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A Quantum Degenerate
Mixture of 87Rb and 133Cs

Daniel J. McCarron

Abstract
This thesis reports the formation of a dual-species Bose-Einstein conden-
sate of 87Rb and 133Cs in the same trapping potential. Quantum degenerate
mixtures exhibit rich physics inaccessible to single species experiments and
provide an ideal starting point for the creation of ultracold dipolar molecules.
These molecules offer a wealth of new research avenues including precision
metrology, quantum simulation and computation.

The experimental method exploits the efficient sympathetic cooling of 133Cs
via elastic collisions with 87Rb, initially in a magnetic quadrupole trap and
subsequently in a levitated optical trap. Evaporative cooling in the dipole
trap must compete against a high interspecies three-body inelastic collision
rate ∼ 10−25 − 10−26 cm6/s. The two condensates each contain up to 2× 104

atoms and exhibit a striking phase separation, revealing the mixture to be
immiscible due to strong repulsive interspecies interactions. Sacrificing all
the 87Rb during the cooling leads to the creation of single-species 133Cs con-
densates of up to 6× 104 atoms. In addition this thesis reports the observa-
tion of an interspecies Feshbach resonance at 181.7(5) G and the creation of a
pure sample of Cs2 molecules via magneto-association on the 4(g)4 resonance
at 19.8 G. These results represent important steps towards the creation of
ultracold polar RbCs molecules.
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Daniel Jenkin, Michael Köppinger and Kirsteen Butler. Steve Hopkins was
instrumental in designing and modeling the dipole trap. Special thanks go to
Hung Wen Cho for his contagious passion for experimental physics. Thanks
also go to our neighbours and fellow members of ‘The Cornish Division’ Sylvi
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Chapter 1

Introduction

The realisation and development of laser cooling and trapping neutral atoms

[1] led to the birth of the field of ultracold atomic gases in the 1980s and

enabled the preparation of dilute atomic clouds at temperatures typically in

the microkelvin (µK) range. A major goal from the outset in this new and

rapidly developing field was the experimental realisation of Bose-Einstein

condensation (BEC). However, the required temperatures for this elusive

state of matter are typically in the sub-microkelvin regime and cannot be

achieved by laser cooling alone. Subsequent evaporative cooling in conserva-

tive traps [2] made the achievement of BEC possible in 1995 for 87Rb , 23Na

and 7Li [3–5]. The experimental milestones of laser cooling and trapping,

and Bose-Einstein condensation were rewarded with Nobel prizes in 1997

and 2001 respectively [6–10].

Following these advances the number of elements and isotopes that have been

cooled to quantum degeneracy has expanded dramatically to consist of both

bosonic and fermionic species. For some species, such as 85Rb [11] and 133Cs

[12], BEC has only been possible due to the exceptional control over atomic

interactions provided by Feshbach resonances [13].

The proliferation of degenerate species has accompanied pioneering work in-

vestigating the properties and behaviour of quantum degenerate systems.

The continued rapid progress of this field is driven by a combination of new

experimental techniques evolving with theoretical advances. Landmark re-

sults include the observation of interference between two condensates [14],

1



Chapter 1. Introduction 2

the demonstration of the atom laser [15, 16], the creation of vortices in super-

fluid quantum gases [17, 18] and the formation of bright matter-wave solitons

[19, 20]. When combined with optical lattices the field of ultracold atoms is

linked to the world of condensed matter physics. Ultracold atoms confined

in these arrays of optical micro-potentials have a band structure comparable

to that in solid state physics [21]. Precise control of the lattice parameters

allows this model system to address solid-state physics problems including

the Mott insulator transition [22]. In recent years the field of ultracold quan-

tum gases has greatly diversified with one new research avenue being the

production and study of ultracold mixtures. Work and progress made in this

specific area is discussed in section 1.1.

A key feature in the field of ultracold quantum gases is the full control over

interactions through the s-wave scattering length. Feshbach resonances allow

the sign and magnitude of the scattering length to be tuned. These features

enable control of interactions in degenerate clouds and represent an essential

tool to manipulate the behaviour of ultracold atoms [12]. The exquisite

and full control achieved over all degrees of freedom in atomic quantum

gases has given rise to substantial interest in obtaining a similar level of

control in molecular quantum systems. In this field a major research target

is the production of a Bose-Einstein condensate of ground state molecules.

The complex internal structure of molecules would result in molecular BECs

having many internal degrees of freedom allowing the study of novel chemical

and physical processes. Molecular condensates have been realised for the

special case of long lived Feshbach molecules composed of fermions [23–25]

and have led to studies of the crossover regime between strongly and weakly

bound fermionic pairs [26]. Away from this special case other more general

methods for the production of ultracold molecules are making rapid progress

and are discussed in section 1.2.

1.1 Ultracold Mixtures

Quantum degenerate mixtures [27–38] of atomic gases are currently the focus

of intensive experimental and theoretical research, exhibiting rich physics in-

accessible to single species experiments. Phase separation of the constituent
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gases is a particularly dramatic example [28, 34–36]. In an optical lattice, the

myriad of quantum phases for two different atomic species [39, 40] goes far be-

yond the seminal observations of the superfluid to Mott-insulator transition

[22] and offers many intriguing applications. Amongst these applications, the

creation of degenerate samples of heteronuclear ground state molecules is of

paramount interest [41].

Sympathetic cooling is a valuable technique in mixture experiments. Here

species with small elastic to inelastic collision ratios are efficiently cooled

through elastic collisions with a second evaporatively cooled species. This

technique was first demonstrated in a mixture of 87Rb in different hyperfine

states [27]. In spin polarised fermionic samples s-wave collisions are forbidden

and sympathetic cooling in the only possible route to Fermi degeneracy [29].

This is not the case for a mixture of fermionic spin states which enabled the

first observation of Fermi degeneracy in an ultracold quantum gas [42].

Efficient sympathetic cooling relies on a non-zero interspecies elastic collision

cross-section. This and other collisional dynamics of a two-species mixture

rely critically on both the intra- and interspecies interactions. This added

layer of complexity in mixture experiments becomes apparent when consid-

ering the example of a Bose-Fermi mixture of 40K - 87Rb. Here the single

species scattering lengths are both positive making each degenerate species

separately stable. However, the interspecies scattering length is negative re-

sulting in the degenerate mixture becoming unstable against collapse when

the number of either species is above a critical value [43].

1.2 Ultracold Polar Molecules

Ultracold molecular quantum systems offer many new and exciting directions

of scientific research [41, 44, 45]. Theoretical proposals for these systems

range from precision metrology [46] and ultracold chemistry [47] to simula-

tions of many-body quantum systems [48]. Within this field polar molecules

are a subject of significant interest. Such molecules possess permanent elec-

tric dipole moments which give rise to anisotropic, long range dipole-dipole

interactions. These interactions differ greatly from the isotropic, short-range
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contact interaction commonly encountered in quantum degenerate atomic

gases [49]. For a polarised dipolar gas in which all dipoles point in the same

direction the energy due to the dipole-dipole interaction is [50]

Vdd =
Cdd

4π

(1− 3 cos2 θ)

r3
, (1.1)

where r is the interparticle distance and θ is the angle between the rela-

tive position of the particles and the direction of polarization. The constant

Cdd is d2/ε0 for particles with a permanent electric dipole moment d (ε0 is

the permittivity of vacuum) and µ0µ
2 for particles with a permanent mag-

netic dipole moment µ (µ0 is the permeability of vacuum). The anisotropic

and long range (∼ 1/r3) character of the dipole-dipole interaction is clear

from equation 1.1. This equation shows that the dipole-dipole interaction

is attractive for dipoles in a ‘head to tail’ configuration (θ = 0) and re-

pulsive, with half the strength of the previous case, for dipoles sitting side

by side (θ = π/2). For a ‘magic angle’ of θm = arccos(1/
√

3) ' 54.7◦ the

dipole-dipole interaction is zero. To measure the absolute strength of the

dipole-dipole interaction between two particles of mass m the ‘dipole length’

is defined as add = Cddm
12π~2 . The dipole length provides a length scale com-

parable to the s-wave scattering length, a, and is often quoted in units of

the Bohr radius, a0, where a0 = 0.0529 nm. Table 1.1 presents the dipole

moments and dipole lengths for various atoms and molecules. Here electric

dipole moments are given in debye, D, where 1D ' 0.39 ea0. In order for

dipole-dipole interactions to be observable in atomic gases the contact inter-

action must be weakened such that a . add. This has been done for 39K

using a Feshbach resonance to reduce a to 0.06 a0 [51].

Polar molecules are a promising candidate to realise strongly correlated dipo-

lar quantum gases. In order for a molecule to have a significant electric

dipole moment it must be heteronuclear, with the exception of long-range

homonuclear Rydberg molecules [54]. The molecule must also be in a low

rovibrational state as the dipole moment scales with r−7, where r is the in-

ternuclear separation within the diatomic molecule [56]. Finally an external

electric field must be applied to the molecules in the laboratory frame in

order to polarise the molecular sample and create an electric dipole moment.

The orientation of the molecular dipoles is controlled by the direction of the
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Species Dipole moment add (a0)
87Rb 0.5 µB 0.2
133Cs 0.75 µB 0.6
52Cr 6 µB 15

40K - 87Rb 0.57 D 4× 103

87Rb - 133Cs 1.25 D 3× 104

Table 1.1: Comparison of the dipole moments and dipole lengths for var-

ious atoms and molecules in the atomic and rovibrational grounds states

respectively. The quoted dipole length for 52Cr and the dipole moment

for 40K - 87Rb were determined experimentally [52, 53]. The data for
87Rb - 133Cs molecules are theoretical predictions [54, 55].

applied external electric field. This control, in combination with control of

the trapping geometry, enables the interactions within the quantum system

to be tuned with exquisite sensitivity and may be used to suppress inelastic

collisions [57]. When loaded onto an optical lattice the long-range interaction

of these dipoles leads to a rich spectrum of quantum phases [58] and offers po-

tential applications for quantum information processing [59] and simulation

[60].

Realising an ultracold quantum gas of polar molecules is challenging, in part

due to the complex internal structure that makes molecules interesting. This

complexity is due to additional rotational and vibrational degrees of freedom

and renders standard laser cooling techniques ineffective for the majority

of molecules. Experimental approaches towards the creation of a quantum

degenerate gas of polar molecules have mostly followed two routes.

The first approach involves the direct cooling of ground-state polar molecules.

This has led to the development of many new experimental techniques [41],

including Stark deceleration [61] and buffer gas cooling [62]. Typically these

methods have only attained final temperatures in the millikelvin regime and

phase-space densities far from degeneracy. Further advances in direct cooling

will probably require the development of sympathetic cooling [63] or laser

cooling [64, 65].

The second indirect approach uses the powerful laser cooling techniques ap-
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plicable to atoms and starts with a high phase-space density atomic gas.

Atom pairs are then associated into ground state molecules via an appro-

priate photoassociation scheme in which the molecular binding energy is re-

moved by a photon [66]. The challenge of this indirect approach is to find

an efficient scheme in which the population is transferred into a single tar-

get molecular state without any heating of the sample. In recent years there

have been a large number of successes using the indirect approach and several

schemes have produced molecules in their rovibrational ground state [67–71].

Of particular significance are two experiments that have produced ground

state molecular samples close to quantum degeneracy in 40K-87Rb [53] and

Cs2 [72, 73]. These experiments follow a two step scheme in which weakly

bound molecules are first made via magneto-association using a Feshbach

resonance [74]. The resulting Feshbach molecules are then transferred into

the rovibrational ground state using stimulated Raman adiabatic passage

(STIRAP) [75]. The efficiency of this transfer can be enhanced using the

magnetic field to tune the character of the weakly bound Feshbach molecule.

Although this approach is limited to molecules whose constituent atoms can

be laser cooled, near 100 % conversion efficiency is possible with little heating

of the gas.

1.3 A Mixture of Rubidium and Caesium

A mixture of 87Rb and 133Cs offers many interesting and exciting prospects

for experiments on the production of a quantum degenerate mixture. Such a

mixture would be an ideal starting point for the production of 87Rb - 133Cs

molecules in the rovibrational ground state providing to be an ideal gateway

into the realm of dipolar molecular quantum gases. Both species have been

separately condensed [3, 12] and the intraspecies two-body interactions are

now well understood [76, 77].

A 87Rb - 133Cs mixture exhibits complementary scattering properties. The
87Rb scattering length is essentially independent of magnetic field with only

a few narrow Feshbach resonances up to 170 mG wide at accessible magnetic

fields [76]. In contrast, 133Cs has a rich Feshbach structure with many broad

and narrow resonances combined with a large background scattering length
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33 −−−−, 33 ++++,

11 −−−−, 11 ++++,

Figure 1.1: Single species scattering lengths as a function of the applied bias

field for 87Rb (red) and 133Cs(blue) atoms in the |F = 1,mF = ±1〉 and

|F = 3,mF = ±3〉 states respectively. The region of negative bias field

corresponds to the low field seeking spin states while the positive bias field

region corresponds to the high field seeking spin states. The data for this

figure is taken from [82].

of aCs ' 2400 a0 [78]. In previous work this structure has been exploited

to Feshbach associate Cs2 dimers [79], create Efimov trimer states [80] and

tune interactions in a 133Cs condensate [12, 81]. Figure 1.1 shows the scat-

tering lengths for the 87Rb |F = 1,mF = ±1〉 states (red line) and 133Cs

|F = 3,mF = ±3〉 states (blue line) for bias fields up to 200 G. Here F de-

notes the total angular momentum and mF the magnetic quantum number.

These complementary properties enable the 133Cs scattering length to be

tuned without affecting the 87Rb scattering length and will allow the relative

strength of interactions in this mixture (equation 2.53) to be varied.

87Rb is a commonly condensed species and is an excellent buffer gas for

sympathetic cooling due to its fortuitously high ratio of elastic to inelastic

collisions. This is due to the cancellation of the spin-spin and second order

spin-orbit interactions resulting in an anomalously low dipolar relaxation

rate. In contrast 133Cs exhibits high two- and three-body inelastic losses
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associated with the rich Feshbach spectrum in 133Cs. These complicate the

evaporative cooling of 133Cs and make the 133Cs scattering length a critical

parameter. Indeed such complications have meant that prior to this work

only two groups had achieved Bose-Einstein condensation of 133Cs [12, 83].

When in the |1,±1〉 and |3,±3〉 states for 87Rb and 133Cs respectively the

magnetic moment-to-mass ratios differ by less than 2% for bias fields less than

∼ 90 G. This allows both species to be levitated against gravity using the

same magnetic field gradient and ensures excellent spatial overlap between

the two clouds. The mass ratio of these species allows rethermalisation to be

achieved after few interspecies elastic collisions [84]. Both of these features

are important prerequisites for efficient sympathetic cooling.

Previous work with 87Rb - 133Cs mixtures includes the sympathetic cooling

of 133Cs in |4,+4〉 via 87Rb in |2,+2〉 in a magnetic trap down to several µK

by the Pisa group led by E. Arimondo. Here rethermalisation measurements

determined the interspecies collisional cross-section to be 595 a0, in agree-

ment with a theoretical prediction [85, 86]. The group of D. Meschede in

Bonn has demonstrated sub-µK sympathetic cooling of 133Cs via 87Rb in a

magnetic trap using the same spin states as the Pisa group. Here the sym-

pathetic cooling dynamics were used to derive a lower limit of 200 a0 for the

modulus of the 87Rb - 133Cs interspecies triplet s-wave scattering length [87].

Finally a group led by R. Grimm and H.-C. Nägerl in Innsbruck work with an

optically trapped mixture of 87Rb and 133Cs in the |1,+1〉 and |3,+3〉 states

respectively. This group have located 23 interspecies Feshbach resonances in

this mixture [88]. These features permit, in principle, the control of inter-

species interactions and offer numerous resonances on which to explore the

magneto-association of RbCs Feshbach molecules.

Crucially, the RbCs molecule in the rovibrational ground state is stable

against atom exchange reactions of the form RbCs + RbCs → Rb2 + Cs2,

unlike the KRb molecule [89]. Compared to other bi-alkali molecules the

RbCs molecule in the rovibrational ground state is predicted to carry a com-

paratively large electric dipole moment of 1.25 debye [55]. It is anticipated

that these bosonic molecules will eventually be used to produce the first

condensate of polar molecules.
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Recently the Innsbruck experiment have reported on the simultaneous pro-

duction of Bose-Einstein condensates of 87Rb and 133Cs in separate optical

dipole traps [90]. This separation is performed to avoid significant inter-

species three-body losses and enables the creation of 87Rb condensates con-

taining 2×104 atoms and 133Cs condensates containing 1×104 atoms. After

preparation the condensates can be merged for mixed species quantum gas

experiments and the production of RbCs Feshbach molecules [91].

The latest theoretical refinement of the interspecies collision potential [92]

shows excellent agreement with the published Feshbach spectrum [88] and

the observation of a weakly bound molecular level ' h × 100 kHz below

threshold [90, 91]. These calculations indicate a current best estimate for

the background interspecies scattering length of ' 650 a0 for the states used

in this work.

1.4 Overview of Thesis

This thesis is organised as follows:

• Chapter 2 gives an overview of the theoretical background required to un-

derstand the results presented in this thesis. This chapter is not intended to

be a complete guide, more complete information can be found in the refer-

ences therein.

• Chapter 3 describes improvements and upgrades made to the experimental

apparatus and method. Existing features from the original apparatus are

described in references [93, 94].

• Chapter 4 presents and discusses the results from the optimisation and

characterisation of the apparatus and experimental sequence up to and in-

cluding the loading of the magnetic quadrupole trap.

• Experiments using 87Rb alone in both the single beam hybrid trap and

the crossed-dipole trap are explored in chapter 5. The route to 87Rb BEC

in these hybrid potentials is presented and condensate dynamics are investi-

gated.

• Chapter 6 contains results from experiments working with an ultracold

mixture of 87Rb and 133Cs. Key results include a new route to 133Cs BEC

and the production of a dual-species condensate of 87Rb and 133Cs.
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• Conclusions are drawn in chapter 7 and an outlook is given towards future

experiments using the 87Rb -133Cs apparatus.

1.5 Publications

The following publications have been prepared during the course of this work:

• Modulation transfer spectroscopy in atomic rubidium

D. J. McCarron, S. A. King and S. L. Cornish

Meas. Sci. Technol. 19, 105601 (2008)

• Bose-Einstein condensation of 87Rb in a levitated crossed

dipole trap

D. L. Jenkin, D. J. McCarron, M. P. Köppinger, H. W. Cho,

S. A. Hopkins and S. L. Cornish

Eur. Phys. J. D, published online 27th April 2011

(DOI: 10.1140/epjd/e2011-10720-5)

• A high phase-space density mixture of 87Rb and 133Cs: to-

wards ultracold heteronuclear molecules

H. W. Cho, D. J. McCarron, D. L. Jenkin, M. P. Köppinger and

S. L. Cornish

Eur. Phys. J. D, published online 27th April 2011

(DOI: 10.1140/epjd/e2011-10716-1)

• Dual-Species Bose-Einstein Condensate of 87Rb and 133Cs

D. J. McCarron, H. W. Cho, D. L. Jenkin, M. P. Köppinger and

S. L. Cornish

Phys. Rev. A 84, 011603 (2011)



Chapter 2

Basic Theory

The theory behind the production of and physics within ultracold dilute

atomic gases has been extensively documented and reviewed in numerous

publications, see for example [6–10, 13, 95, 96]. The aim of this chapter is

to simply provide an introduction to the theoretical aspects relevant to the

work presented in this thesis. More complete information on the subjects

detailed in this chapter can be found in the publications referenced herein.

2.1 Ultracold Collisions

Collisions between ultracold atoms result in elastic or inelastic scattering.

This scattering behaviour plays a key role in understanding the properties

of ultracold atomic gases. Elastic collisions are crucial for rethermalisation

and enable efficient evaporative and sympathetic cooling of atomic samples

while inelastic collisions normally result in trap loss and heating. The com-

plex scattering behaviour can be characterised by one parameter, the s-wave

scattering length.

2.1.1 Elastic Collisions

For elastic collisions the total kinetic energy of the two colliding atoms does

not change but the individual kinetic energies can change. The Hamiltonian

11
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for the relative motion of two colliding atoms is

H = Ekin + V (r), (2.1)

where Ekin denotes the relative kinetic energy of the atoms, V (r) is the inter-

action potential and r is the distance between the atoms. As the scattering

potential V (r) is spherically symmetric the Hamiltonian can be decoupled

into a radial part and a part depending on the angular momentum l [97]

H = − ~2

2m∗

[
1

r2

d

dr

(
r2 d

dr

)
− l(l + 1)

r2

]
+ V (r), (2.2)

where m∗ is the reduced mass and l denotes the quantum number of the

orbital angular momentum. For l 6= 0 a centrifugal barrier is added to the

long range attractive part of the potential. In the limit of r → ∞ the

solutions to the Schrödinger equation for this Hamiltonian have the form of

an incoming plane wave and an outgoing spherical wave

ψk(r) = eikr + f(k)
eikr

r
. (2.3)

Here f(k) is the scattering amplitude and k is the wavevector of the scattered

wave given by

k =
m∗〈vR〉

~
=

(
16m∗kBT

π~2

)1/2

, (2.4)

where m∗ is the reduced mass and 〈vR〉 is the mean relative velocity. The

scattering cross-section is related to the scattering amplitude by

σ(k) =

∫
|f(k)|2dΩ. (2.5)

Assuming that the interaction between atoms is spherically symmetric the

scattering amplitude only depends on the scattering angle θ and can be

written as

f(θ) =
1

2ik

∞∑
l=0

(2l + 1)(ei2δl − 1)Pl(cos θ). (2.6)

Here l denotes the contribution from each orbital angular momentum to the

total scattering amplitude, δl is the phase shift associated with each partial

wave and Pl(cos θ) are Legendre polynomials [98]. The total scattering cross-

section is obtained using equations 2.5 and 2.6 and integrating over the full

solid angle to obtain

σ(k, δl) =
4π

k2

∞∑
l=0

(2l + 1) sin2 δl. (2.7)
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If the particles are bosons (fermions) the wavefunction ψk must be symmet-

ric (antisymmetric) under interchange of the coordinates of the two particles.

Exchanging the two particle coordinates corresponds to changing the sign of

the relative coordinate, i.e. r→ −r, θ → π−θ and ϕ→ π+ϕ, where ϕ is the

azimuthal angle. To calculate the scattering cross-section for indistinguish-

able particles the limits of the integral in equation 2.5 are reduced to half

the full solid angle to avoid double counting. This results in a cross-section

with twice the amplitude of classical particles

σ(k, δl) =
8π

k2

∞∑
l=0

(2l + 1) sin2 δl. (2.8)

The (−1)l parity of the Legendre polynomials and the requirement that ψk

be symmetric for identical bosons means that only even partial waves (l =

0, 2, 4, ...) can contribute to the total scattering cross-section. The reverse is

true for fermions and the suppression of s-wave scattering makes quantum

degeneracy impossible to achieve in pure single species Fermi gases. By

adding a second species s-wave collisions can be introduced to fermionic

systems and therefore allow Fermi degeneracy to be reached via sympathetic

cooling with the second species [42]. Similarly the suppression of p-wave

collisions in single species bosonic gases is removed when a second bosonic

species is introduced. This is the case for a mixture of 87Rb and 133Cs as the

two-species are distinguishable. This change results in a cross-section defined

by equation 2.7 and allows p-wave collisions.

Low Energy Scattering

At low energies the centrifugal barrier for l 6= 0 in the long range attractive

potential (equation 2.2) results in the scattering cross-section for bosons be-

ing dominated by the l = 0 term. If the relative kinetic energy of two atoms

is less than the barrier height the atoms never achieve interparticle separa-

tions where V (r) is non-negligible and scattering does not take place. Here

scattering is due to pure s-wave collisions described by the elastic s-wave

cross-section σ(k, δ0) and the s-wave scattering length a

σ(k, δ0) =
8π

k2
sin2 δ0 and a = − lim

k→0

tan δ0

k
. (2.9)
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Using the s-wave scattering length a and neglecting corrections for the effec-

tive range [99, 100] the elastic cross-section can be written in the form

σ0 =
8πa2

1 + k2a2
. (2.10)

This relation has two important results. In the limit of low energies, ka� 1,

σ = 8πa2 is independent of energy and equivalent to scattering from a hard

sphere of radius a. This is called the ultracold limit. At higher energies or

large values of the scattering length ka � 1. Here the cross-section reaches

the unitarity limit where σ = 8π/k2. The scattering cross-section now has a

maximum value and is independent of the scattering length.

Higher Partial Waves

If the scattered atoms have a kinetic energy greater than the centrifugal

potential barrier the approximation that only s-wave collisions contribute to

the total scattering cross-section is no longer valid. The centrifugal potential

is given by

Vrep =
~2l(l + 1)

2mr2
, (2.11)

therefore the minimum energy required for higher partial waves to contribute

is given by

El =
~2l(l + 1)

2m∗R2
min

− C6

R6
min

. (2.12)

Here m∗ is the reduced mass, C6 is the van-der-Waals coefficient and Rmin is

the radius at which the potential reaches a maximum value given by

R2
min =

(
6m∗C6

~2l(l + 1)

)1/2

. (2.13)

The values of the van-der-Waals coefficients quoted in the literature are often

given in atomic units. To convert these values into units of energy appropriate

for equations 2.12 and 2.13 the C6 coefficient must be multiplied by a6
0 and

the Hartree energy Eh = ~2/(mea
2
0) where me is the electron mass. The

relevant scattering thresholds and C6 coefficients for a 87Rb - 133Cs mixture

are presented in table 2.1. This table shows that d-wave scattering occurs for

collisional energies with T & 200 µK. During this experiment the mixture

temperature does not exceed 184(3) µK however it is likely that there is
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133Cs -133Cs 87Rb -87Rb 87Rb -133Cs

C6 6851 4691 5284

p-wave n/a n/a 56 µK

d-wave 180 µK 410 µK 290 µK

Table 2.1: Van-der-Waals C6 coefficients in atomic units with the corre-

sponding p-wave and d-wave scattering thresholds for a 87Rb -133Cs mixture

[101, 102].

still a d-wave contribution to the scattering cross-section as some collision

energies will be greater than the d-wave threshold. This behaviour has been

observed in previous work with a 87Rb - 133Cs mixture at ∼ 7 µK [88]. Here

interspecies p-wave Feshbach resonances were observed despite the mixture

temperature being a factor of ∼ 8 below the 56 µK p-wave threshold.

2.1.2 Behaviour of the Scattering Length

Free atoms have a wavefunction described by the de Broglie wavelength

(equation 2.17). When two atoms collide the potential experienced (fig-

ure 2.1 (a)) increases the energy of the atom pair by that of the potential.

This energy increase results in both the de Broglie wavelength and oscillation

amplitude within the potential decreasing and gives rise to a phase shift of

the free atom de Broglie wave. This phase shift determines the maximum

distance at which free atoms begin to interact with each other and so governs

the separation at which free atom de Broglie oscillations begin. This distance

is known as the scattering length, a (figure 2.1 (b)).

Outside the region of interaction the wavefunction is ψk(r) ∝ 1
r

sin(kr + δ0).

For small r the interaction potential results in the wavefunction following

ψk(r) ' kr cos(δ0) + sin(δ0). This modified wavefunction approximates a

straight line with a zero-crossing at a = − tan(δ0)/k. Figures 2.1 (c), (d)

and (e) highlight the asymptotic nature of the scattering wavefunction for

negative, zero and positive scattering lengths respectively. The sign of the

scattering length dictates the nature of the interactions in a quantum de-

generate gas and is set by the position of the last bound state. For a real
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r

ψ a

λ
dB

Figure 2.1: Schematic detailing the modification of the wavefunction for two

colliding atoms due to an interaction potential. (a) The potential energy of

the colliding atom pair V as a function of the separation r. (b) At short range

(red box) the interaction potential results in a phase shift of the wavefunc-

tion. This changes the separation at which free atoms interact by an amount

a called the scattering length. The zero-crossing of the asymptotic wave-

function gives the sign and magnitude of the scattering length. This value

is highly dependent on the short range potential and can be (c) negative (d)

zero or (e) positive.

bound state a > 0 while for a virtual bound state a < 0. When a 6= 0 the

bounding condition of the wavefunction is changed. For positive scattering

lengths the wavefunction is compressed and the energy is higher, therefore

interactions are repulsive. Analogously a negative scattering length leads to

a lower energy and attractive interactions.

2.1.3 Inelastic Collisions

Inelastic collisions change the atomic internal states during the scattering

process provided there is a coupling between the states. To conserve energy

and momentum a loss of internal energy results in a rise of the kinetic energy

of the particles. This gain of kinetic energy is typically greater than the trap

depth and results in trap loss. Inelastic losses can be separated into three
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different categories: single particle loss, two-body loss and three-body loss.

Single particle loss removes atoms from the trapped sample through collisions

with the background gas. Although not necessarily inelastic, these collisions

do change the total kinetic energy of the trapped sample and at low densities

limit the lifetime of a trapped gas. The rate of these collisions is independent

of the atomic density meaning that this loss process does not lead to signif-

icant heating of the sample. Typical lifetimes in a well designed ultra-high

vacuum (UHV) system due to this loss process are in excess of 100 s.

