two
dimensional Magneto-Optical trap (MOT) [40], pyramid MOT [41], conven-
tional MOT [42] etc., before being transferred into a second ‘science’ region
of the vacuum apparatus in which the pressure is significantly lower. This
transfer is commonly effected through optical pressure or the application of

inhomogeneous magnetic fields [42, 43].

Once in the “science’ region the parameters of the MOT can be transiently
altered in order to increase the ensemble density (44, 45] before implementing
polarisation gradient cooling in a transient ‘optical molasses’ phase [46]. The
maximum phase-space density achievable in such a dissipative trap is limited
to =~ 107° [34], hence it is essential to transfer atoms into a conservative trap

to achieve the required PSD for condensation to occur.

Conservative Trapping

Conservative trapping necessitates the realisation of a localised region of
space for which an atoms potential energy is a minimum. This may be pro-
vided by the local minimum of an inhomogeneous magnetic field or local
maximum (or minimum) laser beam intensity, or a hybrid of the two. Mag-
netic trapping relies upon the interaction between the applied magnetic field
and the atoms permanent magnetic dipole moment. As it is not possible to
create a local maximum magnetic field in all three dimensions [47], trapping is
liniited to atoms with positive magnetic dipole moments, the so-called ‘weak
field seeking’ states. Optical tiapping [48], relying instead upon the interac-
tion between the laser beam’s oscillating electric field and the lasér-induced

electric dipole moment of the atom, is not subject to such a constraint.

To achieve condensation it is essential to polarize atoms into a single magnetic
sub-level of a ground state (thus reducing losses and heating due to inelastic
fine-structure and hyperfine structure changing collisions). This is commonly
achieved through making the desired sub-level a ‘dark state’ into which atoms
are optically pumped using a combination -of polarised laser beams and a

magnetic quantisation field.
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Evaporative Cooling

Further increases in the phase-space density are achieved through implemen-
tation of forced evaporative cooling. ‘Hot’ atoms, i.e. those with above
average potential energy, are preferentially removed from magnetic traps by
inducing radio-frequency (RF) or microwave transitions into non-trapped
states. In optical traps preferential removal of ‘hot’ atoms is conventionally

achieved through reducing the intensity of the trapping laser beams.

As the phase-space density varies with atom number N and temperature T
as N/ T®, the loss of atoms resulting from evaporation may be more than
compensated for by the corresponding reduction in temperature. The effi-
ciency of evaporation depends upon the ratio of ‘good’ thermalising elastic
collisions and ‘bad’ inelastic collisions which result in heating. Elastic colli-
sion rates may be increased by increasing the trapping frequencies through
modification of trap geometry e.g. reducing the bias field of a magnetic trap,
or adding a ‘dimple’ laser beam to an optical trap, whilst ‘tuning’ the scat-
tering length via a magnetic or optical Feshbach resonance greatly affects the

rate of both types of collision.

There is much parameter space to explore in order to optimise both laser cool-
ing and forced evaporative cooling schemes, and for some atomic species it 18
necessary to add additional steps in the cooling process described here (e.g.
implementing a dark spot MOT, Raman sideband cooling etc.) to reach the
requisite 2.612 PSD. The route to Bose-Einstein condensation described here
may be recognised in virtually all successful schemes for condensing Bosonic
alkali atoms in single species traps. Condensation of the Fermionic alkalis,
non-alkali atoms, mixtures of atomic species and molecules is considerably

more complex.

1.2 Ultracold Mixtures

Mixtures of ultracold atomic gases provide access to a wealth of physics
beyond that offered by single species systems. Initial work with mixtures
focussed on utilising an ‘easily’ condensed atomic species, *’Rb for example,

as a refrigerant for a Fermionic {(or Bosonic) species less suited to direct
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evaporation, .a process described as ‘sympathetic cooling’. Bose-Einstein
condénsation of 'K was first achieved in this manner through evaporation
of 8Rb ‘buffer gas’ atoms [18].

1.2.1 Fermi Degeneracy

At ultracold temperatures in the absence of a second component (a different
atomic species, or the same species in a different spin-state) the Pauli exclu-
sion principle renders direct evaporative cooling of spin polarised Fermionic
species totally ineffective. A variation of sympathetic cooling in which two
spin states of “°K were simultaneously evaporatively cooled in a single trap
through mutual mediation of interatomic collisions proved instrumental in

achieving Fermi degeneracy for the first time [19].

1.2.2 Mixture Dynamics

Ultracold mixtures provide a medium in which the interactions of two-
component superfluids can be observed, and in the case of tunable inter-
actions controlled [23]. The simultaneous presence of quantum degenerate
ensembles of two atomic species (or one atomic species in two distinct states)
results in an additional interaction term entering the Gross-Pitaevskii equa-
tion for each species in a ‘mean field’ treatment. The combined system is

approximated by a pair of coupled GPE equations [49]:

[—» B9 () + g <r>|2+gmw2(r>|‘2] Bi (1) = gt ()) . (L6)

2m1

[—H—VQJer(I‘) 4 g fn (00 + ga2 o <r)|2] b (1) = pisthn (1), (1)

2 mo

where m; (my) and g1 (u2), are the particle mass and chemical potential
of species 1 (2) with wavefunction % (r) (¥2(r)). The first two terms of
each equation account for the corresponding wave function’s kinetic energy
and the influence of an external potential respectively. Interactions between
degenerate particles are accounted for by the interaction terms g1, [ (r))?
and goo |92 (1) |* respectively whilst interactions between the two components

of the mixture are encompassed in the g2 |¢» (r)]* and go1 |91 (r)]* terms
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there is much value in investigating the properties of ultracold mixtures with
tunable interactions, the key motivation for utilising such an atomic mixture
in this work is the prospect of creating ultracold molecules from the mixtures

compornents.

1.3 Ultracold Molecules

The attainment of molecular Bose-Einstein condensates is presently being
approached from many different angles by research groups from around the
globe. The approaches taken can broadly be categorised into two areas:
making thermal molecules ultracold, and combining ultracold atoms to make

molecules.

1.3.1 Direct Cooling

Directly cooling molecules is by no means trivial, as the added complexities
of vibrational and rotational structure preclude the implementation of laser
cooling [51]. Current methods of direct cooling include cryogenic bufier gas
cooling, Stark deceleration of supersonic molecular beams, and collisional
cooling in crossed molecular beams [52]; These techniques can be applied to
a wide variety of dipolar molecules, and promise direct access to molecules
such as YbF for which there is already an experimental demand [53]. The
temperatures presently realisable via these schemes of 1-1000 mK however,
are orders of magnitude greater than the sub uK temperatures routinely

obtained in ensembles of ultracold alkali atoms.

1.3.2 Association of Cold Atoms

A number of techniques have been developed to produce molecules in elec-
troni¢ ground states from ultracold atomic ensembles [24]. All of these tech-
niques are limited to donor atomic species which can be successfully brought

to ultracold temperatures using conventional techniques.
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Photoassociation in a Magneto-Optical Trap

Photoassociation of laser-cooled atoms [54] both using fixed optical frequen-
cies [55], and broadband shaped femtosecond laser pulses [56] can be used to
create vibrationally excited diatomic molecules in the electronic ground state.
The temperature of the resulting molecules is however limited to that of the
laser cooled atoms from which they are created. These photoassociation tech-
niques provide an excellent means by which to carry out spectroscopy on the

molecular ground states.

Feshbach Association

Magnetic Feshbach resonances (section 2.4) can be used to couple a bound
molecular state with that of two (or more) ‘free’ atoms in a conservative
magnetic or optical trap. The coupling is achieved by bringing the energy of
the molecular state into coincidence with the atomic threshold through the
application of a magnetic field ramp. With appropriated selection of B-field
tamp rate ultracold molecules can be formed with the phase space density
of the constituent atoms. Such Feshbach association was instrumental in the
formation of molecular Bose-Einstein condensates from Fermionic 4°K atoms
[22], and allowed the exploration of the crossover between BEC and Bardeen-
Cooper-Schrieffer (BCS) superfluids [57]. A large number of single species
Feshbach resonances have been utilised in thé creation of Feshbach molecules,
whilst recently interspecies Feshbach resonances have also been exploited to
create heteronuclear molecules. Feshbach association by its nature creates
very weakly bound molecules in vibrationally excited states which are liable
to dissociation into other (internal, atomic) states. Feshbach association
brings the realm of ground state ultracold molecules a step closer, but does

not entirely bridge the gap between ultracold atoms and dipolar molecules.