For inelastic two-body collisions the atoms internal states change. When in

the lower hyperfine ground state this process occurs through dipolar angular

momentum changing collisions only. Two specific mechanisms allow such

dipolar collisions, direct spin-spin coupling and the second order spin-orbit

interaction. The relative strengths of these two coupling processes increases

with atomic mass due to the reduction of the energy level spacing and the

spin-orbit interaction is stronger for heavier atoms due to relativistic elec-

tron velocities [97]. The spin-spin and second order spin-orbit interaction

have opposite sign. For 87Rb the two effects are almost equal in magnitude

resulting in an anomalously low dipolar relaxation rate. For 133Cs, with its

higher atomic number, spin-orbit effects are larger and overwhelm the spin-

spin contribution to give a dipolar relaxation rate ' 50, 000 times greater

than that for 87Rb [103]. By preparing atoms in the lowest internal energy

state (e.g. F = 3,mF = +3 for 133Cs) inelastic two-body losses can be

avoided as atoms cannot relax into a state with lower energy [104].

A collision between three atoms can form a deeply bound molecule and a

single atom. Energy and momentum conservation result in the molecule and

atom carrying away 1/3 and 2/3 of the binding energy respectively. The

binding energy released is typically much greater than the trap depth result-

ing in both the molecule and the atom escaping from the trap. The three

body loss rate is proportional to the mean squared density, 〈n2〉, therefore

this loss process occurs predominantly at the trap centre and causes the cold-

est atoms to be lost. This ‘anti-evaporation’ gives rise to heating in the trap

and can make three-body collisions a significant hurdle to overcome during

the final steps towards a quantum degenerate sample.
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Accounting for the three inelastic loss mechanisms the evolution of the atom

number is described using

dN

dt
= −αN − L2

∫
n2d3r − L3

∫
n3d3r, (2.14)

where α is the background collision rate, L2 and L3 are the two- and three-

body loss rate coefficients respectively, N is the particle number and n is the

atomic density.

2.2 Feshbach Resonances

Since the first observation of a Feshbach resonance in an ultracold gas [105]

these features have become an essential tool to control atomic interactions

and have found a manifold of applications in this field [13]. This phenomena

takes place when two atoms collide with energy Ec in an entrance channel

and resonantly couple to a bound molecular state with energy ∆E(B) in

a closed channel, figure 2.2 (a). The energy difference between the atomic

and molecular states can be tuned via a magnetic field provided that the

corresponding magnetic moments are different, figure 2.2 (b). The Feshbach

resonance occurs when a bound molecular state crosses threshold of the open

channel. As the molecular state approaches the atomic state the scattering

length is highly sensitive to the magnetic field, figure 2.2 (c).

When the molecular state is above the entrance channel threshold a virtual

bound state exists and the scattering length is negative. As the bound state

moves down in energy towards threshold the negative scattering length be-

comes larger and ultimately goes to infinity when the bound state passes

through the collision threshold. Beyond this point there is a real bound state

just below threshold corresponding to a large positive scattering length. This

corresponds to adding a new node to the wavefunction, see figure 2.1. As

the real molecular state becomes more deeply bound the positive scatter-

ing length decreases in magnitude and approaches the background scattering

length, abg, which is the scattering length far from resonance. This feature

in the scattering length is described as a magnetic Feshbach resonance, here

the scattering length a can be described as a function of the magnetic field
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Figure 2.2: Schematic of a Feshbach resonance. (a) Two atoms colliding in

the entrance channel (red curve) with an energy Ec can resonantly couple to

a molecular bound state in a closed channel (blue curve) with energy ∆E(B).

For ultracold atoms Ec → 0 so resonant coupling occurs when ∆E(B) ap-

proaches the open channel threshold. (b) The energies of the atomic contin-

uum (red line) and molecular bound state (blue line) can be tuned with a

magnetic field and coincide at the resonance position B0. Coupling leads to

an avoided crossing between the atomic and molecular states (black dashed

lines). Note that above the scattering continuum the molecules are unsta-

ble and rapidly dissociate into atoms. (c) Near the Feshbach resonance the

scattering length is very sensitive to the magnetic field, becoming ±∞ at B0.

B using [106]

a(B) = abg

(
1− ∆

B −B0

)
. (2.15)

The parameter ∆ is the resonance width and B0 denotes the resonance posi-

tion where the scattering length diverges a→ ±∞. The zero-crossing of the

scattering length associated with the Feshbach resonance occurs at a mag-

netic field of B0 + ∆, figure 2.2 (c). The divergence of the scattering length

at a Feshbach resonance and the a4 scaling of the three-body loss rate [107]

lead to a dramatic enhancement of inelastic three-body losses from the trap

when a Feshbach resonance is encountered. This enhanced loss is used to

measure the locations of Feshbach resonances in ultracold gases, see section

6.8.
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As Feshbach resonances offer the possibility to adjust the scattering length

the interatomic interactions can be controlled. This valuable degree of free-

dom provides experimentalists with further control over experimental con-

ditions. Examples of this control include the optimisation of evaporative

cooling by varying the elastic collision cross-section and the tuning of the

mean-field interaction in a BEC, see section 6.4.

Coupling between atomic and molecular states can also occur by tuning the

scattering length via the application of radio-frequencies, oscillating magnetic

fields [13] or optical fields [108]. The field of ultracold tunable gases has

also led to the observation of and experiments involving intriguing resonance

features between three free atoms and weakly bound trimer states referred

to as Efimov quantum states [80, 109].

2.2.1 Magneto-association

The coupling between the atomic and molecular states at a Feshbach reso-

nance leads to an avoided crossing being formed, black dashed lines in figure

2.2 (b). By adiabatically ramping the magnetic field across such an avoided

crossing colliding atom pairs can be associated into Feshbach molecules

[74]. This magneto-association only works for real molecular bound states

(∆E(B) < 0) i.e. for the example in figure 2.2 (c) ramping the field from

high to low values. Above the scattering continuum (E = 0) the molecules

are unstable and rapidly dissociate into atoms. Below threshold coupling

between molecular bound states leads to avoided crossings in the molecular

energy spectrum [110]. A careful choice of magnetic field ramps can be used

to navigate this spectrum to tune the character of the Feshbach molecule.

The binding energies of these Feshbach molecules is extremely low and the

molecules are very large, of the order of the scattering length. Inelastic atom-

molecule and molecule-molecule collisions severely limit the trap lifetime of

bosonic Feshbach molecules to several milliseconds [111]. Feshbach molecules

created in three dimensional optical lattices have greatly enhanced lifetimes

as individual molecules are isolated at single lattice sites [112]. The challenge

to efficiently transfer these highly excited ultracold molecules into the rovi-

brational ground state is currently an area of ongoing research [53, 72, 73].
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Early experiments that created molecules via magneto-association detected

the molecules by means of RF-induced [113] or laser-induced [114] dissocia-

tion. However the molecular samples were not spatially separated from the

atoms meaning that the Feshbach molecules could not be directly imaged

or analysed. Pure molecular quantum gases are created by applying Stern-

Gerlach separation immediately after the Feshbach sweep [79] and allow the

molecular cloud to be directly monitored, see section 6.5.

2.3 Bose-Einstein Condensation

The phenomena of Bose-Einstein condensation (BEC) was first predicted

by Bose [115] and Einstein [116] in 1924 and can be derived from quantum

mechanical statistics. Here an ensemble of identical bosons occupy the lowest

energy quantum state forming a coherent matter wave. This strikingly reveals

the wave nature of matter and allows quantum behaviour to be demonstrated

on a macroscopic scale. This was first experimentally realised in 1995 [3–5]

thanks to advances in both laser cooling [6–8] and evaporative cooling in

conservative traps [2].

2.3.1 Origin of BEC

Basic theory

The criteria for Bose-Einstein condensation is presented in figure 2.3. The

Heisenberg uncertainty principle states that

∆x∆p ≥ ~
2

(2.16)

where ∆x (∆p) is the uncertainty in position (momentum). A high tempera-

ture (high velocity) results in the atom’s positions being well defined (figure

2.3(a)). As the atoms are cooled the uncertainty in position increases and

the atoms are better described as wave packets (figure 2.3(b)) with a thermal

de Broglie wavelength

λdB =

√
2π~2

mkBT
, (2.17)
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where m is the mass of the particles and T is the temperature. Equation 2.17

shows that the extent of each wave packet is determined by the temperature.

The number of particles contained in a volume equal to the cube of the

thermal de Broglie wavelength is known as the phase-space density

ρ = n0λ
3
dB, (2.18)

with n0 being the peak density in the sample. As the ensemble is cooled

further individual wavefunctions begin to overlap (figure 2.3(c)) and at a

critical temperature, Tc, collapse into the lowest energy quantum state form-

ing a Bose-Einstein condensate when ρ ∼ 1.

(a) (b) (c)

d

v

λdB

Figure 2.3: An illustration of the phase transition to BEC. (a) At high tem-

peratures (� Tc) the atomic separation, d, is much greater than their size

and the atoms behave as point-like objects. (b) As the atoms are cooled

the de Broglie wavelength, λdB, increases and the wave-like nature of the

atoms increases. (c) When T = Tc the atomic wave packets begin to overlap

(λdB ≈ d) and form a coherent matter wave.

A Quantum Statistical Approach

For an ideal Bose gas in thermal equilibrium the occupation number of an

atomic state i with energy εi is given by [97]

Ni =
1

e(εi−µ)/kBT − 1
, (2.19)

where µ is the chemical potential governed by the total number of atoms,

N =
∑
i

Ni. At high temperatures many different states are populated and for

a given state the occupation number Ni � 1, this implies that εi � µ. Equa-

tion 2.19 also provides the physical constraint ε0 > µ as a chemical potential
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equal to the energy of the ground state, ε0, would lead to a negative or di-

verging occupation number. It is this mechanism that leads to Bose-Einstein

condensation. To avoid the atom number in the ground state diverging the

total atom number is split into two parts: N0 the occupation number in the

ground state and Nth the sum over all other states often referred to as the

thermal component,

N = N0 +Nth = N0 +
∞∑
i=1

1

e(εi−µ)/kBT − 1
. (2.20)

A change in temperature implies a change in µ in order for the total atom

number to be conserved. Specifically when the atom temperature is de-

creased, µ has to increase in value. Consider Nth as the atoms are cooled

and therefore µ→ ε0. At a certain temperature Nth drops far below N , this

is called the critical temperature Tc. In order for the total atom number to

be conserved these ‘missing’ atoms must be in the ground state. This macro-

scopic occupation of the ground state marks the onset of Bose-Einstein con-

densation. If the temperature continues to decrease below Tc the occupation

number in the ground state increases until N0 = N and a pure Bose-Einstein

condensate remains with no thermal component present.

2.3.2 A Bose Gas in a Harmonic Trap

The conservative traps used to confine the ultracold atoms in this work create

potentials, U(r), that can be approximated as harmonic

U(r) =
1

2
m(ω2

xx
2 + ω2

yy
2 + ω2

zz
2). (2.21)

In such harmonic trapping potentials the conditions for Bose-Einstein con-

densation can be calculated. For a gas trapped in 3D the critical temperature

is given by [117]

Tc =
~ωho

kB

(
N

1.202

)1/3

(2.22)

with N the number of atoms and ωho = (ωxωyωz)
1/3 the geometric mean of

the harmonic trap frequencies. The peak atomic density, n0, in the trap is

given by dividing the number of atoms by the effective volume VE

n0 = N/VE = Nω3
ho

(
m

2πkBT

)3/2

, (2.23)
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where the effective volume VE =
∫

exp

(
−U(r)
kBT

)
d3r. Equations 2.17 and 2.23

can then be used to express the phase-space density defined by equation 2.18

as

ρ = N

(
~ωho

kBT

)3

. (2.24)

At temperatures close to or below Tc a semi-classical approximation is used

to calculate nth, the density of the thermal bosons in the trap [96]

nth(r) =
g3/2

λ3
dBe(U(r)/kBT )

for T . Tc, (2.25)

with the corresponding peak density n0 = nth(r = 0). The function g3/2 is

of the form gα(z) =
∞∑
n=1

zn/nα [118]. In free space the critical phase-space

density is ρc ' 2.612 [96], a strikingly similar result to ρc ∼ 1 given by the

simple model in 2.3.1.

By integrating equation 2.25 over space it is possible to obtain an expression

for how the condensate fraction varies with temperature

N0/N = 1−
(
T

Tc

)3

. (2.26)

All calculations in this section have neglected atom-atom interactions within

the BEC. However corrections for these interactions are typically of the order

of just a few percent [97].

An Ideal Bose-Einstein Condensate

By neglecting atom-atom interactions the BEC behaves as an ideal gas with

all atoms occupying the ground state of the harmonic potential U(r). This

case is accurately described by the ground state wavefunction of a three-

dimensional harmonic trap given by

φ0(r) =

(
mωho

π~

)3/4

exp

(
− m

2~
(ωxx

2 + ωyy
2 + ωzz

2)

)
. (2.27)

The density distribution of the ground state n(r) = N |φ0(r)|2 has a Gaussian

profile and grows linearly with N . In contrast, the size of the condensed cloud

is independent of N and is determined by the harmonic oscillator length

aho =

√
~

mωho

, (2.28)
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which is the average width of the Gaussian in equation 2.27. The individual

condensate widths σi = aho,i =
√

~/(mωi), where i = x, y, z can then be

used to determine the momentum spread using the Heisenberg uncertainty

principle

σp,i =
~
σi

=
~
aho,i

=
√

~mωi. (2.29)

By using Erel = p2

2m
the average release energy for a non-interacting conden-

sate can be calculated and is independent of N

Erel =
1

2
~(ωx + ωy + ωz). (2.30)

Bogoliubov Approximation

The properties of condensates consisting of interacting particles can be calcu-

lated using a many body Hamiltonian for N particles in an external potential.

However this method becomes impractical for systems with large N . To solve

this problem a mean field description for dilute Bose gases was proposed by

Bogoliubov [119]

Ψ̂(r, t) = Φ(r, t) + Ψ̂′(r, t). (2.31)

Here the field operator Ψ̂(r, t) is split into the complex function Φ(r, t), de-

fined as the expectation value of the field operator Φ(r, t) = 〈Ψ̂(r, t)〉, and a

first order perturbation term Ψ̂′(r, t). The term Φ(r, t) is often referred to as

the condensate wavefunction while the BEC density distribution is given by

n(r, t) = |Φ(r, t)|2.

Gross-Pitaevskii Equation

In dilute and cold gases binary collisions form the main contribution to par-

ticle interactions. The condition for such a weakly interacting system is

〈n〉|a|3 � 1, with 〈n〉 being the mean atomic density and a being the s-wave

scattering length. This simplification allowed both Gross [120] and Pitaevskii

[121] to replace the interaction potential between the particles with an effec-

tive interaction potential

V (r− r’) = gδ(r− r’) with g =
4π~2a

m
. (2.32)
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For T � Tc the term Ψ̂′ in equation 2.31 can be neglected and so Ψ̂ can be

replaced by Φ. Writing Φ as ψ(r, t)e−iµt/~ yields a time independent Gross-

Pitaevskii equation (GPE)[
− ~2∇2

2m
+ V (r) + g|ψ(r)|2

]
ψ(r) = µψ(r). (2.33)

This has the form of a non-linear Schrödinger equation due to the |ψ(r)|2

interaction term and is reduced to the usual Schrödinger equation when there

are no interactions, g = 0.

In the ground state the energy is a function of the density only and can be

written in the form [96]

E[n] =

∫
dr

[
~2

2m
|∇
√
n|2 + nV (r) +

gn2

2

]
= Ekin + Eho + Eint. (2.34)

The first term, Ekin, is derived from the uncertainty principle and corresponds

to the quantum kinetic energy. It is usually referred to as ‘quantum pressure’.

The harmonic oscillator energy, Eho, is the potential energy in the system and

the mean field energy, Eint, arises from the interactions between particles. By

directly integrating equation 2.33 the chemical potential can be expressed in

terms of the different energy contributions

µ =
Ekin + Eho + 2Eint

N
. (2.35)

Taking the sum over the three directions derives the virial relation

2Ekin − 2Eho + 3Eint = 0. (2.36)

The release energy of a BEC can be measured by rapidly switching off the

trapping potential and integrating over the velocity distribution observed

through absorption imaging. During the first phase of expansion both the

quantum kinetic energy and interaction energy are rapidly converted into

expansion energy

Erel = Ekin + Eint. (2.37)

2.3.3 The Thomas-Fermi Approximation

Atom-atom interactions influence many properties of condensates and are

well described by a self-interaction energy, Eint, in a mean-field model this
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depends only on the density of the condensate, n, and the s-wave scattering

length, a. To estimate the effect of interatomic interactions the following

useful expression is used [96]

Eint

Ekin

=
N |a|
aho

. (2.38)

For sufficiently large condensates this ratio is much larger than one and allows

the ground state energy to be obtained by neglecting the kinetic energy term,

Ekin, in the GPE equation (equation 2.33). This is called the Thomas-Fermi

approximation. Since |ψ|2 = n(r) the following expression is then derived

from equation 2.33

n(r) =


µ−V (r)

g
for µ− V (r) > 0,

0 otherwise.
(2.39)

The atomic density reflects the shape of the potential, e.g. for a harmonic

potential the density would be an inverted parabola. The density vanishes

at the classic turning points where µ = V (r) defined as the Thomas Fermi

radii

RTFi =

√
2µ

mω2
i

= aho
ωho

ωi

(
15Na

aho

)1/5

, (2.40)

where i = x, y, z marks the axis with trap frequency ωi. By inserting

V (r = 0) = 0 into equation 2.39 the peak density at the trap centre can

be calculated

n0 =
µ

g
=

µm

4π~2a
(2.41)

The normalisation condition on n(r) then provides an equation linking the

chemical potential and the number of particles

µ =
~ωho

2

(
15Na

aho

)2/5

(2.42)

By neglecting the quantum kinetic energy the release energy (equation 2.37)

depends only on the interaction energy, Eint. Again, by integrating over the

density distribution (equation 2.34) the average energy and release energy in

the Thomas-Fermi approximation can be calculated

E =
5

7
µ and Erel =

2

7
µ, respectively. (2.43)

Several experiments have demonstrated the dependence of the release energy

with the atom number in the condensate [122, 123] and the scattering length

[124].
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2.3.4 Tunable Interactions

The energies calculated in equation 2.43 describe a condensate in equilib-

rium. For the majority of BEC experiments these equations are always valid

as the scattering length is determined by the choice of atom and fixed from

the outset. However for specific alkali atoms such as 133Cs and 85Rb, magnet-

ically induced Feshbach resonances allow the scattering length to be tuned

to control atom-atom interactions within the condensate [11, 12]. When

the scattering length is changed adiabatically (ṘTFi/RTFi � ωi) the density

distribution will evolve in time and equations 2.43 are valid, therefore the

release energy per particle scales with a2/5 [124].

In contrast, fast non-adiabatic changes in the scattering length from the

equilibrium value a to a new value a′ alter the interaction energy between

particles according to a′. In contrast, the density distribution does not have

sufficient time to evolve and is determined by a. This results in the release

energy per particle being modified using equations 2.41 and 2.43

Erel(a
′) =

2

7
n0(a)g(a′) =

2

7
µ(a)

a′

a
. (2.44)

For non-adiabatic changes in the scattering length the release energy per

particle scales linearly with a′ [124].

When a > 0 repulsive interactions produce stable condensates with a strong

mean-field expansion and a size determined by the interaction energy. In

contrast, when a < 0 interactions are attractive and the gas density increases

at the trap centre to reduce the interaction energy. These attractive forces

can be countered by the quantum kinetic energy which also increases with the

gas density. However, the different scaling of Eint and Ekin with the particle

number results in stable condensates only forming with an atom number

limited to a small critical value, Ncr, determined by [20, 125]

Ncr = k∗
aho

|a|
, (2.45)

where k∗ is a dimensionless constant called the stability coefficient. The

exact value of k∗ is determined by the ratio of the trap frequencies. When

N > Ncr the condensate is unstable and the density increases at the trap

centre until inelastic losses become dominant and reduce N to be below Ncr.
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For tunable quantum gases large stable condensates can initially be made at

positive scattering lengths. When the scattering length is quickly changed

to a negative value the nature of interactions in the condensate are sud-

denly changed from repulsive to attractive. Now the condensate collapses

[126] resulting in a substantial loss of atoms and a large momentum spread.

The resemblance of this collapse (on an immensely lower energy scale) to a

supernova has led to this process being referred to as a ‘Bosenova’.

Finally when a = 0 the condensate is essentially non-interacting with min-

imum internal energy. By switching off the self-interaction between atoms

the cloud expansion is minimal and a ‘frozen’ condensate is realised.

2.3.5 Condensate Expansion

When a condensate is released from the trapping potential the internal en-

ergy (mean-field energy) is converted to kinetic energy in an anisotropic way.

The accelerating force due to the internal mean field energy is proportional to

the gradient of the mean field energy and therefore proportional to the den-

sity gradient [96]. For cigar shaped condensates released from an anisotropic

confining potential, where the radial trap frequency ωρ > ωz, the axial trap

frequency, the acceleration in the radial direction is larger than that in the

axial direction. This results in the aspect ratio of a freely expanding conden-

sate inverting, an important signature of BEC [127].

For a condensate released from an axially symmetric trap the Thomas-Fermi

radii in the radial (ρ) and axial (z) directions evolve during the free expansion

according to

Rρ,z(t) = λρ,z(t)Rρ,z(0). (2.46)

The initial size Rρ,z(0) can be calculated using equation 2.40. For the case of

a sudden and total opening of the trap at t = 0 the evolution of the scaling

parameters, λρ and λz, is described by [127]

d2

dτ 2
λρ =

1

λ3
ρλz

,

d2

dτ 2
λz =

ε2

λ2
ρλ

2
z

, (2.47)
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here τ = ωρt and ε = ωz/ωρ. Equations 2.47 only apply when ε� 1.

In contrast to condensates, thermal clouds undergo isotropic expansion when

released from a trap. The width of a thermal cloud, σρ,z, dropped from a

harmonic trap is given by

σ2
ρ,z =

kBT

m

(
1

ω2
ρ,z

+ t2

)
, (2.48)

where T is the cloud temperature and m is the atomic mass. This equation

shows that the trap frequencies govern the initial cloud size in the trap but

the temperature dictates the rate of expansion of the cloud after release. For

long times-of-flight the aspect ratio of the thermal cloud does not depend on

the trap frequencies and σρ/σz → 1. Experimental data on the expansion of

condensates and thermal atoms are presented in section 5.4.

2.4 Quantum Degenerate Mixtures

Quantum degenerate mixtures [27–38] of atomic gases are currently the sub-

ject of intensive research, exhibiting rich physics inaccessible in single species

experiments. To accurately describe a two-species degenerate mixture a pair

of coupled Gross-Pitaevskii equations are required with an additional non-

linear term which represents interspecies interactions [128, 129][
− ~2

2m1

∇2 + V1(r) + g11|ψ1(r)|2 + g12|ψ2(r)|2
]
ψ1(r) = µ1ψ1(r), (2.49)

[
− ~2

2m2

∇2 + V2(r) + g21|ψ1(r)|2 + g22|ψ2(r)|2
]
ψ2(r) = µ2ψ2(r). (2.50)

Here ψ1(r) (ψ2(r)) is the wavefunction for species 1 (2) with mass m1 (m2)

and chemical potential µ1 (µ2). As in most BEC systems, the atomic inter-

action energies dominate these equations. The single species interactions are

governed by the terms g11|ψ1(r)|2 and g22|ψ2(r)|2 while the interspecies inter-

actions are encompassed in the additional g12|ψ2(r)|2 and g21|ψ1(r)|2 terms.

The interaction coupling constants are defined as

g11 =
4π~2a11

m1

, g22 =
4π~2a22

m2

and (2.51)
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g12 = g21 = 2π~2a12

(
m1 +m2

m1m2

)
(2.52)

with the single species scattering lengths a11 and a22 and the interspecies

scattering length a12 [129]. The behaviour of the mixture is determined by

the relative strengths of the single species and interspecies interactions and

can be characterised by the interaction parameter ∆,

∆ =
g12√
g11g22

=
a12√
a11a22

√
(m1 +m2)2

4m1m2

' a12√
a11a22

. (2.53)

For a 87Rb - 133Cs mixture this ratio reduces to be essentially dependent only

on the scattering lengths and reveals three distinct regimes for an interacting

dual-species BEC highlighted in figure 2.4 [129]. Implicit in this discussion is

the assumption that both single species scattering lengths are positive. When

∆ < −1 the mixture is miscible and becomes unstable against collapse as the

attractive interspecies interactions overwhelm the individual repulsive terms

(figure 2.4(a)). When |∆| < 1 the single species interactions dominate and

the mixture is stable and miscible (figure 2.4(b)). When ∆ > 1 the domi-

nant repulsive interspecies interactions lead to a phase separation of the two

components (figure 2.4(c)). This phase separation is a particularly dramatic

0 g12
2211gg2211gg−−−−

1>>>>∆∆∆∆1−−−−<<<<∆∆∆∆ 1<<<<∆∆∆∆

(a) (b) (c)

Figure 2.4: Characteristics of a dual-species BEC as a function of the inter-

action parameter ∆ = g12/
√
g11g22. (a) For ∆ < −1 the mixture is miscible

but unstable against collapse. (b) If |∆| < 1 the system is stable and miscible

and consists of interpenetrating superfluids. (c) When ∆ > 1 the mixture is

stable but immiscible and the two components phase separate.

example of the rich physics accessible to quantum degenerate mixtures and

has been demonstrated in several experiments [28, 34–36].

The ability to independently control the value of either of the single species

scattering lengths, or the interspecies scattering length, allows the relative
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strengths of interactions and therefore the miscibility to be tuned across these

three regimes. The contrasting behaviour of the 87Rb and 133Cs scattering

lengths (figure 1.1) and the numerous interspecies Feshbach resonances [88]

potentially make tunable interactions possible in a 87Rb - 133Cs mixture. Such

tunable miscibility has already been demonstrated in a degenerate mixture

of 87Rb and 85Rb by exploiting a Feshbach resonance in 85Rb [36].

2.5 Magnetic Trapping

When an atom is in the presence of a magnetic field the degeneracy of the

Zeeman sublevels is lifted. For the 2S1/2 ground states of the alkalis, the

energy shift is described exactly by the Breit-Rabi formula

∆E = − h∆ν

2(2I + 1)
− gIµBBmF ±

1

2
h∆ν

(
1 +

4mF

2I + 1
x+ x2

)1/2

, (2.54)

where ∆ν is the hyperfine splitting of the ground states at zero B-field and

x =
(gI + gJ)µBB

h∆ν
. (2.55)

For ‘low’ bias fields the energy shift is approximated by

∆E = mFgFµBB, (2.56)

where gF is the Landé g-factor and µB is the Bohr magneton [130]. Hence

for low bias fields the energy of the mF sublevels varies linearly with in-

creasing B-field. Atoms with mFgF > 0 are called ‘low field seekers’ and

can be trapped at a local magnetic field minimum. Atoms with mFgF < 0

are called ‘high field seekers’ and cannot be confined with magnetic fields

alone. At ‘high’ bias fields coupling between the applied magnetic field and

the individual magnetic moments dominates that between the total nuclear

magnetic and electronic magnetic moments [131]. For this case the energy

shift is approximated by

∆E = mJgJµBB −mIgIµBB. (2.57)

Figures 2.5 and 2.6 show the magnetic field dependent energy shifts of the

hyperfine ground states of 87Rb and 133Cs respectively. This behaviour can
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Figure 2.5: Breit-Rabi diagram showing the magnetic field dependent energy

shifts of the hyperfine ground states in 87Rb .

result in atomic states being magnetically trappable at low B-fields but not

trappable at high B-fields and vice versa. This change in character is shown

in figure 2.5 for the |1,−1〉 87Rb state at B ' 1200 G and in figure 2.6 for

the |3,−3〉 133Cs state at B ' 2500 G.

The magnetic trap used in this experiment is a simple magnetic quadrupole

potential formed by the pair of anti-Helmholtz coils, Quad 1 (figure 3.12).

The quadrupole potential is described by

B = C(ρ2 + 4z2)1/2, (2.58)

where ρ2 = x2 + y2 and C = mFgFµB

∣∣∣∂B∂ρ ∣∣∣ is the trap constant. The

linear potential produced by the Quad 1 coils has an axial gradient of

1.001(7) G/cm/A and offers tight atomic confinement making efficient evapo-

rative cooling possible. This, coupled with its simplicity and excellent optical

access, makes the magnetic quadrupole trap an attractive option to many

experimentalists. However, the presence of the zero field at the trap cen-

tre allows the coldest atoms to undergo Majorana ‘spin flip’ transitions and

prevents quantum degeneracy from being reached in this simple magnetic

trap.
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Figure 2.6: Breit-Rabi diagram showing the magnetic field dependent energy

shifts of the hyperfine ground states in 133Cs.