Stimulated Raman Adiabatic Passage

Recently a great deal of progress has been made in the transfer of weakly
bound molecules (produced through Feshbach association or photoassocia-

tion schemes) into more deeply bound molecular states using a stimulated
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By performing a magnetic field sweep across an interspecies Feshbach res-
onance, ultracold heteronuclear atoms are converted into vibrationally ex-
cited 8"Rb!33Cs molecules. Coupling of this excited state to the rovibrational
ground state via the intermediate excited state of the mixed b*II and A'E*
potentials may be achieved using temporally overlapping pulses of ~ 970 and

~ 1530 nm laser wavelengths.

1.4 Rubidium and Caesium

Of the candidates for the creation of dipolar ultracold molecules via Feshbach
association, a mixture of 8Rb and '33Cs has a number of highly desirable
qualities. Bose-Einstein condensation of both components of this bi-alkali
pairing has been achieved [3, 13], whilst the existence of a large number
of 33Cs Feshbach resonances in the |F = 3, mp = —3) state (figure 1.3)
offers a means by which to tune the miscibility of the 8Rb-1*3Cs mixture.
Although the route to direct condensation of '**Cs is by no means trivial,
8Rb has proved to be an excellent ‘buffer gas’ for sympathetic cooling in
a number of atomic species due to the relative simplicity with which direct
evaporation of ¥Rb may be implemented [18]. One technical advantage over
many bi-alkali mixtures is that ’Rb and '®3Cs in the |F = 1, mp = %1)
and |F = 3, mp = =£3) states have near identical magnetic moment to
mass ratios (section 2.2.4), resulting in a large degree of spatial overlap of
the two components when the mixture is magnetically levitated. The ready
availability of diode lasers at the 780 and 852 nm wavelengths required for

laser cooling is also a distinct advantage.

1.5 Scope Of This Work

The goal of this work is the realisation and characterisation of a magnetically
trapped ultracold mixture of 8Rb and '*3Cs atoms in the |F = 1, mp = —1)
and |F = 3, mp = —3) states respectively, providing the foundation for a

project to create a quantum gas of ultracold 8"Rb!3*Cs polar molecules.
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cooling of the two-component mixture, and the undertaking of an interspecies

Feshbach resonances search over the magnetic field range 166 < B < 370 G.

1.5.1 Overview of Thesis

The technical nature of this document reflects both the nature of the work
undertaken in establishing the first ultracold atomic mixture experiment in
the United Kingdorn, and my personal objective in laying an experimental
foundation stone upon which present and future members of the experimental

BEC community at Durham University may build.

The theoretical background required to understand the results presented in
this document is contained in chapter 2 and the references therein. This is
not intended to be an exhaustive guide to the field of ultracold physics. The
apparatus developed in this work is presented in chapter 3 with the results
of subsequent single species optimisation and characterisation for 8¥Rb and
133Cs detailed in chapter 4. The interspecies collisional behavior of the 3" Rb-
133Cs mixture in both the magneto-optical trap and the magnetic trap is
explored in chapter 5, alongside measurements of 13*Cs Feshbach resonances.
The final chapter describes brings together the results achievements of this
work and provides an outlook for the field of ultracold polar molecules with
a particular focus on the forthcoming developments at Durham University.
Also included in this document are a range of appendices focusing on specific

technical aspects of this work.

Nomenclature

All of the abbreviations, constants and conversion factors used in this docu-
ment are defined in the nomenclature section on page 237. Specific products

used in this project, along with suppliers are also listed in the nomenclature.

1.5.2 Publications

A number of the results included in this thesis have been previously published

in journals. Section 3.2.4 contains results published in references [63] and [64],
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whilst the general apparatus (chapter 3) is presented in reference [65], along
with the data of section 5.1.

1.5.3 Contributions of Others

The project described in this document is a collaboration between the prin-
ciple investigator Dr Simon L. Cornish, fellow PhD students (at the time) Dr
Margaret Harris (October 2004 to October 2007), Danny McCarron (October
2007 to present) and myself (October 2004 to May 2008). Of the apparatus
construction (chapter 3) Dr Harris and I contributed equally to the laser
frequency generation aspects. Dr Harris developed the absorption imaging
apparatus, image acquisition, and processing software whilst the vacuum ap-
paratus, magnetic trap, and MOT optics were developed predominantly by
myself with the aid of Dr Cornish. Computer control of the apparatus via
LabVIEW was implemented by Dr Cornish and I with input from Dr Harris
on the imaging aspects of the control sequence. In terms of data acquisi-
tion Dr Harris’s work focussed on the analysis of inelastic losses in the two
species magneto-optical trap, whilst optimisation of the MOT and magnetic
trapping for single and two species operation was predominantly my work.
All aspects of investigation within the magnetic trap were carried out by me,
with the exception of the interspecies Feshbach resonance search for which