2.5.1 Majorana Transitions

The magnetic moment, µ, of an atom in a magnetic field of magnitude B

precesses about the magnetic quantisation axis at the Larmor frequency

ωLarmor =
µB

~
. (2.59)

In order for the atom to remain trapped the magnetic moment must follow

the magnetic field adiabatically. In low field regions near the centre of the

quadrupole trap the rate of change of the magnetic field becomes comparable

to the Larmor frequency. Here the magnetic moment can no longer follow

the field and the atom may flip its spin into an untrapped or an anti-trapped

state thus being lost from the trap. As these Majorana transitions occur at

the centre of the quadrupole potential the coldest atoms are lost, leading to

this process causing both loss and heating. A simple argument presented in

[132] allows the Majorana loss rate to be estimated as

Γmaj. = 1.85
~
m

(
C

kBT

)2

. (2.60)

This estimate assumes thermal equilibrium and so is independent of elastic

collision rate [133]. Majorana losses can be slightly mitigated by adiabatically

expanding the trap, since the temperature scales more weakly than the field
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gradient, T ∝
(
∂B
∂ρ

)2/3
. So weakening the trap will decrease the loss rate but

at the expense of a lower elastic collision rate.

2.5.2 Magnetic Levitation

In order for an atom to be exactly levitated against gravity the force due to

the magnetic gradient must equal and oppose the gravitational force on the

atoms

Fz = µ

∣∣∣∣∂B∂z lev.

∣∣∣∣−mg = 0. (2.61)

The magnetic field gradients required to levitate ground state 87Rb and 133Cs

atoms with no bias field present are summarised in tables 2.2 (a) and (b)

respectively.

(a) 87Rb

F mF
∂B
∂z

(G/cm)

2

±2 15.3

±1 30.5

0 N/A

1
±1 30.5

0 N/A

(b) 133Cs

F mF
∂B
∂z

(G/cm)

4

±4 23.3

±3 31.1

±2 46.7

±1 93.4

0 N/A

3

±3 31.1

±2 46.7

±1 93.4

0 N/A

Table 2.2: Magnetic field gradients required to levitate ground state (a) 87Rb

and (b) 133Cs atoms against gravity with no bias field present.

The quadratic nature of the Zeeman effect revealed in equation 2.54 results

in the magnetic moment, µ, being a function of the bias field, B. This results

in the magnetic field gradient required for levitation also depending on the

applied bias field. This behaviour is approximated using equations 2.62 and

2.63 for the |1,−1〉 state in 87Rb and the |3,−3〉 state in 133Cs respectively,
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where the applied field B is in Gauss.

∂B

∂z Rb
= (30.5 + 0.019×B) G/cm, (2.62)

∂B

∂z Cs
= (31.1 + 0.0055×B) G/cm. (2.63)

For bias fields < 90 G the magnetic gradient required to levitate the |1,−1〉
and |3,−3〉 states for 87Rb and 133Cs respectively differ by just ' 2 %. This

allows both species to be levitated against gravity using the same magnetic

field gradient and ensures excellent spatial overlap between the two clouds.

The addition of a bias field in the vertical direction to offset the field zero

position allows either high or low field seeking states to be levitated. By

offsetting the zero to be above the cloud low field seeking states are levitated

and when the zero is positioned below the cloud high field seeking states are

levitated.

2.6 RF Evaporation in a Quadrupole Trap

A trapped atomic sample in thermal equilibrium can be evaporatively cooled

by the selective removal of atoms with energies higher than the mean energy

of the sample. Once elastic collisions have rethermalised the sample the tem-

perature of the cloud will have reduced. In the magnetic quadrupole trap

this selective removal is achieved using forced radio-frequency (RF) induced

transfer into non-magnetically trappable states [134]. In the trap hot atoms

have a large spatial extent and span a large range of magnetic field values.

These can be specifically addressed by selecting a higher RF frequency that

only removes atoms with large Zeeman shifts, equation 2.56. Efficient evap-

orative cooling relies on a large ratio of ‘good’ (elastic) to ‘bad’ (inelastic)

collisions to ensure the rethermalisation time is much shorter than the life-

time of the trapped atomic sample. The evaporation efficiency is defined

as

γ = − log(D0/D)

log(N0/N)
, (2.64)

where N0 (D0) and N (D) are the initial and final numbers (phase-space

densities) respectively.
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Figure 2.7: The magnetic quadrupole potential for 87Rb (black) and 133Cs

(red). The depth of the quadrupole trap defined by the RF is 3 times deeper

for 133Cs than 87Rb. This enables the sympathetic cooling of 133Cs via 87Rb

during the precooling in the magnetic trap.

For the 87Rb - 133Cs mixture in the |1,−1〉 and |3,−3〉 states respectively

the magnetic trap depth determined by the RF frequency is exactly 3 times

deeper for 133Cs than for 87Rb, figure 2.7. Consider the RF photon energy

required to induce a transition into an untrapped state

hν = gFµB

∣∣∣∣∂B∂z
∣∣∣∣ z, (2.65)

so zRb = 2hν/(µB

∣∣∂B
∂z

∣∣) and zCs = 4hν/(µB

∣∣∂B
∂z

∣∣). The position of the ‘RF

knife’ is then given by

Ecut = mFgFµB

∣∣∣∣∂B∂z
∣∣∣∣ z, (2.66)

substituting for z for each species therefore gives ERb
cut = hν and ECs

cut = 3hν.

This allows the selective RF evaporation of 87Rb while interspecies elastic

collisions sympathetically cool 133Cs. The sympathetic cooling of 133Cs via
87Rb in the magnetic trap is presented in section 6.1.

2.7 Optical Trapping

Optical dipole traps use the interaction of the induced dipole moment with

the intensity gradient of the light field. Here the ac electric field of the
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laser drives oscillations of the induced dipole moment. If the frequency of

the electric field is red-detuned (blue-detuned) with respect to the atomic

resonance the resulting optical potential is attractive (repulsive). For far-

detuned light, photon scattering rates are low enough to consider the optical

potential conservative. The optical potential Udip, and the scattering rate

Γsc, are given by [135]

Udip(r) = − 1

2ε0c
<(α)I(r) ≈ 3πc2Γ

2ω3
0

I(r)

∆
, (2.67)

Γsc =
1

~ε0c
=(α)I(r) ≈ 3πc2

2~ω3
0

(
Γ

∆

)2

I(r). (2.68)

Here <(α) (=(α)) is the real (imaginary) part of the complex polarisability

α. The resonant transition frequency is ω0, Γ is the decay rate from the

excited state and I(r) is the intensity of the light field. Equations 2.67 and

2.68 show that the dipole potential scales as I/∆, whereas the scattering rate

scales as I/∆2. This results in dipole traps typically using large detunings

and high intensities to keep scattering rates low for a certain potential depth.

An attractive feature of these traps is that the optical dipole force can confine

atoms in all hyperfine states. This allows the high field seeking atomic ground

states to be trapped therefore making inelastic two-body losses energetically

forbidden.

In this experiment attractive optical potentials are used from two 1550 nm

beams derived from a 30 W fibre laser (IPG ELR-30-LP-SF) and focussed

to waists of ' 60 µm. Further details on the dipole trap setup are given in

section 3.8.



Chapter 3

Experimental Apparatus: New

Tools and Upgrades

The majority of the apparatus and techniques used in this experiment have

been carefully documented in other sources [93, 94]. Only new features or

modifications to the original apparatus and method are highlighted in this

chapter. In brief these changes are:

• A new optical table setup using acousto-optic modulators (AOMs) for

intensity and frequency control of the majority of the laser light.

• The laser locking scheme has been upgraded from the dichroic atomic

vapour laser lock (DAVLL) to modulation transfer spectroscopy and

frequency modulation (FM) spectroscopy and now offers greater fre-

quency stability.

• A modified slave laser design offers greater temperature stability and

the injection light alignment has been improved by using an optical

fibre.

• A new magnetic field coil assembly has replaced the Ioffe-Pritchard

‘baseball’ trap and can provide tight magnetic confinement and bias

fields in excess of 1150 G.

• A new double magneto-optical trap (MOT) alignment provides im-

proved optical access to the east and west faces of the glass cell.

39
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• An optical dipole trap has been integrated into the setup and com-

bined with a magnetic component to form versatile ‘hybrid’ trapping

potentials.

• Servomechanical control of the 133Cs science MOT fluorescence voltage

has been implemented to accurately tune and stabilise the number of
133Cs atoms loaded.

The modified experimental setup was then used in the studies presented in

chapters 4-8.

3.1 Overview

The 87Rb - 133Cs mixture experiment is divided between two independent

optical tables. The first table contains the laser systems required to prepare

the necessary light frequencies and intensities for laser cooling, repumping,

optical pumping and imaging both species. Polarisation maintaining optical

fibres couple this light to the second table which houses the vacuum system

and the required cooling and trapping hardware. The heart of the experi-

mental setup consists of a levitated crossed dipole trap located at the centre

of a UHV glass cell. This simple and versatile trapping potential is com-

prised of two intersecting laser beams, a magnetic field gradient from an

anti-Helmholtz coil pair and a uniform bias field from a Helmholtz coil pair.

The optical setup and locking scheme detailed in this chapter allows the Rb

laser system to be locked to either the 87Rb or 85Rb cooling and repump tran-

sitions with minimal changes to the setup. This enables both 87Rb - 133Cs

and 85Rb - 133Cs mixtures to be studied using this apparatus. At the time

of writing initial experiments on a 85Rb - 133Cs mixture are underway.

3.2 Optical Frequencies

To continuously laser cool and trap atoms in a MOT a closed atomic tran-

sition is required. Here the D2 (S1/2 → P3/2) lines for both 87Rb and 133Cs
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Figure 3.1: Energy level scheme for the D2 lines in 87Rb and 133Cs (frequencies

are not to scale). The arrows indicate the laser transitions used in this

experiment for the MOT, optical pumping and imaging.

are used at 780 nm and 852 nm respectively. Figure 3.1 highlights the rel-

evant hyperfine structure and optical transitions for both species used in

this experiment. The successful laser cooling of atoms requires the absolute

laser frequencies to be controlled to < 1 MHz, significantly below the natural

linewidth of the cooling and repumping transitions. These transitions occur

at ' 385 THz and ' 352 THz for 87Rb and 133Cs respectively and so each

laser frequency must be stable to within one part in ∼ 108. Such stability

requires active frequency stabilisation or ‘locking’ of the laser using an error

signal to act as a frequency discriminant. The methods used to produce error

signals for laser locking in this experiment are discussed in section 3.4.

The specific laser frequencies used in this experiment are presented in table

3.1. Precise control of all detunings is provided by six AOMs for each species.

The full optical setup is discussed in section 3.3.

3.3 Laser System Overview

A system of six laser diodes, three for each species, provides the necessary

light for the experiment. A simple schematic diagram of the laser system for
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87Rb 133Cs

Transition Detuning Transition Detuning

(MHz) (MHz)

Pyramid F = 2→ F ′ = 3 -18.3(1) F = 4→ F ′ = 5 -16.8(1)

Spectroscopy F = 2→ F ′ = 3 0.0(1) F = 4→ F ′ = 5 0.0(1)

MOT F = 2→ F ′ = 3 -12.2(1) F = 4→ F ′ = 5 -10.3(1)

CMOT F = 2→ F ′ = 3 -30.9(1) F = 4→ F ′ = 5 -28.4(1)

Molasses F = 2→ F ′ = 3 -59.4(1) F = 4→ F ′ = 5 -53.7(1)

Depumping F = 2→ F ′ = 3 -96.2(1) F = 4→ F ′ = 5 -67.1(1)

Imaging F = 2→ F ′ = 3 -3.6(1) σ− F = 4→ F ′ = 5 -4.0(1) σ−

(at 2.7(1) G) 3.7(1) σ+ 3.7(1) σ+

Repump Laser F = 2→ X1,2 -1.6(1) F = 4→ X3,4 0.1(1)

Repumping F = 1→ F ′ = 2 0.0(1) F = 3→ F ′ = 4 0.0(1)

Optical Pumping F = 1→ F ′ = 1 +5.9(1) F = 3→ F ′ = 3 +11.9(1)

Table 3.1: Laser frequencies used for magneto-optical trapping, sub-Doppler

cooling, optical pumping and imaging of 87Rb and 133Cs in the experiment.

133Cs is presented in figure 3.2, the setup for 87Rb is similar. Two commercial

extended cavity ‘master’ lasers (Toptica DL100) in the Littrow configuration

provide ' 120 mW and ' 150 mW of light at 780 nm and 852 nm respec-

tively. This light is used for cooling in the science MOT, absorption imaging

and injecting home-built ‘slave’ lasers for each species. The slave lasers pro-

vide ' 70 mW of cooling light for each species in the two-species pyramid

MOT. Other home-built extended cavity diode lasers are based on the de-

sign presented in [136] and provide ' 40 mW of light for the repumping and

optical pumping of each atomic species.

3.3.1 Optical Setup

The full optical setup implements the simplified scheme shown in figure 3.2

for both species and is presented in figure 3.3. This setup represents a signif-

icant improvement over the previous optical setup [93, 94]. In the previous

setup AOMs offered intensity control of only the optical pumping and imag-

ing light for both species. Frequency detunings were controlled either with

AOMs or by adding specific voltage offsets to the lock-points of the mas-
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133Cs

Master

+AOM1 x2

+AOM2 x2

+AOM6 x2

+AOM3 x2

133Cs

Repump

Optical pumping

Imaging probe

Science MOT

Pyramid MOT

Modulation Transfer Spectroscopy

- AOM4 x1

133Cs

Slave
FM Spectroscopy

From 87Rb setup

+AOM5 x1

From 87Rb setup

Figure 3.2: Schematic of the laser table optical setup for 133Cs. Three lasers

produce light for the cooling, repumping, optical pumping and imaging of

each species in the double-MOT system. Line thickness indicates relative

beam power. AOMs in single-pass (x1) and double pass (x2) configurations

allow independent control of all intensities and frequency detunings. For the

imaging light and pyramid MOT, dichroic optics are used to combine the

852 nm (solid lines) and 780 nm (dashed lines) beams before transmitting

both wavelengths down single fibres. The optical setup for 87Rb is similar.

ter and repump lasers. This was possible as the lasers were locked using a

heated version of DAVLL [137]. This single beam technique has Doppler-

broadened spectral features and consequently exhibits a large capture range

of several hundred MHz. This feature enabled the laser lock-point to be

tuned and switched rapidly over a large range of frequencies. However this

relied on the error signal lineshape being fixed which was not always the

case. The DAVLL signal is sensitive to changes in temperature, polarisation

and magnetic field which result in unwanted drifts in frequency. In the new

optical setup AOMs provide precise frequency and intensity control of all

the laser light other than the intensity of the pyramid MOT cooling light.

This greater versatility allows detunings and intensities to be independently

optimised at each phase of the experiment, though at the expense of a slight

reduction in the laser power available. To improve the laser locks and remove
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the lock-point’s dependence on temperature, polarisation and magnetic field

the locking schemes have been changed from DAVLL to modulation transfer

spectroscopy and FM spectroscopy.

3.4 Laser Frequency Stabilisation

To control the cooling and repump laser frequencies to < 1 MHz, signif-

icantly below the natural linewidth, the lasers must be actively stabilised

or ‘locked’ using an error signal to act as a frequency discriminant. There

are numerous methods to generate an error signal for laser locking including

the dichroic atomic vapour laser lock (DAVLL) [138, 139], a combination

of DAVLL and saturation absorption [140], polarisation spectroscopy [141],

modulation transfer spectroscopy [142, 143] and FM spectroscopy [144]. In

the new setup the master lasers are locked with modulation transfer spec-

troscopy and the repump lasers with FM spectroscopy. Both modulation

transfer and FM spectroscopy are pump-probe schemes which achieve sub-

Doppler resolution. This results in steeper signal gradients and enhanced

frequency discrimination, though at the expense of a more limited capture

range typically below one hundred MHz.

3.4.1 Modulation Transfer Spectroscopy

Modulation transfer spectroscopy uses two counter-propagating laser beams

referred to as the pump and probe beams, as in saturation absorp-

tion/hyperfine pumping spectroscopy [145]; however, it should be noted that

optimal signals are recorded when the beam powers are approximately equal.

The underlying principle of this technique is as follows. An intense single

frequency pump beam is passed through an electro-optic modulator (EOM),

driven by an oscillator at frequency ωm. The transmitted light is phase-

modulated and can be represented by a carrier frequency ωc and sidebands

separated by the modulation frequency ωm

E = E0sin[ωct + δsinωmt],
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E = E0

[
∞∑
n=0

Jn(δ)sin(ωc + nωm)t+
∞∑
n=1

(−1)nJn(δ)sin(ωc − nωm)t

]
, (3.1)

where δ is the modulation index and Jn(δ) is the Bessel function of order

n. Typically the modulation index δ < 1, so the pump beam can be ad-

equately described by a strong carrier wave at ωc and two weak sidebands

at ωc ± ωm. The modulated pump and the counter-propagating, unmodu-

lated probe beams are aligned collinearly through an atomic vapour cell. If

interactions of both beams with the atomic vapour are sufficiently nonlin-

ear, modulation appears on the unmodulated probe beam. This modulation

transfer is an example of four-wave mixing [146]. Here two frequency com-

ponents of the pump beam combine with the probe beam via the third order

susceptibility, χ(3), to generate a fourth wave - a sideband for the probe beam.
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Pump

Probe
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Figure 3.4: A simple setup for modulation transfer. A phase-modulated

pump beam and a counter-propagating, unmodulated probe beam are aligned

collinearly through a vapour cell. Four-wave mixing results in modulation

transfer and generates a sideband on the probe beam. The four-wave mixing

process is described in the text.

Four-wave mixing occurs only at specific laser frequencies. An example of

how to calculate the specific laser frequencies is detailed in figure 3.4. The

calculation assumes that both beams interact with an atom with velocity v

in the direction of propagation of the pump beam. This results in a Doppler

shift in frequency of kv, where k is the wave vector 2π/λ. The first step

considers the first transition only (here ωc) which must equal the resonant

frequency ω0, this is rearranged to give an expression for kv. The second
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step includes the first three transitions which also must be equal to ω0. By

substituting in for kv the expression simplifies to reveal that this process

occurs at a laser frequency of ωc = ω0 − ωm/2. This process occurs for each

sideband of the pump beam. The three constituent waves and order of mixing

dictates which probe sideband is created. The phase of the generated probe

sideband is the same as the pump sideband that created it. Assuming the

pump beam has sidebands at ωc ± ωm only, four-wave mixing occurs at just

four specific laser frequencies ω0 ± ωm and ω0 ± ωm/2. These four specific

cases of modulation transfer are presented in figure 3.5.
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Figure 3.5: Transitions between two energy levels for the four cases of mod-

ulation transfer for a pump beam with sidebands at ωc ± ωm. The three

constituent waves and the order of mixing dictates which probe sideband is

made. The phase of the generated sideband is the same as that of the pump

sideband that formed it.

After passing through the vapour cell the probe beam is incident on a fast

photodiode. The probe sidebands generated in the vapour beat with the

probe beam carrier to produce alternating signals at the modulation fre-

quency ωm. This beat signal is of the form

S(ωm) =
Cm√

Γ2 + ω2
m

∞∑
n=−∞

Jn(δ)Jn−1(δ)

×[(L(n+1)/2 + L(n−2)/2)cos(ωmt+ φ)

+(D(n+1)/2 +D(n−2)/2)sin(ωmt+ φ)], (3.2)

where

Ln =
Γ2

Γ2 + (∆− nωm)2
, (3.3)

and

Dn =
Γ(∆− nωm)

Γ2 + (∆− nωm)2
. (3.4)
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Here Γ is the natural linewidth, ∆ is the frequency detuning from line centre

and φ is the detector phase with respect to the modulation field applied

to the pump laser. The constant Cm represents all the other properties of

the medium and the probe beam that are independent of the parameters

described above. If we assume that δ < 1 and consider only the first order

sidebands then equation 3.2 is simplified to

S(ωm) =
Cm√

Γ2 + ω2
m

J0(δ)J1(δ)

×[(L−1 − L−1/2 + L1/2 − L1)cos(ωmt+ φ)

+(D1 −D1/2 −D−1/2 +D−1)sin(ωmt+ φ)]. (3.5)

In equations 3.2 and 3.5 the sine term represents the quadrature component

of the signal and the cosine term the in-phase component of the signal. Using

a phase-sensitive detection scheme (figure 3.6), it is possible to recover the ab-

sorption and dispersion components of the sub-Doppler resonance by setting

the phase of the reference signal to select either the in-phase or quadrature

signal component, respectively [142]. For laser locking the maximum peak

to peak amplitude is desired. This does not occur when the detector phase

is set solely for the quadrature or in-phase signal components. In general a

mix of the two components is required to produce the maximum signal [147].

The strongest modulation transfer signals are observed for closed transitions;

here four-wave mixing is very efficient as atoms cannot relax into other ground

states. Modulation transfer signals are observed for open transitions but here

four-wave mixing is improbable. Typical peak to peak amplitudes of signals

for open transitions are ∼ 10 times smaller than those for closed transitions,

see figure 3.10. This makes modulation transfer spectroscopy signals ideal

for locking to the closed cooling transitions. To produce large error signals to

lock to the open repump transitions the technique of frequency modulation

(FM) spectroscopy is employed.

As modulation transfer only occurs when the sub-Doppler resonance con-

dition is satisfied the lineshape baseline stability is almost independent of

the residual linear-absorption effect. This leads to a flat, zero background

signal and is one of the major advantages of this technique. The lineshape

baseline stability is therefore independent of changes in absorption due to
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fluctuations in temperature, polarisation and beam intensity. Another ad-

vantage is that the signal zero-crossing always falls on the centre of the

sub-Doppler resonance and is not affected by, for example, magnetic field or

wave plate angle-dependent shifts which upset both DAVLL and polarisation

spectroscopy.

Rb cell

PBS

PBS

From
Laser

��To Etalon

/2

PD2

PD1

Output

Flipper Mirror

EOM
Pump

Probe

Figure 3.6: Schematic diagram of the modulation transfer experimental setup

(PBS = polarising beam splitter, PD = photodiode, EOM = electro-optic

modulator) including the phase sensitive detection scheme used to isolate

and demodulate the beat signal. Telescopes were used to expand the pump

and probe beams. The second photodiode (PD2) can be used to observe

either a saturation absorption spectrum or an FM spectroscopy signal using

the same setup. A flipper mirror was used to send the modulated light to an

etalon to monitor the sidebands applied to the pump beam.

The experimental setup for modulation transfer spectroscopy is shown in

figure 3.6. A low order half-wave plate was set to give the maximum signal

amplitude. For 87Rb this corresponded to a probe (pump) laser power of

1.55(5) mW (1.35(5) mW). Telescopes consisting of 25 mm and 100 mm lenses

increased the size of both the 87Rb pump and probe beams from 1/e2 radii

of 0.53(1) mm to 2.16(6) mm. The probe beam was aligned collinearly with

the counter-propagating pump beam through a 5 cm long room temperature

vapour cell and then detected using a homemade transimpedance amplifier

circuit and a fast photodiode (Hamamatsu S5972) with a responsivity of

2.8 V/mW. The signal from the photodiode was sent to a frequency mixer
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(Mini-Circuits ZAD-1H+) before the output was amplified by a factor of

' 200 and sent through a 16 kHz low-pass active filter. The filter also served

to remove the high frequency signal from the mixer. The modulation signal

from the oscillator (TTi TG120) was set to 20 V peak to peak amplitude

and split (Mini-Circuits ZSC-2-1+) with one part going to the EOM and

the other to the mixer. At each modulation frequency the phase of the

signal was optimised to give the maximum peak to peak amplitude of the

output signal. This was done by altering the coaxial cable length between

the function generator and mixer. A flipper mirror sent the modulated light

into an etalon with a 300 MHz free-spectral range (Coherent 33-6230-001)

and enabled the sideband/carrier ratio to be measured.
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Figure 3.7: (a) Schematic diagram of the home-built EOM setup with (b)

a photograph of the same setup. (c) A simple LCR circuit where L is the

inductance of the inductor, R is the resistance of the inductor and C is the

capacitance of the crystal. (d) By plotting the sideband height as a fraction

of the carrier height it is possible to map out the resonance as a function of

frequency, a Lorentzian fit gives a Q-Factor of 15(1).

The pump beam was phase-modulated using a home-built EOM assembly,

figure 3.7(a). The device uses a lithium niobate (LiNbO3) crystal (supplied

by DÖHRER Elektrooptik). The crystal measures 3 mm wide, 3 mm deep

and 30 mm long. Both 3× 3 mm faces were optically polished to laser finish
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and had a broadband (650-1000 nm) anti-reflection coating applied to them.

The crystal sides (Z-faces) were coated with chrome-gold to form electrodes.

The crystal was mounted between two brass electrodes, using silver paint

to ensure good electrical contact, so that an electric field could be applied

transverse to the optical axis. The crystal and electrodes were then mounted

on a perspex block within an aluminium housing. The crystal was connected

in a simple resonant LCR circuit, figure 3.7 (c), driven by an oscillator in

order to enhance the amplitude of the ac voltage across the crystal. The

resonant frequency of the circuit is ω = 1√
LC

[148], where L is the inductance

of the inductor and C is the parallel plate capacitance of the crystal between

the two electrodes. Figure 3.7 (d) shows a typical resonance at 5.45(1) MHz.

On resonance, the voltage across the crystal is increased with respect to the

voltage applied to the circuit by a factor equal to the Q-factor of the circuit.

FM spectroscopy signals can also be observed using this setup by monitoring

the modulated beam using a fast photodiode and a phase sensitive detection

scheme at the position marked by PD2 in figure 3.6.

Optimisation of Modulation Transfer Lineshapes for Laser Locking

Modulation transfer lineshapes were studied to establish the experimental

parameters that yield the optimum signals for laser locking [143]. As the

frequency stability of any locked laser depends on many parameters, including

the passive stability of the laser design and the performance of the servo

electronics, this study was confined to the behaviour of the amplitude and

gradient of the modulation transfer signal. To obtain the maximum signal

amplitude for each modulation frequency before any optimisation a mix of

the in-phase and quadrature components was used [147].

Figure 3.8 shows data for the 87Rb F = 2 → F
′

= 3 transition with beam

waists of (a) 2.16(6) mm, and (b) 0.53(1) mm, using the telescopes shown

in figure 3.6. Modulation frequencies of 5.45(1), 7.20(1), 10.50(1), 12.35(1),

14.90(1) and 19.80(1) MHz were investigated for both cases. These figures

clearly show that, for the same beam powers, using telescopes to expand

the beams to waists of 2.16(6) mm improves the signal for laser locking.

This improvement follows from the narrower effective sub-Doppler linewidth,
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Figure 3.8: Modulation transfer spectroscopy signals for the
87Rb F = 2→ F

′
= 3 transition as a function of modulation frequency

for beam waists of (a) 2.16(6) mm and (b) 0.53(1) mm. The modulation

frequencies in MHz are 5.45(1) (red), 7.20(1) (orange), 10.50(1) (green),

12.35(1) (blue), 14.90(1) (purple) and 19.80(1) (black). The data were

obtained with a sideband/carrier ratio of 13.2(2)%.

Γ′, in the case where the beam intensity is reduced, which then results in

sharper modulation transfer signals. As the signal also increases with the

total amount of power in the beams, this improvement cannot be achieved

by simply reducing the total power in the setup.

Figure 3.8 (a) shows that as the modulation frequency, ωm, becomes greater

than the effective sub-Doppler linewidth Γ′, a ‘kink’ appears in the locking

slope. If the modulation frequency is increased further this ‘kink’ becomes

more pronounced until eventually the zero crossing gradient changes sign.

Generally the signals shown in figure 3.8 (b), for beam waists of 0.53(1) mm,

do not show this behavior as the effective sub-Doppler linewidth, Γ′, has

been increased due to power broadening. Despite this broadening, a small

decrease in the zero crossing gradient can be seen for the 19.80 MHz signal

as again the modulation frequency ωm, becomes greater than the effective

sub-Doppler linewidth Γ′.

The data of figure 3.9 show the evolution of the signal gradient and am-

plitude for the 87Rb F = 2→ F
′
= 3 transition, (a) and (c) respectively,

and the 85Rb F = 3→ F
′
= 4 transition, (b) and (d) respectively, for dif-
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Figure 3.9: Zero crossing gradients of the modulation transfer signal as a

function of modulation frequency for (a) the 87Rb F = 2 → F
′

= 3 and

(b) the 85Rb F = 3 → F
′

= 4 transitions. Peak to Peak amplitudes of

the modulation transfer signal as a function of the modulation frequency

for (c) the 87Rb F = 2 → F
′

= 3 and (d) the 85Rb F = 3 → F
′

= 4

transitions. Closed and open symbols show data obtained using beam waists

of 2.16(6) mm and 0.53(1) mm respectively.

ferent modulation frequencies. Data sets were taken using beam waists of

2.16(6) mm (closed symbols), and 0.53(1) mm (open symbols) in the setup.

The data show that for beam waists of 0.53(1) mm, as the modulation fre-

quency is increased, the signal gradient decreases and the signal amplitude

increases monotonically. However for beam waists of 2.16(6) mm, as the

modulation frequency increases the signal gradient decreases and reaches ap-

proximately zero when ωm ' 15 MHz for both the 87Rb F = 2→ F
′
= 3

and the 85Rb F = 3→ F
′
= 4 transitions. The data show that for increas-

ing ωm the signal peak to peak amplitude increases to a maximum value at

ωm ' 14 MHz for both transitions and then begins to decrease.
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Using a model based on equation 3.5, the mix of in-phase and quadrature

components to give the signal with maximum amplitude was compared to

the data as a function of the modulation frequency. This analysis gives the

reasonable effective sub-Doppler linewidths of ' 9 MHz and ' 14 MHz for

beam waists of 2.16(6) mm and 0.53(1) mm respectively. These linewidths

are greater than the natural linewidth of Γ = 2π× 6.065(9) MHz [145], most

probably due to power broadening. However, the intensity dependence of

the effective sub-Doppler linewidth in modulation transfer spectroscopy is

not trivial to calculate as the underlying four-wave mixing process cannot be

treated as a simple two level system. For example, for the low modulation

index δ used in this work, the intensity of the sidebands involved in the four-

wave mixing process is greatly reduced compared to the carrier intensity.