Mr McCarron was of great assistance.
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Experimental GGuide

The majority of techniques used in laser cooling, and Bose-Einstein con-
densation experiments are exceedingly well documented in widely available
literature, as is the théory behind these phenomena. Hence there is little
value in presenting an in-depth analysis of all theoretical aspects of the field
here. This chapter is highly focussed upon aspects of theory directly relevant
to the work presented in this document. More general techniques are given
only a brief description, leaving the reader to obtain any additional detail

from the publications referenced herein.

2.1 Laser Cooling and Trapping

The technique of laser cooling is perhaps the ‘magic bullet’ which provided
access to the ultracold temperature regime for the first time. The principle of
laser cooling [66] is basically that a photon of light of wavelength A absorbed
by an atom will impart momentum p = Ak upon the atom (where A is the
reduced Planck’s constant and & = 27/ is the photons angular wavenurm-
ber). If the incident laser beam is ‘red detuned’ from an atomic resonance
atoms moving towards the beam will ‘see’ the light Doppler shifted closer to
resonance, whilst atoms moving away from the laser beam will see the light
shifted further from resonance. Thus atoms moving towards the beam are
more likely to absorb photons from it than those moving away. The amount

of momentum which a single photon can impart on an atom moving at a

16
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thermal velocity is relatively small in relation to the atom’s momentum. For
Doppler cooling to significantly reduce an atom’s momentum, therefore a
large number of photons must be scattered by the atom. Following absorp-
tion of a photon an atom promoted into the excited state will ‘relax’ back
into a lower energy state through spontaneous emission of a photon. Alkali
atomic species which are relatively easily laser cooled have atomic structure
with ‘closed’ optical transitions i.e., a laser frequency exists which for a fixed
polarisation will promote atoms from a ground state sub-level into an excited
state from which spontaneous emission can only lead to atom relaxation back
into the initial state. Such cycling transitions allow multiple photon momen-
tum transfer to take place. Atoms moving towards a laser beam will always
receive momentum from the beam leading to a reduction in atom velocity,
whilst over many successive cycles of laser cooling the net momentum change
resulting from spontaneous emission of photons will on average be zero. Thus
an atom moving towards a ‘red detuned’ laser is slowed down by it. When
three orthogonal pairs of counterpropagating red detuned laser beams (with
appropriate polarisations) are incident upon an atom the rate at which pho-
tons are scattered by the atom from the beams which it is moving towards is
greater than that from the beams which it is moving away from. Thus whilst
the atom’s momentum remains significantly greater than that of a single
photon, the net effect of multiple photon scattering is always to reduce the

atom’s net velocity.

2.1.1 Magneto-Optical Traps

Often referred to as ‘the workhorse of atomic physics’, the magneto-optical
trap (MOT) acts to simultaneously confine and cool atoms falling within its
capture range. The confinement arises through the application of a magnetic
quadrupole field of a few G per cm in conjunction with a six laser beam
Doppler cooling array as described above. The principle of magneto-optical
confinement is shown for a simple ‘model’ atomic species in figure 2.1, whilst
the required optical frequencies for 8’Rb and '**Cs magneto-optical trapping
are shown in figure 2.2. For 8Rb (and similarly '*3Cs) the operation of a

MOT requires additional laser frequencies to that of the simple model.
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heating of spontaneous emission to the so called Doppler limit [67):

A’

Tp = —
P okg

(2.1)

For " Rb and *3Cs the Doppler limits are 146 and 125 uK respectively. When
MOT temperatures significantly below the Doppler limits began to be ob-
served in MOTs it became clear that a far more subtle interaction than simply
diffusive photon scattering was taking place. The explanation for this sub-
Doppler cooling mechanism provided by Cohen-Tannoudji led to his Nobel
prize award in 1997 7). The basic principle is that single frequency coun-
terpropagating ‘red’ detuned laser beams with effectively orthogonal polari-
sations generate an optical field with a spatially varying polarisation which
induces a spatially varying energy shift. Atoms in different Zeeman sublevels
experience different energy shifts in a manner which results in a net optical
pumping of atoms from the higher potential energy sub-level into lowest en-
ergy sublevels [33]. As an optically pumped atom propagates away from the
region where its potential energy is a minimum, exchanging kinetic energy
for potential energy, the probability of absorbing a photon increases. Effec-
tively the atom is contihuously climbing a potential ‘hill’ analogous to the
Greek mythological figure Sisyphus, form which this process gets its name.
The temperature limit for this ‘Sisyphus cooling’ process is limited to the
recoil energy of an atom due to the emission of a single photon:

2

(hk)

T, =
QkBm

(2.2)

where k = 27/ is the angular wavenumber of the absorbed laser light. For
87Rb and *3Cs the recoil limits are 361.96 and 180.05 nK respectively.

Optical Molasses

For the apparatus described in chapter 3 the Sisyphus cooling technique is
optimised in a stage referred to as the optical molasses. Here the parameters
of the MOT are altered to minimise the trapped atom ensemble temperature.
First and foremost the Sisyphus cooling mechanism can only work effectively
when the the polarisation gradient induced ac Stark shift contribution to

the energy splitting for atoms in different ground state Zeeman sublevels
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dominates the Zeeman energy splitting. This is achieved by switching the
quadrupole coils off. For detuning from resonance ¢ (Hz) significantly greater
than the natural transition line-width |§| > I" the equilibrium atomic cloud

temperature T is given [46]:
(2.3)

where @ = —2d - &/ is the Rabi frequency for each ground to excited state
transition, where d is the transition dipole moment and &g the incident laser
electric field magnitude. Hence the temperature obtained in the optical mo-
lasses is reduced by reducing the laser intensity and increasing the magnitude
of the laser detuning from resonance compared to that of the MOT. Close
to the atomic recoil velocity the approximation of equation 2.3 breaks down,
whilst at low intensity and large detuning from resonance the the optical
molasses velocity capture range and the rate at which cooling proceeds are
greatly reduced [68]. Hemnce optimal performance of the optical molasses is

achieved at finite laser detuning and non-zero intensity.

Compressed MOT

When transferring atoms from a dissipative magneto-optical trap into a mag-
netic or other type of conservative trap, if the MOT density distribution is
broad in comparison to the conservative trap geometry, there is the poten-
tial to pick up a significant amount of potential energy during the transfer.
Following elastic collisions in the magnetic trap this potential energy will be
converted to kinetic energy, hence increasing the ensemble temperature. To
avoid this situation it is desirable to maximise the spatial atom number den-
sity prior to loading the magnetic trap. The main factor limiting the densities
attainable in a ‘standard’ MOT is atomic absorption of light re-radiated by
confined atoms [69]. Compression may therefore be achieved by reducing the
rate at which photons are scattered by the atoms at the centre of the trap.
There are two distinct approaches to achieving this, that of transient com-
pression of a MOT [45] and that of engineering the MOT to confine atoms
at the trap centre in a non-interacting optically ‘dark’ state [70]. The tran-
sient compression technique in which the cooling light intensity is temporally

reduced (or the the laser frequency is further red detuned) tends to result
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in a two-component Gaussian type distribution, with a high density central
atom distribution and a broader, less dense distribution. For relatively small
MOT loads of ~ 10® atoms the transient compression technique is effective
in retaining the majority of the atoms in the MOT in the high density re-
gion. As the atom number increases the two-distribution behavior becomes
increasingly apparent, resulting in heating of the sample under compression.
The ‘dark’ spontaneous-force optical trap (Dark SPOT) trap contains a re-
gion in the trap centre upon which there is no incident repumping light.
Atoms remaining in this region following excitation into a state away from
the cooling transition are susceptible to decay into a lower hyperfine ground
state which is not subject to excitation from the incident cooling light. Thus
the Dark SPOT greatly reduces the proportion of atoms liable to absorption
of re-radiated light. For 8Rb and '*3*Cs the excited state hyperfine splittings
are such that only approximately 1 in 10,000 photons of resonant cooling
light will excite into a non-cooling transition. In order to rapidly populate
the ‘dark’ state for these atomic species a forced dark SPOT MOT may be
implemented in which atoms are actively depumped from the upper hyperfine
ground state into a non-cooling state. Although the dark SPOT technique
has several key advantages over temporal compression, for the apparatus de-
scribed in chapter 3 the number of non anti-reflection (AR) coated surfaces
in the science region of the apparatus in combination with the non-normal
laser beam incidence to the science cell would make it extremely difficult to
entirely eliminate repumping light from the atomic sample. For this reason

a temporal compression is effected.

2.1.3 Spectroscopy

All of the laser frequencies required for laser cooling, optical pumping, and
absorption imaging must be stabilised to specific absolute optical frequencies
to within a few hundred kHz. Such laser stabilisation and reference for the
apparatus described in chapter 3 is achieved using a combination of Doppler

and sub-Doppler spectroscopic techniques.
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Doppler Spectroscopy

The velocity of atoms of mass m in a thermal ensemble at temperature T'

follows a Maxwellian probability distribution, which in one dimension has

mo mu?
Plo, v, +dv,) = | —— exp [ 2= Vo, . 2.4
(vs, vz + dv.) \ 27k P <2kBT> dv. (24)

where P(v,,v; + dv,) is the probability of an individual atom having a com-

z z

the form:

ponent of velocity along the z axis between v, and v, + dv, [71]. A laser
beam of frequency flaser incident on an ensemble of such ‘thermal’ atoms
will be Doppler shifted by a frequency Af in the frame of reference of each
individual atom as:

Af v
=T (2.5)

fo
where v is an individual atoms velocity towards the laser, and c is the speed of
light. Substituting the full-width half-maximum of the velocity distribution
in Equation 2.4 into Equation 2.5 the FWHM of the absorption spectrum.of

an ensemble of thermal atoms is given:

2fo [2kpTIn?2

— (2.6)

fo
A frwhum = ?A'UFWHM =

For dilute atomic vapors of 3'Rb and !*3Cs at ‘room temperature’
(=~ 20 °C ) this results in a Doppler broadening of the frequeney distri-
bution of light absorbed from a weak laser beam near-resonant with the
D2 transition, to a FWHM frequency width of ~ 500 MHz. This Doppler
width is greater than the fine structure frequency splitting of the excited D2
line, hence the contributions to the Doppler absorption profile of individual

transition components are difficult to isolate.

As the master cooling lasers for both atomic species need to be stabilised
to frequencies within a few hundred kHz of the line centre of the 6.065(9)
MHz and 5.2227(66) MHz wide D2 transitions in ' Rb and **Cs respectively
a form of spectroscopy free of Doppler broadening is used as a frequency

reference.
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Hyperfine Pumping Spectroscopy

Hyperfine pumping spectroscopy occurs when two counter-propagating laser
beams target ground state atoms of the same velocity class. If there is a
relative imbalance in intensity of the two beams, it is most probable for atoms
to be excited by the more intense beam. As a result of the intense beam’s
promotion of atoms to an excited state, the number of ground state atoms
available for promotion by the weaker beam is depleted, and hence the degree
of atomic absorption of the weaker beam is greatly reduced. As hyperfine
pumping spectroscopy occurs only for atoms of a velocity class for which both
laser beams are resonant, the effect is free of Doppler-broadening. Hyperfine
pumping spectroscopy is used in the apparatus described in chapter 3 to
reference the lock point of the DAVLL stabilisation scheme (section 3.2.4) to

an absolute atomic frequency.

2.2 Magnetic Trapping of Atoms

The energy of a neutral atom with magnetic moment 7 is shifted by the

presence of a magnetic field B:
E=7-B , (2.7)
producing a resultant force on the atom of:
F=V(#B) . (2.8)

This force may be used to confine atoms by constructing a spatially varying
magnetic field such that the energy of an atom at the trap centre is a local
minimum, hence the B-field at the trap centre must be antiparallel to the
trapped atoms magnetic moment. It is not possible to create a local magnetic
field maxima in all three dimensions, as Wing’s theorem proves [47], hence
atoms with negative magnetic moments (i.e., those in high magnetic field
seeking states) cannot be confined using magnetic fields alone. This limits
the range of trappable states to low magnetic field seeking states (i.e., those

with positive magnetic moments).
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2.2.1 Zeeman Effect

The nature of the coupling between total electronic and nuclear magnetic
moments of an atom has a strong dependance on the magnitude of an ap-
plied magnetic field. Such an applied field lifts the degeneracy of atomic
Zeeman sublevels, resulting in a field dependent splitting. At low fields the
coupling between total electronic magnetic and nuclear magnetic moments
dominates that between the individual magnetic moments and the applied
B-field. Following the discussion in Ref [72] the [IJF MF) representation of
the atomic state gives the first order energy shift at low B-field:

AE = grpgBMp (2.9)

where gg is an effective g-value. Hence at ‘low’ bias fields the energy of each
mp state varies linearly with increasing B-field. Depending on the sign of
gr éither all positive or all negative mp states with the same F quantum

number are magnetically trappable.