Additionally four-wave mixing only occurs at detunings of ω0±ωm/2 and ω0±
ωm, where ω0 is the frequency of the sub-Doppler resonance. This complexity

becomes apparent if the effective sub-Doppler linewidth is calculated using

[149]

Γ′ = Γ

√
1 +

I

Isat

, (3.6)

where I is the beam intensity and Isat is the saturation intensity for linearly

polarized light on the D2 transition in rubidium.

For the intensities used in this experiment, equation 3.6 gives effective sub-

Doppler linewidths of approximately 3Γ (≈ 18 MHz) and 12Γ (≈ 72 MHz) for

beam waists of 2.16(6) mm and 0.53(1) mm respectively. Clearly these values

are in strong disagreement with our observations and indicate that in practice

large intensities can be used for modulation transfer spectroscopy without

increasing the effective sub-Doppler linewidth. The relatively high intensities

used in this investigation are in part an artifact of the low gain of the fast

photodiode used. We should note that another modulation transfer setup in

Durham uses a photodiode with much higher gain and observes comparable

signals to those presented here with beam intensities of the order of Isat.

Interestingly, these signals still show the dominance of closed transitions as

this is an artifact of the four-wave mixing process.

Optimum locking signals are produced when telescopes are used in the modu-

lation transfer spectroscopy setups for both species. The modulation frequen-
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cies are set to 5.17(1) MHz and 6.26(2) MHz for 87Rb and 133Cs respectively

to provide locking signals with large gradients and large amplitudes. By ex-

panding the beams the signal gradient can be increased by up to a factor of

∼ 3 and the peak to peak amplitude increased by up to a factor of ∼ 2 for

both species.

3.4.2 Frequency Modulation Spectroscopy

In frequency modulation (FM) spectroscopy the roles of the probe and pump

beams are reversed when compared to modulation transfer spectroscopy. In

FM spectroscopy a weak probe beam is phase-modulated using an EOM and

overlapped with an intense unmodulated counter-propagating pump beam in

an atomic vapour cell before being detected. FM spectra can be observed by

placing a phase-sensitive detection scheme at the position of PD2 in figure 3.6.

When the modulated probe is incident on a fast photodiode each sideband

beats with the carrier at the modulation frequency, ωm. For pure FM light

(equation 3.1) the two beat signals are equal but of opposite phase and

therefore cancel exactly. However, the atomic medium can upset this perfect

cancellation by altering the amplitude or phase of one of the sidebands as

the light probes an atomic transition and give rise to an FM signal.

Consider an atomic sample with length L, a refractive index n(ω) and inten-

sity absorption coefficient α(ω). For the case of a small modulation index

(δ < 1) and weak absorption the intensity of the probe beam at the detector

is given by

I(t) =
cE2

0

8π
e−2ζoJ0(δ)×[

J0(δ) + J1(δ)(ζ−1 − ζ1)cosωmt + J1(δ)(φ1 − 2φ0 + φ−1)sinωmt
]

(3.7)

where ζj = αjL/2 defines the amplitude attenuation, φj = njL(ωc + jωm)/c

describes the optical phase shift experienced by each component and j =

0,±1 denotes the components at ωc and ωc ± ωm [150]. The electrical signal

from the photodiode is proportional to the intensity I(t) and will contain

a beat signal at ωm if ζ−1 − ζ1 6= 0 or φ1 − 2φ0 + φ−1 6= 0. Similar to

equations 3.2 and 3.5 for modulation transfer spectroscopy the cosωmt and

sinωmt components of the signal described by equation 3.7 are proportional

to the absorption and dispersion induced by the spectral feature respectively.
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The exact form of the FM spectroscopy signal depends on the lineshape of the

absorption feature being probed. If the feature has a Lorentzian lineshape

and we consider only the first order sidebands the resulting beat signal as

the carrier frequency is scanned across the atomic resonance is given by

S(ωm) =
Am√

Γ2 + ω2
m

J0(δ)J1(δ)

×[(L−1 − L1)cos(ωmt+ φ)

+(D1 − 2D0 +D−1)sin(ωmt+ φ)]. (3.8)

Here Ln and Dn are defined by equations 3.3 and 3.4 respectively and the

constant Am represents properties of the probe and medium independent of

the other parameters in the equation. Similar to modulation transfer signals,

the FM lineshapes described by equation 3.8 depend critically on the ratio of

the modulation frequency to the linewidth of the spectral feature. By altering

the signal phase at the frequency mixer, φ, the beat signal can be tailored to

consist of only the absorption or dispersion component or a mixture of both

signals.

3.4.3 Comparing modulation transfer spectroscopy with

FM spectroscopy

Figures 3.10 (a), (b) and (c) show a modulation transfer signal, an FM signal

and a saturated absorption/hyperfine pumping spectroscopy signal respec-

tively for the 87Rb F = 2 → F
′

and 85Rb F = 3 → F
′

transitions. These

figures highlight the differences between modulation transfer spectroscopy

and FM spectroscopy. The modulation transfer signal has a very flat, zero

background signal. This is due to modulation transfer only taking place when

the sub-Doppler resonance condition is satisfied. In contrast to this, the FM

signal is observed on a sloping background, approximating to the derivative

of the Doppler-broadened absorption profile. Usually, a second stage of de-

modulation is employed in FM spectroscopy to remove this background by

amplitude modulating the pump beam. The modulation transfer signal has

only one strong zero crossing for each transition, with the strongest signal

always corresponding to the closed transition. This can be advantageous,
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Figure 3.10: A comparison between (a) modulation transfer spectroscopy and

(b) FM spectroscopy for the 87Rb F = 2→ F
′

and 85Rb F = 3→ F
′

transi-

tions at a modulation frequency of 12.35 MHz. (c) The reference saturated

absorption/hyperfine pumping spectroscopy signal with the Doppler back-

ground removed is included for completeness. A 10 point moving average

has been applied to the data [143].

particularly in the case where there are many closely spaced hyperfine tran-

sitions, such as the 85Rb F = 2→ F
′

transitions [143]. In contrast, the FM

signal displays the same number of lines as the standard saturated absorp-

tion/hyperfine pumping spectroscopy signal. This can be an advantage when

one wants to lock away from a closed transition such as when locking to a

repump transition for laser cooling.

3.5 Slave Laser Setup

The simple design of the slave lasers consists of a laser diode in a collimation

tube (Thorlabs LT230P-B) mounted in a temperature stabilised aluminium

block. The temperature stability of these lasers was increased by approx-

imately doubling the volume of this aluminium block compared to the old

design used in [94]. Each slave laser is frequency stabilised by injecting the

laser diode with ' 200 µW of light from the locked master laser. This injec-

tion light is double passed through an AOM to allow independent frequency
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Figure 3.11: Schematic of the 133Cs slave laser setup. Light from the master

laser is double passed through AOM6 and aligned into one end of an optical

fibre (dashed blue lines). The majority of light from the slave laser (solid red

lines) is sent to the pyramid MOT, however ' 3% leaks through the PBS.

By optimising the transmission of the leaked slave light through the fibre the

alignment and beam size of the injection light from the master laser into the

slave laser diode are automatically optimised. The 87Rb slave laser setup is

similar.

control of the pyramid cooling light (figure 3.2). In the previous optical

setup the slave injection light was aligned by simply using two mirrors. In

this setup a significant improvement of the slave laser stability and scan

range was achieved by overlapping the injection light and leaked slave light

in an optical fibre from opposite ends. This new setup is presented in figure

3.11. By simply optimising the transmission of the leaked slave light into the

optical fibre using a telescope the alignment and beam size of the injection

light into the slave laser diode is automatically optimised.

This setup decouples the slave injection and the pointing stability from the

AOM. Changes in the beam pointing will vary the amount of injection light

transmitted through the fibre, however this is easily corrected by changing

the amount of RF power to AOM6. About 1 mW of the slave laser light

is picked off and analysed using a home-made confocal etalon and Doppler

spectroscopy. When the injection light alignment is optimised the slave lasers

can scan up to ' 4 GHz.
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3.6 Magnetic and RF Coils

Throughout the experimental sequence various types of copper coils are used

to apply magnetic and RF fields to trap, cool and prepare the spin states of

the atomic mixture. Homogeneous magnetic bias fields and magnetic field

gradients are generated using a manifold of coils mounted in a coil assembly

which has replaced the Ioffe-Pritchard ‘baseball’ magnetic trap [93, 94]. The

necessary RF fields are applied from several smaller coils mounted at various

positions around the cell.

3.6.1 Magnetic Field Coils

Magnetic field coil pairs were wound from square cross-section copper tubing

using the method presented in [94]. These coils were secured with epoxy resin

into a Tufnol epoxy glass mount (grade 10G/40) to form the coil assembly

and centred around the glass cell. The coil assembly contains three coil pairs

in the Helmholtz configuration and two pairs of coils in the anti-Helmholtz

configuration. Coils in the Helmholtz configuration carry current in the same

sense and produce the most uniform bias fields. This occurs when the coil pair

axial separation equals the coil radius (S = R). Anti-Helmholtz coil pairs

carry currents in the opposite sense and create the most uniform magnetic

field gradients when S =
√

3R.

A cross-section through the coil assembly is presented in figure 3.12 (a). The

dotted (dashed) lines in figure 3.12 mark the Helmholtz (anti-Helmholtz)

condition. The coil dimensions are given in appendix C. The coils are wa-

ter cooled using a barrier cooler which pumps distilled water through each

individual coil. This allows currents exceeding 400 A to be applied with

no adverse heating effects and enables tight magnetic confinement and large

bias fields to be applied to the ultracold mixture. The coils Bias 1 and Bias

2 are connected in series to produce large bias fields. The largest bias field

recorded using this setup is 1157(1) G for 425 A through Bias 1 and Bias 2

with 11.78(5) V across the coils. This field can only be applied for short times

(< 10 s) to avoid excessive heating of the coils. Here the power dissipated

in the coils is ' 5 kW while the maximum power dissipation of the barrier
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Figure 3.12: The coil assembly centred around the glass cell. (a) A cross-

section through the assembly shows three Helmholtz coil pairs (Bias 1 - 3) and

two anti-Helmholtz coil pairs (Quad 1, 2). The dotted (dashed) lines mark

the Helmholtz (anti-Helmholtz) condition. The coil arrangement presented

in (b) and (c) offers maximum optical access to the glass cell. Each coil

consists of multiple turns of square cross-section copper tubing and is glued

into a circular recess machined into the Tufnol mount.

cooler is just 2 kW! Bias 3 is used to make small fast (∼ 1 ms) changes to

the bias field as each coil consists of just two turns of wire. The Quad 1 coils

produce the trapping magnetic quadrupole potential used in this experiment

while Quad 2 provides the magnetic field gradient for the science MOT.

When designing the coils the field from each coil pair was modelled using a

Mathematica code that summed the field contribution from each individual

wire turn. Before centering the assembly around the glass cell the axial mag-

netic field for each coil pair was characterised for a 100 A current by axially

translating a calibrated Hall probe. Tables 3.2 and 3.3 present the target

design and measured magnetic field properties of the Helmholtz and anti-
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Bias Field (G/A) Field Curvature (G/cm2/A)

Coil Target Design Measured Target Design Measured

Bias 1 0.913 0.913(2) 0.001 0.003(1)

Bias 2 1.830 1.848(3) 0.0005 0.0011(6)

Bias 3 0.245 0.261(2) 0.0028 0.0032(2)

Table 3.2: Theoretical and measured magnetic field properties for the

Helmholtz coils in the assembly.

Field Gradient (G/cm/A) Third Derivative (G/cm3/A)

Coil Target Design Measured Target Design Measured

Quad 1 0.966 1.001(7) 0.001 0.005(8)

Quad 2 0.105 0.106(9) 0.001 0.003(2)

Table 3.3: Theoretical and measured magnetic field properties for the anti-

Helmholtz coils in the assembly.

Helmholtz coils respectively. This good agreement between the desired and

real properties of the coil pairs in these comparisons reveals that the results of

our coil winding process can be accurately predicted. Figure 3.12 (a) shows

that the Bias 3 coil pair does not lie in the optimum Helmholtz configuration.

The Bias 3 coils were positioned closer to the cell to allow magnetic transport

coils with an inner separation of 8.6 cm [151] to be used with this assembly

in future experiments. If this change is implemented the Quad 2 coils and

outer mount layers will be removed. Despite the non-optimal position the

curvature of the Bias 3 magnetic field is just 0.0032(2) G/cm2/A.

In addition to the coil assembly three pairs of magnetic shim coils described

in [94] produce bias fields which allow fine tuning of the magnetic field zero

position in three dimensions in the glass cell. Also a single coil consisting

of 16 turns of 0.71 mm diameter wire was wound and secured on top of the

assembly 46 mm away from the centre of the cell. The current in this coil

can be switched on or off in just 600 µs and it is used to generate a ∼ 3 G

field during the optical pumping stage.
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3.6.2 RF Coils

To evaporatively cool and prepare the atomic mixture into specific magnetic

spin states RF is applied to the ultracold mixture at various experimental

phases via two new coils wound from 0.71 mm diameter copper wire. To

evaporatively cool the atoms an oscillating voltage is applied to a 36×45 mm

rectangular coil consisting of 2 turns positioned in the plane of the cell 20 mm

from its south face (see the compass defined on figure 3.13). A 10 Ω high

power (3 W) resistor is connected in series with this coil. The RF coil used

for adiabatic rapid passage (section 5.6) is a 3 turn 26 mm square coil located

in the plane of the cell 45 mm away from the east face of the cell. The coil

was connected in parallel with a 22 nF capacitor to create an LCR circuit

with a resonant frequency at a desired value of ' 1.5 MHz. This allows a

maximum RF power to be applied to the atoms for efficient transfer without

the need for costly high power amplifiers.

3.7 Double MOT System

Ultracold atomic mixtures of 87Rb and 133Cs are collected in a UHV glass

cell using a two-species 6 beam MOT. This is fed from a two-species pyramid

MOT. The vacuum apparatus used in the double MOT system is described

elsewhere [93, 94]. To integrate the optical dipole trap into the setup the

alignment of the double MOT apparatus has changed significantly. The

double MOT setup is shown in figure 3.13.

3.7.1 Pyramid MOT

The pyramid MOT provides a robust and compact ultracold atom source

and has been used effectively in both single and two-species experiments

[152, 153]. The inverted pyramid mirror is truncated at the apex to leave an

aperture ' 2.4×3.0 mm. By aligning a single circularly polarised beam onto

the mirror assembly three orthogonal beam pairs with the polarisations of a

standard 6 beam MOT are generated. This allows the two-species pyramid

MOT to be operated by simply aligning a single beam comprised of cooling
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Figure 3.13: Schematic view of the double MOT system. The pyramid MOT

uses a single beam containing cooling and repump light for both species

and feeds the two-species science MOT in the UHV glass cell. Independent
87Rb (red) and 133Cs (blue) science MOT beams containing both cooling

and repump light are brought up to the horizontal plane of the cell using

periscopes. The purple squares show where the combined up/down MOT

beams pass through this plane. The MOT fluorescence for both species is

detected using a dichroic mirror and large area photodiodes. A probe beam

containing light for both species is used for absorption imaging onto a CCD

camera.

and repump light for both 87Rb and 133Cs.

Light from the pyramid MOT fibre contains 48.2(1) mW (34.0(1) mW) of
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cooling light and 3.6(1) mW (3.4(1) mW) of repump light for 87Rb (133Cs).

The light is collimated to a 1/e2 radius of 3.5(1) mm (using a Thorlabs

F810APC-780 collimator) and passes through an achromatic λ/4 plate (Casix

WPA1212-700-1000nm). A telescope consisting of lenses with -30 mm and

140 mm focal lengths expands the beam by a factor of ' 5 before the light

is reflected by a 100 mm diameter mirror, through an AR coated viewport,

and is incident on the pyramid. A pair of water-cooled anti-Helmholtz coils

produce the required magnetic quadrupole field of 7.8(1) G/cm. Two shim

coils are used to adjust the position of the B-field zero and hence the centre of

the pyramid MOT in the N-S and E-W directions. By positioning the MOT

centre directly over the hole in the pyramid apex the absence of a retro-

reflected axial MOT beam results in an optical pressure imbalance. This

radiation pressure causes atoms to be pushed from the pyramid chamber into

the UHV glass cell to be collected by the science MOT. The optimisation of

the pyramid MOT is presented in section 4.1.

The flux of 87Rb and 133Cs atoms from the pyramid MOT is controlled via the

current sent to the alkali metal dispenser for each species. Typically the 87Rb

(133Cs) dispenser was run at 3.2 A (2.5 A). The flux of atoms has a velocity of

' 10 m/s [152] and travels 36 cm to the science MOT. To maximise the flux

and account for the atoms falling under gravity during this transit time the

pyramid MOT beam is angled upwards at ' 1◦ to the horizontal. This was

done by aligning the beam from the 100 mm diameter mirror such that the

light passing through the pyramid aperture hit the south face of the cell 7 mm

above the cell centre. This also ensured that the light transmitted through

the pyramid aperture did not contribute optical pressure to the science MOT.

3.7.2 Science MOT

The two-species science MOT is located at the centre of the UHV glass cell

and collects the flux of ultracold 87Rb and 133Cs atoms from the pyramid

MOT. The output light from the 87Rb (133Cs) science MOT fibre contains

38.5 mW (31.0 mW) of cooling and 5.01 mW (3.2 mW) of repump light.

The light from both fibres is collimated to 1/e2 radii of 3.5(1) mm using

commercial collimators (Thorlabs F810APC-780 and F810APC-842 for 87Rb
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and 133Cs respectively). Telescopes made of 80 mm and 125 mm focal length

lenses expand the beams by a factor of ' 1.6. The light for both species is

split using species specific cemented zero order half waveplates with 20 mm

square polarising beam-splitter (PBS) cubes. One third of the light from

each fibre is combined on a non-polarising beam splitter cube to produce two

linearly polarised beams containing light at 780 nm and 852 nm. These com-

bined beams form the up-down MOT beams and counter-propagate at 4◦ to

the vertical axis. A true zero order quarter waveplate for 87Rb (133Cs) pro-

duces the required circular polarisation for the up (down) MOT beam. The

remaining two thirds of the light is split into two pairs of counter-propagating

beams for each species. These horizontal MOT beams for 87Rb (133Cs) are

aligned with respect to the N-S axis at angles of −46.9(5)◦ and +43.1(5)◦

(−41.3(5)◦ and +48.7(5)◦). The separate horizontal MOT beams for each

species allows both MOTs to be independently optimised via the polarisa-

tion, alignment and intensity of each beam.

The 133Cs beam powers and polarisations were set to separate the 87Rb and
133Cs MOT centres by ∼ 2 mm to avoid the light-assisted interspecies inelas-

tic collisions observed between the two overlapped MOTs [154]. This allowed

the unsuppressed loading of both MOTs without implementing the displaced

MOT technique before overlapping both species in the CMOT phase. The

anti-Helmholtz coil pair Quad 2 produced the 10.3(1) G/cm magnetic field

gradient required for the MOT. The science MOT shim coils were used to

locate both MOTs into an optimum loading position. The optimisation of

the science MOT is presented in section 4.2. Typically up to 3 × 108 87Rb

atoms are loaded into the science MOT in 30 s. The number of 133Cs atoms

loaded is controlled and stabilised to be between 5 × 105 and 3 × 108 by

monitoring the science MOT fluorescence and actively controlling the 133Cs

repump light level via the RF amplitude sent to AOM5. The 133Cs science

MOT servo is presented and discussed in section 3.9.3.

3.8 The Hybrid Trap

The ‘hybrid’ trapping potentials used in this experiment consist of the sum of

magnetic, optical and gravitational components. Hybrid traps have been suc-
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cessfully demonstrated in several experiments [4, 83, 133, 155] and combine

the advantages of quadrupole and optical traps while avoiding their individ-

ual weaknesses. The optical component of our trapping potentials consists of

two 1550 nm beams derived from a 30 W fibre laser (IPG ELR-30-LP-SF).

3.8.1 Dipole Trap Setup

The beam output from the fibre laser head has a waist of 0.55(1) mm and

a Rayleigh range of 650(20) mm. A telescope consisting of -50 mm and

100 mm singlet lenses (Thorlabs LA1509-C-BK7 and LC1715-C-N-BK7 re-

spectively) increases the beam sizes at the AOMs to 1/e2 radii of 1.26(1) mm

and 1.23(1) mm for beams 1 and 2 respectively to ensure high diffraction

efficiencies. Half waveplates (Thorlabs WPH502) and PBS cubes (Linos

G335756000) are used to clean the output polarisation and split the light

into two beams of equal power. Typically each beam contains ' 13 W before

the AOM. Six steering mirrors (Linos G340773000) and used to guide the

light around the setup. Home made beam dumps constructed from anodised

stainless steel block the transmitted zero order beams from the AOMs and

the dipole beams after they have passed through the glass cell, see figure

3.14. Operating with such high powers needs a clean environment as optical

components are easily damaged by dust particles being burned onto them.

Damaged optics can change the Gaussian beam profiles and modify the shape

of the optical potential. To avoid these unwanted changes all optical surfaces

exposed to the high power dipole beams are thoroughly cleaned at least once

a week.

AOMs are used to servomechanically stabilise and vary the power in the

dipole beams. Each beam passes through a water cooled Isomet AOM

(M1135-T50L-3) driven by a water cooled 50 MHz 7 W Isomet fixed fre-

quency driver-amplifier (531B-7-50) with a diffraction efficiency of 82(1) %.

To protect the AOM driver a home-made circuit limits the maximum applied

control voltage to 1 V. During the initial evaporative cooling stages in the

dipole trap the amount of RF power to the AOMs is reduced to decrease

the amount of light diffracted into the first order beams. This change causes

some displacement of the first order beam from each AOM. Investigations of
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the pointing stability after the AOMs reveal that for a ∆Vcontrol = 1 V change

the deflection angle is 63(9) µrad which corresponds to a shift of 7(1) µm of

each beam waist at the centre of the glass cell.

Pointing instabilities could be reduced by using the AOM in the ‘double pass’

configuration. Here single passed light is sent back through the AOM and

receives a second deflection in the opposite direction resulting in zero total

deflection. This method has been used in other experiments to reduce dipole

trap beam deflections by a factor of 6 to 400 µrad [156]. A second method to

improve the beam pointing stability during intensity ramps delivers a second

RF frequency to the AOM. As the power of the first main RF frequency is

reduced the power of a second frequency is increased to keep the total power

delivered to the AOM crystal constant. This technique can reduce deflection

angles from AOMs by a factor of 10 to 30 µrad [157].

The AOMs used in this work produce small deflection angles and total de-

flections of just ' 11 % of the beam waists at the trap centre. Due to this it

was deemed unnecessary to implement a corrective technique to reduce the

beam deflection further.

The servo circuit used to stabilise and control each dipole beam is shown

in figure D.1 in appendix D. A photodiode (Thorlabs FGA10) monitors the

power in each beam and provides feedback to the servo circuit (II/P in figure

D.1). To ensure that the photodiodes are not saturated at full power a beam

sampler (Thorlabs BSF-10-C1) and neutral density filters (Comar 40 GN 12)

are used. The servo photodiode for beam 1 is positioned after the glass cell

whereas the servo photodiode for beam 2 is positioned before the glass cell.

This configuration allows small adjustments to the alignment of beam 2 to be

made when optimising the crossed dipole trap alignment without misaligning

the beam 2 servo photodiode.

Dipole beams 1 and 2 are focussed using 200 mm focal length doublet lenses

(Thorlabs AC254-200-C) to waists of 65(4) µm and 61(1) µm respectively.

These lenses are mounted in translating mounts (Thorlabs LM05XY) which

greatly facilitate the fine tuning of the alignment of each dipole beam in the

y and z-directions (see figures 3.14 and 5.3).

Due to the difference in the polarisabilities of 87Rb and 133Cs at 1550 nm
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[158], the optical potential is ∼ 1.4× deeper for 133Cs than 87Rb and is

therefore suitable for the sympathetic cooling of 133Cs. The crossed dipole

trap setup is shown in figure 3.14. To limit Majorana losses during and after

the transfer into the hybrid potential both dipole beams were aligned to be '
80 µm below the centre of the unbiased quadrupole potential. The character

of the hybrid potential depends on the position with respect to the trap

centre, δ =
√
x2 + y2 + z2, and the vertical offset of the dipole beams below

the centre of the unbiased quadrupole field, z0 (in our setup z0 ' 80 µm).

When δ � z0 the potential is harmonic in nature, however when δ � z0

the potential is linear. The optimised alignment of the two dipole beams is

crucial to the shape and performance of the hybrid potential and is discussed

in section 3.8.3 and chapter 5. In this experiment the versatile hybrid trap
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Figure 3.14: Schematic of the optical dipole trap setup. The fibre laser

output is split into two beams labelled beam 1 (B1) and beam 2 (B2) which

cross at an angle of 22◦. The intensity of each beam is monitored on a

photodiode and servomechanically controlled and stabilised using an AOM.

Mechanical flipper mirrors (Thorlabs MFF001) act as shutters by redirecting

both beams away from the cell. The entire setup is housed in an additional

safety enclosure on the optical table.



Chapter 3. Experimental Apparatus: New Tools and Upgrades 69

is used in two configurations. The ‘loading trap’ is optimised to capture

the 87Rb and 133Cs from the quadrupole trap at the highest possible phase-

space densities while the ‘levitated trap’ is optimised for the final stages of

evaporative cooling.

3.8.2 The Loading Trap

Once Majorana spin-flip losses start to limit the efficiency of any further cool-

ing in the quadrupole trap the atomic mixture is transferred into the loading

trap. The 87Rb and 133Cs atoms in the low field seeking |1,−1〉 and |3,−3〉
states respectively are loaded via elastic collisions by simply reducing the

magnetic field gradient to 29.0 G/cm, just below the 30.5 G/cm (31.1 G/cm)

required to exactly levitate 87Rb (133Cs). This transfer results in a large gain

in phase-space density for both species and is analogous to the use of a dim-

ple potential [12]. Adiabatic expansion of the trap volume cools the cloud in

the quadrupole potential and elastic collisions transfer some atoms into the

tighter harmonic optical potential. The remaining atoms are lost from the

quadrupole trap reservoir, removing energy in the process. When the atomic

mixture is in the |1,−1〉 and |3,−3〉 low field seeking states two hybrid po-

tentials have been used to trap the mixture. One uses a single dipole beam

trap and the other uses the crossed dipole trap.

Single Beam Trap

A single beam hybrid trap is realised by offsetting the centre of the dipole

beam from the field zero of the quadrupole potential [133]. This alignment

avoids Majorana losses in the hybrid potential while the offset quadrupole

field provides axial confinement along the dipole beam. This approach re-

alises three-dimensional confinement without a crossed dipole trap but is

limited to low field seeking states only.

Crossed Dipole Trap

A second dipole beam aligned to cross the single beam trap at 22◦ forms a

crossed dipole trap that can confine all spin-states and allows the magnetic
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Loading U (µK) νx (Hz) νy,z (Hz)
87Rb 180 135 675
133Cs 250 127 635

Table 3.4: Trap depths and axial and radial trap frequencies for the crossed

loading trap. The parameters are for 87Rb (133Cs) atoms in the |1,−1〉
(|3,−3〉) state in a loading potential produced using 6 W in each dipole

beam and a magnetic field gradient of 29 G/cm.

field to become a free parameter. The frequency of each dipole beam is

shifted by ±50 MHz respectively using AOMs to avoid standing wave effects.

When in the |1,−1〉 (|3,−3〉) state for 87Rb (133Cs) respectively the mag-

netic field gradient provides an attractive confining potential that adds to

the existing optical confinement. The essential features of this trapping po-

tential are presented in figure 3.15. Along each beam the hybrid potential is

the sum of the harmonic trap obtained from the offset quadrupole field with

the dimple optical potential superimposed at the centre. In the horizontal

plane, away from the dimple region, the trap potential increases linearly in

all directions to values > 1000 µK. The trap depth is therefore entirely de-

termined by the potential in the vertical z-direction and is nearly constant

on the lower side of the trap due to the near cancellation of gravity. On the

upper side of the trap a potential gradient of ∼ 2g exists due to the addi-

tion of gravitational and magnetic potentials. Hot atoms are lost vertically

downwards in the direction with the lowest trap depth. The trap depths and

axial and radial trap frequencies for the crossed loading trap are summarised

in table 3.4.

3.8.3 The Levitated Trap

At the heart of our experiment is the levitated crossed dipole trap, it is in

this potential that the majority of our experiments are performed (figure

3.16). To transform the hybrid potential into the levitated trap a bias field

of +22.4 G offsets the quadrupole field zero position to below the crossed

dipole trap such that high field seeking states are levitated. In addition
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Figure 3.15: The loading trap potential shown for 87Rb atoms in |1,−1〉.
The power of both beams is 6 W and the magnetic field gradient is 29 G/cm.