At ‘high’ bias fields the |IJFMf) representation is no longer appropriate,
as the coupling between the individual magnetic moments and the applied
magnetic field dominates that between the total electronic magnetic and
nuclear magnetic moments. Instead the |IJM;M;) coupling appropriately

describes the atomic state, giving a first order energy shift at high B-field:
AFE = gJ/J,BBMJ — gl,U*BB]\/II ) (210)

where the first term is dominant (|g;| >| g7|). Hence at ‘high’ bias fields de-
pending on the sign of g; either all positive or all negative m states with the
same J quantum number are magnetically trappable. Atomic states which
are magnetically trappable at low B-fields are not necessarily magnetically

trappable at high B-fields and vice versa.

Zeeman Effect on Hyperfine Ground States

For the %S, /» ground states of the alkalis the magnetic field dependent energy
shift AE (J) in all magnetic field regions is described exactly by the Breit-

Rabi formula:

mp 1/2
21+11~+:c”> , (2.11)

hv FS 4
AF = _Q(TH—FI) - g[,U/BBmF + %h’UHFS (1 +
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where vyps is the hyperfine splitting of the ground states at zero bias field
and:

o= WtapeB (2.12)

hunrs

Plots of Breit-Rabi calculations for the ground states of Rb and '*3Cs
(figures 2.3 and 2.4) show the B-field dependent energy shift for all Zeeman
sub-levels of the two ground states in each atomic species. Note that the
|F =1, mp = =1) state is the only magnetically trappable Zeeman sub-level
of the 8’Rb lower hyperfine ground state at low bias fields, and becomes non-
magnetically trappable at fields above B = 1220.87(1) G, whilst for 133Cs
the |F = 3, mp = —3) state ceases to be magnetically trappable at B-fields
above B = 2462.22(1) G, thus the maximum magnetic field range over which
the 87Rb -133Cs mixture can be investigated in a purely magnetic trap in the

lower hyperfine ground states is 0 < B < 1220.87 G.

2.2.2 Magnetic Trap Geometry

Wing [47] describes two categories of magnetic trap which generate a local
magnetic field minimum in three dimensions. The quadrupole trap, in which
the field at the trap centre is zero, and the Ioffe-Pritchard trap, for which
the magnetic field at the center is a non-zero local minimum in all three

dimensions.

2.2.3 Quadrupole Traps

The simplest magnetic trap is a quadrupole trap, which has zero bias field
at the trap centre, and B-field magnitude increasing with distance in all 3
dimensions. One method of producing a quadrupole gradient is at the centre
of a pair of identical coils, axially separated and with currents running in
the opposite sense (appendix C.1.3). As the magnitude of the magnetic
trapping force is proportional to the B-field gradient, increasing the gradient
increases trap depth and trap frequency. A full description of circular coil

pair quadrupole trapping geometry can be found in appendix C.1.3.
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centre with anh additional pair of bias offset coils.

Magnetic Levitation and Gravitational Sag

Atom trapping experiments are subject to the influence of gravity, hence free
atoms accelerate relative to a ‘fixed’ experimental apparatus. With no trap-
ping force to confine the atoms they would collide with the lower wall of the
vacuum apparatus within ~ 45 ms. This dramatically limits the interaction
time of any atom trapping experiment. It is therefore desirable for a trap-
ping force to compensate the force of gravity. The energy of a magnetically

trapped atom in the presence of gravity is exactly compensated when:

B
Fi -mg=0 |, (2.19)

= ua
where k is the axis on which gravity acts. For levitation of 8Rb and '**Cs
ground state atoms at low bias fields the corresponding magnetic trap gra-
dients along the k axis are shown in table 2.1. For a pair of quadrupole
coils aligned with the cylindrically symmetric (z) axis of the trap parallel to
the gravitational field, the gravitational force close to the centre of the trap
(point P) is compensated by the 8 term of the trapping potential of equation