Contour plots of the trap potential in (a) x−y plane intersecting the potential

minimum and (b) the x−z plane, see axes labels on figure 3.14. Cross-sections

through the potential minimum along one of the beams (c) and vertically (d).

The crossed dipole trap is positioned ' 80 µm below the field zero of the

quadrupole potential resulting in additional magnetic harmonic confinement

along the beams. The purely magnetic contribution is shown as the dashed

line in (c).

the 87Rb and 133Cs atoms are transferred into the high field seeking |1,+1〉
and |3,+3〉 states respectively via adiabatic rapid passage, see section 5.6.

For these states the magnetic field is anti-trapping and opposes the optical

confinement. This change allows atoms to be evaporated horizontally along

the dipole beams and results in the trap depths decreasing by a factor of 2

for both species. The trap depths and axial and radial trap frequencies for

the initial levitated dipole trap are presented in table 3.5.

It is in this potential that the atomic mixture is cooled to high phase-space

densities via efficient evaporative and sympathetic cooling for 87Rb and 133Cs

respectively. For dipole beam powers . 100 mW the nature of the evapo-

ration surface in the trap can be tuned using the applied magnetic field

gradient. This is highlighted in figure 3.17 which shows how the horizontal

and vertical trap depths vary with the applied magnetic gradient for 87Rb in

the |1,+1〉 state. Here the beam powers are 100 mW and the bias field is
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Figure 3.16: (a) Geometry of the levitated crossed dipole trap. (b-d) Typical

trapping potential employed towards the end of the evaporation sequence (the

power of both beams is ' 100 mW, the magnetic field gradient is 35 G/cm

and the bias field is 22.4 G). The contour plot in (b) shows the potential for
87Rb in the |1,+1〉 state. The cut along z in (d) highlights the tilting of the

trap.

+22.4 G. This figure shows that the trap depth along the beam, which is the

shallowest part of the potential in the horizontal plane, is almost constant as

the magnetic gradient is changed. In contrast, the vertical trap depth varies

greatly and may be tuned to be greater or less than the horizontal trap

depth using the magnetic field gradient. In this manner the figure is split

into two regions with an approximate crossover gradient for this example at

37 G/cm. The practicality of the levitated trap stems from the existence of

both regions.

For gradients less than the crossover gradient evaporation occurs horizon-

Levitated U (µK) νx (Hz) νy,z (Hz)
87Rb 90 132 675
133Cs 125 124 635

Table 3.5: Trap depths and axial and radial trap frequencies for the initial

levitated trap. The parameters are for 87Rb (133Cs) atoms in the |1,+1〉
(|3,+3〉) state in a levitated potential produced using 6 W in each dipole

beam, a magnetic field gradient of 29 G/cm and a bias field of 22.4 G.
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tally along the beams and can be achieved by decreasing the beam powers.

This method also results in a decrease in the trap frequencies and hence the

collision rate. This is detrimental to evaporative cooling although it is use-

ful in circumstances where three-body loss rates are high, this is discussed

in chapter 6. For gradients greater than the crossover gradient evaporation

occurs in the vertical direction due to the lower trap depth (figure 3.17 (c)).

This occurs because as the gradient is increased gravity is over compensated

and the residual force (magnetic minus gravity) eventually overcomes the

downwards confinement of the optical potential. The hot atoms then escape

upwards; this effect is referred to as ‘trap-tilting’ [83] and allows the trap

depth to be reduced while leaving the trap frequencies largely unchanged. In

this region evaporation can be performed by either reducing the beam powers

or by increasing the magnetic field gradient. Figure 3.16 (b) and (c) show

horizontal and vertical cuts respectively through the levitated trap potential

for 87Rb in the |1,+1〉 state. Here two values of the gradient are plotted,

one at 30.5 G/cm, exactly levitating the trap (dashed line) and the other at

38.0 G/cm, tilting the trap (solid line).

When perfectly aligned the untilted, levitated trap is almost symmetric about

the potential minimum as the magnetic and gravitational forces cancel on ei-

ther side of the dipole potential. However, if misalignment results in the

crossed dipole trap not being directly below the unbiased field zero of the

quadrupole trap the symmetry in the horizontal plane is broken. The re-

sulting offset in the optical and magnetic potentials means that the levitated

trap depth is now lowest along just two of the four beams. This significantly

reduces the evaporation surface and is undesirable for efficient evaporative

cooling. The alignment of the dipole beams is presented in chapter 5.

3.9 Diagnostics

To probe and measure the properties of 87Rb and 133Cs atoms this experiment

employs various complementary methods described in detail below. Briefly,

absorption imaging measures the atom number and provides information on

the spatial distribution of the atomic cloud. However such probing destroys

the atomic sample and requires many iterative experimental runs to be per-
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Figure 3.17: Tuning the depth of the levitated crossed dipole trap using

the applied magnetic field gradient. (a) The trap depths for 87Rb atoms in

the |1,+1〉 state along the beams (open red circles) and in the z-direction

(closed black triangles) as a function of the magnetic field gradient. Each

beam contains 100 mW and the bias field is 22.4 G. Cross-sections through

the potential minimum (b) along one of the beams and (c) vertically are

shown for the levitated (dashed) and tilted (solid) potentials indicated.

formed. In contrast, fluorescence detection is a non-destructive technique

which allows the atom number to be continuously monitored. In addition

to these two methods a magnetic field gradient applied during a time-of-

flight can be used to perform Stern-Gerlach separation of different magnetic

sublevels.

3.9.1 Absorption Imaging

To probe the 87Rb - 133Cs mixture the trap is switched off and resonant

absorption images are captured for both species in a single iteration of the

experiment using a frame transfer CCD camera (Andor iXon 885) [154]. The

two-species absorption imaging scheme is described in detail in [93].
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In brief a±2.7(1) G field is switched on along the N-S axis such that the circu-

larly polarised probe beam drives either σ+ or σ− transitions into a stretched

state, e.g. σ− transitions into |1,−1〉 for 87Rb. Once in the stretched state the

atoms continuously absorb the probe light creating a shadow in the imaged

laser beam profile allowing properties such as atom number, temperature

and density to be calculated. For each field direction the sign of the probe

detuning must be reversed to account for the Zeeman shift and ensure that

the probe light remains on resonance.

Absorption imaging can detect atoms in both hyperfine ground states by

firing a 0.1 ms pulse of repump light before the probe pulse. An absence

of the repump pulse results in just the upper hyperfine ground state being

probed. The probe beam intensities are set to Iprobe ' 0.1Isat for both

species to ensure that intensity fluctuations do not have a large effect on the

measured peak absorption.

To measure the properties of an atom cloud via absorption imaging three

10 µs probe pulses are recorded in quick succession. The three images consist

of

I1 = Probe beam + Atoms + Background,

I2 = Probe beam + Background,

I3 = Background only,

and are used to calculate the optical depth (OD) measured on each camera

pixel according to

OD = ln

(
I2 − I3

I1 − I3

)
. (3.9)

By fitting a Gaussian profile to the optical depth distribution the e−1/2 widths

of the cloud in the image plane (σx and σz) can be measured. The peak

optical depth (ODpk) occurs at the centre of the atom cloud (x = z = 0) and

can be combined with the clouds widths in the image plane to calculate the

atom number using

N =
4π2ODpkσxσz

3λ2
. (3.10)
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The derivation of this equation is presented in appendix B. From the total

nuber of trapped atoms, the peak number density is calculated as

npk = Nωxωyωz

(
m

2πkBT

)3/2

. (3.11)

As the optical depth distributions along the imaged axes are equal to the

number density distributions (σx and σz) the temperature of the atom cloud

along these imaged axes is given by

Tx,z =
mω2

x,zσ
2
x,z

kB

, (3.12)

This equation allows the axial and radial temperatures in the levitated

crossed dipole trap to be measured by taking one absorption imaging se-

quence provided that the axial and radial trap frequencies are known. If

the trap frequencies are unknown multiple absorption images recorded af-

ter different times-of-flight can measure the cloud expansion and be used to

calculate the axial and radial temperatures using equation 2.48.

When imaging a stretched state with the ‘wrong’ polarisation of light, e.g.

σ− transitions for atoms initially in the |1,+1〉 state for 87Rb, closed tran-

sitions are not initially driven. Here, after the repump pulse transfers the

atoms into the F = 2 ground state, the probe light needs to pump the

atoms across a maximum of five transitions into the closed transition of

|F = 2,mF = −2〉 → |F ′ = 3,mF ′ = −3〉. In this case the relative strength of

the weakest transition (|2,+2〉 → |3,+1〉) is 1/15 of the strongest transition

(|2,−2〉 → |3,−3〉) [1]. In contrast to this case when imaging atoms in |1,−1〉
state the probe light only needs to drive a maximum of three σ− transitions

into the closed transition. Here the relative strength of the weakest transition

(|2, 0〉 → |3,−1〉) is 2/5 of the strongest transition (|2,−2〉 → |3,−3〉) [1].

This example shows that to accurately image atoms in a stretched state with

the ‘wrong’ polarisation requires more numerous and less probable transi-

tions. For identical 10 µs pulse lengths this results in a ∼ 5 % lower optical

depth being measured as shown in the absorption images of figure 5.8. In

addition to the changing transition strengths the different Landé g-factors of

the ground and excited states result in the resonance frequencies of neigh-

boring transitions differing by 0.63(2) MHz (0.57(2) MHz) for 87Rb (133Cs)

at a field of 2.7(1) G.
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3.9.2 Fluorescence Detection

Fluorescence detection of the MOT light for each species allows the number

of atoms loaded into the MOT to be monitored and calculated. This nonde-

structive diagnostic tool is useful during optimisation and in monitoring the

performance of the apparatus. A 28 mm diameter 80 mm focal length lens

captures a fraction of the solid angle of the MOT fluorescence and focuses the

light onto a pair of large area photodiodes (Thorlabs DET36A). A dichroic

beam splitter allows the fluorescence from the 87Rb and 133Cs MOTs to be

measured simultaneously. The light induced current from each photodiode

produces a voltage across a 1 MΩ oscilloscope input resistance which is di-

rectly proportional to the atom number. The constant of proportionality

used to calculate the atom number from the fluorescence voltage is discussed

in appendix B.

Figure 3.18: A comparison between the 87Rb atom number measured in the

magnetic trap via fluorescence detection and absorption imaging for identical

fluorescence voltages loaded into the MOT. A linear fit to the data gives

NAI = 1.38(4)×NFluor. − 2(3)× 106.

Figure 3.18 shows a comparison between the 87Rb atom number loaded into

the magnetic trap measured via fluorescence detection and absorption imag-

ing. The atom number was measured using fluorescence detection by recap-

turing the atoms from the magnetic trap into the MOT. This method assumes

that the MOT recapture is 100% efficient. These data show that fluorescence
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detection can approximate the real atom number to within ' 40% and is a

useful nondestructive diagnostic tool. By using fluorescence detection and

recapturing atoms in the science MOT after various stages of the experiment

relative atom numbers can be accurately measured.

3.9.3 Selective control of the 133Cs MOT number

The fluorescence signal from the 133Cs science MOT is monitored using a

large area photodiode and used to servo the number of 133Cs atoms loaded.

A PI servo circuit [159], shown in figure D.2, is used to stabilise the 133Cs

science MOT atom number and can selectively control the number between

5×105 and 3×108 atoms. The control output of the circuit is applied to the

AOM attenuator which tunes the 133Cs repump light intensity. In the ab-

sence of repump light atoms will decay into the dark lower hyperfine ground

state and be lost from the MOT. Figure 3.19 shows shot-to-shot fluctua-

tions in both the 133Cs MOT fluorescence (open circles) and the 133Cs atom

number (closed circles) for both a timed MOT load and active control using

the servo circuit. The 133Cs atom number was measured after loading the

magnetic trap, fluctuations introduced during the loading cannot be address

by changing the MOT load. In figure 3.19 measurement numbers 1-20 are

performed using a 2.5 s timed MOT load and give 6.5(2) × 106 atoms with

a standard deviation of 8.3× 105. Measurements 21-40 are performed using

active control from the 133Cs MOT servo and lead to 5.99(5) × 106 atoms

being loaded with a standard deviation of 2.3× 105. The inset to this figure

shows a typical servomechanically controlled MOT load. These data show

that active control of the 133Cs MOT fluorescence signal significantly reduces

shot-to-shot fluctuations in the 133Cs atom number loaded into the magnetic

trap.

3.9.4 Stern-Gerlach Separation

In order to spatially separate atoms in different magnetic sublevels the tech-

nique of Stern-Gerlach spectroscopy is employed. This technique is per-

formed by switching off the confining potential and allowing the atoms to
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Figure 3.19: The full 133Cs MOT fluorescence signal (open circles) and atom

number (closed circles) loaded into the magnetic trap. Measurements 1-20

are for a 2.5 s timed load while measurements 21-40 use active control of the

MOT fluorescence signal to selectively load and stabilise the atom number.

The atom number was recorded after loading the magnetic trap, during which

additional fluctuations limit the atom number stability. The inset shows a

typical servomechanically controlled MOT load.

move freely in a 29 G/cm magnetic field gradient for 14 ms. The magnetic

gradient is then switched off for a further 5 ms free time-of-flight before an

absorption image is taken. Once the different magnetic sublevels have been

separated a single absorption image can probe the individual clouds simulta-

neously. Images recorded using this method for 87Rb in the F = 1 hyperfine

ground state can been seen in section 5.6.

3.10 Experimental Control

To operate the experiment effectively precise control of the sequence and tim-

ing of experimental changes is critical. These control systems are described in

detail elsewhere [93, 94]. Briefly this control is achieved using a ‘LabVIEW’
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computer program via three National Instruments interface boards:

• A combined 8 analogue, 8 digital TTL, channel input/output data

acquisition board (PCI-6713) controls variable device drivers (e.g. the

quadrupole trap current set-point) and monitors the Andor camera

response.

• A 32 channel digital TTL input/output board (PCI-DIO-32-HS)

switches discrete electronic devices (e.g. shutters).

• A GPIB board communicates directly with external devices (e.g. the

arbitrary function generator used for RF evaporation).

In addition to these boards several electronic devices developed at the Oxford

University Physics Department Electronics Workshop are also used. The

‘Voltage Reference Switching Unit’ allows a single TTL to switch between two

analogue levels while the ‘Voltage Level Multiplexer’ allows two TTL inputs

to switch between four analogue levels. Device delays were accounted for in

the LabVIEW program to ensure that experimental parameters changed at

the desired time.

At the time of writing the experimental control system is being upgraded to

use a LabVIEW FPGA module in place of the PCI-6713 and PCI-DIO-32-HS

boards. This will allow simultaneous control of analogue and digital channels

throughout the experiment and offer greater freedom when running future

experiments.



Chapter 4

Optimisation and

Characterisation

This chapter describes the optimisation of all phases in the experiment up

to and including the loading of the ultracold 87Rb - 133Cs mixture into the

magnetic quadrupole trap. Details of experiments performed in the magnetic

and hybrid potentials are presented in chapters 5-8.

4.1 Pyramid MOT

The pyramid MOT acts as a cold atom source for the two-species science

MOT in the UHV glass cell. Initially both the pyramid and science MOTs

were roughly optimised before the pyramid MOT was rigorously optimised

with the science MOT fixed. Throughout this optimisation the atom number

loaded into the science MOT in 10 seconds was monitored using fluorescence

detection and maximised. The key parameters used to optimise the flux of

atoms from the pyramid MOT were the achromatic λ/4 waveplate angle, the

magnetic field gradient and field zero position, the detuning of the cooling

light, the intensity of both the cooling and the repump light and the atomic

vapour pressure (via the dispenser current).

The cooling light from the pyramid fibre was set to maximum peak intensities

of 11.5(7) mW/cm2 and 8.1(5) mW/cm2 for 87Rb and 133Cs respectively. The

total pyramid MOT cooling light intensity for each species is approximately

81



Chapter 4. Optimisation and Characterisation 82

Figure 4.1: Pyramid λ/4 waveplate angle optimisation. The atom number

captured in the science MOT after a 10 s load was measured using fluores-

cence detection for 87Rb (red) and 133Cs (blue). A broad window of opti-

mal loading was observed for both species highlighting that, as expected, the

achromatic λ/4 waveplates used in this experiment work well at both 780 nm

and 852 nm.

six times these values. The repump light in the pyramid beam provides

0.86(5) mW/cm2 and 0.81(5) mW/cm2 of intensity for 87Rb and 133Cs re-

spectively. These intensities were sufficient to keep the atoms in the cycling

cooling transitions.

The science MOT load was investigated as a function of the λ/4 waveplate

angle, figure 4.1. This shows a broad window of optimal loading for both

species from 30◦ to 65◦, the final angle was set to 48◦. The optimum cooling

light detuning was investigated for various magnetic field gradients from 5 to

15 G/cm. The optimum settings were located at a magnetic field gradient of

7.8(1) G/cm with detunings of -18.3(1) MHz and -16.8(1) MHz for 87Rb and
133Cs respectively. These optimum detunings were for the pyramid MOT

acting as a cold atom source for the science MOT. When operated as a static

MOT the optimum cooling light detunings were smaller by ∼ 6 MHz for both

species for the same magnetic field gradient.

The alignment of the MOT centre dictates whether the pyramid MOT will
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(a) (b)

Figure 4.2: Pyramid shim field optimisation for 133Cs in the (a) N-S and

(b) E-W directions with an axial pyramid magnetic gradient of 7.8(1) G/cm.

Changing the magnetic field translates the position of the B-field zero. The
133Cs atom number loaded into the science MOT in 10 s was monitored using

fluorescence detection. Similar data were obtained for 87Rb.

act as a cold atom source or as a static MOT. This is controlled using the

two pyramid shim coils to move the zero point of the magnetic gradient in

the N-S and E-W directions (using the orientation defined by figure 3.13).

By centering the field zero and therefore the MOT over the aperture at the

pyramid apex the MOT acts as a cold atom source for the science MOT. By

positioning the MOT away from the aperture the pyramid acts as a static

MOT with no flux into the science MOT. The degree of movement of the

MOT is proportional to the applied bias field from the shim coil and inversely

proportional to the magnetic field gradient. The optimisation of the N-S and

E-W shim fields is shown in figure 4.2 for a 7.8(1) G/cm gradient. The

optimum pyramid shim settings are bias fields of -3.07(1) G and 2.42(1) G

for the N-S and E-W shims respectively. When fully optimised the pyramid

MOT loads ' 1× 108 87Rb and ' 7× 107 133Cs atoms into the science MOT

in 10 s.
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4.2 Science MOT

The role of the science MOT is to capture the maximum number of 87Rb and
133Cs atoms in the UHV glass cell for collective transfer into the magnetic

quadrupole trap. Once the pyramid MOT was fully optimised a rigorous

optimisation of the science MOT was performed by varying the magnetic field

gradient and zero position, the cooling light detuning, and the cooling and

repump light intensities. As some of these parameters are not independent

for both species the initial optimisation was performed for 87Rb only. The

full parameter space was explored to give the maximum number of 87Rb

atoms in the science MOT. Once 87Rb was optimised all independent 133Cs

parameters were optimised, while running the two species MOT, to maximise

the number of 133Cs atoms loaded whilst maintaining the maximum number

of 87Rb atoms.

All MOT beams were aligned to intersect within ' 1 mm of the centre of

the coil assembly. To avoid light assisted collisions between the two species

in the MOT [154] small adjustments were made to the 133Cs λ/4 waveplates

in the plane of the cell to separate the MOT centres by ' 2 mm in the

N-S direction. The cooling light for both species was split into six laser

beams with approximately equal peak intensities of 13.0(9) mW/cm2 and

10.5(7) mW/cm2 for 87Rb and 133Cs respectively. Repumping light for 87Rb

(133Cs) with a peak intensity of 1.7(1) mW/cm2 (1.1(1) mW/cm2) ensured

that all atoms remained cycling on the cooling transition. Similar to the

pyramid MOT the optimum detuning of the science MOT cooling light for

both species was investigated for various magnetic field gradients between 5

and 15 G/cm. The results for 87Rb are presented in figure 4.3. The optimum

settings for 87Rb were found to be a detuning of -12.2(1) MHz at a magnetic

field gradient of 10.3(1) G/cm. At this gradient the optimum detuning for
133Cs is -10.8(1) MHz from resonance. Once optimised up to ' 3.5 × 108

87Rb atoms and ' 3.0×108 133Cs atoms could be simultaneously loaded into

the science MOT in 30 s.
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Figure 4.3: Optimisation of the science MOT cooling light detuning for
87Rb. The cooling light detuning was varied for magnetic field gradients

of 5.01(5) G/cm (red), 10.3(1) G/cm (purple) and 15.0(1) G/cm (blue). The

maximum 87Rb atom number in the science MOT at each detuning was

measured using fluorescence detection. The lines plotted are to guide the eye

only. The same behaviour was observed for 133Cs.

4.3 Compressed MOT

During the compressed magneto-optical trap (CMOT) stage the MOT coil

gradient is decreased to 8.3(1) G/cm and the detuning of the cooling light

is increased to −30.9(1) MHz (−28.4(1) MHz) for 87Rb (133Cs) using AOM3

(figure 3.2). These changes increase the atomic density of both species by

decreasing the number of scattered photons reabsorbed and also result in

the 133Cs MOT moving ' 2 mm to become overlapped with the 87Rb MOT.

Here the optimised CMOT acts as an intermediate step between the MOT

and optical molasses stages. The optimum CMOT duration of 7 ms results

in the atomic density increasing by a factor of ∼ 2 for both species. Simulta-

neously, to efficiently transfer the overlapped 87Rb and 133Cs atoms from the

optimum MOT loading position to the centre of the magnetic quadrupole

trap the science MOT shim coil settings are changed to shift the MOT posi-

tion. This magnetic trap loading position was optimised in three dimensions
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to minimises the potential energy gained by the atoms and give the highest

initial phase-space density in the magnetic quadrupole trap. This change in

the MOT position results in the cloud moving 3.6(4) mm from the optimum

MOT loading position. After the CMOT phase the ' 3.5×108 (' 3.0×108)
87Rb (133Cs) atoms have a temperature of ' 150 µK (' 130 µK) and a

density of ' 5× 109 cm−3 (' 1010 cm−3).

4.4 Optical Molasses

Once at the optimum magnetic trap loading position the 87Rb - 133Cs cloud

is cooled prior to loading the quadrupole trap by the optical molasses stage

[160]. This is implemented by simultaneously switching off the science

MOT coils and increasing the detuning of the 87Rb (133Cs) cooling light

to −59.4(1) MHz (−53.7(1) MHz). The science MOT shim coils are set to

null the magnetic field in the glass cell by measuring the field on all sides

of the glass cell using a calibrated Hall probe. The polarisation gradient

cooling [161] driven at this stage allows temperatures well below the Doppler

limit [162] (146 µK for 87Rb and 125 µK for 133Cs) to be reached. The op-

timised optical molasses stage has a 12 ms duration and cools the 87Rb and
133Cs atoms to 19(4) µK and 15(3) µK respectively. These temperatures

were calculated by measuring the widths of the cloud as a function of the

time-of-flight via absorption imaging and fitting equation 2.48.

4.5 Optical Pumping

Before loading the magnetic trap the optical pumping stage polarises the
87Rb and 133Cs atoms into the |1,−1〉 and |3,−3〉 states respectively without

significantly heating the mixture. Polarising the atoms into these magnet-

ically trappable states ensures efficient transfer into the magnetic trap and

avoids inelastic collisions between atoms in different mF sublevels.

To depump the atoms into the lower hyperfine ground state a 2 ms pulse of

far detuned MOT cooling light is used. The optimum detunings for the MOT

cooling light were measured to be -96.2(1) MHz and -67.1(1) MHz for 87Rb
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and 133Cs respectively. At these detunings the maximum peak intensity of

each MOT beam is 3.0(2) mW/cm2 for 87Rb and 7.8(5) mW/cm2 for 133Cs.

Absorption images of the upper hyperfine ground state only allowed the

effect of this depump light to be measured. Effective depumping resulted in

a complete absence of atoms imaged in the upper hyperfine ground state, in

contrast to the case with no depump pulse.

The optical pumping light for both species is aligned down separate fibres

and combined on a breadboard above the glass cell using a dichroic mirror.

The combined optical pumping beam is circularly polarised using an achro-

matic quarter waveplate (Casix WPA1212-700-1000 nm) and aligned along

the vertical axis of the cell. A second optical pumping beam is added by

retro-reflecting the first beam after transmission through the cell. The opti-

cal pumping shim coil produces a 2.7(1) G quantization field in the vertical

direction such that σ− transitions are driven. The science MOT shim coils

remained in the molasses settings. When the depump and optical pump-

ing pulses are combined atoms are pumped towards and accumulate in the

|1,−1〉 and |3,−3〉 dark states for 87Rb and 133Cs respectively.

To optimise the optical pumping the intensity, detuning, polarisation and

pulse duration were all varied. The effect of the optical pumping light was

initially measured by switching on the magnetic quadrupole trap at 50 G/cm

for 1 s after the optical pumping pulse before the magnetically trapped atoms

were recaptured in the science MOT. An initial crude optimisation was per-

formed by maximising the number of atoms of each species in the magnetic

trap. A more refined optimisation then followed using absorption imaging to

measure the temperatures of the 87Rb and 133Cs atoms to allow the phase-

space density of each species in the magnetic trap to be maximised.

The effect of the optical pumping and depumping light is presented in figure

4.4. Here the fraction of 133Cs atoms loaded into the magnetic trap for a 1 s

hold and then recaptured in the MOT is plotted as a function of the magnetic

field gradient. The closed symbols show the fraction recaptured with depump

light only and the open symbols show data for depump and optical pumping

light. The dashed lines mark the four gradients that exactly levitate each of

the non-zero 133Cs magnetic sublevels, see table 2.2. Above these thresholds

each low field seeking state can be confined in the magnetic trap. For both
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Figure 4.4: Percentage of 133Cs atoms recaptured in the MOT after a 1 s

hold in the magnetic trap as a function of the magnetic field gradient. Closed

symbols show data for the depump only case and open symbols show data

for the depump and optical pumping case. The dashed lines indicate the

magnetic field gradients that exactly levitate each non-zero magnetic sublevel

for 133Cs (table 2.2).

cases the depump light ensures no atoms populate the F = 4 ground state

and so no atoms are recaptured for gradients less than 31.1 G/cm. With

depump light only (closed symbols) the atoms populate all seven magnetic

sublevels in the F = 3 ground state. This results in more 133Cs atoms being

recaptured as the gradient is increased to levitate the mF = −3 atoms from

31.1 G/cm, with mF = −2 atoms from 46.7 G/cm and mF = −1 atoms

from 93.4 G/cm. In contrast, when the optical pumping light is combined

with the depump light (open symbols) all of the 133Cs atoms populate the

|3,−3〉 state leading to a recapture of up to 85 % for gradients greater than

31.1 G/cm.

To test the direction of the quantisation axis defined by the 2.7(1) G bias

field the science MOT shim coils in the N-S and E-W directions were used

to create small additional bias fields during the optical pumping phase. The
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Figure 4.5: Percentage of 133Cs atoms recaptured in the MOT after a 1 s hold

in the magnetic trap at 50 G/cm as a function of (a) the N-S and (b) the E-W

shim coil bias fields. As the bias field in the horizontal direction is increased

the optical pumping quantisation axis is progressively tilted from its original

vertical direction. This reduces the efficiency of the optical pumping as fewer

σ− and more π and σ+ transitions are driven.

percentage of 133Cs atoms recaptured in the MOT after a 1 s hold at 50 G/cm

was then investigated as a function of the additional shim field. The results

of this investigation are presented in figure 4.5. As expected, these data

show that the optical pumping works best for a vertical bias field with no

additional field in a horizontal direction. This confirms that the previous

nulling of the stray field was accurate and indicates that the polarisation of

the circularly polarised optical pumping light is very pure. If the sign of the

bias field is reversed (or the handedness of the circular polarisation is flipped)

σ+ transitions are driven and the atoms are pumped into |1,+1〉 and |3,+3〉
for 87Rb and 133Cs respectively. As these states are high field seekers this

results in no atoms being confined by the magnetic trap.

After the refined optimisation the optical pumping peak intensities were

11.0(6) µW/cm2 for 87Rb and 46(2) µW/cm2 for 133Cs at detunings of

+5.9(1) MHz and +11.9(1) MHz respectively. All optical pumping and

depump pulses were set to be 5 ms long. This allowed up to 2.14(2) × 108

87Rb and 1.90(2) × 108 133Cs atoms to be loaded into the magnetic trap at

50 G/cm.
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4.6 Magnetic Trap Loading

After the atomic mixture was compressed and positioned at the magnetic

trap centre, cooled and then pumped into the appropriate low field seeking

states, the magnetic trap turn on sequence was optimised. This was done

by maximising the phase-space density of the 87Rb and 133Cs atoms trans-

ferred into the trap. Maximum phase-space densities were obtained when

the trap was switched on to 40 G/cm in 0.50(1) ms and immediately ramped

to 60 G/cm in 100 ms, the mixture was then held at 60 G/cm for a further

100 ms before the gradient was increased adiabatically to 187 G/cm in 1 s.

This adiabatic compression is performed to increase the elastic collision rates

in the magnetic trap in order to increase the efficiency of the RF evaporation

of 87Rb and the sympathetic cooling of 133Cs.

By switching the magnetic trap on in this manner up to 2.5(1)×108 87Rb and

2.0(1)×108 133Cs atoms are loaded into the magnetic trap. Immediately after

the adiabatic ramp to 187 G/cm the 87Rb and 133Cs atoms have temperatures

of 184(3) µK and 167(3) µK respectively. This corresponds to initial phase

space densities of 2.4(2)× 10−7 for 87Rb and 5.8(5)× 10−7 for 133Cs.

4.7 Hybrid Trap Characterisation

To characterise the behaviour of the hybrid trap several single species mea-

surements were performed in both the loading and levitated crossed dipole

potentials. The precooling and loading of the hybrid potential are discussed

in chapter 5. Once the parameters of the hybrid trap were measured and un-

derstood it was possible to quickly and accurately model all configurations of

hybrid potential using a MATLAB code. These simulations allowed accurate

hybrid trap depths and frequencies to be calculated and avoided numerous

experimental measurements similar to those detailed in this section.

4.7.1 Trap Depth

To determine the trap depth the equilibrium temperature in the potential

was measured using a ‘long dipole hold’ (LDH). Once the levitated crossed
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dipole trap was loaded the atoms were held for long times (t ≥ 30 s) and

the atom number and temperature were measured. Figure 4.6 shows an

LDH measurement for 87Rb atoms in the levitated crossed dipole trap with

6 W in each dipole beam, a magnetic field gradient of 29 G/cm and a bias

field of 22.4 G. After the initial plain evaporation from the trap the measured

τ1 =2.7(4) s

τ2 =41(4) s

Figure 4.6: A long dipole hold measurement on 87Rb atoms in the levitated

crossed dipole trap with 6 W in each dipole beam, a 29 G/cm gradient and

a 22.4 G bias field. In the main plot the atom number in the trap is shown

as a function of time. The data are fit with a double exponential function to

determine trap lifetimes. The inset shows the evolution of the atom temper-

ature over the same time period. Initially plain evaporation limits the 87Rb

lifetime to 2.7(4) s and results in the atom temperature decreasing from

∼ 13 µK to ∼ 9 µK. After this plain evaporation the trap lifetime increases

to 41(4) s and the 87Rb atoms reach an equilibrium temperature of 8.8(2) µK.

This corresponds to a 87Rb trap depth of 90 µK.

equilibrium temperature, Teq, is 8.8(2) µK. Using the empirical rule for dipole

traps Teq ' 0.1U0/kB [133] this implies a trap depth, U0, for 87Rb of 90 µK in

good agreement with simulations. For these levitated dipole trap parameters

this depth corresponds to dipole trap beam waists of 63 µm and is in good

agreement with the measured values of 65(4) µm and 61(1) µm.
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4.7.2 Trap Frequencies

To directly measure the trap frequencies there are two possible methods

available. Firstly a magnetic field can be applied for several milliseconds to

excite a centre of mass motion of the cloud in a specific direction. Oscillations

of the cloud around the trap centre can then be observed as a function of

the hold time to measure the trap frequency in that specific direction. This

measurement was performed in the axial direction of the single beam hybrid

trap for a beam power of 3.7 W and a magnetic gradient of 29 G/cm. A

0.20(1) G bias field applied in the E-W direction for 10 ms offsets the cloud

by 138(7) µm before the cloud was allowed to oscillate freely in the axial

direction. The data for this measurement are displayed in figure 4.7 (a). The

period of this oscillation was measured to be 38.7(1) ms which corresponds

to an axial trap frequency of ωz = 25.8(1) Hz. This result corresponds to a

theoretical beam waist of 64(2) µm in excellent agreement with the measured

value of 65(4) µm.

The second method used to measure the trap frequencies involves modulating

one of the dipole trap beam powers, and hence the potential depth, at a

specific frequency using the AOM. In practice this is done by summing a

small additional sinusoidal voltage onto the main control voltage sent to the

AOM RF driver. This sinusoidal burst causes the atoms to oscillate in the

trap at the modulation frequency. If the modulation frequency equals twice

the axial or radial trap frequency of the potential (ωmod = 2ωρ,z) atoms are

parametrically heated and are lost from the trap. Parametric resonances can

also be excited at subharmonic frequencies where ωmod = 2ωρ,z/n, where n

is an integer [163].

Figure 4.7 (b) shows the atom number as a function of the modulation fre-

quency for this measurement performed on 133Cs in a levitated crossed dipole

trap. Here the dipole beam powers were 50 mW, the magnetic gradient was

29 G/cm and the bias field was 22.4 G. For each data point beam 1 was

modulated at a specific frequency by ±8 mW for 1 s before absorption imag-

ing probed the number and temperature of the atoms remaining in the trap.

These data show that five parametric resonances were observed corresponding

to 2
3
ωz = 3.90(1) Hz, ωz = 5.33(5) Hz, 2ωz = 11.1(2) Hz, ωρ = 40.0(4) Hz and
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Figure 4.7: (a) Single beam trap axial frequency measurement performed by

measuring the oscillation period in the trap. The plot shows the axial position

of the cloud vs the hold time in the hybrid trap. Here a period of 38.7(1) ms

is measured corresponding to an axial trap frequency of 25.8(1) Hz. This

method is limited by the time resolution during the hold and is typically not

used to measure trap frequencies > 100 Hz. (b) Levitated crossed dipole trap

frequencies measured using the beam power modulation technique. Gaussian

fits to the data give measured resonance positions of 3.90(1), 5.33(5), 11.1(2),

40.0(4) and 84(3) Hz which correspond to the labelled harmonic and subhar-

monic frequencies.

2ωρ = 84(3) Hz. For the beam powers and magnetic field parameters used

these trap frequencies correspond to theoretical beam waists of 64(1) µm,

again in good agreement with the measured values.

The trap frequencies can also be inferred from measuring the expansion of the

cloud as a function of the time-of-flight after the potential has been removed.

By plotting the square of the cloud width σ2
x,z as a function of the square of

the time-of-flight equation 2.48 can be applied to the data. The slope of this

fit reveals the clouds temperature and the intercept can be used to calculate

the trap frequency in that direction from the initial cloud size. However it

should be noted that this method is not applicable for large trap frequencies

as the initial cloud size is too small and dominated by random errors from

the cloud fitting process.
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87Rb BEC in a Hybrid Trap

Initial work loading and cooling in the hybrid trap used 87Rb alone. Previous

work with a similar hybrid potential used 87Rb and provided a useful reference

for comparison [133]. The large ratio of elastic to inelastic collisions in 87Rb

makes this species relatively easy to condense and its properties have been

studied by many groups around the world. Finally, it was important to

fully optimise the cooling of the 87Rb refrigerant before the 133Cs refrigeree

was introduced for effective sympathetic cooling to occur. The route to
87Rb BEC combines several elements irrespective of the specific hybrid trap

configuration used:

1. A large recapture from the MOT into the magnetic quadrupole trap.

2. Efficient forced RF evaporation in the quadrupole trap.

3. A large gain in phase-space density when loading the magnetically

trapped atoms into the hybrid potential.

4. Efficient evaporation to BEC within the hybrid potential.

5.1 RF Evaporation in the Quadrupole Trap

Once loaded into the magnetic quadrupole trap the 87Rb atoms were pre-

cooled with forced RF evaporation. To increase the elastic collision rate

the magnetic trap was adiabatically compressed to 187 G/cm. The RF was

94
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Stage tstage ttotal fstart fstop RF amp.

(s) (s) (MHz) (MHz) (dBm)

1 20.0 20.0 60.0 20.5 -0.5

2 7.5 27.5 20.5 12.3 -0.5

3 5.0 32.5 12.3 7.0 -0.5

4 2.0 34.5 7.0 3.8 -0.5

Table 5.1: Optimised RF evaporation parameters for the four RF stages

investigated with 87Rb alone in the magnetic trap. All RF cuts follow linear

ramps in the frequency.

produced by an arbitrary function generator (Textronix AFG3252) and am-

plified (Mini-Circuits ZHL-3A) before being broadcast by a two turn RF coil

25 mm to the south of the glass cell. Each linear RF cut was optimised

to give the maximum evaporation efficiency, defined by equation 2.64. This

represents the biggest gain in phase-space density per fraction of atoms re-

moved from the trap. The optimisation was performed by varying the ramp

duration tstage, the final RF frequency fstop, and the RF amplitude. In to-

tal four stages of evaporation were optimised for the 87Rb alone case and are

summarised in table 5.1. The results of this optimised forced RF evaporation

on the trapped 87Rb cloud are presented in table 5.2. This table shows the

atom number, temperature and phase-space density of the 87Rb atoms after

the magnetic trap has been loaded and adiabatically compressed and after

each optimised RF cut. The table also presents the evaporation efficiency for

each stage.

As the RF evaporation in the quadrupole trap proceeds the trapped cloud

becomes colder and denser resulting in more atoms residing near the trap

centre and the magnetic zero field. This causes the Majorana loss rate from

the trap to increase as the cloud becomes colder and results in a shorter trap

lifetime, see equation 2.60. These Majorana losses limit the maximum phase-

space density attainable in the magnetic quadrupole trap. The relationship

between the 87Rb temperature and the trap lifetime was investigated to char-

acterise the Majorana losses from the quadrupole trap. During the lifetime

measurements the final frequency of the RF knife was applied to maintain a
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Stage N(×107) T (µK) Phase-Space Density Efficiency γ

MT Loaded 25(1) 184(3) 2.4(2)× 10−7 -

1 12.1(1) 120(1) 8.7(4)× 10−7 1.8(2)

2 6.4(2) 62(2) 9.0(7)× 10−6 3.7(4)

3 2.64(2) 28.8(3) 1.2(1)× 10−4 2.9(3)

4 0.78(2) 10.3(2) 3.5(3)× 10−3 2.8(3)

Table 5.2: Forced RF evaporation results for 87Rb alone in the magnetic

trap at 187 G/cm. Data are presented for 87Rb after loading and adiabatic

compression in the magnetic trap and after each optimised RF ramp.

constant temperature and avoid heating from the Majorana spin flips. Al-

though this led to more atoms being removed from the trap via evaporation

as the Majorana losses heated the cloud. As a result the measured trap life-

times are not purely due to Majorana losses but should be treated as lower

limits. The data are presented in figure 5.1. The closed circles show the trap

lifetime vs the temperature and clearly show that as the atom temperature

decreases the trap lifetime becomes shorter. The open circles show the calcu-

lated elastic collision time in the trap as a function of the temperature. The

fit applied to the lifetime data in figure 5.1 has the form τ = 1/(AT p + B),

where AT p is the Majorana loss rate and B is the background loss rate.

The calculated background lifetime from this fit is 300(20) s which compares

well to the measured value of 290(10) s. The fit also gives p = −2.3(3)

and A = 510(40) s−1µK2 which are in excellent agreement with the values

predicted by equation 2.60. Throughout the evaporative cooling the elastic

collision time decreases from 2.5(6) s to 1.1(1) × 10−2 s. At all stages dur-

ing this evaporation the elastic collision time is least 50 times shorter than

the trap lifetime. This confirms that the assumption of thermal equilibrium

made in section 2.5.1 is valid.
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Elastic collision time

Quadrupole trap lifetime

Figure 5.1: Lifetime and elastic collision time (Γ−1
El.) as a function of temper-

ature for 87Rb atoms in the quadrupole trap at 187 G/cm. Closed circles

show data for the trap lifetime while open symbols present the elastic colli-

sion time. The fit applied to the lifetime data is based on equation 2.60 and

discussed in the text.

5.2 Aligning and Loading a Single Beam Hy-

brid Potential

To align the single beam dipole trap the optimum beam position was found

independently in all three dimensions. Firstly the beam waist was aligned to

occur at the same axial position as the magnetic field zero. If this alignment

is not done the beam size at the hybrid trap centre may be bigger than

expected resulting in a reduced trap depth and weaker radial confinement. In

practice this was done by translating the the 200 mm focal length lens axially

along the beam to change the position of the beam waist while measuring the

temperature of the atoms loaded into the hybrid potential. Each temperature

measurement was made after a 4 s hold to ensure that the cloud had come

into thermal equilibrium with the potential. As discussed in section 4.7 for

dipole traps the equilibrium temperature Teq ' 0.1U0/kB, where U0 is the

trap depth. When the waist is at the optimum position a maximum atom
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temperature is measured. These data are shown in figure 5.2. The Gaussian

beam propagation fit gives the optimum position as 46.7(4) mm from a fixed

arbitrary reference point.

Figure 5.2: Aligning the single beam axially with respect to the magnetic

field zero. The beam waist position was varied by translating the final lens

axially along the beam. The atom temperature at each position indicated

the trap depth. The fit to the data (solid red line) reveals that the optimum

lens position is at 46.7(4) mm.

To align the single dipole beam in the y-direction (see scale on figure 3.14)

the beam was fixed at the vertical position of the magnetic field zero. This

vertical position was determined from absorption imaging of the magnetically

trapped atoms. The beam was then scanned horizontally along the y-axis. A

reduction in the loaded atom number was observed at the location of the field

zero due to Majorana losses, see inset of figure 5.3. The beam was aligned

horizontally to be at the position of the magnetic field zero.

To optimise the vertical position of each beam the transfer efficiency and

subsequent evaporation efficiency were investigated as a function of the dis-

placement from the quadrupole field zero. As the radial confinement is pro-

vided by the dipole beam the radial trap frequency is largely independent of

the vertical position. In contrast the axial trap frequency is very sensitive

to the vertical position as the axial confinement is provided by the magnetic

quadrupole field. The dipole trap can be positioned above or below the mag-
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Figure 5.3: Aligning the single beam hybrid trap. Atom number (black

circles) is measured as a function of the vertical and horizontal (inset) beam

position with respect to the unbiased field zero of the quadrupole potential.

The fits to these data (black lines) are to guide the eye. The beam power

was 3.7 W, the waist was ' 110 µm and the gradient was 29 G/cm. The

coloured lines show the evolution of the cloud density profile during the

loading as the magnetic gradient is reduced from 187 G/cm (dashed-dotted

green line) through 135 G/cm (dotted blue line) and 80 G/cm (dashed red

line) to 30 G/cm (solid purple line). The solid and dotted black lines are to

guide the eye only. The data in the inset were taken with no vertical offset of

the dipole trap and reveal the position of the field zero through the reduction

in the trapped atom number due to Majorana spin flip losses.

netic field zero, however the combined trap is significantly deeper below the

field zero and hence the beams are positioned there.

Figure 5.3 shows the number of atoms loaded into a single beam hybrid

trap with a ' 110 µm beam waist as a function of vertical position with

respect to the magnetic field zero. The maximum number of atoms loaded

into the dipole trap is observed at ∼ 3 beam waists below the field zero.

However, experiments have revealed that the evaporation is more efficient

when the beam waist is positioned approximately one beam waist below the
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field zero, in agreement with previous measurements [133]. This is due to

the increase in the axial trap frequency closer to the magnetic trap centre.

For the current beam waists of ' 60 µm the optimum positions for the single

beam traps are ' 80 µm below the field zero. With 3.7 W in the dipole beam

the optimised single beam potential for 87Rb has a trap depth of ' 70 µk

and measured axial (νz) and radial (νρ) trap frequencies of 25.8(1) Hz and

370(20) Hz respectively.

Once the single beam hybrid potential was aligned the loading of the trap

was addressed. To transfer atoms into the optimally aligned single beam

potential the magnetic field gradient and RF frequency are simultaneously

decreased in 4 s to 29 G/cm and 3 MHz respectively. During the ramp the

optical potential is loaded through elastic collisions in a similar manner to a

dimple trap [12]. This transfer is similar to evaporation, here the ‘evaporated’

atoms during the loading are contained in the low density tails of the weakly

confining quadrupole trap. Optimum results were obtained when only the

first three RF ramps from table 5.1 were applied in the quadrupole trap before

the hybrid trap was loaded. This is due to the trap lifetime after all four

RF ramps being just 1.8(2) s, this is too short for efficient transfer to occur

via elastic collisions. Immediately after the single beam trap is loaded there

are 4.9(1)× 106 87Rb atoms at 9.2(1) µK, this corresponds to a phase-space

density of 2.3(1)× 10−3.

5.3 Evaporation in the Hybrid Trap to BEC

Once the single beam hybrid trap has been loaded the atoms are held in

the potential for 5 s to take advantage of plain evaporation from the trap.

After this hold 4.1(1) × 106 87Rb atoms remain in the trap at 7.0(1) µK,

corresponding to roughly U0/10. Forced evaporation is then performed by

linearly reducing the trap depth to ' 12 µK in 7 s. In practice this is done

by linearly reducing the beam power from the initial 3.7 W to 925 mW. This

change also relaxes the radial trap frequency from 370 Hz to 150 Hz and

results in an effective reduction of the trap depth by a factor of ∼ 4. After a

further 3 s hold 2.10(5)×106 atoms at 1.16(7) µK remain, this corresponds to

a phase-space density of 1.2(1)×10−1. The final stage of evaporation reduces
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the trap depth to a variable U in 10 s by linearly reducing the beam power

further. For U = 4.6(2) µK (381 mW) a bimodal distribution is observed

after a 25 ms time-of-flight, see figure 5.4. This image shows a ∼ 15 %

condensate fraction of the total number 7.0(1)× 105 at 0.25(4) µK; for this

potential the calculated Tc = 0.3 µK. At U = 3.2(1) µK (251 mW) the

condensate is pure and contains up to 9.1(2)× 105 87Rb atoms in the |1,−1〉
state. The complete trajectory to 87Rb BEC in a single beam hybrid trap is

presented in figure 5.4.

(i)

(ii)

(iii)

Loading

Figure 5.4: Trajectory to 87Rb BEC in a single beam hybrid potential. The

different regions show: (i) RF evaporation in the quadrupole trap. (ii) Load-

ing the single beam hybrid trap. (iii) Evaporation by reducing the hybrid

trap beam power. The trajectory gradient indicates the evaporation effi-

ciency, γ. Inset: 3D rendering of the density distribution as the cloud is

condensed. Right: absorption images (400 × 400 µm) and cross sections of

the 87Rb cloud near the BEC transition.

5.4 Condensate Properties

Once 87Rb condensates could be made in the single beam hybrid trap some

of the characteristic signatures of the BEC transition were measured. As

discussed in section 2, theoretically the critical temperature Tc is defined
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by equation 2.22 and below Tc the condensate fraction varies according to

equation 2.26 [117].

In figure 5.5 the measured condensate fraction from a double Gaussian fit

is plotted as a function of the normalised temperature T/Tc and compared

to the theoretical prediction of equation 2.26. In general these data show

reasonable agreement with the theoretical prediction. It was not possible to

accurately measure condensate fractions greater than ∼ 0.8 using absorption

imaging.

Figure 5.5: 87Rb condensate fraction vs the scaled temperature T/Tc. The

experimental data were determined from double Gaussian fits applied to den-

sity profiles recorded via absorption imaging. The solid line is the theoretical

curve from equation 2.26. At the transition the cloud consists of 1.2(1)×106

atoms at 0.37(3) µK.

As discussed in section 2.3.5 the aspect ratio of a thermal cloud dropped

from a harmonic trap
σρ
σz
→ 1 (5.1)

for long times-of-flight, where σρ and σz are the radial and axial cloud widths

respectively. In contrast to this a condensate will be anisotropic after its ex-

pansion during free-fall from an anisotropic confining potential. After the

hybrid potential is switched off the internal energy (mean-field energy) in

the condensate is converted into kinetic energy in an anisotropic way and



Chapter 5. 87Rb BEC in a Hybrid Trap 103

the accelerating force due to the internal mean field energy is proportional to

the density gradient. For our initially cigar shaped condensates, the acceler-

ation in the radial direction is larger than that in the axial direction. This

results in the aspect ratio of a freely expanding condensate inverting and is

an important signature of BEC [127]. Expansion data for the thermal atom

and BEC cases dropped from identical potentials are presented in figure 5.6.

The fit applied to the thermal atom expansion data in this figure is derived

5 ms

5 ms 10 ms 20 ms

5 ms 10 ms 20 ms

Figure 5.6: Aspect ratios of thermal and condensed atom clouds as a function

of the time of flight (TOF). Both clouds were dropped from identical hybrid

potentials. Absorption images (400×400 µm) show the cloud shape at various

TOFs for condensed (top) and thermal (bottom) atoms. These images clearly

show the anisotropic expansion of the BEC while the thermal cloud aspect

ratio tends to 1 for long expansion times. The fits applied to the data are

described in the text.

from equation 2.48 and has the form

σρ
σz

=

√
ω−2
ρ + t2

ω−2
z + t2

. (5.2)

The fit gives νρ = 71(8) Hz and νz = 30(2) Hz and is in reasonable agreement

with the predicted trap frequencies of νρ = 82 Hz and νz = 28 Hz from a
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MATLAB simulation of the potential. As expected these data show that the

aspect ratio tends to 1 for long expansion times.

The data measured for the condensate clearly show the anisotropic expansion

of the cloud. The fit applied to these data uses the calculated frequencies

from the fit to the thermal atoms and numerically solves equations 2.47 to

calculate the aspect ratio at each TOF.

5.5 The Crossed Dipole Trap

To align the crossed dipole trap the position of each single beam hybrid

trap was independently optimised at separate times to locate the position at

which the loading and evaporation were most efficient. When each beam was

at the optimum position pure 87Rb condensates containing ' 9× 105 atoms

could be made in either single beam. These results can be thought of as the

ultimate diagnostic for evaporative cooling. This method also allowed the

intensity servo-mechanical circuits to be tested individually.

The crossed dipole loading trap contains 6 W in each beam and can be loaded

with 6.9(1) × 106 87Rb atoms by reducing the magnetic field gradient and

final RF frequency to 3 G/cm and 3 MHz respectively over 5 s. The gradient

is not switched off completely to ensure that the atoms remain polarised in

the |1,−1〉 state. By linearly reducing the beam powers to 240(6) mW in

5 s pure 87Rb condensates containing 1.9(1)× 106 atoms can be produced in

the crossed dipole trap. The final stage of evaporation in this mostly optical

potential has an efficiency of 5.8(3). The open circles in figure 6.3 show the

complete trajectory to BEC for 87Rb in the crossed dipole loading trap.

After the transfer into the crossed dipole trap all magnetic sublevels can

be confined. At this stage we transfer the atoms into the absolute internal

ground states, |1,+1〉 for 87Rb and |3,+3〉 for 133Cs. This stage is crucial once

we begin to work with 133Cs since this transfer eliminates inelastic two-body

losses which have plagued previous attempts to cool 133Cs to degeneracy in

magnetic traps [164]. The transfer is achieved using the technique of RF

adiabatic rapid passage [75].
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5.6 Adiabatic Rapid Passage

The technique of adiabatic rapid passage inverts the atomic spin popula-

tion by sweeping the system through a resonance. Either the frequency of a

coupling RF field or the transition frequency (by changing the applied mag-

netic field) is varied. To understand this process consider the splitting of the

magnetic sublevels of an atom in the presence of a bias field (section 2.5).

When an RF field is also applied the energy states of the atom are dressed

by the energy of the photon interaction and coupling between different en-

ergy states gives rise to a Landau-Zener avoided crossing. Figure 5.7 shows a

schematic of a Landau-Zener avoided crossing for the 87Rb F = 1 hyperfine

ground state with an RF frequency of 1.5 MHz and a Rabi frequency (ΩR)

of 2π × 500 kHz.

Figure 5.7: Schematic of a Landau-Zener avoided crossing for 87Rb F = 1,

the Rabi frequency is 2π × 500 kHz. A 1.5 MHz RF field couples different

energy states (red lines) and allows an adiabatic magnetic field ramp to flip

the atomic spin from mF = −1 to +1 or vice versa.

When crossing the resonance whether the system follows an energy level

adiabatically or not depends on how rapidly the energy is changed compared

to the minimum energy separation. This can be expressed in terms of the

Rabi frequency

ΩR =
1

~
gFµBBRF, (5.3)
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which dictates the coupling strength. This must be compared to the rate of

change of ωLarmor (equation 2.59) with time

dωLarmor

dt
=

1

~
gFµB

dB

dt
. (5.4)

Note that here the mF term from equation 2.56 becomes ∆mF = 1. The

probability of non-adiabatic behaviour, i.e. that the system will ‘jump’ from

one adiabatic level to another when passing through the avoided crossing is

[165]

Pna = exp

[
− π

2

Ω2
R

dωLarmor/dt

]
. (5.5)

For efficient transfer a large Rabi frequency (high RF power) and a slow scan

of the magnetic field are desirable. Indeed the term ‘rapid’ is a misnomer

from when this technique was developed in nuclear magnetic resonance where

relaxation effects destroy spin polarisation.

In practice the technique is performed by switching on an RF field at 1.5 MHz

with a power of +24 dBm. This field is transmitted through a homemade

coil in an LCR circuit designed to have a resonance at ' 1.5 MHz. To

perform the simultaneous transfer of both 87Rb and 133Cs a -22.4 G bias field

is switched on in 18.0(4) ms and the RF field is then switched off [166]. The

bias field has reversed sign compared to section 3.8.3 to shift the field zero

upwards. For 1.5 MHz the avoided crossing is located at 2.1 G for 87Rb and

4.3 G for 133Cs. At these points in the field switch on dB/dt = 1.7 T/s,

which corresponds to dωLarmor/dt = 2π(1.2× 1010) Hz2.

Figure 5.8 shows a series of absorption images for F = 1 87Rb atoms released

from the crossed dipole trap after adiabatic rapid passage as the RF power

is increased in steps from 4 to 24 dBm. This effectively increases ΩR from

2π×8.5 kHz to 2π×84.9 kHz. Stern Gerlach spectroscopy is used to spatially

separate atoms in different magnetic sublevels. For these data the 22.4 G

field direction was set to move the magnetic field zero above the trap such

that atoms in the mF = −1 sublevel are levitated. The measured transfer

efficiency from mF = −1 into mF = +1 is 95(2) %. These data compare

well to the results predicted by equation 5.5. Qualitatively, these results

are strikingly similar to numerical analysis of adiabatic rapid passage in a

three-level system [167].
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Figure 5.8: Spin transfer by rapid adiabatic passage. Absorption images

(3.0× 4.5 mm) show the transfer of 87Rb atoms from mF = −1 via mF = 0

into mF = +1. Reading across from top left, progress is seen as the RF

power is increased in steps from 4 to 24 dBm. For each image Stern Gerlach

spectroscopy spatially separates the different magnetic sublevels prior to the

probe pulse driving σ− transitions in each cloud. The plot shows the mea-

sured atom number in each magnetic sublevel as a function of the RF power.

The lines are plotted to guide the eye only.

The absorption images in figure 5.8 were recorded by driving σ− transitions in

the atomic clouds. As discussed in section 3.9.1, for a 10 µs probe pulse this

results in the final measured optical depth of the |1,+1〉 atom cloud being

∼ 5 % less than that of the initial |1,−1〉 atom cloud as more numerous and

less probable σ− transitions are required to reach the cycling transition.

5.7 Sympathetic Cooling in 87Rb

To measure the spin purity of the 87Rb atoms after adiabatic rapid passage

into the |1,+1〉 state the crossed dipole trap was loaded with 3.7 W in each

beam. The trap depth due to the purely optical potential is equal for each

mF state, however a magnetic field gradient of 13 G/cm and a bias field of

-22.4 G (field zero above the trap) were also applied. This modifies the trap-
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ping potential as follows. The offset quadrupole potential now only partially

levitates the |1,−1〉 atoms whilst the |1,+1〉 atoms experience a downwards

force equivalent to an acceleration of ' 1.5 g and this modifies the trap depth

for each state. The gradient of 13 G/cm was chosen to allow tilting of the

trap for the |1,+1〉 atoms. This behaviour is illustrated in figure 5.9(a) which

shows how the trap depths for each mF state vary as a function of the power

in each beam. The dotted line shows the trap depth for the |1,+1〉 state

along the beams. The ratio of trap depths for the |1,+1〉, |1, 0〉, and |1,−1〉
states varies from 1.0 : 1.1 : 1.9 to 1.0 : 1.6 : 2.3 for beam powers of 3.7 W and

0.45 W respectively. When the beam powers are reduced this results in the

preferential evaporation of the more numerous |1,+1〉 atoms, the ensemble

will then cool via rethermalisation. This evaporation sympathetically cools

the |1, 0〉 and |1,+1〉 atoms with little loss in atom number. As the beam

powers are reduced below 0.8 W, the evaporation surface changes from hori-

zontally along the beams to a tilting evaporation in the z-direction. As more

|1,+1〉 atoms are removed the temperature of the other two hyperfine states

begins to decrease, as shown in figure 5.9(a). The corresponding changes in

atom number are presented in figure 5.9(b) where the false colour absorption

images show how the atoms in the less populated states become more visible

as the clouds cool and the optical depths increase. This cooling allows the

atom number present in each spin state to be accurately measured. After the

RF adiabatic transfer, of the remaining trapped atoms, 95.8(7) % are in the

|1,+1〉 state, 3.8(2) % are in the |1, 0〉 state, and 0.4(1) % are in the |1,−1〉
state.