C.11, where:
0B,

0z |p
The magnetic field gradient produced by an loffe-Pritchard trap with axial

8=

(2.20)

axis parallel to the gravitational field compensates the gravitational force

when a trapped atom is sagged a distance z from the centre of the trap:

=29 (2.21)
ey
whilst the corresponding radial sag of an atom in a loffe-Pritchard trap with

the radial axis parallel to the gravitational field is:

mg (B v\
r=—2{—-=
2 BO 2

At bias fields below ~ 86 G the magnetic moment to mass fatios (u/m),

(2.22)

and hence gravitational displacements of ¥ Rb and '*3Cs differ by less than 2

% leading to a high degree of spatial overlap in a magnetic trap of this form.
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(a) 8Rb , (b) 133Cs
F mF‘ %_flevitation E o\ mp %_flevitation
(G em™) (G em™)
+2 | 15.26 ' 44| 23.34
2 | £1 ] 30.52 +3 | 31.12
0| N/A 4| +2 | 46.67
|| £ [ 3052 +1193.35
0| N/A 0| N/A
+3 | 31.12
+2 | 46.67
51 4119335
| 0] N/A

Table 2.1: Magnetic trap B-field gradients required to levitate ground state
87Rb and !*3Cs atoms against gravity, where k is the axis on which gravity

acts.

2.3 Cold Collisions

Cold collisions between atoms are fundamentally the reason for a quantum
degenerate gas displaying superfluid behaviour. In addition to being the
essence of many-body behavior in ultracold systems, cold collisions are also
essential to the realisation of high phase-space densities via forced evapo-
rative cooling and offer a means by which interatomic potentials may be
probed and ultracold molecules created. Cold collisions may be broadly cat-
egorised into elastic and inelastic collisions. Elastic collisions allow ultra-cold
temperatures of atomic ensembles to be realised via evaporative cooling pro-
cesses, whilst inelastic collisions which are often associated with number loss
and heating in atomic ensembles, may also be utilised in the creation of ul-
tracold molecules. Both elastic and inelastic collisional properties may be
affected by the application of magnetic and electric fields. This tunability
of collisional behavior is highly desirable in ultracold systems, and has been
harnessed in the realisation of Bose-Einstein condensation and the creation

of pure samples of both homonuclear, and heteronuclear ultra-cold molecules.
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The presence of ‘fast’, low amplitude wavefunction oscillations within the
interatomic potential (due to the reduced de Broglie wavelength), results in
a phase shift of the ‘free’ atom de Broglie oscillations (figure 2.7). This can
be understood by considering the oscillations within the potential as effec-
tively reducing the extent to which the ‘free atom’ de Broglie oscillations
can impinge upon the short range interatomic potential. The phase shift de-
termines the effective atomic separation at which the ‘free atom’ de Broglie
oscillations begin and hence the maximum distance at which ‘free” atoms
begin to interact with one another. This distance is described as the scat-
tering length. For a positive wave vector phase shift, the scattering length
is positive, hence atomic collisions are repulsive, whilst a negative scattering

length is characteristic of attractive interactions.

The magnitude and sign of the scattering length is highly dependent upon
the short range potential, which in turn is dependent upon the number of
bound molecular states supported by it. Thus the value of the scattering
length provides a means by which to probe the short-range wave function,
which is impossible to measure directly due to the minuscule probability of
atoms colliding at such close proximities. The addition of an extra molecular
state in the short range potential, for example, results in a dramatic change
in the scattering length: increasing as the energy of the ‘free’ molecular state
is reduced, becoming infinite as the ‘free’ state becomes bound, and becom-
ing negative before reducing in magnitude as the ‘bound’ molecular state
becomes more deeply bound. An abrupt change in the scattering length as a
function of an externally applied field is therefore indicative of the presence
of a degeneracy between free atomic and bound molecular potentials. Such
‘Feshbach’ resonances can be used to create molecules, hence characterisation
of the scattering length not only offers a means by which to probe molec-
ular states, but also is a significant step towards the creation of ultra-cold

molecules.

The scattering length so far described is that of atoms undergoing s-wave col-
lisions, that is collisions which are described by the first spherical harmonic
function of a partial wave expansion of the colliding atom wave function
[11]. These are the lowest energy collision processes of Bosonic isotopes, and

are the dominant collisional process in the low temperature limit. Bosonic
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isotopes at higher temperatures may also have significant d-wave contribu-
tions to the wave function, a characteristic feature of which is a temperature

dependence o