During the evaporation the |1,+1〉 atoms form a pure condensate containing

1.4(1) × 105 atoms at a beam power of 0.48 W. All |1,+1〉 atoms are lost

at a beam power of ' 0.4 W when the trap depths are 2.6 µK, 4.8 µK

and 7.4 µK for the |1,+1〉 |1, 0〉 and |1,−1〉 states respectively. At this

point the |1, 0〉 atoms are evaporatively cooled and sympathetically cool the

|1,−1〉 atoms, again via tilting evaporation as the beam powers are reduced

further. At beam powers of 0.3 W a BEC is produced in the |1, 0〉 state

containing 3.0(3) × 104 atoms and the temperature of the thermal |1,−1〉
atoms is 90(2) nK. Evaporation of the remaining atoms in |1,−1〉 leads to

further cooling of this state, close to degeneracy with a phase-space density
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Figure 5.9: Sympathetic cooling of different spin states in the dipole trap.

(a) Trap depth and temperatures for each mF state and (b) atom numbers

as a function of the power in each beam. Data are presented for the |1,+1〉
(red), |1, 0〉 (purple), and |1,−1〉 (blue) states. In (a) the solid lines indicate

the trap depth along z, the dashed line indicates the trap depth along the

beams and allows identification of the beam powers at which the evaporation

surface switches from horizontal to vertical: these powers are 0.8 W and

0.45 W for |1,+1〉 and |1, 0〉 respectively. The inset shows the vertical cross-

section through the potential minimum for a beam power of 0.45 W and a

magnetic field gradient of 13 G/cm. The solid lines in (b) are only to guide

the eye and the dashed lines mark the onset of Bose-Einstein condensation.

The absorption images in (b) (3.0× 4.5 mm) are taken after a Stern-Gerlach

time-of-flight and highlight the sympathetic cooling of the |1, 0〉, and |1,−1〉
states.

of ∼ 0.5, after which there are too few atoms to image reliably.

In contrast to this experiment in the main experimental routine the applied

+22.4 G bias field shifts the magnetic field zero to below the crossed dipole

trap. Now when a magnetic field gradient is applied the |1,+1〉 atoms are

partially levitated while the |1,−1〉 atoms experience a downwards force.

This reverses the order of the preferential evaporation detailed in the above

experiment. The reversal of the bias field results in evaporation not only
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cooling but also purifying the spin composition by selectively removing the

|1,−1〉 and |1, 0〉 atoms before the direct evaporation of the |1,+1〉 atoms.

The same effect is also observed for 133Cs, leaving just the |3,+3〉 atoms in

the crossed dipole trap.

5.8 A Spinor Condensate in 87Rb

As a final experiment using 87Rb alone in the crossed dipole trap adiabatic

rapid passage was performed using a power of 14 dBm. This gave ' 7× 105

87Rb atoms in both the |1,+1〉 and |1,−1〉 states and ' 1.3×106 in the |1, 0〉
state, see figure 5.8. After the transfer the 13 G/cm gradient was switched

off and the all optical trap depth was identical for all spin states. The dipole

trap beam powers were then linearly reduced from 3.7 W to 256 mW in 5 s,

this reduced the trap depth to 1.2 µK. The atoms were then held for 1 s in

this final potential. During the simultaneous evaporation of all three spin

states the |1, 0〉 atoms first formed a condensate of 1.0(2)× 105 atoms when

the trap depth was 3.0 µK, here the beam powers were 330 mW. After the

ramp in beam powers and hold all three spin states were degenerate in the

same potential. The spinor BEC contained 4.8(2) × 104 atoms in |1,+1〉,
7.6(5) × 104 atoms in |1, 0〉, and 5.4(4) × 104 atoms in |1,−1〉. Absorption

images taken at various stages along this evaporation trajectory to a 87Rb

spinor BEC are presented in figure 5.10. Here Stern-Gerlach spectroscopy

is used to spatially separate the different magnetic sublevels, however, note

that now the magnetic field zero is positioned below the crossed dipole trap.

This results in the mF = +1 atoms being levitated against gravity while

the mF = 0 and mF = −1 atoms accelerate downwards at ' g and ' 2g

respectively.

Although sympathetic cooling in 87Rb and spinor condensates have previ-

ously been demonstrated over 10 years ago [27, 28] the experiments detailed

in sections 5.7 and 5.8 (similar to the data presented in section 4.7) ensure

that the character of the crossed dipole hybrid potential can be accurately

manipulated and that the potential is very well understood.
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Figure 5.10: Evaporation to degeneracy in a mixture of the |1,+1〉, |1, 0〉 and

|1,−1〉 spin states in 87Rb . Absorption images (3.0× 4.5 mm) show various

stages of the evaporation trajectory to a 87Rb spinor BEC. Here the trap

depth is reduced from 57 µK to 1.2 µK in 5 s. After a 1 s hold a degenerate

mixture is produced containing 4.8(2) × 104, 7.6(5) × 104 and 5.4(4) × 104

atoms in the |1,+1〉, |1, 0〉 and |1,−1〉 states respectively.



Chapter 6

An Ultracold Mixture of 87Rb

and 133Cs

Once a large number of 87Rb atoms could be efficiently cooled to BEC stud-

ies of a mixture of 87Rb and 133Cs could begin by initially adding a small

number of 133Cs atoms to the established 87Rb evaporation sequence. By

optimising 87Rb alone in the hybrid potential an excellent ‘refrigerator’ has

been constructed for sympathetically cooling 133Cs. In this chapter results

from the studies of an ultracold mixture of 87Rb and 133Cs are presented and

discussed.

6.1 Precooling and Loading the Dipole Trap

To load the levitated crossed dipole trap, ultracold mixtures of 87Rb and
133Cs are initially collected in the two-species science MOT and transferred

to the magnetic quadrupole trap in the 87Rb |1,−1〉 and 133Cs |3,−3〉 states.

After adiabatic compression to 187 G/cm the magnetic trap initially con-

tains 2.14(5)× 108 87Rb atoms at 152(6) µK and 2.0(1)× 107 133Cs atoms

at 200(8) µK. These parameters correspond to phase space densities of

5(1)× 10−7 and 2.6(7)× 10−8 for 87Rb and 133Cs respectively. As discussed

in section 2.6 when using forced RF evaporation to cool the mixture in the

magnetic quadrupole trap the trap depth defined by the RF frequency is

three times deeper for 133Cs than for 87Rb. This allows the selective RF

112



Chapter 6. An Ultracold Mixture of 87Rb and 133Cs 113

Stage tstage ttotal fstart fstop RF amp.

(s) (s) (MHz) (MHz) (dBm)

1 30.0 30.0 60.0 20.5 -0.5

2 12.5 42.5 20.5 12.3 -0.5

Table 6.1: Optimised parameters for the two RF stages applied to the
87Rb - 133Cs mixture to evaporatively cool 87Rb and sympathetically cool
133Cs in the magnetic trap. Both RF cuts follow linear ramps in frequency.

evaporation of 87Rb while interspecies elastic collisions sympathetically cool
133Cs. The two optimised RF stages used for the sympathetic cooling of 133Cs

via 87Rb in the magnetic quadrupole trap are summarised in table 6.1. The

results of this evaporative and sympathetic cooling in the magnetic trap for

both species are presented in table 6.2 and plotted in figure 6.1.

In the magnetic trap the evaporation efficiency of 87Rb alone is 2.6(2) (circu-

lar points in figure 6.1). For the two-species sympathetic cooling case (square

data points in figure 6.1) the cooling efficiencies are 0.43(3) and 5.2(4) for
87Rb and 133Cs respectively. The 133Cs efficiency ranges from 5.2(4) to 11.3(4)

depending on the initial number of 133Cs atoms. As expected the efficiency

of the 87Rb cooling has decreased during the sympathetic cooling compared

to the single species case due to the additional heat load from the 133Cs

atoms. In contrast, the 133Cs cooling efficiency is very high in accord with

N (×107) T (µK) PSD (×10−7) Efficiency γ

Stage 87Rb 133Cs 87Rb 133Cs 87Rb 133Cs 87Rb 133Cs

MT loaded 21.4(5) 2.0(1) 152(6) 200(8) 2.0(2) 0.26(1) - -

1 5.0(2) 1.3(2) 103(5) 109(4) 7.1(3) 2.7(1) 0.20(1) 5.4(9)

2 1.7(1) 0.91(3) 68(2) 68(3) 15.7(5) 15.0(6) 0.7(1) 4.9(8)

Table 6.2: Forced RF evaporation and sympathetic cooling results for 87Rb

and 133Cs in the magnetic trap at 187 G/cm. Atom number, temperature,

phase-space density (PSD) and evaporation efficiency data are presented for

both species after adiabatic compression in the magnetic trap and after each

optimised RF ramp.
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Rb alone

Rb cooling Cs

Cs

Figure 6.1: Sympathetic cooling of 133Cs by 87Rb in the magnetic trap.

Forced RF evaporation is used to cool 87Rb while interspecies elastic col-

lisions cool 133Cs sympathetically. Open (closed) symbols show data for
87Rb (133Cs). Circular symbols show the evaporative cooling of 87Rb alone.

Square symbols show the two species sympathetic cooling case. The lines fit

to the data are to guide the eye only.

the successful demonstration of sympathetic cooling. During the sympathetic

cooling the 133Cs temperature is always observed to be in excellent agreement

with the 87Rb temperature and indicates rapid cross thermalisation between

the two species. This observation, and the high efficiency of the sympathetic

cooling imply a large interspecies elastic collision rate. This implication is

consistent with the latest theoretical refinement of the interspecies collision

potential [92] which shows excellent agreement with the published Feshbach

spectrum [88, 90] and indicates a background interspecies scattering length

of ' 650 a0 for the states used in this work.

The evaporative and sympathetic cooling is performed until Majorana losses

begin to limit the lifetime of the mixture. This limit occurs at a temperature

of 68(3) µK when the 133Cs lifetime is 10(3) s. For the two-species case in fig-

ure 6.1 there are 1.7(1)×107 87Rb and 9.1(3)×106 133Cs atoms remaining in

the magnetic trap. At this point the crossed dipole trap is loaded via elastic

collisions by simply reducing the magnetic field gradient over 12 s to 29 G/cm.
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This final magnetic gradient is just below the 30.5 G/cm (31.1 G/cm) re-

quired to levitate 87Rb (133Cs) and ensures that only atoms loaded into the

hybrid potential remain. At the same time the final RF frequency is reduced

to a value between 2.3 - 3.0 MHz to control the composition of the mixture

loaded into the dipole trap. The resulting loading is highly efficient with up

to 50 % of the 133Cs atoms transferred into the dipole trap. Once the mix-

ture is loaded into the levitated crossed dipole trap the initial phase-space

densities are typically ' 10−3 for 87Rb and ' 5 × 10−4 for 133Cs. These

values represent more than a factor of 200 (400) increase for 87Rb (133Cs)

compared to the final phase-space densities in the magnetic trap. This large

increase results from an effect analogous to the use of a dimple potential [12].

As the trap volume expands the shape of the trap is modified and leads to

a change in the phase-space density, even at constant entropy [104]. In this

case the effect is pronounced as the transfer both decreases the temperature

and increases the phase-space density.

Immediately after loading the dipole trap the atomic spins of the mixture

are flipped into |1,+1〉 for 87Rb and |3,+3〉 for 133Cs via adiabatic rapid

passage as a +22.4 G bias field is turned on in 18 ms. This transfer into the

absolute ground state means that inelastic two-body losses are suppressed

due to energetic reasons [104]. At 22.4 G the ratio of elastic to inelastic

three-body collisions in 133Cs is favourable for efficient evaporation [80].

6.2 Interspecies Three-Body Loss

Once loaded into the levitated crossed dipole trap the mixture rapidly comes

into thermal equilibrium with the potential at kBT ≈ URb/10, where URb

is the dipole trap depth for 87Rb. Here the initial peak atomic densities

for both species are typically & 1013 cm−3. When both 87Rb and 133Cs are

present in the trap at these high densities very strong interspecies inelastic

losses are observed, figure 6.2. The fast loss of the minority species from

the trap shown in figure 6.2 is purely due to inelastic three-body collisions.

The initial decrease of the majority species includes a significant contribution

from plain evaporation from the trap.
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Figure 6.2: Interspecies three-body loss in the crossed dipole trap. Open

(closed) symbols show data for 87Rb (133Cs) in the |1,+1〉 (|3,+3〉) state. The

data are fit with a double exponential function to determine trap lifetimes.

In the main plot 133Cs is the minority species and the lifetimes are 133Cs

τ = 0.8(1) s, 87Rb τ1 = 4(1) s, and 87Rb τ2 = 70(10) s. In the inset 87Rb is

the minority species and the lifetimes are 87Rb τ = 0.9(2) s, 133Cs τ1 = 2(1) s,

and 133Cs τ2 = 10(3) s.

Three-body losses scale with the mean squared density, 〈n2〉, therefore these

collisions are most prevalent at the trap centre causing the coldest atoms to

be lost predominantly. This ‘anti-evaporation’ leads to both atom loss and

heating and is a major hurdle when trying to achieve a high phase-space

density mixture. The heating leads to further loss from the trap through

evaporation and contaminates the measurement of the three-body loss rate.

A full analysis of the evolving densities, nRb and nCs, using two coupled

differential rate equations [168]

dnRb

dt
= −βRbnRb − 2LRbRbCs

3 n2
RbnCs − LRbCsCs

3 nRbn
2
Cs, (6.1)

dnCs

dt
= −βCsnCs − LRbRbCs

3 n2
RbnCs − 2LRbCsCs

3 nRbn
2
Cs, (6.2)

is therefore not performed. Here β governs the change in density due to

collisions with the background gas. For a two-species mixture there are

two interspecies three-body loss rate coefficients, for example the coefficient
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LRbRbCs
3 dictates the loss rate due to three-body collisions between two 87Rb

atoms and one 133Cs atom.

A calculation is performed in place of this full analysis that uses the mean

atomic density for each species, assumes the trap lifetime is due exclusively

to three-body losses and does not account for any evaporation from the trap.

This makes the calculated loss rate coefficients upper limits but is useful

in obtaining an order of magnitude estimate. These assumptions allow the

three-body loss rate coefficients to be estimated using

L3〈n2〉 =
1

τ
. (6.3)

To test this method the single species 133Cs case was first investigated, inset

of figure 6.2 for t ≥ 5 s. Here from t = 5 s to t = 30 s the 133Cs peak

density, n0, decreases from 2.7(6)× 1013 cm−3 to 8(2)× 1012 cm−3, this gives

a mean peak density of 1.7(3)× 1013 cm−3. The mean density, 〈n〉 = n0/
√

8,

is 6(1) × 1012 cm−3 and so the mean squared density, 〈n2〉 = 8√
27
〈n〉2, is

6(1) × 1025 cm−6. Using the measured lifetime of 10(3) s equation 6.3 gives

L3 = 1.8(6)× 10−27cm6/s, in agreement with previous measurements [12]. It

is this three-body loss in 133Cs that results in the single species trap lifetime

(for t ≥ 5 s) being a factor of seven shorter than that for 87Rb.

Similar calculations for the two species cases use the minority species trap

lifetimes and yield upper limits for the interspecies three-body loss rate coef-

ficients of ∼ 10−25 − 10−26 cm6/s. The three-body loss rate coefficients scale

as L3 = 3C ~
m
a4, where C is a dimensionless factor between 0 and ∼70, m is

the reduced mass and a is the scattering length [169]. The current best esti-

mate [90, 92] of the interspecies scattering length, aRbCs ≈ 650 a0, would lead

to a maximum three-body loss rate of L3 ∼ 3 × 10−25 cm6/s in reasonable

agreement with our simple estimates.

6.3 133Cs Bose-Einstein Condensation

Similar to 87Rb, initial experiments using 133Cs involved simply loading 133Cs

alone into the magnetic quadrupole trap. The 1.29(5) × 108 133Cs atoms

loaded into the magnetic trap were first precooled using forced RF evapora-

tion before transferring the coldest atoms into the levitated crossed dipole
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(i)

(ii)

(iv)

(iii)

Figure 6.3: Trajectory to 133Cs BEC via sympathetic cooling with 87Rb

(squares). Open (closed) symbols show 87Rb (133Cs) data. Circles show sin-

gle species data for comparison. The trajectory gradient indicates the cooling

efficiency. The different regions show: (i) RF evaporation in the magnetic

quadrupole trap. (ii) Dipole trap loading and internal state transfer. (iii)

Evaporation by reducing the dipole trap beam powers. (iv) Evaporation by

trap tilting. Inset: 3D rendering of the density distribution as the cloud is

condensed. Right: absorption images (350 × 350 µm) and cross sections of

the 133Cs cloud near the BEC phase transition.

trap. Preliminary data show that the evaporation of 133Cs alone in the

quadrupole trap has an efficiency of 1.1(2) and 15% of the remaining atoms

are transferred into the loading dipole trap (• in figure 6.3). This gives

1.5(3)× 106 133Cs atoms in the loading hybrid trap at 35(4) µK. At present

it is not possible to produce 133Cs condensates by loading only 133Cs into

the magnetic trap due to the poor transfer into the crossed dipole trap. In

contrast, by loading only 87Rb initially it is possible to form condensates

of up to 1.9(1) × 106 atoms (◦ in figure 6.3) [166]. For this trajectory the

evaporation efficiencies of 87Rb are 2.6(2) in the magnetic trap and 5.8(3) in

the levitated crossed dipole trap.

To create 133Cs condensates a mixture containing 2.1(1) × 108 87Rb and
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2.0(2) × 107 133Cs atoms is loaded into the quadrupole trap. For this two-

species case the evaporation efficiencies in the magnetic trap are 0.42(3) and

5.2(4) for 87Rb and 133Cs respectively, as we sacrifice 87Rb to sympathetically

cool 133Cs (� and � in figures 6.1 and 6.3 (i) respectively). As the magnetic

gradient is reduced to load the dipole trap the RF frequency is simultaneously

reduced to 2.3 MHz to optimise the transfer of 133Cs whilst at the same time

removing all of the 87Rb. The resulting loading is highly efficient with up

to ∼ 50 % of the 133Cs atoms transferred into the dipole trap at an initial

temperature of 28(3) µK with a phase-space density of 6.6(2) × 10−4. By

loading 133Cs alone into the crossed dipole trap the strong interspecies three-

body losses presented in section 6.2 are avoided. The enhanced loading of
133Cs in the presence of 87Rb compared to the 133Cs alone case (• in figure

6.3) is again consistent with the existence of a large interspecies scattering

length [90, 92].

To proceed the 133Cs atoms are transferred into the |3,+3〉 state with ∼ 95 %

efficiency using RF adiabatic rapid passage. This transfer eliminates inelas-

tic two-body losses which have plagued previous attempts to cool 133Cs to

degeneracy in magnetic traps [164]. Operating in the vicinity of the broad

zero-crossing in the scattering length near 17 G gives precise control of the

elastic collision rate. We observe efficient evaporation and can produce con-

densates for fields between 21 and 24 G, and typically operate at 22.4 G

where aCs = 280 a0. The majority of the evaporation is performed by loga-

rithmically reducing the beam powers from 6 W to 48(3) mW over 9.5 s. This

stage reduces the 133Cs levitated crossed dipole trap depth to 850 nK and

weakens the trap by reducing the axial and radial trap frequencies to 10.8 Hz

and 55.7 Hz respectively. The final stage of evaporation to degeneracy is im-

plemented by increasing the magnetic field gradient to 35.4(1) G/cm over

2.0 s. This tilts the trapping potential, thereby lowering the trap depth to

530 nK whilst leaving the trap frequencies largely unchanged [83]. With this

approach we achieve an evaporation efficiency of 2.1(1) for 133Cs alone in the

dipole trap and produce pure single species condensates of up to 6.2(1)×104

atoms. Figure 6.3 summarises the trajectory to 133Cs BEC and shows both

absorption images and cross-sections as the 133Cs cloud is cooled through the

BEC transition.
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6.4 A Tunable Quantum Gas

In a quantum degenerate mixture it is ultimately desirable to have control of

either the interspecies or intraspecies interactions. As discussed in section 1.3

the scattering length of the |3,+3〉 state in 133Cs has a rich structure with

many broad and narrow Feshbach resonances which are readily accessible

at low magnetic fields. These offer precise control of the scattering length

and hence the atomic scattering properties. This unique tunability can be

exploited by dynamically changing the scattering length to vary the mean

field interaction of a 133Cs condensate (equation 2.44).

In 133Cs there exists a broad Feshbach resonance in collisions between two

atoms in the |3,−3〉 state at a bias field of ' 8 G, see figure 1.1. This reso-

nance originates from a large avoided crossing due to a 6(s) molecular bound

state. The 6(s) notation refers to the F = 6, l = 0 molecular state, where F

is the total internal angular momentum and l is the rotational angular mo-

mentum. For 133Cs atoms in |3,+3〉, this molecular state becomes the last

bound state for magnetic fields greater than 20 G and proceeds just below the

dissociation limit. This has a profound effect on the scattering length of 133Cs

atoms in the |3,+3〉 state [77]. The slowly approaching molecular state just

below threshold results in a slowly increasing scattering length at and above

the zero crossing near 17 G. The strength of this resonance, bridging the Fes-

hbach resonance at ' 8 G for atoms in |3,−3〉 to the Ramsauer-Townsend

transmission [170] near 17 G for |3,+3〉 atoms is effectively as wide as 25 G.

Here we demonstrate the ability to tune the intraspecies interactions in a
133Cs BEC containing 3.7(3) × 104 atoms using this zero crossing in the

scattering length. It was crucial that for each scattering length the 133Cs BEC

atom number remained constant as Erel ∝ (N)2/5 (equations 2.37 and 2.44),

where N is the atom number. For each data point a 133Cs BEC was initially

made at a bias field of 22.4 G. The field was then non-adiabatically jumped

to a value between 15 G and 26 G in 400 µs as the levitated crossed dipole

trap was simultaneously switched off. The 133Cs cloud was then levitated at

each bias field for 45 ms plus a 5 ms free time of flight prior to an absorption

image probing the cloud. By measuring the time of flight expansion of the
133Cs condensate as the magnetic field was varied in the vicinity of the zero
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Figure 6.4: Vertical width (1/
√
e half width of a Gaussian fit) of the 133Cs

condensate containing 3.7(3)× 104 atoms as a function of the magnetic field

applied during a 50 ms time of flight expansion. For the first 45 ms the

atoms are levitated. The absorption images (600 × 600 µm) correspond to

the labelled data points and highlight three scattering length regimes: (a)

negative, (b) zero (dashed line) and (c) positive.

crossing three different regions of self-interaction were demonstrated and are

presented in figure 6.4 [12].

As expected below 17 G the scattering length is negative, here strong at-

tractive interactions cause the condensate to collapse [126] resulting in a

substantial loss of atoms and a large momentum spread. At 17 G the con-

densate is essentially non-interacting and behaves like an ideal Bose gas. The

near-zero interaction energy results in minimal expansion of the cloud and

the condensate is referred to as ‘frozen’. For the positive scattering lengths

above 17 G, the condensate is stable and repulsive interactions lead to a

strong mean-field expansion where Erel ∝ a′.
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6.5 An Ultracold Molecular Gas

To develop experimental protocols and detection methods the magneto-

association of Cs2 dimers was explored using a well characterised 133Cs Fesh-

bach resonance [79]. The starting point of this experiment was a two compo-

nent 133Cs cloud of 6.3(7)× 104 atoms in the |3,+3〉 state at a temperature

of 56(5) nK. This was produced using the experimental procedure detailed

in section 6.3 but with a final tilt gradient of 34.6(1) G/cm.

t = 0

time

tdiss timage

Feshbach 

resonance

hold field

levitation of atoms

dB/dz = 0

B = 0

Bias Field

Field Gradient

total expansion time

Figure 6.5: Schematic of the magnetic bias field (top) and magnetic gradi-

ent (bottom) ramps performed to magneto-associate and spatially separate
133Cs2 dimers from an ultracold 133Cs atomic cloud before dissociating the

molecules back into atoms for imaging. Here the magnetic gradient was set

to levitate the 133Cs atoms during a variable hold time. In a separate experi-

ment the gradient was jumped immediately after magneto-association (t= 0)

to a value to levitate the molecules.

The |3,+3〉 state used has a 4(g)4 Feshbach resonance at 19.8 G [171] that

is estimated to be 5 mG wide [79]. The 4(g)4 notation refers to the F =

4, l = 4 and mF = 4 molecular state, where F is the total internal angular

momentum, l is the rotational angular momentum, and mF is the projection

along the quantization axis. 133Cs atoms are magneto-associated into 133Cs2

Feshbach molecules by sweeping the magnetic field across this resonance from

19.90(2) G at a rate of 47 G/s to 19.70(2) G. The dipole trap is then switched
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off and the field is rapidly jumped to 17 G to null atomic interactions. Stern-

Gerlach separation is immediately applied to spatially separate the atomic

and molecular samples. The magnetic field gradient is fixed at 31.1 G/cm

to levitate the atomic cloud. During this variable hold time the molecules

fall away from the levitated atoms due to their smaller magnetic moment to

mass ratio. Before absorption imaging can be used to simultaneously probe

both clouds the 133Cs2 Feshbach molecules must be converted back into 133Cs

atoms. To dissociate the molecules the magnetic field is jumped back across

the resonance to 21 G in 130 µs. This non-adiabatic reverse sweep brings the

molecules above the scattering continuum, from here they rapidly dissociate

into free atoms. Finally the magnetic gradient is switched off for a 2 ms

free expansion before an absorption image reveals the distribution of the

dissociated molecules and the free atoms. The ramps of the magnetic field

and magnetic gradient during this experiment are illustrated in figure 6.5.

atoms

molecules

Figure 6.6: The production of Cs2 molecules using a Feshbach resonance.

Open (closed) symbols mark the molecular (atomic) clouds position as a func-

tion of the levitation time at a bias field of 17 G (at z=0). From these data

a molecular acceleration of 3.86(4) m/s2 is calculated, this corresponds to

µ = 0.92(1)µB. Inset: A typical absorption image taken after the molecules

have been dissociated back into atoms. At the top the levitated atomic cloud

contains 5.1(3) × 104 atoms, the smaller molecular sample below contains

7.5(4)× 103 Cs2 Feshbach molecules.
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The atomic and molecular clouds’ positions as a function of the levitation

time are presented in figure 6.6. The inset of this figure shows a typi-

cal absorption image; at the top a large atom cloud is levitated while a

smaller molecular cloud falls away. Typical magneto-association efficiencies

are ∼12% and samples containing 7,000 molecules at 2.4(9) nK are produced

from the high phase-space density 133Cs cloud. The molecular acceleration

can be measured from the data presented in figure 6.6 and this allows the

magnetic moment of the Cs2 molecules to be calculated. The molecular ac-

celeration, amol, at 31.1 G/cm is measured to be 3.86(4) m/s2, using

µ =
m(g − amol)

∂B/∂z
(6.4)

where g is the acceleration due to gravity and m is the molecular mass,

this corresponds to a magnetic moment µ = 0.92(1)µB. This value concurs

with another measurement performed by levitating the molecular cloud at

51.4(2) G/cm. These results are in good agreement with previous work and

theoretical calculations [79].

6.6 A Dual-Species BEC of 87Rb and 133Cs

By making several minor changes to the 133Cs BEC experimental procedure

(section 6.3) it is possible to create a degenerate mixture of 87Rb and 133Cs.

Firstly the number of 133Cs atoms loaded into the magnetic trap is reduced

to 2.7(1) × 106. This reduces the heat load on the 87Rb during the sympa-

thetic cooling and improves the cooling efficiencies in the magnetic trap to

1.7(2) for 87Rb and 11.3(4) for 133Cs. Loading the dipole trap results in a

mixture of 2.8(2)× 106 87Rb and 5.1(3)× 105 133Cs atoms at a temperature

of 9.6(1) µK following the spin flip into the 87Rb |1,+1〉 and 133Cs |3,+3〉
states. Here the initial peak densities are 7.4(6) × 1012 cm−3 for 87Rb and

1.2(1)× 1013 cm−3 for 133Cs. As discussed in section 6.2 at these high densi-

ties we observe very strong interspecies inelastic losses with an upper limit of

∼ 10−25 − 10−26 cm6/s for the interspecies three-body loss rate coefficients.

To combat the strong interspecies inelastic losses fast evaporative cooling

is performed by reducing the beam powers logarithmically to 120 mW in

just 1.0 s, corresponding to a final trap depth of 2 µK for 87Rb. Taking
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into account the adiabatic expansion of the cloud resulting from the com-

mensurate relaxation of the trap frequencies, this corresponds to an effective

reduction in the trap depth by a factor of 7. The result is a factor of ∼ 3

reduction in the density and consequently an order of magnitude increase in

the lifetime of 133Cs against interspecies three-body collisions. Overall the

conditions for evaporative cooling are improved by this fast reduction in the

dipole trap power, despite the associated decrease in the elastic collision rate

from 180(10) s−1 (690(40) s−1) to 6.4(4) s−1 (17(2) s−1) for 87Rb (133Cs). Af-

ter this stage of evaporation the hybrid potential contains 4.7(1)× 105 87Rb

atoms and 1.5(1)× 105 133Cs atoms at phase-space densities of 5.3(1)× 10−2

and 2.1(1)× 10−2 respectively.

Further evaporation is then performed by linearly reducing the beam powers

to 48 mW in 2.5 s. Finally, by tilting the trap by increasing the applied

magnetic field gradient to 32.7(1) G/cm over 1.0 s dual-species condensates

are produced in the same trapping potential containing up to ∼ 2.0 × 104

atoms of each species. The complete trajectory to a dual-species BEC of
87Rb and 133Cs is presented in figure 6.7. The efficiencies of the evaporative

and sympathetic cooling in the dipole trap are 1.8(2) and 2.8(5) for 87Rb and
133Cs respectively. The data show that despite strong interspecies inelastic

losses the sympathetic cooling of 133Cs via 87Rb in the dipole trap is still

more efficient than the direct evaporation of 133Cs alone (figure 6.3).

6.7 Immiscibility in a Degenerate Mixture

Once the dual-species BEC is made a dramatic spatial separation of the two

condensates in the trap is observed, revealing the mixture to be immiscible

at 22.4 G, figure 6.8. The resulting density profile for each species is a stark

contrast to the symmetry of the potential and the density profiles observed

for each single species condensate, figure 6.3. As discussed in section 2.4

for an immiscible quantum degenerate mixture, the relative strength of the

atomic interactions [129]

∆ =
gRbCs√
gRbgCs

' aRbCs√
aRbaCs

> 1. (6.5)
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(i)

(iv)

(iii)

(ii)

Figure 6.7: Trajectory to a dual-species BEC of 87Rb and 133Cs in the levi-

tated crossed dipole trap. The trajectory is divided into four sections: (i) RF

evaporation in the magnetic quadrupole trap. (ii) Dipole trap loading and

internal state transfer. (iii) Evaporation by reducing the dipole trap beam

powers. (iv) Evaporation by trap tilting. Open (closed) symbols show data

for 87Rb (133Cs).

At 22.4 G aRb = 100 a0 and aCs = 280 a0, so that the observation of im-

miscibility implies aRbCs > 165 a0; again consistent with the current best

estimate, aRbCs ≈ 650 a0 [90, 92].

The bimodal distributions in figure 6.8 show that the immiscible behavior is

exclusive to the condensed atoms. The immiscible condensates always form

one of three structures, either one of two possible symmetric cases (N and •
in figure 6.8) or an asymmetric case (� in figure 6.8). Qualitatively, these

observations are strikingly similar to the symmetric and asymmetric struc-

tures predicted for an immiscible binary condensate based upon numerical

simulations of two coupled Gross-Pitaevskii equations [172]. Experimentally,

the structures are correlated with the number of atoms in each condensate.

Altering the number of 133Cs atoms loaded into the trap, allows navigation

between the three structures. These structures may be related to the or-

der in which the condensates form in the trap. Here the first condensate to
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Figure 6.8: Immiscibility in a quantum degenerate mixture of 87Rb and 133Cs.

Three distinct structures are observed (N, � and •) correlated with the

number of atoms in each condensate. Absorption images and cross-sections

of 87Rb (red) and 133Cs (blue) highlight these structures. The optical depth

scales of the cross-sections are 0–1.0 (N) and 0–2.6 (� and •). Each image

is 350× 100 µm.

form would be expected to occupy the centre of the trap before the second

species condensed around it leading to the symmetric cases. If both species

condensed at the same time both would be displaced from the trap centre re-

sulting in the asymmetric case. To test this theory more data is required dur-

ing the final moments of evaporation. The strong interspecies losses currently

make the formation of a dual-species condensate with NRb +NCs > 2.5× 104

atoms a challenge and lead to the asymptotic nature of the data in figure

6.8.

The immiscible nature of the mixture may aid the formation of the dual-

species condensate by suppressing the interspecies inelastic losses as the mix-

ture condenses. In the future, the miscibility will be explored by Feshbach

tuning both aCs and aRbCs in order to test this assertion [36]. Crucially, ther-

mal clouds very close to degeneracy remain miscible, enabling the efficient

magneto-association [74] of RbCs molecules in future experiments, as the

first step towards the creation of a dipolar molecular quantum gas.
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6.8 An Interspecies Feshbach Resonance

Once a high phase-space density 87Rb - 133Cs mixture could be readily made

in the levitated crossed dipole trap the search for interspecies Feshbach res-

onances began. Feshbach resonances are most easily detected through an

enhancement of trap loss [13]. This is due to the divergence of the scattering

length at a Feshbach resonance and the a4 scaling of the three-body loss rate

[107]. To increase the sensitivity of heteronuclear Feshbach spectroscopy a

significant imbalance between the two-species atom numbers is useful [173].

Here the majority species acts as a collisional bath for the minority species

which is used as a probe. If the atom number imbalance is large the probe

species will be significantly depleted when a resonance is encountered, leav-

ing the majority species largely unchanged. As the lowest internal energy

states are used in this experiment trap loss is due to three-body collisions

only.

To achieve the atom number imbalance the 133Cs MOT fluorescence servo was

used to reduce the number of 133Cs atoms loaded into the magnetic trap. In

order to perform sensitive Feshbach spectroscopy a high atomic density for

both species is essential as interspecies collisions govern the loss rates from

the trap. To produce such a mixture of 87Rb and 133Cs the procedure detailed

in section 6.6 was followed up to the first ramp of the dipole trap beam powers

to 120 mW in 1.0 s. After this ramp the peak densities are 1.6(1)×1012 cm−3

and 3.1(4)×1011 cm−3 for 87Rb and 133Cs respectively. The mixture contains

3.0(3) × 105 87Rb atoms, and 2.6(4) × 104 133Cs atoms at 0.32(1) µK. This

temperature is well below the p-wave threshold (kB× 56 µK based upon the

published C6 coefficient [102]), simplifying the interpretation of the Feshbach

spectrum. For each experimental cycle the ultracold mixture is allowed to

evolve at a specific homogeneous magnetic field for 5 s, and then the 133Cs

atom number is measured. In figure 6.9 the detection of a Feshbach resonance

near 180 G is presented, each data point corresponds to an average of 3-5

measurements.

By fitting a Lorentzian function to the data shown in Fig. 6.9 the position

of the Feshbach resonance was measured to be B0 = 181.7(5) G. This result

is in excellent agreement with the previous measurement of this resonance
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Figure 6.9: Observation of an interspecies 87Rb133Cs Feshbach resonance

using loss spectroscopy. The |1,+1〉 and |3,+3〉 states were used for 87Rb

and 133Cs respectively. The 133Cs (minority species) atom number after a

5 s hold is normalised to the corresponding mean number recorded off reso-

nance. A Lorentzian fit is applied to the data to yield a resonance position

of B0 = 181.7(5) G and a width ≈ 3 G.

[88]. Using this setup we are currently extending the interspecies Feshbach

resonance search up to bias fields in excess of 1150 G, and to 85Rb and
133Cs mixtures. Locating an interspecies Feshbach resonance now opens the

possibility of creating RbCs molecules via magneto-association.
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Conclusions and Outlook

The work detailed in this thesis has yielded two key experimental results: the

realisation of a new route to 133Cs BEC by exploiting the efficient sympathetic

cooling of 133Cs via elastic collisions with 87Rb; and the formation of a dual-

species degenerate mixture of 87Rb and 133Cs in the same trapping potential.

Significant results towards these achievements are drawn together in section

7.1 while an outlook towards future work on this project is discussed in

section 7.2.

7.1 Summary

In the course of this work numerous upgrades have been made to the original
87Rb - 133Cs apparatus [93, 94]. The most significant of these is the replace-

ment of the ‘baseball’ magnetic trap with the combined optical and magnetic

hybrid trap. This versatile and simple trapping potential is operated either

as a single beam trap or as a levitated crossed dipole trap. Both potentials

are easily loaded from a magnetic quadrupole trap and depend critically on

the alignment each dipole beam with respect to the magnetic field zero. This

style of trap could be readily implemented into many existing experimental

setups that have Helmholtz and anti-Helmholtz coils already in position.

Initial work focussed on 87Rb alone in the single beam hybrid trap. Efficient

evaporation in the magnetic quadrupole trap enabled 4.9(1)× 106 atoms to

be loaded into the hybrid trap at 9.2(1) µK. Further evaporation produced

130
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pure condensates in the |1,−1〉 state containing 9.1(2) × 105 atoms. This

result marked the first BEC produced in our group at Durham University.

Subsequent experiments soon moved into the crossed dipole trap which can

confine high field seeking states and enables the magnetic field to become a

free parameter. Both of these features are crucial for the efficient evaporation

to BEC of 133Cs which has only been condensed in the |3,+3〉 state between

21− 25 G. Two novel experiments involving the sympathetic cooling of dif-

ferent spin states in 87Rb, and the production of a three-species spinor BEC,

both tested our understanding of how to manipulate the crossed dipole trap.

The efficient sympathetic cooling of 133Cs via 87Rb in the quadrupole trap

allowed 1.6(1) × 106 87Rb atoms and 5.1(2) × 105 133Cs atoms to be loaded

into the levitated crossed dipole trap at 12.9(5) µK. Measurements of strong

interspecies three body losses observed from this trap permitted an upper

limit of ∼ 10−25−10−26 cm6/s to be placed on the interspecies three body loss

rate coefficient. By sacrificing all of the 87Rb during the sympathetic cooling

in the magnetic trap up to ∼ 50% of the 133Cs atoms can be transferred to

the levitated crossed dipole trap. Direct evaporation of 133Cs alone then leads

to the production of 133Cs condensates containing 6.2(1) × 104 atoms. This

result marks the discovery of a new route to 133Cs BEC free of complexities

such as degenerate Raman sideband cooling and multiple dipole traps [12].

By reducing the initial number of 133Cs atoms and decreasing the evapo-

ration time it is possible to produce dual-species condensates of 87Rb and
133Cs in the same trapping potential. The two condensates each contain up

to 2×104 atoms and exhibit a striking phase separation revealing the mixture

to be immiscible. The immiscible mixture always forms one of three struc-

tures correlated with the number of atoms present in each condensate. We

believe this immiscibility aids the formation of the dual-species condensate

by suppressing the interspecies inelastic losses as the mixture condenses. In

the future we plan to explore the miscibility by Feshbach tuning both aCs

and aRbCs to test this assertion. Crucially, thermal clouds very close to de-

generacy remain miscible, enabling the efficient magneto-association of RbCs

molecules. With this in mind an interspecies Feshbach resonance has been

observed at 181.7(5) G and Cs2 dimers have been created using a 133Cs Fes-

hbach resonance to test experimental protocols.
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Throughout this work our observations are consistent with the current best

estimate of the interspecies scattering length aRbCs ≈ 650 a0 [90, 92].

These observations include short interspecies rethermalisation times, en-

hanced loading of 133Cs into the crossed dipole trap in the presence of 87Rb,

strong interspecies three body losses and immiscibility of the degenerate mix-

ture at 22.4 G.

7.2 Outlook

The main goal of this experiment remains to be the production of ground

state RbCs molecules via magneto-association followed by optical transfer

into the rovibrational ground state. However during the course of this work

continued advances in the field have resulted in other new and interesting

experiments becoming available to study en route towards our main goal.

7.2.1 Towards a Quantum Gas of Polar RbCs Molecules

The next step towards our long term goal of ultracold polar RbCs molecules

is to perform Feshbach association of 87Rb and 133Cs into weakly bound

heteronuclear molecules via an interspecies Feshbach resonance. A broad

entrance-channel dominated interspecies resonance such as that shown in

chapter 6 could be an ideal candidate for Feshbach-association [13, 74]. Ex-

ploration of the bound molecular state spectrum close to threshold [110] is

crucial and will allow the identification of a molecular state suitable for opti-

cal transfer to the rovibrational ground state. Suitable molecular states will

need to have a good Franck-Condon overlap with both the intermediate ex-

cited state and the target molecular state used in the STIRAP process [75].

The STIRAP laser system is currently under development and will fol-

low the transfer scheme highlighted in figure 7.1 and first proposed in

[175]. The optical excitation of the Feshbach molecule is at a wavelength

of ∼ 1570 nm. The wavelength of the second photon is then selected to re-

move the 3811.5755(16) cm−1 of binding energy [176] of the rovibrational

molecular ground state.
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Figure 7.1: Scheme for the production of heteronuclear RbCs molecules in

the lowest rovibrational level of the ground state. Highly excited Feshbach

molecules are produced from an ultracold mixture of atomic 87Rb and 133Cs

via a sweep of the magnetic field (purple arrow). The molecules are then

coherently transferred into the vibrational and rotational ground state via a

stimulated Raman transition. Here two laser frequencies (red and blue lines)

couple the initial and final molecular states via an intermediate excited state.

The RbCs molecular potentials plotted are taken from ab initio calculations

by Allouche et al. [174].

Very recently the Innsbruck group have published exciting results on the

high resolution spectroscopy of 4000 RbCs Feshbach molecules. These data

reveal the location of the rovibrational ground state and quote the required

laser frequencies as 6364.0439 cm−1 and 10175.2913 cm−1 corresponding to

wavelengths of ' 1571.33 nm and ' 982.77 nm respectively [176]. Knowledge

of these transition frequencies will greatly accelerate our progress towards

polar RbCs molecules.

In parallel to progress towards ground state RbCs molecules a significant

short term goal is to reduce the interspecies three-body losses observed in the
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Innsbruck Durham

Figure 7.2: The theoretical interspecies s-wave scattering length for a mixture

of 87Rb and 133Cs in the |1,+1〉 and |3,+3〉 states respectively [177]. These

data reveal numerous interspecies Feshbach resonances below 400 G in good

agreement with experimental observations [88] which have searched up to

fields of 667 G [90, 91]. A broad resonance predicted near 800 G is yet to be

observed and is accessible to the Durham experiment.

levitated crossed dipole trap. Such a reduction would increase the efficiency

of the evaporative and sympathetic cooling leading to bigger condensates,

and ultimately the production of more RbCs Feshbach molecules for optical

transfer.

Several options are available to achieve this goal. Firstly coupled channels

calculations performed by the group of J. Hutson in Durham have used the

observed interspecies Feshbach resonances in a 87Rb - 13Cs mixture [88] to

accurately model the interspecies collisional potential [177]. The theoretical

behaviour of the interspecies scattering length can then be extrapolated to

higher magnetic fields, figure 7.2. These calculations predict a broad inter-

species resonance near 800 G that has not been observed and is accessible

to the Durham experiment. If the real position of this resonance is closer to

900 G it may coincide near the zero crossing of the 133Cs scattering length at

' 890 G, figure 7.4. This coincidence may provide a region where all three

scattering lengths (aRb, aCs, and aRbCs) are small and positive therefore re-
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ducing the interspecies three-body loss rate. By tuning |aRbCs| <
√
aRbaCs

the degenerate mixture would also become miscible [34, 36], providing an

ideal starting point for efficient magneto-association.

Secondly the waists of the focussed dipole beams could be increased to relax

the dipole trap and reduce the initial densities after loading. For example,

increasing the beam waists to 80 µm requires the power in each beam to be

10 W to give a trap of the same depth (90 µK for 87Rb). This change reduces

ωho and therefore the density in the trap by ' 25 % and would result in the

trap lifetime due to three-body losses increasing by a factor of ∼ 2.

Finally a two colour dipole trap could be implemented to spatially sepa-

rate the two species [90, 178]. Useful wavelengths for this technique include

532 nm which produces a potential barrier for both species and 880 nm which

produces an attractive potential for 87Rb and leaves the 133Cs potential un-

changed as here αCs ' 0. At 820 nm the polarisabilities of both species are

equal and opposite giving rise to a potential well for 87Rb and a barrier for
133Cs with equal heights [179].

7.2.2 A Mixture of 85Rb and 133Cs

As discussed in chapter 3 the Rb optical setup has been designed to switch

between the 87Rb and 85Rb isotopes allowing mixtures of 85Rb and 133Cs to be

investigated using this apparatus. Such a mixture consisting of two ‘difficult’

species with low single species elastic to inelastic collision ratios may prove

to be challenging to work with. However theoretical calculations indicate

that there is potentially some interesting physics in this mixture to investi-

gate. Coupled channels calculations have been performed for this mixture

by the group of J. Hutson. Using a preliminary version of the interspecies

collisional potential they have investigated the interspecies s-wave scattering

length as a function of magnetic field up to 1000 G [177]. The results of

this theoretical work are presented in figure 7.3 for the |2,+2〉 and |3,+3〉
states in 85Rb and 133Cs respectively. These data predict several interspecies

Feshbach resonances in this magnetic field range and a near zero interspecies

background scattering length. Preliminary work is now underway to exper-

imentally locate these interspecies Feshbach resonances. This will test the
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Figure 7.3: The theoretical interspecies s-wave scattering length for a mixture

of 85Rb and 133Cs in the |2,+2〉 and |3,+3〉 states respectively [177]. These

data reveal interspecies Feshbach resonances at 109 G, 188 G and 641 G and

a near zero interspecies background scattering length.

theoretical model and allow the collisional potential used to be refined. The

results of our standard method in this mixture, by sympathetically cooling
133Cs using 85Rb, will be very interesting. One would expect the sympathetic

cooling to initially be effective due to interspecies p- and d-wave elastic col-

lisions in the mixture. However as the mixture temperature decreases these

higher partial waves become energetically forbidden. At this point further

sympathetic cooling may not be effective due to the small interspecies s-wave

scattering length.

7.2.3 133Cs BEC at High Bias Fields

As shown in this thesis the 133Cs s-wave scattering length is a critical pa-

rameter that dictates the single species collisional behaviour at ultracold

temperatures. In order for evaporative or sympathetic cooling to be effective

and result in the formation of stable condensates aCs must be < 400a0 and

positive. The 133Cs s-wave scattering length for the |3,+3〉 state is plotted

in figure 7.4 for magnetic fields up to 1000 G. This plot shows two windows
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Figure 7.4: The s-wave scattering length for 133Cs in the |3,+3〉 state. This

plot shows two narrow windows (purple lines) where 133Cs can be efficiently

evaporated to BEC at ∼ 21− 25 G and ∼ 900− 910 G. The data shown in

this figure are taken from reference [82].

where 133Cs can be efficiently evaporated to BEC. The first window is the

well explored region between ∼ 21 − 25 G that has been used to produce

every 133Cs BEC made to date [12, 83]. This region in magnetic field corre-

sponds to aCs values in the range ∼ 200 − 400a0. A second magnetic field

window of ∼ 900−910 G also gives rise to this range of scattering lengths and

may be used in future experiments to provide a new gateway into the world

of 133Cs BEC. As discussed in section 7.2.1 the zero crossing at ' 890 G

may coincide with an interspecies Feshbach resonance offering prospects of a

highly tunable mixture and a magnetic field region where all three scattering

lengths are small. Other work with 133Cs in this field range has focussed on

the field dependance of three body losses due to Efimov resonances [176].

7.2.4 Concluding Remarks

Within the Durham 87Rb - 133Cs experiment there are two main directions

of research available. The first involves experiments with the two-species

condensate itself and the second is towards a high phase-space density sample
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of ground state RbCs molecules.

The dual species 87Rb - 133Cs BEC allows access to rich physics inaccessible

to single species experiments. The phase separation observed between the

degenerate species is a dramatic example and may allow access to highly

sensitive force measurements in future experiments [180]. By introducing an

optical lattice to the mixture [181] a myriad of quantum phases for the two

atomic species become available to study [39, 40]. These go far beyond the

seminal observations of the superfluid to Mott insulator transition [22].

By combining a three dimensional optical lattice with the degenerate
87Rb - 133Cs mixture a Mott insulator phase transition can give exactly one

atom of each species per lattice site provided that the mixture is miscible

[182]. For an immiscible mixture the same phase transition gives homonu-

clear atom pairs at each lattice site. The creation of heteronuclear atom pairs

will avoid the strong interspecies three-body losses and provide an ideal start-

ing point for the efficient magneto-association of RbCs Feshbach molecules.

Optical transfer via STIRAP into the rovibrational ground state will then

produce a dipolar Mott insulator state of one ground state RbCs molecule per

lattice site. This method has already been demonstrated for Cs2 molecules

[73]. Dipolar molecules in a optical lattice offer many new research direc-

tions including simulations of many-body quantum systems [48], quantum

simulation [60] and precision metrology [46]. By moving from the dipolar

Mott-insulator to the superfluid state a dipolar molecular condensate could

be realised [183]. If this approach causes a loss of phase-space density and is

unsuccessful direct evaporative cooling [184] could also lead to the produc-

tion of a quantum degenerate gas of polar molecules - a current ‘Holy Grail’

in this field [49]. Of the possible bosonic heteronuclear molecules RbCs is

currently the prime candidate for which this will be achieved in the near

future.

The numerous experimental routes available in the fields of quantum degen-

erate mixtures and ultracold polar molecules ensure that both directions for

this experiment have bright and exciting futures.



Appendix A

Atomic Properties

Relevant properties of 87Rb and 133Cs are given below. All data specific to

an atomic transition are given for the D2 line in both species.

Quantity Symbol 87Rb 133Cs

Atomic Number A 87 133

Mass m 1.44× 10−25 kg 2.21× 10−25 kg

Nuclear Spin I 3/2 7/2

Vapour Pressure at 25◦C Pv 3.92× 10−7 Torr 1.49× 10−6 Torr

Wavelength (S1/2 →P3/2) λ 780.24 nm 852.35 nm

Wavenumber k = 2π/λ 8.053× 106 m−1 7.372× 106 m−1

Natural Linewidth Γ 2π × 6.067 MHz 2π × 5.234 MHz

Doppler Width at 25◦C ∆fDoppler 500 MHz 370 MHz

Saturation Intensity (σ±) Isat 1.67 mW/cm2 1.10 mW/cm2

Recoil Velocity vr = ~k/m 5.88 mm/s 3.52 mm/s

Recoil Temperature Tr = mv2
r/2kB 180 nK 99 nK

gF factor for ground state gF 1/2 (5S1/2, F = 2) 1/4 (6S1/2, F = 4)

gF factor for excited state gF 2/3 (5P3/2, F = 3) 2/5 (6S3/2, F = 5)

Background Scattering Length abg 110a0 2400a0

Interaction Parameter g = 4π~2a/m 5.64× 10−51 m/kg 8.04× 10−50 m/kg

Collision Cross-section 8πa2 8.51× 10−16 m2 4.05× 10−13 m2

(ultracold limit)
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Atom Number Calculations

The properties of trapped atom clouds at various stages of the experiment can

be probed either by fluorescence detection or by absorption imaging. These

two methods are discussed in detail in section 3.9. Section B.1 presents how

to calculate the atom number from the measured fluorescence voltage and

section B.2 discusses how to extract the properties of an atomic cloud probed

using absorption imaging.

B.1 Fluorescence Detection

The total fluorescence power emitted by N atoms illuminated by light with

intensity I is given by

Ptotal = N
hc

λ
Γscat, (B.1)

where

Γscat = Γ
1
2
C1

(
I
Isat

)
1 + C2

(
I
Isat

)
+ 4
(

2πδ
Γ

)2 . (B.2)

with Γ the natural decay rate of the excited state and δ being the laser de-

tuning from resonance. Here C1 and C2 are empirical coefficients determined

by Townsend et al. for 133Cs [185] with C2
1 = 0.7(1) and C2

2 = 0.73(1). The

intensity I is the total laser intensity i.e. 6 times that of a single MOT beam

and the saturation intensity Isat is defined as

Isat =
I

2

(
Γ

ΩRabi

)2

=
πhcΓ

3λ3
. (B.3)
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Of the total power emitted a fraction Pdet is measured given by

Pdet =
πd2/4

4πs2
Ptotal =

d2

16s2
Ptotal, (B.4)

where d is the diameter of the collecting lens at a distance s from the atoms.

The power detected then results in a photodiode current and a voltage across

a load resistance R of

Vsig = Ip.d.R = R(λ)PdetR (B.5)

where R(λ) is the detector responsivity. The number of atoms in the MOT

can then be written as a function of the measured voltage

N =
1

Γscat

Vsig

R(λ)R

16s2

d2

λ

hc
. (B.6)

The Townsend coefficients in equation B.2 correct for atoms in the MOT

being in an unknown distribution of magnetic sublevels which makes the

correct choice of the saturation intensity, Isat, difficult. The two extreme

possibilities are Isat−closed for the closed stretched transition and Isat−isotropic

for an equal distribution over all states. When these saturation intensities

are implemented (with C1 = C2 = 1) the calculated atom numbers differ by

a factor of ∼ 2. The Townsend result lies between these two extreme cases.

The error in N calculated from fluorescence detection can be estimated to

be the Townsend value with the two extreme calculations as upper and lower

limits. These errors will dominate any other uncertainties provided that the

MOT beam intensities have been carefully balanced and measured.

B.2 Absorption Imaging

The number of photons absorbed per second from an incident probe beam of

intensity I by an atom is described by equation B.2 with C1 = C2 = 1. For

absorption imaging the probe intensity is typically set at I ' 0.1Isat to ensure

that fluctuations in the probe beam intensity do not have a large effect on

the measured peak absorption. This allows equation B.2 to be approximated

as

Γscat =
Γ

2

I

Isat

=
3λ3I

2πhc
. (B.7)
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The probe intensity after transmission through a layer of atoms of thickness

δy with number density n is Inew = I − δI, where

δI = nδyΓscat
hc

λ
=

3λ2

2π
nIδy. (B.8)

For a Gaussian number density distribution, rearranging equation B.8 gives

δI

I
=

3λ2

2π
npkexp

[
−m

2kBT
(ω2

xx
2 + ω2

yy
2 + ω2

zz
2)

]
δy. (B.9)

Taking the limit of δy → 0 (δI → 0) and summing over the total thickness

of the Gaussian cloud gives∫ Inew(x,z)

I(x,z)

1

I
dI =

3λ2

2π
npkexp

[
−m

2kBT
(ω2

xx
2 + ω2

zz
2)

] ∫ ∞
−∞

exp

[
−m

2kBT
ω2
yy

2

]
dy,

(B.10)

⇒ −ln

(
I(x, z)

Inew(x, z)

)
=

3λ2npk

ωy

√
kBT

2πm
exp

[
−m

2kBT
(ω2

xx
2 + ω2

zz
2)

]
. (B.11)

Here I(x, z) and Inew(x, z) are the intensity profiles of the incident and trans-

mitted probe beams respectively. Using equations 3.9 and B.11 the optical

depth distribution can be expressed as

OD(x, z) =
3λ2npk

ωy

√
kBT

2πm
exp

[
−m

2kBT
(ω2

xx
2 + ω2

zz
2)

]
. (B.12)

The peak optical depth, ODpk, occurs at the centre of the cloud (x = z = 0),

this simplifies equation B.12 to

ODpk =
3λ2npk

ωy

√
kBT

2πm
. (B.13)

The widths of the number density distribution along the x and z axes of

the image plane are exactly equal to the fitted widths of the optical depth

distribution.

By substituting equation 3.11 for npk into equation B.13 gives

ODpk =
3λ2N

4π2

mωxωz
kBT

, (B.14)

and by substituting for ωx and ωz using equation 3.12 this becomes

ODpk =
3λ2N

4π2

1

σxσz
. (B.15)
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By rearranging this equation to express the total number of atomsN equation

3.10 is acquired which allows the atom number to be determined from the

clouds widths and optical depth

N =
4π2ODpkσxσz

3λ2
. (B.16)



Appendix C

Coil Parameters

For simplicitiy the magnetic coils in the assembly were approximated by

‘equivalent coils’. Each coil of N turns carrying a current I was replaced

with a single turn of infinitesimal thickness carrying a current I ′ = N × I.

The equivalent coil separations and radii were calculated by matching the

theoretical first and third spatial field derivatives to the measured values

from the real coils. A comparison between the calculated and measured fields

revealed a normalised RMS deviation of ∼ 1 %, confirming the validity of this

approximation. The measured magnetic coil parameters and corresponding

‘equivalent coil’ dimensions are presented in table C.1.

144
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Bias 1 Bias 2 Bias 3 Quad 1 Quad 2

Number of turns 2 × 2 6 × 2 2 × 1 3 × 3 2 × 2

Tubing size (mm) 3.5 4.0 4.0 3.5 3.5

Inner diameter (mm) 72.0(1) 96.0(1) 155.6(1) 44.0(1) 103.9(1)

Outer diameter (mm) 85.0(1) 144.0(1) 173.6(1) 65.0(1) 118.0(1)

Inner separation (mm) 32.5(1) 50.0(1) 62.0(1) 37.0(1) 88.8(1)

Outer separation (mm) 46.5(1) 66.0(1) 70.0(1) 58.0(1) 102.8(1)

Resistance of pair (mΩ) 7.56(1) 18.8(1) 5.5(1) 10.5(1) 9.9(1)

Bias Field (G/A) 0.913(2) 1.848(3) 0.261(2) - -

Field Curvature (G/cm2/A) 0.003(1) 0.0011(6) 0.0032(2) - -

Field Gradient (G/cm/A) - - - 1.001(7) 0.106(9)

Third Derivative (G/cm3/A) - - - 0.005(8) 0.003(2)

Equivalent coil radius (mm) 39.1(1) 58.6(1) 76.3(4) 26.9(1) 58(2)

Equivalent coil separation (mm) 39.6(1) 58.3(1) 62.7(5) 46.7(2) 91(5)

Table C.1: Measured parameters of the real magnetic coils and dimensions of

the corresponding ‘equivalent coils’. All coils are wound from square cross-

section copper tubing. The 3.5 mm2 (4.0 mm2) tubing contains a circular

hole with a 2 mm (2.75 mm) diameter.



Appendix D

Electronics

The servo circuit used to control and stabilise power in each dipole trap beam

is shown in figure D.1.
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Figure D.1: Electronics circuit used to servomechanically control each dipole

trap beam.

146



Appendix D. Electronics 147

The servo circuit used to tune and stabilise the 133Cs atom number loaded

into the science MOT is shown in figure D.2.
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